A ivrnal of Communications and Electronic Engineering
(Including the WAVES AND ELECTRONS Section)

January, 1949

Volume 37 Number |

TELEVISION CLASSROOM

tional methods are in progress.
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AMPEREX has the most complete line of standardized types of radi-
ation counter tubes that are actual production line models. If you are
working on anything which requires radiation counter tubes, chances
are that Amperex can fit you neatly with a tube from our regular line.

Save time...save money...write today for detailed Amperex literature.

re-tube with EELEIINRCINHALTS
AmpereX. - 25 WASHINGTON STREET, BROOKLYN 1, N.Y.

In Conada ond Newfoundland: Rogers Mgjestic Limited
1119 Brentcliffe Road, Leaside, Toronto, Ontario, Canada
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"~ COMING
March 7-10, 1949

The Radio Engineering Show
of the

I.R.E. National Convention
Grand Central Palace, New York City

Last March 14,459 enginéers and technically interested
people attended the sessions and exhibits of the IRE Na-
tional Convention and Radio Engineering Show. They saw
the worlds largest exhibit of:

® The newest Transmitters, Station Equipment

e Advances in Vacuum Tubes and all kinds of
radio-and-electronic components.

e Test Equipment in which a survey proves 689, of
the audience showed interest.

Oscilloscopes, Meters, Central Equipment.
Audio Systems, Amplifiers, Tape Recorders

Television Transmitters, Cameras, Receivers

Materials and Tools for electronic manufacturing
—a complete industry picture.

In the coming Convention you can see more, learn more,
meet more IRE engineers in four days than ever before.
Plan to attend!

Registration, Members, $1.00 Non-Members, $3.00
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1949 Radio Engineering Show

Grand Central Palace New York City
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k PRACTICALLY NO VOLTAGE DROP!

Contacts that carry maximum currents with a minimum
voltage drop are only part of the many new advantages you
get with Bendix-Scintilla* Electrical Connectors. The use of

“Scinflex” dielectric material, an exclusive new Bendix-
i Scintilla development of outstanding stability, increases
- Wiy i)l V. ' resistance to flashover and creepage. In temperature extremes,
{ ‘ \)\ * y from —67° F. to 300° F., performance is remarkable.
Ve ~ , Dielectric strength is never less than 300 volts per mil.
) A~ CC Strens P
3 Y Z X Bendix-Scintilla Connectors have fewer parts than any other
BN 9 connector on the market —and that means lower maintenance
’ F Ny costs and better performance. +TRADEMARK
" Y \)/' Available in all Standard A.N. Contact Configiirations.
\J Write our Sales Department for detailed information.
‘. y
)]
R e o
Y BENDIX SCINTILLA MAGNETO DIVISION of
_SCINTILLA

SIDNEY, NEW YORK 4

AVIATION CORPORATION

3A




CATHODE-RAY TUBE
poiclilit i

DETERMINED BY SHERRON TEST UNITS

SHERRON LIFE RACK, principal pro-
duction test unit, can include any

COMPLETE CATHODE-RAY TUBE TEST EQUIPMENT Tbrialrlent po ORI ERARHES.

or seasoning.

A

Filaw detection, performance,
longevity -every test to establish
cathode-ray tube quality can be
made with Sherron custom-built
test equipment, Three basic
Sherron designs are shown here.
Available in any electrical or me
chanical assembly, as sectional
or combined set-ups.

While the tabulation below

SHERRON TEST CONSOLE serves as a describes units designed for 50°
two-position console for continuous pro- electro-magnetic type testing
duction quality control (capacity 50 , units, the units may be designed
tubes per hour, making all tests) . LIFE AND TEST RACK toinclude electrostatic types,
or as a one-position console for the p. p: 1
laboratory.
LIFE RAﬂ(i - TEST CONSOLE
TUBE TYPE CUSTOM SELECTION — ELECTROSTATIC 50° ELECTROMAGNETIC, P.P.I.
TESTS Non-plain raster on tube face (any or all tests Short; voltage-breakdown; beam, filament,
listed under test console may be incorporated focus coil, ion trap currents; centering; defini-
into life rack). tion-resolution; spot size; line width; persist-

ency, light output; linearity, gas; glass
blemishes; grid cutoff, gamma,; leakage;
interelectrode capacity; spurious illumination.

TEST POSITIONS ~ MANY AS DESIRED ONE OR TWO
CUBICLE RACK OR CONSOLE AS ILLUSTRATED
EQUIPMENT Sweep supply, high voltage supply, control, High voltage supply; fil. supply, electrode di
{one per test position); focus coil and ion trap vider, sweep current supply; monoscope; video
supply; plug-in meters for adjustment; sweep- amp.; metering, photo-electric metering; short-
timer; control. checker; control.

FACILITIES ARE INCLUDED FOR COMPLETE TESTING OF PROJECTION TYPE CATHODE-RAY TUBES

—dar

el SHERRON ELECTRONICS CO.

Division of Sherron Metallic Corporation

1201 FLUSHING AVENUE ° BROOKLYN 6 N.Y

PROCEEDINGS OF THE LR.B.
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THE ARNOLY ENGINEERING COMPANY

M = Subsidiary of
~ ALLEGHENY LUDLUM STEEL CORPORATION
A2 os?, . 147 East Ontario Street, Chicago 11, lllinois

Specialists and Leaders in the Design, Engineering and Manufacture of PERMANENT MAGNETS
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PPCINCE 19,08

YRADL MARK RLC U S PAT OFF

I

N
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MAX.
PART NAME APPLICATION INSERTS DIMEN.
1 Bushing Motor Generator None 1.75"”
2 Insulator Electrical Instrument None 3.18
3 End Seal Thermostat Shell Stainless Steel ~ 3.75
4 Insulator Electrical Instrument None 3.00
5 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 4.50
9 Stand-Off Electronics circuit Brass 0.56
Insulator
10 Panel Television Selector Switch  Silver 1.38
11 Switch Wafer  Television Selector Switch  None 231
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 Bushing  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
2V 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 0.9
25 Spacer Telephone relay None 1.00
26 Spacer Telephone relay None 1.00
27 (lamping Plate Telephone relay None 1.00
28 Electrode Level Indicator Brass 113
Mounting
29 Spacer Telephone relay None 100 |
30 Six Terminal  Transformer Monel 1.42
Header
31 Testjock body High Frequency Circuits ~ Monel 0.75
32 Clamping Plate Telephone relay None 1.00
33 Printed Circuit  Experimental Silver 1.38
k Base J
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20 CPS—2 MC
$458

$39.50

Portable-22 Uas.
Type 164-E
$127.20

fpeneral (napaie
Type 274-A
$136.50

Es. INC.
DU MONT LABORATORI
© ALLEN B.
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High Sensitivity?

JUST CHOOSE FROM

Low Price?

Amplitude Calibrafion?

THESE

" Dallbpights

’ Here's ap adequate selection of
Du M

ont insrrumenrs 1o meet an

of the foregoing Tequiremenys.

If you Tequire wide-bang am-

plifier, there’s chojce of either
Type 24) (S-inch) of

24]. The deflection factor of Type
241 is 0,07 EaiSeain; 1o, of Type

Type 208
$285

; ; N. J.
.. PASSAIC,
ﬁ@ MONT LABORATORIES, INC,, N.Y., U.S.A.
Y 5
ALLEN B.

CABLE ADDRE:

0.01 RMS v/in.
B

For a high-sensin’vity (0.01 rmg
v/in.) general.py

the Type 208-B js fecommendeq. Its

Wide Range
Type 224'A
$290

i

K’
ALBEEDU, NEW YOR
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voltag ulat

by a Model 150 Sorensen Voltage Regulator which controls all the servo follow up potentiometers.

These limits must

-« “electronic brain”...

Sorensen

The Reeves Electronic Analog
computen known in industry as
REAC, is the first standard office
size electronic brain”. This machine
makes possible the rapid dynamic
analysis of high order linear and
non-linear differential equations,
doing in a few hours computations
formerly taking thousands of man-
hours.

Nearly all major aircraft compa-
nies and many process industries are
already making use of this amazing
electronic “brain” to speed up
computations.

SOIensSeNn A.c. voltage accuracies in REAC are held o V5 of 1%

be met in order to maintain the high accuracy expected of the computer even

though it is subjected to wide line variations.

nobat / SOF@NSeN 1n the computing amplifiers of REAC are 80 electronic tubes which

require Y4 of 1%

hum free regulation of the D.C. for filament power. That is ideally done with

a Model E-6-40 Nobatron.

If you calibrate meters, need quality control on test lines, work with X-ray equipment or ar¢ &
research physicist or chemist, there is a standard Sorensen A.C. or D.C. unit to solve your voltage
problems. With their use you will experience: o Precise regulation accuracy e Excellent wave
form o Fast recovery time o Constant outpul voltage and many other advantages. Ask for our

latest catalog or
recommendation.

put your Voltage Regulation Problems up to our engineers for a specific

THE FIRST LINE OF STANDARD ELECTRONIC VOLTAGE REGULATORS.

e
-

Stamford, Connecticut

Fam— 2% SORENSEN & Company, Inc.
g

2
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THE ACQUISITION OF THE PLANT, EXECU-
TIVE STAFF AND FULL FACILITIES OF

THE HERLEC CORPORATION

MILWAUKEE, WISCONSIN

\..
Makers of :
CERAMIC CAPACITORS

and
"BULPLATE PRINTED CIRCUITS

*Trademark Applied for /

PRODUCTION AND DEVELOPMENT FACILITIES
WILL BE GREATLY EXPANDED

To the Sprague Electric Company, North Adams, Mass., will now
be added the full engineering, production and other facilities of
the Herlec organization. The Herlec plant in Milwaukee will be
continued. In addition, ceramic assemblies will be produced at a
new Sprague factory in Nashua, N. H. Thus, customers will have

the advantage of two fully-equipped and strategically located
sources of supply.

10a
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ACTUAL SIZE

These little by-pass and coupling type ceramic disc
capacitors—shown here in actual size—offer distinct size
advantages that warrant careful investigation. Now avail-
able in a broad range of values in single- and dual-capacity
units that assure small size and a minimum of weight.

ACTUAL SIZE

“erc, in a unit only 1" long x 1,” wide and 3/32"
thick, it is possible to obtain a 4-section capacitor
incorporating such typical values as 2000, 5000,
220 and 220 mmfd.—and with only six leads to
be soldered. Write for details of standard capacity
combinations.

‘131 7 / PIONEERS OF ELECTRIC AND ELECTRONIC PROGRESS

SPRAGUE ELECTRIC COMPANY « NORTH ADAMS, MASS.

CELI 1HE 1.R.]
11aA




REVERE SHEET AND STRIP
FOR DRAWN PARTS

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

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

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

124

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

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

REVERE

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

\ills: Baltimore, Md.; Chicago, 111.; Detroit, Mich.:
Neu Iie’:/j'on/, Mass.; Rome, N. Y’ S

Sales Offices in Principal Cities, Distyibutors Lverywbhere.

PROCEEDINGS 0O "HE I.R.E. January, 1949
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l LABORATORY INSTRUMENTS FOR SPEED AND ACCURACY

3 NEW -hp- INSTRUMENTS TO
MAKE YOUR MEASURING JOBS
EASIER

-hp- 400C Vacuum Tube Voltmeter

Wide range, 20 cps to 2 mc, 12 ranges, 0.001 v to
300 v, flat response, 10 megohms input impedance.

-hp- 415A Standing Wave Indicator

ACCUI”JIC measurcments 300 cps to 2000 cps. For use with bolometer or

crystal rectifier. Previewed here for the first time.

are fundamental to

the clectronic industry.

-/)/;- prccision instruments

are basic tools

-hp- 404A Battery-Operated Voltmeter
Light, compact, portable vacuum tube volumeter.

for obtaining these
No ac power necded. 2 to 50,000 cps. 11 ranges,
0.003 to 300 v.

measurements swiftly,
For brief details of these and other -hp- precision
instruments, see following pages. For complete

SurCIY illld Cﬂ.Slly. specifications, write direct to factory,

HEWLETT-PACKARD COMPANY




MEASURING SPEED AND ACCURACY

FUNCTION |

HARDWARE

LOW FREQUENCY

STANDARDS

FREQUENCY DIVIDER

RESISTANCE-TUNED
OSCILLATORS

AUDIO SIGNAL
GENERATORS

WAVE ANALYZER

MODEL |

'IO
lm

’ 100A 100 ke, 10 be, 1 ke, 160 ¢ps

1008 |
{ 110
[ 200A
2008B
200C
200D

200H

2001
2018 .
2028
202D
204A

205A

205AG
' 1
205AH

206A

SQUARE WAVE '
GENERATOR'{ 210A |

{300A |

FREQUENCY

100 be, 10 b, ) b, 100 cps

100 to 10 cps

35 10 35,000 cps

20 to 20,000 cps

20 1o 200,000 cps

7 10 70,000 cps

60 1o 600,000 cps

6 to 6,000 cps

20 to 20,000 cps

17 10 50,000 cps

2 to 70,000 cps

2 10 20,000 cps

20 10 20,000 ¢ps

20 10 20,000 ¢ps

110 100 ¢

20 to 20,000 pt

20 10 10,000 cps

30 10 16,000 cps

CHARACTIRISTICS

Binding Post

Flesible coupler, ceromic insuloted; permity mis
olignment ol 132" ond or $*

Accurocy 3 ¢ps per me per degree (.nngmd-

Temperoture controlled, occuroc, 00015,

Controlled by 100A or 1008 Multipliers olyo
ovoiloble up to | m¢

Output | wolt into 500 ohms; 1%, distortion
Output | wott into 500 ohms; 1%, distortion
Output 10 volts inte 1,000 ohms, 1%, dutortion

Output 10 volts into 1,000 ohms; 1% distortion

Output 10 mw into o 100 ohm lood
3% totol distortion

Frequency ietting closer thon 1Y%, ; output 10 volis
into 1,000 ohms; 1%, distortion

Output 3 wotts ot 1%, ond | woh of Y2 %
distortion into 600 ohms |
1

For low frequency studies. Output 10 volts
into 1,000 ohmi; 1% distortion [

Output 10 volts into 1,000 ohms: 2%, dutortion

Portoble, bottery-operoted: oulput 5.0 vols to
10,000 ohm lood? 1%, distortion

Output 5§ wons, 1% distortion into impedonces of
50, 200, 600, 5,000 ohins. Output VIYM and (10
db anenvotor, 1 db teps

Some o1 205A, plus separate VIVM for complete
guin meaiurement;

Output 5 wotts, 39, distortion into $0, 200, 500
5.000 ohm impedonces. Output YTVM ond 110 db
ottenuotor, | db steps

Output 415 dbm with less thon 0 1%, distortion
into 50, 180, 600 ohm impedonces. Output VTV M
ond 111 db ottenuotor in 0.1 db steps

Output 50 volts peol 1o peol; 1,000 ohm internol
impedonce; 70 db ottenuotor, § db ept

Vorioble selectivity; meosurement ronge | mv 10
$00 volt; 5%, occurocy

HEWLETT-PACKARD

|
|

|

1

]




THROUGHOUT THE ELECTRONIC FIELD

FUNCTION MODEL ' FREQUENCY , CHARACTERISTICS
e
J
1

Meosures totol distortion os low os 0.1%. 70 db
ottenuotor, 1 db steps for comporison

' 320A

3208 50, ll OSO'o:SIO;'S”Rcond Some os 320A

400 cps ond 5 ke

“Meosures totol distortion os low oslo.l'/,. Input

DISTORTION 3258 30, 50, 100, 400, 1,000 <ps; omplifier ond complete YTYM eoch usable T

S, 7.5, 10 ond 15 ke "
ANALYZERS il e < -
21 Py | Similor to 325B but meosures ot ony frequeney A
| 33OB firy Gegteliefianio 267058 cp g and includes AM detector Nisme 4
f i 3 Similor 1o 3308, no AM detector. Meter hos YU
330c |Any frequency 20 to 20,000 ¢cps | chorocteristics to meet FCC requirements for
. FM broodcosting
5 e " FCC opprovedj Monitors corrier frcqu;;cy ond
i FM BROADCAST; 335B 88 to 108 me ‘ modulotion. High fidelity oufput for ourol
MONITOR monitoring
N = 110 db, 1 db steps; S wotts, 500 ohm level.
Mox 100 ke Bridged T type. Accurocy 1 db in 50 db
J E 100 k
ATTENUATORS .| | . L BLIN. Pt Tl e
3SOB Mox 100 ke Some os 3508 but 600 ohm level
3 - | L T
f 3 | Nine ronges 0.03 to 300 volts full scole. Accurocy
10 cps to | me *3%, 10 100 ke, =5% to | me. Averoge reoding.
p 9 9

Colibroted in rms.

S - —— — +

2 So_m;:—o-s:bOA with resp;\s; flot to 2 cps.
4008 2 ¢ps to 100 ke 10 megohm input impedonce

Twelve ronges 0.001 to 300.0 volts full scole;

| occurocy =39% to 100 ke, £5% to 2 me; 10

400c 20 cps to 2 mc megohn input impedonce; overoge reoding;

colibroted in rms volts; moy be used os 54 db
omplifier

VACUUM TUBE o - PO"Oi)I—e,-EOTOery-opero'ed; eleven roﬁgas;
YOLTMETERS 404A 2 10 50,000 cps 0.003 to 300 volts full scole; occurocy *3%

to 20 kc; 10 megohm input impedonce

AND | | — o i N et
ACCESSORIES | AC: six ronges | to JOQ volts. DC: seven ronges
1 to 1,000 volts. Resistonce: seven ronges
410A 29! §p¥io P Tme 0.2 ohm to 500 megohms
Stonding Wove indicotor for use with o
4] 5A 300 to 2,000 cps | bolometer or crystol rectifier; stondord fre-
quency 1000 cps, others on speciol order
7 u =y Co;ned—i ;r;;;‘ 410A o;;;éo ohm tronsmis-
455A to 1,000 mc [ sion line. Type N fittings
Sul®- e S ot i S S
‘ Connects probe of 410A to open end of 50 ohm
L 458A l faTIk000RmE ‘ tronsmission line. Type N fittings
e + ————— e S L - —_— —_—
40 db and 20 db stabilized goin. Input imped-
AMPLIFIERS 450A | 10 to 1,000,000 cps [ once | megohm shunted by approximately 15 uuf.
e - - { P S i S b S5
FREQUEE':.st'Rdg;‘El:{ 500A 5 ¢ps to 50 ke | ten ranges, 2% occurocy Input 0.5 to 200 vols
05A | 300 to 3,000,000 rpm | Ten ranges, = 2% accurocy
ELECTRONIC SRS S e Tl Al G SNV e e
|
TACHOMETER 5058 \ § to 50,000 rps | Same os 505A except colibroted in rps
. =02 e B b e -
I Calibrated output 0.1 microvolt 10 0.1 volt. Internal
61 OA ! 500 to 1,350 me { pulse modulotion. Direct calibrotion
ir =yl Ly 8 | 7 'Pliﬁrdl V-Cw-d Mv-‘
i Direct reading. Pulse modulation, CW and FM,
SIGNAL GENERATORS 6] 6A | 120031 oR: 000 me ' Calibrated output 0.1 microvolt to 0.2 volts

—1-

650A ‘ 10 ¢cps to 10 me

Direct reading. Six bonds. Output 3 volts to 600
ohm lood. VIVM and output ottenuotor

Any d¢ voltage 180 to 360 for 0 to 75 ma lood;
approximately 1% regulation, Also 6.3 volts,
5 omps ac.

POWER SUPPLY { 710A

COMPANY
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ERIE TRIMMERS

for easy assembly and dependable
performance at reasonable cost

‘ERE are six popular ERIE Resistor trimmers, all notable for
their fidelity to specifications, their rugged stability, and
their straight-line capacity change throughout the total range.
The new miniature style Tubular Trimmers and Styles
554 and 557 open up many design possibilities for added
efficiency in chassis layout.
General specifications are given below. Samples will
be sent to interested manufacturers on request.

Approx.

15 times STYLES 531 and 532

actual size
Capacity Ranges: 0.5.-5 MMF & 1.8 MMF
Working Voltage: 500 V.D.C.
Max. Temperature: 75°C
Q Factor @ 1 MC.: 1,000 min

Initial Leakage Resistance: 10,000 megohms min.

Styles: 531 for panels .015" to .039"; 532 for
.040" to .065"

-

STYLE 331 and 332

STYLES TS2A and TD2A

Capacity Ranges:
Zero Temp. Coeff. 1.5-7 MMF & 3-12 MMF
N300 Temp. Coeff. 3-13 MMF & 5-20 MMF
N500 Temp. Coetf. 4.30 MMF & 7-45 MMF

Working Voltage: 500 V.D.C.

Approx.

| SETRe . oo
\'\‘df ' )o:’ ,'

o

€

N

, !.4\ J Q Factor @ 1 MC.: 500 min.
) R Initial Leakage Resistance: 10,000 megohms min.
2 Styles: TS2A, Single Condenser;
STYLE TS2A STYLE TD2A TD2A, Dual Condenser
STYLES 554 and 557
Approx. ' Capacity Ranges:

l:u vlim,. | Zero Temp. Coeff. 3-12 MMF & 5.25 MMF
o~ octual size N750 Temp. Coetf. 5.30 MMF & 8.50 MMF

e %, ) Working Voltage: 350 V.D.C.

“u t‘” o |

Q Factor @ 1 MC.: 500 min.

Initial Leakage Resistance: 10,000 megohms min.

i Styles: 554 Mounted with Spring-Clip; 557 for
Sub-panel or Bracket Mounting

STYLE 557 A STYLE 354

ga 5 ’ : D'. Y,
ERIE RESISTOR CORP., ERIE, PA.

LONDON, ENGLAND . . . TORONTO, CANADA
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Since its inception, the designs of the UTC Engineering

Department have set

Hum Balanced Coll Structure: Used by UTC in
practically all high fidelity designs. . . . Hum
balanced transfarmers are now accepted as
standard practice in the transformer field.

the standard for the transformer field.

Linear S$tandard
Audid Units: Flat
from 20 1o 20,000
cycles. . .A goal na
(IR others have met.

UENCY 1N CYCLES PIR SECOND

Ultra-Compact Audio Units: A camplete series of
light weight audio and power components
fac aircraft and portable applications. Ultra-
Compact Audio units are hum balanced . . .
weigh approximaftely six ounces . . . high
fidelity respanse.

Tri-Alloy Shielding: The combinatian of Llinear
Standard frequency response and internal tr:
allay magnetic shielding is a difficult ane to
appraach. Used by G.E., RCA, Western Electric,
Westinghouse, Raytheon, Colilins, Gates, efc.

Ouncer Audio Units: Extremely compact audio
units for partable application were o prob-
lem until the develapment of the UTC OQuncer
series. Fifteen types for practically oll opplico-
tians . . . range 40 to 15,000 cycles.

Universal Equalizers: The UTC Universol Equal-
izers, Attenuators, and Sound Effects Filters fill
a specific need of the broadcast and record-
ing field. Almost any type of audio equipment
can be equalized to high fidelity stondards.

Sub-Ouncer Units: A series of %3 ounce minia-
ture units with non-carrosive—long life con-
struction for hearing aid, miniature radio, and
similar applications. Five types cover practi-
cally all miniature requirements.

oPLO~

WWwo -~ NGO - O WO - (CAN - B HeLwO —

OhO—

Write for

N » O = U - & Ho= WHo— NDao = -5 Q=

®»O -

new catalogue

Hermetic Seal Ploneering: Realizing the essen-
tiality af hermetic sealing far many applica-
tions, UTC pianeered a large number af the
terminals and structures far hermetic ftrans.
formers . . . now available for cammercial use.

Toroidal Wound High Q@ Coils: UTC 1ype HQ
permalloy dust coils aftard a maximum in Q,
stability ond dependability with a mimmum
of hum pickup. Standardized types tor all re.
quirements fram 200 cycles ta 500 KC

Varigble Inductors: The type VIC high Q vari-
oble inductor revolutionizes the approach ta
tuned audia circuits. Variatian ot +90% to
—50% af mean inductance permits tuning any
type of filter ar equalizer to precise frequency
characteristic.

Standardized Filters: UTC type HPI, LPI, ond
BPl (low pass, high pass, ond band pass)
filters are standardized to effect minimum
cost and gaod delivery time. Available for
frequencies thraughout the entire oudio range.

Sub-Audio and Supersonic Transformers: Embady
new design and constructional principles, for
special trequency ranges. Va to 60 cycles for
geaphysical, brain wave applications . . . 8
to 50,000 cycles for laboratory service, 200 to
200,000 cycles for supersonic applicatians.

Stabilized law Frequency High Q Coils: Temper
ature stobilized units for trequencies from
| ta 300 cycles with minimal variation in L
far wide range in exciting voltage.

Transductors for Power Control and Amplification
Purposes Employing Nickel Steels: These satur-
able reoctars are available for trequencies
fram 25 cycles ta 250 KC

New Items: The UTC Research labaratory 1s develaping new items ond m

proving standard designs n 1949. While same of these develapments will

be described in aur advertisements, many are applied ta custamers’ problems.

DEVELOPMENT
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1 et I O The litde BIG addition to the
Mallory Line of Television Controls.

Mallory has done it again. Here is an all-new, revolutionary control that is
perfect for television application. Only 3¢ in diameter, it is Mallory’s
answer to the designer’s cry for smaller and smaller controls.

Don’t be deceived by its compact size. It’s all Mallory through and through.
For instance: Shaft is completely insulated from thassis. Good for higher
voltage applications—can’t get a shock. The insulated shaft is knurled
for easy adjustment—has screw-driver slot for back panel applications.
Thoroughly tested, the Mallory Midgetrol has come through with flying
colors for television applications.

The Mallory Midgetrol is typical of Mallory superiority in controls. Today,
Mallory has a control, carbon or wire-wound, required for any specific
usage, for every television application.

The dependability of today’s television receivers which is responsible for
the great public demand has as one of its bases the precision performance
built into Mallory controls by special skills, long experience and devotion
to quality ideals.

And with all this superiority. Mallory offers service—quick delivery for both
standard and special applications—and low price.

‘ MALLORY CONTROLS
FOR
TELEVISION APPLICATION

. For volume

For focusing

. For height of picture

For linearity

For centering picture on tube,
| horizental or vertical

For contrast or brightness
For horizontal and vertical
“hold™ controls

. For audio tone control

wewn -

b2l 55

You Expect More
And Get More
From Mallory

Precision Electronic Parts—Switches, Controls, Resistors

P.R. MALLORY & CO.Inc.

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

SERVING INDUSTRY WITH

Capacitors Rectifiers
Contacts Switches
Controls Vibrators

Power Supplies

Resistance Welding Materials

PROCELEDINGS OF THE I.R.E Tanvary, 1949
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ENERAL ELECTRIC COMPANY pioneered the thyra-

tron, so that G-E leadership in its design is to be
expected. Thus new Type GL-5545’s oversize gas
charge . . . which compensates for anode gas absorp-
tion, foremost enemy to long life of thyratrons used
for motor-control work. Gas absorption is caused by
the inductive load found in both field and armature-
control circuits.

Greater inert-gas content—twice that of former
types—means that the GL-5545 needs no snubber
circuit in motor-control applications. The tube will
operate with a commutation factor* at least 100 times
that of other gas-filled tubes of carlier design.

This results in longer tube life—in many more
hours of performance per dollar of investment. And
further assuring Type GL-5545’s ability to stand up in
hard service, vibration-resisting strength features the
tube’s construction, with key parts internally braced

'Y c".md'e'P
temperatvre rang®

and the grid-anode structure solidly supported both
at top and bottom.

Electrically the GL-5545 shows similar progress
over older types. A special shielded-grid design
cushions any grid effect from voltage surges, making
for a stable circuit and reliable tube behavior. The
GL-5545’s ratings establish its high peak voltage
and current capacities, yet the tube can be applied to
replace gas-filled types of earlier design—CG6J’s and
306’s—without socket or circuit change.

Get on the bandwagon by phoning your nearby G-E
electronics office for further facts about this new
General Electric thyratron that lasts longer and does
more. Or wire or write General Electric Company,
Electronics Department, Schenectady 5, New York.

*Commutation factor is the product of the rate of decay
of current in amperes per microsecond just before com-

mutation, and the rate of rise of inverse voltage in volts
per microsecond just after commutalion.

GENERAL &3 ELECTRIC

FIRST AND GREATEST NAME

January, 1949

/4 180-H28:6680

-

IN ELECTRONICS
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The Engineer’s

HIGH Q CHOKES

for Dynamic Noise Suppression Circvits

’

X235'Xl|ﬁ N

CHICAGO...

Transformer

Famous “Sealed in Steel”
New Equipment Line

Chicago Transformer’s New Equipment Line offers
transformer engineering ahead of the trends in circuit
design. It’s the "'ransformer Line preferred by experts
in the P.A., ham, communication and experimental
fields, and by broadcast stations and manufacturers.

Check these features drawn steel cases to provide
compact, streamlined mounting; conservative ratings
that meet all RMA and FCC recommendations; pre-
ciston characteristics for stable, uniformly excellent
these, and many others. Check the

Two precision-built chokes with
inductance values of .8 and 2.4 | 801
henrys respectively - accurate to
within + 5 with up to 15 ma
d-c. Units have a minimum Q of 80-3
20. Exceptionally compact, 1'1 " *Sec

performance

tional transformers.

Typicol of the New Equipment Line are the -
outstanding audio transformers listed below.
Get full details on the complete line—
write for descriptive catalog today.

prices and you’ll learn how little more
these advanced units cost over conven 0~*

<

No. BO-6
List Price $23.00

I Cat. No Application Impedance

P.P. Plates to Line Pri.—5,000 ohms

$B0-4 P.P. Plates to Line

There’s a CHICAGO OUTPUT TRANSFORMER For Every Full Frequency Use

600 150 ohms CT

Pri.—7.500 ohms CT
*Sec.—600/150 ohms CT

Response within .2db, 30 to 20,000 cycles
New Full Frequency Range Output Transformer

No. BO-6. For use in high fidelity amplifiers.
Couples push-pull 61.6’s (7500 ohms, C-T) to
6/8 or 16/20-ohm voice coil. Center-tapped
tertiary winding provides 15¢, inverse feed
back to reduce harmonic distortion to a mini-
mum. In drawn steel case, 47" x 374" x 314",
with mounting studs and pin-type terminals.

Max. Power  List

Single Plate to Line Pri.—15,000 ohms at 0 to 10 ma d-¢
*Sec.—600 150 ohms CT

BO-2 P.P. Plates to Line *Prn1.—20,000 ohms CT

*Sec.—600 150 ohms CT

<420 dbm . . $13.00
<430 dbm . 19.00
cT

440 dbm . 17.00

+43 dbm . 18.00

*Sec.—600/150 ohms CT; 16/8/4 ohms. 437 dbm . 24.00

No. Inductance BO-5 P.P. Plates to Line Pri.—10.000 ohms CT
Write for NSI-1 .8 h $10.00
literature NSI-2 24h 10.00

$Tertiary windmg pr vide 15 % inverse feedback. 'Spllt;nid balanced vmd;ngs

Television Transformers to fit today’s leading TV circuits

Because Chicago Transformer is the largest
single supplier of transformers to the Tele-
vision industry, you gain the advantages of
““Original Equipment’’ components when you
buy Chicago TV Transformers. Available now,
the three units described here are part of a
complete new line, soon to be announced

Vertical Blacking Oscillator Transformer Na. TBO-1. 60-
cycle unit for creating the vertical sweep *‘saw-tooth”
voltages required in conventional circuits

Pri. Inductonce: 1.15 hy 20% ot 3 v., 1000 cycles

Pri. Leakage Inductonce: B mh 4 25%, —15%

Ratio, Primary ta Secandary: 1 to 4.2

Exoct equivolent fo R. C. A. Port No. 20872, List Price, $3.10

TV Power Transformer Na. TP-365. Designed to supply
405 volts d-c with two 5U4G's to an 80 mfd con-
denser input. Copper shorting band around core
reduces external magnetic field; cuts image distortion
to a minimum

Pri.: 115 v, 60 cycles Fil. No. 1: 12.6 v., 5 amps, C.T
HV.Sec.: 362.0-362 v, 0-¢c, Fil. No. 2. § v., 2 amps
.295 omps d-c Fil.No. 3: 5v., 6 amps

Exoct equivolent 1o R, C. A. Port No. 201T6. List Price, $26.00

Vertical Sconning Output Trensformer No, TSO-1 Coupiles
vertical output tubes to picture tube deflection yoke
Pri. Impedance: 19,000 ohms at 30 v., 60 cycles, 13 ma d-¢
Rotio, Primory to Secondory: 10 to 1

Exocl equivolent 1o R. C. A. Port No. 204T2. List Price, $5.90

Write for Descriptive literature

CHICAGO TRANSFORMER

DIVISION OF ESSEX WIRE CORPORATION

TRAQE MARK REG

3501 ADDISON STREET « CHICAGO 18, ILLINOIS

Millions of nationally-
known receivers produced
annvally are equipped
with Chicago Transformers

N
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E 525 mi. caP:
L C -eﬂ"\c‘em
ad degree ct :
o ¢ code

ARCO ELECTRONICS, INC., 135 Liberty Street, New York, N. Y.
jobbers and distributors in U. S. and Canada.

Sole

“Can be made in other capa-
city values and voltage rotings

Foreign Radio and Elec-
tronic Manufacturers com-
municate direct with our
Export Dept. at Williman-
tic, Conn. for information.

MOLDED MICA

PROCEEDINGS OF THE I.R.E.

o 0SCILLATING CIRCUIT
JETTER THAN ITS CAPACITOR(S)

agent

Availoble in A, B, C, D
ond E Characteristics.
" Minimum toloronce {A
and B) 5%. Minimum
toleronce (C, D, E) 17..
470 to 6,200 mmf. cap.
ot 500 DC working vol-
. toge®. 6-dot color codad.

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

5 e
Wrire-on yonr NG v,
fivmletter- ¥
- bead for Cat-
alog and Sam-
ples
MICA TRIMMER

=

NO CAPACITOR
IS BETTER THAN

| EHMlenco

This is why more and more manufacturers
of Radio, Electrical and Electronic equipment are
wrning to EL-MENCO. Engineers specify EL-
MENCO when they want small size, high capac-
ity and unquestioned performance in capacitors.

Each tiny EL-MENCO capacitor does the
job it was designed to do, with absolute accuracy i
and complete dependability. When you want to
protect your products’ reputation for perform-
ance perfection — specify EL-MENCO for
capacitors that really satisfy.

CM-40

Avoiloble in A, B,C, D ond E
Choractaristics. Minimum tol-
erancoe (A and B) 57. Mini-
mum toleronce (C, D ,E) 19.
3,300 to 7,500 mmé. cap. ot
$00 DC working voltage®.
. 8,200 to 10,000 mmf. cap. of

300 DC working voltage®. 6-
dot color coded.

CM-30

PACITOR

1949 21A




How Paravox uses Centralab’s
amazing Printed Electronic Circuit
to build small, light,

quickly-assembled hearing aids!

MInEAR
]

Note how CRL's special two-piece “Ampec” fits
into the completely-molded Paravox unit. This
plastic chassis makes it ‘possible to dismantle or
assemble a Paravox hearing aid in one minute —

without the use of tools.

Two-Piece P.E.C. 'Ampec' and Model 1 *'Radiohm’*
Switch are the Centralab units Paravox uses in
its 414-ounce hearing aid. See below for sche-
matic diagram of this custom “Ampec”,

22

Models courtesy of Paravox, Inc.

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

TIME, space and material savers! That's how Paravox, Inc., Cleve-
land hearing aid manufacturer, describes Centralab’s revolution
ary P.E.C. "Ampecs”. These tiny audio-amplifying units save time
for Paravox by eliminating many assembling operations. They save
space and material by reducing the number of components needed
What's more — like all CRL Printed Electronic Circuits — they are
rugged, dependable, resistant to temperature and humidity.

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 metal-
lic 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 hearing aid development, illustrated above, was
the product of close cooperation between Centralab and Paravox en.
gineers. 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
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But it's simpler to design the
radio around the battery!

O MATTER what size portable receiver you are designing, you’ll

find a compact, long-lasting “Eveready” battery to fit it. By design-

ing your portables around “Eveready” batteries, you automatically insure

that the user will get long-playing life and—very important—he can get

replacements anywhere, anytime. “Eveready” brand batteries are
always top-quality, always easy for the user to obtain.

SEND COUPON BELOW FOR LATEST BATTERY DATA

Please send me, free of charge, the
1949 Revision of “'Battery Engi-
neering Bulletin No. 1" which con-
tains latest battery data for porta-
ble receivers and includes speci-
fications for six completely new
batteries of interest to designers,

January, 1949

Name

Street

City

State

The registered trade-mark "Eveready” distinguishes products of National Carbon Company, Inc,

NATIONAL CARBON
COMPANY, INC.

30 East 42nd Street
New York 17. N Y.

Unit of Union Carbide
and Carbon Corporation




the Creeping Sleeve

Lead sheathing on telephone cable meets many stresses
— the tug of its own weight, wind pressure. contraction
and expansion from cold and heat. Then. too. there’s
the pressure of nitrogen gas put in Long Distance cahle
to warn of sheath breaks and keep out moisture.

And, sometimes. lead is subject to “creep”— a
permanent stretching — even when the stress is hut a
fraction of the normal tensile strength. Creep is
especially likely at the lead sleeves used where two
lengths of cable are joined. The sleeve may streteh
and break open exposing tclephone circuits to the
elements.

So Bell Lahoratoriesscientists have developed meth-
ods to test and control creep. In a special testing room,
weights are applied to scores of samples of lead. under
controlled conditions. Exact records of the antount of
creep are obtained with a precision instrument.

Years of careful study have produced a lead com-
position which resists creep and vet has all the other
properties required of sleeves. This means better tele-
phone service for you and helps give that service at
lowest possible cost. It is an example of the way Bell
Telephone Laboratories scientists study and improve
every part of the great telephone plant.

BELL TELEPHONE LABORATORIES

EXPLORING AND INVENTING, DEVISING AND PERFECTING, FOR CON-
TINUED IMPROVEMENTS AND ECONOMIES IN TELEPHONE SERVICE.

et



superior performance in a limited space, the utili-
taripn compactness of H1-Q components is sure to meet
yoyr enthiusiastic approval. Although H1-Q components
compact, there is no sacrifice of accuracy, depend-
abihty or uniformity. Each component meets or surpasses
ridid ‘standards for capacity, tolerance and performance.
This compactness is accomphshed through application of
upkto-the-minute processing techniques, combined with
ust of highest quality matenials and complete control of
qublity throughout all stages of manufacture. Specify H1-Q
for\maximum efficiency n a mintmum amount of space.

Ty > LSRN
. FRANKLINVILLE, N, Y.

24 8

Plants: FRANKLINVILLE, N. Y.—JESSUP, PA.
Sales Offices: NEW YORK, PHILADELPHIA, DETROIT, CHICAGO, LOS ANGELES
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Write for detailed literature.

® Iniferested?

ER

® Outstanding production equipment in the hands of Aerovox
craftsmen, accounts for these veritable capacitor dreadnaughts.
In exacting services such as radio tfransmitters, heavy-duty
electronic equipment, and in the electric power field, these
units have won citation after citation for exceptional rugged-
ness.

Such ruggedness stems from the Aerovox winding facilities
second fo none. Special winding machines insure that the
multi-layered sections are uniformly and accurately wound
under critically-controlled tension. Also, a system of impreg-
nation tanks, pumps and control equipment guarantees the
necessary drying after vacuum impregnation that is positively
unexcelled by any impregnation process anywhere.

Hermetically-sealed welded steel containers; heavy-duty
porcelain insulators; cork gaskets and pressure sealing; non-
ferrous metal hardware; silver-soldered joints; sturdy mount-
ing means—these are the externals of these capacitor dread-

naughts. Standard listings of Type 20 up to 50,000 v. D.C.W.
Capacitances from 0.1 to 10 mid.

FOR RADIO-ELECTRONIC AND
INDUSTRIAL APPLICATIONS
OVOX CORPORATION, NEW BEDFORD, MASS., U/STAD
_SA1:§ OFFICES IN ALL PRINCIPAL CITIES » Export: 13 E. 40th ST., New Yor 16, NV

Cable: ‘ARLAB’ o In Canada: AEROVOX CANADA LTO., HAMILTON, ONT. )

e



e S S e

OMPARE

This ADVANCED IRC Resistor
to Your Current Standards
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You’ll profit by a careful comparison of IRC’s new,
advanced Type BT to your present standards for re-
sistor performance. This new fixed insulated compo-
sition resistor meets JAN-R-11 specifications, and
marks the obsolescence of much current thinking on
resistor performance.

COMPARE this new V3, 12, 1 and 2 watt resistor
characteristic by characteristic. Note its performance
curves in relation to Joint Army-Navy requirements.
Conclusive proof of IRC’s superior engineering and
production techniques.

CUMPARE the possibilities of this advanced resistor
to your specific requirements: Its outstanding charac-
teristics are particularly evident at high ambient
temperatures, and it easily performs the rigorous
requirements of television.

COMPARE the availability of the advanced BT. It
has been in production for months. .. hundreds of
thousands are being shipped daily.

COMPARE the test results shown here for the BTS
1/, watt with the equally excellent performance curves
for the BTR 14 watt, BTA 1 watt and BT-2 2 watt.
Technical Bulletin B-1 gives complete information.
Use the handy coupon. International Resistance Co.,
401 N. Broad Street, Philadelphia 8, Pa. In Canada:
International Resistance Co., l.td., Toronto, Licensee.

power resistors * precisions *

insulated composition resistors *
fow waltage wire wounds * rheostals ©
conltrols * voltmeter multipliers ¢
deposited carbon resistors * voltage

dividers * HF and high vollage resistors

INTERNATIONAL RESISTANCE COMPANY

PROCEEDINGS OF THE §.KR.1 January, 1949

TEMPERATURE CHARACTERISTIC
IRC Type BTS Y2 Watt

HAH R 1) UmiFar =55 &
CHASACTERISTIC “F

=

e SR ML

JAT £.E1 titl AT 01D8E
CHARACTERISTIC. £

VOLTAGE CHARACTERISTIC
IRC Type BTS V2 Watt

JAN R |1 LIMT
——

+25'C

?—ﬁ

REFERENCE Temp |

1000 HOUR 40°C. LOAD LIFE
IRC Type BTS V2 Watt

JAN R4} LImE

B, WENSIES — e

250 HOUR HUMIDITY TEST
IRC Type BTS V2 Watt

P H
JANIR B LMY

HAN RTH L
=

3 =231

international Resistance Co.
401 N. Broad St., Philadelphia 8, Pa.
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35
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I want to know more about 1RC’s advanced BT

Resistor :

Send me Technical Bulletin B-1

Have your representative call—no obligation.

Name —— e
Title —

Compuny — =S

———

Address
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PORTABLE FORM

Designed for a wide variety of laboratory measurements,
especially those where high sensitivity and a long scale arc are required.
Electrostatically and magnetically shielded, Model 622 is ideally suited for
precise measurements of potential and current at the very low energy levels
frequently encountered in nuclear physics, electronics and electro-chemical
research. Microammeters, milliammeters, millivoltmeters and voltmeters are
available in single’ and multi-range D-C types; milliammeters and voltmeters
in thermo and rectifier types for RF and A-C.

Complete information on Model 622 is available from your
nearest WESTON representative, or by writing ... WESTON Electrical Instrument
Corporation, 5§89 Frelinghuysen Avenue, Newark 5, N. J.

WESTON ...+

s AT e BRI

ALBANY - ATLANTA - DOSTON - BUFFALD - CHARLOTTE - CHICAGO - CINCINNAT! - CLEVELAND - DALLAS - DENVER - OETROIT - KOUSTON - JACKSONYILLE - KNOXVILLE - LITTLE ROCK - LOS ANGELES - MERIOEN - MINNEAPOLIS - NEWARK
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OHMITE ruin RESISTORS

VITREOUS-ENAMEL

COVIERING
Winding is rigidly
held in place and
protected from
Jdamage by Ohmite
special vitreous
enamel.

EVEN, UNIFORM
WINDING

“Hot spots” and re-
sultant failures ure
prevented by the
resistance winding's
unsurpassed uni-
formity.

STRONG, CIRAMIC
COoRt

Unaffected by cold,
heat, fumies, or high
humidity, it corce
provides 8 strong
base for winding.

FIVE WATTAGE
SIZES

Lengths range
from | inch to
b inahes, corre-
sponding to rat-
ings of 30 to 75
watts,

INTEGRAL MOUNT-

ING BRACKETS -

Distribute heat
more evenly
throughout resis-
tor and conduct
heat away quickly.

STACKING BRACKET
- ADJUSTABLE TYPE
o

of

\

SINGLE-UNIT BRACKET
FIXED TYPE

STACKING BRACKET
FIXED TYPE

...PACK HIGHER WATTAGE
INTO LESS SPACE

Because of their compact design, Ohmite Thin Type Resistore
have a higher wattage rating per unit of space. They provide

all the time-provem superiority of conventional Ohmite
vitreous-enamtel resistors—giving you a comapact unit you can
depend upon. Available in four types—all only 14 inch thick by
1 inch wide—in five lengths and a wide range of resistance values.

Send for Bulletin No. 138

OHMITE MANUFACTURING CO.
O) 4860 W. Flournoy St., Chicago 44, Iil.

¥ ﬁfz&z@am

ORIMITE

RHEOSTATS ¢ RESISTORS  TAP SWITCHES




RADIO - TELEVISION - INDUSTRIAL

to meet both your
specifications
and your budget

Write for Electronic Components Catalog RC-7

Sample controls gladly submitted 4 ’
to specifications to quantity users.

Fixed and Variable Resistors ¢ Iron Cores (All standard and special types) * Switches

(inexpensive line, slide and rotary-action types) ¢ Sintered Alnico Il Permanent Mag-
nets . . . and hundreds of molded iron powder, metal, carbon and graphite products.

Electronic Components Division

STACKPOLE CARBON COMPANY + ST. MARYS, PA.
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Silicone—the amazing new synthetic—
made headlines when General Electric
brought it out during the war. It’s news
again today—for G.E. has now made
Silicone bushings and gaskets a standard

Now...
feature of all its specialty capacitors up

through 5000 volts.
c A p A c I T o R s This means that your new G-E capacitor

is sealed positively, permanently—for max-
are imum life. For Silicone seals by compres-
sion alone, without the use of contaminat-
ing adhesives. It will never shrink, loosen

Si“COIle-seﬂled or pull away—it remains elastic at any

> operating temperature a capacitor will
for llfe! ever meet. Moreover, it is impervious to
oils, alkalies and acids, and its dielectric
strength is permanently high.

This exclusive G-E feature—with the
use of highest grade materials, with strictest
quality control and individual testing—
make General Electric capacitors finer and
more dependable than ever before. Appara-
tus Dept., General Electric Company,

Schenectady 5, N. Y.

Silicone bushings ond
plostic cups used with
capacitors 660-v a-¢, or
1500-v d-c and lower.

— e e—— — R - > — e o —— —  — e — — s e - —— - S—
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' >4 : , {
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. o Silicone gaskets and plos- |

- tic stand-offs used with |

[

Silicone bushings used
with copacitors 660-v a-c,
or 1500-v d-c and lower.

Fm—————————

capocitors rated 2000-v
d-¢ and lower. Silicone gaskets and por-

celain stond-offs used

GENERAL ‘ ELECTRIC wwasis”
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RCA PREFERRED TYPE RECEIVING TUBES
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) The RCA List of Preferred Type Receiving Tubes fulfills the

major engineering requirements for future receiver desigus.

Most likely to succeed...
RCA preferred type tubes for AM, FM, and TV receiver designs

HETHER 1T’S GLASS, mctal, or miniature— improved quality and greater uniformity. These
‘: v RCA preferred type receiving tubes will serve bencfits are shared by you and your customers.
your major requirements for a long time to come . . .

RCA Application Engineers are ready to suggest the
and RCA preferred types are the tubes you can bank

best preferred types for your receiver design require- ~
on for your future designs. ments. Just contact our nearest regional officc—or
These RCA receiving types ar¢ especially recom- write RCA, Commercial Enginecring, Section 47AR,
mended because their wide-spread application  Harrison, New Jersey. 2

permits production to be concentrated on fewer types.
Longer manufacturing runs reduce costs—lead to  The Fountainhead of Modern Tube Development.is RCA

TUBE DEPARTMENT

RADIO CORPORATION of AMERICA

HARRISON., N. J.
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Stuart L. Bailey

PRESIDENT, 1949

Stuart L. Bailey was born in Minneapolis, Minnesota, on October
7, 1905. He received the degree of Bachelor of Science in Electrical
Engineering from the University of Minnesota in 1927 and the Master
of Science degrce from the same institution in 1928, During his
undergraduate years he was active on the staff of WIXI1, an experi-
mental station run by the University, and while taking his graduate
work he was chief engineer of WLB, owned and operated by the
University of Minnesota. His master’s thesis was on the subject of
radio field-intensity measurement.

In the summer of 1928, Mr. Bailey became assistant radio engi-
neer with the airways division of the United States Department of
Commerce. His experience there included work on radio aids to
marine and air navigation. He initiated and supervised the earl
work of the Lighthouse Service on radio-controlled fog signals and
participated in the development of the visual radio range for use on
the airways of the United States.

In the summer of 1929, Mr. Bailey went to Panama, where he
installed two automatic marine radio beacons, one at the entrance
to Cristobal Harbor and the other at Cape Mala, 120 miles south
of Bzlboa.

In September 1930 he joined with C. M. Jansky, Jr., to form the
consulting engineering firm of Jansky and Bailey. Mr. Bailey's ac-
tivities in the consulting field have been on both general allocation
problems and specific engineering guidance for broadcast stations and
commercial operating companies. He has had charge of all of the
laboratory activities of the firm.

During World War I, Mr Bailey was in charge of all govern-
ment-contract work done by the firm of Jansky and Bailey, a great
deal of which was done under the Office of Scientific Research and
Development. This work involved a detailed study of all factors
affecting mobile short-range radio communication, a study of the
effect of hills and trees as obstructions to radio transmission from
4 to 116 megacycles, and detailed analysis of electronic equipment to
determine certain characteristics important to its operation by the
armed services. In addition, under a Signal Corps contract, he super-
vised the work on measurement of many existing and proposed radio
antennas for use by the ground forces,

Mr. Bailey has been active in the development of frequency
modulation broadcasting, supervising the technical operations of
radio station W3XO0, an experimental FM broadcasting station
operated by Jansky and Bailey from 1938 until 1945.

He became an Associate Member of The Institute of Radio Engi-
neers in 1928, a NMember in 1936, Senior Member in 1943, and was
advanced to the grade of Fellow in 1943. He has been a member of
the Committee on Wave Propagation since 1937 and was a member of
the Admissions Committee in 1943 and 1944. He was appointed a
member of the Board of Directors of the Institute in 1943 and 1944
and was elected to the Board for a three-year term beginning in 1945.
He has been a member of the Executive Committee since 1945. He
\lv9a458appointed Treasurer of The Institute of Radio Engineers in

He is a member of Sigma Xi, Tau Beta Pi, and Eta Kappa Nu.




PROCEEDINGS OF THE I.R.E.

Thoughtful and analytical observers of any human institution may sometimes see more of its

‘l scope and philosophy than those who are more closely and directly involved in that institution. The

following analysis of the purposes and accomplishments of the PROCEEDINGs oF THE I.R.E. ad-

mirably presents some of the undamental and underlying characteristics and achievements of that

publication. It has been prepared by a Fellow of the IRE, who is a member of several of the IRE

%l;it%jal Groups, and is also Manager of Physics Laboratories of Sylvania Electric Products Inc.—
itor.

The Place of the Proceedings

ROBERT M. BOWIE

Through the 47,000 pages of the PROCEEDINGS has flowed the life blood of a profession. For thirty-seven years its
circulation has carried to our growing society the building blocks of scientific knowledge on which our profession, and
the industry which it serves, arc based. The circulation of the PROCEEDINGS has left a heritage rich in the fundamental
concepts and knowledge of radio, electronics, and related sciences. These are ours to guide us in our further advances
in both the science and the technology of our profession. The passing years have not only seen the recording of wisdom
in succeeding issues, but have witnessed a broadening of the scope and purposes which it serves.

As our Institute has grown from the small initial group of under 50 in 1912 to the present membership of some
23,000, the publication needs have broadened. The PROCEEDINGS of earlier years was primarily a scientific source jour-
nal, the nced for which continues undiminished, for the pages thus devoted serve as a medium to disseminate funda-
mental precepts which form the foundation of further scientific progress and the basis of industrial advances in tech-
nology. In the PROCEEDINGS of today, some five other purposes are now clearly evident. Some have developed over the
years, while others are of more recent origin.

In an organization so large and so far-flung as ours, the wide circulation of its journal must carry with it reports of
Institute activities and professional news and reviews, together with those life-giving human notes which lend sub-
jective interest to an essentially objective science. These have found an important place in the PROCEEDINGs.

About the science just mentioned has grown a vast industry, many of whose transactions have technical impact,
and receive notice in the pages of our PROCEEDINGS, some in the form of announcements of products, others as selected
reports from the Radio Manufacturers’ Association.

Stemming from this science also is a technology givirg rise in turn toa technical literature, which, though of a more
transitory interest, is nevertheless a vital part of the life blood of the profession. This, too, has its place in the Pro-
CEEDINGS.

As a science and its associated technology gain in stature and age, their vital literature becomes so extensive that
recording alone can no longer serve the profession which created it. Thus is born the need for systematic abstracts.
Their advent marks the maturity of a profession.

There may come in the life of any society, as there has been recently in ours, the need to acquaint its membership
with pre-eminent advances in a sister science which are destined to draw heavily upon the science and technology of
that society. Such an end may best be served by well-planned articles of a tutorial nature. The joining of the interests
of electronics and nucleonics but marks the beginning of a new era in human progress in which our profession will play
an important part.

The very PRocEEDINGs which gives life to our society by its circulation is a product of that society. It can not be
expected to be better than the contributions of its authors and its editors. To each of us, therefore, falls his share of
responsibility for the excellence of the journal which he receivesand to which he may contribute. In this interest may
each of us keep constantly in mind the importance of reporting worthy scientific or technical advances, together with
the importance of thoughtful and careful preparation. Certainly a scientific or technical advance deserves a presenta-
tion commensurate with its value. A lesser one may cause its import to be lost.

To some is granted the privilege of serving in an office or upon a Committee charged with responsibility for some
aspect of the affairs of the PRoCEEDINGS. This responsibility must not rest lightly upon such incumbents, for the con-
tent of our journal is largely in their hands. Some must sit in judgment upon the contributions of fellow members of the
profession. May they exercise judgment, foresight, and courage, touched with forbearance, in upholding the profes-
sional standards of our journal!

To each of us is granted the right and duty to participate, through the democratic processes of the Institute, in
the guidance of its affairs. Thus through the years to come, as in the past, those in authority who guide the destinies of
our PROCEEDINGS will welcome the privilege of serving the membership’s interests.
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The Electron-Wave Tube—

A Novel Method of Generation and Amplification

° *
of Microwave Energy
ANDREW V. HAEFF{, FELLOW, IRE

Summary—A novel method of generation and amplification of
microwave energy is described, based on space-charge interaction of
electron streams of different velocities. The electron streams are
generated within a common space which, in the presence of electrons,
behaves as a unidirectional transmission medium having negative
attenuation. The basic theory of the new method is developed, and
formulas and curves are given for propagation constant, electronic,
gain, and bandwidth which can be achieved with the device based on
the new method. This device is called the ‘‘electron-wave tube.”

The design and performance of the “two-beam”-type and the
*‘single-beam™-type experimental electron-wave tubes are described.
Electronic gains of the order of 80 db at a frequency of 3000 Mc and
electronic bandwidths of over 30 per cent have been observed in ex-
perimental electron-wave tubes. It is pointed out that, since no pas-
sive circuit is required in the amplifying region of the electron-wave
tube, the new method is important in the development of tubes for
millimeter waves.

INTRODUCTION

OR A LONG time it has been recognized by work-
Fers in the field of ultra-high-frequency tube re-

search that a most serious obstacle to the exten-
sion of the high-frequency limit of tube operation is an
apparent necessity to use resonant circuits or wave-
guiding structures of smaller and smaller dimensions as
the frequency is increased. This requirement arises from
the fact that the tube structures have to be arranged so
that kinetic energy of electrons can be efficiently con-
verted into the energy of the high-frequency electric
fields which are supported by these structures. The re-
duction in tube size usually leads to a reduction in use-
ful power when maximum power dissipation on collec-
tor clectrodes and maximum emission current density
on cathodes are approached.

These fundamental considerations made it extremelv
important to search for new methods of amplification
and generation of microwave energy. Such a method was
found in an arrangement where the high-frequency en-
ergy is amplified or generated in the process of space-
charge interaction of electron streams without the use of
any field-supporting or waveguiding structure.

This paper describes the novel method in some detail,
gives its basic theory, and describes some experimental
arrangements and experimental results.

INTERACTION BETWEEN STREAMS OF ELECTRONS
OF DIFFERENT ENERGIES

When a high-temperature body is placed close to a
low-temperature body, the heat energy flows in the
direction which tends to equalize the temperatures of

* Decimal classification: R339.2. Original manuscript received by

the Institute, September 29, 1948,
} Naval Research Lahoratory, Washington, D. C.

the two bodies in contact. This is one case of a general
law of statistics that the entropy tends to increase. If
an electron stream of high energy is projected in the
proximity of another clectron strcam of lower energy,
then, by the mechanism of elastic collisions between fast
and slow clectrons, there will be a gradual interchange
of energy between the two streams, with the result that,
on the average, the fast electrons are slowed down and
the slow ones are speeded up. The nature of this process
is similar to clastic scattering of high-energy particles
by other particles which are either stationary or moving
slowly. In the case of clectron scattering, the forces
acting between the electrons obey Coulomb’s law. As
a consequence, the mechanism of scattering of electrons
by clectrons can be described in terms of the familiar
concepts of electromagnetic theory.

Consider a uniform stream of electrons of charge
density py moving in the Z direction with the velocity
1. Any disturbance of the strcam will produce electron
waves in the stream. By “eclectron waves” is meant
either space-charge-density fluctuations with associated
clectric-field fluctuations, or velocity fluctuations of
clectrons in the stream. The phase velocity of these
waves depends upon the space-charge density. Two
waves are usually associated with any disturbance. One
of these waves has its phase velocity somewhat higher
than the velocity. of translation of electrons in the
stream, and the other wave has velocity lower than the
translational velocity.

If another stream of clectrons of density p, moving
with velocity v, is injected near or into the space oc-
cupied by the first electron stream, the electron waves
interact so that the phase velocities of electron waves
in the two streams are modified, and an interchange of
energy between the two streams takes place. It is most
convenient for the purposes of analysis to consider the
two streams of clectrons as components of one inhomo-
geneous stream. The space-charge densities p, current
densities 7, and velocities v can be expressed as:

P = p1+ 5

o )
P2 = py + P
n = v+ 5

) i (2)
2 = vy + B
=i +n=1i+ oy + ‘Dxpx} 3)
i =iy 1 =i, + Prvz + Dapof

In these expressions the first symbol represents aver-
age or dc quantities, and the second symbol represents
first-order quantities which can be assumed to vary
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with time and distance in an exponential manner similar
to variations of the voltage 17:

V = 1’0e“l'z+ih¥‘ (4)

where T is the propagation constant, and w is the fre-
quency of the disturbance, or signal, having an initial
value Vyat Z=0.

The fundamental equations which are required in the
analysis are:
(a) The Poisson’s equation:
oV
¢

V-D =p, or
4 077

= pl' + Pz’,
(5)
or
6F2V = F] + :2,

(b) the equation expressing conservation of electric
charge:

ap d1
— 4+ — =0,
at A
or
Joip =Th
- } ; (6)
Jwpz = 'ty
and (c) the force equation:
dv ol dv odv dv 9Z v v
m-— =e where — = —+— —=— T+ v
dt o7 dt ot oZ ot ot YA
e |
wh — nl's = — — v ‘
m L
. (7)
) e
_](A)f‘g e 'Ugrf'z = — I‘l'{
m
By using the relations (3) in (6), we obtain
jwpr = I'(Zn + ﬂlpl)} 8)
].“’:2 = I'(pav2 + 172P2) '
Solving for & and 7., we get
oo
= —(ju— l‘vl)]
I';
- : Q)
D2
7, = — (jw — Tvy)
’ F[)z . ’ )
Substituting (9) into (7),
v e
" o — To)t = — — vl
I'pa m
- b (10)
[7] (4 {
(jw — T'vy)? = — — T
I'p2 m )
Solving for gy, and g,
¢ i
— P \
m .
n= > rzy |
(w + _]l“l)))2 l
( (11)

(=)

P2 = ‘ZVJ
(“’ + J'l“l)z)2

Haeff: Electron-Wave Tube S

Finally, the substitution of (11) into (5) results in the
following expression, which defines the propagation con-
stant I in terms of the frequency w, velocities v; and vz
of the two electron streams, and the corresponding
space-charge densities p; and p2:

G %)

m e

ry =| —————+ —— |12
(w + jT11)? (w + jT12)?

Excluding trivial solutions corresponding to conditions

that either I'=0 or V=0, and replacing space-charge

densities by electron plasma frequencies w; and w; from

defining expressions,

(12)

¢ p € p2
— =w? and — — = w,
m e m €

(13)

we obtain the equation from which the propagation
constant of the inhomogeneous stream can be obtained:

(4)]2 w22

t= —— o
(w4 jT0)? (0 + jl'v2)?

It can be easily shown that, in a general case of a

composite stream of electrons having many components

of plasma frequencies w; and velocities v;, the formula
(14) takes the form:

(14)

1= .
1 (w + _]'F'l}.')2
Again, in the case of a continuous distribution of
velocities between the limits of # and v,, (14) can be
written as follows:

w;?

(14)

dw,?
v

. f”? dv
“J. (w4

In the case of a homogeneous clectron beam, when
w2 =0, (14) reduces to a familiar form:

(a) + jF]'D])Z = a)12. (15)

The solution of (15) immediately gives the familiar
expression for the propagation constant:

A w1
P = (H + _.).
"N 0

The expression (16) shows that two clectron waves
propagate along the beam with the velocities somewhat
higher and somewhat lower than the average electron
velocity.

These waves produce interference effects in the beam
which manifest themselves by the fact that, along the
heam, periodic conversion of kinetic energy of clectrons
into space-charge-field encrgy takes place without
amplification of the original disturbance.

In order to solve (14) in the case when the velocities
are not equal, we can assume that

v1=v+6}
1Bw=v—208

(147)

(16)

(17)
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where v is the average velocity.of electrons in the stream,
and 29§ represents the difference in velocity of the two
streams, i.e., 28 = v, —v,.

By putting
w
v
we obtain
R é
w4+ gl'y = — W — YV
’ (19)
. )
w+ T, =4+ —w — v
v J

In terms of & and v, (14) can be written as follows:

° 2 2
1=—= 4 o)

) : ) :
<—w+'yv> <—w— w)
v v

This equation can be solved explicitly for a case when
wir=ws. In this case, the equation reduces to the follow-
ing form:

o o T a e OY
w 0% ) Yv
&y

Twi w] w1 w]
It car be easily shown that (21) has the following solu-
tion:

v, b 5w>2 VAT 1 (22)

v Wy o 1/ (vuu + o 1 (i‘w1> +
The factor dw/ww; is dimensionless and expresses the
degree of inhomogeneity of the electron stream; the
quantity yv/w; is proportional to the looked-for com-
ponent of the propagation constant and the average
velocity v of the electrons, and is inversely proportional
to the electron plasma frequency wi. The real and
imaginary components of the normalized propagation
constant j(yv/w) are shown plotted in Fig. 1 as a func-

V= ¥, Cos wite ) fcosn Y zecos 7,2]
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Fig. 1—Real and imaginary components of propagation constant
versus inhomogeneity of the electron beam.

tion of the inhomogeneity dw/vw, of the electron stream.
The real component has finite value only over a limited

range of the inhomogeneity factor, from 0 to a value of
\/2. It is only over this range that effective amplifica-
tion of the disturbances can take place. The maximum
value of the rcal component is equal to onec-half when
the inhomogeneity is equal to the value of \/3/2. The
formula expressing the amplitude of the disturbance in
this case is as follows:

-

Z
V = Vycosw (t + —) [cosh v,Z + cos v.Z], (23)
?

where 7, is the real, and vy, is the imaginary component
of the propagation constant jy.

The value of the imaginary component of the prop-
agation constant incrcases with the degree of inhomo-
geneity. When the inhomogeneity exceeds the value of
V2, four interfering waves are present in the beam with-
out any amplification effects. In this case the magnitude
of the disturbance along the beam can be expressed as
follows:

VA
V= 1, cos w(l + —) cos ¥y +v.)Z-
v

cos 3 (v +v.)Z. (24)

Since the inhomogencity of the beam is proportional
to the signal frequency, the curves of Fig. 1 also repre-
sent variations of the real and imaginary components of
the propagation constant with frequency. The ratio of
the square of the amplitude of the disturbance at a dis-
tance Z along the beam to the magnitude of the disturb-
ance at its origin at Z=0, represents a gain in energy
of the disturbance. For large values of v,Z the gain in-
creases exponentially with the length Z.

EXPERIMENTAL ARRANGEMENTS AND RESULTs

Fig. 2 represents an experimental arrangement which
utilizes an inhomogencous clectron stream for amplifi-
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Fig. 2—Electron-wave tube (two-velocity type).

cation of high-frequency cnergy. The electron stream
originates at two separate cathodes, No. 1 and No. 2,
placed near the input end of the tube. Accelerator and
focusing cloctrodes, placed in front of the cathodes,
project the clectron streams through a long, hollow
metal cylinder, usually called the drift tube. At the op-
posite end of the tube the electrons are collected by a
collector eclectrode. The divergence of the electron
stream is prevented by the use of a magnetic field parallel
to the velocity of electrons in the stream. This field is
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created by focusing solenoids as shown in the figure. The
input signal is brought to the input end of the tube by
means of a transmission line which terminates in a short
helix surrounding the electron stream. In this manner
the signal voltage produces initial disturbance in the
beam. This disturbance is amplified in an exponential
manner along the length of the drift tube. Greatly am-
plified fluctuations in the electron stream induce volt-
ages in the output circuit. This circuit can be similar to
the input circuit, as is shown in the figure.

In order to obtain maximum gain in the tube, the po-
tentials between the cathode No. 1, cathode No. 2, and
the drift tube are adjusted so that the inhomogeneity
factor approaches the value of V/3/2. Since this factor
involves electron plasma frequency, the optimum ad-
justment depends upon the value of current density in
the beam. Since the maximum value of the normalized
real component of the propagation constant is equal to
0.5, the maximum gain of the electron-wave tube can be
expressed as follows:

2 YU\ W1

gain (db) = 20 logy e* = 8.68 (_~>"Z
Wi v
e amp/cm?)1/?
— 1330Z 4 (amp/em' o)
‘ [fees volts?/4

8— 1 + + -
‘ ) (3
. [‘(‘z%)(vw),‘ T — 1
[ [ ) . .—’.(!ﬂd“ 14 T H 0

Fig. 3—Real and imaginary components of the propagation constant
versus average electron energy.

Instead of adjustment of the difference of potential
hetween the two cathodes, the drift-tube potential can
be adjusted for optimum gain. For a constant current
in the beam, the variation of the real and imaginary
components of the propagation constant with the poten-
tial of the drift tube expressed in dimensionless units is
shown in Fig. 3. The real component reaches its maxi-
mum value at the normalized drift-tube voltage of ap-
proximately 0.4, The variation of the output, or gain,
of the tube with the drift-tube potential can be casily
derived from the generalized curves of Fig. 1. Such a
diagram is represented in Fig. 4, where a rapid increase
in gain as the voltage is lowered can be readily seen. The
effect of interference of the component waves is appar-
ent in the fluctuations of the output as the drift voltage
is varied.

Haeff : Electron-Wave Tube 7
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Fig. 4—Gain versus drift potential for a 70-db electron-
wave tube for S/N =10 db.

Fig. 5 shows an electron-wave tube where only one
clectron beam is used. In this case the inhomogencity of
the beam is the result of the space-charge reduction of
the potential along the axis of the beam, so that outer
electrons travel at a velocity higher than the velocity
of electrons along the axis. A more familiar form of the
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Fig. 5—Electron-wave tube (space-charge type).

resénant input and output circuits is shown in the figure.
These circuits resemble those of a conventional tube,
where the signal voltage, applied to the grid placed near
the cathode, produces current modulation in the elec-
tron stream. The high-frequency energy is derived from
the stream at the output circuit during the passage of
electrons in the space between the screen-grid and the
anode. The input control-grid-cathode structure is sep-
arated from the output screen-grid—anode structure by
the intervening drift tube which may be of considerable
length. The amplification of energy takes place entirely
along the length of the drift tube. Since the signal is
amplified in the drift tube before it arrives at the screen,
the partition noise caused by partial interception of
current by the screen grid is negligible. In this respect
the signal-to-noise ratio for this tube is expected to
approach that of a conventional triode. The variation
of the real and imaginary components of the propaga-
tion constant with the drift-tube voltage for this “space-
charge” type of electron-wave tube is shown in Fig. 6.
In general, the shape of the curves in this figure very
much resemble those of Fig. 3. The variation of the
output with the drift-tube voltage for the space-charge
type tube is shown in Fig. 7.
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Fig. 7—Output versus drift-tube potential for a 90-db electron-wave
tube (space-charge type) (S/N =20 db).

Experimental curves of Figs. 8 and 9 show variation
of output with the drift-tube potential. A close resem-
blance, in most respects, to the theoretical curves of
Figs. 4 and 7 is apparent. These experimental data were
obtained for a drift tube 20 cm in length.

The generalized curves of Fig. 1 make it possible to
estimate the electronic bandwidth of the electron-wave
tube. The variation of the fractional bandwidth with
the gain of the tube is shown in Fig. 10. It is interesting
to observe that, even at gains as high as 100 db, the elec-
tronic bandwidth is sti!l greater than 30 per cent.

Fig. 11 shows a cross section of a demountable tube
of the two-velocity type. Two flat spiral cathodes are
arranged along the axis of the tube in such a way that
electrons emitted by the first cathode can penctrate be-
tween the turns of the spiral of the second cathode and
enter into the input-circuit region. By the use of such
semitransparent cathodes, a very thorough mixing of
the two electron streams is achieved. After passing
through the input circuit, consisting of a helix sur-
rounded by a metal cylindrical shield, the electron
streams enter the region of the drift tube, which can be
maintained at a suitable potential independent of the
potential of the helix. The output circuit is similar to

I.R.E.
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Fig. 8—Output versus drift-tube potential of the two-
velocity-type electron-wave tube.

00— T
NOISE & SIGNAL

00t - —
H
& I
s0of & + — i
oooié ‘ - - 4
3
mbé f . - = - - 1 1
‘ |
H
200l }uos: y N
' i
00|
|/
L] 100 200 300 700 900 200 1000

400 300 600
ORIFT YUBE POTENTIAL

Fig. 9—Output versus drift-tube potential of the space-charge-type
electron-wave tube (beam current=35 ma).

| ] T
L L]
T T
] .
l
HEE
w5 AN
H
i
sof-g —t—o |
£
ro-g $
|
e GAn IN OEGIBELS l
) 1o 0 30 o % A‘o 0 3 3 100

Fig. 10—Electronic bandwidth versus gain of the electron-wave tube.

the input circuit. Both input and output helices are
maintained at a high potential, so that the velocity of
electrons in passing through the helix is approximately
equal to the phase velocity of the field waves on the
helix. The electrons are finally collected on the collector
electrode, which can be maintained at a somewhat

January
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Fig. 11—Cross section of an experimental demountable electron-
wave tube of the two-velocity type.

higher potential in order to suppress secondaries which,
if permitted to re-enter the drift tube in the backwards
direction, may produce undesirable regencrative cffects.
The input and output helices are tuned by means of ex-
ternal tuners attached to the coaxial transmission lines
connected to the helices, one end of which is shorted to
the surrounding shield. When c¢nergy is fed to the input
helix, the interaction of the ficld waves on the helix
produces modulations in the electron streams. This
modulation is amplified as the clectrons drift towards
the output circuit. The density-modulated electron
strcam entering the output circuit induces voltages in
the output helix which are then fed to the output cir-
cuit. Fig. 12 shows a photograph of a demountable tube

Fig. 12 —Photograph of an experimental demountable electron
wave tube of the two-velocity type.

constructed in accordance with the sketch of the previ-
ous figure. The input and output structures and the
drift tube can be readily seen in the photograph. Fig. 13
shows detail of the construction of the spiral cathodes.
Figs. 14 and 15 show the details of the input circuit and
the cathode assembly, and the output circuit and the
collector assembly, respectively.

Fig. 16 shows the experimental arrangement which
was used to mcasure the performance of the clectron-
wave tube. The demountable electron tube is mounted
on the pumping table, and is surrounded by the focusing
solenoids, at the extreme ends of which the input and
output tuners can be seen. On the left are the power
supplics, and on the right, the signal generator, the re-
ceiver, and the rf voltmeter. The input signal is fed
from the signal generator to the input circuit. The out-
put of the tube is fed from the output circuit through a
serics of attenuators to the input of the wide-range
microwave receiver. The attenuators are used in order
to prevent overload of the receiver because of the high-
level output from the clectron-wave tube. The rf volt-
meter is used to indicate the output voltage.

The gain measurements were made by the direct-sub-
stitution method. For a given output voltmeter reading,
the signal-generator voltage level is recorded for the

Haeff: Electron-Wave Tube
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Fig. 13—Detail of the cathode assembly.

Fig. 16 —Experimental arrangement used to measure the
performance of electron-wave tubes

case when the electron-wave-tube amplifier is in the cir-
cuit, and for the case when the signal is fed directly
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through the attenuator to the receiver. In this manner,
the gain versus the cathode-potential-difference curve of
Fig. 17 was obtained. This figure corresponds rather
closely with the theoretical curve of propagation con-
stant versus the inhomogeneity factor, shown in Fig. 1.
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Fig. 17—Gain versus cathode-potential-difference characteristics
of the two-velocity-type electron-wave tube.

At a frcquency of 3000 Mc and a total current of 15 ma,
a net gain of 46 db was obtained, even though no at-
tempt was made to match either the input or output
circuits. The lack of appropriate match is responsible
for the fact that the gain curve assumes negative values
when the electronic gain is not sufficient to overcome the
losses due to mismatch. At the peak of the curve, it is
estimated that the electronic gain is of the order of 80
db.

The curves of output voltage versus the potential of
the drift tube were shown in Figs. 8 and 9. Fig. 9 shows
this characteristic for the electron-wave tube of the

January

space-charge type illustrated in Fig. 5. The shape of this
curve corresponds rather closely with the shape of the
theoretical curve given in Fig. 7. Iig. 8 shows the output
voltage versus drift-potential characteristic for the two-
velocity-type clectron-wave tube. When the drift-tube
voltage is high, the tube behaves like the two-cavity
klystron amplifier. As the drift voltage is lowered the
gain gradually increases, due to the space-charge inter-
action cffect, and achieves a maximum which is ap-
proximately 60 db higher than the output achieved with
klystron operation. With further reduction of the drift-
tube potential the output drops rather rapidly, because
the space-charge conditions become unfavorable; that is,
the inhomogeneity factor becomes too large.

The clectronic bandwidth was measured by measur-
ing the gain of the tube over a frequency range from
2000 to 3000 Mc and retuning the input and output cir-
cuits for each frequency. It was observed that the gain
of the tube was essentially constant over this frequency
range, thus confirming the theoretical prediction of
electronic bandwidth of over 30 per cent at the gain of
80 db.

The electron-wave tube, because of its remarkable
property of achieving energy amplification without the
use of any resonant or waveguiding structures in the
amplifying region of the tube, promises to offer a satis-
factory solution to the problem of generation and
amplification of energy at millimeter wavelengths, and
thus will aid in expediting the exploitation of that por-
tion of the electromagnetic spectrum.
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Communication in the Presence of Noise*
CLAUDE E. SHANNON', MEMBER, IRE

Summary—A method is developed for representing any com-
munication system geometrically. Messages and the corresponding
signals are points in two ‘‘function spaces,” and the modulation
process is a mapping of one space into the other. Using this repre-
sentation, a number of results in communication theory are deduced
concerning expansion and compression of bandwidth and the
threshold effect. Formulas are found for the maximum rate of trans-
mission of binary digits over a system when the signal is perturbed
by various types of noise. Some of the properties of *‘ideal” systems
which transmit at this maximum rate are discussed. The equivalent
number of binary digits per second for certain information sources
is calculated.

* Decimal classification: 621.38. Original manuscript received by
the Institute, July 23, 1940. Presented, 1948 IRE National Conven-
tion, New York, N. Y., March 24, 1948; and IRE New York Section,
New York, N. Y., November 12, 1947.

1 Bell Telephone Laboratories, Murray Hill, N. J.

I. INTRODUCTION

GENERAL COMMUNICATIONS system is
shown schematically in Fig. 1. It consists essen-

tially of five elements.

1. An information source. The source selects one mes-
sage from a set of possible messages to be transmitted to
the receiving terminal. The message may be of various
types; for example, a sequence of letters or numbers, as
in telegraphy or teletype, or a continuous function of
time f(¢), as in radio or telephony.

2. The transmitter. This operates on the message in
some way and produces a signal suitable for transmis-
sion to the receiving point over the channel. In teleph-

g




1949

ony, this operation consists of merely changing sound
pressure into a proportional electrical current. In teleg-

1}
SIGNAL RECEIVEO
SIGNAL

NOISE
SOURCE

INFORMATION

SOURCE TRANSMITTER RECEIVER

MESSAGE

Fig. 1—General communications system.

raphy, we have an encoding operation which produces a
sequence of dots, dashes, and spaces corresponding to
the letters of the message. To take a more complex
example, in the case of multiplex PCM telephony the
different speech functions must be sampled, compressed,
quantized and encoded, and finally interleaved properly
to construct the signal.

3. The channel. This is merely the medium used to
transmit the signal from the transmitting to the receiv-
ing point. It may be a pair of wires, a coaxial cable, a
band of radio frequencies, etc. During transmission, or
at the receiving terminal, the signal may be perturbed
by noise or distortion. Noise and distortion may be dif-
ferentiated on the basis that distortion is a fixed opera-
tion applied to the signal, while noise involves statistical
and unpredictable perturbations. Distortion can, in
principle, be corrected by applying the inverse opera-
tion, while a perturbation due to noise cannot always be
removed, since the signal does not always undergo the
same change during transmission.

4. The receiver. This operates on the reccived signal
and attempts to reproduce, from it, the original mes-

sage. Ordinarily it will perform approximately the math- -

ematical inverse of the operations of the transmitter, al-
though they may differ somewhat with best design in
order to combat noise.

S The destination. This is the person or thing for
whom the message is intended.

Following Nyquist' and Hartley,? it is convenient to
use a logarithmic measure of information. If a device has
n possible positions it can, by definition, store logs 7 units
of information. The choice of the base b amounts to a
choice of unit, since logs n=logs ¢ loge n. We will use the
base 2 and call the resulting units binary digits or bits.
A group of m relays or flip-flop circuits has 2™ possible
sets of positions, and can therefore store logs 2™ =m bits.

If it is possible to distinguish reliably M different sig-
nal functions of duration T on a channel, we can say
that the channel can transmit loga M bits in time T.. The
rate of transmission is then log: M/T. More precisely,

1 H. Nyquist, “Certain factors affecting telegraph speed,” Bell
Syst. Tech. Jour., vol. 3, p. 324; April, 1924.

2 R. V. L. Hartley, “The transmission of information,” Bell Sys.
Tech. Jour., vol. 3, p. 535-564; July, 1928.
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the channel capacity may be defined as

lng M

C = lim

T—w

(1)

A precise meaning will be given later to the requirement
of reliable resolution of the M signals.

11. THE SAMPLING THEOREM

Let us suppose that the channel has a certain band-
width W in cps starting at zero frequency, and that we
are allowed to use this channel for a certain period of
time T. Without any further restrictions this would
mean that we can use as signal functions any functions’
of time whose spectra lie entirely within the band W,
and whose time functions lie within the interval T. Al-
though it is not possible to fulfill both of these condi-
tions exactly, it is possible to keep the spectrum within
the band W, and to have the time function very small
outside the interval T. Can we describe tn a more useful
way the functions which satisfy these conditions? One
answer is the following: c

THEOREM 1: If a function f(t) contains no frequencies
higher than W cps, it is completely determined by giving
its ordinates at a series of points spaced 1/2W seconds
apart.

This is a fact which is common knowledge in the com-
munication art. The intuitive justification is that, if f(£)
contains no frequencies higher than W, it cannot
change to a substantially new value in a time less than
one-half cycle of the highest frequency, that is, 1/2W. A
mathematical proof showing that this is not only ap-
proximately, but exactly, true can be given as follows.
Let F(w) be the spectrum of f(¢). Then

1 00
f§) = — F(w)e“'dw (2)
2 J —»
1 2w
= — F(w)e*!dw, (3)
2 J _aaw

since F(w) is assumed zero outside the band W. If we
let

e (@)
W

where 7 is any positive or negative integer, we obtain

n 1 +2xW "
fl— )= —f F(w)ew dw. 5
(zw) 20y Fla)eTIT o e

On the left are the values of f(¢) at the sampling points.
The integral on the right will be recognized as essen-
tially the nth coefficient in a Fourier-series expansion of
the function F(w), taking the interval — W to + W asa
fundamental period. This means that the values of the
samples f(n/2W) determine the Fourier coefficients in
the series expansion of F(w). Thus they determine F(w),
since F(w) is zero for frequencies greater than W, and for
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lower frequencies F(w) is determined if its Fourier co-
efficients are determined. But F(w) determines the origi-
nal function f(¢) completely, since a function is deter-
mined if its spectrum is known. Therefore the original
samples determine the function f(t) completely. There
is one and only one function whose spectrum is limited
to a band W, and which passes through given values at
sampling points separated 1/2W scconds apart. The
function can be simply reconstructed from the samples
by using a pulse of the type

sin 271t

2rll’t ©
This function is unity at =0 and zero at t=n/2W, i.c.,
at all other sample points. Furthermore, its spectrum is
constant in the band W and zero outside. At cach sam-
ple point a pulse of this type is placed whose amplitude
is adjusted to equal that of the sample. The sum of these
pulses is the required function, since it satisfies the con-
ditions on the spectrum and passes through the sampled
values.
Mathematically, this process can be described as fol-
lows. Let x, be the nth sample. Then the function S
is represented by

< sin 7(2IWt — n)
fO =2 = vﬁw(ZWt — ns“

nam—cn

(7)

A similar result is true if the band W does not start at
zero frequency but at some higher value, and can be
proved by a linear translation (corresponding physically
to single-sideband modulation) of the zero-frequency
case. In this case the elementary pulse is obtained from
sin x/x by single-side-band modulation.

If the function is limited to the time interval 7 and
the samples are spaced 1/2W seconds apart, there will
be a total of 2T IV samples in the interval. All samples
outside will be substantially zero. To be more precise,
we can define a function to be limited to the time inter-
val T if, and only if, all the samples outside this interval
are exactly zero. Then we can say that any function lim-
ited to the bandwidth W and the time interval T can be
specified by giving 2TW numbers.

Theorem 1 has been given previously in other forms
by mathematicians® but in spite of its evident impor-
tance seems not to have appeared explicitly in the litera-
ture of communication theory. Nyquist,5 however, and
more recently Gabor,* have pointed out that approxi-
mately 2T'W numbers are sufficient, basing their argu-

* J. M. Whittaker, “Interpolatory Function Theory,” Cambridge
Tracts in Mathematics and Mathematical Physics, No. 33, Cam-
bridge University Press, Chapt. IV; 1935.

¢ H. Nyquist, “Certain topics in telegraph transmission theory,”
A.LE.E. Transactions, p. 617; April, 1928.

*W. R. Bennett, “Time division multiplex systems,” Bell Sys.
Tech, Jour., vol. 20, p. 199; April, 1941, where a result similar to
Theorem 1 is established, but on a steady-state basis.

¢ D. Gabor, “Theory of communication,” Jour. I.E.E. (London),
vol. 93; part 3, no. 26, p. 429; 1946,
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ments on a Fourier series expansion of the function over
the time interval T. This gives T sine and (TH+1)
cosine terms up to frequency V. The slight discrepancy
is due to the fact that the functions obtained in this way
will not be strictly limited to the band W but, because
of the sudden starting and stopping of the sine and co-
sine components, contain some frcqucncy content out-
side the band. Nyquist pointed out the fundamental
importance of the time interval 1/2W seconds in con-
nection with telegraphy, and we will call this the Ny-
quist interval corresponding to the band V.

The 27T'W numbers used to specify the function need
not be the equally spaced samples used above. For ex-
ample, the samples can be unevenly spaced, although, if
there is considerable bunching, the samples must be
known very accurately to give a good reconstruction of
the function. The reconstruction process is also more
involved with unequal spacing. One can further show
that the value of the function and its derivative at every
other sample point are sufficient. The value and first and
second derivatives at every third sample point give a
still different set of paramecters which uniquely deter-
mine the function. Generally speaking, any set of 2TV
independent numbers associated with the function can
be used to describe it.

I11. GEOMETRICAL REPRESENTATION OF
THE SIGNALS

A set of three numbers xy, 1, x3, regardless of their
source, can always be thought of as co-ordinates of a
point in three-dimensional space. Similarly, the 2TW
evenly spaced samples of a signal can be thought of as
co-ordinates of a point in a space of 2T W dimensions.
Each particular selection of these numbers corresponds
to a particular point in this space. Thus there is exactly
one point corresponding to each signal in the band 1}
and with duration 7.

The number of dimensions 2TW will be, in general,
very high. A 5-Mc¢ television signal lasting for an hour

would be represented by a point in a space with 2X5 -

X10°X60*=3.6X10'* dimensions. Needless to say,
such a space cannot be visualized. It is possible, how-
ever, to study analytically the properties of n-dimen-
sional space. To a considerable extent, these properties
are a simple generalization of the properties of two- and
three-dimensional space, and can often be arrived at
by inductive reasoning from these cases. The advantage
of this geometrical representation of the signals is that
we can use the vocabulary and the results of geometry
in the communication problem. Essentially, we have re-
p}aced a complex entity (say, a television signal) in a
gmple environment (the signal requires only a plane for
Its representation as f(¢)) by a simple entity (a point) in
a complex environment (2T W dimensional space).

If we imagine the 27w co-ordinate axes to be at right
apgles to each other, then distances in the space have a
simple interpretation. The distance from the origin to a

|
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point is analogous to the two- and three-dimensional
cases

T
d=4p/ 2 x* (8)
n=1

where x, is the nth sample. Now, since

W gin w(20°t — n)
(1) = Xn ’ 9
@ ,.Z,:l w21t — n) ©)
we have
= 1
f (Dt = — 2 xa%, (10)
o 21
using the fact that
f” sin 7(21°t — m) sin #(2Wt — n) o
o w(2Wt —m) (Wt — n)
‘ 0 m#=n
= 1 (11)
—m = .
21

Hence, the square of the distance to a point is 2W times
the energy (more precisely, the energy into a unit resist-
ance) of the corresponding signal

d* = 2WE

12
=2WTP (12

where P is the average power over the time 7. Similarly,
the distance between two points is A/2WT times the
rms discrepancy between the two corresponding signals.

If we consider only signals whose average power is less
than P, these will correspond to points within a sphere
of radius

r = \/2WTP. (13)

If noise is added to the signal in transmission, it
means that the point corresponding to the signal has
been moved a certain distance in the space proportional
to the rms value of the noise. Thus noise produces a
small region of uncertainty about each point in the
space. A fixed distortion in the channel corresponds to
a warping of the space, so that each point is moved, but
in a definite fixed way. )

In ordinary three-dimensional space it is possible to
set up many different co-ordinate systems. This is also
possible in the signal space of 2TW dimensions that we
are considering. A different co-ordinate system cor-
responds to a different way of describing the same sig-
nal function. The various ways of specifying a function
given above are special cases of this. One other way of
particular importance in communication is in terms of
frequency components. The function f(¢) can be ex-
panded as a sum of sines and cosines of frequencies 1/T
apart, and the coefficients used as a different set of co-
ordinates. It can be shown that these co-ordinates are
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all perpendicular to each other and are obtained by
what is essentially a rotation of the original co-ordinate
system.

Passing a signal through an ideal filter corresponds to
projecting the corresponding point onto a certain region
in the space. In fact, in the frequency-co-ordinate sys-
tem those components lying in the pass band of the filter
are retained and those outside are eliminated, so that
the projection is on one of the co-ordinate lines, planes,
or hyperplanes. Any filter performs a linear operation on
the vectors of the space, producing a new vector lin-
early related to the old one.

I1V. GEOMETRICAL REPRESENTATION
OF MESSAGES

We have associated a space of 2T W dimensions with
the set of possible signals. In a similar way one can as-
sociate a space with the set of possible messages. Sup-
pose we are considering a speech system and that the
messages consist of all possible sounds which contain no
frequencies over a certain limit W, and last for a time
T[. :

Just as for the case of the signals, these messages can
be represented in a one-to-one way in a space of 2T\ W,
dimensions. There are several points to be noted, how-
ever. In the first place, various different points may rep-
resent the same message, insofar as the final destination
is concerned. For example, in the case of speech, the ear
is insensitive to a certain amount of phase distortion.
Messages differing only in the phases of their compon-
ents (to a limited extent) sound the same. This may have
the effect of reducing the number of essential dimensions
in the message space. All the points which are equivalent
for the destination can be grouped together and treated
as one point. It may then require fewer numbers to
specify one of these “equivalence classes” than to spec-
ify an arbitrary point. For example, in Fig. 2 we have a
two-dimensional space, the set of points in a square. If
all points on a circle are regarded as equivalent, it re-
duces to a one-dimensional space—a point can now be

)

Fig. 2 Reduction of dimensionality through

cquivalence classes.

specified by one number, the radius of the circle. In the
case of sounds, if the ear were completely insensitive to
phase, then the number of dimensions would be reduced
by one-half due to this cause alone. The sine and cosine
components a, and b, for a given frequency would not
need to be specified independently, but only Vai4bat
that is, the total amplitude for this frequency. The re-
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duction in frequency discrimination of the ear as fre-
quency increases indicates that a further reduction in
dimensionality occurs. The vocoder makes use to a con-
siderable extent of these equivalences among speech
sounds, in the first place by climinating, to a large de-
gree, phase information, and in the second place by
lumping groups of frequencies together, particularly at
the higher frequencies.

In other types of communication there may not be
any equivalence classes of this type. The final destina-
tion is sensitive to any change in the message within the
full message space of 27T, Wi dimensions. This appears
to be the case in television transmission. .

A second point to be noted is that the information
source may put certain restrictions on the actual mes-
sages. The space of 27,1, dimensions contains a point
for every function of time f(¢) limited to the band W, and
of duration T. The class of messages we wish to trans-
mit may be only a small subsct of these functions. For
example, speech sounds must be produced by the human
vocal system. If we are willing to forego the transmission
of any other sounds, the effective dimensionality may be
considerably decreased. A similar effect can occur
through probability considerations. Certain messages
may be possible, but so improbable relative to the oth-
crs that we can, in a certain sense, neglect them. In a
television image, for example, successive frames are
likely to be very nearly identical. There is a fair proba-
bility of a particular picture element having th¢ same
light intensity in successive frames. If this is analyzed
mathematically, it results in an effective reduction of
dimensionality of the message space when T is large.

We will not go further into these two effects at pres-
ent, but let us suppose that, when they are taken into
account, the resulting message space has a dimensional-
ity D, which will, of course, be less than or equal to
27\ W\ In many cases, even though the effects are pres-
ent, their utilization involves too much complication in
the way of equipment. The system is then designed on
the basis that all functions are different and that there
are no limitations on the information source. In this
case, the message space is considered to have the full
271, dimensions.

V. GEOMETRICAL REPRESENTATION OF THE
TRANSMITTER AND RECEIVER

We now consider the function of the transmitter from
this geometrical standpoint. The input to the transmit-
ter is a message; that is, one point in the message space.
Its output is a signal—one point in the signal space.
Whatever form of encoding or modulation is performed,
the transmitter must establish some correspondence be-
tween the points in the two spaces. Every point in the
message space must correspond to a point in the signal
space, and no two messages can correspond to the same
signal. If they did, there would be no way to determine
at the receiver which of the two messages was intended.
The geometrical name for such a correspondence is a
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mapping. The transmitter maps the message space into
the signal space.

In a similar way, the receiver maps the signal space
back into the message space. Here, however, it is possi-
ble to have more than one point mapped into the same
point. This means that several different signals are de-
modulated or decoded into the same message. In AM,
for example, the phase of the carrier is lost in demodula-
tion. Different signals which differ only in the phase of
the carrier are demodulated into the same message. In
FM the shape of the signal wave above the limiting
value of the limiter does not affect the recovered mes-
sage. In PCM considerable distortion of the received
pulses is possible, with no effect on the output of the re-
ceiver.

We have so far established a correspondence between
a communication system and certain geometrical ideas.
The correspondence is summarized in Table 1.

TABLE 1

Communication System Geomelrical Entity

A space of 2T dimensions

A point in the space

A warping of the space

A region of uncertainty about each
point

(2TW)~! times the square of the dis-
tance from the origin to the point

The set of points in a sphere of radius
V2TW P .

A space of 2T, W, dimensions

A space of D dimensions obtained by
regarding all equivalent messages
asone point, and deleting messages
which the source could not produce

A point in this space )

A mapping of the message space into
the signal space

A mapping of the signal space into
the message space

The set of possible signals
A particular signal
Distortion in the channel
Noise in the channel

The average power of the
signal

The set of signals of power
P

The set of possible messages

The set ofpactual messages
distinguishable by the
destination

A message
The transmitter

The receiver

V1. MAPPING CONSIDERATIONS

It is possible to draw certain conclusions of a general
nature regarding modulation methods from the geo-
metrical picture alone. Mathematically, the simplest
types of mappings are those in which the two spaces
have the same number of dimensjons. Single-sideband
amplitude modulation is an example of this type and an
especially simple one, since the co-ordinates in the sig-
nal space are proportional to the corresponding co-ordi-
nates in the message space. In double-sideband trans-
mission the signal space has twice the number of co-
ordinates, but they occur in pairs with equal values. If
there were only one dimension in the message space and
two in the signal space, it would correspond to mapping
a line onto a square so that the point x on the line is rep-
resented by (x, x) in the square. Thus no significant use
is made of the extra dimensions. All the messages go into
a subspace having only 2T, W, dimensions.

In frequency modulation the mapping is more in-
volved. The signal space has a much larger dimensional-
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ity than the message space. The type of mapping can be
|suggested by Fig. 3, where a line is mapped into a three-
dimensional space. The line starts at unit distance from

TO NEXT COORDINATE

)

Fig. 3—Mapping similar to frequency modulation.

the origin on the first co-ordinate axis, stays at this dis-
tance from the origin on a circle to the next co-ordinate
axis, and then goes to the third. It can be seen that the
line is lengthened in this mapping in proportion to the
total number of co-ordinates. It is not, however, nearly
as long as it could be if it wound back and forth through
the space, filling up the internal volume of the sphere it
traverses.

This expansion of the line is related to the improved
signal-to-noise ratio obtainable with increased band-
width. Since the noise produces a small region of uncer-
tainty about each point, the effect of this on the recov-

Fan

/
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C
—
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UNCERTAINTY
OUE TO NOISE

Fig. 4—Efficient mapping of a line into a square.

ered message will be less if the map is in a large scale. To
obtain as large a scale as possible requires that the line
wander back and forth through the higher-dimensional
region as indicated in Fig. 4, where we have mapped a
line into a square. It will be noticed that when this is
done the effect of noise is small relative to the length of
the line, provided the noise is less than a certain critical
value. At this value it becomes uncertain at the receiver
as to which portion of the line contains the message.
This holds generally, and it shows that any system which
attempts Lo use the capacities of a wider band lo the full ex-
tent possible will suffer from a threshold effect when there
is noise. If the noise is small, very little distortion will
occur, but at some critical noise amplitude the message
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will become very badly distorted. This effect is well
known in PCM.

Suppose, on the other hand, we wish to reduce di-
mensionality, i.e., to compress bandwidth or time or
both. That is, we wish to send messages of band W, and
duration T, over a channel with TW<T,W,. It has al-
ready been indicated that the effective dimensionality D
of the message space may be less than 277, due to the
properties of the source and of the destination. Hence we
certainly need no more than D dimension in the signal
space for a good mapping. To make this saving it is nec-
essary, of course, to isolate the effective co-ordinates in
the message space, and to send these only. The reduced
bandwidth transmission of speech by the vocoder is a
case of this kind.

The question arises, however, as to whether further
reduction is possible. In our geometrical analogy, is it
possible to map a space of high dimensionality onto one
of lower dimensionality? The answer is that it is pos i-
ble, with certain reservations. For example, the points of
a square can be described by their two co-ordinates
which could be written in decimal notation

X = .a10203 * * *

(14
y= 'blb2b3"' )

From these two numbers we can construct one number
by taking digits alternately from x and y:

z = .a,b;agbga;;b; 000

(15)

A knowledge of x and y determines 2, and 2 determines
both x and y. Thus there is a one-to-one correspondence
between the points of a square and the points of a line.

This type of mapping, due to the mathematician
Cantor, can easily be extended as far as we wish in the
direction of reducing dimensionality. A space of 7 di-
mensions can be mapped in a one-to-one way into a
space of one dimension. Physically, this means that the
frequency-time product can be reduced as far as we wish
when there is no noise, with exact recovery of the origi-
nal messages.

In a less exact sense, a mapping of the type shown in
Fig. 4 maps a square into a line, provided we are not too
particular about recovering exactly the starting point,
but are satisfied with a near-by one. The sensitivity we
noticed before when increasing dimensionality now takes
a different form. In such a mapping, to reduce T W, there
will be a certain threshold effect when we perturb the
message. As we change the message a small amount, the
corresponding signal will change a small amount, until
some critical value is reached. At this point the signal
will undergo a considerable change. In topology it is
shown? that it is not possible to map a region of higher
dimension into a region of lower dimension continuously.
It is the necessary discontinuity which produces the
threshold effects we have been describing for communi-
cation systems.

7 W. Hurewitz and H. Wallman, “Dimension Theory,” Princeton
University Press, Princeton, N. [.; 1941
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be larger. Since in time T there are 2T W independent |

This discussion is relevant to the well-known “Hartley
Law,” which states that “...an upper limit to the
amount of information which may be transmitted is set
by the sum for the various available lines of the product
of the line-frequency range of cach by the time during
which it is available for use.”? There is a sense in which
this statement is true, and another sense in which it is
false. It is not possible to map the message space into
the signal space in a one-to-one, continuous manner
(this is known mathematically as a topological mapping)
unless the two spaces have the same dimensionality;
i.e., unless D=2TIi". Hence, if we limit the transmitter
and receiver to continuous one-to-one operations, there
is a lower bhound to the product 71 in the channel.
This lower bound is determined, not by the product
WiT, of message bandwidth and time, but by the num-
ber of essential dimension D, as indicated in Scction 1V,
There is, however, no good reason for limiting the trans-
mitter and receiver to topological mappings. In fact,
PCM and similar modulation systems are highly dis-
continuous and come very close to the type of mapping
given by (14) and (15). It is desirable, then, to find
limits for what can be done with no restrictions on the
type of transmitter and receiver operations. These
limits, which will be derived in the following sections,
depend on the amount and nature of the noise in the
channel, and on the transmitter power, as well as on
the bandwidth-time product.

It is evident that any system, either to compress T 11",
or to expand it and make full use of the additional vol-
ume, must be highly nonlinear in character and fairly
complex because of the peculiar nature of the mappings
involved.

VII. THE CapraciTy OF A CHANNEL IN THE
PRESENCE oF \VHITE THERMAL NOIsE

It is not difficult to set up certain quantitative rela-
tions that must hold when we change the product TH".
Let us assume, for the present, that the noise in the sys-
tem is a white thermal-noise band limited to the band
W, and that it is added to the transmitted signal to pro-
duce the received signal. A white thermal noise has the
property that each sample is perturbed independently of
all the others, and the distribution of cach amplitude is
Gaussian with standard deviation od=+/N where N is
the average noise power. How many different signals can
be distinguished at the recciving point in spite of the
perturbations due to noise? A crude estimate can be ob-
tained as follows. If the signal has a power P, then the
perturbed signal will have a power P4+ N. The number
of amplitudes that can be reasonably well distinguished

1s
P+ N

1\',‘/ i

N

where K is a small constant in the neighborhood of unity
depending on how the phrase “reasonably well” is inter-
preted. If we require very good separation, X will be
small, while toleration of occasional errors allows X to

(10)

amplitudes, the total number of reasonably distinct sig-

P + N 2TW
M =|:K1/———:| .
AV

The number of bits that can be sent in this time is
logs A, and the rate of transmission is

nals is

(17)

g J 7

— (bits per second).
N

]()gg .‘I

= W log, A2 (18)

The difficulty with this argument, apart from its
general approximate character, lies in the tacit assump-
tion that for two signals to be distinguishable they must
differ at some sampling point by more than the expected
noise. The argument presupposes that PCM, or some-
thing very similar to PCM, is the best method of en-
coding binary digits into signals. Actually, two signals
can be reliably distinguished if they differ by only a
small amount, provided this difference is sustained over
a long period of time. Each sample of the received signal
then gives a small amount of statistical information
concerning the transmitted signal; in combination,
these statistical indications result in near certaintv.
This possibility allows an improvement of about 8 db
in power over (18) with a rcasonable definition of re-
liable resolution of signals, as will appear later. We will
now make use of the geometrical representation to de-
termine the exact capacity of a noisy channel.

THEOREM 2: Let P be the average transmitter power, and
suppose the noise is white thermal noise of power N in the
band W' By sufficiently complicated encoding systems il is
possible to transmit binary digits at a rate

N .
C = W log, I—'i;l

(19)

with as small a frequency of errors as desired. It is not pos-
sible by any encoding method to send at a higher rate and
have an arbitrarily low frequency of errors.

This shows that the rate 11’ log (P4 N)/N measures in
a sharply defined way the capacity of the channel for
transmitting information. It is a rather surprising result,
since one would expect that reducing the frequency of
errors would require reducing the rate of transmission,
and that the rate must approach zero as the error fre-
quency does. Actually, we can send at the rate C but
reduce errors by using more involved encoding and longer
delays at the transmitter and receiver. The transmitter
will take long sequences of binary digits and represent
this entire sequence by a particular signal function of
long duration. The delay is required because the trans-
mitter must wait for the full sequence before the signal
is determined. Similarly, the receiver must wait for the
full signal function before decoding into binary digits.

We new prove Theorem 2. In the geometrical repre-
sentation each signal point is surrounded by a small re-
gion of uncertainty due to noise. With white thermal
noise, the perturbations of the different samples (or co-
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ordinates) are all Gaussian and independent. Thus the
probability of a perturbation having co-ordinates
x1, Xa, - * +, %, (these are the differences between the
original and received signal co-ordinates) is the product
of the individual probabilities for the different co-ordi-
nates:

TW 1 xﬂ?
———————eXxp— ———
oy /2m2TWN 2TWN
1 —1 ¥
= - exp’——— Z x,.z.
(2r2TWN)™ © 2TW 4

Since this depends only on
2TW
PIEAS
1

the probability of a given perturbation depends only on
the distance from the original signal and not on the direc-
tion. In other words, the region of uncertainty is spheri-
cal in nature. Although the limits of this region are not
sharply defined for a small number of dimensions
(2TW), the limits become more and more definite as the
dimensionality increases. This is because the square of
the distance a signal is perturbed is equal to 2T W times
the average noise power during the time T. As T in-
creases, this average noise power must approach N.
Thus, for large T, the perturbation will almost certainly
be to some point near the surface of a sphere of radius
V2TWN centered at the original signal point. More
precisely, by taking T sufficiently large we can insure
(with probability as near to 1 as we wish) that the per-
turbation will lie within a sphere of radius v/2TW(N+¢)
where ¢ is arbitrarily small. The noise regions can there-
fore be thought of roughly as sharply defined billiard
balls, when 2T W is very large. The received signals have
an average power P+ N, and in the same sense must al-
most all lie on the surface of a sphere of radius

V2TW(P+ N). How many different transmitted signals .

can be found which will be distinguishable? Certainly
not more than the volume of the sphere of radius
V2TW(P+N) divided by the volume of a sphere of
radius \/2TWN, since overlap of the noise spheres re-
sults in confusion as to the message at the receiving
point. The volume of an n-dimensional sphere® of radius
7 is

7I.n/2

= — rn .

n
G+
2

Hence, an upper limit for the number M of distinguish-

able signals is
PE N\
ws(y =)
N

Consequently, the channel capacity is bounded by:
_ loga M P+ N

(20)

(21)

=< W log. (22)

_*D.M. Y. Sommerville, “An Introduction to the Geometry of N
Dimensions,” E. P. Dutton, Inc., New York, N. Y., 1929; p. 135.
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This proves the last statement in the theorem.

To prove the first part of the theorem, we must show
that there exists a system of encoding which transmits
W logs (P+ N)/N binary digits per second with a fre-
quency of errors less than € when e is arbitrarily small.
The system to be considered operates as follows. A long
sequence of, say, m binary digits is taken in at the trans-
mitter. There are 2™ such sequences, and each corre-
sponds to a particular signal function of duration T.
Thus there are M =2~ different signal functions. When
the sequence of m is completed, the transmitter starts
sending the corresponding signal. At the receiver a per-
turbed signal is received. The receiver compares this
signal with each of the M possible transmitted signals
and selects the one which is nearest the perturbed signal
(in the sense of rms error) as the one actually sent. The
receiver then constructs, as its output, the correspond-
ing sequence of binary digits. There will be, therefore,
an over-all delay of 2T seconds.

To insure a frequency of errors less than ¢, the M sig-
nal functions must be reasonably well separated from
each other. In fact, we must choose them in such a way
that, when a perturbed signal is received, the nearest
signal point (in the geometrical representation) is, with
probability greater than 1 —e¢, the actual original signal.

It turns out, rather surprisingly, that it is possible to
choose our M signal functions at random from the points
inside the sphere of radius +/2TWP, and achieve the
most that is possible. Physically, this corresponds very
nearly to using M different samples of band-limited
white noise with power P as signal functions.

A particular selection of M points in the sphere corre-
sponds to a particular encoding system. The general
scheme of the proof is to consider all such selections, and
to show that the frequency of errors averaged over all
the particular selections is less than e. This will show
that there are particular selections in the set with fre-
quency of errors less than e. Of course, there will be
other particular selections with a high frequency of er-
rors.

The geometry is shown in Fig. 5. This is a plane
cross section through the high-dimensional sphere de-
fined by a typical transmitted signal B, received signal
A, and the origin 0. The transmitted signal will lie very

ZTwir+N)

Fig. 5—The geometry involved in Theorem 2.
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close to the surface of the sphere of radius /2T WP,
since in a high-dimensional sphere nearly all the volume
is very close to the surface. The received signal simi-
larly will lie on the surface of the sphere of radius
vV2TW(P+ N). The high-dimensional lens-shaped re-
gion L is the region of possible signals that might have
caused A, since the distance between the transmitted
and received signal is almost certainly very close to
\V/2TWN. L is of smaller volume than a sphere of radius
k. We can determine k by equating the area of the tri-
angle OA4 B, calculated two different ways:

Lhv/2TW (P + N) = L/ 2TWP\/2TWN

— PV
h = 1/2TW
P

The probability of any particular signal point (other
than the actual cause of 4) lying in L is, therefore, less
than the ratio of the volumes of spheres of radii
\/2TW PN/P+ N and /2T WP, since in our ensemble
of coding systems we chose the signal points at random
from the points in the sphere of radius /2T 1WP. This

ratio is
PN
1/ 2TW
P+ N

V2TWP

2TW

- (P Z N)TW' S

We have M signal points. Hence the probability p that
all except the actual cause of 4 are outside L is greater

than
N \TWM-1
1— .
[ -G ]

When these points are outside L, the signal is inter-
preted correctly. Therefore, if we make P greater than
1 —e¢, the frequency of errors will be less than e. This will

be true if
N \T"(M-1)
[1 —-( ) :l >1—e
P+ N

Now (1 —x)"is always greater than 1 —nx when n is pos-
itive. Consequently, (25) will be true if

(24)

(25)

W
1—(M——1)(P+N> >1—¢ (26)
or if
(M —1) < e<P+ N>m (27)
or
log (M — 1) P+ N  loge o8

—— < Wlog —— +
T TN T
For any fixed ¢, we can satisfy this by taking T suffi-
ciently large, and also have log (M —1)/T orlog M/T as
close as desired to W log P+N/N. This shows that,
with a random selection of points for signals, we can ob-

January

tain an arbitrarily small frequency of errors and trans-
mit at a rate arbitrarily close to the rate C. We can also
send at the rate C with arbitrarily small ¢, since the ex-
tra binary digits need not be sent at all, but can be filled
in at random at the receiver. This only adds another
arbitrarily small quantity to e. This completes the proof.

VIII. DiscussioN

We will call a system that transmits without errors at
the rate C an ideal system. Such a system cannot be
achieved with any finite encoding process but can be
approximated as closcly as desired. As we approximate
more closely to the ideal, the following effects occur: (1)
The rate of transmission of binary digits approaches
C=W logs (14+P/N). (2) The frequency of errors ap-
proaches zero. (3) The transmitted signal approaches a
white noise in statistical properties. This is true, roughly
speaking, because the various signal functions used
must be distributed at random in the sphere of radius
v/2TWP. (4) The threshold effect becomes very sharp.
If the noisc is increased over the value for which the sys-
tem was designed, the frequency of errors increases very
rapidly. (5) The required delays at transmitter and re-
ceiver increase indefinitely. Of course, in a wide-band
system a millisecond may be substantially an infinite
delay.

In Fig. 6 the function C/1¥"=log (14 P/N) is plotted
with P/N in db horizontal and C/1¥ the number of bits
per cycle of band vertical. The circles represent PC\I
systems of the binary, ternary, etc., types, using posi-
tive and negative pulses and adjusted to give one error
in about 10% binary digits. The dots are for a PP)M sys-
tem with two, three, etc., discrete positions for the pulse.®
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Fig. 6—Comparison of PCM and PPM
with ideal performance.

* The PCM points are calculated from formulas given in “The
philosophy of P(?l\l," by B. M. Oliver, J. R. Pierce, angd C. E. Shan-
non, PR()C. ILR.E., vol. 36, pp. 1324-1332; November, 1948. The
gg’i\': pox?ttshal;e ::rom unpublllslh;)dxlalculations of B.McMillan, who
ints out that, for very sma , th i vithi
DD of the iy for ver y / e points approach to within
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The difference between the series of points and the ideal
curve corresponds to the gain that could be obtained by
more involved coding systems. It amounts to about 8
db in power over most of the practical range. The series
of points and circles is about the best that can be done
without delay. Whether it is worth while to use more
complex types of modulation to obtain some of this
possible saving is, of course, a question of relative costs
and valuations.

The quantity TW log (14 P/N) is, for large T, the
number of bits that can be transmitted in time T It can
be regarded as an exchange relation between the differ-
ent parameters. The individual quantities 7, W, P, and
N can be altered at will without changing the amount
of information we can transmit, provided TW log
(14P/N) is held constant. If T1}"is reduced, P/N must
be increased, etc.

Ordinarily, as we increase 1V, the noise power N in the
band will increase proportionally; N =N where No is
the noise power per cycle. In this case, we have

r (29)
MW)'

If we let Ho=P/N,, i.e., Wy is the band for which the
noise power is equal to the signal power, this can be

written
C 12 | (1 N [Vo)
= 0 — 1.
W, | §50) & W

In Fig. 7, C/Wyis plotted as a function of 11"/ Wo. As we
increase the band, the capacity increases rapidly until
the total noise power accepted is about equal to the

c=uw%(1+

(30)
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Fig. 7—Channel capacity as a function of bandwidth.

signal power; after this, the increase is slow, and it ap-

proaches an asymptotic value logs e times the capacity
for W= Wo.

IX. ARBITRARY GAUSSIAN NOISE

If a white thermal noise is passed through a filter
whose transfer function is Y(f), the resulting noise has
a power spectrum N(f)=K| ¥(f)|? and is known as
Gaussian noise. We can calculate the capacity of a chan-
nel perturbed by any Gaussian noise from the white-
noise result. Suppose our total transmitter power is P
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and it is distributed among the various frequencies ac-
cording to P(f). Then

[ puar=r (31)

\We can divide the band into a large number of small
bands, with N(f) approximately constant in cach. The
total capacity for a given distribution P(f) will then be

given by
C = fow log (1 -~ %)d[,

since, for each elementary band, the white-noise result
applies. The maximum rate of transmission will be found
by maximizing C subject to condition (31). This re-
quires that we maximize

(32)

P(f)

fow [log(l + N(f)) + )\P(j)] df.

The condition for this is, by the calculus of variations,
or merely from the convex nature of the curve log

(1+x),

(33)

4 =0, 34
N(f) + P(f) * i

or N(f)+P(f) must be constant. The constant is ad-
justed to make the total signal power equal to P. For
frequencieswhere the noise power is low, the signal power
should be high, and vice versa, as we would expect.

The situation is shown graphically in Fig. 8. The
curve is the assumed noise spectrum, and the three lines
correspond to different choices of P. If P is small, we
cannot make P(f) +N(f) constant, since this would re-
quire negative power at some frequencies. It is casily
shown, however, that in this case the best P(f) is ob-
tained by making P(f) + N(f) constant whenever possi-
ble, and making P(f) zero at other frequencies. With
low values of P, some of the frequencies will not be used
at all.

Fig. 8—Best distribution of transmitter power.

If we now vary the noise spectrum N(f), keeping the
total noise power constant and always adjusting the
signal spectrum P(f) to give the maximum transmission,
we can determine the worst spectrum for the noise. This
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turns out to be the white-noise case. Although this only
shows it to be worst among the Gaussian noises, it will
be shown later to be the worst among all possible noises
with the given power N in the band.

X. TaHeE CuANNEL CAPACITY WITH AN ARBI-
TRARY TYPE oF NoISE

Of course, there are many kinds of noise which are not
Gaussian; for example, impulse noise, or white noisc
that has passed through a nonlinear device. If the signal
is perturbed by one of these types of noise, there will
still be a definite channel capacity C, the maximum rate
of transmission of binary digits. We will merely outline
the general theory here.!?

Let x,, x3, + - -, x, be the amplitudes of the noise at
successive sample points, and let

plxy, x2, -+ -, x)dxy - - - dx, (35)

be the probability that these amplitudes lie between x,
and x,-+dx,, x2 and x34dx,, etc. Then the function p
describes the statistical structure of the noise, insofar
as n successive samples are concerned. The entropy, I, of
the noise is defined as follows. Let

H, = — ;ler S fp(_rh Cee,w)
Jdoge plxy, -+ -, a)dxy, - -, da. (36)
Then '
I = lim I, (37)

This limit exists in all cases of practical interest, and can
be determined in many of them. /] is a measure of the
randomness of the noise. In the case of white Gaussian
noise of power N, the entropy is

Il = log,.\/2meN. (38)

It is convenient to measure the randomness of an arbi-
trary type of noise not directly by its entropy, but by
comparison with white Gaussian noise. We can calculate
the power in a white noise having the same entropy as
the given noise. This power, namely,

1
N = —exp 2/l

39
27e (39)

where I/ is the entropy of the given noise, will be called
the entropy power of the noise.

A noise of entropy power N acts very much like a
white noise of power N, insofar as perturbing the mes-
sage is concerned. It can be shown that the region of
uncertainty about each signal point will have the same
volume as the region associated with the white noise. Of
course, it will no longer be a spherical region. In proving
Theorem 1 this volume of uncertainty was the chief

10 C. E. Shannon, “A mathematical theory of communication,”

Bell Sys. Tech. Jour., vol. 27, pp. 379-424 and 623-657; July and
October, 1948.
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property of the noise used. Essentially the same argu-
ment may be applied for any kind of noise with minor
modifications. The result is summarized in the follow-
ing:

THEOREM 3: Let a noise limited to the band W have
power N and entropy power Ny. The capacity C is then
bounded by

] Y > 7
r+ N, <Cx ll’]ogzl + N
.Vl N

0 loge (40)

where P 1s the average signal power and W the bandwidth.
If the noise is a white Gaussian noise, Ny =N, and the
two limits are equal. The result then reduces to the
theorem in Section VII.
For any noise, Vi <N. This is why white Gaussian
noise is the worst among all possible noises. If the noise
is Gaussian with spectrum N(f), then

1 W
Vo= Wew f log N(f)df. (41)
0

The upper limit in Theorem 3 is then reached when we
are above the highest noise power in Fig. 8. This is casily
verified by substitution.

In the cases of most interest, P/N is fairly large. The
two limits are then nearly the same, and we can use
W log (P+N)/N, as the capacity. The upper limit is the
best choice, since it can be shown that as P/N increases,
C approaches the upper limit.

XI. DISCRETE SOURCES OF INFORMATION

Up to now we have been chiefly concerned with the
channel. The capacity C measures the maximum rate at
which a random series of binary digits can be transmit-
ted when they are encoded in the best possible way. In
general, the information to be transmitted will not be
in this form. It may, for example, be a sequence of let-
ters as in telegraphy, a speech wave, or a television
signal. Can we find an equivalent number of bits per
second for information sources of this type? Consider
first the discrete case; i.c., the message consists of a se-
quence of discrete symbols. In general, there may be
correlation of various sorts between the different sym-
bols. If the message is English text, the letter E is the
most frequent, 7" is often followed by I1, etc. These cor-
relations allow a certain compression of the text by
proper encoding. We may define the entropy of a dis-

crete source in a way analogous to that for a noise:
namely, let

1

o= —— 20 pli,j, -+ ,s)loga p(i g, -+ ,s) (42)

n

where p(i, _7:, T s) 1s the probability of the sequence
of symbolsz,j, - - - s, and the sum is over all sequences
of n symbols. Then the entropy is

H = lim II,.

n-—-swo

(43)
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' It turns out that H is the number of bits produced by
| the source for each symbol of message. In fact, the fol-
| lowing result is proved in the Appendix.

THEOREM 4. It is possible to encode all sequences of n
message symbols into sequences of binary digits in such a
way that the average number of binary digits per message
symbol is approximately I1, the approximation approach-
ing equality as n increases.

It follows that, if we have a channel of capacity Cand
a discrete source of entropy H, it is possible to encode
the messages via binary digits into signals and transmit
at the rate C/H of the original message symbols per
second.

For example, if the source produces a sequence of let-
ters A, B, or C with probabilities p5=0.6, ps=0.3,
pc=0.1, and successive letters are chosen independ-
ently, then I[,=H;=—[0.6 log, 0.6+0.3 log, 0.3
+0.1 logs 0.1] =1.294 and the information produced is
equivalent to 1.294 bits for each letter of the message.
A channel with a capacity of 100 bits per second could
transmit with best encoding 100/1.294 =77.3 message
letters per second.

XI11. CONTINUOUS SOURCES

If the source is producing a continuous function of
time, then without further data we must ascribe it an
infinite rate of generating information. In fact, merely
to specify exactly one quantity which has a continuous
range of possibilities requires an infinite number of
binary digits. We cannot send continuous information
exactly over a channel of finite capacity.

Fortunately, we do not need to send continuous
messages exactly. A certain amount of discrepancy be-
tween the original and the recovered messages can al-
ways be tolerated. If a certain tolerance is allowed, then
a definite finite rate in binary digits per second can be
assigned to a continuous source. It must be remembered
that this rate depends on the nature and magnitude of
the allowed error between original and final messages.
The rate may be described as the rate of generating in-
formation relative to the criterion of fidelity.

Suppose the criterion of fidelity is the rms discrep-
ancy between the original and recovered signals, and
that we can tolerate a value 4/ N;. Then each point in
the message space is surrounded by a small sphere of
radius v/2I, Wi Ny. If the system is such that the re-
covered message lies within this sphere, the transmission
will be satisfactory. Hence, the number of different mes-
sages which must be capable of distinct transmission is
of the order of the volume V; of the region of possible
messages divided by the volume of the small spheres.
Carrying out this argument in detail along lines similar
to those used in Sections VII and IX leads to the fol-
lowing result:
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THEOREM 5: If the message source has power Q, en-
tropy power Q, and bandwidth W, the rate R of generating
information in bits per second is bounded by

Q Q
W1 lng -1\_7— é R é Wl lng TV"'

1 1

(44)

where N, is the maximum tolerable mean square error
in reproduction. If we have a channel with capacity C
and a source whose rate of genmerating information R is
less than or equal to C, it is possible to encode the source
in such a way as to transmit over this channel with the
fidelisy measured by Ny. If R>C, this is impossible.

In the case where the message source is producing
white thermal noise, 0 = Q. Hence the two bounds are
equal and R = W, log Q/N,. We can, therefore, transmit
white noise of power Q and band W, over a channel of
band W perturbed by a white noise of power N and re-
cover the original message with mean square error N,
if, and only if,

P+ N

W log —Q— < Wlog (45)
N, -

APPENDIX

Consider the possible sequences of n symbols. Let
them be arranged in order of decreasing probability,
prZp2ps - ¢ 2p.. Let Pi= > °1"'p;. The ith message
is encoded by expanding P; as a binary fraction and us-
ing only the first ¢; places where £; is determined from

1 1
lng—é L <1+10g2—°

(46)

Probable sequences have short codes and improbable
ones long codes. We have
1

S 1
u = =

A

(47)

‘The codes for different sequences will all be different.
P, for example, differs by p; from P;, and therefore
its binary expansion will differ in one or more of the
first £; places, and similarly for all others. The average
length of the encoded message will be > piti. Using
(46),

— > pilog ps S D piti < 2 i1 — log p))  (48)
or
i, S D piti < 1+ nH,

The average number of binary digits used per message
symbol is 1/n D pit; and

(49)
1 1

Hyo S — Y piti <— + Ha (50)
”n ”n

As n—x, H,—H and 1/n—0, so the average number of
bits per message symbol approaches I1.
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Multiplex Employing Pulse-Time and Pulsed-
Frequency Modulation®
HAROLD GOLDBERGT, SENIOR MEMBER, IRE, AND CARL C. BATH I, ASSOCIATE, IRE

Summary—A microwave communication system giving two-chan-
nel voice transmission over a single carrier is described. Diplexing
is accomplished by the use of two types of modulation, rather than
by time or frequency division. One channel is transmitted by a form
of pulse-time modulation using 1-microsecond pulses at a mean
repetition rate of 10 kc, and the other channel by frequency modula-
tion of the pulsed microwave carrier (FM burst). The addition of the
pulsed-FM channel requires no additional carrier power or change
of duty cycle. Cross talk is negligible. The double system is applicable
to most of the common forms of pulse-time modulation. Time-divi-
sion techniques are as applicable as in systems employing pulse-time
modulation alone. If a time-division index of n is employed, i.e., that
necessary to give n channels in a straight pulse-time time-division
multiplex system, the employment of the diplex system described
gives 2n channels.! Compared to a straight pulse-time time-division
system giving 2n channels, the double-modulation system results
in economies in synchronizing equipment, and provides a better
signal-to-noise ratio on the pulse-time portion of the system, but
requires some additional bandwidth.

INTRODUCTION

HIS FAPER describes a proposal, and the experi-

mental study, of a method of diplexing a pulse-

time-modulation channel by the superposition of
an additional channel on the same channel pulses by
the frequency modulation of the pulsed carrier. The
motivation for such a system is the desire to increase
the number of channels that may be carried in a pulse-
time-division system having a particular time-division
index #. (By index # is meant the number of channels
provided in a single modulation system by a system of
time division.) The experimental study was carried out
on a system which provided only a single pulse-time
channel, i.e., index of unity. The use of a single pulse-
time channel in this study, which is eventually aimed at
time-division systems, was justified by the preliminary
conclusion that cross talk between pulse-time and
pulsed-FM channels would be the most difficult prob-
lem, and that this cross talk would be greatest in a sys-
tem of unit time-division index. The validity of these
preliminary conclusions should become clear later in
this paper.

The pulse-time system used in this study has not
been previously reported in the literature. Its character-
istics are not particularly germane to the study, except
that it makes the cross-talk problem as severe as can

* Decimal classification: R460 X R148.6. Original manuscript re-
ceived by the Institute, July 8, 1947; revised manuscript received,
May 26, 1948.

t National Bureau of Standards, Washington 25, D. C.

1 Bendix Radio Division, Bendix Aviation Corporation, Balti-
more, Md.

! In pulse-time systems which employ a synchronizing pulse that
does not carry channel information, an additional pulsed-FM channel
ca{l be sent via the synchronizing pulse, thus resulting in 2n41 chan-
nels.

be envisaged. The pulse-time modulating system used
transmits information in terms of the periods between
consecutive pulses, these periods being single-valued
functions of the modulating voltage. The relationship is
not a lincar one, the over-all system linearity being
provided by a complementary nonlinearity in the pulse-
time demodulator. The ratio of maximum to minimum
length of period in this system is greater than four to
one for heavy modulation. Space transmission is by
pulse modulation of a microwave carrier; i.e., the in-
formation is carried by the variation in time interval be-
tween consecutive carrier pulses. It is proposed to trans-
mit an additional channel by modulating the frequency
of the pulsed carrier (not the repetition rate of the
pulses). It should be noted that requirements on the
pulse-repetition rate imposed by the modulating fre-
quencies impressed on the pulse-time channel are suffi-
cient to satisfy the demands for the pulsed-F)I channel
as well, provided both channels have the same upper
limit for the modulating frequency. A mean pulse-
repetition rate greater than twice the highest modulat-
ing frequency is required. A discussion of these require-
ments for certain pulse-modulation systems has been
given in the literature.?

Cross-TALK PROBLEM

Cross talk was judged to be the most severe problem,
since many successful systems may be proposed for
accomplishing pulse-time or pulsed-F\ transmission,
but not all of these alternative methods will keep cross
talk within satisfactory limits. In fact, the object of this
study is to provide a system which does keep the cross
talk within bounds. Two kinds of cross talk were con-
sidered; one, that arising from interactions between the
two modulating processes up to but not including the
final demodulator; secondly, that inherent in the de-
modulation process. Consider the first type in the
transmitter-modulator portion of the system. Any
change in the shape of the transmitter keying pulse due
to the time-modulation process might conceivably cause
a frequency modulation of the transmitter, and thus
impose some of the pulse-time-channel information on
the pulsed-FM channel. Additionally, the process of
frequency-modulating the transmitter might alter the
envelope of the outgoing carrier pulse even though the
keying pulses were not affected, and in this way impose
some pulsed-FM-channel information on the pulse-

NG, Fredendall, K. Schlesinger, and A. C. Schroeder, “Trans-
mission of television sound on the picture carrier,” Proc. I.R.E., vol.
34, pp. 49P-61P; February, 1946.
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time channel. A consideration of the properties of the
space transmission path and the portions of the receiver
up to the demodulator shows that additional envelope
distortion may occur as a result of the fact that the
carrier is frequency-modulated. This can result in addi-
tional cross talk in the pulse-time channel.

The cross-talk effects in the transmitter-modulator
may be minimized by proper circuit design and choice
of transmitter operating parameters. Envelope delay
and distortion variations with frequency over the space
propagation path are generally minimized by making
the frequency deviation a small percentage of the mean
carrier frequency. The effect of the phase versus fre-
quency and amplitude versus frequency characteristics
of the receiver on the envelope delay and distortion as
the frequency of the carrier shifts may be minimized if
the amplitude response is flat, and the phase response
linear, over a frequency band equal to the maximum
total frequency deviation plus the width of the signifi-
cant portion of the pulse spectrum. The diplex system
here proposed, therefore, requires more bandwidth than
the pulse-time system alone, to the extent that addi-
tional bandwidth equal to the total possible frequency
deviation is necessary.

The greatest problem with respect to cross talk
arises in the demodulation process. The method pro-
posed in this report cannot, even theoretically, eliminate
cross-talk effects in demodulation. It does provide a
satisfactorily low level of cross talk, at least for speech
circuits, even under the drastic conditions previously
outlined. Once the necessary steps have been taken to
minimize envelope distortion and delay, the pulse-time
channel may be demodulated without further cross-talk
problems. This channel is not affected as to cross-talk by
the demodulation process. It is the pulsed-FM channel
that gives evidence of cross talk from the pulse-time
channel as a result of the demodulation process.

. /\/\/\
o \/\/
g ||| Y

Fig. 1—(a) Pulse-time modulating voltage. (b) Pulsed-FM modu-
lating voltage. (c) Pulse-time modulation+pulsed FM with FM
converted to pulsed AM.

One might propose to demodulate the pulsed-FM
channel by passing the signal through a conventional
frequency discriminator, and then passing the result-
ing amplitude-modulated pulse train through an appro-
priate low-pass filter to recover the modulation. This
would be satisfactory as long as no modulation was
impressed on the pulse-time channel. The pulse train
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is modulated both in amplitude and time, however, if
modulation is present on both channels. In such a case
the output of the low-pass filter would then be a hope-
less mixture of both channel modulations. One should
note, however, that the envelope of the pulse train ob-
tained from the discriminator is the modulation on the
pulsed-FM channel only, even though pulse-time modu-
lation is also present (see Fig. 1c). The proposed demodu-
lation scheme, therefore, is to recover the envelope of
this train as closely as possible, as the means of de-
modulating the pulsed-FM channel.

Fig. 2 illustrates the method for recovering a reason-
able facsimile of the envelope of the discriminator out-
put. It is proposed that the pulse train will be operated
on by a circuit which will produce the stepped envelope
shown in the figure. This will be termed the step-func-
tion envelope, and the process will be called step-func-
tion demodulation. The envelope is produced by pro-

Fig. 2—Conversion of amplitude-modulated train to
step function.

longing each peak pulse amplitude until the occurrence
of the next pulse. The step-function envelope is passed
through a low-pass filter as the final step in the de-
modulation process. Simple diode peak detection is not
satisfactory as a means of recovering the envelope be-
cause of the low ratio of pulse-repetition frequency to
modulating frequency.

The following discussion indicates the difficulties in-
volved in using simple discriminators; outlines a partial
solution requiring broad-band discriminators and addi-
tional filters; and, finally, treats the successful solution to

the demodulation problem.

The production of the amplitude-modulated pulse
train by means of a discriminator is not simply done by
the use of a conventional discriminator as proposed. Due
to the fact that a frequency-modulated pulsed carrier
may be considered to be a pulse spectrum whose center
frequency is varied, it is obvious that the output of a
typical balanced discriminator, such as the Foster-
Seeley,* will not be an undistorted amplitude-modulated
pulse train whose envelope represents the frequency
modulation. This may easily be seen by considering
the output of such a discriminator when the input pulse
spectrum is centered at the discriminator cross over.
The output of the discriminator is not zero because a
pulse spectrum is applied, not a single frequency. The
output in this case is a differentiated pulse, and has the
form of a pair of pulses, opposite in polarity, repre-
senting the leading and trailing edges of the applied

3+ D. E. Foster and S. W. Seeley, “Automatic tuning, simplified
circuits and design practice,” Proc. LR.E., vol. 25, pp. 289-314;
March, 1937.
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pulse. To use such a discriminator in the proposed sys-
tem, it is necessary that the distortions take place only
at the leading and trailing edges of the pulse, i.c., the
transient response of the discriminator must be short
compared to the pulse length. If that is the case, the
effects of the distortion may be suppressed by passing
the discriminator output through a low-pass filter of
cutoff frequency of the order of the reciprocal of the
original pulse length. To make the transient response
adequate requires discriminator bandwidths of the order
of several times the reciprocal of the pulse width. This
bandwidth is undesirable if the frequency deviations
employed are of the order of the reciprocal of the pulse
width. The dual problem of discrimination and step-
function demodulation has been met by means of a
circuit which accomplishes both functions simultane-
ously and which may have a bandwidth only slightly
greater than the maximum total frequency deviation,
even when this deviation is of the order of the reciprocal
of the pulse width.

The properties of the step-function demodulation
process should be carefully considered. In the absence
of modulation on the pulsed-F\ channel, i.c., during
silence, there can be no cross talk frem the pulse-time
channel, since the output of the step-function de-
modulator is a constant voltage, independent of the
degree of time modulation. Cross talk, therefore, can
only occur when information is transmitted, i.e,, when
the channel is not silent. The way in which this cross
talk occurs is by means of the variation of the step
lengths. It cannot be greater than the modulation on
the pulsed-FM channel. It appears as distortion, essen-
tially by a cross-modulation process, and is not recog-
nizable as the interfering modulation. Psychologically,
therefore, the absence of cross talk during silence, and
the masking effect of the desired modulation during
periods of transmission, give the effect of negligible
cross talk. The absence of cross talk during silence has
enormous psychological value. Quite aside from the
cross-talk suppression feature, step-function demodula-
tion is valuable as a means of pulse-communication
demodulation. The repetition frequency disappears
during silence and the amount of repetition-frequency
amplitude in the step function envelope is generally
less than the amplitude of the desired signal. The result-
ing masking of the repetition rate reduces the require-
ments on attenuation in the low-pass filters generally
employed in pulse demodulators. Its value is such that
the pulse-time channel used in these experiments also
uses step-function demodulation. An additional gain
from the use of this system of demodulation is that the
signal recovery from the step-function demodulator is
roughly the reciprocal of the duty cycle greater than the
signal recovery from an identical pulse train by means
of a low-pass filter. (The duty cycle is the product of
pulse length and repetition frequency.)

Since the cross-talk distortion appearing in the
pulsed-FM channel output is a function of step-length
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variation, it will be reduced if the variation in step
length is reduced. This may be done by a decrease in
depth of modulation on the pulse-time channel and by
the employment of other pulse-time systems which do
not result in step-length variations which follow the
modulation. (There are certain systems, essentially
push-pull systems, in which the sum of any two ad-
jacent pulse-to-pulse time intervals is almost a con-
stant.) The conditions of this study were severe because
the step-length variations were deliberately large. Re-
gardless of the type of pulse-time modulation used, the
employment of time division to increase the number of
channels reduces this cross-talk distortion, provided all
other factors remain constant. To illustrate, a single-
channel system is first assumed. The channel pulse-
repetition rate is determined by the highest modulating
frequency to be employed, and is 1/7 where 7 is the
pulse-repetition period. Ignoring the reference pulse, the
upper and lower limits of the interval between ad-
jacent-channel pulses are approximately 27 and 0. The
step length in such a system can therefore range be-
tween 0 and 27 in length. If time division is now em-
ployed to allow the transmission of n channels, and the
highest modulating frequencies employed are the same
as for the single-channel system, the channel repetition
rate must still be 1/7, independent of n. The total
number of pulses transmitted per second, excluding
the reference or synchronizing pulse, is /7. Since (n —1)
pulses will occur between any two consecutive channel
pulses, the time swing available for any channel is
reduced compared to the single-channel case. The upper
and lower limits for the time interval between any two
consecutive channel pulses becomes 7(141/x1) and
7(1—1/n). The pulsed-FM channels are carried by
their complementary pulse-time channel pulses. The
time interval between any two consecutive pulses for
any FAMI channel is the same as for the pulse-time
channels. It is obvious, therefore, that the time in-
terval between any two consecutive channel pulses
tends to a constant 7, as # increases without limit for
both pulse-time and pulsed-FM channels. An increase
in n, therefore, reduces the maximum signal-to-noise
ratio that may be achieved, per channel, in the pulse-
time channels, assuming that the peak power and pulse
length has not been changed in the time-division proc-
ess. If it is assumed that time division is not carried to
the point of interference between adjacent pulses (this is
a necessary limitation for both pulse-time and pulsed-
FAI), the carrier frequency deviation employed to trans-
mit information over pulsed-FM channels is inde-
pendent of the time-division process. The peak power
and pulse length have been assumed to have been
kept constant. The result is a signal-to-noise ratio in
t.he pulsed-FM channels independent of the degree of
time division employed. Since it has already been
shown that the interval between consecutive channel
pulses tends to a constant as »n increases, the step
lengths in the FM demodulation process will tend
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toward a constant, and the cross talk from pulse time
into pulsed FM will tend towards zero.

SIGNAL-TO-NOISE-RATIO ADVANTAGES

An m-channel system may be provided by a single-
modulation time-division multiplex of index m, or by a
diplex system of index m/2. If all factors are kept con-
stant in a pulse-time system with the exception of the
number of channels, a lower index allows a correspond-
ingly higher maximum signal-to-noise ratio. Diplexing
of the sort proposed in this report increases the possible
signal-to-noise ratio of the pulse-time channels by re-
ducing the time-division index. It was found experi-
mentally that the pulsed-FM channels could be given
signal-to-noise performance equivalent to pulse-time
svstems of index one. In a time-division system, while
the maximum possible performance of the pulse-time
channels is reduced, the pulsed-FMI phannels, which do
not carry information by means of pulse position, are
not affected as to signal-to-noise performance (assum-
ing that time division is not carried to the point of
interference between adjacent pulses).

ADDITIONAL SYSTEMS

Pulsed FM may be diplexed to pulsed-AM systems,
pulse-width modulated systems, and pulsc-code systems.

Experimental Equipment

The test gear used in this study consisted of two
complete transmitter-receiver units, each diplexed, pro-
viding two-way two-channel operation. Carrier fre-
quencies in the neighborhood of 3,000 Mc were em-
ployed. The gear was designed for voice transmission;
emitted a peak pulse power of approximately 1.5 watts;
used a pulse length of 1 microsecond, a inean repetition
rate of 10 ke, and an average power output of about 15
milliwatts. Tests were conducted with a loop around
one transmitter-receiver unit, and with space paths of
up to 8 miles. Horn radiators were used.

The transmitter block diagram is shown in Fig. 3.
The input audio amplifiers have the frequency char-
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Fig. 3—Transmitting system;; block diagram.

acteristics shown in Fig. 4, and are designed to take care
of the requirements imposed by voice transmission and
pulse modulation. No additional filters are employed to
increase the rate of high-frequency cutoff. The pulse-
time modulator, Fig. 5, is a blocking oscillator whose
“off” time is varied by injecting the modulating voltage
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into the grid circuit. A two-stage pulse amplifier and
clipper steps up the pulse power, shapes the pulse, and
removes any amplitude modulation introduced by the

CYCLES PER SECOND

~

-50D8. 74 N

-10 DB //
/

50

o DB

N\

\

5000 10000

-15 DB

100 500 1000

Fig. 4—Input audio-amplifier frequency response.
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Fig. S—Pulse-time modulator.

modulator. The output pulse power is in the neighbor-
hood of 1 kilowatt peak and may be adjusted over a
narrow range in that neighborhood. Pulse is fed back
to a clamper in the modulating circuit. The feed back
makes the voltage to which the blocking-oscillator ca-
pacitor charges independent of the modulating voltage.
Typical wave forms are shown in Figs. 6 through 10.

Fig. 6—Blocking-oscillator grid, no modulation.

Fig. 7—Modulating voltage.
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Noisy conditions can be correlated with deviations from

The carrier oscillator, a 707B reflex klystron, is anode
the theoretical rectangular-pulse spectrum.

and grid pulsed. Since the impedance of the klystron is

A

Fig. 8—Blocking-oscillator grid, modulated.

Fig. 11—Pulse output spectrum.

The receiver block diagram is shown in Fig. 12. The
receiver is a superheterodyne employing a 2IK41 reflex
klystron as the local oscillator, a 1N21B silicon-crystal-
mixer, and an if amplifier system centered at 60 Mc. A
five-stage if preamplifier, 10 Mc wide between half-
power points, amplifies the intermediate-frequency sig-

e A

Fig. 12—Receiving system; block diagram.

Fig. 9——Pulse output, no modulation,

nal coming from the mixer and drives a 75-ohm coaxial
line. This line terminates in the inputs of two if post-
amplifiers. One of these, a three-stage amplifier 10-\c
wide between 3-db.points, is associated with the pulse-
time demodulator and the receiver agc circuit. Ampli-
fied and delayed agc is employed.

The other if post-amplifier is associated with the
pulsed-FM demodulator and the receiver afc control.

Fig. 10—Pulse output, modulated.

relatively high, it is shunted by a resistor to allow fast
rise and fall of the applied pulse. Thus, only about one-

fourth of the 1-kilowatt keying pulse is actually applied
to the klystron. The klystron supplies between 1 and
2 watts of peak power output under these conditions.
The transmitter is frequency-modulated by applying a
modulating voltage to the klystron reflector. The peak
deviation emploved was 1 Mc. It was found that the
system was noisy unless a good carrier pulse spectrum
was obtained. Operating conditions for good output
spectrum can be found, and these stay substantially
constant for any given klystron. Interaction between
frequency modulation and output pulse envelope is
kept to a minimum by the use of deviations small
compared to the clectrical tuning range of the klystron.
A satisfactory carrier pulse spectrum is shown in Fig. 11.
The spectrum shows the typical energy distribution ex-
pected of a rectangular pulse. It is quite free of the aber-
rations introduced by frequency modulation during the
pulse interval and multiple moding of the oscillator.

It has a half-power bandwidth of 6 Mc, employs two
stages, and drives a step-function pulsed-FM  de-
modulator which has a lincar range of about 2.5 Mc.
The step-function pulsed-FM demodulator is shown
schematically in Fig. 13. Fig. 14 is a typical waveform

TFO/2,
BALS/2

T O +130

e

N

>
3 T
1 -,
3 -~
. - - 4 1 J
£

eaL%/2

Fig. 13—DMlodified ratio detector.

of the output of this demodulator when the system is
modulated with a sine wave. The demodulator is a
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modification of the Seeley ratio detector.* The modifica-
tion consists of replacing the “battery” in the original
Seeley circuit by the output terminals of a cathode fol-
lower and providing a very high-impedance take-off for
the output of the demodulator (a cathode follower). The
operation is explained in the following way: Conduction

Fig. 14—Step-function output of detector.

of the diodes during a pulse causes the output terminal
to assume an equilibrium voltage which is a function of
the pulse carrier frequency. This equilibrium is reached
in less than 1 microsecond, the pulse length employed
in the study. Upon removal of the pulse, the diodes cease
to conduct because of the threshold imposed by the
fixed “battery” voltage. Since no discharge path is
provided for the output point, the equilibrium voltage
established by any one pulse must be maintained until
the next consecutive pulse establishes a new equi-
librium voltage corresponding to its frequency. Thus,
the step-function demodulation is achieved automat-
ically. It has been found experimentally that proper
operation is achieved ¢ven when the frequency separa-
tion between discriminator peaks is not large with re-
spect to the reciprocal of the pulse length. (A width of
2.5 Mc was used with +1 Mc deviation and 1 micro-
second pulse.) The output of the cathode-follower take-
off is passed through a simple RC low-pass filter to give
the result typified by the waveform in Fig. 15. An audio
amplifier having the response curve shown in Fig. 16
completes the pulsed-FN channel. No other low-pass
filters are employed. Nevertheless, the 10-kc mean
repetition rate is below audibility in the output.

%

Fig. 15—Integrated step function.

The step-function demodulator removes noise be-
tween pulses, but does not adequately suppress noise
appearing on the pulse. As a result, the quicting thresh-
old is not adequately sharp. A limiter preceding the

¢ J. Avins, “The Ratio Detector,” RCA Licensee Bulletin LB-712,
May 12, 1947.
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demodulator should improve performance in this re-
spect. Output signal-to-noise ratios better than 50 db
have been achieved with the pulsed-F) channel. Cross
talk from the pulse-time channel, during silence on the
pulsed-FM channel, is better than 60 db down with full
modulation on the pulse-time channel. The demodulator
output, after passing through a low-pass filter, is ampli-
fied by a dc amplifier and applied to the reflector of the
local-oscillator klystron in proper phase to provide
automatic frequency control.
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Fig. 16—Output audio-amplifier frequency response.

The pulse-time if post-amplifier drives a video pulse
detector and agc rectifier. The output of the age recti-
fier passes to a dc amplifier whenever the rectifier volt-
age exceeds a fixed threshold. The output of the dc
amplifier controls the gain of the if preamplifier. The
output pulses gencrated by the video pulse detector
are passed through a pulse amplifier and “slicer.” The
“glicer” removes a slice from the pulse in the region of
steepest pulse rise and fall. This gates the output
pulse train with respect to noise between pulses and
noise on pulse tops. Any input signal-to-noise ratio
greater than 6 db allows removal of a slice that is noise
free, except for noise components in the leading and
trailing edges of the slice. Thus, a very sharp quieting
threshold is achieved. The “slicer” also permits dis-
crimination against interfering pulse signals which are
less than the signal pulses in amplitude. Radar inter-
ference, occasionally encountered during tests, was often
eliminated by proper adjustment of the “slicer” level.
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Fig. 17—Pulse-time demodulator.
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The “slice” is amplified and passed on to the pulse-
time step-function demodulator (see Fig. 17). The am-
plified slice is passed to a pulse transformer by means
of a cathode follower. The three outputs of this trans-
former operate a sawtooth gencrator and a double
clamper. The sawtooth generator is a series RC charg-
ing circuit which is discharged by a triode when its
grid receives a positive pulse. The RC time constant is
identical to that in the transmitter pulse-time modu-
lator. Variation in the period between pulses causes
variation in the peak amplitude of the sawtooth. The
result of the process is an amplitude-modulated saw-
tooth typified by the waveform of Fig. 18. Note that
the return time of the sawtooth must of necessity be
less than the pulse length of the discharging pulse.

// ///////// / / (il

Fig. 18—Sawtooth-generator output, modulated.

Step-function demodulation is to be accomplished in
the manner illustrated in Fig. 19. Two cathode followers

Fig. 19—Conversion of sawtooth to step function,

Fig. 21—Step-function output,

January

and the double clamper accomplish this, as shown in
Fig. 21. A small capacitor is allowed to “view” the
peaks of the sawtooth for a fraction of a microsecond in
such a manner that the capacitor voltage is made equal
to the peak voltage during the viewing interval, and is
constant at that voltage until the next viewing interval.
The “viewing” is done through the double clamper, a
bidirectional pulse-operated triode switch. The voltage
on the capacitor is transferred by means of a cathode
follower. To properly “view” the peak the sawtooth
output must be at low impedance, and some delay must
be provided, since the clamper is operated at the time
the sawtooth generator is discharged. Both require-
ments are met by passing the sawtooth through a
second cathode follower which has an RC cathode load.
The capacitor in the cathode circuit is insufficient to
delay the rise time of the follower appreciably, but
causes the decay time of the follower to be appreciably
greater than the microsecond return time of the saw-
tooth, thus giving the necessary delay. The mechanism
involves cutoff of the follower during the return time,
and has been discussed in the literature.® The combina-
tion of cathode follower and low-impedance load give
the requisite low impedance for the “viewing” opera-
tion. The output of the second follower is typificd by
the waveform of Fig. 20. The output of the demodulator
is passed through an RC low-pass filter to provide the
result of Fig. 22, and it then amplified in an audio ampli-
fier having the characteristics shown in Fig. 16.

NV

Fig. 22—Integrated step function.

CoNCLUSIONS

Field and laboratory tests have shown the described
diplex system to be very satisfactory for voice com-
munication. It may be used, with appropriaté repetition
rates, for program service where the pulsed-FM channel
is used as an order wire. Cross talk, measured during
silence on the desired channel with full modulation on
the interfering channel, can be kept 60 db below maxi-
mum output on the desired channel. This applies to
either channel.

. *Harold Goldberg, “Some considerations concerning the internal
lmpedgnce of the cathode follower,” Proc. I.R.E.. vol. 33, pp. 778
783; November, 1945,
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Theory of the Superregenerative Amplifier”

LEON RIEBMANT, ASSOCIATE, IRE

Summary—A very general solutioa of a superregenerative circuit
from which reception of aimost any type of modulation can be an-
alyzed is derived. Familiarity with this impedance method of analysis
should result in a clear physical picture of superregenerator operation.

Examples are worked out on the basis of an ideal control wave
form, revealing the fundamental limitations inherent in a super-
regenerative amplifier. It is shown that the minimum realizable static
bandwidth of a superregenerator is 0.89 fg. Although the ideal wave
form can only be approached in practice, it serves as a useful ana-
Iytical tool in clarifying how the various factors affect the operation
of a superregenerator.

INTRODUCTION

UPERREGENERATION was first introduced by
S E. H. Armstrong in 1022. Until recently, the prin-

ciple has not come into common usc because of the
difficulty of understanding the underlying theory.

The analysis appearing in this paper is based on an
approximate solution of the differential equation for the
response of a tuned circuit containing a varying resist-
ance to an applied signal.! To a first approximation,
this varying resistor is assumed to be independent of the
tuned-circuit voltage. The approximate solution of the
resultant linear differential equation is found to hold
very well for most superregenerative applications. This
solution permits obtaining the output spectrum of a
superregenerative amplifier and reveals the factors af-
fecting amplification, shape and width of frequency
response, maximum control frequency, and, in general,
gives a “physical” picture of superregenerator operation.

Superregencration is a form of regencrative amplifica-
tion in which the circuit oscillations are made to increase
and decay at a rate that is usually small compared to the
resonant frequency of the tuned circuit. The control ac-
tion may be obtained either by varying the plate voltage
or grid bias of the amplifier tube, or by varying an auxil-
iary resistance. An analysis of the control action is ex-
tremely simplified by substituting for the control volt-
age the cquivalent variation of the effective resistance.
The frequency of the variation of the effective resistance
is called the control frequency.

Then the effective resistance of the tuned circuit of
the superregenerative amplifier may be taken to be com-
posed of the following three terms:

1. The ohmic conductance Go.

2. The conductance G(¢, e) due to the control action
and also a function of the tuned-circuit oscillations when
the superregenerator operates in the logarithmic mode.

. * Decimal classification: R363.23 X R132. Original manuscript re-
ceived by the Institute, March 16, 1948; revised manuscript received,
August 10, 1948, This paper is from a master's thesis for the Moore
School of Electrical Engineering, University of Pennsylvania.

t Philco Co(riporation, Philadelphia, Pa.

t'W. E. Bradley, “Theory of the superr
sented, 1948, National IRE Convention,
23, 1948,

enerative receiver,” pre-
ew York, N. Y., March

3. The negative conductance y(e) due to regenera-
tion, which is a function of the tuned-circuit voltage e.

The negative conductance y(e) can be expressed as a
power series in e. Thus this term can cause cross-modula-
tion terms when the signal is impressed. In most prac-
tical cases this term is much less than G(¢, e), and can be
neglected.

Assuming a linear mode of operation for the super-
regenerator, G(¢, e) becomes G(f).

Neglecting y(e) and setting g(¢) =Go+G(t), the
equivalent circuit of Fig. 1 reduces to Fig. 2.

Fig. 1—Equivalent circuit of a superregenerative amplifier.

The superregenerative cycle may be described in
terms of two phases:

1. Degenerative phase.

2. Regenerative phase.

‘The degenerative phase may be further subdivided
into two subphases:

a) Quench phases—the circuit oscillations from the
previous regenerative phase decay to a minimum value
determined by the input signal or the thermal noise,
whichever is greater.

bh) Sensitive phase—the input signal current estab-
lishes an amplitude of oscillation on the tuned circuit.

i - }
3 L dy
L % sm% c er]l'

Fig. 2—Reduced equivalent circuit.

During the quench phase, g(¢) should be as large a
positive value as possible in order to cause very rapid
decay of oscillations from the previous regenerative
phasc. The value of g(t) during the sensitive phase is
determined by the prescribed bandwidth requirements
and the shape of the variation of g(¢) during this phase.

At the instant between phases, g(f) passes through
zero, and the circuit oscillations, as determined by the
previous sensitive phase, establish an initial amplitude
for the regenerative phase,

The regenerative phase can also be subdivided into
two subphases:

(a) Amplification phase——the circuit oscillations grow
under compulsion of the negative g(¢).

(b) Power phase—when the logarithmic mode is con-
sidered, the circuit oscillations grow until an amplitude
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is reached that causes overload of the electron tube
responsible for the negative component of the conduct-
ance. As long as overload persists, the conductance is
zero.? During this phase, maximum power is being fed
to the load. As was mentioned previously, only the linear
mode will be considered, and for this mode of operation
the power phase does not exist.

THEORY

The details of the behavior during the complete cycle
are far from obvious, and it is necessary to study the
equivalent circuit in Fig. 2 in order quantitatively to
evaluate the effects of the various circuit parameters.
The differential equation for the tuned circuit, consist-
ing of a constant capacitance C, constant inductance L,
and the variable conductance g(¢) in parallel, can be
written in the form

d% de , .
E;+P7’+(w0’+P)e=z/c (1)
where
¢ dP 1 di
P=§£’)‘! P =—, wo=1 - i=—-
C dt ILC dt
For the case
| Pt P?
- < wo?,
| 2 4 !

a good approximation to the solution of the above equa-
tion is

e(t) = real3 I:E(lo)ej‘”(’_'°)6”2f:°’)d'

6jmul t
+ —

JwiC J ¢,

/(r)ers parg 1] )

where real® [E(to) | =e(t) contains the two constants of
integration (i.e., amplitude and phase), assuming that
e(t) 1s known at some arbitrary time t,.

At this point, assume a signal of varving amplitude
I =1 and phase 8 =0,

i = 1Isin (wct + 0), I() = Iei, (3)

If the signal is assumed to be varyving at a rate that is
slow compared to the carrier frequency we, and further
that |we—wo| Kwe+ wo, we/wo=1, (2) reduces to

C(t) — E(to)ejwo(l-lo)elnf: Pdt

€

ywo ! t o
+ ;'c f I{t)et 2/ Pateitoc—vorrgy (4)
J ‘o

2 Strictly speaking, g(f) remains slightly positive due to the small
driving force that is constantly supplying energy to the system. As
the average energy of the system remains constant during the power
phase, g(t) takes on a positive value sufficient to dissipate the im-
pressed energy.

3 Hereinafter, in all equations for e(f) the real part of the right-
hand member is implied.
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Equation (4) is very similar to the solution obtained
by Bradley.!

Limiting the maximum interval of the integral to T
(control period), and assuming that the input signal
varies slowly as compared to the control frequency, so
that 7(¢) may be assumed constant within the interval,

(4) becomes

e(t) = G(1, L) E(to)ej«oC=1 + I(t)) Z(ta, Dej*ot  (3)
where
Gt o) = 61/'.v/f°pd,
1 t
Z(to, 1) = _"f G(t, T)ejwc—wodrdr,
(0 ) 2].C to j

The above method of analysis can now be applied to a
superregenerative wave form. (See Fig. 3.)
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Fig. 3—Typical superregenerative wave form (not to scale).

The symbols to be used in the remainder of this paper
are defined as follows:

eP(t) = voltage across tuned circuit during degen-
erative phase
e®(t) = voltage across tuned circuit during regen-
erative phase
!p, tr =duration of degencrative and regenerative
phases respectively. tp+tr = Tq, the control
period
tr, ts=duration of decay and sensitive phases re-
spectively. t,+ts=t,
t;=value of time at the beginning of any arbi-
trary degenerative phase sufficiently long
after the turning on of the superregenerator
that the starting transients may be neg-
lected
Pp, Prp=values of P during degenerative and regen-
erative phases, respectively
GP(t)=G(t, t;) for t; <t <t;+tp =decay factor

GR() =G(ti+1p) for t;+tp<t=<t;+To=growth
factor

ZP()y=Z(t: t) for t; £t <t;+tp =active degenerative
impedance

ZR( =Z(t,+tp, 1) for t:+tp, t=<t;+Tg=active re-
generative impedance.

Limiting the interval to ¢; <t =t.+ Tq and considering
() for the case e(ts) =0 and to=1;,

e?(1) = GP() E(t)ej o =19 4 (1) ZP(t)ejo,

6
LEt=L+tp (©)

N.
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R (l) = GR(OE(ts + tp)ej*0 =4+ 4 [(t; + tp)ZR(t)ej ot

(@)
L+ tp St L+ To

As the interval {p between two consecutive regenera-
tive phases is made shorter, a point will be reached
where a considerable residual voltage will exist at the
time when the regeneration starts again. The condition
under which the residual voltage is much less than the
input signal voltage is called incoherent. This is by far
the most important mode of operation for a super-
regencrator, and will be considered in the remainder of
this paper.

For incoherence, it is obvious that the term contain-
ing E(t,) must vanish in (7); therefore,

er()) = [GR()I(1)ZP(tittp) + I (it D) ZR(1) [ej=o". (8)

Noting that Pp and Py are cyclic at the control pe-
riod, and further that et is cyclic at the control period
due to the imposed condition of incoherence, E(t;) can
be evaluated. Neglecting the variation of the input sig-
nal in one quench period, I(ti—Tq)=2I(ti—To+!p).
Equation (6) becomes

ey = [GP()ZpI(t: — To) + 1(t)ZP(0)]ejot (9)

where
Zp = GR(t, + TYHZP(t; + tv) + ZR(t; + To).
Equations (8) and (9) completely determine the volt-
age variation during a superregenerative cycle.

Mathematically, the condition for incoherence be-
comes

GP(t; + tp) | Zr| K Z2(t: + tp), (10)
or, approximately,
GP(t; + tp)GR(ti + To) K 1. (11)

Equation (11) simply states that the decay of circuit
oscillations must be greater than the growth in order to
obtain incoherence.

If the regenerative amplification A g is defined as the
increase in amplitude of circuit oscillations due to re-
generative buildup, then

e*(t, + T R(4,
T F T it T+ 2
e?(t + tp) ZP(t + tp)

In a practical circuit it is, thercfore, desirable to use a
tube with a high transconductance-to-capacitance ratio,
and to keep stray circuit capacitance to a minimum in
order to obtain maximum amplification.

If it is assumed that we =awgs and wc =bwg, the super-
regenerative wave form can be expanded into a Fourier
series over one period of the input signal variation Tg.

Noting that the second term in (9) contributes negli-
gibly to the Fourier series (although this term is ex-
tremely important to the operation of the superregen-
erator), and further that

ZR(t; + Tq) KGR(t + TQ)ZP(t:i + o)

r =
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under most conditions, the above equations can be re-
written for the (n+1)th cycle:
eR(t + nTq) = GR()ZP(1p)I(nTq)ejlwottnT@, (13)
tp £t =T
e?[t + (n + 1)Tq]
= GP(H)GR(TQ)ZP(tp) [ (nTo)e lwat+ (rtucTal,
0=t =tp.

(14)

Equations (13) and (14) are in a form that can be
easily expanded into a Fourier series. To simplify nota-
tion, the case of a frequency-modulated input signal and
the case of an amplitude-modulated input signal will be
treated separately.

For FM, the sampling function I(nTg) is

I(nTQ) = Ioejﬂyuin nw.’l’Q,

and the expansion becomes

eF(t) = O Cuzeiqu[oeiizz.’nn so,t (15)
p=—20
where
ZD ! th
¢t = —-—(-D—)[(;R(TQ) f G P(f)eiwone) i
Tq 0
To
+ f uﬂ(t)efm—wow.u]' (16)
tb
LAY T
sin—| sin 27(S — 1) cos — (S — 1)
a a
Bs® = S

m
! WSL

sin 2r(S 4+ 1) cos - S+1
a

- . (7
™
sin— (S + 1)
a
See Appendix I for derivation of Bs’.
For AM,
I(an) = Io(l + m sin nwqu),
and the expansion becomes
)= 3. D CuZeiuq'oBs sin Swst  (18)
Um— =0

where

A m
Bs =1 + - Bso.

my
To proceed further, it is necessary to know the form
of the control voltage. The following observations are

useful in determining an ideal control wave form:

1. The output spectrum of the supcrregenerator con-
sists of frequencies spaced by multiples of the control
frequency wg, and containing the carrier frequency
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we =bwgq. Each of these frequencies has double sidebands
produced by the signal variation.

2. The signal-frequency harmonic distortion is a func-
tion of the ratio of the control frequency to the signal
frequency a.

3. Thedecay factor G2(t) determines the length of the
decay phase. This decay time, ty, should be made as
short as is consistent with the requirements for inco-
herence.

4. The growth factor G®(¢) determines to a large de-
gree the length of the amplification phase; the amplifica-
tion time ¢g should be made as short as is consistent with
the required amplification.

5. It is desirable to make the sensitive time ¢s as long
as is consistent with the control period in order to make
the second term in (9) as large as possible.

An ideal control wave form can now be formulated.!4
From the above discussion, it is clear that it is desirable
to have steep-sided wave forms. The ideal control wave
form is illustrated in Fig. 4.

s,

Fig. 4—Ideal control wave form (not to scale).

to ty

’
STATIC BANDWIDTH OF THE SUPERREGENERATOR

Considering the case of an ideal control wave form,3
the static bandwidth (i.e., bandwidth measured by us-
ing an unmodulated carrier) is completely determined
by Zp from (9). Performing the proper integration (see
Appendix I1), the static bandwidth Aws becomes

Awsts \1/?
) ) . (19)

The minimum value of the above expression occurs
when Pg=0. For this case,

.\ws L

—_——l—-<cosh2 1Pgts — cos
sinh 3 Psts

2512 Awsls'
Aws = ——|sin — (20)
ls
Solving this equation graphically,
Afs = 0.89/¢5 =2 0.89f,. (21)

This is an extremely important relationship, and
shows that the minimum realizable static bandwidth is
limited by the cuntrol frequency. In order to achieve
narrow bandwidth, it is necessary not only to have the

4 United States Patent No. 2,171,148, W. S. Percival.

It might seem that the original assumption of |P’/2—P2/4|
<Lwe? has been violated by using control waveforms of infinite slope.
However, in any practical case the above assumption holds very well,
and the ideal control wave form can be considered as a limiting case
of a practical control wave form. The added effects produced by the
very steep slope are either negligible or can be minimized in practice
and need not be considered.

PROCEEDINGS OF THE I.R.E.

January

Q infinite during the sensitive phase, but also to have a
low quench frequency.
SIDEBAND GAIN

Assuming that the incoming carrier we is tuned to the
center frequency of the superregenerator wo=wc = bwe,
the amplitude coefticient becomes

1 je"”“’s's(l — e—l/zPle) 1 — ¢ -l/‘-’l'sl.sl

Cuf= — -
2iTC 3Py iPs f
€ l/‘zl'sls(] = l/‘.!l'yt)'—;au.,tr)
. {6 l/'-’l'l:ll:I: E— =
2Py 4+ Juwg

€ lawgty — ¢ 1/2Pgts—jawgts

+ .
%1’5 + Juwy
€ rewQly € 1/2PR R l
(22)

+ . (

%Pl: + Juweg J

wherea =b—u; a is, therefore, the order of the sideband.
Subject to the approximations used in Appendix II,

B ‘1 —¢ 1/2P51t8 )1 =3 -1/2Pst8+ jawgts)
Cuf=—n { } — -} . (23)
2iCT, 1ps U 1Ps + jawg

Taking the absolute value,

A f1 — ernPsis
o+ 3 )
T, 1P

1 4 ¢ PS& — 2 12PSIS cos dwgls (29)
t i[’s"‘ + d"’wqg

The ratio R of the gain at center frequency to the gain
at any sideband is
I+

1) 2
R=(1-6 1 ’ll'.\’f‘\) ‘/ =

1 4 ¢ 515 — 26712515 cos awel s

4(1sz2
(25)

There are two special cases of interest:
1. Psis finite and positive,and £s==T. For this case,
4(12(.002

I

For minimum sideband gain, it is seen that the ratio
we/Ps should be as high as possible.

2. The minimum sideband gain occurs when Ps=0.
For this case,

R = (26)

%dwas !

R = =

sin Juwyls

T 2 = bewets. (27)
sin x

It is clear that, as ts— T, the sideband gain approaches
zero. In applications where sideband response causes
interference, it is very important to make the decay
and amplification phases as short as possible.
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APPENDIX |

DERIVATION OF FOURIER SERIES
FOR SAMPLING FUNCTION

The series of steps in Fig. 5 illustrate very closely the
manner in which the sampling function, I(nTg), varies.

S
_ s

Fig. 5—Superregenerative sampling function.

The Fourier series for the sampling function can be
derived as follows:

Let
Ts . .
—— = a (ais an integer)
To
my (o (HUDTQ el 2gp 2wt
Bs = —f Z sin sin{ S ~~>11L
TsJ (n—uynre n=0 a Ts

By simple trigonometric substitution and summation,

’Vsin 2r(S — 1) cosl $S-1
my @S a
Bg = — sin ~~l -~ —_—

LA a T
sin — (§ — 1)
a

sin 2x(S + 1) cos — (S + 1)1
a

— . .
sin— (S + 1) J
a
The complete Fourier series becomes
1(t) = Y Bgsin Swst.
8-1

It is interesting to note that all the harmonics are
zero between the fundamental and the (§—1)th har-
monic. The Fourier coefficients can be easily computed
in the following form:
for m=1
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N ™
sin —
a
bl = my

a

for an+1, where n is any integer greater than zero,

™
sin — (an + 1)
a
bunsr = (=1)" — .
™
—(an + 1)
a

form=an—1

™
sin — (an — 1)
(_1)211—1_ ~ _4a_

™
— (an — 1)
a

bun-«l =

AppENDIX 11

DERIVATION OF SUPERREGENERATOR BANDWIDTH
UsING IpEAL CoNTROL WAVE FORM

Integrating (9),

eia ly(eia tg e—llZPsls)

%Ps + ja

eiﬂ(ly+l.s)]
$Pr+ jo

e—'lI?PRlR [e—-lIZPslseialy

1Py + jo

where
g = w¢c — wo.

Assuming Py— =, ty—0, P> 20,

Py
SN —1/2Pgt
1 — 7S — ¢ Sts
e M2PR K Py

iC Ps+ j2¢

Zp =

For reasonably narrow bandwidths Ps<&K P,

e U2PRIR[eI0ls — ¢ 1/2Psts
Z’, = yal ) . I
jC Ps + j2o

Considering the bandwidth at the 3-db points, the
expression for the static bandwidth Aws becomes

Pg Awgts]?
Awg = —————| cosh? } Psts — cos —— | .
sinh %Pgls 2
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Some Slow-Wave Structures for Traveling-Wave Tubes

LESTER

Summary—A comparison of four slow-wave propagating struc-
tures for traveling-wave tubes is made. Recent experimental per-
formance of several types of tubes using two of these circuits is
given. Amplifier performance of helix tubes at 10,000 Mc, and wide-
tuned oscillator performance (1.5 to 1) with second-harmonic output
around 20,000 Mc are described. The analysis, construction, and
performance of a 10,000-Mc disk-loaded-rod tube are presented.
Apertured-disk and spiraled-waveguide structures are discussed
briefly and compared with the helix and disk-loaded rod.

INTRODUCTION

[?

VHISPAPER considers four representative types of
structures for propagating slow waves in travel-
ing-wave amplifier tubes.'? Some recent applica-

tions of two of the structures in operating vacuum tubes
arce also deseribed. A comparison of the gain properties
of all of the structures described is generalized to some
extent, and may serve as a guide to a scarch for other
uscful forms of structures.

The properties of these structures considered here are
the variation of wave velocity with frequency and the
ability to provide a high gain per unit length, allowing
reasonable dimensions for the clectron stream. The
structures are compared to each other on these grounds,
with additional consideration being given their power-
dissipating properties.

The ability to provide a high gain per unit length may
be expressed as a structure property determinable in the
absence of an electron stream by?

Jr s
o]

FE =the longitudinal field in volts per meter in the re-
gion where the electron stream would flow

B =wv, where v, is the wave phase velocity in meters
per second and w is 2% times the frequency

P =the power in watts being transmitted by the helix
to support the field F.

where

[Ii‘ 'B2P]73, it will be observed, has the dimensions of the
one-third power of impedance, and enters into the gain
of a traveling-wave tube very directly, since the ampli-
fication at synchronous velocity for a tube with no at-
tenuation is
voltage amplification =1/3¢0-8663CL
or gain in db=—-9.54447.3CN

(1)
(2)

* Decimal classification: R339.2. Original manuscript received
by the Institute, February 9, 1948; revised manuscript received,
July 21, 1948,

t Stanford University, Stanford, Calif.

1 R. Kompfner, “The traveling-wave tube as amplifier at micro-
waves,” Proc. LLR.E., vol. 35, pp. 124-127; February, 1947.

2 J. R. Pierce and L. M. Field, “Traveling-wave tubes,” P’roc,
L.R.IZ., vol. 35, pp. 108-111; February, 1947.

3 J. R. Pierce, “Theory of the heam-type traveling-wave tube,”
Proc. LLR.E,, vol. 35, pp. 111-123; February, 1947.

M. FIELDY

where

= /e
~[en] ]
B 81

L =the length of structure in meters

N =the number of cycles to traverse the structure at
average clectron velocity

[,=1the de¢ beam current in amperes interacting use-
fully

1"y =the voltage in volts specifying the beam velocity.

A wave velocity varying rapidly as a function of fre-
quieney will limit the bandwidth over which the tube can
provide amplification at a fixed beam velocity, inas-
much as gain depends upon relative beam and wave
veloeities. The amount of gain variation resulting from
a given velocity variation depends on the gain param-
cter C as deseribed by J. R. Pierce? or by Chu and
Jackson.#

I. Thue HeLIx

Analyses of the helix have been published in the
literature®# and hence need not be repeated here. Only
the results significant for comparison with other circuits
are repeated. The helix mayv be considered a standard of
comparison, since it is simply constructed, has relatively
high gain, and has such wide-band characteristics as
compared with other circuits that it is probable that
other circuits will be used only if they excel the helix in
some significant property.

For the helix,

I.’ 13 d 1/3 .), 413 .
[d?/'] "<u.> (ﬂ) i

Bo=w/c
a = the turn radius of the helix in meters
¢ =the velocity of light in free space (3 X 10® meters
per second)

R NG
'Ygzﬁﬁ"‘ﬁoc’—( > "‘( >
& ¢

(3)

where

o

F(ya) = the gain function whose value for a helix is given
versus ya by one of the curves of Fig. 1.

It is faund that the velocity versus frequency char-

acteristic for the helix is constant except at relatively

‘L. J. Chu and D. Jackson, “Field theory of traveling-wave
tubes,” Technical Report no. 38, Research Laboratory of Electronics,

1\‘§4I8I' April, 1947, Also, Proc. LR.E., vol. 36, pp. 853-863; July,




|
1949

. ow frequencies. This is in marked contrast to the other
structures to be described.

That the helix is capable of excellent performance has
now been demonstrated experimentally in several labo-
ratories. Typical results include 23 db gain over a band
800 Mc wide centered at 4,000 Mc, reported from Bell

6 ‘\
\
\\ ARERTURED)
s s "OISCS
Y
Y A +
\
\\ DISC - LOADED
~ 3 N\, - T—m
] HEWX \< g *
‘:' \Q £ \
2
' _SPIRALED
WAVEGUIDE
-
° I | |
o 2 - 6 ) [ 12 e 3 ) 20

¥a
Gain function F (proportional to gain in db per unit length)
for various structures based on field at fin edges or at helix
surface.

Fig. 1

Telephone Laboratories, and similar results obtained at
Stanford University, 13-db gain over a band 2,000 Mc
wide at 9,000 Mc at Stanford, and production of oscil-
lations of the order of 10 mw power output at 20,000
Mc at Stanford. Initial 20,000-Mc oscillator tubes were
made without the very lossy attenuation region near
the helix center that had been used to suppress oscilla-
tion in useful amplifier tubes at 9,000 and 4,000 Mc. Such
attenuating regions are visible in the tubes of Fig. 3.

g~

Fig. 2—20,000-Mc harmonic-output helix traveling-wave tube.

s P oo

L o —

Fig. 3—4,000- and 9,000-Mc coaxially fed grid-helix tubes.

A tube for 20,000 Mc is shown in Fig. 2. It differs
from earlier tubes for lower frequencies in its use of a
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relatively large helix, having a circumference for one
turn approximately equal to one-half wavelength at 1.5
cm. Tubes of this type have been made for hoth 2,500
volts and 1,200 volts with 3 to 20 ma beam current.
Oscillation frequency has been tuned continuously from
15,000 to 23,500 Mc by tuning a feedback circuit from
7,500 to 11,750 Mc and taking off several milliwatts of
second-harmonic power through a waveguide cut off
for the fundamental.

The helix may also be used as an amplifying section
following a coaxially fed grid over the cathode surface,
as illustrated by the tubes shown in Fig. 3. This idea,
first suggested at Bell Telephone Laboratories, appears
to be useful for obtaining a low-noise-figure amplifier,
and with a high-transconductance grid structure can
produce more gain than a helix-fed traveling-wave am-
plifier. With the signal applied to a grid, the bandwidth
of the amplifier is usually limited by the bandwidth of
the tuned grid circuit of the input, since the output cir-
cuit is a helix matched over at least a 20 per cent band.
However, the bandwidth of this grid circuit may be sev-
eral hundred megacycles at 3,000 Mc rather than the
tens of megacycles available in an equivalent triode, be-
cause the Q of the transit-time-loaded grounded-grid
input circuit will be the order of 10, rather than of the
order of several hundred required for an output load
for a triode at this frequency.

An analysis carried out at Stanford indicates that the
gain may be many times that of the triode or helix por-
tions separately, and also indicates that the noise figure
of the combination tube will be the same as that of a
triode of the same input impedance, beam current, and
transconductance.

This analysis was carried out assuming that a signal
applied to a grid over the cathode surface would produce
ac beam current, but negligible velocity modulation and
initial signal voltage on the helix in so far as excitation
of a traveling-wave tube is concerned. These initial
heam conditions, applied to the three forward waves of
the Pierce traveling-wave-tube analysis,® give rise to
the following relations for noise figure and gain:

20121,
noise figure = 1 + 4)
gn’Rg
where

2 =the space-charge noise-reduction factor
Io=the beam current in amperes
g.. = the transconductance of the grid portion of the
tubes in mhos
Rg =the input resistance of the tube at resonance, n-
cluding transit-time loss, measured in ohms;

Ry

/P

gainindb = 10 lng;o[

B?I)

Vil %
+ 20 logo [2/3 ] + 47.3CN. (5)

0
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This may be compared with (2) for the helix tube, and
for practical values of the other parameters predicts
equal gain for the two types of tubes at 4,000 Mc with
a g of approximately 8,500 micromhos. However, the
noise figure of the combination should be that of the
triode. With a g, of 17,000 micromhos, R, of 50 ohms,
and C of 0.034, the combination theoretically gives a 29-
db higher gain than the helix alone. Since some meas-
ured noise figures for very high g. (order of 50,000
pmhos) close-spaced triodes at 4,000 Mc are of the order
of 12 to 15 db, as compared with approximately 25- to
30-db measured noise figures for present helix tubes, the
combination tube may prove useful.

Experimental tubes of this type have been built at
Stanford, and with a transconductance of 10,000 micro-
mhos have given equal gains of approximately 30 db at
3,000 Mc, when fed either on the grid or on the helix,
essentially as predicted by the analysis. Fig. 3, previ-
ously discussed in connection with center-loss oscilla-
tion suppression, shows two combination grid-helix
tubes.

. Tne Disk-l.oapED Robp

This structure, shown in Figs. 4 and 6, is analyzed
here in some detail because its analvsis is typical of the

13 1 + 4 14 1
[ ~ \T\[u\:dn:ncu
1o + { {
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Fig. 4—Disk-loaded-rod structure and velocity versus
frequency plot for dimensions given in Section II.

tyvpe of analysis applied to the other configurations de-
scribed in this paper, and because it was selected as
among the most promising of the circuits other than the
helix for the following reasons:

1. The disk-loaded-rod structure requires the elec-
tron stream to be small in only one dimension (radial
width), rather than requiring a small beam cross-sec-
tional area as does the apertured-disk or helix structure.
This permits the use of a much higher total current at
comparable beam density and gain relative to the aper-
tured disk or helix. This high current at a low density
is useful in providing a tube which can be driven to high
power levels before nonlinear amplification sets in. The
high current would be bad for noise figure, but this is of
relatively little importance in a high-power-level stage
of amplification.

OF TIHIE I.R.L.

2. Although the disk-loaded rod is a relatively nar-
row-band structure (like the apertured-disk structure of
Section I11), it is wide enough in bandwidth to be of
some value and, unlike the apertured disk, has an addi-
tional parameter {, capable of simple adjustment, which
can considerably improve the bandwidth. (See Iig. 5.)

+—
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0 .2 L] € 0 2 (1] (L3

Fig. 5—Velocity versus frequency for disk-loaded-rod (or finned-
center-conductor) structure. n=0.75, §=0.20, { =(a/b), =(g/a),
n=(—-d/l).

3. The large beam current, in addition to being a
step in the direction necessary for higher limiting-
power output, is permitted in view of the relatively
high power capable of being dissipated by the disk-on-
rod structure, especially as compared with a helix. In
addition, the structure may be relatively sturdy and
casy to make in small sizes, as compared with the helix
or apertured-disk structure.

4. The calculated gain parameter is sufficiently high
that a favorable comparison can be made with a helix
tube for the same frequency, as shown in Table I. No

TABLE 1

Helix Disk on

Tube Rod
Frequency 9,000 Mc 9,000 Mc
Helix or disk diameter 0.090 inch 0.686 inch
Wire or disk thickness 0.010 inch 0.0113 inch
Voltage 1700 volts 2180 volts ~|
Beam current 10 ma 100 ma
Helix or disk length 6.3 inches 6.3 inches
Theoretical gain 56 db 88 db
Limiting power output

(theoretical) 0.5 watt 8.7 watts P}

Beam density

244 ma/cm? 135 ma/cm?

corrections for possible helix or disk-on-rod attenuation
are included. The helix-tube gain figure is based on an
averaged longitudinal field over the beam area. The
gain figure for the disk-loaded rod assumes that the
beam flows in a ring between 0.010 and 0.035 inch from
the disk edges, as is described following the analysis of

|
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this structure. The structure being discussed is shown
in Fig. 6.

Fig. 6—Cross section showing disk-loaded-rod tube construction.

Analysis of the Disk-Loaded-Rod Structure

Solution for the velocity and gain properties of the
disk-loaded rod in terms of dimensions may be carried
out by setting up fields which are known solutions of
the wave equation in appropriate regions of the struc-
ture. Solutions are chosen which fit the boundary condi-
tions imposed by the structure. Then tangential electric
and magnetic fields from each solution are set equal at
the boundary between regions. This operation gives rise
to a transcendental relation to be solved for velocity as
a function of dimensions and frequency.

In region I of Fig. 4, (g <r <a), assume a TEM wave
propagating radially (a standing wave) which gives E
normal to the side walls and zero at the bottom of the
slots.

E, = Ei[Jo(Bor) No(Bog) — No(Bar)Jo(Bog) Jei* (6)
E.=0 (7
1 aEz
‘T ]w ar

= j 7‘ [71(Bor) - No(Bog) — N(Bor)-Jo(Bag) leit. (&)

In region 11, (a <r <b), assume a T .M wave with no ¢
variation propagating in the Z direction, with velocity
v, where v, =w/8.

E. = Eo[Io(vr)Ko(vb) — Ko(yr)Io(yb)]eitet=82 9)
117, dFE. iBE
E, = —; []ﬁ ] = J 0 [,1<77)I\’0('Yb)
% adr
+ Kai(yr)To(yb)Jeites52 (10)
17, ok, . Bo
B, = ——2[](4);16 =] /50[71(77)1(0(‘)’[’)
Y ar Yc
+ Ki(yr)Io(yb) Jeite=82. (11)

E,and By are found from E, from the general relations
between field components in cylindrical co-ordinates.®
Since, in region II, the phase velocity is less than the
velocity of light, the solutions are Bessel functions of
imaginary argument written here as Iy and K,, the ap-

*S. Ramo and J. R. Whinnery, “Fields and Waves in Modern
Radio,” John Wiley and Sons, Inc., New York, N. Y., 1944; p. 327.
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propriate modified Bessel functions of real arguments.
Again, ¥*=8*—p¢"
Now, at r =a we require continuous electric and mag-
netic fields, so that
E:I

Bor

E,
1 (12)

B

Since Maxwell’s equations are linear, this ratio alone is
sufficient to insure that

E.: = E;r and By = Bsnu

separately, which gives, on substituting (6), (8), (9),

and (11) in (12), the following transcendental equation

to be solved to give velocity as a function of frequency

by giving v for any prescribed 8, and dimensions.
Jo(ﬁoa)No(ﬁog) No(ﬁoa)Jo(ﬁog)

1(ﬁoa)No(ﬁog) 1(ﬁoa)fo(ﬁog)

hd Io(‘la)Kg(_‘Q)_—_I\o(‘Ya)lo(‘lb) (13)
" B0 Ii(va)Ko(1b) + Ki(va)To(vb)

where n=(l—d)/l is the space factor required to give
equal line integrals of electric field in the two regions.

The solution of this relation has been carried out for
several values of the parameters,and, from v as a func-
tion of B,, phase velocity versus frequency is plotted on
Fig. 4 for the dimensions of Table I, and is plotted on
Fig. S for generalized parameters.

It will be observed that no attempt has been made to
match E, on the two sides of the boundary. This should
be done for a more accurate solution than the one given
here, and will require the use of higher-order modes in
both regions. The correction will be relatively small, as
may be seen from the comparison of measured and
theoretical velocity versus frequency (see Fig. 4). This
measured velocity was taken as the electron velocity
which gave maximum gain at each frequency in the
operating tube.

To determine the gain parameter, we need to know
[E.2/B*P]'. For a given value of E, the power trans-
mitted is found from the relation

P=1)2 Ref(E, X H*)-ds.

Since E, and B, are known from (10) and (11), it is pos-
sible to carry out this integration directly. The result is

[E2/8'P]3 = (8/B0)'*(v/B)**F (va, vb)  (14)

where E, is the value of E, at r =a, and F(ya, vb) is the
gain function whose value for b infinite is plotted versus
va in Fig. 1, marked disk-loaded rod.

For b infinite (outer conductor removed),

F(ya) = [(;43) { Ko(va) Ko(ya)

1/3

~K12(w)}] [Ko(ya) 2. (15)
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IFor the tube design shown in Fig. 6, with the dimen-
sions and operating conditions of Table I, ya is 17.8,
which gives an F(ya) of 2.28. Since the heam does not
flow at the edge of the disk but at some distance away
from it, as previously deseribed, if limited to a hollow
cylinder 0.025 inch thick and starting 0.010 inch from
the edge, the average value of (£2/82P)'% (obtained by
integration under a Ky curve) is 2.22, rather than 5.04
as given by F(ya)-(8/80)'*(v/8)*".

Tube gain, following Pierce’s analysis,? is, then,

gain = — 9.5 + 47.3(/o/8V0)"/3(2.22).N db

which, at a beam current of 100 ma, bheam voltage of
2,180 volts, and N =352, predicts 88.3 db gain, assuming
no cold attenuation in the disk structure.

The limiting power output expected under these con-
ditions is approximately ClyV,, where C= [(r2/8:P)
(10/8V4)]'3=0.0397, which is 8.65 watts for this struc-
ture.

The 3-db-down bandwidth is determined by velocity
variation such that the band limits are reached when the
velocity falls or rises 2.5 per cent. IFrom Fig. 4, this will
occur at frequencies 25 Me apart.

The low current density for relatively high power-
output leve! required for the disk-loaded-rod tube is of
importance for two reasons. First, it is a rcasonable
density to draw from an oxide-coated cathode, whercas
the density required for a 100-ma beam in the cor-
responding helix tube would not he. Second, for a hollow
cylindrical beam whose radial thickness is small com-
pared to the radius of the cylinder, space-charge repul-
sion cffects depend upon density, rather than total cur-
rent, as is the case for cylindrical beams.® llence, the
low density is useful and gives a much smaller beam
spread resulting from space-charge repulsion than would
occur in the solid cvlindrical beam of a comparable helix
tube at the same current and velocity.

Measured Performance of a Disk-Loaded Rod Tube

A tube of the design shown in Fig. 6 has been con-
structed, and photographs of it areshown in Figs. 7 and
8. Tube performance confirmed the velocity versus fre-
quency predictions to the extent shown on Fig. 4.

L

-

Fig. 7—Disk-loaded-rod tube with coaxial input and output cables.

The tube consists of a disk-loaded rod connected to
coaxial lines at input and output by conical quarter-

s D. P. R. Petrie, “The effect of space charge on electron beams,”
Elec. Commun., vol. 20, pp. 100-111; 1941.
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wave transformers. At the input end, the coaxial line
passes through the center of the ring-shaped cathode.
The cathode, designed with Pierce electrodes,” produces
a hollow evlindrical electron heam which passes through
a circular gap in the shaped anodes which is 0.150 inch
long axially and 0.030 inch wide radially. The beam
emerges from this gap just surrounding the edges of the
disks. Successful operation of this gun is indicated by
typical performance at 2,500 volts, as follows:

Emitted current from cathode 100 ma

Current to anode and tungsten screen
shiclding glass 25 ma
Current to disks 200 ma

Current to collector at output end of tube 55 ma.

Fig. 8 ~Cathode structure, envelope, and disk-loaded rod.

No magnetic field was required to obtain these re-
sults, but any beam detlection by a magnetic ficld
greatly reduced collector current and inereased disk cur-
rent.

Signal transmission by the disk structure in the ab-
sence of an clectron beam was of the order of 40 db loss
when only a slow mode was excited, This attenuation
was far higher than had been desired, and persisted de-
spite reasonably nonreflective matching from the coaxial
feed to the disk structure. The effect of this attenuation
is to produce complete absence of internal oscillation,
appreciable sensitivity of gain to disk temperature, and
lower gain than expected. The order of § db net gain or
15 db change in output signal level at 10,000 Mce has
been observed. Linear amplification up to 1.5 watts
output power was measured with no sign of compres-
sion. No 1]0isv~ligurc measurements were attempted in
view of the high beam current and consequent power-
amplifier application of this tyvpe of tube.

It is anticipated that much lower-attenuation disk

" J. R. Pierce, “Rectilincar electron flow in beams,” Jour. Appl.
Phys., vol. 11, pp. 548-554; August, 1940.
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structures can be made, since the observed loss resulted
from a low-Q structure rather than from radiation,
which is negligible on this structure. With lowered at-
tenuation, subject to the limit imposed by self-oscilla-
tion, tube performance should improve correspondingly.
In addition, similar tubes built for lower frequencies
may have appreciably scaled-up power output.

111. THE APERTURED-DDISK STRUCTURE

The analvsis of this structure, which is an internally
finned, loaded, cylindrical waveguide as shown in Fig.
9, has been carried out previously in the range of veloc-
ities useful for linear accelerators,® but is repeated here
for completeness of presentation, using the same nota-
tion as for other traveling-wave-tube circuits.
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Fig. 9—Apertured-disk structure.

Define region I from =0 to r =a and region 11 from
r=a to r=>b. In region I a T"M-type wave will be as-
sumed to exist for axial propagation. Then,

E, = Eolo(yr)eitet589

(16)
E, = jE, E I1(yr)eitet=5o
v (17)
11208
lf¢ = J1%0P0 ]1('Yr)e,(wl Bz)‘ (18)
¢y

In region 11, radial propagation by a TEM-type wave is
assumed. Thus,

E, = Fo[Jo(Bor) No(Bob) — No(Bor)Jo(Bob) Jeit?
E,=0

(19)
(20)

D
B, =7 (B NolBab) = Na(B)o(Bab)Jer=0. (21)

Here we have satisfied the houndary condition of zero
clectric field tangent to the conductor at r =b. The other
houndary at r =a requires continuous clectric and mag-
netic ficlds, so we have

BW
Ezl

B
e (22)

lf:ll

SE L. Chuand W. W. Hansen, “The theory of disk-loaded wave
guides,” Jour. Appl. Phys., vol. 18, pp. 996-1008; November, 1947,
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Substituting the above expressions into (22), we get, at
r=a,

_{_ J1(Boa) No(Bob) — Nl(ﬁolil)]o(ﬁob)r _ -13_0 I(va)
1 Jo(Boa) No(Bob) — No(Boa)Jo(Bed) v Io(va)

where n=(l—d)/l is the space factor. This is necessary
to give equal line integrals of electric field in the two
regions.

This transcendental equation may be solved for vy as
a function of frequency for any set of dimensions, and
therefore velocity versus frequency will be known.
Typical curves plotted from such a solution are of the
same general form as the { =0 curves of Fig. S, but have
a low-frequency cutoff also.

The value of E?/B?P may be found just as described
in Section 111 by evaluating P as 1/2 Re[(EXII*)-ds
over the cross section. A result for £?/B2P for this struc-
ture, where E is the field on the axis, is

(E2/B*P)M® = (B/Bo)'*(v/B)*I°F (va).

F(ya) is plotted in Fig. 1 against the parameter ya
where @ is the hole radius. For a given hole through
which a beam may be sent, and at the same velocity, it
is evident that the apertured-disk structure should have
approximately twice the number of db gain per unit
length that a helix would have. However, the apertured-
disk structure would make a rather narrow-band ampli-
fier. As an example, with a gain parameter C of 0.03,
which is typical, the apertured-disk circuit would be
approximately 25 Mc wide at 9,000 Mc between 3-db-
down points. The helix would not be limited by velocity
variation, but rather is now limited to about 2,000 Nc
bandwidth at 9,000 Mc by matching problems.

(23)

(24)

IV. Tue HELICAL \WAVEGUIDE

It is evident that the structures of Sections IT and 111
of this paper could be modified slightly, such that adja-
cent cavities are connected in a continuous spiral fash-
ion. Fig. 10 shows the resulting configuration when this

Fig. 10—Internal helical-waveguide structure.

process is applied to the apertured-disk structure of
Section I11. It might be hoped that much broader-band
properties might result.

Preliminary attempts at analysis of velocity versus
frequency for such a structure indicate that this is in-
deed likely, but the analysis to date involves approxi-
mations not valid for practizal dimensions, and is not
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included here. lowever, one evident consideration
makes the use of such a structure of doubtful value as
compared with a helix. In analyzing the helical wave-
guide, the field configuration inside the hole could very
well be represented by TM and TE waves of the same
form, Io(yr), as those used inside a helix. Outside the
hole, in a helix tube the fields die off as Ky(yr), but in the
helical waveguide the fields die off much more slowly,
at least for dimensions relative to a wavelength at which
the field in the half-waveguide looks like a normal wave-
guide field variation—that is, far from cutoff. Hence,
for a given electric field on the axis, the helical wave-
guide will be transmitting much more power, and hence
will have a much lower gain parameter. Initial results
indicate that, as an extreme value, for equal aperture
sizes the gain in db per unit length for the helical guide
might be as low as one-sixth of that for a helix as shown
for a typical calculation in Fig. 1. This result should be
considered as merely suggestive because of the broad
approximations used in deriving it. Near cutoff, gain
and velocity-dispersion properties should approach
those of the apertured-disk structure of Section I11.

V. COMPARISON OF STRUCTURES

It is instructive to compare gain for a helix, apertured
disk, and spiraled waveguide, all with the same-sized
ape: ture through which a beam may be passed. That the
spiralled waveguide should have a lower gain parameter
than a helix seems recasonable from the arguments of
Section 1V.

On the same basis, the apertured-disk structure
should be better than a helix, since it transmits no power
except through the apertures (assuming small cavity
power losses). Since, over most of the useful operating
range of Fig. 1, the helix transmits approximately equal
amounts of power in the ficlds inside and outside of the
helical surface, one might expect the apertured-disk
structure to be better by a factor of two in power trans-
mitted for a given axial field. Inasmuch as gain per unit
length varies inversely as the one-third power of the
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total power transmitted for a unit axial field, this would
seem to predict that the apertured-disk structure was
better by a factor of 23, or 1.26, whereas the curves of
Fig. 1 show an improvement of 2 to 3 tinies.

The discrepancy is resolved when it is found that the
extra power carried by the TE fields in the helix ac-
counts for the difference exactly. These ficlds are nece-
essary to meet the skew boundary of a helix or helical
waveguide, but are not necessary in the apertured disk
or disk-loaded rod.

Direct comparison of the disk-loaded rod to the other
structures is difficult because of the different electron-
beam configuration, but the beam densities required for
other structures to approach equivalent gain as de-
scribed in Section Il are evidence of its usefully high
gain properties. It would appear from the curves of Fig.
1 that the disk-loaded-rod structure would be useful
for high-beam-current, high-power-output tubes, while
the apertured-disk structure would be preferable for
high-gain, low-limiting-power applications.

Since the improved gain properties of the apertured
disk and disk-loaded rod as compared with the helix
very largely result from the absence of skewed bound- -
aries in these structures, the possibility of decreasing
the dispersion to get wider-band amplification by pro-
viding coupling from cavity to cavity, in addition to
that provided by fringing fields, would seem to have
merit. The extra power transferred by coupling holes
in the fins, or by some other coupling scheme, would
raise the group velocity, and so decrease dispersion.
However, this extra power transfer would need to be
kept low enough to avoid using up all of the gain ad-
vantage obtained from the absence of skewed-structure
boundaries.
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Correction

The following errors in the paper, “Some Notes on
Noise Figures,” by Harold Goldberg, which appeared
on pages 1205-1215, of the October, 1948, issue of the
ProceEDINGs OF THE I.R.E., have been brought to the
attention of the editors by the author:

Page 1208, cquation (17), should read

4K TBA? RR,
L PN |
4R, R 4+ R,

Page 1210, the line following equation (23) should
read

“Recognizing the fact that G,., is equal 10 Gp*Gmia
-- -Gy oneobtains . ... "” T
Page 1210, equation (24), the last term should read

(Fn - I)Bn,n 2
GinaBin

Page 1211, first column, the second last formula
should read.

R — chp|—R0+Rp]2
! ”2 |_RO + Req,, )
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A Theory on Radar Reflections from the

Lower Atmosphere’
W. E. GORDONY, ASSOCIATE, IRE

Summary—A theory is presented, supported by several sample
sets of data, which indicate that the curious phenomenon dubbed
“‘angels” (radar reflections from the lower atmosphere) may be
attributed to sharp changes in the dielectric constant. The required
magnitudes of the changes are computed from reflection theory and
compared to sample meteorological data obtained from rapid-re-
sponse instruments. The near-discontinuities in the dielectric con-
stant are produced by atmospheric turbulence. It is proposed that
the observed radar reflections are the result of turbulent motion in
the lower atmosphere.

INTRODUCTION

URIOSITY was aroused when radar echoes from

a clear sky were detected. Early observers sus-

pected birds or stray weather balloons, but these
were eliminated by visual checks. Radar reflections from
the lower atmosphere, referred to as “angels,” are de-
tected on sensitive sets and are produced by sources in-
visible to the human eye. In the past few months certain
measurements have been obtained which offer an expla-
nation of the echoes. These measurements are meteoro-
logical in nature and were obtained from rapid-response
instruments. This paper will propose that the radar re-
flections in the lower atmosphere are the result of at-
mospheric turbulence, which creates abrupt changes in
the dielectric constant.

The existence of the echoes for microwave radars is
confirmed by reports of Baldwin,!? Friis,? and Gould.4#
Crawford and Sharpless® postulated in November, 1946,
the existence of discontinuities of the dielectric constant
in accounting for multiple-path transmissions. As early
as 1940, Friend? attibuted radio echoes on a wave length
of 123 meters to large gradients of dielectric constant in
the lower atmosphere. Reference must be made to the
remarkably similar reflections of sound signals,® which
closely parallel the radar reflections.

This paper will summarize the microwave observa-

* Decimal classification: R537 XR113.501.1. Original manuscript
received by the Institute, April 15, 1948. Presented, 1948 IRE Na-
tional Convention, New York, N. Y., March 25, 1948.

t Formerly, Electrical Engineering Research Laboratory, Uni-
versity of Texas, Austin, Tex.; now, School of Electrical Engineer-

|ing, Cornell University, Ithaca, N. Y.

1 M. W. Baldwin, jr., “Radar echoes from the nearby atmosphere,”
P9res6ented, joint URSI-IRE Meeting, Washington, D. C., May 2-4,
1946.

2 M. W. Baldwin, Jr., “Radar echoes from the lower atmosphere,”

h Correspondence, Proc. I.LR.E., vol. 36, p. 363; March, 1948

3H T. Friis, “Radar reflections from the lower atmosphere,”
Correspondence, Proc. I.R.E., vol. 35, pp. 494-495; May, 1947.

¢« W. B. Gould, “Radar reflections from the lower atmosphere,”
Correspondence, Proc. I.R.E., vol. 35, p. 1105; October, 1947.

¢ H. B. Brooks, W. B. Gould, and R. Wexler, “What are angels?”
Joint URSI-IRE Meeting, Washington, D. C., October 20-22, 1947.

¢ A. B. Crawford and W. M. Sharpless, “Further observations of
the angle-of-arrival of microwaves,” Proc. I.R.E., vol. 34, pp. 845~
848; November, 1946.

7 A. W. Friend, “Developments in meteorological soundings by
radio waves,” Jour. Aero. Sci., vol. 7, pp. 347-352; June, 1940.

¢ G. W. Gilman, A. B. Coxhead, and F. H. Willis, “Reflection of

sound signals in the troposphere,” Jour. Acous. Soc., vol. 18, pp. 274~
283; October, 1946.

tions and present the pertinent properties of atmos-
pheric turbulence, supplemented by data for the lower
atmosphere obtained from rapid-response temperature
and wind instruments. The material will be considered
under three headings: first, the properties of the echoes
as determined from radar observations; second, the tur-
bulence measurements and their relation to the prob-
lem; and third, reflection coefficients in the atmosphere.

1. THE RADAR OBSERVATIONS

The reflections have been observed on 1-, 3-, and 10-
cm radars at vertical incidence. The following are pre-
sented as a summary of the observed characteristics of
the reflections received on a fixed antenna directed ver-
tically upwards, and are based on conversations with
Crawford?® and on Gould’s paper.*$

1. The echoes are weak. For example, the power-re-
flection ratios are of the orders 10~=? to 1072 These lim-
its are, of course, functions of the equipment, being de-
termined by the saturation and sensitivity of the set
used, but they serve to indicate orders of magnitude.

2. Angels are detected from the antenna height (at
15 feet) up to about 9,000 feet, but are most numerous
below 3,000 feet.

3. The frequency of occurrence varies from no detec-
table echoes up to a number which cannot be counted
by an observer, and the distribution with time is quite
random.

4. The echo durations are from a fraction of a second
to several seconds, perhaps ten. The duration is influ-
enced by the beam size of the antenna and is not neces-
sarily a property of the reflecting source. In fact, Bald-
win! has tracked Angels for periods of 5 to 10 minutes,
traveling with the wind.

S. The echoes appear in all seasons, and both day and
night. However, they are more numerous during the
summer and tend to occur with moderate winds. There
is some evidence that the echoes stratify at heights cor-
responding to temperature inversions.

11. ATMOSPHERIC TURBULENCE

To radio engincers, remarks on atmospheric tur-
bulence may appear as a digression to be regarded
lightly, but this is a subject in which the meteorologists
and radio engineers, especially those concerned with
propagation, must have a mutual interest. Turbulence
is an important basic factor in the study of microwave
propagation in the atmosphere. For the present, the
discussion is confined to an elementary description fore-
going the mathematical treatment, except to note that
at present a statistical approach is the most promising.

» A. B. Crawford, Bell Telephone Laboratories, Holmdel, N. J.
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The rapid irregular fluctuations of wind velocity
about a mean are indicative of the turbulent character
of the atmosphere. Before the description may proceed
very far, however, two words are encountered which
form sort of a basic vocaublary for the study of tur-
bulence. The two words, scale and intensity, will de-
scribe the turbulence. Simply, the scale is a measure of
the average eddy size. The intensity is merely the ratio
of the fluctuations to the mean wind speed. A few famil-
iar examples of atmospheric turbulence are the gusti-
ness of wind, the crisp cauliflower shape of active cumu-
lus clouds, and the bumps encountered in air travel
under certain conditions, These are readily observed be-
cause of their relatively large scales and intensities.
With instruments of sufficiently small time lag, a virtu-
ally continuous spectrum of turbulence is shown to exist
in the atmosphere to frequencies of 3 ke or higher. The
intensity, of course, decreases rapidly with increasing
frequency.

In general, turbulence is more pronounced near the
ground, where its scale and intensity are determined by
wind speeds, roughness of the surface, and thermal con-
ditions. Turbulence is also associated with boundaries of
different air massces aloft.

Less well known than the wind fluctuations are the
very similar temperature fluctuations. Startling infor-
mation is obtained with a suitable temperature-measur-
ing clement. Temperature fluctuations up to 65C in pe-
riods of a fraction of a second to several seconds have
been indicated.

As a point of interest, consider the suitable clement.
The clement is a picce of platinum wire, finer than a
human hair, and just a few millimeters in length, It is
useful for both temperature and wind measurements.
More precisely, it is a density-flow meter, but can be
uscd to indicate either temperature or wind, depending
on the current applied to it. When operated with a cur-
rent which makes it glow, it becomes the conventional
hot-wire anemometer or wind-measuring device; when
operated cold, i.e., just sufficient current to obtain a re-
sistance measurcment, it becomes a resistance ther-
mometer. Due to its small mass it can follow wind and/
or temperature fluctuations, and is well suited to tur-
bulence measurements,

Without going into the details of the bridges, gal-
vanometers, and amplifiers necessary to obtain the indi-
cation of the fluctuations, consider how the clements are
used. Single elements are used as hot-wire anemometers
to measure the fluctuations in velocity. A pair of ele-
ments separated by 6 millimeters is used as a differen-
tial thermometer; that is, they indicate the temperature
difference between the two elements. A separation of 6
millimeters is a length which is considerably smaller
than a wavelength at 3 or 10 ¢m, and is approximately
one-half wavelength at 1.25 cm. The data were taken up
to heights of 300 feet above the ground. This is, ad-
mittedly, far short of the heights to which echoes are ob-
served. However, theoretical considerations confirm
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that, while greater heights are desirable, the elements
are, nevertheless, sampling the free atmosphere. In these
two forms, the clements were used to obtain several sets
of data. The measurements were made on five different
days and represent approximately eight hours of obser-
vations. For heights above 100 feet, the maximum value
of the temperature differential and intensity of turbu-
lence were of the order of 1°C and 3 per cent, respec-
tively.

In order to show the relationship of these data to the
radar retlections, it is necessary to refer the hot-wire
fluctuations and temperature differentials to correspond-
ing values of dicleetric constant. King'® in his classical
reference on hot-wire anemometry provides the basic
cquation (1) relating velocity () to density (p). The
cquation applies with certain limitations on the method
of measurement and the magnitude of the fluctuations.

Al
) . (1)
Using Debye’s work, the dielectric constant of air (e),
may be expressed in terms of the density of the dry air
and the moisture concentration (m) as

ap + bm

where ¢ is a constant and b is proportional to the re-
ciprocal of temperature. Neglecting moisture for the
present, and noting that the index of refraction n
cquals the square root of the dielectric constant, we may
write

e— 1 =

(2)

An Ap

n—1 )

(3)

Substituting from (1) and inserting a reasonable value
for n —1, there results

o\
An = — 3()()—1'—.10—5_

(4)
Note that (4) relates the change (or the magnitude of
the fluctuation) in index to the intensity of turbulence.
Corrsin' has described a method of measuring concen-
tration fluctuations by means of hot wires. This appears
to be an extremely useful method of obtaining the re-
quired data precisely, although, as yet, it has not heen
adapted to measurements in the atmosphere,

Again referring to Debye, express the index change in
terms of the temperature differential (AT) and the mois-
ture differential (Ae) as

2

An 108 = — 1,407 + 4.02e. (3)

I'his expression results from the substitution of certain
average temperature and moisture values which are ap-

1 L. V. King, “Air velocity by e N _
Phil. Mag,, vol. 29, pp. Sé)6—5'77);) lr;f;ns of the hot wire anemometer,

1P, Debye, “Polar Molecules,” The C i :
lishing Comars, tor , he Chemical Catalogue Pub

“"S‘ Corrsin, “Extended applications of the hot-wire anemom-
eter,” Rev. Sci. Instr., vol. 18, pp. 469-471; July, 1947,
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propriate for the summer conditions under which the
radar observations were made.

IT11. REFLECTION COEFFICIENTS IN THE
ATMOSPHERE

The power-reflection coefficient may be written in
terms of the diclectric constants of media one and two
as

v e — Ve
R = — }. (6
(\/€2+\€|> )

This equation applies toair, and may be immediately re-
duced to (7) using the relation of diclectric constant and

index of refraction:
o (Am)2 )
= . 7
2

The numerator is the difference or change in index be-
tween the two media. The value of the denominator of
(6) for air is very closely two.

Equation (7) deserves a few comments. It represents
the reflection cocfficient for vertical incidence at the
plance boundary of two media of infinite extent. The con-
dition of a boundary is satisfied when the change occurs
in a distance small compared to a wavelength. The re-
quirement of infinite vertical extent is eliminated, since
this cquation also represents the upper limit of reflection
for a diclectric sheet inserted in a homogeneous me-
dium. Horizontal limits to our original infinite-extent
assumption can he applied in terms of beam widths and
Fresnel zones, .An examination of reflection theory for
more complicated models leads to similar results, and,
in the light of our limited present knowledge of eddy
shapes, a more complicated model is not warranted. We
are thus led to accept (6) and (7) as a first approxima-
tion to the reflection coefficient for our problem.

B3¢ reminded that the reflection coefficients as deter-
mined by the radio measurements on the basis of a flat
reflecting surface were of the order of 10¢ to 10712, and
that these values are functions of the particular equip-
ment employed. The differential temperature and wind
fluctuation data almost always produce reflection coef-
ficients smaller than 10-'2; that is, they indicate changes
in index of refraction which would create radar echoes
weaker than those detected. However, on a few occa-
sions reflection cocfficients between 10-1° and 1072 have
been computed from meteorologically measured data, A
maximum of four such items was recorded at a height of
250 feet in a single half-hour period. Normally the fre-
quency of occurrence is much less. This is readily ex-
plained when it is considered that the clements are op-
crated at a fixed point in the atmosphere. It follows that
the chances are small of an eddy of the necessary char-
acteristics flowing by the clements. There are, on a few
occasions, differential-temperature and wind-fluctuation
measurements which show that rapid changes in the in-
dex or diclectric constant do exist, and that these
changes are sufficient to produce echoes equal in magni-
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tude to the weaker echoes that have been detected by
the radar sets.

The moisture changes and their contribution to index
changes were neglected. This was done of necessity
rather than by choice, for we simply did not have a
moisture element with a response rapid enough for this
type of work. A few gencral remarks on this subject may
be made. From (5) it can be seen that the contribution
of moisture change to the index change is very signifi-
cant. The moisture change might conceivably add to the
index change, tend to compensate for the temperature
change giving practically no index change, or it might
be the predominant term altogether. At the present
there is no suitable way of establishing its significance
for particular situations; however, the conclusion from
the radio observations that the angels are more fre-
quent in summer sheds some light. In summer the air is
capable of holding more moisture, and hence there are
potentially larger changes in index allowable. Very re-
cently there have been reports of an instrument devel-
oped at the University of Chicago® which has measured
rapid moisture changes in the atmosphere near the
ground which correspond to as much as 20 to 30 units
in An X105, One foot above warm ground there was ob-
served a maximum temperature differential of 6°C,
equivalent to approximately eight units in An X108, The
suggestion is that this contribution must at times in-
crease the index change, or become the predominant term.

At air-mass boundaries aloft, eddies are produced by
the wind shear. With these eddies there are associated
the physical properties of the two air masses involved.
Hence, it is very reasonable that echoes have been ob-
served at heights roughly corresponding to the height of
air-mass boundaries aloft.

IV. CoNCLUSION

The properties of the radar reflections have been re-
viewed, especially noting their weak magnitudes, their
concentration in the lower atmosphere, their more or
less random distribution with time, and their associa-
tion with moderate winds and air-mass boundaries.
There is a striking correspondence of these properties
with the characteristics of atmospheric turbulence, and
in particular we have measured differential temperz
tures and wind fluctuations which, when evaluated in
terms of reflection coefficients, are capable of producing
the weaker observed radar echoes. Of necessity, the
moisture contributions were neglected, but radar obser-
vations lead us to believe that they reinforce the tem-
perature contributions.

On the basis of the available evidence it is proposed
that the radar reflections may be attributed to abrupt
changes of dielectric constant, and are the result of the
turbulent motion of atmosphere. Here, then, is a re-
search tool which can be used to the mutual advantage
of the meteorologist and radio engineer.

12 Verner E. Suomi, Director, Instrument Laboratory, Depart-
ment of Meterology, University of Chicago, Chicago, 1.
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Predicting Maximum Usable Frequency

A . ~ *
From Long-Distance Scatter
ARTHUR H. BENNERY, STUDENT MEMBER, IRE

Summary—A method of predicting the maximum usable fre-
quency by means of observation of long-distance (2F) scatter is pre-
sented. Thelocations of the scattering sources are fixed by comparison
of experimental observation with theoretical calculations.

INTRODUCTION

[VIIE KNOWLEDGE of the maximum usable fre-
;t][ quency, muf, for a given distance at a given time
is a vital factor in maintaining radio communica-
tion via sky-wave paths. The determination of the muf
at the present time is usually made by reference to ma-
terial published by the Central Radio Propagation
Laboratories, National Bureau of Standards.! This ma-
terial consists of charts of 0 and 4000-km muf’s for three
world zones. These charts are published each month,‘
and cach booklet contains muf predictions for that
month, which is three months in advance of the publica-
tion date.

Although this method of predicting the muf is very
useful, there are certain limitations in the accuracy.
First, the predictions are made three months in advance
and, therefore, are subject to errors due to unpyedict-
able ionospheric changes in that period. Secondly, the
world is divided into three zones in these reports, and
a single chart covers an entire zone. This leads to errors
in prediction, as the jonospheric variation within one
zone may be of considerable magnitude.

It is the purpose of this paper to outline a method of
predicting the muf that will minimize the two errors
stated above. This method involves the observation of
long-distance scatter.

DESCRIPTION OF SCATTER

The scattering of electromagnetic waves in the fre-
quency range of about 2 to 30 Mc may arise from iono-
spheric clouds in the E layer or from ground scattering.
Eckersley? has denoted the different types of scattered
echoes as short-distance £, 1F, 2F, and ground scatter.
These types are illustrated in Fig. 1(a). It is thesec last
two in which we are interested.

If a transmitter is sending out radio-frequency pulses
at a carrier frequency higher than the vertical-incidence
critical frequency of the F layer, we might expect one
possible mode of transmission to be that as given by the

* Decimal classification: R113.616.3. Original manuscript re-
ceived by the Institute, March 16, 1948; revised manuscript re-
ceived, July 26, 1948,

t Pennsylvania State College, State College, Pa.

! “Basic Radio Propagation Predictions,” CRPL-D Series, Na-
tional Bureau of Standards, Government Printing Office, Washing-
ton, D. C.

* T. L. Eckersley, “Analysis of the effect of scattering in radio
transmission,” Jour. I.E.E. (London), vol. 86, pp. 548-563; June,
1940.

solid line in Fig. 1(a). If, at the point 4 in the /¢
layer, there exists some sharp irregularities in the ioni-
zation density, it is possible that some of the wave will
be scattered. Part of this scattered energy may return
to the transmission site by the dotted path, as shown in
this figure. This is long-distance 2 F scatter. If the wave

(b)
Fig. 1

(a) Scatter; TDT —short-distance E; TCAT—1F; TCA CT-2F;
TCBCT —ground.
(b) Typical oscilloscope pattern of scatter echo.

which arrives at the point B on the ground is scattered,
part of the scattered signal may be returned to the
transmitter by the same path; that is, ground, F, and
back to the transmitting site. This is called ground
scattering. The received echoes of these scattered sig-
nals as observed on a linear oscilloscope trace at the
transmitting site will be similar to that in Fig. 1(b). In
this figure, the pulse at the left edge of the trace is the
transmitter pulse, while the echo in the middle is the re-
ceived scatter echo.

In Fig. 2(a) is a plane-earth—plane-ionosphere geo-
metric portrayal of the skip zone. If the point B is the
edge of the skip zone, then the leading edge of the scat-
ter pattern corresponds to the ray T4 B. Hence the op-
erating frequency f’ is the maximum usable frequency for
the distance D. Now, from the observed oscilloscope
scatter pattern, we may observe the distance TAB or
TAC, depending on the source of scatter. The problem,
then, is to find a relation among f', TAB or TAC, and D.

DETERMINATION OF SCATTER Sourck LocaTtioN

I.:irst, we will develop an expression to make a theo-
retical check of our observed data, and in this way
attempt to fix the location of the scattering centers;
that is, whether they are in the E layer or on the
ground.

For developing an expression concerning this, curved-
earth—plane-ionosphere geometry will be used. It has
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been shown by Smith? that curved-earth-plane-iono-
sphere geometry is valid as a second approximation in
transmission-path calculations. We are justified in using
this, since the data never excecded a scatter distance of
2000 km. In this approximation, we consider the E
layer as concentric with the earth, but ignore the effect
of the curvature of the Flayer. In a given experimental
case, the data available from measurement include the
height of the F layer, the F-region vertical-incidence
critical frequencies, the radius of the earth (6320 km),
the height of the E layer (assumed constant at 100 km),
the frequency at which the scatter is observed, the dis-
tance to the leading edge of the 2F scatter group, and
the distance to the maximum amplitude of the 2F
scatter pattern.

(b)

Fig. 2

(a) Plane earth-plane ionosphere geometry of skip zone
(b) Curved earth geometry of scatter calculations.

Referring to Fig. 2(b), it is desired to find the distance
TAB and TAC for transmission by the ordinary ray.
From Martyn's theorem,* the minimum angle of inci-
™ dence ¢ on the Flayer for a wave of frequency f' may be
determined from the relation

f = f/cos ¢

where f is the equivalent vertical-incidence frequency at
the point of tangency of the transmission curve for a
given distance with the A’f curve. However, since the
h'f data was taken manually, it was possible only to

3 N. Smith, “The relation of radio sky-wave transmission to

ilr:)ngz)sphere measurements,” Proc, I.R.E., vol. 27, pp. 332-348; May,
‘D.F. Martyn, “The propagation of the medium radio waves in

tll(r)gsionmphere," Proc. Phys. Soc. (London), vol. 47, p. 332: March,
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record f., the vertical-incidence critical frequency of the
F layer. In these first experiments, since the distances
involved were relatively small, f. was used in place of f
in the above equation as an approximation. If the
complete h'f curves are available, f should be used. From
the geometry of the figure,

R? = TA? + (K + R)? — 2TA(K + K) cos ¢

where %’ is the virtual height of reflection and R is the
radius of the carth. Rearranging, substituting the co-
sine law for cos ¢, and casting out the positive sign
from physical reasoning, leads to

e w0 g~ {e(7)

+ [(?)2— 1](2h’R + h”)} "

By means of this equation, T4 may be determined from
known or measured quantities.
Similarly it can easily be shown that

— 4 [E_{ ’2[','_6-2_]
AC = (R+H) (R + k) (f) 1
1/2
+(R+h’E)2}

where k’E is the height of the E layer which is assumed
known and constant.
The two desired relationships are

TAC = TA + AC (1)
TAB = 2TA. (2)
EQUIPMENT

The equipment used consisted of a pulse transmitter
yielding approximately 50-kw peak power rating using
100-microsecond pulses at a repetition rate of about 20
per second. This transmitter was part of k'f equipment
used for other experimental work. The receiver was a
Hammarlund Super Pro modified for pulse reception,
Observations of the delay time of the scatter were made
cither visually, or by photographing the signals dis-
played on an oscilloscope screcn in conjunction with
appropriate range marks. The antennas used for both
transmitting and receiving were ordinary half-wave
horizontal doublets one-quarter wavelength above
ground. Although several antennas were used to cover
the operating range, the individual antennas were used
over a fairly large frequency range, so that the directiv-
ity characteristics are not accurately known,

It has been found that long-distance scatter is at-
tenuated severely with increasing frequency. High sys-
tem gain is necessary to observe scatter at a frequency
considerably above the vertical-incidence critical fre-
quency. With the apparatus used, readable echoes could
be recorded with the equipment up to approximately
twice the vertical-incidence critical frequency.
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EXPERIMENTAL DATA

IFrom the A'f data, the f0F; and f<F, critical frequen
cies were obtained along with the layer heights. The
frequency of the observed scatter f7 and delay to the
scatter leading cdge and maximum amplitude were re
corded, TAB and TAC were caleulated from (1) and (2)
for both the ordinary and extraordinary rayvs. It was
found that the ordinary-ray results checked much more
closely than those for the extraordinary ray.

In Fig. 3(a) appears a frequency chart illustrating the
number of observations versus the percentage deviation
of the caleulated theoretical values against the observed
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Fig. 3 Frequencey diagrams.

(a) Measurements to the scatter-pattern leading edge.
(b) Measurements to the maximum amplitude of the scatter pattern,

values to the leading edge of the scatter pattern. It is
evident from this figure that, within the hmits of the
number of observations available, the leading edge of
the scatter pattern is a result of scattering centered in
the I region. This observation is based on the statistical
centering of the frequency diagram for the cloud-scat-
tering assumption and grouping of the observations in
the ground-scattering frequency diagram at positive
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error percentage, indicating that D, is less than Deq,
In Fig. 3(b) the data relating the location of scatter-
ing centers and the maximum amplitude of the scatter
pattern are shown in a frequency diagram. From these
charts it is apparent that the maximum of the scatter
groups corresponds to the caleulated ground-scattering
distance. This statement is supported by noting that
the center of the frequeney distribution for the theo-
retical ground delay is closer to the zero per cent
deviation point than is that for the theoretical cloud
delav. Also, the frequency distribution for the cloud or-
dinary observations center on negative deviations, in-
dicating that the observed values are greater than the
theoretical distance to the assumed cloud sources.
Vhese data were taken over a period of four months
m the spring and summer of 1947, Observations were

1500 Km

a
o 500 1000 1500 Km
1 1 +——

o 500 1000 km 1500

-9
@
S

(d)

Fig. 4—Photographs of scatter signals,

o 1 fe R
7 a 0.92; (c 7 = 0.87; (4) 7:0.83.
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made during both the daytime and nighttime hours.
Because of the decreased FE-layer absorption, greater
scatter distances were observed at night than during
the day. Figs. 4(a), (b), (c), and (d) are examples of
scatter signals recorded photographically. In all photo-
graphs, time increascs from leit to right. The ground
pulse occurs at the left edge of the trace.

From the above data, one may conclude (1) that
the 2F scatter range may be used to determine the
maximum usable frequency, and (2) that the leading
edge of the scatter group corresponds to cloud scatter,
while the maximum of the scatter group corresponds to
ground scatter.

DETERMINING MUE’s

A nomograph has been constructed to use the scatter
distance in determining the muf. [t has been shown that
the maximum amplitude of the scatter group corre-
sponds to the first ray striking the ground at the outer
edge of the skip zone. Also, the ground distance from
the transmitter to the outer edge of the skip zone is
associated with a frequency called the maximum usable
frequency for that ground distance. Referring to Fig.
2(b), an operator at the transmitter might record the
ground-scatter distance TAB, the vertical-incidence
critical frequency of the ordinary ray fc: and the fre-
quency of the observed scatter f7; then the frequency f!
is the muf for the ground distance D). \gain it should be
pointed out that f. was used in place of f in this experi-
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Fig. 5—Nomograph for determining the muf from scatter distance.
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ment due to necessity, and if complete h'f curves are
available, f should he used in placce of f. in the nomo-
graph.

From the figure, /2 =R6, and R sin 6=TA sin ¢.
Hence,

_ 2R sin D/ 2R
T/l/ S —

!

-

A nomograph based on this expression is shown in

is the desired relation.

Fig. 5. As an example of its use, suppose observations
indicate that fc is 6 Mc, f" is 8 Mc, and the observed
scatter distance to the maximum amplitude is 1500 km.
Ilacing a straight edge at 0.75 on the fe/f" line and at
1500 on the ground-distance line, the extended line will
pass through 875 km on the ground-distance line. This,
then, means that the maximum usable frequency for
a distance of 875 km is 8 Mec.

CONCLUSIONS

(1) A correlation  between maximum usable fre-
quency and long-distance scatter has been established:
This relationship could be useful to the operator of a
long-distance radio station in determining the maxi-
mum usable frequency for a given distance. Thus, by
utilizing equipment similar to that used in the present
investigation, an hourly check on the muf by observa-
tion of the scatter distance as a function of frequency
could be obtained. By determining the vertical-incidence
critical frequency and using the nomograph, a daily
record of the muf for the given operating distance could
be obtained. From this muf record, the operating fre-
quency for the following day’s schedule could be es-
timated. This systeni has the considerable advantage of
minimizing errors inherent in muf predictions made
several months in advance.

(2) The experimental results reported indicate that
the scatter is composed of cchoes from [i-layer clouds
and from ground scatter. The former makes up that
portion of the scatter pattern from the leading edge to
just before the maximum amplitude of the scatter-
spread echo. The maximum amplitude marks the be-
ginning of the ground scatter and, following the maxi-
mum amplitude, the scatter pattern is a combination
of cchoes from both doud and ground scattering
sources.
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Square-Wave Analysis of Compensated Amplifiers”

PHILIP M. SEALT, ASSOCIATE, IRE

Summary—-A complete analysis of a single-stage compensated
video-frequency amplifier is presented. In this amplifier high-fre-
quency compensation is obtained by the use of a shunt peaking coil
in series with the plate load resistance, and low-frequency compensa-
tion is obtained by using a resistance-capacitance network in series
with the plate load resistance.

Both square-wave and sine-wave input voltages to the amplifier
are considered. The square-wave analysis consists of a determination
of the output wave shape when a symmetrical square wave is applied
to the input. Equations for the output wave shape are derived and
putin such a form that the output wave shape may be plotted for any
desired frequency of input square wave. Output wave shapes are
drawn for a number of typical operating conditions, and the corre-
sponding frequency- and phase-response curves are drawn for com-

parison,

The effect of the cathode impedance, assumed negligible in the
square-wave analysis, is considered briefly in a separate section,
and its effect on low-frequency compensation is discussed. Deriva-
tions of many of the equations used are found in the Appendix.

I. INTRODUCTION

IDE-BAND AMPLIFIERS in which high-fre-
&;&/ quency compensation is obtained by means of a
shunt peaking coil in serics with the plate Toad
resistance, and in which a resistance-capacitance net-
work in series with the load resistance provides low-fre-
quency compensation, are widely used in television and
other applications in which it is important to preserve
the shape of the applied input signal. In the actual test-
ing of such amplifiers, square waves arc commonly used.
A square wave of voltage is applied to the input of the
amplifier and the output wave shape is observed on an
oscilloscope. In designing the amplifier, the object is
to obtain an output voltage as neatrly “square™ a~ pos-
sible over a wide frequency range, consistent with a
reasonable gain.

To the author’s knowledge, a thorough square-wave
analysis of a compensated amplifier has not been pre-
sented before. Many papers have been written dealing
with the transient analysis, where a unit step function
is applied to the input of the amplifier. This is especially
true of the high-frequency-compenated case! A few
papers have been written dealing with the transient re-
sponse at low frequencies. such as a recent paper by
Schlesinger.? In this paper square waves are touched
upon, but no complete anilvsis given.

A complete square-wave analysis of a compensated

* Decimal classification: R255.13. Original manuscript received
by the Institute, August 6, 1947; revised manuscript received, July
12, 1948. This paper represents material being presented to Purdue
University in partial fulfillment for the degrec of Doctor of Philoso-

hy.
P t University of Maine, Orono, Maine.

' H. E. Kallmann, R. E. Spencer, and C. P. Singer, “Transient
response,” Proc. [.R.E., vol. 33, pp. 169-195; March, 1945,

? Kurt Schlesinger, “Low-frequency compensation for amplificrs,”
Electronics, vol. 21, pp. 103-105; February, 1948.

amplifier should prove useful in that it brings out the
limitations inherent in such an amplifier and points out
the optimum results which may be expected in per-
forming a square-wave test on the amplifier. It should
also prove useful in the design of the amplifier for
optimum performance.

To obtain the complete analysis of the amplifier, the
following three types of input and output voltages are
used:

1. .\ dc step voltage suddenly applied at time ¢=0,
and the resulting output voltage.

2. A symmetrical square wave of voltage applied at
the input, and the resulting output wave shape.

3. Sinusoidal input and output voltages.

T _—
1 e,
a l / Ee
7t
i' .rL
t=0 TIME
- —
~€ {
(b) £
| — —_—
£,
—— —— + X Y d
t=0 TIME |
4 L
T
€ e * ECMF
h . ©
"

Fig. 1—Sketches illustrating the three types of input and output
voltages being considered. (a) Step voltage input. (b) Square-wave
voltage input. (c) Sine-wave voltage input.

To distinguish clearly between these three types,
reference should be made to Fig. 1 and the list of
svmbols presented below. In Fig. 1(a):

F =xtep function of voltage applied to the input
of the amplifier

e:=the resulting output voltage plotted as a func-
tion of time

E: = th(‘
Ei=gnRoE,,

relative e, =e,/F,.

In Fig. 1(b):

fZ,=the amplitude of the square wave of voltage

applied to the input of the amplifier

ideal output voltage. In magnitude,
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e=the instantaneous value of the output voltage
during a positive half cycle of the input voltage E:
E =the amplitude of the ideal output square wave.
In magnitude, E=gnRoF;
relative e=e¢/E.
T =the period of the squarc wave, or the time re-
quired to complete one cycle.
In Fig. 1(c):
F. =the rms value of the input sine wave of voltage
Fo=the rms value of the output sine wave of volt-
age
Foy.r. =the rms value of the output sine wave of
voltage in the middle-frequency range. That is,
Fov.r.= —gmRol,
6 = the angle by which E, lags or leads Eoy.r.. If
Eq lags Eou.r., 0 is considered positive, and if E,
leads Eou.p., 0 is considered negative. This choice of
signs is made deliberately in order to make the curves
of relative phase shift versus frequency, Figs. 7 and
14, have a positive slope.
relative gain = [EO/EO,\,‘F_I
relative phase shift =6.
A complete circuit diagram of the amplifier to be an-
alyzed is shown in Fig. 2.
In the low-frequency analysis, the RxCk network is
neglected. That is, the reactance of Ck is considered

Fig. 2—Schematic diagram of a single-stage amplifier com-
pensated for both low and high frequencies.

negligibly small at the frequencies considered. Since
this is not usually a valid assumption in video amplifiers
at low frequencies, the effect of this network is con-
sidered in a separate section.

1. Hicu-FrEQUENCY COMPENSATION

~ At high frequencies the amplifier has the equivalent
circuit diagram shown in Fig. 3. In this diagram C, is
the total shunt capacitance inherent in the amplifier.
p The shunting effect of the plate resistance of the tube,
7, normally present in this type of cquivalent circuit,
may be neglected, since in video amplifiers 7, is much
greater than the impedance of the netwo:k made up of
Ro, Lo, and C.. For the same rcason, the shunting effect
of the grid-leak resistance Ky may be neglected.
E.. is the input voltage applied to the amplifier, and
may be E., E,, or E,, depending on the type of input
voltage considered. (See Fig. 1.)
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In making a square-wave analysis of this circuit, it
is assumed first that E,, is a step voltage having a
value 0 up to time ¢=0, and a constant value E,; there-
after. Hence the current I will be of the same nature,
having a value 0 up to time ¢ =0, and a constant value
thereafter.

I=-gm Ein

Ao A |

et;e.o"Eo

1

Fig. 3—Equivalent circuit diagram of the amplifier shown
in Fig. 2 as it applies in the high-frequency case.

In the analysis two important parameters are used,
as defined by the following equations®:

1
=— 1
fo PR, (1)
2
,,=__i'_L_°. (2)
R,

Physically, fois the frequency at which the reactance of
C.is equal to R,. It is also the frequency at which rela-
tive gain drops to 0.707 with no high-frequency com-
pensation.

Derivation of the expression for e, as a function of
time is made with the use of Laplace transforms (see
Appendix A for this derivation). The results indicate
that three separate expressions may be obtained, de-
pending on whether n is less than 1, equal to }, or
greater than 1. The case where 7 is less than 1 is the
nonoscillatory case. Since the amount of compensation
is too small to be of much practical value, this case is not
considered further except for zero compensation where
n=0 (see (19)).

Case where n=1%:

This is the critical case. The result obtained is as

follows:
When n=1,

ee = TRo[1 — (1 4 wet)e?v0!] (3)
where,
wo = 27fo. (4)
Hence,
e/, = relative e, = 1 — (1 4 wot)e 20, (5)

1 ). G. Fink, “Principles of Television Engineering,” McGraw-
Hill Book Company, Inc., New York, N. Y., 1940; equation (113) on
p. 221 and just above equation (147) on p. 223.
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since
II\,U e gml\’ul':“ = I':g

Equation (3) is an expression for the output voltage
as a function of time when n=1%. To express it in
terms of the frequency of an applied square wave, the
input voltage will be considered to be a square wave
whose height above the axis is /..

By reference to Fig. 1(b), it is seen that £=0 is the
time at which the wave goes suddenly from a value
—FE; to a value + .. Tt is seen, then, that the expres-
sion for the output voltage e in terms of the square-
wave input of IFig. 1(b) is found by doubling (3) and
then subtracting /2 =g.Reli, =1R, to take care of the
shift in the position of the axis. This gives, when n=1/4,

e = TRo[1 = 2(1 + wl)e twot|, (0)

Note that this assumes that the output voltage will
reach the limiting voltage /£ by the time £¢=177/2. This is
true within 0.1 per cent for squarce-wave frequencices
less than 3 of f.

Dividing both sides of (6) by [=TR, gives, when
n=1/4,

e/l: = relative e = 1 — 2(1 4 wyl)e "', (7)

To obtain the cquation for relative e in terms of the
actual frequency of the square wave, the following equa-
tions are used:

(&)

T=1/f

where fis the frequency of the applied square wave, and
1" is the period of the square wave

Y= f/fo
2/7T.

(9)
(10)

That is, r represents the fractional part of a positive
half cycle. It is equal to 0 at the beginning of the half
cycle, and equal to 1 at the end of the half cyele. It is
the variable along the horizontal axis used to plot all
output wave shapes, and is independent of the actual
frequency of the square wave.

If these substitutions are made, the following rela-
tion is obtained: When n=1/4,

r

wr
relativee = 1 — 2<] + )e irrly (11)

¥

Case where n 1s greater than }:

When n is greater than }, damped oscillations in-

evitably occur in the output voltage, and hence there is
always some overshoot, That is, the instantancous value
of the output voltage e will go through a peak value
greater than the final value E.
General equations for this case are given below:
When the input voltage is a step voltage suddenly
applied at t=0:
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relative ¢,

\ =1
1 e wot!2n cox <wnl +¢) (12)
\ A 1 2n

where

(13)

Equation (12) agrees with equation (7) in the paper
by Kallman, Spencer, and Singer, when the difference
in the definitions of the symbols is taken into account.t

When a square wave of voltage is applied, the equa-

tion becomes:

relative e

4n <1rr \ tn—1
1 e TPy cos
1

+ ¢> (14)
\An ¥ 2n

where r, v, and ¢ are as previously defined.

quation (14), like equations (6), (7), and (11), is
true only if the voltage e coincides with the limiting
value /£ by the time r reaches unity (i.e., within a half
cvele). This is true within 0.5 per cent for values of n
cqual to 0.5 or less if the frequency of the square wave
does not exceed 0.5 fo. Since higher square-wave fre-
quencies would be distorted too much to have a prac-
tical application in video amplifiers, and since values of
n greater than 005 result in too much overshoot to he of
practical use, (14) is considered accurate for all practical

CaANes,

. . -
Special case where n =0.5.

When #=0.5, (12) and (14)

fied, as below:

are very greatly simpli-

For the step voliage,

relative e, = 1 — ¢ 90! cos wol. (15)
For the applied square wave,
. wr
relative e =1 — 2¢ 77/ cos — - (16)

¥

Frequency-Response and Phase-Shift Characteristics

H a sine wave of voltage is applied to the input of
the amplifier, the relative gain of the amplifier at high
frequencies and the relative phase shift are given by the
following cquationss:

/1T F nty?
relative gain = S e

= 17
V(1= ny) 42 o

rclative phase shift = 6 = tan 1 -
1 — ny?

— tan~!ny. (18)

:b_w equation (7), p. 171 of footnote reference 1.
See also cquation (8), p. 172, of footnote reference 1. This checks

cquation (17) when differences in the definitions of symbols are
taken into account.

—‘—
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Typical output wave shapes for square-wave inputs
are shown in Figs. 4 and 5. In Fig. 4, the curve for zero
compensation where # =0 is also shown for comparison.

-

Fig. +—Curves of relative e for various values of n. High-
frequency-compensated amplifier, ¥ =0.5.

-/0

The equation for the uncompensated case is as follows:
When
n =0, relative e =1 — 2¢ *7/7,

(19)
In Fig. 4 it is seen that as n is increased above the

critical value, 0.25, the amount of overshoot increases.

125

=10

Fig. 5 Curves of relative e for applied square waves of various
frequencics. High-frequency-compensated amplifier, n=0.5.
When 7 =0.5, the peak value of relative eis 1.133. Tt will
be noted by referring to Fig. 5 that the peak value of
relative e depends only on 7, being independent of the

frequency of the applied square wave,
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In Fig. 4 it should be noted that the slope of the curve
at r =0 is independent of the value of #.

T'ypical curves of relative gain and relative phase shift
as a function of frequency are plotted in Figs. 6 and 7.
The curve for 7 =0.414 (or \/2—1) is included, because

Crertld 1
4 5 678910 2.
T

| |
2z 3

© W bhWLihiDN®

I

| 1 11
3. 4 5. 6.

Fig. 6—Curves of relative gain and frequency for various values of
n. High-frequency-compensated amplifier,

this is the largest values of # for which relative gain
does not rise to a peak value greater than unity.
\When 2 =0.5, relative gain rises to a peak value of 1.03
when v =0.687.

In comparing the curves for relative gain, Fig. 6,
with the curves for a square-wave input, Fig. 4, it is
interesting to note that, although no peak occurs n
the gain characteristic until >0.414, yet overshoot is
obtained in the case of the squarc-wave input when
n>0.25.

Rel Pnhase Shift € degrees

0

T T T U T I B
B8 0 24

1 1 1
0 2 4 6 1.0 12 I4T/.6 18 20 22 262830

Fig. 7 Curves of relative phase shift 0 and frequency for various
vatues of n. High-frequency compensated amplifier.

Fig. 7 shows the relative phase shift as a function of
v. The ideal phase-shift curve would e a straight line
through the origin. The curves for » 0.414 and n=0.5
closely approach this ideal when o is 1ss than 1.5, but
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for larger values of 4 the curves become quite non-
linear.

I Low-FreQuency COMPENSATION

At low frequencies the amplifier has the equivalent
circuit diagram shown in Fig. 8. As in the high-fre-
quency-compensation case, the square-wave analysis
begins with the assumption that £, is a step voltage
having a value zero up to time ¢=0, and a constant
value L, thereafter.

_L' -gmEin

e
| Rg
e b €., € orE,
R C-
R B SN

Fig. 8—Equivalent circuit diagram of the amplifier shown in Fig. 2
as it applies in the low-frequency case.

The analysis shows that three RC time constants are
involved. The equations are greatly simplified if the
following parameters are introduced:

1 '
h= ek G
" Ro+ Re

1 -
fr= Dok, (21)

1
fs = CR, (22)
w = 2y, (23)
we = 2mfy, (24)
w3 = 2mfs. (25)

The expression for the output voltage e, as a function
of time is obtained as in the high-frequency case by
the use of Laplace transforms. See Appendix B for the
derivation. The final expression for relative e, is as fol-
lows:

relative e, = Ade w2t — (A — 1)e s (26)
where
A= fl;f? . (27)
fs— fa

If a square wave of voltage is applied to the input, the
equations for the output wave shape cannot be obtained
as easily as they can in the high-frequency case, because
in general the output voltage will not have reached its
limiting value at the end of a half cycle when the input
voltage reverses. The method used here is taken from a

January

paper by Chin® The final equation obtained for relative
e in terms of time and the period of the square wave is as

follows:

relative e
A =1

A .
S 2 € wal : €W .
1 + € weT (2 1 _+_ € w3l'/2

By making usc of (8) and (10), this cquation is ex-
pressed in terms of the frequency f of the square wave
and the vanable r, with the following result:

(28)

relative e

A d =
2 e "t S € ”/://:]' (2())
1 4 ¢ '/.'/// 1 4+ ¢ '/J//
Equation (29) may also be put into the following
form, which is often more useful in making computa-
tions:

A T
relative e = €- S (1t — 2r)

™ fg 2 f

cosh .
A =1
- LT (30)
T fs /
cosh

Frequency-Response and Phase-Shift Characteristics

When a low-frequency sinusoidal voltage is applied to
the input of the amplifier, relative gain and relative
phase shift may be obtained from the following formu-
las:

VIF DT
VI (f/ )1+ (f3/f)?
— tan7' (fy/f) + tan=' (f,/f)
+ tan7! (f3/f). (32)
Application of Low- Frequency Equations

rclative gain

(31)

relative phase shift, § =

Equations (30) and (31) may be used to obtain the
output wave shape and frequency-response curves for
any desired combination of the three parameters f,, f,,
and f;. To determine suitable combinations for these
parameters, (31) is most useful. It shows that, if his
made equal to fs, the low-frequency response curve will
be the same as with no low-frequency compensation, ex-
cept that relative gain will drop to 0.707 when f=f, in-
stead of when f=f;, as would be the case with no com-
pensation. Thus, in designing the amplifier, it would
seem desirable to make f, as small as possible by making
the RrCr product large, and then choosing Rp and Cp
such that f, will cqual f;. However, if (20) is div<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>