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PRECISION ADJUSTMENT OF GERMANIUM-TRIODE
CONTACT POINTS

Adjustment of the contact points on germanium triodes requires
literally microscopic precision. In the laboratory the engineer uses
o high-power microscope and micrometer adjusting heads to set
the points within a small fraction of a mil
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Insulated Ceramicons
Temperature Coefficient
NPO *+250
Capacity Tolerance

025%  +0.1 MMF b S
0.5 +0.1 MMF
0.75 +0.1 MMF

1.0 + 0.1 MMF
at an economical price sm

1.2 +0.1 MMF
331

Temperature Coefficient

N750+250
Capacity P edoncd Here are accurate, quality, low capacity close toler-
075 +0.1 MMF ance ceramic condensers that will go far in improving
1.0 +0.1 MMF performance of front ends and other oscillator circuits.
2.2 +0.1 MMF

Because of special processing methods, many pop-

Temperature- Coefficier’ ular values with capacity tolerances as close as +0.1

N1400+ 250 MMF are available at prices comparable to wider

Capacity P a ke tolerance condensers. The values and temperature

29 + .25 MMF coefficients of these Erie Ceramiconsare listed atthe left.
4.7 +.25 MMF

If you have an application for these units, we will be

B e molded. insulated; glad to send you samples of the capacities you select.

all others are Style 331
dipped phenolic insulated. —— . _ L

255 . D...

ERIE RESISTOR CORP., ERIE, PA.

LONDON, ENGLAND ° TORONTO, CANADA

E i

#Ceramicon is the registered trade name of silvered ceramic condensers made by Erie Resistor Corporation.
Proceepings or tne I.R.E. May, 1949, Vol, 37, No. 5. Published monthly in two scctions by The Institute of Radio Engineers, Inc., at 1 East
79 Street, New York 21, N.Y. Price $2.25 per copy. Subscriptions: United States and Canada, $18.00 a ycar; foreign countries $19.00 a year Entered

as second class matter, October 26, 1927, at the post office at Menasha, Wisconsin, under the act of March 3, 1879. Acceptance for mailing at a
special rate of postage is provided for in the act of February 28, 1925, embodied in Paragraph 4, Scction 412, P. L. and R., authorized October 26, 1927.

Table of contents will be found following page 32A
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What happens when you hear? What happens inside
your ear when sound waves come in from a telephone
conversation?

Bell Telephone Laboratories scientists have developed
special apparatus to help answer these questions. for the
telephone system is designed to meet the ear’s requirements
for good listening.

In the test pictured ahove, the young lady sits before
loudspeakers in a soundproofed room with a small hollow
tube. reaching just inside the ear canal. Sounds differing
slightly in frequency and intensity come from a loud
speaker. The suliject secks to tell one from another. record-
ing her judgment electrically by pressing a switch.

Meanwhile. the same sound waves pass down the hollow
tube to a condenser microphone, and a record is made of
the exact sound intensities she identified. Results help
reveal the sound levels vou can hear clearly and without
strain—the sounds your telephone must be designed to carry.

Scientists al Bell Telephone Lahoratories make hun-
dreds of tesls in this manner. It's just one part of the work
which goes on vear after vear at the Laboratories to help
keep Bell System telephone service the finest on earth.

BELL TELEPHONE LABORATORIES

Exploring ond inventing, devising ond perfecting, for con-
tinued improvements ond economies in telephone service.




Niw@ SIGNAL GENERATOR

FAST DIRECT READINGS

800 mc to

2100 mc

NO CHARTS OR INTERPOLATIONS

-hp- 614A UHF Signal Generator

Direct reading output, accuracy +1 db...Constant
internal impedance, SWR 3 db...Direct frequency
zontrol...External modulation 0.5 microseconds

pulses to square waves...CW, FM, pulsed output.

This new —hp— signal generator will
save you hours of time and work in
making UHF measurements be-
tween 800 and 2100 mc. Its many
different modulation and pulsing
capabilities mean these man-hour
economies can be applied to a wide
variety of measurements— receiver
sensitivity and alignment, signal-to-
noise ratto, conversion gain, stand-
ing wave ratios, antenna gain and
transmission line characteristics, to
name but a few.

Carrier frequency in mc can be set
and read directly on the large central
tuning dial. R-f output from the kly-
stron oscillator is also directly set
and read in microvolts or db. No cal-
ibration charts or tedious interpola-
tion are necessary. And thanks to
the unique -Ap- automatic tracking
mechanism, no voltage adjustments

PROCEEDINGS OF THE I.R.E.

are needed during operation.

R-f output ranges from 0.1 volt to
0.1 microvolt. Output may be con-
tinuous, pulsed, or frequency mod-
ulated at power supply frequency.
The instrument may be modulated
either externally or internally and
may be synchronized with positive
or negative pulses or sine waves.

Because of its wide range, high
stability and versatile usefulness, this
new —hp- signal generator is adapt-
able to almost any uhf measuring
need. The instrument is available for
early delivery. Contact your —hp-
field representative or write direct to
factory for complete details and tech-
nical specifications.

HEWLETT-PACKARD CO.
1874.D Page Mill Road, Palo Alo, California

Export Agents: Frozar & Hansen, Ltd.
301 Clay Street * San Francisco, Calif., U.S.A.

May, 1949
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SPECIFICATIONS

FREQUENCY RANGE:
800 to 2100 mc. Selection is mode by meons
of a single directly-colibroted control cover-
ing entire ronge. No chorts ore necessory.

FREQUENCY CALIBRATION ACCURACY:
1.

OUTPUT RANGE:
1 milliwott or .223 volts to 0.1 microvolt (O
dbm to —127 dbm). Directly colibroted in
microvolts and db; continuously monitored.

ATTENUATOR ACCURACY:
Within *1 db without correction chorts, A
correction chort is provided when greoter
occurocy is desired.
OUTPUT IMPEDANCE:
50 ohms. SWR 3 db (VSWR 1.4).
EXTERNAL MODULATION:
By externol pulses, positive or negotive,
peok omplitude 40 to 70v., 0.5 microsec-
onds to squore wove.

FM MODULATION:
Oscillotor frequency sweeps ot power line
frequency. Phosing ond sweep ronge con-
trols provided. Moximum deviotion approx-
imately =5 mc.

INTERNAL MODULATION:
Pulse repetition rate variable from 40 to
4000 per second; pulse length vorioble from
1 to 10 microseconds. Pulse rise ond decay
approximotely 0.1 microseconds.

TRIGGER PULSES OUT:
1. Simultaneous with r-f pulse.
2. In odvonce of r-f pulse, varioble 3 ta 300
microseconds.
(Both approximately 1 microsecond rise
time, height 10 to 40 volts.}
EXTERNAL SYNC PULSE REQUIRED:
Amplitude from 10 to 50 volts of either pos-
itive or negotive polarity and 1 to 20 micro-
seconds width. Moy also be synchronized
with sine waves.

Doto subject to chonge without notice.
.
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Now you can work with
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ARNOLD can supply REMALLOY
in the form of BARS and CASTINGS
or SINTERED TO SPECIAL SHAPES

REMALLOY generally may be used
instead of 36-41% Cobalt Permanent
Magnet Steel —replacing it without
design changes, and at a cost saving.

\
.
2.4 In addition to our customary production of all types of ALNICO and

T
) A other permanent magnet materials, we now produce REMALLOY.
o T'he various forms in which it is available—bars, castings or sintered
iy
™ shapes—are all produced under the Arnold methods of 100% quality-

control; and can be supplicd 10 you either in rough or semi-finished
condition, or as completely finished units ready for assembly. ® Let
us help you secure the cost-saving advantages of REMALLOY in your

e L

& of the ‘A designs. Call or write for further data, or for enginecring assistance.
issu . \
he first ) ains &
’E neteer” cont for- B - L K1 1o e
Mag? ¢ technical infor” HE ARNOLD [-NGINEERING (OMPANY
et — } ==
il n on Rcm"‘“oy ) SUBSIDIARY OF ALLEGHENY LUDLUM STEEL CORPORATION
matio -
write for yo Sanot?

r co[)y. 147 EAST ONTARIO STREET, CHICAGO 11, ILLINOIS

AI{N "l l SPECIALISTS AND LEADERS IN THE DESIGN, ENGINEERING AND MANUFACTURE OF




Leaders because they perform reliably under all operating
conditions, these fixed mica dielectric capacitors are used in elec-
tronic applications wherever long life and successful performance
are demanded.

Each tiny El-Menco Capacitor must pass life and
humidity tests; meet standards set by the United States
Army and Navy; pass tests at double their working
voltages; prove their dielectric strength, temperature
co-efficient and capacitance drift, and have their in-
sulation resistance double-checked. These little leaders
are molded in low-loss bakelite and wax-dipped for
salt water immersion seal. They’re available in 2 wide
range, all impregnated, all precision-made, all JAN,
RMA and RCM color-coded.

M 15 MINIATURE CAPACITOR | Why not protect your product’s
Actual Size %" x 14" x %" | performance with ca[mcz'tors made

For Radio, Television and Other
Electronic Applications ‘

2 to 420 mmf. capacity at 500vDCw ‘
2 to 524 mmf, capacity at 300v DCw { ' ‘
Temp. Co-efficient #=50 parts per | SPeClﬂ E L“M E N C o

under these rz'gz'd conditions?

million per degree C for most capac- | TESTED ® RELIABLE ® LEADERS!

ity values ’

6-dot standard color coded ] THE ELECTRO MOTIVE MFG. CO., Inc.
———— WILLIMANTIC CONNECTICUT

Write on your
firm letterhead for

EHEDMICA TRIMMER
CAPACITORS

FOREIGN RADIO AND ELECTRONIC MANUFACTURERS COMMUNICATE DIRECT WITH OUR EXPORT DEPT. AT WILLIMANTIC, CONN.
ARCO ELECTRONICS, INC. 135 Liberty St., New York, N. Y.—Sole Agent for Jobbers and Distributors in U.S. ond Conada

PROCEEDINGS OF THE LR.E. May, 1949
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D EPENUDA B

ou can depend on Stackpole
controls. Carefully supervised
production means that you can

depend on each unit to operate
satisfactorily after it has been soldered
into the circuit —and Stackpole facilities
are such that you can depend, too, on
quantity deliveries to meet your needs.
In both fixed and variable resistors,
Stackpole is a major supplier to an im-

I1 L I T Y

portant segment of the radio and elec-
tronic industries. If you are not already
checking Stackpole regularly as your
production releases and design require-
ments come up, we welcome the op-
portunity to cooperate on your next
assignment. Write for Stackpole Control
Engineering Bulletin RC.7D. The Com-
plete Stackpole Electronic Components
Catalog is also available on request.

STACKPOLE CARBON COMPANY » T. MARYS, PA,

SMI‘POI.E

RESISTORS CONTROLS SWITCHES IRON CORES

8a
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All the requirements of
life testing are incorpor-
ated in this Sherron

unit. Specifications may
be modified to your pur-
poses within the stand-
ardized design of this
equipment.

This life rack consists of
standard 19" racks of
either a 3 electromag-
netic position rack or a
6 electrostatic position
rack. Additional racks

may be included and

coupled.

Individual intensity and
ion trap positioning con-
trols are included for
the electromagnetic tube
position. Individual in-
tensity and centering
controls are included for
the electrostatic tube
position.

Power supplies fur-

nished with this unitare
sufficient for operation

of 27 electromagnetic C.
R. tubes and 16 electro-
statie C. R. tubes.

Standard rack construe-
tion is of heavy gauge
steel. Structure and wir-
ing design permit quick
expansion. Access doors
to tubes under test and
rear of rack are inter-
Im'l\e(l

R

Heavy power

supplies in separate
rack or in bottom of
electromagnetic tube
bays. Control cubicle
protected by plexiglass
housing. Meters and con-
trols grouped for easy
operation.

Eight to ten weeks de-
livery. Write for com-
plete specifications.

SIIERRON ELECTRONICS CO.

Division of Sherron Metolllc Corporation

1201

FLUSHING AVE.

. BROOKLYN 6, NEW YORK

PROCEEDINGS OF THE |.R.E.

May, 1919
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Centralab reports to

Here's how Wells Gardner engineers have applied two P.E.C. units to build
more and finer table-model radios. Arrows point to Filpec (left) and Couplate.

Chassis courtesy of Wells Gardner & Co.

More, and more manufacturers are turming to CRL's space-saving helping this firm cut radio assembling time by reducing the
Printed Electronic Circuits to help them produce finer products, number of components needed and by eliminating many solder-
faster. That's how it is with Wells Gardner & Co.,, Chicago. ing operations. What's more, these same units improve per-

Two Centralab P. E. C. units Couplate and Filpec are formance by resisting temperature and humidity

Resistor

RADKIRIS Y
Capacitor \ RN

o

ACTUAL
SIZE

“Filpec” Capacitor

. Actual size
Actual size

CRL’s Couplate cqnsists of a plate lead Centralab's Filpec is designed for use as a balanced diode load filter, combines
resistor, gnd resistor, plate by pass up to three major components into one tiny unit, lighter and smaller than one
capacitor and coupling capacitor, ordinary capacitor. Capacitor values from 50 to 200 mmf Resistor values from
Write for Bulletin 42-6 5 ohms to 5 megohms. For complete information, write for Bulletin 42-9

10a PROCEEDINGS OF THE I.R.E. May, 1949




Electronic Industry

For by-pass or coupling applications, Centralab’s development of a revolutionary, new Slide Switch promises improved
check CRL's original line of ceramic AM and FM performance! Flat, horizontal design saves valuable space, allows
disc and tubular Hi-Kaps. For full short leads, convenient location to coils, reduced lead inductances for increased
facts, order Bulletins 42-3 and 42-4. efficiency in low and high frequencies. Rugged, efficient. W'rite for Bulletin 953.

®)
G
e

WG

g

MODEL “R" MODEL “E" MODEL “M"
Let Centralab's complete Radiohm line take care of your special needs. Wide Great step forward in switching is
range of variations: Model "R” wire wound, 3 watts; or composition type, CRL'’s New Rotary Coil and Cam In-
1 watt. Model "E' composition type, 4 watt. Direct contact, 6 resistance dex Switch. lts coil spring gives you
tapers. Model "“M” — composition type, 12 watt, Write for Bulletin 697. smoother action, longer life.

LOOK TO CENTRALAB IN 1949! First in component research that means lower costs
for the electronic industry. If you're planning new equipment, let Centralab’s sales

and engineering service work with you. Get in touch with Centralab!

DIVISION OF GLOBE-UNION INC., MILWAUKEE, WIS.

PROCEEDINGS OF THE I.R.I May, 1919 RPN




For wide-band oscillographs
requiring extremely high writing
rates and high vertical-deflection

sensitivity. Electrostatic deflection and focus.

. Another Du Mont “First"—the new
Du Mont Type SXP-! A multiple-intensi-
fier design, it features deflection sensi-
tivity never before achieved by a
cathode-ray tube in either the low- or
high-voltage category. Specitically:

At Eu; of 2000 volts and E.3 of 4000
volts, only 24 to 36 d-c volts/in. of de-
flection are required! This is approxi-
mately three times the sensitivity of a
low-voltage tube such as Type SLP-A.
This superlative performance of the
vertical plate system is due to the de-
sign of the plates and to a slight increase
in overall tube length—only %" longer
than Type S5LP-A.

Also featured are the high ratios of Ey3
to Ep2 voltages—up to 10:1, and high

’ Write for detailed literature on the Type 5XP-

A ALLEN B.

@ALLEN 0. DU MONT LABORATORIES, tNC

12a

overall accelerating potential — up to
25,500 d-c volis.

Because the usable vertical deflection
is a function of the ratio Ep3/Ey, the
full-screen deflection available at ratio
1:1 is reduced to 2.5 at 2:1, 1.75" at 5:1,

Copocitonce from D3 to Dy held to 1.7 ppf by
virtue of this new deflection-plote design, de-
spite longer length ond closer spocing required
for high sensitivity.

DU MONT LABORATORIES,
; CABI.E ADDRESS
B o ™ T

ALBEEDU, NEW YORK

and 1.25" at 10:1 ratios, respectively.

Another feature is the shielding be-
tween deflection plates Di-D; and D3-Ds
fo prevent interaction between plate
pairs. And for general shielding of the
tube, Du Mont mu-metal shield Type
2502 is available.

A choice of phosphors is available, such
as theP1, P2, P4, P5, P7 and P11 screens.
The flat face makes for ease of visual
measurement and photography.

As with all Du Mont tubes, Type SXP-
is available as a separate unit or in com-
bination with a Du Mont oscillograph.
Several Du Mont oscillographs already
in use, notably Types 280, 256-D, 250-H
and 248-A, are readily adaptable to this
latest tube.

tube and how it can be used in your Du Mont oscillograph.

R e e

Q«a//m@@

INC., .PASSAIC, N.

N. Y.,

PROCEEDINGS OF THE I.RE. May, 194




BUT it’s simpler to
design the radio
around the battery!

TUBES A BIT,

T ————
——

'

® you'll find an “Eveready’ radio battery to fit
the size and power requirements of any type
portable. “Eveready” brand batteries give
longer playing life. They are the accepted
standard for portable radios. Users can get
replacements everywhere.

Call on our Battery Engineering Department for
complete data on “Eveready’’ batteries.

The registered trade-marks “"Evercady
and "Mini-Max "' distinguish products of

NATIONAL CARBON COMPANY, INC.

Unit of Unison Carbide and Carbon Corporation

® The No. 753 “Eveready” “A-B
30 East 420d § N TRADE-MARK battery pack provides plenty of power
t 42nd Street, New York 17, N. Y. for compact "'pickup’’ portables. Send
R ADI O B ATT E R | E S for Battery Engineering Bulletin No. 2

which gives complete details.

Division Sales Offices: Adanta, Chicago, Dallas, Kansas City, New York, Pittsburgh, San Francisco

PROCEEDINGS OF THE I.R.E. Masy, 1949 13a




Oneof the Magnetrons made by Raytheon Manufgc-
turing Co., Waltham, Mass. Most of the parts shown in the

Joreground are OFHC Copper.

Raytheon magnetron used in the "M;-
crotherm,” the microwave diathermy
equipment.

]

b §

«

”

Raytheon magnetron used in the “Rad.
urange’ for swift cooking by microwa ves.

Owne of the Raytheon magnetrons used iy
airborne radar apparatus.

Raytheon
uses OFHC COPPER exclusively

® So important is OFHC in the manufac-
ture of vacuum tubes that Raytheon will
have no other copper in its plant. Thus
there is no danger of getting it mixed up
accidentally types. This
copper (Oxygen-Free, High Conductiv-
ity) carries a premium, but it is well

with other

worth it, since some of the completed
tubes cost between $2,000 and $3,000
each, and the wrong metal could ruin
one quickly. OFHC copper has a number
of important qualities that are essential

in vacuum tubes. lts freedom from oxygen’

protects the vacuum. Its conductivity of
electricity and heat play a part in wbe
efficiency. It seals o glass perfectly, and
can be machined and rolled down to the
0025"" edge thac is necessary for that
purpose. Copper segments which make
up the cavity of the magnetron are brazed
together in a hydrogen atmosphere, in

which oxygen would be detrimental . . .
For its own part, Revere wakes the greatest
care to segregate OFHC copper in proc-
essing. Each lot and shipment is kept
separate, and personally conducted
through the mill: When vou order QOFH(
from Revere you can be sure of geuing
it...The Revere Technical advisory
service collaborates frequently with Ray
theon, and will gladly work with vou.

REVERE

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

~
Mills: Baltimore, Md.: Chicago, 111.,
Detroit, Mich.; Los Augeles and Riverside, Calif.;
New Bedford, Mass.; Rome, N. Y.
Sales Offices in Principal Cities,
Distributors Fverywhere.

144
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How Big does a V.ideq,%R'eIuy have fo be?

ACTUAL SIZE

This Type ''J" Video Relay
shows how a number of
auxiliary contact springs may
be added for switching cir-
cuits which do not carry high-
frequency currents.

Type "J" Video Relay pro-
vided with pair of low-
capacitance contact springs
for closing a high-frequency
circuit when relay is ener-
gized.

RCA Engineers posed this question to CLARE when
available relays for their purpose proved too large,
too cumbersome.

The close cooperation between engineers of the two
companies which resulted has produced the CLARE
Type “J” Video Relay, which meets every require-
ment for switching these high-frequency currents...
and occupies but 7 cubic inches.

Dimensions of CLARE Videa Relay

Success of this cooperation between RCA and CLARE
engineers in developing a superior small-size, low-
capacitance relay is not only important to this, the
world’s largest manufacturer of radio and television
equipment, but it is of vital interest to every television
enginecr whose designs are often frustrated by the 17
cubic inches that other typical video relays require.

Clare sales engincers are located in principal cities.
They will be glad to give you full information on this
new vidco relay. Their counsel and advice may help
you solve other relay problems. More and more, in-
dustrial designers bring their problems to Clare,
whose long experience in meeting and solving them
can save you many hours of tedious and costly experi-
ment. Call your nearest CLARE sales engineer, or
write to: C. P. Clare & Co., 4719 West Sunnyside
Ave., Chicago 30, Illinois.

Capacitance of CLARE Video Relay

Tests show that this new CLARE relay with a contact
gap of 0.025” has the following capacitances:

Interspring Capacitance, Contact Open
0.5 mmf. ot 3 megacycles

0.5 mmf. at 10 megacycles
0.55 mmf. at 20 megacycles

Spring-to-Frame Capacitance, Contact Closed
1.4 mmf. ot 3 megacycles
p 1.45 mmf. at 10 megacycles

1.8 mmf. ot 20 megacycles

First in the Industrial Field o L PSRN T3




Now! A Top Quality Tape Recorder at a Reasonable Price

New PRESTO

Magnetic Tape Recorder

T LAST, a magnetic tape recorder that
A fully measures up to the most exact-
ing requirements of broadcast network op-
erations, independent stations and tran-
scription producers, yet priced to have
wide appeal.

Compare these specifications:
® Frequency response: 30 to 15,000 cps + 1 db.

 Signal to noise ratio: Over 60 dh below max.
signal.

¢ Fast speed, 240 ft. per second forward and
rewind, instantly reversible

® Recording speeds 712" or 15" per second
(15" or 30" per second provided on request)
Speed selection by special 2-speed moror.

® Reels direct mounted on motor shafts. Uses
any type and size of reel up to 14’

® Erasing. recording and playback heads all
mounted in separate housing — entire unit
connected by plug-in for immediate replace-
ment

® Full-size illuminated scale V. U. meter on
top panel.

Now! Greater
Accessibility

Nlustration shows how ev-
ervthing  mechamical and
electrical can be scrviced REC ORDI NG co RPO RATION
from the front and top. Am
plificrs and power supplyv are

Poromus, New Jersey

im swinging door behind re Mailing Adc'ress :

movable panels. Mechanical P. . Bax 500, Hockensack, N. J.
units are mounted on top In Canada

panel, hinged at rear so it WALTER P. DOWNS, Ltd.. Dominion Square Bullding, Montreal

can be opened upwards.

WORLD'S LARGEST MANUFACTURER OF INSTANTANEOUS SOUND RECORDING FQUIPMENT 1VD DISCS

16a PROCEEDINGS OF THE 1.R.L. May, 1949




HERMETICALLY SEALED

On special orde
r, we can suppl
o | y any of the Uitra
1 C:Jacts hermetically sealed per Jan T-27 Grad
ass A e
- A in our RC 50 case as illustrated
nsions: Height 24", Base 1% 1% |
, ’ x ll

SFORMER CORP.
ot UNITED STATES 0F AMERKA

UNITED TRAN:

Unit shown is
‘ actual sixe. 6V6
:u be shown
or comparison
only.

¢t HiGH FipELITY AuDIO UNITS
gecondary 42 DB from er‘.?e

ULTRA COMPA
\mpedance 4020000 $15.00

50'000 ohms

1
\ﬁ:, Application
A-10 Low iMP edance mike, pickup: 50, 125/150. 200/250.
of mu\hp\c line to gn 133, 500/600 ohms
AV Low impedance mike, pickup 0, 200, S hms 50 00 ohms 50-10,000 16.00
or line to |\ ot 2 gnes Mu \t p\c "alloy s\'uc\d ed fof extremely low hum pickup
A-\2 Low impedance mike, pickuP: g0, 125/150: 200/250. 30,000 ohms overall in 30.20,000 15.00
ot multiple line to push pull 3 133, 500/600 ohms gwo section®
grids
A-\8 gingle plete to two grids. spht 8,000 to 15,000 ohms 0,000 ohms overall, . 30-20,000 14.00
primary 2.3:1 turn 18 atio overd
A-\9 Single plate to two gnids 15,000 ohms 80,000 ohms ?vera\\, 50-20.000 18.00
M balanced D 2.3:1 turn ratio overall
A-24 Gingle plate to multiple line 8000 % 15,000 ohms 50, 125/ 150, 200/250, 30-20,000 15.00
333, 500/600 ohms
A-25 Single plate to mu\ﬁp\c \ine 8,000 to 15,000 ohms . 25/150. 200/250, 50-\2.000 14.00
8 MA unba lanced pC. 333, 500/ 600 ohm
A-26 push pull lo¥ level plates o to 15000 ohms g0, 125/150 200/250, §0-20,000 15.00
multiple line ach side 333, 500/600 ohms
A-30 Audio choke. 300 henrys MA 6000 ohms pcC. 75 hentys @4 MA 1500 ohms D.Ca 10.00
inductance wit o D.C. 450 hentys
The above his mg ludes on\y ew of the many Ultre
Compact y Au udio U avu\a ble Wirite tor cata\og pS409
gs0 VARICK sntu . wew yomw 13- ™ v
gasy 40t STREET: wpw YORK 16, %Y CABLES: "ARLAS”

EPORT piviston: 13
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BENDIX:OGINILLA,

277777727 Aa

Thasg at¢ the featines
THAT HAVE MADE IT fz ELECTRICAL CONNECTOR

* Moisture-proof,
Pressure-tight

Radio Quiet

Single-piece Inserts

Vibration-proof

Light Weight

* High Arc Resistance

¢ Easy Assembly and
Disassembly

¢ Fewer Parts than any
other Connector

* Contacts filled with high-
grade solder to insure
top performance.

Contacts that carry maximum currents with a minj.
mum voltage drop are only part of the many new
advantages you get with Bendix-Scintilla* Electrical
Connectors. The use of “Scinflex” diclectric material,
an exclusive new Bendix-Scintilla development of
outstanding stability, increases resistance to flash-
over and creepage. In temperature extremes, from

67° F. to +300° F., performance is remarkable.
Diclectric strength is never
less than 300 volts per mil.
Bendix-Scintilla Connect-
ors have fewer parts than
any other connector on the
market—and that means
lower maintenance costs

and better performance.
*TRADEMARK

Write to our Sales Department
for more detailed information.

SCINTILLA MAGNETQ P'VISION OF

P” me DIX
" SCIN ILLA SIDNEY, NEW YORK
AVIATION COBPORATION
Export Sales: Bendix Internatlonal Division, 72 FIfth Avenue, N.Y. (I, N.Y,

PROCEEDINGS OF THE LR.E.

TEKTRONIX PLEDGES...

To serve our customers with products
and policies unexcelled in the elec-
tronics industry and limited only by
the current state of the art.

Tekironix Type 511-AD Oscilloscope
$845 f.0.b, Portland

Wide Band, Fast Sweeps

The Type 511-AD, with its 10 mc. omplifier,
0.25 microsecond video deloy line ond sweeps
as fast as .1 microsec. /cm. is excellen! for the
observation of pulses and high speed transient
phenomena. Sweeps as slow as .0] sec. /em.
enable the 511-AD 1o perform superlatively os
o conventional oscilloscope.

Tektronix Type 512 Oscilloscope
$950 f.0.b. Portlond

Direct Coupled, Slow Sweeps

The Type 512 with a sensitivity of § mv./cm.
DC and sweeps os slow as .3 sec. /em. solves
many problems confronting workers in the
fields where comparatively slow phenomena
must be observed. Verticol amplifier bond-
width of 2 mc. and sweeps as fost os 3 micro-
sec. /em. moke it on excellent general purpose
oscilloscope os well.

Both Instruments Feature:

® ® Direct reoding sweep speed diols.

® Single, triggered or recurrent sweeps,

® Amplitude calibration focilities.

® AlIDC voltages electronicolly regulated.

® Any 209% of normal sweep moy be ex-
panded § times.

rhe Tektronix Field Engineering Representotive
N your areo will be pleosed to demonstrote

ovr instruments upon request.
~

Phone Q?j@m Cables
EA 6197 M 1\ Tekironix
l\r‘

$

712 S. E. Hawthorne Blvd.
Portland 14, Oregon

May, 1949
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SMALLER, LIGHTER, LESS EXPENSIVE

HIGH VOLTAGE D-C CAPACITORS

Glass-te-metal
terminel seols 'S

' e =
:':.';;.'c"..‘a s @
pragve e <
= 82>
>

NOTE THE SIZES AND RATINGS!

Standard Vitamin Q Capacitors. Many
special sizes and ratings also available.

] S

Roted D-Cf DIMENSIONS
Cop Roted Con Terminol Cot.
Mids. Voltoge Width Depth Height Height No.

2.0 8000 8% 4% 6 2% 25P51

- 4.0 8000 8V 4% 9% 2% 25P52

> 6.0 8000 8% a% 13 2% 25P53
< 10.0 8000 132 4% 13% 2% 25P54
o 12.0 8000 13%2 s% 12% 2% 25P55

! 1.0 10000 8% a4 5Ya 346 25P56
2.0 10000 8% a% 8Y2 3 25P57

puAf-”E 4.0 10000 13% 4% % 346 25P58

an:!ﬂ'o 6.0 10000 13% 4% 13% 31146 25P59

| ._‘,,m"' 8.0 10000 13% 5% 127% 36 25P60
. ”': 1.0 12500 8% A 7V 31146 25P61
s y 2.0 12500 8% a% 12% M4e 25P62
¥ ’ 4.0 12500 13% 5% 1% 36 25P63
(Y 5.0 12500 132 5% 13% 346 25P64
1.0 16000 8% 4% 10%2 46 25P65

2.0 16000 13%2 av% 12% a6 25P66

3.0 16000 13% sV 13% 4% 25P67

1.0 20000 13%2 4% n 4M4e 25P68

1.5 20000 13% 5% 12% a6 25P69

Copacitors with voltoge ratings obove 10 KV ore recommended for upright
maunting only. For mounting in other positions, pleose supply complete opplicotion
doto for recommendotion by Sprogue engineers.

USE an ordinary capacitor rated for
40°C. operation on g high-voltage d-c
filtering circuitand chances are the higher
temperatures encountered will necessi-
tate a scrious de-rating. In other words,
you will have to buy a larger, heavier and

These capacitors are consistently superior
in their ability to maintain a high degree
of capacitance-temperature stability.
Power factor is outstandingly low over a
wide temperature range; d-c insulation
resistance is notably high; and a-c ripple

costlier capacitor than you actually need.

Standard Sprague high-voltage capaci-
tors impregnated with Vitamin Q, how-
ever,arc rated conservatively foroperation
at 85°C. They require no de-rating up to
this temperature. Special units can be sup-
plied for continuous use up to 105°C.

SPRAGUE

SPRAGUE ELECTRIC COMPANY o

EEDING )F TOE I.R.E May, 1919

voltage at audio frequencies falls well
within permissible limits. Equally impor-
tant, Vitamin Q impregnated capacitors
have a high safety factor at all tempera-
tures, thus assuring long life.

Write for Sprague Engineering Bulletin 203.

VITAMIN O
CAPACITORS

NORTH ADAMS,

*Rog. U.S. Pot. OF.

MASS.

19A
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operate
in safety

WITH FULLY

PROTECTED

LINE AND LOAD STABILIZATION

Sorensen Electronic Voltage Regulators

alone give you all these extra safety features:—
Full protection against both line and load changes
from one instrument.

Overvoltage protection using the special Safety
Diode, developed by Sorensen for hair line precision.
Additional protection against overvoltage by use of
a Heinemann Circuit Breaker.

A
3 -

o HAMEES

The Sorensen Voltage Regulatar is simple and compact, easy to install.
four tubes — all standard except the special Sarensen Diode*

® Protection against overload through a Klixon Over-
load Protector,

in a small space — ideal for either relay rack mounting or cobinet mounting.
Don’t take chances! There is one sure, safe protection for delicate instruments and
complex equipment — Sorensen Voltage Regulators.

SPECIFICATIONS “The SORENSEN

for the 10005 Model

Input Voltage Range 95—125 Vv,
Output Voltage Range adjustable between 110—120 V.
Output Load Range 0—1 KVA

Regulation Accuracy =+ 0.1% against line

* 0.2% against load
less than 2%

down ta 0.7 P, F.

3 to 6 cycles

50 to 60 cycles

Harmonic Distortion

Power Factor Range
Recovery Time

Line Frequency Range

Other Madels from 150 VA to 15 KVA single phase
and 45 KVA three phase.

NOBATRON and B-NOBATRON

Send for information on these
highly stabilized D. C. Regulators.

Literature Available! Send for your Saturable
Core Reactor Data Baokfet — It's FREE.

SAFETY .DIODE

Why does Sorensen make its own
Diode?

1.
2.

to preserve rigid quality control

to  permit interchangeability of
diodes

to insure proper ageing of the
tube, a process which improves sta-
bility and permits Sorensen to un-
conditionally guarantee jts diode
tubes for 2500 hours.

to give you a diode with an octal
base, eliminating pin-resistance diffi-
culties.

H orensen an company, inc.

375 Fairfield Ave., Stamford, Connecticut

PROCEEDINGS OF THE LR.E.

It has only
. It is designed to fit




. helps PHOTO RESEARCH CORPORATION

take the color
temperature

of light

The “Spectra” is an amazing new instrument developed by the
Photo Research Corporation of San Fernando, Calif. For the
first time in the history of colorimetry this instrument makes it
possible to determine the color of illumination as easily as you can
tell time with a watch or temperature with a thermometer. The
“Spectra” is vitally important to photographers, motion picture
technicians, theatrical specialists, printers, engravers, artists, dyers,
manufacturers of inks, dyes and pigments, dealers in fabrics, cloth-
ing and cosmetics. In fact it should be absolutely essential to all
to whom the accuracy of color is imperative.

In order to obtain direct reading of color temperature, it was
necessary for the “Spectra” to incorporate an extremely sensitive
microammeter that would read directly in degrees Kelvin. Because
of Marion’s recognized reputation for manufacturing extremely sen-
sitive, trouble-free meters and instruments of this nature, Photo-
Research naturally turned to Marion for this key component.

Working with Karl Freund, Director of Photo Research Cor-
poration and pioneer in photographic instrumentation, Marion
designed, engineered and manufactured the kind of an indicating
instrument required. Now, Marion meters are enabling technicians
to secure direct readings in degrees Kelvin with the “Spectra” Color

ke Temperature Meter in many aspects of science and industry.

name
MARION When you need general or special-purpose meters for electrical
indicating or measuring functions, you are invited to call on us here
at Marion. We have had long and practical experience in helping
others with these problems. We want to help you too.

means the
most in

meters

MARION ELECTRICAL INSTRUMENT COMPANY

M’I"I M ANCHESTER, NEW HAMPSHIRE

v Export Division, 458 Broodway, New York 13, U. 5. A., Cables MORMHANEX

IN CANADA: THE ASTRAL ELECTRIC COMPANY, SCARBORDO BLUFFS, ONTARIO

PROCEEDINGS OF THOE I.R.E. May, 1949 21a




342A

233A

298A & B

Western Electric

. Power Tubes for AM and FM ,,f
,"/’",;" (

"HETHER vour station operates on low power or high
power, AM or FM, you'll find the tubes you want in
Western Electrie’s line.

Always known for long service life and top quality perform-
anee, these broadeast power tubes and rectifiers — all
engineered by Bell Telephone Laboratories — are now being
made for Western Fleetrie by Machlett Laboratorjes. Ine.,
another pioneer in the development of electron tubes,

Look over the listing of types below —and for further infor- 251A
mation, call your local Gravbar representative or write
Graybar Eleetrie Co., 120 Lexington Ave., New York 17, N.Y.

Wesrtern Efectric

— QUALITY COUNTS —

220C
Western Electric’s line of high power transmitting tubes includes:
22¢ Air cooled triode, 275 watts
220¢C Water cooled triode, 10 kilowatts
220cCA Forced-air cooled triode, 5 kilowatts
222A Water cooled high vacuum reetifier, 25 kv. inverse voltage
228A Water ecooled triode, 5 kilowatts
2328 Water cooled triode, 25 kilowatis .
232BA Foreed-air cooled triode, 8 kilowatts
233A Water cooled high vacunm rectifier, 30 kv, inverse voltage
236A Water cooled triode, 20 kilowatts
2408 Water eooled triode, 10 Khilowatts
2418 Air-cooled triode, 275 watts
251A \ircooled triode, 1000 watts
2558 Mercury vapor rectifier, 20 kv, inverse voltage
270A Air cooled triode, 350 watts
279A Air cooled triode, 1200 watts
298A and B Water cooled triode, 100 kilowatts
3088 Air cooled triode, 250 watts
340A Water cooled triode, 25 khilowatts
341AA Forcedaair conled triode, 5 kilowatts
342A Water cooled triode, 25 Kilowatts
343A Water cooled triode, 10 kilowatts -
343AA Forced-air eooled triode, 5 hilowatts
3578 Air eooled triode vhi, 400 watts
DISTRIBUTORS: i~ ThE 1), 5. A.—Graybar 363A Air cooled pentode, vif, 350 watts
f(;ilcr:%ﬁ:::f;‘?z“mf:gl:g&:zl;N{:i, 379a Air eooled triode, 1200 watts
5530 Forced-air cooled triode, vhf, 3 kilowaus
5541 Foreed-air cooled triode, vhi, 10 kilowatts

22A PROCEEDINGS OF THE ILR.L, May, 1949
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Creative research is no empty slogan at
Mallory. Mallory Vibrators are the world’s most
popular simply because engineering skill, long ex-

perience and adherence to quality ideals have made
them better.

But Mallory engineers know that the finest vibrators
can fail because of a power transformer design . ..
or a wrong value hufler capacitor. That’s why they
want to know the whole story of your problem.

That’s the reason for the inquisitive questionnaire

o m

ged

ive users are O “:; es of the costs of designs

mwrnmd‘““‘

g pan®?

pecformance tests

anusual temperature B

rmwnluvﬂ'““"“

o i e o voltage rE

ot surs €0PY yoe ¥

e dation and

because you
write the ticket

ibeation ——

volts, Minimum

gn center.

the sor
inals. 1F this information ¥ ot available Y

volts, Min

More Mallory Vibrators
are used in original
equipment than all
other makes combined.

shown above. It’s the reason why so many Mallory
Vibrators are right for the joh. With this informa-

tion, Mallory engincers can make intelligent and
profitable recommendations.

Do you have a supply of these “tell-all” ques-
tionnaires in your engineering files? If not, we
earnestly suggest you give your Mallory repre-
sentative a call—or write 10 Mallory direct. Do it
now. And remember, too, that standard Mallory

Vibrators are quickly available from authorized
Mallory distributors,

Vibrators and Vibrapack®™ Power Supplies

P.R.MALLORY & CO. Inc.

P. R. MALLORY & CO., Inc., INDIANAPOLIS 6, INDIANA
PROCEEDINGS OF THE I R.E.

May, 1949

SERVING INDUSTRY WITH

Capacitors Rectifiers
Contacts Switches
Controls Vibrators

Power Supplies

Resistance Welding Materials

CRey. 1. 8. PPar. Off.

23A




MYCALEX 410

MARES HISTORY

Sets astonishing high operational
record for telemetering commutator
used on aeronautical research proj-
ects... MYCALEX 410 only insula-
tion to fill exacting requirements.

To March 18, 1949, more than 282 hours of
maintenance free, high speed, clean signal
telemetering commutator performance has
been logged on MYCALEX 410 Units. . . . Ex-

lllustrated are top and bottom views of the MYCALEX
410 molded insulation commutators manufactured to
the specifications of Raymond Rosen Engineering Prod-
ucts, Inc., for Air Material Command and Navy teleme-
tering projects. This commutator, with 180 contacts

perience indicated four hours was optimistic
. « « specifications hoped for ten hours . . .
and the challenging problem was solved by

and 3 slip rings of coin silver, samples sixty channels
of information such as air speed, altitude, angle-of-
attack, temperature, pressure, voltage and other vari-
ables; and provides thirty synchronizing pulses.

MYCALEX 410 molded insulation.

SPECIFICATIONS TO BE MET IN PROOUCING MYCALEX 410 MOLDED
INSULATION COMMUTATORS FOR TELEMETERING

0.0. 2.996” 4 .000 — .002 ¢ Location of 3 slip rings and the 3 contact
arrays from the center has a total tolerance of =+ .001. » Contact spacing
6° apart = 1 minute. o Parting line thicknesses on insulation body are
+ .002 —.000. » ~Concentricity between ball bearing bushing and 0.D.
.0015. o Assembly height from face of slip rings and contacts to Mycalex 410
has tolerance of '+ .002 —.000. ¢ Every contact must be tested from its
neighbor contact for infinity on a_500 volt megger meter o Piate ambient
—20° C. to 4 100° C. « Plate to operate at 95% humidity must not warp,
crack, change in dielectric constant or resistivity e Contacts to resist high
temperatures and must not loosen when repeatedly heated by soldering.

MYCALEX 410 molded insulation is designed to
meet the most exacting requirements of all types
of high frequency circuits. Difficult, involved and
less complicated insulation problems are being
solved by MYCALEX 410 molded insulation . . ,
the exclusive formulation of MYCALEX CORP. OF

AMERICA . . | our engineering staff is at your
service.

SPECIFY MYCALEX 410 for Low Dielectric loss. . . . High Dielectric strength.
... High Arc Resistance. . . Stability over wide Humidity and Temperature
Changes. . . . Resistance to High Temperatures. . . . Mechanical Precision.
... Mechanical Strength. . . . Metal Inserts Molded in Place. . . . Minimum
Service Expense. . . . Cooperation of MYCALEX Engineering Staff.

o~

MYCALEX CORP. OF AMERICA

"Owners of 'MYCALEX' Patents"”
Plant and General Offices, CLIFTON, N. J.

sINCE 19,0

[THE INSULAYOR \

TAADL AR RIC. U & #aT OB/,

Executive Offices, 30 ROCKEFELLER PLAZA, NEW YORK 20, N. Y.

24A PROCEEDINGS OF THE I.R.E May, 1949




TUBULAR
CERAMIC CAPACITORS

\

250x .562

e ] — RO —

CN-13 .200x .250x .812

.340x 1.320

{4 v

.200 x

Jlnmm-ilmu-
e el

CSs-1

L
T 1500 ¥ LG

(lls @ o 8 L1 CS-2

.230x

=T 3000 ¥ ULl

e & & & /" CS-3

CN-19 .253x 5000 ., F i

.253x 1.078

"o o &I

CN-4 .340x1.062

| mwll . ?;’."'“‘_.

i

CN-5 .340x1.500 CF-3

A s &l

CN-6 .340x 1.875 CF-4

ALL DIMENSIONS ARE MAXIMU

ELECTRICAL REACTANCE GENERAL OFFICES:

® FRANKLINVILLE, N.Y.

CORPORATION SALES OFFICES:
v ® IN ALL PRINCIPAL CITIES
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P BETTER VACUUM TUBES

Though it would seem a strange place to look for o precious stone, each Eimac
3X2500A3 triode, and modifications of this tube type, contains three sapphires . . .
making this Eimac triode a better vacuum tube . . . better able to do a superior job
in communication, research, and industrial applications.

It became evident in the early stages of 3IX2500A3 development that the structure
which provided filament tension posed a problem. The source of tension was easy . ..
by using a conventional pusher-spring at the cool end of 1he center-rod, transferring
the pressure to the top of the rod, and then out to the filaments.

But . . . somewhere in the structure, between the filaments and the center-rod
there must be a non-conducting material with the ability to remain inert under high
temperatures (1500 degrees to 1600 degrees C). It must be unaffected by electron
bombardment and it must be physically strong.

The imaginative foresight of Eimac engineers, after exhausting the possible use of
conventional materials, brought synthetic iewels under consideration . . . the rest of
the story is vacuum tube history.

As in the past, when better vacuum tubes are made they will first bear the trade-
mark “Eimac” . . . the result of engineering foresight . . , skill . .
. . and research,

. imagination

EITEL-McCULLOUGH INC,

728 San Mateo Ave., San Bruno, California
Export Agents: Frazar & Hansen, 30! Clay St., San Francisco, California

26A




Nighty in Massachusetts

WSAR at Fall River

® WSAR’s 5000 watt signal delivers Mutual and Yankee
Network shows to more than half a million listeners in
the busy eastern Massachusetts-Rhode Island market. lts
transmitter — located in nearby South Somerset — utilizes
four Truscon Guyed Steel Radio Towers, each 329 feet high.

Rigorous Massachusetts winters, with strong off -the-
Atlantic winds, presented serious structural problems to
The Fall River Broadcasting Company, operators of WSAR.
But, to Truscon Radio Tower engineers, here was still
another opportunity to design and build the finest pos-

{
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sible tower for the specific location. This installation is
typical of the sturdy design, quality materials and skilled
workmanship of hundreds of Truscon Radio Towers in the
U. S. and foreign lands — towers operating under wide
ranges of wind, temperature and humidity conditions.

Truscon Radio Towers are available in guyed or self-
supporting types, with tapered or uniform cross-section,
for AM, FM and TV. And, Truscon Radio Tower engi-
neers are available for consultation at any time. Call the
Truscon office ncarest you . . . there is no obligation.

TRUSCON STEEL COMPANY

YOUNGSTOWN 1, OHIO
Subsidiory of Republic Steel Corporotion

o wion TOWERS
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TELEVISION
TRANSFORMERS

fo fit tadoy’s leading
TV circuits

w A complete catalog line, made by
a a CHICAGO—the largest single man-

ufacturer of original equipment TV

. transformers. Included are power
vertical blocking oscillator, and both
vertical and horizontal scanning out-

put transformers in a range of de-
signs that are exact duplicates of
units used in the leading TV sets.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
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8 , H
. FULL FREQUENCY RANGE "
s POWER HIGH Q AUDIO .
: TRANSFORMERS CHOKES :
: TRANSFORMERS .
. 2 S | ‘
$ A Complete Line for Dynamic ‘ ithin + V5 db .
: in 2 alternate Noise Suppression i S K2 :
. _ “Sealed in Steel” . Circuits typical response :
" Aleniy i 30 to 15,000 cycles :
. ¥ A\ o g Two efficient filter reactors, induc- .
. " tance values .8 and 2.4 henrys respec- ) ) 2
- \ tively, are designed for noise sup- For uniformly low distortion, for %
+ Exclusive features like these make pression circuits, but can be used in response curves that are truly flat .
+ this the “Engineer’s Line’’: Plate any tuned circuit requiring the given over the full frequency range, use *
. and filament voltages to fit today’s inductances. Inductance values are these cCHICAGO input and output |
- most-used tubes; in two mountings accurate within +59%, with up to units. Get the facts on the BO-6 .
- —with solder lugs or 10"’ leads; one 15 ma. d-c. Minimum Q of 20. | (P-P 6L6’s to 6/8 or 16/20-ohm -+
+ series for condenser input, another Mounted in identical drawn steel | speaker), the BO-7 (600/150-ohm S
. forreactor input use; exactly match- cases 114" x 233" x 174"". Write for line to 6/8 or 16/20-ohm speaker), i
. Ing reactor for each power trans- descriptive sheet including diagram and other cHicAGO full frequency .
+ former. Get complete catalog now. of simplified dynamic circuit. units—they’re tops in transformers. -
. ISOLATION MODULATION REPLACEMENT "
3 TRANSFORMERS TRANSFORMER TRANSFORMERS .
i (¥ aaler for Premium :
: K Hom and Quality 3
: more eflicient ] .
: el b, Commercial Yet They 3
- Y o o

> o= e g Sl Transmitters Cost No More .
. For isolating chassis ground from A Modulation Transformer ideally .
. line groundg and eli,gfnating the suited for use in ham and commercial The new CHICAGO Replacement :
* shock hazard (important on “hot” speech transmitters. Will deliver 250 Line provides servicemen with a
. TV sets). Dual purpose: where line watts of Class B audio power from wide range of standard ratings that &
- is under/over voltage, sec. supplies P-P 203A’s, 211’s, 805's, 75TL's, fit the most frequent power and -
+ 115 v.; with 115-volt line, sec. sup- etc. to a Class C load with response ?Udlo transformer requirements. :
. plies 125/115/105 volts (high/low variations not exceeding +1 db. over Ihese units, backed by cHicaco’s .
« Vvolts help find doubtful tube, etc.). the speech range, 200-3,500 cycles. 20 years of manufacturing experi- *
+ Three sizes: 50, 150, or 250-VA. to Primary impedances, 9000/6700 ence represent the finest quality at- |
. cover full range of servicing needs. ohms; secondary impedances, 8000, tainable through engineering inge- +
o 6000/4000 ohms. A matching driver huity and precision manufacture— -«
. transformer is available. yet they cost no more. o
: - in 3 sizes, Write for complete CHICAGO Transformer Catalogs .
TOROID COILS ovailable :‘: 3°r e g 2

ons,

wound to your specificati

RSy CHICAGO TRANSF
corporated in hhe: and techniques

i n
ICAGO equipme o
:?hieve P'e‘ision areiee ‘nqu":ies & DIVISION OF ESSEX WIRE CORPORATION
vited.

any production quantity are in

TRADE MARK REG,

3501 ADDISON STREET » CHICAGO 18, ILLINOIS
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Station WICA, Ashtabula, Ohio

HE consulting radio engineer prescribed uni-
form cross section towers of maximum strength
and efficiency for this directional array, but the
budget demanded a minimum of expenditure.

So there was only one place to take the prescrip-
tion— BLAW-KNOX.

The three type LT towers illustrated, although low

in cost. have the strength and high factor of safety
characteristic of Blaw-Knox design and engineering.
The type SGN tower completing the array has the
additional strength to support the heavy-duty FM
pylon and any future TV requirements.

Your tower prescription will be
promptly filled at BLAW-KNOX.

OS>
BLAW-KNOX DIVISION oF BLAW-KNOX COMPANY "® Y o T

2037 FARMERS BANK BUILDING, PITTSBURGH 22, PA.

ANTENNA

TOWERS
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o+ « the economy of thoriated-tungsten filaments
and improved cooling in high-power tubes

Here is unparalleled tube value. ..

Five new RCA wbes, ranging in power
input from 1.5- 101 50-kw, and success-
fully utilizing economical thoriated-
tungsten filaments which offer marked
savings in filament power and the
cost of associated power equipment.

Five wubes with proved features of
previoussimilar types. Two—the 5762
and 5786—have  cfficient newly de-
signed radiators that permit the use
of less expensive hlowers.

Five tubes with improved internal
constructions that contribute 1o their
more efficient operation and longer
service life.

These five new RCA tube types are
“musts” for designers of broadcast,
communications and industrial elec-
tronic equipment where design and
operating economies alike are im-
portant considerations.

Forced-air-cooled assemblies and

water-jacket assemblies are available
for most RCA power tubes.

RCA Application Engineers are
ready to consult with you on the ap-
plication of these improved tubes and
accessories to your specific designs.
For complete technical information
covering the types in which you are
interested, write RCA, Commercial
Engincering, Section 47ER, Harri-
son, New Jersey.

THE FOUNTAINHEAD OF MODERN TUBE DEVELOPMENT IS RCA

32A

TUBE DEPARTMENT

RADIO CORPORATION of AMERICA

HARRISON. N. 4.
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Harold A. Zahl, director of research of the U. S,
Army Signal Corps Engineering Laboratories at Fort
Monmouth, N. J., was born in Chattsworth, 1ll., on
August 24, 1904. In 1927 he received the B.A. degree in
Physics and mathematics from North Central College,
followed by the M.S. and Ph.D. degrees from the State
University of Iowa in 1929 and 1931.

Joining the Signal Corps as a physicist in 1931, Dr.
Zahl participated for the next eleven years in many of
the Corps’ research and development projects, including
work on sound, infrared, electron tubes, radar, and so
on. He was intimately connected with radar from its
inception, and he was also responsible for research lead-
ing to a number of electron-tube types used in military
equipment during World War II. In 1939 he became an
Associate Member of the IRE.

In 1942 Dr. Zahl entered active military service as a
major, and was promoted to the rank of licutenant
colonel three years later. As an army officer, he con-
tinued to serve with the Signal Corps Laboratories, di-

viding his time between technical and administrative
matters pertaining to the development of clectronic
equipment and components for use by the armed forces.
lle was later awarded the Legion of Merit for his con-
tributions to the fields of electron tubes and radar.

Upon leaving the Army in the spring of 1946, Dr.
Zahl re-entered the Signal Corps Engincering Labora-
tories as a civilian, and in that year was also transferred
to Senior Membership in the IRE. His first assignment
at the Laboratories was connected with the atom bomb
tests at Bikini during the summer of 1946.

A member of the American Physical Society, the New
York Academy of Sciences, Gamma Alpha, and Sigma
Xi, Dr. Zahl is a member of the board of directors of
the Armed Forces Communications Association. He is
the author of many scientific articles dealing with vari-
ous rescarch investigations conducted in the field of
physics and clectronics, and holds a number of patents

pertaining to clectron tubes, radar, commumications,
and the like.
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Proposed Standard Frequency-Band Designations

The following proposed Standard Frequency-
Band Designations are presented by the Stand-
ards Committee of the IRE in order that comments
on them may be received from all interested parties
prior to final standardization. Comments should be
mailed to the Chairman of the Standards Commit-
tee, Professor J. G. Brainerd, at Institute Head-
quarters, 1 East 79 St., New York 21, N. Y. Final
standardization will be considered in August, 1949.

At various times during the past several years,
there have been proposals to establish standard
frequency-band designations. In 1945, the Stand-
ards Committee of the Institute adopted a decade
svstem which was described in the August, 1945,
issue of the ProceepinGgs ofF THE L.LR.E. In this
system the band number indicated the exponent of
the number ten corresponding to the midfre-
quency, c.g., band 6 centered on 10° cycles with
limits of 300 kc and 3 Mec.

In the May, 1947, issue of Electrical Engineering
an alternative system was described, proposed by
1. M. Turner, in which the band number was the
exponent of ten corresponding to the lower fre-
quency limit, e.g., band 1 covered a range of 10—
100 cps (one exception was that band 0 covered
0-10 cps, rather than 1-10 cps).

During the above period several other methods
of designating portions of the frequency spectrum
have been evolved, using letters or names, such as
uhf band, etc., with the result that at the present
time there exists no method of band designation
accepted by the majority of engineers. In order to
resolve this confusion, a re-study of the problem
was authorized by the Standards Committee at
its meeting on September 9, 1948,

The objective of a system of band designations
is:

To provide a form of shorthand terminology
which gives a general idea of what part of the fre-
quency spectrum is referred to without stating ex-
act frequencies, for use in papers, articles, oral pres-
entations, text books, instruction books, etc.

The desirable characteristics of such a system

are:

a. That it instantly convey to the listener or
reader an idea of the frequencies pertinent to
the subject at hand with minimum effort on
the listener’s part (no memory feat should be
involved).

b. That it be readily extensible to bands cither
up or down in the frequency spectrum.

It is not anticipated that such a system shall
rule out use of other designations, such as audible
region, microwave region, infrared region, etc.
There will also undoubtedly continue to be need
for more specific band designations within one or
more of these standard bands. It is felt, however,
that the following system should contribute ma-
terially to uniformity in our written and spoken
references. ’

The proposed Standard Band Numbers and
corresponding spectrum limits are given in the
following table.

Band Frequency Approximate Equivalent
No. Range Wavelength
0 10°-10t C 3X10%-3X10" m
(1-10 cycles) (300-30 megameters)
1 10--102 C 3X10™-3 X108 m
(10-100 cycles) (30-3 megameters)
5 105-10¢ C 3000-300 m
(100-1000 KC) (3000300 meters)
6 108-107 C 300-30 m
(1-10 MC) (300-30 meters)
15 101-10t¢ C 3X107-3X10"%* m
(1-10 KMMOC) (300-30 millimicrons)
Notes:

1. The lower frequency is inclusive, upper ex-
clusive. Thus 10 cycles belongs in Band 1.

2. The system may be extended below 1 cycle
by the use of negative band numbers. Thus
Band No. —1 covers 0.1-1 cycles.

3. Used as an adjective, the word “Band” shall
precede the number; thus, “Band 3 - - +.”

The following table gives proposed standard
units for specific frequency designations:

Unit Abbreviations
Cycie (&
Kilocycle KC
Megacycle MC
Kilomegacycle KMC
Megamegacycle MMC

(Note—The “per second” is implied in the

above frequencies.)

Megameter Mm
Kilometer Km
Meter m
Centimeter cm
Millimeter mm
Micron m
Millimicron mu
Micromicron m
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Theoretical LLimitations on the Rate of
T'ransmission of Information’

WILLIAM G. TULLERY, SENIOR MEMBER, IRE

Summary—A review of early work on the theory of the transmis-
sion of information is followed by a critical survey of this work and a
refutation of the point that, in the absence of noise, there is a finite
limit to the rate at which information may be transmitted over a finite
frequency band. A simple theory is then developed which includes,
in a first-order way, the effects of noise. This theory shows that in-
formation may be transmitted over a given circuit according to the
relation

Il < 2BT log (1 4+ C/N),

where H is the quantity of information, B the transmission link
bandwidth, T the time of transmission, and C/N the carrier-to-noise
ratio. Certain special cases are considered, and it is shown that there
are two distinctly different types of modulation systems, one trading
bandwidth linearly for signal-to-noise ratio, the other trading band-
width logaritl.mically for signal-to-roise ratio.

The theory developed is applied to show some of the inefficiencies
of present corimunication systems. The advantages to be gained by
the removal of internal message correlations and analysis of the
actual information content of a message are pointed out. The discus-
sion is applied to such communication systems as radar relays, tele-
meters, voice communication systems, servomechanisms, and
computers.

I. INTRODUCTION

[ YHEE HISTORY of this investigation goes back at
(—[[ least to 1922, when Carson,! analyzing narrow-

deviation frequency modulation as a bandwidth-
reduction scheme, wrote “all such schemes are believed
to involve a fundamental fallacy.” In 1924, Nyquist?
and Kiipfmiller,® working independently, showed that
the number of telegraph signals that may be transmit-
ted over a line is directly proportional 1o its bandwidth.
Hartey, writing in 1928, generalized this theory to ap-
ply to specch and general information, concluding that
"the total amount of information which may be trans-
mitted . .. is proportional to the product of the fre-
quency range which is transmitted and the time which
is available for the transmission.” It is Hartley's work
that is the most direct ancestor of the present paper. In
his paper he introduced the concept of the information
function, the measure of quantity of information, and
the general technique used in this paper. He neglected,

* Decimal classification: 621.38. Original manuscript received
by the Institute, September 7, 1948; revised manuscript received,
February 3, 1949. This paper isbased on a thesis submitted in partial
fulfillment of the requirements of the degree of Doctor of Science at
the Massachusetts Institute of Technology. It was supported, in

part, by t'he Signal Corps, the Air Matériel Command, and the
Office of Naval Research,

t Melpar, Inc., Alexandria, Va.

'J. R. Carson, “Notes on the theory of modulation,” Proc.
LR.E., vol, 10, p. 57; February, 1922,

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

! K. Kipfmiller, “Transient phenomena in wave filters,” Elek.
Nach. Tech., vol. 1, p. 141; 1924,

SR,V L Hartley, “Iransmission of information,” Bell Sys.
Tech. Jour., vol. 7, p. 535-564; July, 1928,

however, the possibility of the use of the knowledge of
the transient-response characteristics of the circuits in-
volved, He further neglected noise.

In 1946, Gabor® presented an analysis which broke
through some of the limitations of the Hartley theory
and introduced quantitative analysis into Hartley's
purcly qualitative reasoning. lowever, Gabor
failed to include noise in his reasoning.

The workers whose papers have so far been discussed
failed to give much thought to the fact that the problem
of transmitting information is in many wavs identical
to the problem of analysis of stationary time series. This
point was made in a classical paper by Wiener,8 who did
a scarching analysis of that problem which is a large
part of the genceral one, the problem of the irreducible
noisc present in a mixture of signal and noise. Unfortu
nately, this paper received only a limited circulation,
and this, coupled with the fact that the mathematics
employed were beyond the off-hand capabilities of the
hard-pressed communication engineers engaged in high-
speed wartime developments, has prevented as wide an
application of the theory as its importance deserves.
Associates of Wiener have written simplified versions of
portions of his treatment,” but these also have as vet
been little aceepted into the working tools of the com-
munication engincer. \WViener has himself done work
parallel to that presented in this paper, but this work is
as yet unpublished, and its existence was learned of only
after the completion of substantially all the rescarch re-
ported on here. A group at the Bell Telephone Labora-
tories, including C. E. Shannon, has also done similar
work.9.10.11

also

I, DEFINITIONS OF TERMS I'REQUENTLY USED

Certain terms are used in the discussion to follow
which are either so new to the art that accepted defini-
tions for them have not vet been established, or have

* D. Gabor, “Theory of communication,” Jour. I.E.E. (London),
vol. 93, part 111, p. 439; November, 1946.

°.N. \\'i(-.ncr, “The extrapolation, interpolation and smoothing of
stationary time series,” National Defense Research Council, Section
D2 Report, February, 1942,

" N. Levigson, “The Wiener (R MS) error criterion in filter design
and prediction,” Jour. Math. Phys., vol. 25, no. 4, p. 261; 1947.

8 H. M. James, “Ideal frequency response of receiver for square
pulses,” Report No. 125 (v-12s), Radiation Labcratory, MIT,
November 1, 1941,

* C. E. Shannon, “A mathematical theory of communication,”
Bell Sys. Tech. Jour., vol. 27, pp. 379-124 and 623 657; July and
October, 1948, ~

' C. L. Shannon, “Communication in the presence of noise,”
Proc. L.R.E., vol. 37, pp. 10-22; January, 1949,

! The existence of this work was learned by the author in the
spring of 1946, when the basic work underlying this paper had just
been completed. Details were not known by the author until the
summer of 1948, at which time the work reported here had been
complete for about eight months,
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been coined for use in connection with the research here
reported. The definitions used in this paper for those
terms are given below for the convenience of the reader.
No justification of the choice of terms or of the defini-
tions will he given at this point, since it is hoped that
this justification will be provided by the bulk of the
paper. Terms used in the body of the paper which are
not defined below and are peculiar to the jargon of radio
engineers will be found in the various “Standards” re-
ports published by The Institute of Radio Engineers."

Information Function—The information function is
the function (generally instantaneous amplitude of a
current or voltage as a function of time) to be transmit-
ted by electrical means over the communication systems
to be analyzed. :

Intersymbol Interference—Intersymbol interference is
the disturbance present in a signal caused by the energy
remaining in the transient following the preceding sig-
nal.

Coding—Coding is the representation of the informa-
tion function by a symbol or group of symbols bearing a
definite mathematical relation to the original function,
and containing all the information contained in the
original function.

Binary Coding—Binary coding is coding in which the
instantancous amplitude of the information function
is represented by a sequence of pulses. The presence
or absence of these pulses at certain specified instants
of time represents a digit (cither one or zero) in the
binary system of numbers.

Clearing Circuit—The clearing circuit is a circuit
which will clear intersymbol interference from the out-
put of a filter.

Quantized—A variable is said to be quantized when it
varices only in discrete increments.

[1T. COMMUNICATION SYSTEM TRANSMISSION
("IIARACTERISTICS

In general, the information which one wishes to trans-
mit over a communication system is supplied to the sys-
tem (neglecting any transducers which may be present
to transfer the energy from its source to the electrical
system) in the form of a time-varying voltage (or cur-
rent), lasting for a period 7.

IFor the purposes of the paper, it will be assumed that
a width of pass band f. has been selected, and the lower
and upper limits of this band fixed. Tt will be assumed
that all frequency components of the information func-
tion lying within this pass band are to be transmitted
without distortion of any type, and that all frequencies
outside the limits of the pass band are completely unim-
portant and may bhe suppressed an arbitrary large
amount, enough to make them negligible. These assump-
tions are, it is realized, somewhat arbitrary, since a sys-
tem satisfying them would cause considerable transient
distortion of certain types of information function. How-

"2 [n particular, “Standards on Antennas, Modulation Systems,
and Transmitters: Definitions of Terms, 1948.”
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ever, these assumptions will serve as a first approxima-
tion.

IV. DEFINITION OF QUANTITY OF INFORMATION

It must,of course, herecognized thatany physicaltrans-
mission system will have an upper bound to the ampli-
tude of information function it will transmit. The accu-
racy of specification of the information function at any
given time may be specified in terms of this maximum
value. Thus, within the range of possible values of the
information function, there will be a number s of these
values that are significant. Similarly, if the information is
examined over a period of time of length T, there will
he a number 7 of times at which samples of the function
may be taken and yet the information will be un-
changed, since the function may be recreated from a
knowledge of its values at these intervals. It is known
from the work of Bennett,'® and others, that » must be
greater than 2f.T, using the nomenclature of the previ-
ous sections, in order to recreate exactly any arbitrary
function. Considering the continuous information func-
tion shown in Fig. 1, the second statement given above
permits us to consider its values only at specified, and
in this particular case equispaced, intervals of time, as
is shown in the solid stairstep curve. The statement of
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Fig. 1—The information function in »,s space.

the finite number of significant values of the function
allows us to consider only certain discrete amplitudes,
separated from each other by twice the error of specifi-
cation. The information function may thus be redrawn
s0 as to follow only certain lines in a rectangular co-ordi-
nate system. Such a function is called quantized, since
it takes on values chosen from a discrete set. A plot of
such a function quantized, and drawn in n,s space, is
also given in Fig. 1.

The question now before us is, “What is the informa-
tion content of a function in the n,s plane?” The answer
of Hartley is the “quantity of information” given by

IH=knlogs M)

where k£ is a proportionality constant. The rcasons for
Hartley's choice may be expressed in a straightforward
manner on the basis of two fundamental requirements
of a definition of “quantity of information.” These are:
(a) Information must increase linearly with time. In
other words, a two-minute message will, in general, con-

B W. R. Bennett, “Time-division multiplex systems,” Bell Sys.
Tech. Jour., vol. 20, pp. 199--222; April, 1941,
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tain twice as much information as a one-minute mes-
sage.,

(b) Information is independent of s and # if s" is held
constant. This states that the information contained in
a message in a given n,s plane is independent of the
course of the information function in that plane, allow-
ing only single-valued functions. With this restriction,
the number of different messages that may occupy a
given n,s plane is s*. Transmission of one of these mes-
sages corresponds to making one of s" choices. Stat-
ing that information is independent of s and 7 if s" is
constant mecans that we gauge quantity of information
by the number of possible alternatives to a given mes-
sage, not by its length or number of possible values at
any given instant of time.

On the basis of these two requirements, it can be
shown that (1) is the only possible definition of quantity
of information.

V. TRANSMISSION OF INFORMATION IN A
Noise-FrREE UNIVERSE

The preceding discussion has been set up on the basis
of a system with noise, and indeed this is the most prac-
tical arrangement. However, most of the previously pub-
lished works on the transmission of information have
neglected noise, and come out with the conclusion that
even in the absence of noise there is a limit, in any sys-
tem containing elements capable of storing energy, to
the rate at which information may be transmitted. This
theory has been widely—in fact, almost universally—
accepted by communication engineers. It is, therefore,
believed worth while to show by example that this the-
ory is incorrect, even though the correct theory to be
derived later in this paper shows implicitly the error in
the previous theories. The basic fact that has been neg-
lected in earlier analyses and which resulted in their
errors is that the output wave form of a network is com-
pletely determined for all time by the input wave form
and the characteristics of the network. A method of
utilizing this effect in practice is outlined in the follow-
paragraphs.

Suppose that we choose to transmit the information
by a series of modulated pulses according to any of the
well-known methods of pulse modulation. If these pulses
are passed through a filter that one would suspect as
having too narrow a pass band to faithfully reproduce
the pulses, there will result intersymbol interference, as
shown in Fig. 2. That is, energy stored in the filter from
the first pulse will appear at the output of the filter dur-
ing the time at which the second, third, and all succeed-
ing pulse outputs are present. However, if we know the
shape of the pulses and the transient response of the
filter, we may transmit our intelligence in the following
manner, theoretically. Let us first transmit the pulse to
be used as a standard of comparison. The output from
the filter resulting from this pulse will be measured for
a period of time sufficient to determine exactly the am-
plitude of the initial pulse. This may be done since, as

OF THE ILR.E. May
was mentioned above, the output amplitude is uniquely
determined by the input amplitude. Knowing the wave
form of the output from our knowledge of system char-
acteristics and the amplitude of the output from meas-
urements, we may compute the exact output voltage to
be obtained from the system at any time in the future.
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Fig. 2 —Response of communication system to rectangular pulse.

This voltage wave form may be generated locally and
subtracted electrically from the output of the filter. Al-
ternatively, the output wave form may be recorded
graphically, the component due to the first pulse com-
puted, and this component subtracted by graphical
methods, to give the system output free of intersymbol
interference caused by this pulse. Either method may be
applied repeatedly to remove intersymbol interference
from the following pulses. Other methods may, no
doubt, be used, but these two serve to indicate the prob-
lem involved.

To formalize the argument, suppose we are given an
arbitrary signal f(¢) and an arbitrary filter pass band f..
We wish to transmit an arbitrarily long message at the
rate of one per second. Let us assign to the mth message
we wish to transmit an integer A/, characterizing the
message in a one to one manner. This number Ma may,
for example, be derived from the number in the binary
svstem of units corresponding to the message as trans-
mitted in ordinary continental Morse Code, using a one
to correspond to signal of unit length. In this fashion,

() mEssage N °

(b) cooeo messase

SV VAW 2 U Ve

(Continental Marse Code)

CODED MESSAGE

{Binary Digits) 110100011 0I1TONI

(d)

NUMBER (TO BASE TEN)
CORRESPONDING TO 477,147

MESSAGE

(¢

~

AMPLITUDE MODULATED
PULSE CORRESPONDING
TO MESSAGE

—

A T7087

t

t -

Fig. 3—Representation of message by an integer.
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a one-to-one correspondence may be realized between
some number (in the binary system of units in this case)
and our message. Referring to Fig. 3, let us consider
transmission of the message “NO.” Fig. 3(a) shows the
message in English, 3(b) in Continental Morse Code,
3(c) in binary digits, and 3(d) gives the number to the
base ten that corresponds to our message. Fig. 3(e)
shows that all the information contained in the message
may be contained in one pulse, of arbitrary duration and
477,147 units in amplitude. The pulse of Fig. 3(e) may
be used, then, as our message

There have been three types of pulses mentioned in
the preceding paragraphs, perhaps causing a certain
amount of confusion. To distinguish among them, let us
reconsider for a moment. The first pulse mentioned was
a typical pulse in a pulse-modulation system, used as an
example to show how intersymbol interference might be
climinated. The second pulses mentioned were those
forming our message in Morse Code, used in a typical
process for obtaining a one-to-one correspondence be-
tween a message and an integer M,. The third pulse
mentioned was one of arbitrary duration and M, units
in amplitude. It may, therefore, be used as our message.
It may, further, be used as a channel pulse in a pulse-
amplitude-modulation communication system, since the
information it carries is solely contained in its ampli-
tude.

To return to our original argument, we are given a
wave form f(t). Let F(¢) be the response of our chan-
nel, of bandwidth f., to f(¢). At time {=0 we transmit
Mf(t) where M, is a known calibrating amplitude. To
calibrate our system we measure the voltage in the re-
ceiver channel at some time £. We may call this volt-
age no F(t). Since we know F(!) for all values of ¢, we
know it for ;. From this and our measurement we ob-
tain 7o, the demodulated voltage at the output of the
system corresponding to a modulating voltage Mo.

We now introduce the voltage —noF(¢), for ¢ greater
than £, into the output of our system. This clears the
channel completely. We may then take a voltmeter
reading at £,+1, from which we get M. This second
message may then be cleared from our system by the
same procedure as used previously and the same process
repeated. This may now go on until £=/n. At this time
we measure the voltage n.,F(t.). All energy that would
ordinarily have been present at this time, because of in-
tersymbol interference, has been eliminated by the clear-
ing process. We know F(¢) for all values of ¢, so we know
it for tm. From this and the previously measured rela-
tion between no and M,, we may obtain successively nn
and M,. Thus our message M, is obtained regardless
of the intersymbol interference present, and therefore
regardless of f., providing only that we may measure to
negligible error and that our system characteristics are
accurately known.

A semipractical arrangement for accomplishing this
is shown in block form in Fig. 4. Fig. 5 shows some of the
wave forms involved.
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Fig. 5—Wave forms in the narrow-band communication system.

It has been observed by critics of the system proposed
above that this scheme is theoretically unworkable,
since in the limit each pulse will have an infinite pre-
cursor, which will not be eliminated by the clearing cir-
cuits. However, in this limiting case, the system has an
infinite delay also. Therefore, the precursor begins at
the time of transmission of our first pulse, and, though
small, may be measured at this time. The components
due to other pulses cannot exist before these pulses are
impressed on the system, and hence cannot affect the
measurement of the precursor to the first pulse. Once
the precursor to the first pulse of the system has been
measured, the amplitude of this first pulse is known,
and its effects may be cleared from the system. The sys-
tem proposed here does not, it should be emphasized,
depend on the early results of Nyquist, who pointed out
that systems can be constructed which are self-clearing
at certain times, and hence can transmit a very large
amount of information at these times. The system pro-
posed here can transmit information at a rate only lim-
ited by the delay one wishes to tolerate. As has been
pointed out by several workers, long delay is an unavoid-
able concomitant of any system conserving bandwidth
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to the utmost. This does not, however, affect the rate of
transmission of information, the quantity under consid-
cration here.

As a result of the considerations given above, we are
led to the conclusion that the only limits to the rate of
transmission of information on a noise-free circuit are
economic and practical, not theoretical.

V1. TRANSMISSION OF INFORMATION IN THE
PRESENCE OF NoISE

In some ways the discussion of the section immedi-
ately preceding this one represents a digression in the
main argument to be continued below. It may be well,
therefore, to review the main argument at this point,
and to indicate the direction it is to take. So far, Hart-
ley’s definition of information has been investigated and
shown adequate for this analysis. The carly theories
of transmission of information have been refuted. In
the portion of the work that follows, a modified version
of the Hartley law applicable to a system in which noise
is present is derived. This is done for the general case
and for two special types of wide-band modulation sys-
tems, uncoded and coded systems. As a result of these
analyses the fundamental relation between rate of trans-
mission of information and transmission facilities is de-
rived.

Since we have shown that intersymbol interference
is unimportant in limiting the rate of transmission of
information, let us assume it absent. Let S be the rms
amplitude of the maximum signal that may be deliv-
cred by the communication system. Let us assume, a
fact very close to the truth, that a signal amplitude
change less than noise amplitude cannot be recognized,
but a signal amplitude change equal to noise is instantly
recognizable. Then, if N is the rms amplitude of the
noise mixed with the signal, there are 145/ N significant
values of signal that may be determined. This sets s in
the derivation of (1). Since it is known' that the specifi-
cation of an arbitrary wave of duration T and maxi-
mum component f. requires 2f.I° measurements, we
have from (1) the quantity of information available at
the output of the system:

I = knlogs = k2/.T log (1 4 S/N). (2)

This is an important expression, to be sure, but gives
us no information in itself as to the limits that may be
placed on I1. In particular, f. is the bandwidth of the
over-all communication system, not the bandwidth of
the transmission link connecting transmitter and re-
ceiver. Also, S/N may not at this stage of the analysis
have any relation to C/N, the ratio of the maximum
signal amplitude to the noise amplitude as measured
before such nonlinear processes as demodulation that
may occur in the receiver. It is C/N that is determined

14 This assumption ignores the random nature of noise to a certain
extent, resulting in a theoretical limit about 3 to 8 db above that
actually obtainable. The assumption is believed worth while in view

of the enormous simplification of theory obtained. For a more precise
formulation of the theory, see footnote references 9 and 10,
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by power, attenuation, and noise limitations, not S/N.
Similarly, it is bandwidth in the transmission link that
is scarce and expensive. It is, therefore, necessary to
bring both these quantities into the analysis and go he-
yond (2).

The transmission system assumed for the remainder
of this analysis is shown in block diagram in Fig. 6. The
clements of this system may be considered separately.

INPUT T
————————o={ TRANSMITTER LINK

FILTER

ovTPyTt
FILTER

RECEIVER

INFORMATION
FUNCTION

NOISE OUTPUT

INFORMATION
FUNCTION PLUS
HOISE

Fig. 6—Block diagram of the simplified communication system
used in the analysis.

The transmitter, for example, is simply a device that
operates on the information function in a one-to-one and
reversible manner. The information contained in the in-
formation function is preserved in this transformation.

The receiver is the mathematical inverse of the trans-
mitter; that is, in the absence of noise or other disturb-
ance, the receiver will operate on the output of the
transmitter to produce a signal identical with the origi-
nal information function. The receiver, like the trans-
mitter, need not be linear.

It is assumed throughout the remainder of this analy-
sis, however, that the difference between two carriers of
barely discernible amplitude difference is V, regardless
of carrier amplitude. This corresponds to an assump-
tion of over-all receiver lincarity, but does not rule out
the presence of nonlinear clements within the receiver.
This assumption is convenient but not essential. If it
does not hold, the usual method of assuming linearity
over a small range of operation and cascading these
small ranges to form the whole range may bé used in an
entirely analogous analysis with essentially no change
in method and only a slight change in definition of C/N
and S/N, here assumed to be amplitude-insensitive.

The filter at the output of the receiver is assumed to
set the response characteristic of the transmission sy's-
system. (It should be noted that, when “transmission
system” is referred to, all the elements shown in Fig.
6 arc included. “Transmission link” refers only to those
clements between the output of the transmitter and the
input to the receiver.) The transmission characteristics
of this filter are, therefore, those previously given for the
over-all transmission system. Coming now to the ele-
ments of the transmission link, consider first the filter
which sets the link's transmission characteristics. The
phase shift of this filter is assumed to be linear with re-
spect to frequency for all frequencies from minus to plus
infinity. The over-all attenuation is assumed to be zero
decibels at all frequencies less than B, and is assumed
to be so large for all frequencies above B that cnergy
passing through the system at these frequencies is small
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in comparison with the unwanted disturbance, or noise,
present in the output of the system. It should be obvi-
ous that this characteristic may be made band-pass or
high-pass by the well-known transformations.

The noise is assumed to have a power spectrum whose
amplitude is uniform over the rangeof frequencies passed
by the filter in the transmission link. The noise spectrum
is, therefore, identical with that of the pass band of the
receiver.

From the above discussion, it is apparent that the
transmission system sketched in Fig. 6is a close approxi-
mation to most communications systems in which only
one source of noise is important. The transmitter can be
anything from a pair of wires connecting input and out-
put up to and beyond a pulse-code-modulation genera-
tor modulating a high-frequency carrier. The lumping
of noise into one generator, lumping the transmission
characteristics of the link into one filter, and lumping
the transmission characteristics of the over-all system
into one other filter, as well as the assumption of linear-
ity, are admitted to be unreal assumptions which, how-
ever, come reasonably close to the true facts, close
enough for engineering purposes in many instances. The
special shapes of the transmission characteristics as-
sumed are, as has been mentioned, chosen for conven-
ience and not necessity.

In addition to the general case, it is interesting to con-
sider two special cases:

1. Uncoded—To every specified and_unique point in
the information function, there corresponds one speci-
fied and unique point in time of the information function
as transformed by the transmitter. There are the same
number of points in the transformed as in the original
function. Information is conserved. The over-all time
taken for transmission may, but need not, be equal at
the input and output of the transmitter.

2. Coded—\Vhile information is conserved in this case
also, one point in the transformed information function
may, in this case, be specified so accurately as to con-
tain all the information contained in a whole series of
rather inaccurately specified points in the original in-
formation function, or vice versa. The transformation
again must be reversible.

The uncoded transmission corresponds to direct trans-
mission of the information function, transmission of an
amplitude-modulated carrier, transmission of a fre-
quency-modulated carrier, and the like. Coded trans-
mission corresponds to pulse-code modulation or other
similar systems.

The points to be shown about the three types of trans-
mission are as follows:

1. In general, for large signal-to-noise ratios, the sig-
nal-to-noise ratio may be equal to or less than the car-
rier-to-noise ratio raised to the power B/f.. (Sec (7).)

2. Coded transmission is capable of realizing the full-
est capabilities of the general system; i.e., signal-to-
noise ratio may equal carrier-to-noise ratio raised to the
power B/f., for large signal-to-noisc ratios. (See (18).)
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3. In uncoded transmission the signal-to-noise ratio
may be equal to or less than the carrier-to-noise ratio
multiplied by the factor B/f., for large signal-to-noise
ratios. (See (20).)

These points will be shown separately in the order
given.

Let us first consider the general system. In this case,
making the assumption that a change in carrier voltage
equal to rms noise is just detectable, and applying the
reasoning that led to (2) to the receiver input, we have,
for the “quantity of information” at the receiver input,

I = k-2BT log (1 + C/N). 3

\Ve know from (2) that the “quantity of information”
at the output of the receiver is

How = E-2£.T log (1 + S/N). (4)

The receiver cannot be a source of information. By
this we imply that to every value of C/N there corre-
sponds one and only one value of S/N. This must be
true if the system is to operate in the absence of noise,
since otherwise there might correspond more than one
value of S for a given C, an unworkable situation. We
may, however, lose information in the receiver; i.e., it
may not be perfect. Allowing for this,

Ilout é [Iin- (5)
Substituting (3) and (4) in (5) and clearing like quan-

tities and logarithms from both sides of the inequality
gives

(14 S/N) = (1 + C/N)B/-. (6)
Or, if C/N>1 and S/N>1, )
S/N < (C/N)Bite, Q)

Let us now consider coded transmission. In this case,
as will be shown by an example, the equals sign of (6)
may be achieved. Suppose, for example, we wishto
transmit the message of Fig. 3(e). Clearly, this requires
a carrier-to-noise ratio of at least 477,146 if it is to be
transmitted as an amplitude-modulated pulse. Suppose,
however, a carrier-to-noise ratio of but unity is availa-
able, so that the best we can do is distinguish between
carrier off and carrier on. In this case we may still
transmit the message in the form of Fig. 3(b), essentially
coding it in binary digits. In this case, if we wish the
message to be transmitted in the same time, we must
transmit it in nineteen times as much bandwidth, since
we must transmit nineteen time units during the dura-
tion of our message, instead of the original single pulse.
or time unit. At the receiver the pulses of Fig. 3(b) may
be deciphered to form the single pulse of Fig. 3(e). One
must be careful how he uses these data to avoid error.
The various quantities of (6) might erroncously be con-
sidered to be, for this example,

1+ S/N = 477,147 (8)
14+ C/N =2 9)
B/f. = 19. (10)
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We find, however, that

29 = 522,288, (11)
and therefore, in this case,
(14+S5/8<(1+C/N)8He, (12)

This does not correspond to the earlier statement that
the equals sign of (6) can be realized. However, one
message that could be sent over our system would be
a long dash of 19 time units duration. The number cor-
responding to this dash would be 522,287. This fact
gives a clue to the application of (6). In using this for-
mula, (14S5/.V) must be the number of possible allowed
states of the receiver output at any one time, and
(14+C/N) the number of possible allowed states of
the receiver input for any one instant of time. In
other words, (14S8/N) is actually s, measured at the
output of the receiver, and (14 C/N) is s, measured at
the input to the receiver. Considering things in this
correct manner, we have

(1 4+ S/N) = 522,288 (13)
(1+(C/N) =2 (14)
B/f. =19 s+ (15)
219 = 522,288 (16)
(14 C/N)Bie = (14 S/N). (17)
If C/N>1 and S/N>1,
(C/N) = (S/N)B/Le, (18)

Thus, we sce that in this manner, at least, the equals
sign of (6) may be realized.

Now let us consider uncoded transmission. In this
case, one and only one functional value is specified for
each original time value. That is to say, the total num-
ber of samples taken of the wave is maintained con-
stant. However, to each unit, or quantum, of time in the
original information function there correspond B/f. re-
solvable units, or quanta, of time on the transmitted
information function. This was, of course, also true in
the case of the coded transmission. Now, however, we
specify that during all but one of these B/f. units the
function be zero. During each of these periods we may
have the carrier-to-noise ratio C/N and hence a possi-
ble range of values (14C/N).

Corresponding to our original possibility of one point
on the original information function with any of (14C/
N) possible significant amplitudes, we now have a pos-
sibility of one point' with any one of B/f. times
(14 C/N) possible significant values. This comes about
because the point may have (14 C/N) possible signifi-
cant amplitudes and, in consequence of the improve-
ment in system resolution capability by the factor
B/f., B/f. possible independent time values. We have,
therefore, increased the number of degrees of freedom

' In contrast to the coded case, we are here forbidden to employ
more than one point by the very definition of uncoded transmission.
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of cach point by the factor B/f.. This argument is il-
lustrated in Fig. 7, showing the original and trans-
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A
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Fig. 7—Uncoded transformation.

formed signals in amplitude-time and frequency-time
space. \We can, therefore, make one of B/f, times C/NN
possible choices for this point. \We have, therefore, as
the number of possible independent states for the re-
ceiver over any period of 1/2f, seconds,

(1 +5/N) £ B/f.-(1 +C/N). (19)
Or, again, if S/N>1 and C/N>1,
S/XN < BJI-(C/N). (20)

Again the equality can be realized, as in the well-
known frequency-modulation system.!6

It is interesting to apply the results of (18) and (19)
to the noise-free system. In this case, C/N is infinite.
Therefore, if 17 is a very large but finite quantity,
cither 7" or B may equal zero. Thus we are led directly
to the refutation of the early theories of transmission of
information.

VIL Tue Use oF CODED INFORMATION
Funcrions

Binary coding is the only type of coding that has re-
ceived attention in published papers. This type of cod-
ing represents the maximum sacrifice in bandwidth re-
quirements and maximum decrease in required carrier-
to-noise ratio, since the latter s reduced to unity. Time
of transmission is unchanged in this coding system, as is
t.ruc in most systems designed for two-way transmis-
sion.

The publicity given to binary coding, and its value in
systems employing regencrative repcaters, have over-
shadowed the potentialities of other coding schemes.
For example, consider the national radio broadcasting
system. The standard system employing amplitude
modulation has been recently supplemented by a fre-
quency-modulation service offering increased freedom

16 o 1
case can'be ahawn 40 pr it er o 20 i ¢h detmstion o bandtin

between that assumed in this
¢ paper (for nonrectangular spectra) and
that generally used in the conventional FM analyges. pectra)
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from noise at a cost, not considering the additional
transmitted audio-frequency range provided, of five
times the spectrum width per station. Since frequency
modulation is an uncoded transmission system, one ex-
pects that the signal-to-noise ratio would be improved
about five times by this band widening. Suppose we wish
to obtain this improvement by coding. We might choose
a double-band code system, in which each point on the
original information function was replaced by two
points on the transformed information function. Taking
a signal-to-noise ratio of 1,000 (60 db) as a reasonable
figure, this could be accomplished with a carrier-to-
noise ratio of but 32 (30 db). A frequency-modulation
system similar to the present standard would require
a carrier-to-noise ratio of about 120 (42 db) to accom-
plish this, or about four times the transmitter power,
and, moreover, would use 2.5 times the bandwidth.'? If
higher signal-to-noise ratios were required, the differ-
ence between the two systems would be even more spec-
tacular.

Coding may also be used to reduce bandwidth or time
of transmission at the expense of carrier-to-noise ratio.
The bandwidth required for transmission, for example,
may be halved by combining the information contained
in two points in the information function into one point
on the transformed information function. This re-
quires that carrier-to-noise ratio be the square of that
required without coding, but does accomplish the re-
quired results. For example, if each point were ex-
pressed originally to an accuracy of 1 part in 10, the
first might be nine units in amplitude and the second
three. A system capable of transmission accuracy of 1
part in 100 could transmit one point 93 units high, which
is easily recognized as containing all the information
present in the previous two. The transmission of this one
point might use the time previously required to transmit
the previous two, and thus would require but half the
bandwidth. There is no theoretical advantage to be
gained in using bandwidth for transmission in excess of
that required for the transmission of the coded informa-
ticn function: i.e., wide-band modulation systems using
uncoded transformations are inherently inefficient in
their utilization of spectrum. If a carrier is unnecessary
and the signal-to-noise ratio attained by simply trans-
mitting the information function directly is just ade-
quate, then this is the most efficient utilization of spec-
trum. If a carrier must be used, single-sideband ampli-
tude modulation, narrow-deviation frequency modula-
tion, or some other “narrow-band” modulation system
should be used. Coding may be used as desired to gain in
one parameter at a sacrifice in some other or others
without any loss in efficiency.

It should be pointed out that economic factors not
considered in any of the analysis above modify these

o If additional advantage were taken of single-sideband opera-
tion, the coded signal could be accommodated ina standard broadcast
channel and give the same signal-to-noise ratio as frequency modula-
tion with one-fourth the power and one-fifth the required spectrum.
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theoretical considerations. In particular, in the present
state of the art, coded transmission is more suitable for
point-to-point communication in which the number of
transmitters and receivers are equal, rather than for
broadcasting, where one transmitter services many re-
ceivers. In the latter case, an uncoded “brute force”
scheme may be desirable, putting the burden on a big
transmitter in order to permit the simplest possible re-
ceivers. The existence of such a situation should, how-
ever, only point the way to needed improvements in the
art.
VIII. Tae FuNcTtioN WITH MAXIMIZED
INFORMATION

Until now we have considered a rather general type
of information function, limited only by a finite width
of spectrum. It is of some importance to consider the
amount of actual irreducible information contained in
such a function. The transmission of information in-
volves the transmission of one of a set of possible alter-
native choices. If certain analytic properties of the in-
formation function make the selection of a particular
choice mandatory at some time, no actual choice is
made since no alternatives can exist. Continuation of
this line of reasoning, as is shown below, leads to the
possibility of reducing the bandwidth required to trans-
mit many types of information function. Further, this
analysis shows that one particular type of information
function, here called the function with maximized infor-
mation, conveys the maximum intelligence from one
point to another for a given set of transmission facili-
ties. This function has the general characteristics of
filtered random noise, except for its distribution func-
tion.

To derive the characteristics of this function, let us
first consider the definition of “quantity of informa-
tion.” This definition was arrived at by considering a
series of # selections, each made from a set of s possible
choices. It should be obvious that if, in some selections,
we choose from only s-j possible choices, we transmit
less information than if s choices were available each
time a selection were made. Nothing has been said pre-
viously about this point, but it should be recognized
that s need not be a constant during a message, but may
vary with time.

If s is not a constant, we must provide system facili-
ties adequate to transmit the maximum value of s ever
realized in the message. Considering the transmission
link of Fig. 1, we have, therefore,

C/N 2 Smax — 1. (21)
The actual quantity of information contained in a
system with variable s is

I = kn log Save (22)

where save is the average value of s, obtained in the con-

ventional manner.
Thus, in this case, since

slﬂll g slvoy (23)
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the formula

Il = k28T log (1 + C/N) (24)
no longer holds, and, in fact, we have
I £ k2BT log (1 + C/N). (25)

To realize the equals sign in (25), we must achieve
the equals sign in (23). This can only be done when s is
a constant, since only in this case does Smax = Suve.

\We have, therefore, the fact that if s is not constant
during a message the transmission of that message will
require moré time, bandwidth, or power than would be
necessary to transmit the same quantity of information
in a form in which s were constant. We now ask the
mmphications of this statement. These are that unless,
at any instant of sampling, the sample is equally likely
to take on any of its allowed significant values, we are
wasting time, bandwidth, or power; and further, that
every message should be examined in detail for possible
long-time-interval coherences before transmission. This
implies delay and storage in the transmission of a mes-
sage, since we can only make sure that s is constant by
examining every portion of the complete message.

To carry the argument a step further, suppése the
future amplitude of the function may not be exactly
determined from a knowledge of the function in the
past, but that it may be determined to a certain
probability. Then only the range of values having high
probability nced be transmitted, since, by omitting
that range having low probability, power is made avail-
able to transmit the high-probability range with greater
accuracy. To give a numerical example, suppose that
from some knowledge of the information function it is
determined that the amplitude of the function will be
within 10 per cent of the possible amplitude range at a
given instant of sampling, to a probability of 0.9. Sup-
pose the system has an s of 100. In this case a range of
ten possible significant amplitudes will have a probabil-
ity of occurrence of 0.9 and the remaining range of
ninety has a probability of 0.1. We may then let the
more probable range occupy 50 per cent of the scale, by
a prearranged scheme, and express this range in fifty
significant steps, rather than just ten. The accuracy of
reproduction, so far as this most probable region is con-
cerned, is thereby increased by a factor of five, at the
expense of a similar reduction of accuracy of the re-
mainder of the scale. Therefore, 90 per cent of the time
the efiect is to transmit with s five times as great as was
formerly the case; 10 per cent of the time the effect s
to reduce s by a factor of five. The average effect is
roughly to increase s by 4.5, and the quantity of in-
formation that may be transmitted over the system by
the logarithm of this quantity.

Another way of stating this requirement of maximized
information is to state that there must be no possibility
of analytic continuation of the information function to
an accuracy of better than one part in s for the duration
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of the interval between samples. This may readily be
arrived at by consideration of the arguments above.

To summarize, any information function which is not
one of maximized information will require more time,
bandwidth, or power to transmit a given quantity of
information than will the maximized information func-
tion. It is, therefore, extremely important that, in any
transmission requiring maximum cfficiency in utiliza-
tion of these three parameters, one make sure his input
wave is one of maximized information. The spectrum of
such a wave if the interval hetween samples is constant
is that of white noise passed through an ideal low-pass
filter. This is a convenient, although not suflicient,
method of assuring that such a function has been ob-
tained.

INL ArpLICATION TO OTHER FIELDS

The point of view developed in the work deseribed
above has alrcady been very useful in the analysis of
syvstems ot generally considered as belonging to the
communications family, but which, as scveral people
have recently come to believe, should be., Typical gen-
cral fields in which information-transmission problems
occur and, in fact, may completely govern system design
are radar, radar relay, telemetering, servomechanisms,
and computing mechanisms of the digital type. Applica-
tion of the viewpoint here developed can show possible
simplification in system design, unrealized information-
handling capability, or the use of a system inefficient
in that it supplies more information than is required,

Let us consider the radar problem. At the moment
we shall only be concerned with radar scarch in two
dimensions, azimuth and range, although expansion of
the theory to three-dimensional scarch systems offers
only slight additional complications. The problem to be
solved by the radar is the determination of the existence
or nonexistence of a reflecting body at any point within
the range of the cquipment. A refinement that might be
uscful, although not always essential, consists in know-
ing the “clectrical size” of the target, i.c., the strength
u'f the reflected signal. Service codes for reporting echo
sngn‘a] strength only recognize five possible strengths,
realizing the difficulty of estimating by eye the ampli-
tude of a constantly fluctuating signal on the face of a
cathode-ray tube, Therefore, five digits and a zero are
enough to tell all the significant facts about signal
strength. If the maximum range of the equipment is R,
and the desired range accuracy +r, then there will be a
total number K/2r ranges at which a target may be said
to be located, Similarly, if scarch is to be carricd out
over 360°, to an azimutl accuracy of + B degrees, there
are 360/28 possible azimuth positions in which a target
may be Ioc.alcd. The total number of integers that must
be transmitted to the operator for each complGte scan
are, therefore, (R/2 +360/2B). Each integer has six pos-
snblc. values, ranging from zero to five, A five-to-one
carrier-to-noise ratio s, therefore, all that is required.
This assumes separate search in range and azimuth. An
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alternative way of searching is to examine cach ele-
mental area bounded by the concentric range-accuracy
circles and the radial angular-accuracy lines separately.
This involves the transmission of (R/2rX360/2B) in-
tegers, each having six possible values. Since the quan-
tities involved are such that the second system of scan-
ning always results in the transmission of more informa-
tion than the first, we may say at once that the first
scheme of scanning looks more efficient than the sec-
ond, and ask why. The answer is not long in coming. The
first system of scanning is adequate so long as there
are never two targets in the same range-accuracy strip,
or the same azimuth-accuracy wedge. If at any time
there are two targets in such an area, the system will be-
come confused and will report but one. Taking typical
numbers to see the cost of this degree of data separation,
R might be 100 miles, 7, 1 mile, and B, 1 degree. Then
the first system of scanning calls for the transmission of
200 -+ 180 = 380 integers, while the second calls for the
transmission of 200X 180 = 36,000 integers. Therefore,
the second system of scanning should require almost
one hundred times the bandwidth or transmission time
of the first, holding the signal-to-noise ratio constant at
five. This is the cost of the freedom from confusion. It
would seem that the first type of scanning could ad-
vantageously be used for early-warning systems, sited
so that target confusion is unlikely. The resultant de-
crease in information-handling capacity required of the
system could be taken advantage of in system design
to make possible the usc of lower power or narrow bands
or decrcased search time. On the other hand, these
parameters could be held constant and the effective
range of the system increased until its information-
handling capacity was fully utilized. .
If we assume that target confusion is highly probable,
then it may be worth while to examine the second sys-
tem of scanning in some detail, to see if modern radar
systems are as efficient as they might be. As we have
observed, some 36,000 integers must be transmitted
during each complete scan. Each of these integers must
be transmitted during cach complete scan. Each of these
integers has onc of six possible values. Suppose, as is
reasonable, that we wish to scan the complete area un-
der surveillance once per minute. The information must
then be transmitted at a rate of 600 integers per scc-
ond. A bandwidth of 300 cps is all that is required to
transmit this information at a five-to-one signal-to-
noise ratio. Other signal-to-noise ratios may be accom-
modated, or taken advantage of, by coding, with a
resultant change in required bandwidth. The high speed
of scan in range, forced by the velocity of propagation
of radio waves, is immutable in radar systems of the
pulsed type, and therefore one must accept a wide band
of frequencies. It should not be necessary, however, to
force the indicator circuitry to respond at this speed. If
a delay and storage circuit is provided, it could accept
signal information in short bursts and disgorge this
information at the uniform rate of 600 integers per sec-
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ond, for use by the radar indicator and the operator.

Considering now a remote indicator or relay for the
radar system outlined above, one could be provided with
a bandwidth of but 300 cps and a minimum signal-to-
noise ratio acceptable for good results of but five, using
techniques already at hand. The storage could perhaps
be provided by the conventional long-persistence-
screen cathode-ray tube used as a radar-system indica-
tor, -with pick-off of data provided by television or
facsimile methods, at very low scan rates. The cases
considered here do not, it should be mentioned, con-
template relaying more information than that present
on the local indicator, in contrast to some other pro-
posed systems.

The telemetering problem is similar in many respects
to the radar-relay problem, but simpler in that only
one-dimensional information need be transmitted,
usually a meter reading. If 1 per cent accuracy is re-
quired, the problem is that of transmitting one of fifty
integers, at whatever rate is desired. The bandwidth re-
quired is, thercfore, half the desired rate, and the signal-
to-noise ratio a minimum of fifty. If this signal-to-noise
ratio is not attainable under the most unfavorable con-
ditions, best spectrum utilization is obtained, not by
resorting to uncoded modulation schemes, which have
been shown to be inefficient, but in coding the informa-
tion. This can be carried out down to the point where a
signal-to-noise ratio of unity is adequate for the accu-
racy of data transmission required, but in this case
the bandwidth or time of transmission required must
be increased by a factor of almost six, for most cases. To
illustrate the gain in efficiency of this method over the
various conventional but uncoded wide-band schemes,
it need only be noted that any of them would require

‘a bandwidth increase of fifty to accomplish the same

results. Narrowest band of transmission and least time
of transmission are, of course, always obtained by oper-
ating the system at the lowest usable signal-to-noise
ratio.

A servomechanism may be regarded as a communica-
tion system. Its function is to communicate the posi-
tion of some object, such as a rotatable shaft, to a dis-
tant point, and there to cause another object to move in
accordance with the motions of the first, The motion of
the first object may be, but seldom is, known with ab-
solute accuracy; the motion of the second must always
be specified to within certain definite limits. Uncer-
tainties arise in the link between transmitter and re-
ceiver; these may be due to backlash, clectrical or
mechanical noise, instrument imperfections, and the
like. The sum of these uncertaintics in the transmission
link corresponds to the noise discussed in the theory out-
lined above. The position of the second object, the out-
put member, corresponds to the information required to
be transmitted over the system. This information may
be considered as a group of integers, cach corresponding
to a possible output member position. If the static posi-
tion of the output member is to be specified to 1 per
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cent, then one of fifty possible integers must be trans-
mitted every time the input member moves through one
one-fiftieth of its possible range. It may be that certain
elements in the transmission link limit the accuracy of
the system (its effective noise-to-signal ratio) to S5 per
cent. The conventional thing to do in this case is to
transmit the data at a higher rate with multiple-speed
data-transmission systems. This is actually a coding
scheme, since cffectively the single integer required to
specify the position of the output member is transmitted
as a two-digit integer, where the first digit transmits
the rough data and the second the more precise. In this
case, therefore, accepted practice coincides with most
cthcient.

A feature of the scheme of analysis presented in this
paper is the breakdown of a continuous smooth curve
of data into a series of equispaced points, the value of

PROCEEDINGS OF TIHE I.RL.

May

each point being restricted to one of a number of integral
values. Since this technique of analysis is exactly that
used in the solution of problems by digital computing
machines, one might expect to find correlation between
the problems found in this field and those discussed
above. To some degree this is true at first glance, and
a more thorough study would perhaps prove fruitful.
For example, most new computing machinery uses cod-
ing to express numbers in the binary system of units;
we have seen here that coding in the binary system of
units obtains the maximum signal-to-noise ratio for a
given carrier-to-noise ratio, consistent with the amount
of frequency spectrum utilized. Therefore, we may say
that the accuracy of the machine is least affected by
noise and perturbations introduced in any of its various
transmission links if the data is transmitted by the
binary system. Thercfore, this is logically sound.

Some Relations Between Speed of Indication,
Bandwidth, and Signal-To-Random-Noise
Ratio in Radio Navigation and
Direction Finding”

H. BUSIGNIEST, FELLOW, IRE, AND

Summary—Rate of phenomenon change and required speeds of
indication are quite slow in many navigational and direction-finding
systems, particularly those for long ranges. Therefore, the actual
total required electrical bandwidths are also quite narrow, probably
never greater than 100 cps or so, and in most cases much less than
this. Even with complex wave forms, such small total bandwidths
are possible if there can be designed a discontinuous-type bandpass
filter having a multiplicity of very narrow pass bands occurring at the
steady-state Fourier components of the complex signal; i.e., a
‘‘comb” filter. One practical method of producing such a discontinu-
ous pass band is described briefly.

In view of the interest in new modulation schemes which give
an output signal-to-noise ratio which is better than the input carrier-
to-noise ratio, it is pointed out that all such systems have improve-
ment thresholds, and many navigational systems provide satisfactory
information at output signal-to-noise ratios lower than these
threshold values, When this is the case, single-sideband and double-
sideband amplitude modulation produce the most sensitive systems.

1. SymBoLs

C=rms carricr voltage in series with the equiva-
lent-gencrator resistance R, which is seen look-

ing back from the receiver input terminals.
P,=available power from equivalent generator of

output resistance R,

* Decimal classification: R501 XR361.211. Original manuscript
received by the Institute, July 7, 1947; revised manuscript received,
September 7, 1948. Presented, 1947 IRE National Convention,

New York, N. Y., March 4, 1947.
T Federal Telecommunication Laboratories, Inc., Nutley, N. ],

M. DISHALT, SENIOR MEMBER, IRE

When postdetection bandwidth is very much narrower than
predetection bandwidth, many navigational systems will perform
satisfactoiily even though the carrier-to-noise ratio at the input to
the final detector is appreciably less than unity. When this is so, the
phenomenon of ‘‘apparent demodulation” is encountered. Because
it is of practical importance, an analysis, which is useful for most
engineering purposes, is performed to find the relation between the
open-circuit antenna carrier voltage or available power, the output
signal-to-noise ratio (S/N), required for satisfactory indicator
operation, the percentage modulation m of the carrier, the pre-
detection bandwidth Af;p, and the postdetection bandwidth Af,
when a linear final detector is used in a double-sideband ampli-
tude-modulation system.

It is shown that the above relation depends markedly on whether
the quantity 4(Af;r /M, )(N/S).2m? is greater or less than unity, and
certain practical cases encountered in system design are investi-
gated to show the dependence of the ‘‘required carrier for system
operation” on the above quantity.

x\'lr=_rms value of thermal-noise voltage appearing
in the predetection bandwidth Afre and across
the input to the linear detector

Np=rms value of thermal-noise voltage appearing
across the load of the lincar detector

N,=rms value of thermal-noise voltage appearing
in the postdetection bandwidth Afy

Crr=rms value of carrier voltage appearing in the
predetection bandwidth Afrr and across the in-
put to the linear detector
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Sp=rms value of signal; i.e, the envelope of the
modulated carrier, appearing across the load
of the linear detector

Afrp = predetection band-pass bandwidth

Af,=postdetection low-pass bandwidth (Af, may
also be a band-pass bandwidth if Af,<KAfre
and the midfrequency of Af, is very much lower
than Af[p

G1r=value of predetection voltage gain

G = value of detector voltage gain

G.=valuc of postdetection voltage gain

N F=noise figure of receiver

R, =cquivalent-generator output resistance, which
is seen looking back from receiver terminals

KT =DBoltzman's constant times absolute tempera-
ture

m = percentage modulation of the carrier.

Unless otherwise noted, all carrier, noise, and signal
currents, voltages, and ratios throughout this paper are
rms values.

2. INTRODUCTION
7 | {1HAT A FUNDAMENTAL relation exists be-

tween “required minimum pass bandwidth” and

“rate of transmitted information” is well known
in the communication field. Also well known is the basic
relation between thermal-agitation noise power and the
pass bandwidth, and, in a more qualitative way, the
relation between the pass bandwidth and effect of im-
pulse-type noise on a received signal.

The implications of these relations will be considered
with reference to the specific field of radio direction
finding and navigation. These considerations are of
particular importance in the design of long-range direc-
tion-finding and navigational systems. “Long range” is a
relative term; for low-frequency navigational systems,
distances of 1,500 miles may be considered, whereas for
very- and ultra-high-frequency direction finding, line-
of-sight distances in the neighborhood of 150 niiles are
“long” range.

Briefly, we can say that before final detection the
rms thermal-noise voltage is proportional to the square
root of bandwidth, and the peak voltage resulting from
impulse-type noise is directly proportional to band-
width. Therefore, the narrowest possible bandwidth
should be used to minimize noise, and it is important to
know what bandwidth actually is required to pass the
transmitted information.

The problem of placing as many channels as possible
in a given frequency band is an additional practical
reason for using narrow-bandwidth systems.

‘This paper is written not to recommend specific sys-
tems but rather to present a point of view concerning
the bandwidth required for the transmission of informa-
tion concerning direction and distance.

3. REQUIRED SPEED OF INDICATION

With respect to navigational systems, this funda-

mental point must be realized: when there is no change
in the direction of arrival of a signal or in the distance
between receiver and transmitter, information involving
direction or distance is being conveyed at zero rate and
essentially an infinitely small bandwidth is required to
indicate this. This is equivalent to saying that whatever
wave form is used in a distance- or direction-indicating
system, that wave form is in a steady-state condition
when there is no change in relative position in the
system.

Only when the direction of arrival of a carrier, or the
distance between receiver and transmitter is changing, is
directional or distance information being received, and
the rate at which the direction or distance is changing
determines the total bandwidth required at the re-
ceiver. This assumes that no communication or other
information is to be received at the same time.

In practice, there are actually-two “types” of speeds
of indication to be considered; one type concerns the
rate at which the phenomenon being measured is chang-
ing after the phenomenon has already reached its quasi-
steady-state condition. This speed of indication is, of
course, fixed entirely by the rate of change in the phe-
nomenon; i.e., no matter how large a bandwidth is used,
the speed of indication would not increase over its
actual occurrence rate.

The other type of speed of indication is involved
when the phenomenon is, in effect, “turned on” or
“turned off”; e.g., when a direction-finder receiver is
suddenly changed in frequency to take bearings on a
“«new” transmitter. For this case, of course, increasing
the bandwidth will increase the speed at which the
indicator gives the bearing.

Considering both types of speed of indication, we list
below the approximate length of time in which it is
desirable that information be cbtained in some of the
various types of radio direction finders and aids to
navigation:

(A) Aircraft radio compass—Two or three seconds;
must follow the changes of course of the aircraft.

(B) Omnidirectional radio range—Two or three sec-
onds: could be much slower as it does not have to change
rapidly according to plane course or position, except
near the station.

(C) Distance-measuring equipment—Two or three
seconds would be satisfactory. The present system re-
quires much longer (say, 30 seconds) to provide protec-
tion against noise or interference (strobe technique).

(D) Long-range navigational systems—Two minutes
is considered satisfactory for a fix. The classical loran
is slow because of the procedure of operation.

(E) Radar—Radar of the rotating-antenna type is
definitely limited to the time required to effect a com-
plete turn, 1 to 30 seconds.

4. REQUIRED BANDWIDTH

Before considering the specific bandwidths required
by the speed of indication noted in Section 3, we would
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like to review the concept of a discontinuous pass

band.
4.1 Concept of Discontinuous Pass Band

With respect to required bandwidth, this funda-
mental point must be realized: no matter how complex
the modulation is on a carrier, the steady-state recep-
tion of a complex steady-state signal conveys informa-
tion at zcro rate and requires zero bandwidth; i.e.,
although a multiplicity of infinitely small bandwidth
pass bands may be nccessary, essentially no resultant
bandwidth is required to reccive this steady-state com-
plex signal. Only when the envelope of the modulation
on the carrier is changing is information conveyed at
any rate, and the resultant required bandwidth is fixed
by the rate of change of the envelope of the modulation.

As a specific example, consider a steady-state train
of modulating pulses; i.c., the time picture before a
carrier is modulated.

For the amplitude versus time wave form shown in
Fig. 1(a), it is well known that the envelope of the dis-
tribution of amplitude with respect to frequency is that
shown in Fig. 1(b), and the phase relation between the
amplitudes is as shown in Fig. 1(c). Mathematically,
the envelope of the frequency distribution shéwn in
Figs. 1(b) and 1(c) is the Fourier transform of the time
distribution shown in Fig. 1(a).
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Fig. 1—Well-known frequency distribution for a time
distribution consisting of pulses.

When essentially steady-state conditions are reached
in the pulse train, the frequency distribution is not
continuous, but the amplitudes of Fig. 1(b) occur at dis-
crete points on the frequency scale.! (The first zero in
the envelope of Fig. 1(b) occurs at a frequency equal to
the reciprocal of the pulse width (the other zeros occur
at harmonic multiples of this frequency) and the rum-
ber of discrete frequency lines appearing in each cycle
of the envclope is cqual to one less than the ratio of the
repetition width to the pulse width.)

It is, therefore, possible, and in some cases even prac-
tical, to reproduce thijs steady-state pulse train satis-
factorily by combining the outputs of a multiplicity of
pass bands that are essentially zero cps wide and posi-
tioned in frequency so as to pass these separate fre-
quency components. The total resultant bandwidth used
can thus be extremely small.

Now, if the wave train shown in Fig. 1(a) should grad-
ually change to a different steady-state amplitude, a

'T. E. Shea, “Transmission Networks and Wave Filters,” D.
Van Nostrand Co., New York, N, Y., 1929; pp. 417-426.
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certain bandwidth would be required in each of the
separate pass bands to permit these multiple pass bands
to follow the change in wave form. The bandwidth re-
quired depends on the rate of change of the envelope of
the modulating wave form in passing from one quasi-
steady-state to the next.

A fairly exact indication of the bandwidth required in
cach pass band to accommodate a given rate of change
may be obtained by solving for the response of a hand-
pass circuit when a sinusoidal driving voltage is sud-
denly changed in amplitude; i.c., by finding the “rise
time” or the “decay time” of the band-pass circuit.
Making use of the LalPlacian transform or any of the
other well-known methods of solution, it can be shown?:3
that the decay (or rise) time in seconds Af of a band-pass
circuit of Af is approximately At = 1/5f. It is then ap-
proximately true that a band-pass circuit will be able to
transmit an envelope if the rate of change of that en-
velope is much slower than the decay or rise time of the
circuit.

Each pass band provided for the Fourier series com-
ponents must have a width equal to that indicated
above and, thercfore, the total bandwidth needed is di-
rectly proportional to the number of Fourjer com-
ponents required to reproduce the wave form satisfac-
torily,

[tis worth repeating that no bandwidth is required to
reproduce a steady-state wave form no maiter how com-
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Fig. 2 (@) Electromechanical circuit that produces a “comb filter”
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plex: bandwidth is required only to follow the rate of
change of the envelope of a wave form.

Considering the quite slow rates of change in the
phenomenon to be measured and the speeds of indication
noted in Section 3, most of the navigational aids re-
quire total pass bands that are between 1 and 100 cps
wide (for a single-function system measuring only
distance or direction) and in many cases are cven nar-
rower than this.

4.2 “Comb Filter” Circuit

Fig. 2 shows a circuit! that produces the discontinu-
ous type of pass band described in Section 4.1. The rota-
tional frequency of the brushes dctermines the fre-
quency location of the pass bands and the time constant
R,C establishes the width of the pass bands (R>Ry).

When it is impracticable to utilize such a comb filter
and continuous pass bands must be used for naviga-
tional systems, the slow rate of phenomenon change
should indicate the use of simple wave forms having
quite long periods.

5. SOME RELATIONS BETWEEN BANDWIDTH AND
THERMAL SIGNAL-TO-NOISE RATIOS

5.1 Concerning the “Best” Type of Modulation

Discussions have appeared recently of the concept
that the output signal-to-noise ratio of an information-
transmitting system can be increased by increasing the
receiver bandwidth and using the proper kind of modu-
lation. Conscquently, some readers may fecl that the
concepts of this paper apply only to one type of modula-
tion; i.e., amplitude modulation. This limitation is not
correct, as the following brief discussion should indicate.

The fact must be realized that in a great many, per-
haps even in a majority of, cases satisfactory naviga-
tional information can be obtained at quite low output
signal-to-noise ratios (S/N).; i.c., approximately 2:1,
say.

Now in all modulation schemes where the output
signal-to-noise ratio from the final detector is better
than the input signal-to-noise ratio there is always a pre-
detection carrier-to-noise ratio (C/N)ip improvement
threshold, which must be passed before the improvement
is obtained. Of course, the wider one makes the prede-
tection bandwidth to obtain a larger improvement
factor, the greater will be the number of microvolts re-
quired to reach this improvement threshold.

The input required to reach the improvement thresh-
old in wide-band systems is always larger than that
needed to produce a 2: 1 output signal-to-noise ratio in a
single-sideband amplitude-modulation system, which
uses the narrowest possible band.

‘T'hus, when satisfactory results can be obtained with
output signal-to-noisc ratios approximately cqual to the

¢ Developed by G. R. Clark, of Federal Telecommunication
Laboratories, Nutley, N.

*D. G. F,, “Bandwkft.h vs. noise in communication systems,”
Electronics, vol. 21, pp. 72-75; January, 1948,
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predetection carrier-to-noise ratio improvement thresh-
old for the various wide-band systems, the most sensi-
tive system (i.e., the one that will operate satisfactorily
with the smallest transmitted power) -will employ single-
sideband amplitude modulation; double-sideband ampli-
tude modulation will be next best.

5.2 Relations Between Received Carrier, Output Signal-to-
Noise Ratio, and Pre- and Postdetection Bandwidths
for Double-Sideband Amplitude Modulation with a
Linear Final Detector

\Vhen a linear detector is used in a given double-side-
band amplitude-modulation system (and for a number
of practical reasons this is usually the case), the output
signal-to-noise ratio will be found to be directly propor-
tional to the strength of the applied modulated carrier
only down to a certain carrier level; below this value, the
output signal-to-noise ratio approaches proportionality
to the square of the applied modulated-carrier voltage.

This unfortunate effect is due to the phenomenon of
“apparent demodulation,” which occurs when the car-
rier-to-noise ratio at the input to a linear detector is
in the neighborhood of unity or is less than unity.
Ragazzini® has considered this phenomenon both an-
alytically and experimentally for the case where the
carrier-to-noise ratio at the input to the linear detector
does not drop much below unity.

In the previous section, it was noted that satisfactory
navigational information can be obtained at output
signal-to-noise ratios as low as 2:1. Therefore, when the
predetection bandwidth is much wider than the post-
detection bandwidth (as is often the case), an output
signal-to-noise ratio of 2:1 means that the predetec-
tion carrier-to-noise ratio can be appreciably less than
1:1. It thus scemed worth while to extend Ragazzini's
work by investigating the phenomenon of apparent de-
modulation for the case of predetection carrier-to-noise
ratios materially less than 1:1. Since it is of practical
importance, we will consider the rclations between car-
rier level C, percentage modulation m, predetection
bandwidth Afrr, postdetection bandwidth Afs, and out-
put signal-to-noise ratio (S/N), in the postdetection
bandwidth. This relation will be derived with satis-
factory accuracy for most engineering applications,

Since the complete, exact analysis, for any prede\tec-
tion carrier-to-noise ratio, of the case where noise plus a
modulated carrier is applied to a linear detector leads to
quite formidable mathematical manipulations, we will
obtain our desired engincering relations by a combina-
tion of analysis and experiment.

\We will first follow the random noise through the
system of Fig. 3 to obtain the resulting noise N, in the
final postdetection bandwidth Af, (for the sake of
brevity, we will refer to this as the video-frequency
bandwidth); the effect of the signal on the noise will, of

¢ J. R. Ragazzini, “I.foect of fluctuation voltages on the linear
detector,” Proc. I.R.E., vol. 30, pp. 277-288; June, 1942.
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course, be considered. Next, we will follow the signal

through the system to find the resulting signal S, in the

final video-frequency bandwidth Af,; the effect of the

noise on the signal will, of course, be considered. And,

finally, our desired output signal-to-noise ratio (S/N),

will be given by the ratio of the above signal to the

above noise.

= -—

/N

2
_A"F

AOD

Fig. 3—The three parts of the receiver in which the relation between
signal and noise are to be considered.

It should be noted that, to simplify reasoning, the
response of the diode load is made at least equal to or
greater than the full if bandwidth (i.c., not half that
bandwidth). When video-frequency narrowing is ob-
tained after the diode load, it is isolated from that load
s0 as not to impair the frequency response of the diode
load. This is normal good design practice insofar as
negative-peak clipping, sideband cutting, and ‘similar
factors are concerned.

5.2.1 Resulting Noise in Postdetection Bandwidth: First
we must consider the relation between the noise at the
input to the detector and the resulting noise across the
diode load.

Landon” has shown that, with no carrier present and
neglecting diode efficiency or gain, the ac noise voltage
output Np from a perfect linear detector is equal to
0.655 of the noise oscillations Nyp entering the diode.

Bennett® has shown that, as carrier is added to the
noise, the ac noise voltage across the diode load in-
creases by a maximum of approximately 1.6 times as
the carrier-to-noise ratio becomes very large. Actually,
at a predetection carrier-to-noise ratio of about 3:1, 90
per cent of this increase has already occurred. Stated in
another way, when a strong carrier plus noise is fed to
the input of a linear detector, the ac noise voltage
across the diode load Np equals the input noise voltage
Nre, ic., 1.6 X0.655. Modulation on the received carrier
produces an additional small percentage increase in the
ac noise across the diode load.

In view of the above quite small (for most purposes)
variation in noise across the diode load (i.e., from 0.655
Nrp to 1.0 Nip) we will make the engineering approxi-
mation that

(1

It is well known that the noise in the if pass band at
the input to the diode detector can be expressed in

Np = 0.7N G p.

7 V. D. Landon, “Distribution of amplitude with time in fluctua-
tion noise,” Proc. I.R.E., vol. 29, pp. 50-55; February, 1941. Dis-
cussion, vol. 30, pp. 425-429; September, 1942.

® W. R. Bennett, “Response of a linear rectifier to signal and
noise,” Jour. Acous. Soc. Amer., vol. 15, pp. 164-170; January, 1944,
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terms of the if bandwidth and noise figure N/ of the
receiver in the following manner.

(1'”/(4R,,I\’TA_/‘”--A'I")'” (2)

where Ry is the equivalent-generator output resistance
scen looking hack from the receiver input terminals, and
Grr is the voltage gain of the receiver with reference to
the open-circuit voltage of the equivalent generator:
i.e., Grreis the ratio of the rms voltage across the output
terminals of the last if transformer to the rms open-cir-
cuit voltage of the equivalent generator.
Equation (2) can now be written as

1\'1) = “.7(4I(”I\’TA/[[!.\’I")”?(;“-(I‘[).

Ny

(3)

We must next consider the relation between this noise
across the diode load and the resulting noise in the final
video-frequency bandwidth.

This relation is complicated by the fact that, at in-
put carricr-to-noise ratios below unity, the frequency
spectrum of the noise across the diode load is approai-
mately triangular, falling lincarly to zero at a video fre-
quency equal to the full if bandwidth; whereas, at input
carricr-to-noise ratios above unity, the frequency spec-
trum of the noise across the diode load is approximatcly
rectangular, cutting off at a video frequency equal to
one-half the if bandwidth.® By the following approxi-
mations, we will obtain an expression for the desired
relation that is satisfactory for the great majority of
enginecring applications.

First: For the case of carrier-to-noise ratios helow
unity, we will assume that the frequency spectrum of
the noise across the diode load s essentially triangular.
Figs. 4(a) and 4(b) then give the relation to be con-
sidered. The noise power across the diode load is given

[

FREQUENCY FREQUENCY

. (@) )
Fig. 4— The relation between the noise power across the detector
load and the noise power in the postdetection bandwidth at very
low predetection carrier-to-noise ratios.

by Ay and the noise power in the video-frequency band-
width is given by A, The square root of the ratio of
these two values is our desired relation, and from simple
geometric considerations can be written

A <Af‘ >1"—' < 3. >”2

— = = Go.

Np Afrr Ay
It should be realized, of course, that the maximum
meaningful value of (Af./Af1#) in (4) is unity, because

4)

™~

*S. 0. Rice, “Mathematical

E i ise,” {
Sys. Tech. Jour. 'vol. analysis of random noise,” Bel

24, p. 148; January, 1945,
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after the video-frequency bandwidth becomes wider
than the if bandwidth there is no change in the video-
frequency noise output. It is evident that the second
factor of (4) varies from a maximum of 1.4 to a mini-
mum of 1.0. For most engineering purposes, this is not
a large variation and, because in many practical cases
the video-frequency bandwidth is much smaller than the
if bandwidth, we will use (4a) as an approximation for

). N Af, \'?
L= 1.4( > G..
Np Afre

Second: Now let us consider the case of predetection
carrier-to-noise ratios above unity. Here the frequency
spectrum of the noise across the diode load is essentially
rectangular and Fig. 5 gives the relation to be con-
sidered.

(4a)

\\\

~ € ~ /
o V0 15" [
, / 2
# % 7
ot af, af
=z =z
FREQUENCY FREQUENCY
@) ®)

Fig. 5—The relation between noise power across the detector load
and noise power in the postdetection bandwidth at high prede-
tection carrier-to-noise ratios.

As in Fig. 4, the desired ratio of N./Nyp is given by
the square root of the ratio of the arcas 4, and 4. of
Figs. 5(a) and 5(b). By simple geometry, the ratio is

JV., Afu 1/2
=1.4 (- > G (5)
Np Afix

We sce that (3) for the case of predetection carrier-to-
noise ratios above unity is the same as our approxima-
tion (4a) for ratios below unity. Thus, for most engi-
neering purposes we can use (4a) or (5) to give the de-
sired relation between the noise in the video-frequency
pass band and the noise across the diode load.

Combining (3) and (5), we have our final desired
noise equation:

N. = (4R, KTNF)Y 2 GG Gy, (0)

5.2.2 Resulting Sine-Wave Signal in the Postdetection
Bandwidth: As previously mentioned, Ragazzini® has
used an analytical approach to this problem that is
valid (because of the use of a convergent series) down to
predetection carrier-to-noise ratios of approximately
unity. Ragazzini also considers the additional relatively
small effects of modulation compression and modula-
tion distortion, which we will neglect.

Fig. 6 is an experimentally obtained graph giving the
desired relation between the resulting sine-wave signal
across the diode load and the input modulated-carrier
level as the carrier is varied above and below the value

that gives unity carrier-to-noise ratio at the input to the
second detector. (The apparatus used to obtain Fig. 6
is described in Section 8.) It will be noted that the
abscissa and ordinates are expressed in terms of carrier
level C,.1, which makes the carrier equal to the noise.
The circles on the graph are the experimentally ob-
tained points, and the solid-line curve is a plot of (7):

mC
Sy = GG p — . (7)
Nir \2]V2
14+
Crir
10 - T T T
N — 111 1 T T
Nl | | 100 | ]
s -
4 +
3
2
1
. 05 1
o 04 -
€
wlLe 03 J
T 1
© 0.2 .4_1..
—~+ 4«1%
| | | ‘
0.1 L )
i
0.05 . Jﬁ
0.04 wﬂ
0.03 +
0.02 |
0.0l

0. 02 03 05 ! 2 3 ] 10

Cy:1/C WITH CONSTANT NOISE
AT INPUT TO DETECTOR

Fig. 6—The relation, for a linear detector, between the resulting
signal that appears across the detector load, and the input
carrier-to-noise ratio. G;pGpmCi is the signal actually fed to the
input to the detector at a 1:1 carrier-to-noise ratio. At unity on
abscissa scale, the rms values of carrier and noise are equal.

(Of course, both sides of (7) were divided by GrrGpm Cya
for plotting Fig. 6.) For most purposes, (7) is an excel-
lent representation of the experimental data, and we
will, therefore, consider that (7) adequately describes
the phenomenon of apparent demodulation. (Equation
(7) was obtained by a guess based on the shape of the
experimental curve of Fig. 6 and on (18) of footnote
reference 6).

Finally, since we assume that the video-frequency
pass bandwidth is wide enough to accommodate the
desired signal, we have the fact that

Sv = GvSD (8)

and combining (7) and (8) and making usc of (2), we
obtain

mC
o R G RGN (9
[1+ 4R,,KTAf,pNF:|‘/2 i )

(“2
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5.2.3 Value of Modulated Carrier Required to Produce a
Given Signal-to- Noise Ratio in the Postdetection Band-
width: Dividing (9) by (6), we obtain

Sy . mC
<',&">,,_ (4R K TAf,NI)12
l 1/2
(10)
4R ,,[\’ TAf”«n’V["
+ - 2

For any given value of modulated carrier and pre- and
postdetectionn bandwidths, we can calculate the ap-
proximate signal-to-noise ratio in the final pass band
from (10).

Solving (10) for the required carrier value C, we ob-
tam

1\/S
C = (4R,,I\”I‘Af"N1v‘)”’<—)< )

m/\N

Lo ()T

D L. (11)

1
t2 " 2
or, in terms of available power from the equivalent-
. ’
signal gencrator, we have

c? 1\%/ S\?
= KTAf.NF <——)< )

4R, m/ \N /,
yE -‘[ <£{!f)<r“ﬁ)’ ]”’ )
l2+ y it A, J\S .,mz } il

Equations (11) and (11a) arc the important equa-
tions of this scction of the paper; for any combination of
variables in the equation, we can obtain the required
carrier to make the system operate.

There are two conditions worth considering wherein

(11) reduces to quite simple uscful forms. These condi-
tions are sct by the quantity

()

being cither much greater or much less than unity.

P, =

6. PRACTICAL APPLICATIONS

6.1 Required Carrier When 4(Afir/M.)(N/S)m®> 1

We will first give one example of a practical system in
which the condition 4(Af;r/Af,)(N/S)2m=>1 is satis-
hed. A long-range navigational system is to be designed.
The indicator reading time can be as long as 10 seconds;
therefore, the effective postdetection bandwidth should
be of the order of 0.1 cps. Because of transmitter and
local-oscillator frequency stabilities, the predetection
bandwidth will have to be of the order of 20 cps. There-
fore, Afre/Af, will always be very much larger than
unity. The indicator to be used will give satisfactory
readings at a video-frequency signal-to-noise ratio of

OF THE IL.RE. May
approximately 2:1. The percentage modulation on the
carrier in the final if circuit will be as close as possible
to 100 per cent. In this system, 4(Afyp/Af,)(N/S)*m?
is much larger than unity. Probably the most important
single condition is the fact that, because of practical
limitations, the predetection bandwidth must be very
much larger than the postdetection bandwidth, This
particular condition is true of a number of navigational
systems.
When $Qfp/AL)(N/S) 2> 1, (11) reduces to

SN2/ 1 \1/2
(,‘—;-(418,,1\"1“\'1")””(Afurifv)'“<‘ ) <~) e

N/, m

or, in terms of available power,

w

Sy 1
r, = = 1\'TA\'1"(Af,,-_\j,)”“< ) — (124)
N/.m

iR,

Because these conditions (for which (12) and (12a) are
true) apply to many practical systems, these equations
are quite uscful insofar as design considerations are
concerned. As an example, we note that the required
carrier for system operation is proportional to the
Sourth root of the if bandwidth. In the light of this result,
let us again consider the example given at the beginning
of this scetion. Suppose the frequency-stability problem
mentioned there would be materially helped by doubling
the if bandwidth (from 20 to 40 ¢ps); we see from (12)
that the required carrier for system operation would be
increased by only 1.19 times. In view of this small loss in
svstem sensitivity, it might be well worth while in-
creasing the if bandwidih.

6.2 Required Carrier When 4(Af1e/Af,)(N/S)'m?< 1

This condition is usually satisficd by those naviga-
tional systems where it is not necessary to make the
predetection bandwidth much wider than approxi-
mately twice the required postdetection bandwidth
(as should be done in double-sideband amplitude-
modulation systems). In practice, this usually means
that the system requires a rather large postdetection
bandwidth. A fast-reading-time automatic direction
finder using a cathode-ray-tube indicator is an example
of this type of system.

FFor this case, (11) and (11a) reduce to (13) and(13a).

. S
= (41\’,/\'7',\'1’)”'-‘Af,.”'-‘<*~) —_ (13)
N/, m
o SN/ 1\?
r, "—'1\1'.\I"Af,< ) <- —) , (13a)
N/, \m

When the navigational system satisties the conditions of
this subscction, we see that the required cagier for
system operation is proportional to the square root of
the video bandwidih, and any possible reduction in the
video bandwidth will increase the

sensitivity of the
system in accordance with (13).




1949 Busignies and Dishal : Relations between Speed of Indication, Bandwidth, S/N in Radio Navigationand D F 485

6.3 Adapting a Wide-Band Receiver Design to a Narrow-
Band Navigational System

The title of this section describes a situation which
does arise in practice. In a specific case, for example, it
was requested that a proposed uhf receiver having an if
pass band of 100 kc and a video-frequency pass band of
50 kc be used in a direction-finding system of a type
which required a postdetection bandwidth of only 1 kc.
Four practical questions arise.

First: What will be the maximum range of the direc-
tion finder if this wide-band receiver is used; i.e., what
will be the required value of the open-circuit carrier
voltage C, supplied by the antenna system?

Second: By what factor would we improve the range
of the direction-finding system if we redesigned the
postdetection circuits of the receiver so that instead of a
50-kc bandwidth the minimum allowable postdetection
bandwidth of 1 kc was obtained; i.e., what will be the
required value of open-circuit carrier voltage C»?

Third: By what factor would we improve the range
of the direction-finding system if we redesigned the pre-
detection circuits of the receiver so that instead of a
100-kc bandwidth the minimum allowable predetection
bandwidth of 2 kc was obtained; i.e., what will be the
required value of open-circuit carrier voltage Cs?

Fourth: How much more improvement will be ob-
tained if the predetection redesign of the third question
is carried out as compared to the postdetection redesign
of the second question; i.e., what is the ratio of the re-
quired carrier C; and C3? '

The important characteristic of the above questions
is that a large bandwidth reduction ratio will result in
either case.

First: Equation (11) answers the first question, and
since satisfactory bearing information can be obtained
at a 2:1 signal-to-noise ratio in the video-frequency
bandwidth, the approximation of Section 6.2, and (13)
applies, so that we can write for the required carrier
value C;:

S\ 1
C, = 0.7Aj,,,”2<-1\7) — (4R,KTNF)'2,  (14)
m

Second: For the required carrier value in the second
question, (11) applies again, and since the approxima-
tion of Section 6.1 and (12) applies in this second ques-
tion, we can write for the new required value of the
carrier Co:

1/2

Cz=(Af1F,Afuz)”‘<%> <Lm)m(41e,1<'1‘1v1¢)1/2. (15)

v

The ratio of the two carrier values C; and G will
answer question two.

¢, 07 <A_f”al ‘“<S L/2
6 wnlar) ).
Note the important fact that, for the conditions of this

practical example, a redesign of the postdetection cir
cuits makes the ratio of the two required carriers pro

(10)

portional to the fourth root of the ratio of the original
intermediate- to new video-frequency bandwidths; i.e.,
even if a large amount of bandwidth reduction is accom-
plished by redesigning the postdetection circuits, we
will obtain only a rather small improvement in range.
However, it should be realized that, in many cases, even
the small resulting improvement may be ample payment
for the redesign effort required.

Third: with reference to the third question, (11) in its
approximation form of (13) applies; i.e., the conditions
of Section 6.2 will effectively be satisfied, and so (17)
gives the carrier Cs that will be required for system opera-
tion if we redesign the predetection circuits of the re-

ceiver.
0.7 S
C3 = — Afrpt? <——) (4R,KTNF)V2,
m N/,

(17)
The ratio of the two carrier values Cs and Cy will
answer question three.

C <Af1m>”2

Cs Afrra '

\We see that, if we redesign the predetection circuits

of the wide-band receiver, the ratio of the two carriers

C, and C; required for system operation will be equal to

the square root of the ratio of the original to the if band-
widths.

Fourth: The answer to the fourth question is given
by the ratio of C: and C;.

<Ajln>”21.4(m)”2
C, Afire
_ . (19)

Cs <Af1n Uik S)”z
Afuz) (N v

Examination of (19) shows that if, in the contem-
plated redesign, the new postdetection and predetection
bandwidths will be about the same width (much nar-
rower than the original bandwidths), then markedly
more improvement in range will be obtained if we re-
design the predetection circuits of the receiver rather
than the postdetection circuits.

It must be realized that the redesign of the predetec-
tion circuits of a receiver is usually a problem of a much
greater magnitude than that of redesigning the post-
detection circuits. Thus, it is necessary for the designer
to weigh this greater complexity against the increased
range obtained by a predetection redesign.

To illustrate the above points, Fig. 7 shows three
photographs of a typical pointer-type indication ob-
tained on the cathode-ray-tube indicator of a rotating-
loop (or cquivalent) direction finder in the 300-Mc
region.

Fig. 7(a) was obtained with a uhf receiver having a
predetector bandwidth of 100 kc and a postdetector
bandwidth of 50 kc. The carrier level Ci was sct so that
the output signal-to-noise ratio in the video-frequency
circuits is approximately 3:1. The carrier was modu-

(18)

~
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lated 100 per cent downward by ‘the direction-finding
system,

To obtain Fig. 7(b), the postdetection circuits of
this recciver were redesigned so as to have a low-pass
bandwidth of 1 ke and, as indicated, it was then possible
to use a new lower carrier level C, approximately } the
original value C; and still obtain a video-frequency
signal-to-noise ratio approximately the same as that in
Fig. 7(a). In view of the fact that the 1-kc vidco-
frequency pass band of Fig. 7(b) had a very gradual
cutoff, (12) seems to describe satisfactorily these ex-
perimental results for most engineering purposes.

To obtain Fig. 7(c), the predetection circuits of the
receiver were redesigned so as to have a bandpass of
2 ke. It was then possible to use a new lower carrier
level € approximately % the original value C; and still
obtain a video-frequency signal-to-noise ratio approxi-
mately the same as in Fig. 7(a). It will be noted that
(13) is in satisfactory agreement with the experimental
results.

Thus, in this redesign, bandwidth narrowing before
final detection produced a system that was more than
twice as sensitive as that obtained when the same
amount of bandwidth narrowing was accomplished after
final detection. '

In a practical application of the above reasoning, the
range of a uhf direction finder was increased from 30
miles to more than 100 miles by decreasing the if band-
width until it was as small as could be used.

OF TIHE [.R.E. May

In many cases, it is possible to design indicators that
make use of seemingly nonlinear elements (e.g., recti-
fiers), and in these cases, the linear concept of a pass
bandwidth may not seem to apply rigorously. However,
if the reading time of the indicator is determined under
good postdetection signal-to-noise conditions, then for
most engineering purposes the postdetection band-
width, if of the band-pass type, is quite accurately
equal to the inverse of the reading time or to the inverse
of twice the bandwidth if of the low-pass type. Reading
time may be defined in the following manner: A con-
stant bearing with good output signal-to-noise condi-
tions is suddenly applied to the system; the reading
time is the time that elapses between the instant when
the resulting indication has changed from 5 to 95 per
cent of the total amount by which it will change.

In many automatic direction finders, a recciving
antenna pattern is rotated. It is possible to use this
known rotational frequency to produce a number of
different types of synchronous indicators. These syn-
chronous indicators have the common characteristic
that a known reference frequency can be used so that
the average produced indication is proportional to only
that component of receiver output that is of exactly
the same frequency as the reference frequency.! Note
the importance of the word average in the above sen-
tence. An important part of a synchronous indicator is
a narrow-bandwidth circuit (either band-pass or low-
pass, depending on the type of synchronous indicator

(a)

Fig. 7—Pointer-type pattern on a cathode-ray-tube indicator of a rotating-figure-eight directj

(b)
signal-to-noise ratio.

kec. (Required carrier was C, = C\/7.)

7. POSTDETECTION BANDWIDTH

It is important to realize that the postdetection
bandwidth Af,, continually referred to in this paper,
means the bandwidth between the detector and the
final indication device. (In some high-speed indicators,
the bandwidth response of the human eye may set the
postdetection bandwidth.)

é ] (a) Wide-band receiver, Afir=100 kc and Af, =50 ke,
receiver redesigned so that Af,=1 kc. (Required carrier was C:=C/3.) (c) Predetection circuits of recei

(c)
] on finder at approximately 3:1 output
(Required carrier was C1.) (b) Postdetection circuits of
ver redesigned so that Af;p=2

. ' Insofar as operation at low predetection carrier-to-noise ratios
1s concerned, this exact knowledge of the law of effective rotation of
the antenna pattern seems to be one of the fundamental advantages
that direction finders of the “receiving type” have ovet direction
finders of the “transmitting type.”

In the transmitting case (e.g., an omnirange system), it is always
necessary to send to the receiver “synchronizing information,” -and
In many cases, the inability to detect this synchronizing informa-
tion, rather than inability to detect the directional information, sets
the limit on the operating range of the system.
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used) whose function is to remove the instantaneous
fluctuations from the bearing indication, leaving only
the average indication. Since many of these synchronous
indicators make use of nonlinear elements, the measure-
ment or analysis of the reading time of the indicator
as described previously is perhaps the best way to find
the effective postdetection bandwidth.

The quantity S/N, is an important term in the
equations of this paper. It should be realized that it is
possible to express this ratio in the postdetection band-
width Af, in terms of the magnitude of fluctuation
that will be seen about the true or average bearing. If
the noise produces an error-function type of bearing
fluctuation (which is true in many practical cases),
then it is practical to express numerically the bearing
fluctuation in terms of the statistical quantity, the
standard deviation of the bearing from the average
bearing.

8 APPENDIX: EXPERIMENTAL DETERMINATION OF
THE RELATION BETWEEN THE POSTDETECTION
SIGNAL-TO-NOISE RATIO AND THE PREDE-
TECTION CARRIER-TO-NOISE RaTio WHEN
A LINEAR DETECTOR Is USED WITH
DOUBLE-SIDEBAND AM

A block diagram of the electrical apparatus is given in
Fig. 8.

8.1 Signal Generator and Modulation

The signal generator and attenuator were high-qual-
ity standard laboratory instruments. Modulation at 80
per cent was produced by an alternator driven by a
15-cps synchronous motor, which was run from the
power lines. The bandwidth of the postdetection band-
pass filter requires that the 15-cps modulating frequency
have a short-time frequency stability better than ap-
proximately 0.02 cps. By using the power lines to ob-
tain the modulating frequency, the necessary short-
time frequency-stability requirement was satisfied.

8.2 Noise Generator

The noise generator consisted of a high-gain double-
superheterodyne receiver with a local oscillator and
mixer added to its final if amplifier so that the resulting
thermal noise was produced at the desired mid-fre-
quency of 1.5 Mc. By using the multiple superhetero-
dyne receiver, it was possible to obtain large thermal
noise output with no observable regeneration caused by
undesired feedback.

MOOULATEO

SIGNAL |ATTENUATOR

GENERATOR

VATERMEOIATE -
FREQUENCY
AMPLIFIER

af,, * 80 KILOCYCLES

LINEAR
0100€
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8.3 Final IF Amplifier

The final if amplifier from which the linear detector
operated, and which set the predetection bandwidth of
50 kc, used five cascaded critical-shape-coupled double-
tuned circuits and showed no regeneration effects
whatsoever. Of course, the signal generator and noise
generator, which operate into this amplifier, were
carefully decoupled from each other so that any adjust-
ments on one generator had no effect on the output of
the other.

8.4 Linear Detector

The linear detector consisted of two sections in paral-
lel of a 6ALS double diode. The frequency response of
the diode load used was approximately 150 kc, so that
the total triangular noise spectrum was fully repro-
duced. The ac-to-dc impedance ratio of the total diode
load for the modulation frequency of 15 cps was unity
(for all practical purposes), so that the 80 per cent modu-
lation used could be handled with no observable dis-
tortion. The power-output capabilities of the last if
stage driving the linear detector was such that 50 volts
peak-to-peak of detected signal could be obtained from
the 80 per cent modulated carrier before appreciable
distortion could be seen. In the experiment, the diode
was operated at an essentially constant output level of
5 volts dc resulting from carrier plus noise. This output
voltage was sufficiently below the overload point and
sufficiently above the contact-potential voltage so that
errors due to both effects were negligible. With reference
to the linearity of the detector, no attempt was made
to measure the departure from a constant value of the
slope of the curve giving output dc versus input carrier;
it is standard practice, however, to consider a diode
detector to be satisfactorily linear above an output of
approximately 2 direct volts, the upper limit being set
by the stage driving the detector. Since this experiment
dealt mainly with predetector signal-to-noise ratios
below unity, it was possible to keep the operating level
of the detector essentially constant; i.e., signal plus
noise produced approximately 5 direct volts output from
the detector.

8.5 Postdetector Narrow-Band Filter

Since an expected signal amplitude variation of at
least 100:1 was to occur across the diode load, the at-
tenuator shown in Fig. 8 preceding the narrow-band
postdetection filter was used so that this filter and the
following rectifier voltmeter could be operated at a

VIOEO-

1SOLATION FREQUENCY VACUUM-TUBE

ATTENUATOR

NOISE GENERATOR

TueE AMPLIFIER

a1, » 0.1 CYCLE
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Fig. 8—Block diagram of the apparatus used for experimentally determining the law of “apparent demodulation” versus input
carrier-to-noise ratjo that occurs in a linear diode at input carrier-to-noise ratios down to 1: 10.
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constant level; thus the problem of the amplitude line-
arity of the vacuum tubes in the filter did not have to
be considered. Since the circuits following this attenu-
ator then operate at a low level, it is necessary to be
sure that hum and af noise have negligible effect.

The required bandwidth for the postdetection filter
was fixed by the predetection bandwidth of 50 ke, by
the fact that it was desired to obtain rcadings at pre-
detection carrier-to-noise ratios as low as 1:10, and by
the fact that to read the output meter accurately it
was necessary to have a reasonably good signal-to-
noise ratio,. say 5:1, in the postdetection bandwidth at
this 1:10 input carrier-to-noise ratio. To calculate this
required postdetection bandwidth, we combine (1) and
(4a) and obtain

Afv 1/2
N, = < > NG (.. (20)
Afrw
Next, combine (7) and (8) to obtain
mC
So=—— GG (21)
[ ]\7,1‘, 2 1/2
'+ ()]
Crr
The ratio of (20) and (21) is c
-y W
N/, \ay,

(0.

and, finally, for the case we are interested in where
(Nir/Cip) >1, we obtain
S\2
<‘\' >v

Afip N - ‘ (23)

A m? /,€>4
\N IF

For the set of conditions previously mentioned, we
sce that the ratio of predetection to postdetection
bandwidth must be 2.5X10%; thus we require a 0.2-¢ps
wide postdetection bandwidth centered at the modula-
tion frequency of 15 cps. In the actual experiment, a
3-db bandwidth of approximately 0.1 cps was used. A
rough check of the signal-to-noise ratio in this post-
detection bandwidth at a predetection carrier-to-noise
ratio of 1:10 showed that (23) gives satisfactory en-
gineering accuracy.

This bandwidth was obtained by cascading two band-
pass amplifier stages. Each stage consisted of a feedback-
amplifier chain using the well-known parallel-tee nulli
network in the feedback path. Each feedback-amplifier
chain had a gain of approximately 350 at 15 cps, thus
giving a resonant-circuit Q of approximately 85. Each
chain was dc coupled throughout, so that there was no
low frequency at which the feedback could become
regenerative; and by the simple expedient of dropping
the high-frequency response of one of the stages in the
chain, the magnitude of the ug gain was made less than
unity at the high frequency at which the phase shift
about the feedback chain was 360°. Since there is 100
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per cent negative feedback for direct current in each
chain, dc drift troubles due to the dc coupling are not
encountered.

It is important that the parallel-tee null network be
so accurately aligned that its loss at the null frequency
is greater than the gain of the feedback amplifier in
which it is used, and it is necessary to devise a rigorous
alignment procedure. It is also important to realize that
the frequency-selective characteristics of this type of
effective band-pass circuit are limited by the bandwidth
of the feedback amplifier and by the signal-handling
capabilitics of the tubes in the chain. It will be remem-
bered that, in the experiment, the postdetection cir-
cuits must reject noise-frequency components up to 50
kc. Rather than design the feedback amplifiers for this
pass band, they were designed to handle a few thousand
cyeles and a few sections of RClow-pass filters preceded
the feedback filter so that no frequency components
above a few thousand cyeles ever reached the feedback
band-pass circuits.

8.0 Setting for 1:1 Predetection Carrier-to-Noise Ratio

Landon, in his discussion with Norton,” showed that,
with only noise present, the average output 4 of a
perfect linear detector (i.e., the dc value read on a long-
time-constant dc voltmeter) is Ay =1.252 N, where N
is the rms value of the if noise oscillations. \We know
that, when carrier alone is present, the average output
A. of a perfect linear detector is A.=1.414 C, where C
is the rms value of the if carrier oscillations. Therefore,
it we have the ability temporarily to cut off the carrier
input and thus read the de output Ay due to noise only,
and then temporarily cut off the nojse input and read
the de output 4. due to carrier only, the ratio of the
readings will be given by (24).

N
= 0.886 — -
C

A N
Ae

(24)

Thus, for our desired predetection carrier-to-noise
ratio of 1:1, the ratio of the readings was made to be
0.886. This ratio was checked before cach reading to
make sure the noise generator was supplying a stable
and constant output.

This setting was also checked in another way. Ben-
nett? has shown that, when carrier is added to the noise
at the input to a linear detector, the resulting dc output
of the detector is approximately 1.4 times the dc output
produced by noise alone. The frequency response of the
diode load must be equal to or greater than the full if
bandwidth, and there must be enough noise (e.g., 2
'\"olls) to ensure that the diode is in its linear region.
I'his ratio was found to check very satisfactorily with
the ratio given by (24).

The graph of Fig. 6 was then obtained by Varying
the signal-generator attenuator from this 1:1 predetec-
tion carrier-to-noise condition and finding the cor-
responding required variation in the‘audio-frequency
attenuator to maintain a constant output from the
postdetection filter.
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Calculation of Ground-Wave Field Strength
Over a Composite Land and Sea Path”

H. L. KIRKEf, FELLOW, IRE

Summary—A brief discussion of the problem is given, together
with a description of the three proposed methods of solution. The
results of a practical experiment are shown, and curves calculated
by the three methods are compared with the observed results. It
is shown that the BBC method gives field strengths much nearer to
the observed values than the P. P. Eckersley method, and that the
method proposed by Millington, while somewhat more laborious
to use, also gives results which agree well with observed values.
The difference between the three methods is small at low frequencies
and when the effect of the discontinuity is not-large.

INTRODUCTION

7/ TAHE CALCULATION of ground-wave field
(-l'[ strengths for a homogeneous path has been given
<L 4idequate mathematical treatment by a number of
workers. As a result, the formulas which have been
worked out are, in general, universally accepted.

This is particularly the case for distances up to 100
miles. For greater distances, where the earth's curva-
ture is an important factor, the field strength depends
to some extent on atmospheric refraction.

Norton has shown that measurements made in the
United States agree well with values calculated using an
effective value of 4/3times the actual radius of the earth.
This has some bearing on the calculation of field strength
over mixed paths over long distances, as will be shown
later.

The calculation of field strength for a nonhomogene-
ous path has been the subject of discussion for many
years, but until the last few years no serious analytical
treatment of the problem had been made. A number of
empirical methods have been tried, however, with vari-
ous degrees of success.

P. P. Eckersley proposed a method! which was used
for some years. This method gave results which were in
reasonable agreement with observed values for low fre-
quencies (<600 kc) or where the effect of the disconti-
nuity was not large.

In many cases, the . P. Eckersley method gave re-
sults which were far from being in agreement with meas-
ured values. The problem later became of considerable
importance, and several other empirical methods were
suggested and tried by the BBC Rescarch Department.
Of these, only one, proposed by Somerville, who was at
the time in charge of the Field Strength Section of the
BBC Rescarch Department, gave results which were in
better agreement with measured values and was simple
in its application.

* Decimal classification: R112.1. Original manuscript received by
the Institute, December 22, 1948,

t Research Station, British Broadcasting Corp., Kingswood
Warren, Tadworth, Surrey, England.

1P. P. Eckersley, “T'he calculation of the service area of broad-
cast stations,” Proc. [.R.E., vol. 18, pp. 1160-1194; July, 1930.

An experiment was conducted over a land-sea path
in the north of Scotland from Burghead to Melvich, in
1936, as a check on the method. This path was chosen
as it gave extremes in conductivity: badly conductive
land, and sea.

The results showed that the Somerville method was
considerably better than the P. P. Eckersley method.
The bleak and rugged nature of the country, and the
changes in conductivity, made it impossible to obtain
a sufficient number of measurements from which a rea-
sonably accurate measure of the effective conductivities
of the land path could be made. The results, though in-
teresting, are not considered worthy of publication.

Later, as a result of a controversy on the subject, a
further experiment was made on a path from Start Point
(South Devon) to Happisburgh (Norfolk) in order to
find out which of the two methods was the better. It was
realized that one experiment does not necessarily give
adequate proof, but it is certainly helpful.

The problem has now been treated analytically by
T. L. Eckersley and Millington, and the latter has pub-
lished a paper? in which, in addition to the theoretical
analysis, he describes a further empirical method which,
while somewhat more complicated to use, has a theo-
retical basis. This method gives results which are in
reasonable agreement with practical observations.

Some aspects of the problem will now be discussed,
together with a description of the three methodsand
some comparisons with observed results.

DISCUSSION OF THE PROBLEM AND DESCRIPTION OF THE
EMmpiricAL METHODS

\When a wave travels over a path of uniform conduc-
tivity, its rate of attenuation depends upon the wave-
length, the conductivity and dielectric constant of the
carth or water, and on the curvature of the earth; and
the calculation of the attenuation is a relatively simple
matter. When, however, a wave travels over a path
which has different conductivities, the matter is more
complicated.

A wave exists in the space above the ground as well
as at ground level, and the field strength at different
heights above ground will depend upon the ground con-
stants and curvature of the earth (diffraction). At some
height above the ground, the wave will be unattenuated
and unaffected by the ground. The field at ground level
and the rate of attenuation at ground level will depend
upon the state of the wave above the ground, which will

* G. Millington, “Ground wave propagation over an inhomo-
geneous smooth earth,” Jour. IEE (London), part III, vol. 96, p.
53; January, 1949.
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depend upon what has happened to the wave during its
passage from the transmitter.

For example, if the wave has passed over ground of
poor conductivity, the ground wave will be considerably
attenuated but the space wave will be considerably less
attenuated, and if, subsequently, the wave travels over
land of good conductivity, a considerable amount of en-
ergy is available to “fill in” and make up to some extent
for the previous losses. Relatively, more energy will be
available than would be the case had the previous trans-
mission been over land of good conductivity, when
for the same ground-wave field strength the trans-
mitter power required would have been less. The rate
of attenuation over the subsequent ground path of good
conductivity may be expected to be less than would
have been the case had that conductivity been the same
throughout the path and the transmitter power less.

In the case of transmission over a path of good con-
ductivity and then over bad conductivity, the ground-
wave attenuation for the first part of the path would be
low and the relative energy in the space wave less than
had the attenuation been high and the transmitter power
increased to produce the same ground-wave field
strength.

Since, in this case, there is relatively less energy in the
space wave, there is less energy available to make up for
the losses in the subsequent land of lower conductivity,
and the rate of attenuation will be greater than had the
whole path been of the lower conductivity and the trans-
mitter power increased.

It can be said that a wave is aware not only of its
ground-wave field, but of its space field the power of the
transmitter from which it originated, the distance from
that transmitter, the ground conductivity, and the cur-
vature of the carth. Any method used to calculate or es-
timate field strengths over the path of mixed conductivi-
ties must, in effect, take all these factors into account.
Millington points out that for any method to be theo-
retically correct the reciprocity condition must be satjs-
fied. That is to say, if the transmitter and receiver are
interchanged, the field strength at the receiver remains
the same. It is probably more correct, however, to treat
the matter as a four-terminal network and not inter-
change the antennas.

P. P. ECKERSLEY METHOD

The first method used by the BBC was proposed by
P. P. Eckersley, and assumes that the rate of attenua-
tion of the wave over any homogeneous part of a com-
posite path is that which would occur if the whole path
was of that conductivity but for a transmitter of differ-
ent power. If the first part of the path were sea and the
second land, the curve for land all the way is used and
the field strength multiplied by a factor which is cqual
to the ratio of field strengths at the sea-land junction for
sea and land for this part of the path. If this ratio is,
say, 5, then the field strength over the land path would
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Fig. I—P. P. Eckersley method, the
equivalent-power method.

correspond to that for a land path all the way but for a
transmitter of 25 times the power.

Fig. 1illustrates the method. In the case of a sea path
followed by a land path, the curve for sea is drawn up to
the junction. In this case, 75 km has been chosen as the
junction point. To obtain the curve for the subsequent
land path, the field strengths for land all the way are
multiplied by the ratio of land and sea fields at the junc-
tion. For a land path followed by a sea path, the curve
for land is drawn up to the junction. The cutve for sea is
then drawn by dividing values for an all-sea path by the
ratio of ficlds for sea and land at the junction.

A graphical method can be used if, as is usual, the
field strength is plotted on a logarithmic scale, or else in
decibels relative to a datum level on a linear scale. It is
immaterial whether the distance scale is linear or loga-
rithmic. For this method, the curves for land all the way
and sea all the way are drawn. With a picce of tracing
paper the curve for the appropriate conductivity up to
the junction is then drawn, and the tracing paper moved
up or down until the other curve coincides at the junc-
tion point, and the curve is then continued as for the
conductivity of the second part of the path.

There is no justification, however, for the assumption
that the rate of attenuation over any part of a mixed
path will be the same as would have been the case had
the conductivity been the same throughout the whole
path unless, as Millington shows, the wave has traveled
a sufﬁci.cnt distance from the discontinuity that it can
be considered to have “settled down” after the disturh-

S
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ance caused by the discontinuity. The P. P. Eckersley
method does not allow for the “filling in” which takes
place after the wave has been severely attenuated by
land and then travels over sea, or the reverse.

If the wave existed as a very thin layer, confined, say,
between the carth and an imaginary boundary some
small distance above the earth, the conditions might
then be cquivalent to transmission along a nonhomo-
geneous transmission line, and the rate of attenuation
in each part of the line would then correspond with the
constants of that part of the line, and would be unaf-
fected by the rate of attenuation in the preceding part
except as regards reflection.

Many observations have shown that the P. P. Eck-
ersley method described above gives ‘results which are
much too high when the first part of the path is sea and
the second land, and further (a point which is perhaps
not so well realized), too low when the first part of the
path is land and the second sea.

SOMERVILLE METHOD

Because of the failure of the P. P. Eckersley method
in many cases, a second method, proposed by Somer-
ville, was tried. This method does not directly take into
account the factors mentioned above and which were
appreciated at the time, but appears by the results it
gives to do so indirectly.

In this method, the actual transmitter is replaced by
an imaginary transmitter of equal power but at a differ-
ent distance, the distance being such that the field at the
junction of the two paths is the same as that from the
actual transmitter, but as if the conductivity of the
whole path was that of the second part of the path.

In the case of a sea path followed by a land path, the
actual transmitter is replaced by an imaginary trans-
mitter moved nearer to the receiver. In the case of a land
path followed by a sea path, the imaginary transmitter
is moved further away from the receiver.

This method can be conveniently called the equiva-
lent-distance method, while the P. P. Eckersley method
can be called the equivalent-power method.

The Somerville method is found, in practice, to take
some account of the effect of “filling in” when the wave
has been attenuated over a land path and then travels
over sea, and the reverse effect. It gives results which
are very near to actual values obtained in practice.

While reciprocal agreement is rarely, if ever, obtained
with the P. P. Eckersley method, it is, in many cases, ap-
proached very closely in the Somerville method. This is
a fortunate coincidence rather than a justification of the
method.

The Somerville method can also be used graphically,
but it is essential that the distance scale be linear.

Fig. 2 illustrates the method. The curves for land and
sea are drawn as in the previous case, and the appropri-
ate curve up to the junction is traced; the tracing paper
is then moved to the left or right along the distance
scale until the curve for the conductivity appropriate to
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Fig. 2—Somerville method, the equivalent-
distance method.

the second part of the path coincides at the junction
with the one already traced up to the junction. The trac-
ing is then continued along the new curve.

An equally convenient way to use either method
graphically is by the use of a pair of dividers used ver-
tically in the one case and horizontally in the other.

MILLINGTON METHOD

A full description of this method and an analysis of the
problem is contained in Millington’s paper. Briefly, his
method is as follows.

A calculation is first made by the P. P. Eckersley
method, and the field strength E; noted. The transmit-
ter and receiver are interchanged and a further calcula-
tion made, and the field strength E; noted. The true
field strength is then the geometric mean of E; and E..

A graphical method can be used for the Millington
method. It is an advantage in this method if field
strength is plotted in decibels above or below a datum
point and on a linear scale. It is not considered neces-
sary to illustrate the method graphically.

Millington points out that an interesting result of us-
ing his method is that, where the attenuation over the
first part of the path is high, the field strength subse-
quent to the junction can be greater than that at the
junction. This possibility was realized at the time when
the Somerville method was evolved, and the Burghead-
Melvich experiment showed a small increase.

Millington also suggests that it may be an advantage
in some cases to move the transmitter further away from
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the receiver if, by doing so, the first part of the path is
of better conductivity than it otherwise would be.

DESCRIPTION OF EXPERIMENTS

The experiments described below were carried out he-
fore Millington’s method had been suggested. Compari-
sons were originally made, therefore, between measured
values and those calculated by the P. P. Eckerslev and
the Somerville method, respectively. Calculations have
now been made using Millington'’s method, and the re-
sults are also shown.
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Fig. 3—\Vith a transmitter erected at Start Point, field-strength
measurements were made at many points on a line with Hap-
pisburgh and Saxmundham.

A low-power transmitter was erected at Start Point,
South Devon, and ficld-strength measurements were
made at many points on a line joining Start Point with
Happisburgh in Norfolk, starting at the Dorset coast
(sce Fig. 3). The length of the sea path was 82 km and
the total distance was 460 km. The measurements were
made at three Yrequencies, viz., 537, 922, and 1,240 kc.

A sccond low-power transmitter was also crected at
the BBC transmitting station at Rampisham, near
Dorchester, Dorset (see Fig. 3), and ficld-strength meas-
urements made on the same line to Happisburgh and at
the same places as the measurements from Start Point.

The effective power radiated was determined in both
cases by local ficld-strength measurements in the well-
known and accepted manner.? These values of radiated
power were used to find a multiplier with which to bring
all the field-strength measurements up to an equivalent
power of 1 kw for comparison with the standard ficld-
strength curves which are plotted for that power.

The effective conductivity of the ground from Ram-
pisham to Happisburgh was found by comparing the
measured vahies of field strength from the Rampisham
transmitter with the standard-field-strength curves.

3 K. A. Norton, “The propagation of radio waves over the surface

of the earth and in the upper atmosphere,” Proc. LR.E., vol. 24, pp.
1367-1388; October, 1936; p. 1371.
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For a complete investigation, it is necessary to carry
out measurements to determine separately the conduc-
tivities of the various portions of the path. It was not
possible in the time available to carry out such tests.

It was found by inspection of the results that the best
general fit with the measured values from Rampisham
was obtained using the FCC (Norton) curves. These
curves have, therefore, been used in computing the field
strength for the composite path by the three methods.

In the above experiments, as will be shown later,
there were some irregularities in the measured field-
strength curves at distances over 300 km, and the power
of the transmitter was too low for accurate field-strength
measurements to be taken at distances much greater
than 300 km, particularly at the higher frequencies.
Therefore, a second experiment was made.

In this experiment, the high-power transmitter at
Start Point was used on its normal frequency of 1,050
ke, using the normal mast radiator. Two ficld-strength
runs werc made, one in the direction of Happisburgh on -
the same line as in the previous experiment, and one in
the direction of Saxmundham.

The ficld-strength measurements given in this paper
were made by the BBC Research Department, hut some
measurements were also made by engincers of the Gov-
ernment Communications Center. Comparisons of the
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measurements showed good agreement except in cases
where the field was very weak.

REsuLTS OF EXPERIMENTS AND COMPARISON WITH THE
EampiricaL METHODS OF CALCULATION

Experiment 1: Low-Power Transmitters at Start Point
and Rampisham

The measured values of field strength from both
transmitters are shown in Figs. 4, 5, and 6.

Results at 537 ke: In Fig. 4, it will be scen that the meas-
ured values for the Rampisham transmitter agree well
with the calculated curve for ¢ =11X107%, but that the
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Fig. 5—Results at 922 ke, low-power transmitters at Start
Point and Rampisham.

measured values are somewhat higher at distances (from
Start Point) between 250 and 380 km and lower for
greater distances. This indicates that the conductivity
is somewhat better for distances of 250 to 380 km, and
less at greater distances. These differences between
measured values and those calculated on the assumption
of uniform conductivity must be taken into account in
comparing the measured and calculated values from the
Start Point transmitter.

On 537 ke, the Somerville method shows closer agree-
ment with measured values than the Millington method,
although the results of the latter are sufficiently close for
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most practical purposes. The Eckersley method gives
results which are always too high. There is not, in any
case, a great difference between any of the methods at
this frequency and with such values of conductivity.

Results on 922 kc: In Fig. 5, it will be seen that the meas-
ured values of field strength from the Rampisham trans-
mitter over the all-land path are also in generally fair
agreement with the calculated curve for o =11X1071.
The measured values for distances less than 50 km from
the transmitter are, however, higher than the calcu-
lated values. The choice of a different value of conduc-
tivity in making the calculation would not make any
appreciable difference in the calculated values, and it
must be presumed that either the measurements are in
error or that the corrections for 1 kw radiated are in-
correct.

In the results from Start Point, the measured values
give the best fit with the Millington curves, and are
somewhat higher than the Somerville curve at the
greater distances.

Results on 1,240 kc: In Fig. 6, the measured values for

the Rampisham transmitter again show reasonable

agreement with the calculated curve for a=11X10"".
The results from Start Point on this frequency are in
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Fig. 6 -Results at 1,240 ke, low-power transmitters at Start
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closer agreement with the Somerville than the Milling-
ton curve. They are somewhat high, having regard to
the comparison of calculated and measured values from
Rampisham, while the P. P. Eckersley curve gives re-
sults which are always higher than the measured values.

It is to be noted that in Figs. 4, 5, and 6 the disagree-
ment between the P. P. Eckersley method and meas-
ured values is greater at higher frequencies.

Experiment 2: Iligh-Power Tests from Start Point on
1,050 kc

As stated before, these tests were made at high power
in order to obtain higher field strengths at the greater
distances and greater accuracy in measurement. They
were made on this frequency, which was the normal op-
erating frequency of the station. They were made in
two slightly different directions (see Fig. 3) in order to
investigate the peculiarity at the greater distances. Figs.
7 and 8 show the results on the runs to Happisburgh and
Saxmundham, respectively, and calculations by all three
methods are shown for comparison.
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Fig. 7—Results at 1,050 ke, high-power tests from Start
Point to Happisburgh.

In both cases, the Somerville method is in closer
agreement with measured values than either of the oth-
ers. As before, the P. P, Eckersley method gives results
which are very much higher than observed values (over
3 to 1 at the greater distances).

Measurements in Denmark

Since this paper was commenced, CCIR Paper No.
148E of Study Group No. 2 (Propagation) has become
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Fig. 8—Results at 1,050 ke, high-power tests from Start
Puint to Saxmundham.
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Fig. 10—Results at 800 kc over route 5 of CCIR
Paper No. 148E.

available. That paper gives a number of measurements
carried out over composite paths in Denmark by engi-
neers of the Department of Posts and Telegraphs. Per-
mission has been obtained from that authority to quote
the results in this paper.

Figs. 9 through 13 show the measured values, to-
gether with curves calculated by the three methods us-
ing the values of conductivity quoted in the CCIR pa-
per.

From Fig. 9 it will be scen that the measured values
correspond well with the curve calculated by the Mil-
lington method.

In Fig. 10, which is over the same route as Fig. 9 but
at a higher frequency, there is better correspondence
with the Somerville method at the greater distances,
but it is to be noted that this method does not show the
rise in field strength at 200 km when the wave travels
over a sea path after traveling over poor land. The
Millington method does show this rise.

In Fig. 11, over another route, the I. I>. Eckersley
method shows the best correspondence with the meas-
ured values, although the Millington method is in fairly
good agreement. It would appear that all the measured
values are high. This could be accounted for by an in-
correct multiplier to bring the results to 1 kw radiated.

In Fig. 12, on the same route as Fig. 11, the Milling-

DISTANCE N KILOMETRES.

Fig. 11—Results at 540 kc over route 7 of CCIR
Paper No. 148E.

ton method shows the best correspondence with the
measured values, and again shows a rise in field strength
at 200 km.

In Fig. 13, on a different route and a different fre-
quency, the comparison of the three methods is inter-
esting. The Millington method shows a rapid drop in
ficld strength when the wave travels over poor land after
a passage over sea, and a rise in field strength (fill up)
when it again reaches the sca having passed over poor
land. Ttis unfortunate that no measured values are avail-
able for the intermediate points between 80 and 230
km, but the agreement between the measured values
and those calculated by the Millington method for dis-
tances over 230 km is remarkable.

CONCLUSIONS

‘The empirical method proposed by P. P. Eckersley is
inadequate when the difference between the land and
sca attenuation is large.

‘I'he Somerville method gives a closer approximation
to the measured values than the Eckersley method. Itis
very simple to use, and is probably adequate for rough
calculations where, in many cases, the conductivity data
are of doubtful accuracy.

‘The Millington method does not give such a good cor-




496
100
80
- FREQUENCY = 80O kefs.
S XX = MEASURED VALUES
40 OVER ROUTE 7 OF CCIR
10} \ DOCUMENT (48E.
20 \
N
A
10 N
8 ‘\ ) :
[ ~ N\
: N
4 < \\ +
£ 3 3
>
; \
2
: N
E N
9 AN
] _é AN
& ) N —_—
06 It RN
gos 'S >
woa N T
w \‘ \\
& CALCULATED FIELD >, -
STRENGTH BY > N e )
o2 METHOD OF :~ \\ i
PP ECKERSLEY
MILLING TON. AN
o SOMERVILLE: ~ \-L
& 3 1 1 ‘ —
.% +
-0s
Re ) 1 1 |
.03 1 l ¥
1
A LAND SEA LAND
'0 . SE %‘ X Z :“,_'%: - :lf:’:u
o gl =30 gl Bio*|
| PROFILE OF ROUTE 7
.ol A - —

o] 25 50 75 100 125 150 175 200 225
DISTANCE IN KILOMETRES

Fig. 12—Results at 800 kc over route 7 of CCIR
Paper No. 184E.

respondence with measurements in England as the Som-
erville method. It appears to give better correspondence
with some mecasurements made in Denmark.

There is insufficient evidence to justify the adoption
of any empirical method for all conditions. In general,
the Somerville method gives sufficiently good results for
most practical purposes, and is casier to use than the
Millington method. The Millington method has a bet-
ter justification for its use on theoretical grounds, and
in extreme cases shows “filling in” effects which are in
agreement with theoretical considerations and practical
observations.

It is hoped that this paper will stimulate others to
carry out theoretical and experimental work and make
further comparisons between measured and calculated
values. Further work over the “disturbance region” is
particularly necessary. It would be of special interest to
carry out tests to investigate the reflection from a dis-
continuity. Any further work should be in the nature of
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true rescarch rather than an attempt to justify or dis-
prove any empirical method.
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Automatic Frequency Phase Control of
Television Sweep Circuits’

E. L. CLARK{, SENIOR MEMBER, IRE

Summary—This paper describes three different types of auto-
matic-frequency-control circuits: (1) sawtooth type, (2) sine-wave
type, and (3) pulse-time type.

The sawtooth system forms a sawtooth from the pulse present
across the deflection yoke. This sawtooth is compared in phase with
the synchronizing pulse to produce a control voltage for frequency
phase control of the sweep circuit.

The sine-wave type comprises a stable sine-wave oscillator which
is controlled in phase and frequency by the synchronizing pulse, and
in turn controls the sweep circuit. :

The pulse-time system measures the area of the synchronizing
pulse as it rests on the edge of a shelf. Phase variations change this
area, and provide information to control the sweep circuit.

as being composed of horizontal lines of varying

brightness. A line is traced by a flying spot start-
ing at the left of the picture and uniformly traversing
the raster to the right side of the picture, and then
rapidly returning to the start of the next line. In this
manner, the lines composing the picture are built down-
ward from the top to the bottom of the picture.

In order that the picture be perfect, the elements of
successive scanning lines must coincide exactly. To
accomplish this, a trigger signal or synchronizing pulse
accompanics every line to initiate retrace. When the
circuit used is such that every line must be started by
the synchronizing pulse, as in older television receivers,
it is termed triggered-type synchronizing. This type of
synchronizing is satisfactory if there is sufficient signal
and no interference present. However, in practice these
requirecments are not always met, in which case some of
the lines are triggered by noise or interference. This
random triggering by the noise results in an imperfect
picture.

To improve the picture register and reduce the effects
of interference, the automatic-frequency-control sys-
tem of synchronizing was developed. In essence, this
system consists of integrating a number of synchroniz-
ing pulses to provide a control, rather than controlling
each scanning line individually.

There are three commonly used systems for obtaining
automatic frequency control. They are often referred to
as (1) the sawtooth type, (2) the sinc-wave type, and
(3) the pulse-time type.

& TELEVISION PICTURE can be considered

I. SAWTOOTH SYSTEM

A schematic diagram of the sawtooth-type automatic-
frequency-control circuit as applied to horizontal deflec-

* Decimal classification: R583.5X R355. 914.431. Original manu-
script received by the Institute, March 10, 1948; revised manuscript
received, September 14, 1948. Presented, IRE New York Section,
New York, N. Y., February, 1948,

f RCA Victor Division, Camden, N. J.

tion is shown in Fig. 1. This diagram includes a syn-
chronizing amplifier tube V1, a phase detector or key-
ing-circuit tube V2, a dc-amplifier tube V3, and a block-

SYNC
PULSES

.._.___
R
/
m&‘_u
/
N\_u
P
o
>
2
@
o0 ¢———————

VERTICAL +8B +
SYNC

Fig. 1—The schematic diagram of the sawtooth-type automatic-
frequency-control circuit, as applied to horizontal deflection.

ing-oscillator tube V4. T'1 is a pulse-type transformer
that passes the horizontal synchronizing pulses, but not
the vertical synchronizing pulse. The polarity of the
pulse in the secondary of T'1 is such as to cause current
to flow in the diodes P1, K1 and P2, K2 of tube V2.
The diode current charges capacitors C1 and C7 with
polarity as shown, which is such as to bias the diodes of
tube 12 open except when the pulse is present. This
diode circuit is in the form of a bridge circuit with a
voltage from P1 to K2, but no voltage from P2, K1 to
ground. In operation, it can be used as a keying circuit
to key the voltage existing on the transformer T1
centertap (&) to capacitor C2. This keying action is
present only when the diodes of tube V2 are caused to
conduct by the action of the synchronizing pulses ap-
plied to them. A sawtooth of voltage as shown at A is
applied to the centertap (@) of transformer T'1. This
sawtooth of voltage is produced by partially integrating
a positive pulse (curve 13) obtained from the horizontal
deflection transformer (not shown). The amplitude of
this sawtooth is adjusted so that it is less than the
voltage developed across capacitors C1 and C7 by the
synchronizing pulses, and hence will not cause diode
conduction by itself. However, during the time the
synchronizing pulse is present, the diodes conduct and
can be considered as momentarily connecting the saw-
tooth to capacitor C2. With normnal adjustment, the
synchronizing pulse occurs at point 1 on curve A. Point
1 is on the ac axis of the sawtooth voltage; hence no
charge will be acquired by capacitor C2. Assume that
the phase of the sawtooth voltage changes so that the
synchronizing pulse occurs at point 2 on curve A. The
voltage at this point is negative with respect to the ac
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axis and will be keyed to capacitor C2, which will
gradually acquire a negative charge equivalent to the
voltage present at point 2. The grid of tube V3, being
connected to capacitor C2, is also negative, which re-
duces its plate current, resulting in an increase of volt-
age on its plate. This increased voltage is connected by
way of resistor R4 and transformer 772 to the grid
ot the blocking-oscillator tube V4. Its effect is to
change the phase of the blocking oscillator in such a
way that the synchronizing pulse is returned toward its
original position 1 on curve A.

If the phase of the sawtooth had changed so the syn-
chronizing pulse occurred at point 3 of curve A, the
charge acquired by capacitor C2 would be positive and
the voltage on the plate of tube 1’3 would be reduced,
which would cause the phase of the blocking-oscillator
tube 174 to change, again returning the position of the
synchronizing pulse toward its original position, point
1. Thus, the frequency and phase of the blocking oscil-
lator is held in step by integrating the svnchronizing
pulses. It does not matter whether the oscillator changes
or the rate of the synchronizing pulses change; the action
is the same. The grid circuit of tube V3 has no de¢ re-
turn, and its potential can change only through the
action of the keying-circuit tube 172, The time constant
of the system is governed by the values of C2 and R2,
C3.

This automatic-frequency-control svstem can also be
applied to the vertical sweep circuits.

II. SINE-\WAVE SYSTEM

The circuit of the sine-wave tvpe of automatic fre-
quency control is shown in Fig. 2. This circuit e¢m-
bodies a stable sine-wave oscillator of the Hartley type
(1°2), a comparitor (1'1), and a reactance tube (1°3).
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Fig. 2—The schematic diagram of the sine-wave type of automatic-
frequency-control circuit, as applied to horizontal deflection.

Its features are automatic operation and good im-
munity from interference. Tube V2 is an extremely
stable sine-wave oscillator operating at the horizontal
rate of 15,750 cps. In operation, the phase of the sine
wave and the synchronizing pulses are compared. A
phase change will produce dc information which is ap-
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phied to the grid of the reactance tube 173, which con-
trols the frequency of the Hartley oscillator.

A double-diode tube V1 is used as a comparitor, and
functions in much the same way as an FM detector.
The plates of this tube are connected to the center-
tapped coil S of 71, which is inductively coupled to P
of 7’1, the tank coil of the Hartley oscillator.

Referred to the centertap of S, sine-wave voltages of
cqual amplitude and opposite polarity are applied to
cach of the diode plates of tube V1. The synchronizing
pulses are applied to the centertap, and consequently
this voltage appears in the same phase and with ¢qual
amplitude on cach diode plate.

When the synehronizing pulses and sine wave are
properly phased (as shown in Fig. 2, curve A), there
will be zero voltage developed at the output of the
comparitor.

If the phase of the synchronizing pulse changes with
respect 1o the sine wave (as shown in curve BB), then the

top diode will produce more voltage output than the®

bottom diode, resulting in a positive voltage at the
comparitor output. In curve C the reverse condition
exists, and a negative voltage will appear. Obviously,
then, the dc output of the comparitor will run from
negative through zero to positive, depending on the
phase relation of the pulse and the sine wave. In this
way, the necessary control information is produced and
applied to the grid of the control tube (1'3) through a
filter network which removes interference pulses and
other misinformation, which would otherwise affect the
frequency of the oscillator.

The oscillatory action takes place between the
screen, grid, and cathode of tube 172, The peak-to-peak
sine-wave voltage on the oscillator grid is approxi-
mately 130 volts. This grid swing produces the wave
shape on the plate (as shown in curve D)), which is
differentiated by an RC network. The wave after dif-
ferentiation is shown in curve E. The positive portion
of this differentiated wave operates the discharge tube.
In practice, it is necessary to phase the synchronizing
pulse with the differentiated wave used to trigger the
discharge tube. To do this, the winding S of transformer
Tl is tuned off resonance from the oscillator tank cir-
cuit Pof T'1. This circuit is tuned on the low-frequency
side of the oscillator tank circuit, which operates at
15,750 cps. When properly adjusted, the picture raster
will show a small percentage of blanking on the right
side of the picture, and will also be blanked to the same
extent on, the left side. With this adjustment, the pic-
_lure 1s properly phased with respect to the synchroniz-
ing pulses. If the blanking bar occurs in the middle of
the picture, the winding S of 771 is badly out of adjust-
ment, or the diode plates of tube 172 are interchanged
with respect to the winding S of 7'1. &=

ITI. PuLse-Time SystieM

I'he schematic diagram of the pulse-time or width-
control type of automatic-frequency-control circuit is

|
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shown in Fig. 3. Its operation is based on what may be
described as “width modulation” of the synchronizing
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Fig. 3—The schematic diagram of the pulse-time type of automatic-
frequency-control circuit, as applied to horizontal deflection.

pulse. A locally generated sawtooth is phased to allow
a varying portion of the synchronizing pulse to fall atop
the positive corner of the sawtooth, while the remaining
portion slides down the steep side. Control voltage is a
function of the pulse width atop the positive corner of
the sawtooth, the peak amplitude of the combined
waves being essentially constant.

Width modulation constitutes the basic difference
between the pulse-time and other forms of automatic-
frequency-control systems. Satisfactory operation of
this circuit depends upon the proper wave shape being
formed to apply to the grid of the control tube.

An exploded view of the wave-shaping network and
wave shapes as applied to the grid of the control tube

is shown in Fig. 4.
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Fig. 4—An exploded view of the wave-shaping network and wave

shapes, as applied to the grid of the control tube of the pulse-time
type of automatic-frequency-control circuit.

The synchronizing pulse /5y is fed into the circuit at
point 1, and appears as e; at point P, being attenuated
by capacitors C1 and C3.

The wave shown as /%, is obtained from the horizontal
deflection system and is in the form of a high-voltage
negative pulse, which is fed into the system at point 2,
The network R1, €2, C3 partially integrates and
attenuates this pulse /2 to form the wave e; at point P.
The third wave shape /25 is obtained from the discharge
capacitor connected to the tap on the blocking-oscillator
transformer, and is fed into the network at point 3.
Resistor R2 and capacitor C3 attenuate and integrate
E; to form the parabola e; at point P.
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A parabola has the advantage over a sawtooth of
having a steeper slope near the peak, and therefore pro-
vides increased gating. The voltage e; is necessary to
produce a sharp downward slope immediately following
the peak of the parabola es.

The combined wave e at point P, which is coupled to
the grid of the control tube, is shown for three different
conditions of phase between the local oscillator and the
synchronizing signal: (1) the curve at (a), when most of
the synchronizing pulse is atop the parabola; (2) at (b),
when one-half of the synchronizing pulse is atop the
parabola; and (3) at (c), when most of the synchronizing
pulse is down the slope.

Tube V1 (Fig. 3) is the control tube and is biased
near cutoff by the dc component of the oscillator grid
voltage applied through resistors R3 and R4. Its plate
current consists essentially of pulses whose width is
determined by the relative position of the synchronizing
pulse atop the peak of the parabola. The voltage de-
veloped across resistor R7 by this average plate current
is injected from the cathode circuit of the control tube
I'1 into the grid of the oscillator tube V2 by way of
resistor R9, and thus maintains the phase of the oscil-
lator with respect to the synchronizing signal within
very close limits. The cathode circuit is an integrating
network with the following properties: a fast response
as C6 is relatively small, and a slow response as CS and
resistors R6 and R7 are relatively large. The former
integrates the pulses of current and also acts to prevent
hunting, while the latter maintains control over a longer
period of time, and filters out disturbances of greater
duration. The plate circuit contains a potentiometer
R8, which acts as a vernier speed control.

The capacitor C3 is made adjustable, so that the
control-tube’s grid voltage can be varied to suit the
characteristics of the individual tube, and thus main-
tain the control range at a uniform level.

“I'he blocking-oscillator circuit used in this system is
somewhat different from that of conventional blocking
oscillators. The transformer 71 is an autotransformer
arranged in an if-transformer can, and uses a powdered-
iron core which permits a certain amount of frequency
adjustment. This is limited by coupling requirements,
and additional range is obtained by the use of a trimmer
capacitor C7, which is connected across a portion of the
blocking-oscillator’s grid resistor R7. Tube V2 functions
not only as the blocking oscillator, but also as the dis-
charge tube. A sawtooth of voltage is developed across
capacitor C10, and is used for horizontal deflection.

The synchronizing separator used with the pulse-time
automatic-frequency-control system must be of a type
that provides synchronizing pulses of constant ampli-
tude. This system has been called a width-modulation
system; actually, it can be considered a variable-arca
systenr. If the synchronizing pulse amplitude is not
maintained constant, the arca of the effective portion of
the synchronizing pulse will not contain the proper
information, and poor results will be obtained.
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CONCLUSIONS

In comparing these three systems of automatic fre-
quency control, it can be said that they all provide
better synchronizing than can be obtained by the use
of a triggered synchronizing system.

The sawtooth type of afc (Fig. 1) as shown does not
snap into synchronism immediately, but takes an ap-
preciable time. However, this undesirable feature of
operation has subsequently been overcome.
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The sine-wave type snaps into synchronism the in-
stant the signal is applied. It is also the most noise-
immune of the three systems. It requires more “B”
current than the others and uses the most tubes.

The pulse-time system uses the fewest tubes of the
three systems. The picture snaps into synchronism as
soon as the signal is applied. The noise immunity is
equally as good as the sawtooth type, and approaches
the sine-wave type veryv closely.

Superregeneration—An Analysis of the Linear Mode®
HERBERT A. GLUCKSMANT, ASSOCIATE, IRE

Summary—Although superregeneration is usually discussed as a
nonlinear problem, the linear mode is an example of a linear circuit
problem with a time-varying parameter. The present analysis deter-
mines the effect on the behavior of a tuned citcuit when its damping
factor is subjected to sinusoidal variation. The amplitude and fre-
quency of this variation are considered the fundamental parameters
which distinguish the superregenerator from an ordinary resonant
circuit. Sensitivity and selectivity are studied as functions’ of these
parameters. It is shown that the solution of the differential equation
predicts the phenomenon of multiple resonance and other well-
known properties of a superregenerator in the linear mode.

I. A LiNgAR CirculT PkOBLEM
g SUPERREGENERATOR will be here defined

as a tuned circuit, as in Fig. 1, in which the
damping factor #=G/2C varies periodically
with time. The superregenerator will be said to be

L %+C G

Fig. 1—Equivalent superregenerator circuit.

IE,’-'

-

(0000

operated in the linear mode when # is a function of time
alone, and not of the voltage e between the nodes of
the circuit. The circuit parameters used in the analysis
will be the damping factor or decrement %, the natural
angular frequency wy=1/v/LC, and the capacitance C.
Except for u, these will be considered constant. The
linear mode, thus defined, implies a linear circuit prob-
lem. The signal is represented by the driving current
Ie™t entering one node of the circuit and leaving the
other, while the response is the voltage e across the
nodes.

* Decimal classification: R361.104 XR133. Original manuscript
received by the Institute, June 17, 1948; revised manuscript re-
ceived, September 20, 1948. Presented, 1948 IRE National Conven-
tion, New York, N. Y., March 23, 1948,

 Cambridge Field Station, Air Matériel Command (Formerly
Watson Laboratories), Cambridge, Mass.

An example of an actual superregenerator circuit-
using grid quench, is shown schematically in Fig. 2. By

Cuench
Oscilletor

Fig. 2—Tuned-grid superregenerator.
Equations for reduction to Fig. 1:

ORG
G=G.—M/L g.

the usual pentode approximation, the plate current
through the tickler coil is g.e where g is the transcon-

(l.uctancc. The approximate differential equation of this
circuit is, therefore,

o ~ 1 1 ud
Cé +Gee + - 4f l:c -V L(gt;)jldl = )i
L. dt

where wis the angular driving frequency.
I'his reduces to

L M 1
Ceé + (Gc - '[: gm)c + 'Zf edt = Jel«t,

c

This is also the equation of Fig. 1, if

L=1L, ~
C=C, and

M
G=G. — —ag,

L
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Other types of superregenerators may also be reduced
to Fig. 1. In the above example, the effect of the quench
oscillator is to vary gm, and hence G, or the damping
factor u which has already been defined as G/2C.

I1. Tug DIFFERENTIAL EQUATION AND
ITs SoLUTION

The equation for Fig. 1, obtained from Kirchhoft’s
law, is

1
Cé + Ge + -z—f edt = Teiv, (1)

Written in terms of the parameters defined above, this
becomes

I
é + 2ue + wozf edl = —E elfvt, (2)
Differentiation yields
I
¢+ 2ué + 2u + wode = jw e eret, 3)

The dissipation term, having the variable coefficient
2u, may be conveniently eliminated by use of the trans-
formation!

e = xeSondt,

(4)

This reduces (3) to

. . {
X ((4)02 P u2 + —u)x = ]w . 67"”610"'“.

(5

Here u2 and % may be considered negligible compared
with wg?, since the damping factor u is the half-band-
width of the circuit (expressed in angular frequency)
and %, for sinusoidal %, is at most the product of the
amplitude of # by the angular frequency of its variation.
This frequency, generally called the quench frequency,
is in practical cases much smaller than wo.

D Equation (5) may, therefore, be simplified, for prac-

tical cases, to

. '
x + w”Zx . ](‘) - élwlejourll'

(0)

Since % is a periodic time function, it can be expressed
as a Fourier series of sines and cosines. When this is
integrated term by term to obtain foudt, another series
of sines and cosines results. Since a power of € with a
sinusoidal exponent can be reduced by means of Bessel
functions to a complex Fourier series of simple ¢xpo-
nentials, the righthand member of (6) can be reduced to
a product of several such complex Fourier series. Once
this is done, the solution of (6) is quite straightforward.

! This transformation was suggested by I, David in “Les super-
réactions,” L'Onde Elect., vol. 7, pp. 217-260; June, 1928,
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The solution will be given here for the case where u
has only one sinusoidal term:

u =a— bsin pt

At this point it is well to fix in mind the roles of the
constants a, b, and p. A reference tuned circuit whose
parameters are C, wo, and a¢ may be conceived as a
standard for comparison. The half-bandwidth or damp-
ing factor of this circuit is @. The superregenerator dif-
fers from the reference circuit only because of the varia-
tional damping term bsin pt. The amplitude b and
angular frequency p of the variational damping term
are, therefore, the distinctive parameters of the super-
regenerator. These two parameters provide a variational
damping plane over which it will be of interest to study
the behavior of the superregenerator.
Use of the above expression for u reduces (6) to

i+ wolx = jw — elatjw)teh/p cos pte—blp (7
By means of the Fourier expansion
2 b

eb/p cos pl — Z I" <__> ejnpt, (x)
Ne=— 00 p

in which the I, are the modified Bessel functions, (7) is
reduced to the soluble form
LT = b .
i 4wt = jw—ebr Y I, [ — )elericrnmi, (9)
C n=—o0 ?

‘I'he solution in x can be used to obtain the solution in e
of (3) through transformation (4). If the transient term
is omitted, this solution is

. eiwte—blﬂ ens pl

einrt

e = jw -
i I <b> R — (10)
2, "\ p ) et j(w—wotnp) ] latj(wtwtnp) |

This can be simplified for practical purposes by noting
that the second bracketed factor of the denominator of
the general scries term is approximately 2jw for cases
not far off resonance, except for terms of higher order,
which terms are generally negligible compared with the
sum of the lower-order terms. With this approximation
and the definitions

a
w=l |
? |
b
g =
p
wy — wr, (1)
y =
P
e = Jielo!
Go
a4 =
2C )
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the solution may be written

I = einrt
E=——eborrt 3 I(f) ——— (12)
('0 Nem—c0 ,n -
1+ —
a

Note that « and B are the average and variational
damping factors normalized to the angular quench fre-
quency, that v is the number of angular quench fre-
quency units by which the signal departs from reso-
nance, that Zmay be called the complex envelope of the
voltage e, and that Gy is the average value of the con-
ductance G.

The complex envelope E is at all times real only for
the case v =0, i.e., at resonance. It may be written, in
general,

E = |E| ¢ (13)

where both the magnitude IEI and the phase angle ¢
are functions of time.
1. PREDICTED

PROPERTIES OF THE LINEAR M oODE

BY THE SOLUTION

The term “linear mode” was originally chosen to de-
scribe operation in which the uscillations do not involve
nonlinear portions of the tube characteristics; that is, a
condition of saturation is not approached.? Under such
conditions the circuit damping is independent of the
oscillations, in agreement with the definition used
above for the linear mode. Experiments show that the
principle of superposition holds in the linear mode,
further justifying the use of a lincar differential equa-
tion.

Solution (12) states that the response to a continuous
wave at a frequency not too far from resonance is a wave
whose e¢nvelope is a periodic function the fundamental
frequency of which is that of the damping variation, i.c.,
quench frequency. A factor of the response is a serics
of terms of the form

elnpl

[n(B) ’1-7'
147

a

Since this general term has a maximum magnitude at
Y=n, the over-all response can be expected to have
maxima at integral values of . This phenomenon,
called multiple resonance, is a well-known property of
superregeneration. As observed, the maxima decrease in
height as v departs from zero in either direction. This is
predicted by the fact that I, (8) decreases as # increascs.
The observed symmetry about y=0 is checked by the
fact that I,(8) =1_.(B8). Multiple resonance is not ob-
served at low quench frequencies. This is also predicted,
for, if 1/a=p/a is small compared with unity, then the

2 Fora despription of various modesof operation, sece F. . Frink,
“The basic nncng)]es of superregenerative reception,” Proc. I.R.E..
vol. 26, pp. 76-107; January, 1938.
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change in the imaginary part of the denominator when
v changes by one integral step is insignificant compared
with the real part of the denominator. Figs. 3 and 4

1]

0 3
Fig. 3—Frequency response with no observable
multiple resonance [p/a<<1].

TEl

-5 -4 :; ] -2 ’ -1 'o 0 z 3 4 5
Fig. 4—Frequency response with pronounced
multiple resonance [P/a>1].

show how the response appears for p/a<<1 and for
p/a>1.In the latter case the over-all response is shown
as the resultant of many responses, each with a reso-
nance at an integral value of v. Since the bandwidth of
cach component response is 2a, the condition p/a >1
means that the spacing between resonances is more
than half the bandwidth of each response. The condi-
tion p/a<k1, on the other hand, implies that each
response is broad compared with the spacing between
resonances, so that a smooth over-all response, as in
Fig. 3, is the result.

The envelope of oscillations observed when an oscillo-
scope synchronized to the quench frequency is placed
across the nodes is given by | E|, plotted as a function
of timie. This can he obtained from (12) by first separat-
ing E into its real and imaginary parts and computing
these parts for given a, 8, and v as functions of the
angle pt. Both | E| and the phase angle ¢ can thus be
obtained for special cases.

The work of computing | £| and ¢ as functions of pt
for =2, =6, and several values of ¥ was given to the
Center of Analvsis of the Massachusetts Institute of
Technology. The results are plotted in Fig. $ At the
top of Fig. 5, the function u=a —b sin pt is plotted for
reference. It is noteworthy that the point at which each
envelope has its maximum is the point at which the
damping factor or decrement  has a zero with a posi-

-
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tive slope. Physical considerations predict this, since
oscillations grow when the damping factor is negative
and decay when it is positive. It has been assumed that
u does become negative, since in an actual superregen-
erative circuit there is a growth and decay of oscilla-
tions. It has also been assumed that a >0, since for
a <0 the transient term, omitted in the solution, would
grow to infinity rather than vanish with time.
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Fig. 5—Decrement % and magnitude and phase angle of the envelope
E for a=2, B=6, and several values of ~.

The phase angle ¢ is in every case very approximately
a straight-line function of pt with slope equal to v, ex-
cept during the intervals in which IEI is very small.
Moreover, all these straight lines pass through the point
where # has a zero with a negative slope. With these
facts, the approximate equation relating ¢ to p¢ may

be written as
. a
¢ = v| pt — arcsin b— 5

except when |E| is very small. When || becomes
small, ¢ quickly approximates some constant value and
remains fairly constant until | E| begins to grow large
again. Relation (14) is identically true for ¢ =0.

Since the instantaneous voltage is

(14)

e = | I|eitorto)

(15)
relation (14) yields

e = l IL‘ ¢/ (wol=y arcaln (a/b)
| 5

(10)

It may be concluded from (16) that, while IICI is large,
free oscillations exist (i.c., oscillations at frequency wo),
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and from (15) that, while |E| is small and ¢ is constant,
the oscillations are forced (i.e., at frequency w).

I1V. SENSITIVITY AND SELECTIVITY

The useful output of a superregenerator is that ob-
tained by rectification and filtering of the oscillation
trains. A measure of this output is the average value of
the magnitude of the complex envelope. This is given by

1 [ 4
l |=—f | E| d(po).
27r —_

The value of this integral will be independent of time
except for the slow variations of modulation frequency
in the amplitude of the signal current.

An approximate expression for |E|, which holds for
integral values of v, is

I ( .« >
— sec | vy arcsin —
G g

(17)

| El =

0

@ (= 1)1 W(B)  ny
R SRALCUSID)

' Rm=—0 1 + (” - 7>2
a

Its derivation is based on the assumption that the
phase angle obeys (14). This assumption appears to be
safe enough, since it has been seen to be good except
for intervals which do not contribute measurably to the
integral in (17).

Equation (18) may be used to obtain the frequency
response when o« and § are given. Only the multiple-
resonance peaks can be computed; i.e., the response for
integral values of vy. These points are sufficient, since
the bandwidth is best defined by means of a smooth
simple curve, as the outer dotted curve of Fig. 4, joining
them. If the upper and lower — 3-db points on this curve
are v’ and v/, then v’ —v'’/2e is the ratio of the band-
width of the superregencrator to that of the reference
circuit. This ratio, here called the bandwidth factor, may
be obtained for any « and 8 by constructing a response
curve from (18) and measuring the bandwidth graphical-
lyat —3 db. The services of the MI'T Center of Analysis
were enlisted in computing the response data for many
pairs of values of a and B. From these data the band-
width factor was obtained and tabulated as a function of

p b_ B

1
— and =
a a a a

(18)

This resulted in the contours of constant-bandwidth
factor, one of the two families of curves given in Fig. 6.

The plane on which these contours are plotted may
be called the variational damping plane, since its co-
ordinates are the parameters of the variational damping
factor bsin pt normalized to the average damping
factor a, which is also the half-bandwidth of the refer-
ence circuit. The curve of bandwidth factor 1.0 is the
locus of points on the variational damping plane
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where the superregenerator has the same selectivity
as the reference circuit. Below this curve the superre-
generator is more selective, and above it less selective,
than the reference circuit. The slope of the damping-

Gain in Decibels
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Fig. 6—Contours of constant variational damping gain and contours
of constant-bandwidth factor on the variational damping plane.

factor curve, Fig. 5, at the point where #=0 with a
negative slope is —p\ b2 —a?. If this is set equal to a
constant, say —ka? the resulting equation is

b?
4 <>—1=k.
d d

If this cquation is plotted on the variational damping
plane, the resulting curve will be seen to agree fairly
well with one of the contours of constant bandwidth
factor, depending on the value assigned to k. This
agrees with the observation, often made by students of
superregeneration, that the selectivity is determined
for the most part by the slope of the damping function
where it crosses the time axis into the negative region.3
The bandwidth increases with this slope.

If (18) is specialized for the case of resonance (y=0)
and divided through by I/G,, which is the amplitude
of the voltage across the reference circuit at resonance,
the resulting ratio is

(19)

3 G. G. Mac Farlancand J. R. Whitchead, “The superregencrative
recciver in the linear mode,” Jour. IEE (London), vol. 95, part 111,
pp. 143-157; May, 1946.

PROCEEDINGS OF TIIE I.R.E.

May

e 3 O

n=—o0 n\?*
1+ (=)
(24

which may be called the variational damping gain, as it
expresses the advantage of the superregencrator over
the reference circuit, from which it differs only in the
variational damping term. This variational damping
gain is a good measure of the relative sensitivity of the
superregenerator. Values of 4 may be calculated and
tabulated for pairs of values of p/u and b/a, as for the
bandwidth factor, and constant-4 contours may then
be plotted on the variational damping plane. These are
givén in Iig. 6 with the values of the ratio A converted
to decibels.

The area bounded by the time axis and the damping-
factor curve, plotted in Fig. 5, in the interval where
<0, is

(20)

d a 1 .
2 <‘~ arccos — — — 1\ b* — a2>.
? b p

If this area is sct equal to a constant, say —2k, the
resulting equation is

b \? b
/‘ ( )—l—nrcsec“ =k P“
a d d

If (21) is used to plot p/a as a function of b/a for vari-
ous values of k, a family of curves similar to the con-
stant- contours is obtained. In particular, these curves
all pass through the point (p/a) =0, (b/a) =1, as the
contours appear to do. This supports the contention
often made that the sensitivity of a superregenerator
in the lincar mode is primarily a function of the arca
bounded by the time axis and the damping function,
where the latter is negative.

(21)

Experimental evidence for the constant-A contours
is available in the form of contours of constant output
voltage at modulation frequency plotted on a plane
whose co-ordinates are quench frequency and quench
amplitude. These experimental contours are the work of
Sze-llou Chang,* who completed them prior to the
present analysis. They agree very well with the con-
stant-A contours. All of them appear to pass through a
point on the quench-amplitude axis, and all approxi-
mate straight lines. The similarity applies only to the
region where Chang's circuit was operated in the linear
mode. In the region on the other side of Chang’s “transi-
tion line,” which separates lincar mode from logarithmic
!TlO(lC, the behavior is totally different. The transition
line is approximately straight, and in the general direc-
tion of the constant-output contours. Obviously, Fig. 6
should be expected to apply to any given circuit only
where that circuit is linear, since the analysis here given
assumes linear operation.

¢ Sze-Hou Chang, “Theoretical and Experimental Studies in

Superregeneration,” ’h. D). ‘Thesis, Cruft Laboratory, Harvard Uni-
versity, October, 1947,
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A Modulator Producing Pulses of 107 Second

Duration at a 1-Mc Recurrence Frequency*
MILLETT G. MORGANT, SENIOR MEMBER, IRE

Summary—The development of a pulse generator and a modula-
tor which will produce pulses of 10-7 second duration and 3,000-volt
amplitude at a 1-Mc recurrence frequency is described. The modu-
lator is developed for the special case of a nonlinear load impedance
consisting of 125 uuf capacitance for the leading half of the pulse
and a spark discharge for the trailing half. The high recurrence fre-
quency gives rise to problems not generally encountered in the
design of pulse circuits. Other applications, such as the second
modulation of a high-recurrence-frequency pulsed carrier with voice
frequencies, suggest themselves. :

A new pulse-generating circuit, capable of producing positive
pulses whose duration is one-tenth the period of the 1-Mc input
sine wave, is developed. This pulse generator can be operated at
moderate power levels sufficient to drive the modulator.

1. INTRODUCTION

S AN APPROACH to the radar countermeasures
A problem, it was desired to produce brief, rapidly
recurring rf pulses of high intensity. With brev-
ity, bandwidth is achieved, and rapid recurrence aids in
producing contiguous images on the radar oscilloscope,
thus blanketing the screen. The modulator described
herein was developed for use with a damped-wave spark
oscillator whose pulse duration was approximately
2% 10-8 second.! Because deionization was required be-
tween pulses, it was desired that the modulating voltage
be removed as soon after the termination of the rf pulse
as possible, Not only does this increase the time avail-
able for deionization, but it reduces the spread of ion-
ization which occurs if an arc is permitted to ensue after
the rf pulse is ended; and it improves the efficiency of the
modulator. From the point of view of modulator design,
the use of this kind of load has disadvantages and ad-
vantages: the modulating voltage must be built up
across a wholly capacitive load, and this requires low
modulator resistance; the occurrence of the spark, how-
ever, reduces the load impedance to a low value and
aids in producing a rapid decline of the modulation volt-
age.

2. SPECIFICATIONS FOR THE MODULATOR

The choice of pulse duration, recurrence frequency,
and amplitude were influenced by the known character-
istics of the spark oscillator, the intended application,
and estimated design limitations.

" Decimal classification: R537.122 %X R355.913.3. Original manu-
script received by the Institute, May 24, 1948; revised manuscript
received, August 30, 1948. A dissertation submitted to the Depart-
ment of Electrical Engineering, Leland Stanford, Jr., University, in
Ear:nal fulfilment of the requirements for the degree of Doctor of

hilosophy. The work described was performed at the California In-
stitute of Technology under the sponsorship of the Submarine
Signal Company, Boston, Mass,
t Thayer School of Iingineering, I1anover, N, 1.

' ‘I'his paper is confined to a description of the pulse generator and
modulator

One can estimate the required recurrence frequency
for jamming efficacy as follows: As an example, consider
the Navy Type FD fire-control radar. It has a recurrence
frequency of 1,640 cps and sweep length of 100,000 yards
range. This represents a sweep duration of 610 micro-
seconds. The time between transmitted pulses is 1/1,640
=610 microseconds also. Hence, in this case, the sweep
lasts for the full time between pulses. Consider pulses
being received at a 1-Mc recurrence rate. In 610 micro-
seconds, 610 pulses would be received. Taking an actual
sweep length on the cathode-ray-tube of 4 inches, each
pulse would be separated by 4/610 or 0.00656 inches. It
is apparent that the useful part of the screen would then
be fully occupied and that no echo could be discerned.
In order to find the shortest sweep duration which can
be effectively blocked in this manner, it is neccssary to
establish the minimum spot diameter which can be used
on the indicator tube. Taking 0.025 inch as the practical
minimum, and dividing the sweep length (4 inches) by
this dimension, we see that 160 is the minimum num-
ber of pulses required to blank the tube. For a 1-Mc
recurrence frequency, this corresponds to a sweep dura-
tion of 160 microseconds, or 26,300 yards. For shorter
sweeps, some jamming effectiveness would be lost with-
out going to a recurrence frequency greater than 1
Mec.

Above about 50 kc, gas tubes are not usable,? and so
we may consider that any recurrence frequency which
will be effective for jamining in this way will require
hard-tube pulse gencration and modulation. In radar
equipments using gaseous-discharge transmit-receive
tubes of the best design, it is possible to observe echoes
from targets as little as 200 yards away. This represents
an elapsed time of only 1.2 microseconds for transit of
the signal,and it means that the t-r tube must be suffi-
ciently deionized in this time to switch on the receiver
input. Also, because echoes from near-by objects are
large, the deionization must be sufficiently complete
that the strong received signal will not re-establish the
discharge. Based on this consideration, and the compu-
tation preceeding, 1 Mc was selected as a recurrence
frequency which would be at the limit of operation of
the oscillator and would have worth-while jamming ef-
fectiveness.?

The desired modulator pulse width would he some-
thing less than the rf envelope width. Practically, this

11, G. Kersta, “Gas-tube harmonic generator,” Bell Lab. Rec.,
vol. 22, p. 53; October, 1943,

3 [t may be reasoned similarly that gas tubes could be designed
1o operate as pulse generators and modulators up to 1 Mc. However,
it was desired to confine this problem to the oscillator.




506

means that the shortest attainable modulator pulse
would be the best. 10-7 second was taken as a minimum
specification, and was the best obtained at the required

output amplitude.

The choice of modulator pulse voltage was determined
by minimum requirements.* Whereas the jamming ef-
fectiveness is an increasing function of the signal
strength, it was not the intent in the initial design to
attain more than moderate amounts of power. It was
felt that with the available tube resistances, the oscil-
lator capacitance (125 wuf) could be charged to 3,000
volts, using.a 6,000-volt source, in something appreci-
ably less than 10~7 second.

3. ArprroacH To THE CIRCUIT PROBLEM

High-level amplification of very short pulses is limited
to one stage, with a positive pulse input. This results
from the fact that amplification causes polarity reversal,
and amplifiers having negative pulse inputs have in-
tolerably low efficiency because they are conducting
during the quiescent period.? The spark oscillator offered
no polarity restriction on the modulator output. It was
desired to produce also a 250-kc synchronous, linear
sweep. Because of instability and synchronization prob-
lems, no form of relaxation oscillator was seriously con-
sidered. This follows the trend of conservative radar
design.

Briefly, then, the approach was to use a 250-kc base
oscillator, derive a 250-kc linear sweep from this for
indication, and, from a harmonically generated 1-Mc¢
sine wave, generate a positive pulse of sufficient ampli-
tude to drive a normally cut-off amplifier to required out-
put. Because of the short pulse duration and high duty
ratio (0.1), a pulse transformer was not considered.

¢ The behavior of low-voltage sparks is erratic. This is due prin-
cipally to the close gap spacing required. Depending upon the con-
dition of operation, electrode material may be carried away, thus in-
creasing the gap spacing, or the gap may be bridged by the forma-
tion of compounds at the electrodes.

8 The bootstrap circuit (cathode follower with degeneration re-
moved by returning the input to the cathode instead of to ground)
will produce voltage amplification without polarity reversal. However,
the entire driving circuit must be isolated from ground. This means
that all of the capacitance to ground must be charged and dis-
charged at a rate equal to the rate of rise and fall of the pulse. (See
G. N. Glasoeand J. V. Lebacqz, “Pulse Generators,” Vol. 5, Radiation
Laboratory Series, McGraw-(i-lill Book Co., Inc., New York, N. Y.,
1948; p. 123.) For pulses of the order of 107 second duration, this is
not feasible. Another source of capacitance to ground is that of the
cathode itself. In the case of small tubes, this is manifest in the
capacitance of the cathode sleeve to the heater, and may be as low as
5 to 10 uuf. However, inasmuch as it is not possible to insulate the
cathode sufficiently well from the heater to permit the generation of
large signal voltages on the cathode, while the heater is grounded,
filament-type tubes must be used in large amplifiers, and the cathode
must be tied to the heater in medium-power cathode-type tubes. The
principal source of capacitance to ground then becomes the interwind-
ing capacitance of the filament transformer. This is commonly of the
order of 100 to 300 uuf, but may be materially reduced by special
design. This cathode-to-ground capacitance is also very troublesome
whenever it is desired to connect a tube upside down, so to speak;
i.e., with its cathode, rather than its anode, following the instantane-
ous pulse voltage. This generally occurs in using a clipper tube with a
positive pulse, but not with a negative pulse. It also arises when at-
tempting to linearize high-speed sweeps with a constant-current
series pentode.
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4. CIRCUMSTANCES LLEADING TO THE DISCOVERY OF
A NEw PuLsiE-GENERATING CIRCUIT

Overdriving a “resistance-coupled” amplifier reveals
an interesting cffect when grid-leak bias is used with no
cathode or fixed bias. If the grid is initially at ground
potential and the driven side of the coupling capacitor is
at some value, above ground, corresponding to the axial
value of the sinusoidal signal applied, the grid potential
rises as the applied signal rises, the grid-cathode region
becomes conducting, and a low-resistance circuit is
established through the tube. If the coupling capacitor is
not too large, it will charge nearly as fast as the applied
signal rises, and will continue to do so until the crest
of the driving wave is reached, at which point the driving
voltage starts to fall. Immediately, the grid voltage is
carried downward by the capacitor, and the grid-cathode
region becomes nonconducting. The capacitor, which has
taken on an additional charge during the rising portion
of the applied signal, then begins to discharge into the
grid-to-ground resistor. This discharge, together with
the applicd signal, controls the instantaneous potential
of the grid. The amount of the discharge determines the
point on the driving wave at which the grid will again
become positive and conducting. Because the capacitor
has not discharged completely to its initial voltage,
this point will be above the axis of the driving wave.
This operation may be thought of as, in effect, moving
the axis of the driving wave downward so that only the
crest portion is amplified by the tube. This is somewhat
in the manner of a class-C amplifier, biased so that plate
current flows for less than 180°. It was found, however,
that steep negative pulses with flat tops could be pro-
duced by the automatic biasing arrangement, whereas
with fixed bias the pulses had much smaller amplitude
for the same width (angle of plate-current flow) and did
not have flat tops.

By properly proportioning the circuit constants, very
satisfactory negative pulses of 2.5X10~7 second dura-
tion were produced in this way across a plate-circuit
resistor. Furthermore, it was found that, by use of a low-
resistance triode, 125 uuf of output capacitance, plus the
output capacitance of the tube, could be charged ncarly
to supply voltage in 0.5 X 10-7 second. Of course, a long
trailing edge is produced unless the spark oscillator is
connected. By means of an inductor shunting the plate
load resistor, and a clipper tube, a negative pulse with
a steep trailing edge can be had. It will be recalled that,
for negative pulses, the clipper tube can be connected
in such polarity that the interwinding capacitance of its
ﬁ.lam.ent transformer does not shunt the pulse output
circuit.

.Rf.easonably good results were also obtained by over-
dnvx.ng a cathode follower. With the input circuit of the
previous amplifier unchanged, the plate load resistor was
moved to the cathode, and positive pulses obtained.
However, because the cathode cannot rise above the in-
stantaneous grid potential, the output pulse cannot ex-
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ceed in amplitude, nor rise as fast as, that portion of the
driving wave being used when the grid is above cut-
off voltage. Also, both the filament-to-ground capaci-
tance of the cathode follower and the clipper tube now
appear across the pulse output. This situation can be
improved somewhat by using tubes requiring the same
filament voltage, permitting the use of a common fila-
ment transformer.

The radiation-cooled tantalum-electrode tubes with
high-melting-point, noncontaminative grids were found
to be the only type which would operate indefinitely
under these conditions. Good results were had with such
tubes as the 100TL or 250TL. These tubes can readily
withstand the required grid dissipation. Parallel opera-
tion was found to be desirable within limits, inasmuch as
the advantage gained by paralleling the tube resistance
more than offsets the disadvantage incurred by increas-
ing the output capacitance when there is additional
external capacitance connected. At the same time, this
increases the available plate dissipation. The 304TL,
containing four parallel-connected triode sections within
one evacuated envelope, yields a lower output capaci-
tance than can be had when four separate envelopes are
used with external connections. This was found to be the
most satisfactory tube tried, and dispelled any ideas of
building a special tube.

The Western Electric type 715C, a tetrode developed
for use as a pulse modulator for multicavity magnetrons,
is not satisfactory as an overdriven amplifier. Because
it is intended for use with signals having a much lower
duty cycle, its plate dissipation is low; and because it is
used with a low-capacitance load, its resistance is not
e¢specially low, although the peak current provided by
the large oxide-coated cathode is large for large applied
voltage.

A simple calculation will show how low the modulator-
tube resistance must be to charge the oscillator capaci-
tance in the required time. Using an oscillator capaci-
tance of 125 puf, a time of charge of 0.5X10~7 second, a
voltage reached of 3,000, and a charging voltage of 5,000,
we have

e = E(1 — ¢ tRC)
t 314107
I 5,000
125 + 1072 In
5,000 — 3,000

K

Cln —
I — e

= 437 ohms.

The mean transconductance given by the manufac-
turer for the type 304TL tube is 16,700 micromhos, and
the average value of amplification factor is 12. This
gives a plate resistance of 12/16,700 X 1078 =720 ohms.
Two tubes in parallel then give a value of 360 ohms.
Allowing for approximate values used, this compares
well with the computed value required.

Although negative pulses rising in less than 0.5 X 1077
second were produced with the overdriven amplifier, us-
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ing the required output capacitance, no means was
found to reduce the pulse duration beyond 2.5X1077
second. One idea that came to mind was to produce a
sharp negative pulse in the plate circuit of an overdriven
amplifier and then to apply a negative pulse, similarly
generated in another overdriven amplifier, to the grid
of the first overdriven amplifier to “turn the tube off”
before the originally applied sine wave had done so.
This circuit would require that the phase of the shut-
off pulse be properly controlled.®

In order to try out this circuit, two identical 1-Mc
power stages were provided. The inputs to these were
connected in parallel and supplied by the driver.” The
necessary phase shift was obtained with delay lines.

Difficulties arose from attempting to apply the
negative shut-off pulse to the grid of the modulator
tube. Trouble was experienced in arranging the input
impedance of the first overdriven tube, together with
the impedance seen looking back into the sinusoidal
amplifier, so that the negative shut-off pulse from the
second overdriven tube could be developed across it.
However, the troublesome feeding of sinusoidal voltage
to the plate of the shut-off tube resulted in the discovery
of a circuit which proved to be a solution to the prob-
lem.

5. A NEw PULSE-GENERATING CIRCUIT

A large sinusoidal 1-Mc voltage wave is applied to
the grid of a triode having low internal resistance. A grid
coupling capacitor, and a grid leak are used to supply
automatic bias. This is the arrangement described for
the generation of a negative pulse in the plate circuit,
2.5% 1077 second long, with a steep leading edge. Then,
instead of applying a dc voltage to the plate, a 1-Mc
sinusoidal signal is applied and its phase so adjusted that,
after it rises for some distance beyond zero, the input
signal on the grid causes the tube to conduct and re-
duces the impedance of the tube to a low value. This can
be accomplished by feeding voltage to the plate, from
the grid, through the grid-to-plate interelectrode capaci-
tance. A resistance is then connected from plate to
ground. When the tube is not conducting, the sine volt-
age is developed across the plate-to-ground resistance.
When the tube is conducting, the voltage is developed
across the much lower tube resistance. The series circuit
made up of the grid-to-plate capacitance and plate-to-
ground resistance draws a leading current. Hence, the
voltage on the plate leads that on the grid. By properly
controlling this angle of lead, the voltage on the plate
is allowed to risc for something less than 10~7 second and
is then caused to collapse as the tube becomes conduct-
ing, producing a brief positive pulse on the plate. The
phase angle of the sinusoidal voltage on the plate, and

¢ Because the generated pulse would be negative, no subscquent
amplification woufd be poui[:le.

7°The driver contained the 250-kc oscillator and provided syn
chronous 1-Mc sinusoidal and 250-kc sawtooth outputs.
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hence the length of the pulse, can be adjusted as desired
and an over-all length of 10=7 second was used.® The
circuit is shown in Fig. 1.
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Fig. 1—Schematic diagram of the pulse generator and
modulator chassis.

It is to be noted that an essential feature of this pulse
generator is that it utilizes the steep, inflectional portion
of the sine wave, rather than the slowly changing crest
portion. An appreciation of this difference is had in com-
paring the Peterson coil® with the overdriven amplifier.

In order to use the steepest part of the wave, it is
desirable to raise the axis above zero so that each side
of the inflectional region may be utilized. The applica-
tion of plate bias to accomplish this is somewhat trouble-
some due to the loss of voltage across the plate resistor.
An attempt was made toshunt-feed this bias to the plate,
but no satisfactory isolating impedance was found
through which some current could be drawn. The prob-
lem is made dithcult by the fact that the plate-to-
ground resistor is large (60,000 ohms). Best results were
finally secured by returning the resistor to a sufficiently
high-voltage (2,000 volts), low-impedance source.

Some work was done on other arrangements for ap-
plying sinusoidal voltage of the proper phase to the
plate of the pulse-generating tube. If an inductor were
used from plate to ground, instead of a resistor, the
application of plate bias would be greatly simplified. If
the series combination of this inductance and the grid-
to-plate capacitance were tuned to the inductive side of
serics resonance, a lagging current would be drawn. The
voltage across the inductance would lead the current
by 90°. Inasmuch as it is desired to have the voltage

. % The capacitance of any load connected must be taken into con-
sideration in adjusting the phase angle. Also, because such capaci-
tance reduces the output impedance, it results in reduced pulse ampli-
tude. Hence, the circuit is not suitable for driving high-capacitance
loads directly. Fortunately, its output is positive, and can, there-
fore, be amplified once by a low-resistance modulator.

? The Peterson coil generates voltage pulses from a sinusoidal cur-
rent by abrupt magnetic saturation. Although the symmetrical out-
put is attractive for application to the spark oscillator, the efficiency
of the device is much too low for high-level operation. E. Peterson,
J. M. Manley, and L. R. Wrathall, “Magnetic generation of a group
of harmonics,” Bell Sys. Tech. Jour., vol. 16, p. 437; October, 1937.
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lead by only a small amount for the production of short
pulses, it is apparent that the inductive reactance would
have to be large compared with the capacitive reactance.
However, it is not desirable to attempt to make the in-
ductance too large, for the distributed capacitance then
rises rapidly. Likewise, it is not desirable to increase the
grid-to-plate capacitance too much in order to increase
the disparity between the inductive and capacitive re-
actances, for then the time taken to charge this capaci-
tance, when the tube conducts, becomes appreciable,
and the rate of fall of the pulse is too low. In general, it
was found to be more satisfactory to usc a resistor in
the plate circuit.

“The parallel combination of the impedance from grid
to ground, via the plate (series combination of grid-to-
plate capacitance and plate resistor) and the direct grid-
to-ground impedance (parallel combination of grid-to-
cathode capacitance and grid resistor), deternmines the
load seen by the exciting power amplifier. Since it is
desirable to develop as large a signal as possible on the’
plate of the pulse generator, these impedances are kept
as large as possible so that the voltage on the grid will
be large.t®

The high-voltage sine-wave input to the pulse gener-
ator is brought from the power amplifier with a coaxial
cable (RG-11/U). In order to obtain proper operation of
the biasing arrangement in the grid circuit of the pulse
generator, it is necessary to place the de blocking capaci-
tor at the load end of the coaxial line rather than in the
power-amplifier chassis. If this is not done, the cable
impresses a large capacitance across the input of the
pulse generator, This capacitance draws a large steady-
state sinusoidal current and perturbs the “overdriven”
operation of the tube. The tank impedance of the power
amplifier is limited by the minimum capacitance which
can be used, and thus principally by the length of co-
axial output cable required.

6. Tue MODULATOR

The positive pulses thus generated are applied to the
grid of the modulator by direct connection from the b
pulse-generator plate to the modulator grid. Because
the input capacitance of the modulator interferes with
the operation of the pulse generator,® this capacitance is
kept as low as possible.

There is a considerable negative swing of the voltage
at the plate of the pulse-generator tube due to the nega-
.tive half of the applied sine wave (sce Fig. 2). To elim-
mate this by means of a clipper would mean connecting
the ﬁlal?lcnt of the clipper tube to the plate of the pulse-
generating tube. This would again introduce the prob-
lem of interwinding capacitance in the filament trans-
former. Fortunately, however, this negative swing does

~

1% As the grid resistor is increased, the coupling capacitance must
be. redl'l'ccd in order to preserve the desired time constant for “over-
drn:c:n operation,

T'he plate resistor can be altered only by changing the grid-to-
plate capacitance, Increasing the capacitance requires reducing the
value of the plate resistor to restore the desired phase angle.
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Fig. 2—The pulse-generator output. The pulse recurs 10® cps; hence
itis clear that the duration (of the upper portion) is 1077 second
at the base. The lower portion is eliminated by proper biasing of
the modulator. Time progresses from right to left in this figure.

no harm on the grid of the modulator tube provided the
tube can withstand the stress and ion current. The tubes
used (304TL) do so with ease. In the modulator tubes,
just as in the pulse-generator tube, there is a feeding of
the grid signal to the plate by means of the grid-to-plate
capacitance. In spite of the large negative excursion of
the grid, this has not been found objectionable. The ef-
fect is actually desirable, for it provides a reversed volt-
age on the oscillator to assist in ion sweeping.

Enough fixed cathode bias is used to hold the modula-
tor tubes at cutoff when no signal is applied to the grid.
The plate bias must not be applied to the pulse gener-
ator until a signal voltage is present. If this precaution
is not taken, the pulse-generator plate bias will place
a dc potential on the modulator tube grids which will,
in turn, rise to a potential equal to the modulator cath-
ode bias. This will cause the modulator tubes to become
conducting, and excessive power will be dissipated at the
plates.

Fig. 3 is an oscillogram of the voltage on the modu-
lator plate; i.c., the modulating voltage developed across

Fig. 3—The modulator output with the spark oscillator connected.
The oscillations following each pulse are spurious and are gener-
ated by the indicator. Time progresses from right to left.
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the spark oscillator. This oscillogram is somewhat un-
satisfactory because of the oscillations shown following
the pulse. In order to view the modulating pulse with the
spark present in the oscillator for rapid discharge of the
output capacitance, it is necessary to employ so much
voltage that the pulse cannot be viewed without the use
of a dc-blocking and amplitude-control capacitor.
Enough has been observed on the defocused tube by
direct connection and using excessive centering voltages
to show conclusively that the spurious oscillations are
initiated in the indicator circuit with each pulse and
are not actually present across the oscillator with the
indicator directly connected.” The amplitude of this
pulse was successfully measured with the aid of a spe-
cially designed low-capacitance filament transformer
having an interwinding capacitance of only 25 uuf, a
diode which could withstand a large inverse voltage
(HK-253), and a high-voltage power supply. With the
diode’s filament connected to the modulator plates, and
the diode’s plate connected to the power supply, and
by-passed to ground, the diode plate voltage was raised
until current just began to flow in the diode. This value
of diode plate voltage then represented the minimum
voltage of the modulator tubes’ plate excursion. The
maximum voltage reached by the modulator tube plates
is somewhat less than the supply voltage if the output
capacitance is not fully discharged between cycles. This
can be measured by connecting the diode plate to the
modulator plates and returning the diode filament to a
source of high voltage. The voltage to which the diode
filament is returned is then reduced from an amount
equal to the modulator supply voltage until diode cur-
rent commences to flow. This voltage then represents
the maximum voltage of the modulator tubes’ plate ex-
cursion. By subtraction, the total excursion is then ob-
tained, and thercby the amplitude of the output pulse.

By this means, the amplitude of the pulse shown in
Fig. 3 was found to be 1,100 volts. It was found that, with
the spark in operation, an output pulse of greater ampli-
tude could not be obtained, presumably due to incom-
plete deionization. However, with the spark oscillator
disconnected and 125-puf vacuum capacitors con-
nected in its stead, a 3,000-volt output pulse was ob-
tained with a modulator supply voltage of 4,500 volts.
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Circuits for Traveling-Wave Tubes”

J. R. PIERCETf, FELLOW, IRE

Summary—The comparison between traveling-wave-tube cir-
cuits of different geometries can be facilitated by the use of phase
velocity, group velocity, and stored energy as parameters. For a given
stored energy per unit length, lowering the group velocity with respect
to the phase velocity increases circuit impedance (and, hence, gain),
increases attenuation, and narrows the band. A filter-type circuit con-
sisting of pillbox resonators is shown to be much inferior electrically
to a helix. Expressions are presented showing the effect of gap length
in filter-type circuits consisting of pillbox resonators, and the attenua-
tion is calculated for such circuits.

INTRODUCTION
§§ Y ARIOUS CIRCUITS have been used or pro-

posed for traveling-wave tubes: the helix, coiled

waveguides, and a selies of resonators coupled
together to form a filter. It is often desirable to regard
the beam voltage, or the phase velocity, as a design
parameter, to be held constant in comparing circuits. In
this case, the goodness of circuits, as far as gain per
wavelength is concerned, is expressed by the parameter

(E?/B*P)3. v (D)

The quantity (E2?/8*P) has the dimensons of imped-
ance. E is the peak longitudinal field acting on the elec-
trons, P is the power flow in the circuit which produces
the field £, and g is the phase constant;

B = w/ve (2)

where w is radian frequency and v, is phase velocity. For
optimum gain, the electron velocity should be near to
this phase velocity. If we neglect ac space charge and
loss, the electron velocity v for optimum gain is equal
to the phase velocity, and we may write

ve = v = 1.98 X 1073 I7y!/%. 3)

Here and later, mks units are used. V,is the voltage by
which the electrons are accelerated, and ¢ is the velocity
of light.

For this case of no circuit attenuation and an electron
velocity equal to the phase velocity, if we neglect the
effect of space charge the net gain is

G = — 9.54 + 47.3CN db. 4)
C = (£2/B°P)'1*(1o/8V)'%. (3)
Here N is the length of the circuit in wavelengths, I, is
the beam current in amperes, and V, is the accelerating
voltage.
1. Puase VELocity AND Grour VELOCITY
The phase velocity is a relation between the wave-

length of the traveling wave and the frequency, both

* Decimal classification: R339.2XR139.2. Original manuscript
received by the Institute, July 28, 1948; revised manuscript received,
October 4, 1948.

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

of which are measurable quantities. Thus
ve = fA (6)

where fis the frequency, and X is the wavelength,

The phase velocity need not be the velocity with
which a broad pulse travels down the circuit; a pulse
travels with the group velocity v,. The group velocity
may be different in magnitude and even in sign from the
phase velocity. The phase velocity does not even tell us
in which dircction energy is flowing.

Suppose we think of a pulse passing along a lossless
transmission system. When the pulse is present in a
certain portion of the system, there is stored eclectric
and magnetic energy in that portion of the system. Later
this energy will be present further along the systen. .
Thus, the group velocity is the velocity with which
stored energy travels along the system. If W is the
stored energy per unit length, the power flow P is

P =1y, (7)
Hencee,
(12/B2P)V1% = (E2/B2IVu,)1/3, (8)
and
C = (121o/83% 11 v,V o)1/3, 9)

Here 1 is the stored energy per unit length which pro-
duces a field of peak strength E at the position of the
clectron beam.

The group velocity is given by the relation

1 - a8 1 (1 w 0%)
v, Jw i Vo Ow '
w du,\ !
Vy = Vo 1 — . o
s ow
the group velocity is equal to the phase

velocity only if the phase velocity does not change with
frequency.

(10)

(11)

We see that

2. GAIN AND BANDWIDTII IN A
TRAVELING-WAVE TuBE

To get high gain in a traveling-wave tube at a given
frequency and voltage (the phase velocity is specified
by voltage), we sce from (9) that we must have either a
small stored energy per unit length for unit longitudinal
field, or a small group velocity v,.

‘ To have amplification over a broad band oRfrequen-
cies, we must have the phase velocity v, substantially
c¢qual to the electron velocity over a broad band of fre-
q'ucncics. This means that, for very broad-band opera-
tion, ve must be substantially constant, and hence, in a
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sroadband tube, the group velocity will be substantially
the same as the phase velocity.

If the group velocity is made smaller, so that the gain
's increased, the range of frequencies over which the
phase velocity is near to the electron velocity is nec-
assarily decreased. Thus, for a given phase velocity, as
the group velocity is made less the gain increases but
the bandwidth decreases.

In the past, particular circuits have been compared
on the basis of (E£2/82P)13and bandwidth. For instance,
Field! has compared a coiled waveguide structure with a
series of apertured disks of comparable dimensions. Both
of these structures must have about the same stored
energy for a given field strength. He found the coiled
waveguide to have a low gain and broad bandwidth as
compared with the apertured disks. We explain this by
sayving that the particular coiled waveguide he con-
sidered had a higher group velocity than did the aper-
tured-disk structure. Further, if the coiled waveguide

* were altered so as to have the same group velocity as the
apertured-disk structure, it would necessarily have sub-
stantially the same gain and bandwidth.

In another instance, O. J. Zobel of these Laboratories
evaluated the effect of broad-banding a filter-type cir-
cuit for a traveling-wave tube by m derivation. He
found the same gain for any combination of m and band-
width which made v, =v4(0vs/dw =0). We sce that this
is just a particular instance of a general rule.

3. A CoMprARIsON OF CIRCUITS

The group velocity, the phase velocity, and the ratio
of the two are parameters which are often casily con-
trolled, as by varying the coupling between resonators
in a filter composed of a series of resonators. Morcover,
these parameters can often be controlled without much
affecting the stored energy per unit length. IFor instance,
in a series of resonators coupled by loops or irises, the

. stored cnergy is not much affected by the loops or irises
unless these are very large, but the phase and group
velocities are greatly changed by small changes in cou-

b pling.

et us, then, think of circuits in terms of stored
energy, and regard the phase and group velocities and
their ratio as adjustable parameters. When we do this,
it is found that various physical configurations which
promise to be useful in traveling-wave tubes can be
simply compared on a generalized basis.

We will consider a case in which all electrons in the
beam are acted on by fields of substantially the same
strength. Let us first consider a helically conducting
shect of radius a. The upper curve of Fig. 1 shows
(E2/B2P)'3(vy/c)'® versus Ba. In obtaining this curve
(see Appendix I), it was assumed that 9,&Kc. The ficld
I5 is the longitudinal ficld at the surface of the helically
conducting cylinder.?

1 Lester M. Field, “Some slow-wave structures for traveling-wave

tubes,” Proc. [.R.E., vol. 37, pp. 33-40; January, 1949,
1 See Appendix 1V for discussion of field away from the helix.
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The helix has a very small circumferential electric
field which represents “useless” stored energy. The lower
curve of Fig. 13 is based on the stored electric energy of
an axially symmetrical sinusoidal field impressed at the
radius a. This field has no circumferential component
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Fig. 1—A comparison of (£2/82P)! for a helically conducting sheet
(curve A) and for a sinusoidal field forced at the same radius
(curve B) versusradiusinradians, fa. Curve Ais (E*/°P)!3(vy /c)'3,
Curve B is (E/82P)Y3(vy/c)¥(v,/ve)'?. Curve A is higher than
curve B because the group velocity is less than the phase velocity
for the helically conducting sheet, as shown by curve C, which
gives (ve/v,)!/ versus Ba.

but is otherwise the same as the electric field of the helix
(again assuming v,<c). We can imagine such a field
propagating because of an inductive sheet at the radius
a, which provides stored magnetic energy enough to
make the clectric and magnetic encrgies equal. The
quantity plotted versus Ba is (E2/B*P)"3(vy/c)"/*(vy/v4) "%
For the same values of v, and v,, we would expect a
slightly larger value of (E2?/B2P)'® for this impressed
sinusoidal ficld than for the helically conducting sheet.
The quantity plotted for the helically conducting sheet
does not contain the factor (v,/v,)'3, as does the quan-
tity plotted for the impressed sinusoidal field. For small
values of va, v, <vs for the helically conducting sheet.
The quantity (vs/v,)!/ for a helically conducting sheet
for which 74<c is shown in Fig. 1. This lowered group
velocity accounts for the fact that the curve for the
helically conducting sheet lies above the curve for the
impress.d sinusoidal field.

As an example, a filter-type circuit will be compared
with the impressed sinusoidal field. This circuit will con-
sist of a series of flat resonators coupled together to
make a filter. Fig. 2(a) shows a series of very thin pill-
boxes with walls of negligible thickness. A small central
hole is provided for the electron stream, and the field E
is to be measured at the edge of this hole. The diameter
is chosen to obtain resonance at a wavelength Ao, I9ig.
2(b) shows a similar scries of flat, square resonators.

For the round resonators, it is found thatt

(12/B2P)113 = 5.30(v4/c) ¥ (ve/05)"2. (12)

3 See Appendix I1.
¢ See Appendix 111.
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For the square resonators,*
(EY/B2P)M13 = 5.33(vs/c)¥(ve/0a)%.  (13)

For practical purposes, these are negligibly different.

L

~<

m

S (a)
o

Y .

¥

|

[=]

s O ()
[

A4

Fig. 2—A filter-type circuit made of pillbox resonators
(a), or square resonators (b).

As we have noted, (v4/c¢), which appears in thé¢ expres-
sion for (E2/3*P)!' for the sinusoidal ficld impressed at
radius @ and in (12) and (13), is a function of the ac-
celerating voltage. IYig. 3 makes a comparison between

16 -
1000 v 10000 Vv
14 {
A -IMPRESSED

12 SINUSOIDAL
FIELD

10 B - CIRCULAR
RESONATORS

1
EZ/_.,B
pee
6— Q
[
4
xsl
2 B |
0 [ I
o 2 a4 8 0 2 4 6 8

Fig. 3—A comparison of (E?/82P)!/3 for an impressed sinusoidal field
at the radius ¢ and for pillbox or square resonators, for 100 volts,
1,000 volts, and 10,000 volts. For each voltage, (E*/f*P)'3 for the
forced sinusoidal field is a function of the radius expressed in
radians, Ba. The phase velocity is assumed to be equal to the
group velocity. For low voltages, the resonators are much inferior
to the impressed field, or to a helically conducting cylinder.

the sinusoidal field impressed at a radius a, curve A,
and the flat resonators, either circular or square, B. In
all cases, it is assumed that the coupling is so adjusted
as to make (v,/v4) =1 (broad-band condition).

What sort of information can we get from the curves
of Fig. 3? Suppose that we wish at 1,000 volts to make
the gain of the resonators of Fig. 2 (or of a coiled wave-
guide of similar dimensions) as good as that for a helix
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with Ba=3. For Ba=3, the helix curve A is about 3.2
times as high as the resonator curve B. As (/2/8*P)'?
varies as (v,/v,)"%, we must adjust the coupling between
resonators so as to make

v, = 04/(3.2)3

in order to make (I£2/8:P)'3 the same for the resonators
as for the helix. From (11) we see that this means that
a change in frequency by a fraction 0.002 must change
v, by a fraction 0.06. Ordinarily, a variation of v, of
+0.03 would cause a very serious falling off in gain. At
3,000 Mg, the total frequency variation of 0.002 times
would be 6 Me. This is, then, a measure of the band-
wielth of a series of resonators used in place of a helix
for which Be=3 and adjusted to give the same gain.

0.031%

4. PnysicAL LIMITATIONS

In Scction 3, the resonators were assumed to be very
thin and to have walls of zero thickness. Of course, the
walls must have finite thickness, and it is impractical to
make the resonators extremely thin. The wall thickness
and the finite transit time across the resonators both

reduce ([£2/82P)V3,
4.1 Effect of Wall Thickness

Consider the resonators of Fig. 2. If d is the spacing
between resonators (1/d resonators per unit length),

A = i

1.0
t
/4
Fig. +—1In a filter-type circuit, (E*/f2P)"* is reduced by a factor f

as the wall thickness ¢ is increased with respect to the resonator
spacing d.

:'m(] ! is the wall thickness, the stored energy will be
increased over that for =0 by a factor

(1 —¢/d),
and (£2/B2P)'3 will he reduced by a factor
J =t~ tfayn
The factor fis plotted versus ¢/d in Fig. 4.

(14)
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4.2 Transit Time Across Gap

As it is impractical to make the resonators infinitely
thin, there will be some transit angle § across the reso-
nator, where

6 = BL. (135)

Here L is the space between resonator walls. If we as-
sume a uniform electric field between walls, the gap fac-
tor M—that is, the ratio of peak energy gained in elec-
tron volts to peak resonator voltage, or the ratio of the
magnitude of the sinusoidal field component produced
to that which would be produced by the same number of

infinitely thin gaps with the same voltages—will be
e sin (6/2) E (16)

6/2
For a series of resonators 8 long, with infinitely thin
walls, (E2/B2P)'® will be less than the values given by
. (12) and (13) by a factor A3, This is plotted versus 8 in
Fig. 5.

0.3 N R W S S :
sm(e/g) 2/3
0.2 - + —0/2—- + } L

|

- L i 1
16

o2 4 6 8 10 12 4 6 20 22 24

TRANSIT ANGLE IN RADIANS

Fig. 5—In a filter-type circuit, as the transit angle 8 across the gap

)) ‘s increased, (£2/B*P)!/3 is reduced by a factor [sin (8/2)/(8/2)]%2

[f the resonators are a transit angle 8, apart, and 6, is less than

2.33 radians, the walls should be as thin as possible. If the resona-

or spacing 8 is greater than 2,33 radians, the gap transit angle

shnu{;labeIZ.SS ra&ians,and (E2/8*P)"? will be reduced by a factor
(1.45/0)V3,

4.3 Fixed Gap Spacing

Suppose itis decided in advance to put only onegapin
a length specified by the transit angle 0. How wide
should the gap be made, and how much will (E2/B2P)'3
be reduced below the value for very thin resonators and
infinitely thin walls?

Let us assume that all the stored cnergy is energy
stored hetween parallel planes separated by the gap
thickness, expressed in radians as 8 or in distance as L.

0 = BL
0‘ = ﬁ([.

Pierce: Circuits for Traveling-Wave Tubes
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Here L is the gap spacing,and d is the spacing between
resonators.

If we had many thin cavities with zero-thickness
walls and a peak field E,, the sum of the peak voltages
across all cavities in the distance d would be

V.= Ed.
The sum of the peak stored energy would be

€9

I‘Vl = 2 Eozd
Ve
d

17

€
2
If we have but one resonator with a voltage 1" across
it, the effective voltage V, acting on the clectrons is
S sin (6/2) .
(6/2)
The stored energy will be

€9 (0/2) 0¢V12

Wy =— 18
T4 sin?(8/2) d (18)
and
Wi\!/? 2 sin? (6/2)\'/?
<__‘> - ( * 6/ 2) ) (19)
1V, 0.(6/2)
This has a maximum value for
6 = 2.33 radians. (20)
The maximum value is
Wi\!/3 1.450\'/3
() = Ca0) @
W, 6,

If §,<2.33, it is best to make 8 =0.. Then (£2/B*P)'3
is reduced by the factor [sin 0/2)/(6/2)1*%, which is
plotted in Fig. 5. If ,>2.33, it is best to make 6=2.33.
Then (£2/82P)" is reduced from the value for thin reso-
nators with infinitely thin walls by a factor given by
(21), which is plotted versus 0,1in Fig. 5.

Fig. 6—When the resonators are spaced far apart,(£?/6'P)"/* may be
made larger by the use of re-entrant resonators.

In case of wide gap separation (large 84), there would

be some gain in using re-cntrant resonators, as shown in
Iig. 6.
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S. ATTENUATION
Suppose we have a circuit made up of resonators with
specified unloaded Q. The energy lost per cycle is

W = 2x11,/Q. (22)

In one cycle, however, a signal moves forward a distance
L, where
L=y,/f

The fractional energy loss per unit distance, which we
will call 2q, is

(23)

ML 29)
W, L
whence
w -
- 2Qv, . (23)

So defined, e is the attenuation constant, and the ampli-
tude will decay along the circuit as exp (—as).
The wavelength X is given by

A= v/f = 2m04/0. (26)
The loss per wavelength in db is '
db per wavelength = 20 log;o exp (a))
27.3 Vg
db per wavelength = —— — . (27)
Q v

We sec that for given values of v4 and Q, decreasing
the group velocity, which increased (£2/82P)Y3, also in-
creases the attenuation per wavelength.

5.1 Attenuation of Circuits

For various structures, Q can be evaluated in terms of
surface resistivity R, the intrinsic resistance of space,
Ky=377 ohms, and various other parameters. For in-
stance, Schelkunoff® gives for the Q of a pillbox resonator

1.20(K,o/R)
T + a/h
Here a =the radius of the resonator, . =the height.
If we express the radius in terms of the resonant wave-
length Ne (s =1.2Xo/7), we obtain
m(Ko/R)(ve/0)
n(l + h/a)

(28)

(29)

Here #z is the number of resonators per wavelength (as-
suming the walls separating the resonators to be of neg-
ligible thickness); thus,

n = h/N = (No/n)(ve/c).

From (29) and (27) we obtain, for a series of pillbox

(30)

¢ S. A. Schelkunoft, “Electromagnetic Waves,” D). Van Nostrand
Co., Inc., New York. N. Y., 1943; p. 269.
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resonators,
db per wavelength = 8.68(R/Ko)(c/v,)(1 + h/a)n. (31)

For nonmagnetic materials, surface resistance varies
as the square root of the resistivity times the frequency.
Table I below gives R for copper and db per wavelength
for pillbox resonators for A/a<K1 (31).

TABLE 1
(db per wavelength)/(c/v,)
S Me ko Pillbox Resonators
7 3,000 4.0142 3.3X104n
10,600 0.0260 6.0X1074y
30,000 0.0450 10,4 X107y

In Scction 3, a circuit made up of resonators, with a
group velocity 0.031 times the phase velocity, was dis-
cussed. Suppose such a circuit were used at 1,000 volts
(c/ve=16.5), were 40 wavelengths long, and had three
copper resonators per wavelength., The total attenua-
tion in db is given in Table 11,

TABLE 11
f M Attenuation in db
3,000 21
10,000 38
30,000 67

APPENDIX |
Helicaily Conducting Cylinder

We have, for the helically conducting cylinder,$

(22/p* )3 = (B/B0)"3(v/p) 43 (vd) (32)
v = “j'.' — F;U‘.')',‘.’ (3‘;)
. (va)? Ik,
I' ¢ - I 2 — 2
(ya) ( o [( : Iol.)<1 +11A:,>

4 <Iu>(1\_ K 1\,,,)<1+111\—u>1) 1/3 -
K)o TN _I '
Here 1o, 14, I, Ko, K}, K, are modified Bessel functions
of the argument va. E, is the ficld on the axis. If v, K¢,
very nearly, ¥ =8. We will make this assumption and use
@a for ya in (34). Assuming this, and considering the
field at the cylinder rather than on the axis, we obtain

(2/B2P)13 = (c/ug) 3T (va). (35)

ArreNnpix 11
Forced Sinusoidal Field

If 9,&¢, the field can be very nearly represented in-
side the cylinder of radius o by a potential function

! )
b= @, o(Br) B — L o) ¢ (30)

Io(Ba) jB Io(Ba)

¢ J. R. Pierce, “Theory of the beam-type lrd\'elillg-\\(1\~c tube,”
Proc. LR.E., vol, 35, pp. 111-123; February, 1947,
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and outside by

K
= g ) (37)
Ko(ya)
Inside,
9% 11(Br) ,
—_—— = S—— “IBI(I) 38
ar . 14(Bu) ‘ ’ (38)
aP Io(ﬁf)
= — jB—— Bzdpy, 39
o LN (39)
Outside,
0P K
N T (10)
0
a9d KoBr)
— = — jB— - e By, 41
9z P et (1)

Taking into account the sinusoidal variation in the z
direction, the average stored clectric energy per unit
length will be

1 o«
We = (-) (—2>f (Ermax’ + Eimes’)(2wrdr).  (42)
2 2 r=0

Here £,max and E,max are maximum values along the z
axis and are functions of r. The total electric plus mag-
netic stored energy will be twice this. This gives

y = 71'60(')‘“)2[102 — 1o, " KoKy — K02:|E2
272 102 I\'(;‘J
af [l K
. wey |:1+ ’l]l‘,‘?. (43)
'Y2 1y K,
(I12/p20)":
120 1/3
= (c/v) 3 (ve/v,)"1? : (44)

8 (" + K‘)
d

I, Ko
AprreNpix 111

Pillbox Resonators

Schelkunoff? gives an expression for the peak clectric
cnergy stored in a pillbox resonator, which may be
written as

0.135meqa?h I2.

Here a is the radius of the resonator, and & is the axial

7 Sec p. 268 of footnote reference S,
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length. For a series of such resonators, the peak stored
electric energy per unit length, which is also the average
electric plus magnetic energy per unit length, is

W = 0.1357e0a’E? (45)
For resonance,
a = 1.2xo/m, (406)
whence,
W = 0.0018¢M%L?, (47)
and
(E2/B*PY)1? = 5.30(ve/v,)"/*(ve/c))? (48)

The case of square resonators is easily worked out.

AppeENDIX [V
Variation of Field over Apertures -

The fields used in this paper for comparison are fields
along the edge of conductors bounding an aperture, as
along the surface of a helically conducting sheet. The
ficld is, of course, weaker further from the conductors.

If 8 is the phase constant for a sinusoidal field com-
ponent, the variation of field in the charge-free region
outside of the conductors (in an aperture through reso-
nators, or through a helix) can, in several important
configurations, be expressed in terms of a parameter y
(33). For instance, in an axially symmetrical aperture of
radius a,

E(r) = EI(yr)/Io(v0). (49)

Here E(r) is the longitudinal field at radius 7, and £ is
the ficld at a radius a (that used in the paper). Similarly,
outside of an axially symmetrical system of an outside
radius a,

E(r) = EKo(y7)/Ko(va).

In a plane-symmetrical or two-dimensional system
with a slit aperture 2¢ in width,

(50)

E(y) = E cosh yy/cosh va. (51)

Here L£(y) is the longitudinal field a distance y from the
center of the aperture, and £ is the field at the center of
the aperture. A distance y above a two-dimensional sys-
tem

L(y) = E exp —7y. (52)

Here £ is the longitudinal field at the boundary of the
system.

For slow waves (v,2&¢?), we can replace v in the above
expressions by S,
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The Effect of Pole and Zero Locations on the Tran-

sient Response of Linear Dynamic Systems”
J. H. MULLIGAN, JR.f, MEMBER, IRE

Summary—The effect of the locations of the poles and zeros of
the transfer function of a linear dynamic system on the locations
and the magnitudes of the maxima and minima of the transient
response resulting from the application of a step-function input to
the system is studied. Consideration is given to the necessary
conditions for the production of 2 monotonic time response, expressed
in terms of the pole and zero locations. In general, the results of the
investigation are limited to stable low-pass systems, having only
first-order poles and no poles on the jw axis.

A method of computing the locations and magnitudes of the
maxima and minima in the time response is given which allows the
calculations to be made in a straightforward and efficient manner.
The evaluation of the transient performance of many practical low-

I. INTRODUCTION
QLTIIOUGII POWERFUL operational methods

are available for the transient analysis of linear
dynamic systems, the analysis of typical systems
encountered in practice, such as multistage amplifiers,
servomechanisms, and the like, is usually a long and
tedious task, although quite straightforward. This is in
contrast to the inverse problem, namely, that of tran-
sient synthesis or design, in which the method of attack
is by no means as direct, or even indicated at all in some
cases. As a consequence of this, a nced exists for new
methods for the rapid evaluation of the transient per-
formance of a given system, and also for means of de-
signing a system directly from prescribed requirements
on the time response.
Considerable work!=’? has been done in recent years

* Decimal classification: 510 X R143. Original manuscript received
by the Institute, May 19, 1948; revised manuscript received, August
23, 1948.

t Formerly, Marcellus Hartley Laboratory, Columbia University,
New York, N. Y.; now, Allen B. Du Mont Laboratories, Inc.,
Passaic, N. J.

LW, R. Abbott, “Transient Response of Four Terminal Net-
works,” doctoral dissertation, [owa State College; 1945.

2\W. J. Cunningham, “Simplified Methods for the Analysis of
Transients,” doctoral dissertation, Harvard University; 1946.

*W. J. Cunningham, “Graphical methods for evaluating Fourier
integrals,” Jour. Appl. Phys., vol. 18, pp. 656—664; July, 1947,

*W, J. Cunningham, “Simple relations for calculating certain
transient responses,” Jour. Appl. Phys., vol. 19, pp. 251-257; March,
1948.

& M. J. DiToro, “Transient Response of Linear Networks with
Monotonic Phase and Attenuation Characteristics,” doctoral dis-
sertation, Polytechnic Institute of Brooklyn; 1946.

¢ M. ]J. DiToro, “Phase and amplitude distortion in linear net-
works,” Proc. 1.R.E., vol. 36, pp. 24-36; January, 1948.

7M. ]J. DiToro and R. C. Wittenberg,” New parameter-adjust-
ment method for network transients,” presented, 1948 IRE National
Convention, New York, N. Y., March 22, 1948.

8 C. C. Eaglesfield, “Transition time and the pass band,” Proc.
L.R.E,, vol. 35, pp. 160-168; February, 1947.

® W. C. Elmore, “The transient response of damped linear net-
works with particular regard to wideband amplifiers,” Jour. Appl.
Phys., vol. 19, pp. 55-63; January, 1948.

1 W. Hansen, “Transient response of wide band amplifiers,”
Elec. Ind., vol. 3, pp. 80-83; November, 1944.

11 H. E. Kallmann, R. E Spencer, and C. P. Singer, “Transient
response,” Proc. I.R.E., vol. 33, pp. 169-196; March, 1945.

12 ]. Laplume, “Calcul de la bande passante minimum d’un sys-
teme de transmission d’impulsions,” Ann. Radio-elec., vol. 1, nos. 4, 5;
April-July, 1946.

13 J. H Mulligan, Jr., and L. Mautner, “The steady-state and

pass systems can be simplified considerably by the use of this method.

It is shown that, under certain conditions of pole and zero loca-
tions, the normalized time response may be well approximated by a
single dominant time term. Methods of ascertaining from the pole
and zero pattern whether these conditions exist are given. On the
basis of the dominant-term approximation, a method is outlined for
the design of pole and zero patterns to yield prescribed time-response
characteristics of a certain class to step-function inputs. Constant
overshoot-factor curves and charts are provided for this purpose and
for rapid solution of analysis problems when applicable.

The results of this investigation are in a form which allows
direct application to practical design problems in the fields of
electrical networks, amplifiers, servomechanisms, and the like.

which has provided partial satisfaction of the two needs
mentioned. In most instances, this work has been given
in the form of transient design information for specific
circuit configurations, or generalities have been pre-
sented relating the steady-state amplitude- and phase-
response characteristics of the system with the transient
response to an impulse-function or step-function input.

In this paper an investigation is made of the effect
that the locations of the poles and zeros of the transfer
function (output/input) of a linear dynamic system
have upon the location and magnitude of the maxima
and minima in the transient response of the system when
a step-function input is applied. Attention is also given
to the necessary conditions for the production of a
monotonic time-response output from the system, these
conditions being expressed in terms of the pole and zero
locations. The investigation is limited to stable systems
whose transfer functions contain no poles on the jw
axis and no zeros at the origin, and, although the results
are generally restricted to systems containing first-order
poles only, under certain conditions they may be ex-
tended to systems containing multiple poles as well. In-

asmuch as the results are expressed in terms of relations -

among pole and zero locations, the material developed is
applicable in the most direct manner to systems formed
Ly the cascading of simple structures, such as multistage
nonfeedback amplifiers, for example.

II. DEVELOPMENT AND APPLICATION OF THEORY
1. Normalized Time Response

In orflcr to provide sufficient generality for the work
b.elow, 1t will be assumed that the system under con-
sn(!cration has a transfer function (output/input) con-
taining pairs of conjugate complex poles, ¢ real poles,
g pairs of conjugate complex zeros, and m red? zeros. It
1s also assumed that 2n4-9>2g+m, and that only first-
order poles and zeros oceur. It will be evident later that
the restriction to first-order zeros is made only for con-

transient analysis of a feedback vid ifier,” P s
36; pp. S95-G11; May, 1948, © <0 2mplifier,” Proc. LR.E., vol.

-~ -
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venience in the derivations, and that the restriction to
first-order poles can be relaxed under certain conditions.
The notation used is given in detail in the Appendix and
is illustrated in Fig. 1.

.(‘.1p, 7%

o ZEROS
* POLES

oCa-gPn

Fig. 1—Illustration of the notation employed.

If the system just described is subjected to a unit
step-function input, the Laplace transform of the out-
put time response is of the form!

11+ w I”I (s + £)* + 7]
F(s) = K——— — W

TG + 09 1[G + a? + 82]

1em] 1=1

where K is a scale factor depending on the particular
system considered. It will be convenient to assume that
K is unity in all the work that follows.

The inverse transformation of (1) yields a time re-
sponse f(f) containing a constant term Ao plus terms
which are functions of time. For convenience in the
comparison of the responses of systems having differ-
ent values of Ao, it is desirable to consider the ampli-
tude-normalized time response defined as

J(O) = Aufa(t) (2)

in which

fe=1 1ol

A= ———— . (3)

[T o 11 B2

w1 s ]

1T e 1T vo?

Accordingly, by inverse transformation of (1) and nor-
malization, the following expression is obtained for the
normalized time response:

fall) = 14 (—1)°113° My cscyue " sin (Bet + M + ¥)

kool
F (=12 O (= 1)nn e )

1 The operational notation and methods of analysis used herein
follow those of M. F. Gardner and J. L. Barnes, “Transients in
lﬁlm\:(ar l.?))rzlcms,” vol. 1, John Wiley and Sons, Inc., New York,
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in which
R~ RS~ A A S CE AR
MERNEE
i\ pi J i=tiek \ Boi Boi
ﬁ Bi : Pk I"I (;’)_:_)2
(T3 1 | ==l 0:
Nym—t F = 6
k 11 (.ﬂ'.)z [ | pi = Pt o
ie1 \ Boi inl.i;dk‘ pi
A= QO — > vat Eask—ztﬁu (7

1=l T=],ik 1=1 j==1

and w and rx are the number of real zeros in the right
half plane and the number of real zeros to the right of
px, respectively. It is seen that the coefficients My and
N, are formed in the same manner. Each is equal to the
quotient of the product of factors due to zeros divided
by the product of factors due to poles. The factors for all
poles and zeros have the same form: the typical factor
for a single element (pole or zero) is equal to the ratio
of two distances in the S plane; namely, the distance
from the element to the pole for which the cocfficient is
being computed® divided by the distance of the element
from the origin. It is now desirable to investigate this
factor in greater detail.

2. Composition of Coefficients
Referring to Fig. 2(a) and (5), it is evident that the
pair of complex poles at —a; +jB; contributes a multi-
plying factor C to the denominator of M; of amount
C = ’:1’2 . (8)
7’02
It is of interest to determine how the poles —a;+jB;
must move in order that the factor C remain constant.
Furthermore, it is quite desirable to consider displace-
ment of the pole —a;+jB; only, inasmuch as complex
clements must occur in conjugate pairs, and hence mo-

i 1¢

<y 1P

~Cigpy AL S

pp .

(n'.jﬂl “®n"fpn

(a) (b

Fig. 2-—(a) Construction for determining the multiplying factor C,
(b) Equivalent construction using a pole with positive imaginary
part.

18 This is —ax+jpx for My, and —p, for Na.
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tion of —a;+jB: causes corresponding motion of its
conjugate. Consequently, in Fig. 2(b) use has been made
of certain equalities of distance to refer variations in C
to movement of the pole —a;+jB; alone. It is now nec-
essary to find the path on which this pole must move to
yield a constant value of C.

The form of Fig. 2(b) suggests solution of the locus
problem by consideration of an equivalent electrostatic
problem.’ Considering the natural logarithm of C,
it is found that

9

Moreover, the clectrostatic potential at the point
—a;+jB, resulting from a line charge of +1 esu at the
origin and line charges of —3 esu at —ay 370 is"7

log. C = log. r1 4+ log. r» — 2 log, r,.

¢ = log. 1 + log. r2 — 2 log, 7, (10)

from which it is clear that the potential in the clectro-
static system postulated and the factor C are related as

C = €. (11)

Evidently, therefore, the lines of constant C sought are
the equipotentials for the system just described.

The construction of the equipotential lines for the
three-line-charge system being considered is effected by
the addition of the potential lines of two separate line-
charge systems, each consisting of a positive and nega-
tive line charge of § esu. The first system has — 1 esu at
~ai+jBr and 43 at the origin, whereas the sccond has
—jesuat —ax—jBkand +} esu at the origin. The equi-
potential lines for a two-line-charge system such as is
had here are circles.'® For convenience in construction
and application, it is desirable to consider that po’e and
zero locations have been normalized such that 8 is equal
to unity. Under such circumstances the equipotential
circles for the first of the two-line-charge systems have
centers at

— 3 cot Yi(1 — coth ¢) + 73(1 — coth ¢)

and radii § csc ¢ csch ¢. The circles for the second sys-
tem have the same radii, and centers located at the con-
jugates of those of the first set.

Iigs. 3 and 4 give equipotential lines for the upper half
plane for the three-charge system for pole angles ¢y of
40° and 60°, respectively, which have been constructed
according to the method outlined above. The curves
shown are for constant values of the factor Cand the po-
tential ¢; the numerical values indicated are values of ¢.

The above discussion has shown how one pair of com-
plex poles affects M. From this it is evident how a pair

!¢ Potential theory has been applied in connection with the steady-
state characteristics of amplifiers by Bradley and Hansen. See, for
example, W, E. Bradley, “A theory of multistage wideband amplifier
design,” presented, 1947 IRE National Convention, New York, N. Y.,
March, 1947. Also, W. Hansen, “On maximum gain bandwidth
product in amplifiers,” Jour. Appl. Phys., vol. 16, pp. 528-535;
September, 1945,

17W. R. Smythe, “Static and Dynamic Electricity,” first edition,
McGraw-Hill Book Co., New York, N. Y., 1939; p. 62.

18 See p. 75 of footnote reference 17.
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Fig. 4—Constant C (¢) chart for a pole angle ¢i = 60°.

of first-order complex zeros influences the coefficient,
and a simple extension of the results will take care of the
contributions of real elements and of elements of other
than first order. For real poles or zeros, the logarithmic
contribution to log, M/ is one-half that shown on the
curves of the figures; the logarithmic contribution of a
multiple element of nth order is # times the correspond-
ing first-order figure.

It is now apparent that if a chart, such’as just dis-
cussed, is available for the angle ¢, of the pair of poles
for which the coefficient 17, is being determined, then
the calculation can be performed in a very simple man-
ner. If the pole and zero locations for elements on the ¢
axis and in the upper half plane are normalized and plot-
ted on the contour chart, and if the contributions of the
various elements as found from the contours are totaled,
due regard being given to multiplicity and to whether
pole or zero is involved (the signs shown on Figs. 3 and
4 are correct for zeros; the negative of these values are
used for poles), then the total is loge M. By further
extension of these ideas, M, can also be expressed in
terms of a potential difference in an electrostatic system
constructed by placing line charges of appropriate sign
and magnitude at the various pole and zero locations.
This will not be discussed, however, since no application
of this concept is made in the remainder of this paper.

It is quite evident that the techniques applied in the
determination of M, can be applied to the evaluation of
Ni. Indeed, inasmuch as the pole —p; which is used in

J|
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he computation of the latter coefficient is located on
he ¢ axis, the electrostatic problem used is that of a
wo-line-charge system of equal and opposite charges.

3. Composition of Phase Angles

It is next of interest to determine the effect of pole and
.ero locations on the typical phase angle \x. An examina-
‘ion of Figs. 5(a) and 5(b) indicates that, if the conven-
sion is adopted that complex elements to the left of
—ou +jBe produce positive angle contributions, and
those to the right produce negative contributions, then
the angle contribution of a pair of complex elements
—a;+jB: to N is equal to the angle subtended by the
pair of poles —au *jBx at the point —a;+jB:. This is the
angle B indicated in Fig. S. c

A simple calculation shows that if the pole —a;+jB;
moves along the circle of radius Bk csc Y having its
center on the ¢ axis at — (ax+Bx cot Ya), then the pair
of poles —a;+jB; contributes a constant angle Yx to As.

* Constant-angle contours computed from this relation
7¢ Jw
~<aq P

\ IR
NPT

-y jﬂ‘

<u-4Pn

(a) (b)
Fig. 5—Construction for the determination of contributions to total
phase angle A, (a) For an element to the left of —ax +jB%; (b) For
an element to the right of —ax % j6s.

CONSTANT “4‘. AND B¢ CURIES
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Fig. 6—Constant ¢ and 0,; curves.

and taking account of the sign convention adopted are
given in Fig. 6 for representative values of Y. The cf-
fect of complex zeros on N can be determined directly
from these contours, and the effect of real and multiple
elements can also be evaluated without much additional
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effort. For example, for real poles or zeros to the left of
—ay, the corresponding angles are one-half the values
shown on the curves; for such elements located to the
right of —au, the angles are equal to ™ minus the indi-
cated magnitudes. Similarly, the angle contributed by a
multiple element of nth order is # times the correspond-
ing first-order angle.

If the contributions of the various poles and zeros of
the upper half plane are to be totaled in accordance with
(7) in order to determine Ay, then the signs shown on Fig.
6 are correct for zeros, and the negative of these should
be used for poles. Evidently the curves presented furnish
a very rapid means of estimating a particular A, even
though S plane normalization is required for the use of
Fig. 6.

4. Two Time-Response Theorems
As a result of the condition 2n+g>2g+m, f(0*) =0.

Therefore, the Laplace transform of the first derivative
of the time response is of the form

ImI (s + ui) fI [(s + &)+ v

tml faml

Fy(s) = (12)

IqI s+ 09 TL (s + e + B2

i=1 1=1

Inverse transformation of (12) yields f'(¢), which may be
written as

() = Afea'g(h) (13)
where
g() = sin (Bt + M) + Z": é—l mee ok tsin (Bt 4 Mi)
k=2 Bk
] B1 )
4 D (= 1)mrEt — et (14)
k=1 Pkl
II Mit II (‘Y-‘lu‘)‘nb)
4 = — e (15)
BiI1 rar 1T (BiraBirs)
tem] =2
™ ik \ Yy f Vika Y kb
C o EDnCHED
d Pik i Bika (3.‘%)
:I—Il< i ) :—g,ul,ak ('311" ) Fﬂllb
Y l#-’ - Pkl Yo f Pri Pki
I LG €
ng = . . . . | o pkl - (17)
() (o) JL
ay = ar — (18)
p = pr — an. (19)

The definition of the function g(t) is of advantage in de-
termining the zeros of f'(¢), and hence the maxima and
minima of f(¢) and f.(¢). It is evident that the zeros of




520

g(t) are those of f'(¢), and conversely, since the quantity
A,/ e =t is always positive.

It follows from the pole numbering that all e’ are pos-
itive. If it is assumed that p; >a;, then another conse-
quence of the numbering procedure is that all p.’ are
positive. As a result of this, it is clear from (14) that
after some value of ¢, all terms except the first in g(¢) will
be less than some arbitrarily small amount, and hence
g(t) will exhibit zeros with the periodicity of sin (Bit4\,).
From this behavior is deduced the following theorem:

TueoreM 1: The transient response to a step function
input of a kinear system having no real poles between the
origin and the real part of the first pair of complex poles
cannot be monotonic.

It is to be emphasized that no statements have been
made as to the magnitude of the maxima and minima
that will occur in the time response when real poles are
located outside the interval (0, —ay), but rather only
that such critical points will exist even though the devia-
tions from unity in f.(¢) may be small at these points un-
der certain conditions.

It is of interest to examine next the case where one
pr’ =0, which will of necessity require that py =a,. Under
such conditions, g(¢) becomes

g() = (— 1)+ 20 4 sin (Bt + M)

+ 2
kem2

8 : '
—l mie 't sin (31;1 + )\k)
k

l ’
— e P,
Pr1

q
TP T (A (20)
k=2
In order that the time response f(¢) or fa(¢) not exhibit
maxima nor minima, it is necessary that f'(¢), and hence
g(t), be nonnegative. It is seen from (20) that, as ¢ be-
comes large, g(¢) can be approximated well by the first
two terms. In order that g(f) remain nonnegative at such
time, it is necessary that 7, be even and that n; be equal
to or greater than unity. From these facts can be de-
duced the following result:

TuroreM Ul In order that the transient response to a
step function input of a linear system having its first real
pole at the projection of the first pair of complex poles on
the real axis increase monotonically, it is necessary that the
number of real zeros between the real pole and the origin be
zero or even and that the quantity n; (equation 17) be equal
to or grealer than unity.

[t is to be observed that these are necessary but not
sufficient conditions for the production of a monotonic
time response. A means of estimating n; directly from
the pole and zcro pattern is described in Section 5.

For the situation where p; <a, it is somewhat more
difficult to state in a general fashion even the necessary
conditions for the production of a monotonic time re-
sponse. It is noted, however, that, in order for f'(¢) to be
positive even for large ¢ in such cases, it is necessary that
the number of real zeros between the origin and —p, be
zero or even,
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As an illustration of the use of the second theorem, the
system consisting of a real pole at —ay and two complex
poles at —a; +jB1 will be considered. The quantity n,
for this system is casily seen to be unity, and conse-
quently it would be expected that no maxima nor min-
ima exist in the time response. The normalized time-re-
sponse equation for such a system is

falt) =14csc? e hrt ot ¥1[cos ¥ cos (But+\) —1]. (21)

Examination of the first derivative indicates points of
inflection in the time response at Bit=2m, 4w, etc. The
normalized time response for the system having ¢, equal

S~ (¢)

) Py 6 s ) 12

At

Fig. 7—Transient response to a step-function input of the
illustrative system (see equation (22) of the text).

to 60° is given in Fig. 7; its appearance agrees with the
theoretical predictions, showing a point of inflection in
the region of 8¢ =6.28. The normalized time response for
the curve shown is

falt) =141.33360-577481¢[0,500 cos (Bit—60°00)—1].  (22)

The above example represents the transition between
time responses having maxima and minima and those
not possessing such critical points. It is found by a con-
struction to determine n,, described in the next section,
that the addition of a real zero at any point on the ¢ axis
in the system just considered will reduce n, below unity,
resulting in a nonmonotonic time response. This is an

indication of the great importance of zeros on the time
response.

5. Dominance of the First Derivative

The discussion of the preceding section leads to a con-
sideration of the possibility of approximating the func-
tion g(¢) after a certain value of ¢ by the first term of
(14), in order to locate the zeros of g(¢) and f'(¢). This
term results from the poles —ay +;B,, which are nearest
t!l(: jfu axis. It has been found that such an approxima-
tlon.ls feasible and that, in many instances, the approxi-
mation is satisfactory by the time the first maRimum of
fa(t) has been reached. Such an approximation, when
applicable, is of considerable value in simplifying the
dete.rmmation of the locations and magnitudes of the
maxima and minima of the time response. The condi-

'l

May
1

3

R EE——



1
1949

ons under which the approximation is valid will now
e investigated. As a result of Theorem I of the preced-
1g section, it will be assumed in all that follows that all
>0

Since, from (13) and (14), it is clear that for very large
the zeros of f'(£) and g(t) will be those of sin (But+N\), it
s postulated that the zeros of g(¢) occur at

Bit = hr — M+ ¥ (23)

vhere h=b, b+1, b+2, - - -, b being the integer (posi-
ive, negative, or zero) for which br —\ has its smallest
jonnegative value. The quantity ya is to have the nature
of a correction term, and although no assumptions are
nade concerning its sign, the convention is to be
idopted that, unless y has a magnitude equal to or less
-han /2 radians for a particular &, no zero of g(¢) is con-
sidered to exist for that k. This convention is convenient
ander certain conditions when k is small.
Equating the left-hand side of (14) to zero, having
‘made the substitution (23), results in the following equa-
tion from which y» may be determined:

to 1
sin v, = (—1)*+! { 3 mye e hrhitun)
k=2 Pk

-sin [Be(hr — M+ ) + Ae)

g 1
+ Z (= 1)kl —— e pk'(’tl’—hﬂlh)} (24)*
k=1 Pk1

in which the quantities o', B, and p;” are those of the
normalized S plane (B, is equal to unity in the normal-
ized plane). Equations in which such normalized quan-
tities are employed will be denoted by an asterisk as in
(24).

It is of interest to observe that if the relative magni-
tudes of kw—\; and s are such that the following ap-
proximations can be made

l (25)*

and |
sin [Bx(hmr— Mt y8)+Ae] Zsin [Bu(lm—N)+A],

then (24) can be written as

€ ak’ (hr—A1+ya) = e"'ak'(hr—h)

¢ Pk (hr=hityh) = Pk’ (hr—A1)

n
1
sin Vi = (—1)""" { Z — ME -ak’ (hx—\1)

k=2 k
-sin [Be(hr — A1) + Nif

1
=8 Z (— 1)retkir _l, me—,y(hr—x,)) ,
k=1 1 f

Pk

(26)*

which provides a direct solution for ys. This last equa-
tion is primarily of value in estimating whether ya is
quite small, and in providing a good starting point for
the systematic trial-and-crror solution of (24) if y» is not
negligible.

The value of the quantity ys is a very good measure of
the approximation to g(¢) by the one term sin (Bt —N1) at
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the zero of g(¢) represented by the value of h used. Suc-
cessively small values of y indicate that the zeros of
g(t) are located -very near those of the dominant term,
whereas large values of ys, i.e., near 7 /2, which decrease
slowly with successive values of &, indicate considerable
interaction due to the presence of the other terms in
g(t). It is clear that the values of y» which occur for a
given system are of considerable importance, and conse-
quently attention will now be directed to what charac-
teristics of the pole and zero pattern of a system lead to
small values of this quantity.

For simplification of some of the following analysis,
the quantities nx, $x, M4, and {en are defined as

ni(1) = B Mge k'Y Qn*
1

Celt) = — nype & (28)*
Pkl

men = ne(hm — M+ y) (29)*

Cen = Ce(hm — M+ ). (30)*

Making use of these quantities, it is now possible to ex-
press (26) in the form

sin yp=(— 1)+ { ink(hw—)\l):sin [Be(hm—A1)+ e

k=2

+ i (—1)”‘+k+l§'k(h1r—)\1)} . (31)*
k=1

The importance of the quantities which were just intro-
duced is now evident. If the factors ne(hm—N\;) and
tx(hm —\;) are small for the value of h corresponding to
the first maximum of f.(¢), then the approximations
(25) will be valid for this and all succeeding &, and (31)
may be used for the computation of all yx.

The actual upper limits for ni(hm —N1) and {k(hm—N\y)
which will lead to a sufficiently small value of yx such
that the approximations (25) are valid depend on sev-
eral factors. The limits obviously depend on the maxi-
mum value of y, permitted; that is, on the values of &
and A, involved. In addition, they depend on the num-
ber of poles present (which is related to the number of
terms in (31)) and on the distribution of the poles and
seros insofar as they affect the signs of the various con-
tributions to the sum indicated by (31). For simple sys-
tems, an upper limit of 0.1 for these factors usually re-
sults in a small v, at the first maximum of fa(£) and suc-
cessive critical points; for more complicated systems, a
still smaller value may be required.

The effect of By and pi on the factors nx and {4 is evi-
dent from the defining equations (27) and (28). Figs. 8
and 9 have been prepared to illustrate the effect of ax’
and pi’ on these factors. Fig. 8 shows the variation of the
factors nx and ¢ as a function of u for three values of
ax’ and pi’, and two values of mi/Bs and nx/pa. Fig.
9 illustrates the variation of the factors for various ar’
and p’ for a value of u == (this figure was chosen inas-
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Fig. 9—The variation of the factors g and i with
parameters a3’ and pi'.
much as in most systems the first maximum is located at
B¢t = or beyond). The importance of the horizontal pole
separation with respect to the dominant poles (—ay +j8,)
is immediately apparent from these figures. It is seen
that the location of poles such that ey —a; or pr—ay is
less than approximately unity tends to cause relatively
large values of 7 and {i in the vicinity of the first maxi-
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mum of f,(¢), unless the quantities /B, and ny/pn are

quite small. The distances to which reference is made

above are, of course, those in the normalized S plane.
It is next of interest to consider the magnitudes of the

terms m; and 2. Reference to (16) and (17) indicates
that m; and n: are both equal to the quotient of the |
product of factors due to zeros divided by the product |
of factors due to poles. For m,, the factor for a typical
element is the ratio of the distance of the element from |
the pole —ax+jBx divided by the distance of the ele-
ment from the pole —a;+jB;. For ny, the factor is simi- i
larly defined, except that the pole at —p; is used instead |
of that at —ax+jBk. The components of representative
factors are shown for zeros (D.', D,? and poles
(D3, D%) in Fig. 10(a).
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Fig. 10—(a) Representative components of the factors ni
and ng. (b) Construction for the estimation of my.

Similarity between the defining equations of 2, and
M and of n, and Ny suggests application of the meth-
ods used in calculating Af; and V to the determination
of m; and nx. Although several possible procedures exist
for the calculation of the latter coefficients, attention
will be confined here to the construction indicated in
Fig. 10(b). This construction is intended to simplify the
estimation of i (and ;) directly from the pole and zero

pattern. On the circles and straight line shown, the fac- P

tor discussed above has the constant value C indicated
by _the figures. Evidently m, can be estimated by multi-
plying together the factors for all zeros and dividing by
the product of the factors for all poles except those at
— —_jﬂl and at —a—jB4). .\n estimate of n, is made in
a similar manner by the use of the pole —py instead of
that at —ax+j3,.

The construction described is made in the following
manner: The poles —ax+jB8 and —a,+jB3, are con-
nected by a straight line. At one-half the distance d;

between the poles, a perpendicular is drawn establishing \

the line C=1. The circles C=0.71, C=1.41 have radii

equal to 1.41 d; and centers displaced an dmount dy I

from e?ch pole on the extension of the line connecting
them. The circles C=0.5, C=2.0 have centers on the

same line at a distance of d,/3 from each pole and radii
of 2/3 d,.

?
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|
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The construction provided yields a considerably good
stimate of the quantities m; and 7 in a simple fashion.
t is of interest to note that quite an amount of informa-
ion often can be obtained merely by drawing the line
1. Zeros to the right and poles to the left of this line
ontribute multiplying factors to m, which are greater
han unity, whereas zeros to the left and poles to the
ight produce factors less than unity.

On the basis of the preceding development, several
.onclusions can be drawn relating the pole and zero pat-
ern for a system with the quality of the approximation
0 g(t) by the term sin (Bit+\y). It is evident that, in
reneral, conditions which lead to very small values of
‘he factors nx and ¢ for the value of & corresponding to
‘he first maximum of f,(f) will result in-a very good ap-
sroximation. These factors decrease rapidly with hori-
sontal separation from the dominant pair of poles
{—ay+jBi), and they vary inversely as the quantities
3, and px1. Moreover, from comments concerning my and

‘ns, it follows that the location of zeros quite close to
poles other than the pair —au £ jb and the occurrence of
poles such that no dense pole concentration is formed,
are conditions favorable for producing small values of
ne and ¢k It follows, thercfore, that for systems having
appreciable separation between poles, particularly along
the ¢ axis relative to the first pair of complex poles, and
having no complex poles very close to the o axis and no
complex zeros very near to the first pair of complex
poles, it is quite likely that the term sin (Bit4N\) will
provide a very good approximation to g(t) at the time
corresponding to the first maximum and beyond.

6. Dominance of the Normalized Time Response

Inasmuch as the locations of the maxima and minima
of f.(¢) have becn discussed in some detail, it is now ap-
propriate to consider the magnitude of fa(t) at these
critical points. It will be convenient to consider the de-
viation of f,(¢) from unity at these maxima and minima,
rather than the absolute value of the normalized time
response itself. For this purpose the quantity s will be
introduced, being defined as the deviation of fa(t) from
unity at the critical point corresponding to the value of
h used; that is,

I — N+
7h'fn<17r : yh>— 1.
B

By evaluating (4) at the critical points defined by (23)
and applying (32), it is found that

i = (= 1)eth1A ) csc ¢ sin (Y1 + ya)e ar(hr=hit ya)

(32)

4+ (—1)e Z M, csc e okthr=ritun)
k=2
sin [Bu(hr — N+ yi) 4 M + v
+ ("1)"2 (= 1)t kLN pempalhr=hitun), (33)*
k=1

It is desirable to introduce two factors at this time
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which will serve as measures of the dominance of 7
by the first term of (33). These are Earxn and kg, which
are defined as

M, csc ¥1 sin (Y) + ya)e @ hrhitun)

AMk csc l;’/ke —ak (he—A1+va)

3)*

kyven =

and

My csc ¥y sin (Y + ya)earhrhidun)
knew = ——— ——

(35)*

Nke"""(" r—A1+ua)

Simpler forms for these factors which are obtained by
making use of certain previously defined quantities are

kyin = Eﬂ’i sin ¥y sin (Y1 + W) (36)*
Nkh
and
Pk .
Eayen = —— sin ¥y sin (Y1 + ya). 37)*
Cin

In terms of these new factors, (33) can be written as

1

Yh = Yin {1 + (—D"i

k=2 kMkh

-sin [Be(hr — M+ y1) + M + Vi)

! } (38)*
knkn
where v is the first term in (33).

The importance of the factors karen and kve is now
apparent. If these quantities are sufficiently large, then
the contributions resulting from terms other than the
first in (33) will cause only a small correction, resulting
in a dominance of the deviation by the first term. It is
seen from (36) and (37) that kas and Ewnwn will be large,
providing the quantities 7, and {i are small, unless the
terms Box sin Y1 sin (Y1+3n) and pi sin Yy sin (Y1+y»)
are appreciably less than unity. Clearly, the larger Box
and py are, that is, the greater the distance of the pair
of complex poles or real pole from the origin, the larger
will be the factors kages and ki, other things being equal.
In Section § it was shown, however, that large separa-
tion of the various real and complex poles from the first
pair of complex poles tends to produce small values of
the factors 7 and {us, and hence a small ya. Evidently,
therefore, the conditions for dominance of the function
g(t) by onc term and the conditions for dominance
of the time response fu(t) are compatible, and thus
it follows that small values of ys will be accompaniced
by the dominance of f.(¢) by the quantity 1 — M, csc 2
et sin (But4+M+y¥i) for systems in which the pole
separation is not small. The terms “large” and “small”
have been used here only for convenience; quantitative
conclusions depend on the actual magnitudes involved,
and can be obtained directly from the curves and equa-
tions already presented.

(=DM (=D
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Before presenting illustrations in which the dom-
inant-term approximation is quite good, some attention
will be given to variations in the factors kps and kyia
when the quantities g and {is are not small for the low-
est value of . By examination of (27) to (30), (36), and
(37), it is found that the factors ks and kyg, are equal
to a constant which depends on the pole and zero pat-
tern in a manner previously discussed, multiplied by e
raised to a positive power cqual to a;’ or pi’ times the
quantity (hm —X,4y4). Consequently, regardless of the
value of the constant term, the magnitude of the quan-
tities karkn and kagy increases by a factor approximately
equal to e*’" or e%'" for each unit increase in A, The im-
plication of this is that, although the constant quantity
may be very small, such that the factors are small at
the value of I corresponding to the first maximum of
fa(1), they will increase with successive maxima and
minima, bringing the dominant term into appearance.
This behavior is typical in many instances.

A somewhat different situation exists if a2’ is very
small; that is, if the first and second pairs of complex
poles have practically the same abscissa. lFor such a
condition, the factor e’ will not be appreciably greater
than unity. As a consequence, if the constant germ in
the factor ke, is near unity, the first term in f.(1) will
not dominate the second, but instead they will both con-
tribute more or less equal amounts to the time response.
A more extreme condition occurs, however, when az’ is
very small, and where 8;<;; that is, the second pair of
poles is closer to the ¢ axis than the first. Under such
circumstances the constant may be appreciably less
than unity, and the factor will increase at a slow rate.
This results in dominance of f,(¢), not by the term duc
to the first pair of poles, but by that due to the sccond
pair. By the time that the factor ke can increase suf-
ficiently so that the first term is dominant, v, is reduced
to a very small value, and the transition is concluded.
An example of this behavior is given below.

Figs. 11-14 illustrate the types of time-response he-
havior that have been discussed. These curves are plot-
ted to a normalized time 8y/. In these figures the solid

3%

Fig. 11—A typical transient response in which the dominant-term ap-
proximation is valid. Solid curve, actual response; dash curve,
dominant-term approximation.
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Fig. 12—A typical transient response [or a system containing an all-
pass section for which the dominant-term approximation is valid.
Solid curve, actual response; dash curve, dominant term approxi-
mation.
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Fig. 13' Tr'.msicnt responses in which the dominant-term approxi-

mation is not satisfactory until after the second maximum of

Jalt). Solid curve, actual response: dash curve, dominant-term

approximation using damped sinusoid term due to first pair of

p.ulcs; 'l()ng-dash-shorl-(l.mh curve, approximation.using damped
sinusoid due to second pair of poles.
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Fig 14— Transicnt response in which the dominant-term approxima-
tion is quite poor. Solid curve, actual response; dash curve, ap-
proximation using damped sinusoid due to the first pair of poles;

short-dash-long-dash curve, approximation using damped
sinusoid due to the second pair of poles.
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wrves are the actual time responses, while the short-
jash curves are the approximation 1 — M csc ¢ e~ sin
Bit+N+¥1), and the short-dash-long-dash curves are
‘he approximation 1—M; csc ys=** sin (Bat N2+ y2).
Tigs. 11 and 12 are examples in which the dominant-
:erm approximation to fa(f) at the first maximum and
seyond is very good; Figs. 13 and 14 indicate the form
»f time response produced when there is interaction be-
-ween the first and second damped sinusoids in fa(?).
The latter two figures illustrate the form of behavior
jiscussed immediately above. In Fig. 13 the approxi-
mation using the term due to the first pair of poles
(which would ordinarily be the dominant ones) is poor
at the first maximum of f.(¢), but it has become quite
good by the time the second maximum is reached. Fig.
14 indicates the form of time response obtained for the
last situation discussed above; namely, when az’ is quite
near zero, and 3;<f,. It is seen that the approximation
using the term caused by the second pair of poles is very
‘good over the whole transition, and that the ordinary
“dominant-term” approximation is of little value in this
instance. The normalized separation oy’ for this last ex-
ample is 0.037.

7. Constant-Overshoot Charts

The simplification of analysis problems by the use of
the dominant-term approximation represents a good rea-
son in itself for the further consideration of the first term
in (33) for s Of much greater importance, however, are
the possibilities afforded by the use of the dominant-
term theory in design or synthesis problems. In the lat-
ter class of problems, if there are more than two or
three poles involved in the system, it is usually difficult
to design directly for a prescribed time response to a
step-function input simply because of the large number
of variables involved. In many practical design prob-
lems, it is permissible to arrange the pole and zero pat-
tern such that the dominant-term approximation will be
a good one, and if such is the case, then the method of
design to be outlined will be of great value.

D In this section, considcration will be given to the
graphical determination of the magnitude of the term
v in the equation for the deviation v, at the critical
points of f.(¢). Charts will be constructed for this pur-

¢ pose, and the contours on these charts may be used for
analysis or synthesis problems.

By making use of the fact that ay=cot ¢, in the nor-
malized S plane, it is possible to write the expression for
Yin a8

Yin = (._ 1)w+h+le—h1 cot ¥
sin (Y1 + y»)
€

sin ¢/1

. Mleh cot Y1 vh cot ¥1

(39)

The term

sin (Y1 + y»)

sin ¢/|

vA rot ¥y
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in (39) can be considered to be due to a fictitious real
pole introduced at — (az-+cot y»). Therefore, if M{ de-
notes the equivalent of M, and A/ denotes the equivalent
of \; in the system containing all the original poles and
zeros, plus the real pole added due to ys, then (29) can
be written

Yin = (__ 1)w+h+le—hr cot MMI’ exl;coth

(40)
and the natural logarithm of the magnitude of ma is

— hr cos ¢y + loge M{ + N/ cot ¢ 41)

The terms loge M{ and N/ cot ¥, are very similar in
form, since each term consists of the sum of factors for
all zeros minus the sum of factors due to all poles. More-
over, each pair of complex poles or complex zeros can be
replaced by the member of the pair having positive
imaginary part, and the contribution of the pair to log.
M/ can be found by using charts such as are illustrated
in Figs. 3 and 4, whereas the contribution of the pair to
A/ can be found using a chart such as shown in Fig. 6.
The form of (41) therefore suggests the following con-
struction: For a given pole angle ¥, let a chart of the
same form as Fig. 6 be prepared on which lines of con-
stant Y. cot ¥y, instead of constant ¥ be drawn. Let
the coefficient chart (of the type shown in Figs. 3 and 4)
for the same pole angle be combined with the constant
Y cot Y, contour chart. Then, any point on a contour
of the resulting chart will contribute a constant amount
to the sum log. M{ +\{ cot ¥, in (41). Such a chart is of
very great value, for if the complex poles and zeros of a
system having positive imaginary parts and the real
poles and zeros (including the one due to ys) are plotted
on such a chart, then it is only necessary to observe the
value of the curve on which each element lies, and to
total these values with proper regard to sign in order to
determine the quantity loge M{ +N cot ¢ The addi-
tion of this quantity to the term —hw cotys as indicated
by (41) yields . Moreover, it will be observed from
(41) that, except for the real pole due to ys, the quantity
obtained from the chart is independent of k. Because of

loée I'Ylh =

- -2
@ (NORMALIZED S PLANE)

Fig. 15—Constant-overshoot-factor chart for a dominant-
pole angle of 40°,
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the nature of the calculations, the name “constant-over-
shoot-factor” contours will be given to the lines in such
a chart.

Two such constant-overshoot-factor charts are shown
in Figs. 15 and 16 for dominant-pole angles () of 40°
and 60°, respectively. The signs shown on the contours
are correet for zeros; the sign for poles is the negative of

I

| y.eo°
] ]
0023,

Lo Il LA AL .
] -5 -4 -3 -2 =1 0 1 2
G (NORMALIZED S PLANE)

Fig. 16— Constant-overshoot-factor chart for & dominant-

pole angle of 60°,

that shown. The magnitudes indicated arc the natural
logarithms of the constant-overshoot factor for a pair
of complex zeros (poles). In order to determine the fac-
tor for a real pole or zero, one-half the magnitudes indi-
cated should be used. It is important to notice that the
use of such charts carries no restrictions as to multiple
poles and zeros, except the obvious one that the poles
—ay B must be of first order. The effect of multiple
complex poles or zeros of nth order is found by using #
times the factor indicated on the curves, whereas if an
nth-order real pole or zero is involved, 1n/2 times the
magnitude shown must be used.

It is to be noted that the constant-overshoot-factor
charts are of great value even when the dominant-term
approximation is not valid. By mecans of the charts, v,
can be determined and vy, can be computed by applica-
tion of (38), taking due regard of terms that are not neg-
ligible. The computation of a maximum or minimum of
Ja(t) using (38), or an equivalent, results in an advantage
in that a minimum number of terms is required for an
approximation to v, of a desired accuracy.

Equation (40) shows that, except for a correction due
to interaction (y), the deviation ), depends on the
quantity €= cot ¥, multiplied by a factor, due to the
location of the poles and zeros in the system other than
the first pair of poles. Morcover, it has been shown!? that
the deviation (y) from unity at the first maximum of the
normalized time response resulting from the application
of a step-function input to a system having only onc

pair of complex poles is (in the notation of this paper)
(42)

v =c¢€ rcot%l.

1% See eq. (20) of footnote reference 13.

or THE [.R.I. May
Furthermore, from the derivation of this result in the
work cited, it is clear that the deviation (,) at the ath
zero of f7(1) (not counting that at £=0) is

Yo = (_])a{-lc-—ar cot h. (43)

Returning now to (40), and replacing & by b+4a
(a=0,1,2 - ), itis possiblc to write

Yin (_ l)wi b( br cot .[q(_ ])a{ lc—ar cot h’ﬁ’llch’coth' (44)

The quantity b represents a reduction factor caused by
the value of Ay, For example, if —7 <\ <0, b is equal to
zero; if 0N <w, b is equal to unity. Thus the result
shown by (44) is that, except for a correction due to the
necessary reduction of Ay and one to y;, the deviation
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tion of a step-function input to a system having one pair of com-
plex poles with pole angle ¢ .
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from unity 7 is that of the system containing only the
dominant pair of poles (—a; +jBi) multiplied by a fac-
tor, previously defined as a constant-overshoot factor,
due to every other pole and zero in the system. For con-
venience in calculation, Figs. 17 and 18 give the varia-
tion of the factors e~ < ¥1and — 7 cot ¥ as functions of
the dominant-pole angle ¥,.

The foregoing material has not been developed merely
for the treatment of specific analysis problems, but rather
in order to determine the effect of pole and zero loca-
tions on the deviation v, (as approximated by vyu), so
that a class of synthesis problems can be solved. Evi-
dently, in the design problem, one is usually free to pick
a convenient dominant-pole angle as a starting point. As
a result of this, a relatively small number of charts, such
as Figs. 15 and 16, would be required for design work,
whereas to make feasible the use of charts for analysis,
a much greater number would have to be available. The
methods of analysis developed in this paper should be
extremely useful in determining the locations and the
magnitudes of the maxima and minima of fa(t) in a per-
fectly general analysis problem, even when suitable co-
cfficient and overshoot-factor charts are not available.
It is to be noted, for example, that Fig. 6 provides a
rapid means of determining the angles A, required in
various steps of the calculation, and that the figure is
quite general, requiring only S-plane normalization by
the appropriate By for its usc.

In concluding this scction, a problem of designing a
complete pole and zero pattern to meet prescribed re-
quirements on the time response to a step function in-
put will be solved. Inasmuch as the purpose of the ex-
ample is merely to illustrate the use of the charts and the
procedures developed, a comparatively simple problem
has been chosen. Evidently, many additional factors can
be treated by extension of the methods shown here. For
example, no attempt has been made to maximize the
various quantities involved, in order to achieve an over-
all optimum design.

The problem to be solved is as follows: Given that
four pairs of complex poles and three pairs of complex
zeros are available for a given system, it is asked how
they shall be located in order that the time response of
the system to a step-function input have a § per cent
overshoot at the first maximum which is to occur at a
time of 1 microsecond after the application of the step
function, and in order that the ratio of the deviation at
the first maximum to the deviation at the first minimum
be 6.

As a first step in the solution, it is recalled that the ra-
tio between the deviations at two successive critical
points is equal to €=/, To achicve a ratio of 0, it is nec-
essary that ay/Bi=0.570. This corresponds to a pole
angle of 60.25°. Inasmuch as a constant-overshoot-factor
chart is available for ¥, = 60°, this will be chosen as the
dominant-pole angle. This corresponds to a ratio of 6.12
instead of 6.00. From IFig. 18 it is found that the loga-
rithm of the overshoot at the first maximum for the
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dominant poles of angle 60° is —1.82. The total over-
shoot factor that the system must possess in order to
yield an overshoot of 5 per cent at the first maximum is
log. 0.05 = —3.00. Therefore, the six poles and six zeros
remaining must have factors totaling the difference be-
tween these two figures, namely, —1.18. Inasmuch as no
other conditions have been imposed on the time re-
sponse, it is convenient to divide this amount approxi-
mately equally among all the elements. Consequently,
it is postulated that the poles —antjBs, —as +78s,
—ay+jBs and the zeros —& tjvi, — &+ jv, have over-
shoot factors of —0.20, whereas the zeros —£&; +jvs have
an overshoot factor of —0.18. Reference is then made to
Fig.-16 for the actual choice of the locations. Since the
signs shown on the chart are for zcros, the poles must
be put on the +0.2 contour. The lack of additional de-
sign constraints allows the pole and zero locations to be
chosen arbitrarily, other than leing located on the
proper contours. From considerations which have been
discussed concerning the location of poles relative to the
dominant pair and the value of yi, however, it is desira-
ble to make az’ greater than unity, and to locate the
other two pairs of poles not too close to the second pair.
No such considerations apply to the zeros.

Using the contours of Fig. 16, the poles and zeros arc
located as follows in the normalized S plane:

— oy + jB1 = — 0.5774 £ j1.000
— as £ jB = — 1.750 £ j1.000
— a3z + jB3 = — 2.100 £ j0.950
— ay + jBs = — 2.500 £ j0.750
— &+ jvi = — 1.250 £ ;j2.000
— & + jy. = — 1.270 £ j1.700
— & + jys = — 1.250 £ j1.500.

By the use of Fig. 6, \; for this system is estimated to be
—75°, and considering the pole and zero pattern in the
manner described in Section 5, it is estimated that y;
is very small. Therefore, the location of the first maxi-
mum is predicted at Bit=m—N =4.45 radians. Inas-
much as this is to occur at 1 microsecond, 8;=4.45X107%,
The actual locations of the poles and zeros are then
found to be

— 0, + B = (— 2.509 £ j$.450) X 10°
= (— 5.563 + j8.900) X 10¢

—ay £ jfr = (— 7.788 £ j1.450) X 10 :
= (— 5.052 + j7.565) X 10°

—wy ¥ By = (— 9.345 £ j4.228) X 108
= (— 5.563 + j6.675) X 10°

— ay + jBs = (— 11.125 £ 73.338) X 10°,

The normalized time response for the system designed
is (£ in microseconds)
[u00) = 1 — 0.760 2% gin (44500 — 0.2324)
— 5.071¢ 7888 gin (4.450¢ — 2.7758)
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— 15.381¢7°-34%¢ sin (4.228¢ — 0.8472) real zeros in the right half plane, in order that proper

— 15.109¢ 11128¢ gin (3.338¢ 4 1.2910). (45)

This response is shown in Fig. 19, The data for the curve
indicate that the ratio of overshoot to undershoot is
5.84. The design objectives are thus realized, inasmuch
as the overshoot at the first maximum is 4.9 per cent.
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Fig. 19—Transient response to step-function input of a system
obtained from the design example in the text.

8. Constant-Overshoot-Factor Curves

Systems having only one pair of complex poles and
the remainder real poles and zeros are simpler to analyze
than the systenis already considered, inasmuch as only
a single curve is required to show the variation of over-
shoot factor (with ¢ co-ordinate), rather than the plane
previously required. Furthermore, since such an over-
shoot-factor curve represents the variation along the
line w=0 in the S plane, some idea is obtained of the
density of the factor lines for complex poles and zeros
from such a plot.

By definition, the overshoot factor for a real zero is

Mik

g2 = — 66”‘ cot \lrl’
M

(40)
and from Fig. 1, for the zero located ¢ units from the ori-
gin (in the normalized S plane), the natural logarithm of
the factor is

1 + (¢ + cot '//71)72

— 1
loge g2 = } log. — ,
g

+ cot ¥y cot™! [— (o + cot yn)]. (47)*

Curves of the natural logarithm of the overshoot factor
(for a real zero) as a function of ¢ are given in Fig. 20 for
pole angles ¥, of 20°, 40°, 60°, and 80°. Since the range
of variation of §;x and ¢ is from 0° to 180°, and the ef-
fect of complex clements is not to be considered, no ad-
vantage is gained in using the barrier on the ¢ axis at the
abscissa of the pair of complex poles as was done in Figs.
6, 15, and 16; instead, the angles §;; and ¢ can be al-
lowed to vary continuously. The curves of Fig. 20 have
been prepared accordingly, and as a result care must be
exercised when applying these curves to systems having

reduction of A; be effected.

OGARITHM OF OVERSHOOT FACTOR

10 -8 -6 -4 -2 ° 2 ve
G (NORMALIZED 5 PLANE)

Fig. 20 —Constant-overshoot-factor curves for various
values of the dominant-pole angle.

The curves presented are used in the same manner as
those of FFigs. 15 and 16; that is, a base factor for the
proper angle ¥, is read from Fig. 18, multiplied by the
proper integer depending on the value of & being used,
and then added to the factor or factors taken from Fig.
20. The magnitude of the deviation vy, is then equal to
¢ * where x is the total overshoot factor determined as
above. The short vertical lines on the curves of Fig. 20
indicate the abscissa of the complex poles having pole
angle ¥1. When real poles are being considered, a nega-
tive sign must be used with the factors of Fig. 20.

111, CoxcLusioNs

From the material developed in the preceding sec-
tions, it is cvident that considerable information con-
cerning the transient response to a step-function input
can be obtained merely from an examination of the pole
and zcro pattern of the system plotted in the .S plane.
By the application of Theorems I and I1, it is often pos-
sible to determine whether a nonmonotonic time re-
sponse exists. If it docs, a qualitative idea of the shape
of fa(#), that is, whether two or more terms interact, can
be obtained by observing the relative separation of the
pol.cs. The location of the first maximum of fu(t) can be
estimated by normalization of the pole and zero pattern
and the use of Fig. 6.

The analytical procedures that have been outlined
allow the determination of the locations and md2nitudes
of the maxima and the minima to any desired degree of
approximation in a direct and relatively simple manner.
By computing the approximate value of y, for the first
maximum, making use of (26), it is found which poles
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sroduce terms of importance and which, if any, can be
1eglected for the accuracy required. After determination
»f this quantity, the calculation of the factors ks and
2xin serves to indicate the importance of the various
-erms in (38) for the deviation at the critical point. Com-
sutation of overshoot and undershoot can thus be ef-
‘ected in an efficient, straightforward manner. Itis to be
soted that most of the factors required in the calcula-
tions just described can be determined graphically from
the normalized pole and zero plot.

It has been shown in Sections 5 and 6 that, if sufficient
separation exists between the poles and zeros in the nor-
malized S-plane plot, then the time response can be well
approximated at the first maximum and beyond by us-
ing only a single time term. Methods were developed
and presented in those two sections which enable one to
determine whether this behavior exists. When the dom-
inant-term theory is applicable, computation of the lo-
cation and magnitude of the maxima and minima is

‘simplified considerably.

In addition to use in analysis problems, certain of the
methods presented are of great use in the solution of de-
sign problems to yield prescribed time responses to step-
function inputs. The design method illustrated depends
on the use of the dominant-term approximation, and
hence elements must be placed so that the approxima-
tion is valid. The constant-overshoot-factor charts de-
veloped make the solution of such problems a simple
matter. These charts are also of use in problems where it
is desired to correct certain characteristics of the time
response.

Finally, even though only two coefficient charts and
two constant-overshoot-factor charts have bcen con-
structed, they yield much qualitative information con-
cerning the effect of poles and zeros on the coefficients
and the amount of overshoot produced by a step-func-
tion input for systems having pole angles different than
those for which they were computed. It is found that
complex poles and complex zeros can cither increase or
decrease the overshoot of the dominant system, depend-

_ing on the location of the elements. Complex zcros high
in the plane and complex poles low in the plane both
cause reduction of transient overshoot. Conversely,

| poles high in the plane and zeros low in the plane both

. cause increase of overshoot. Real poles and zeros to the
left of the dominant pair cause decrease and increase of
overshoot, respectively, the cffect being greater the
closer the real elements are to the dominant poles. In ad-
dition, in general, the overshoot is affected much more
by the movements of clements in the region very ncar
the dominant poles than by corresponding movement of
clements in more removed regions of the plane. An ap-
preciation of these ideas is often quite helpful in the
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modification of existing designs and the design of com-
pletely new systems.
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APPENDIX

EXPLANATION OF TRANSFORM AND TIME-
RESPONSE NOTATION

Symbols used (illustrated in Fig. 1)

—ay+jB:x Location of kth pair of complex poles
—&+jvx Location of kth pair of complex zeros

— Dk Location of kth real pole
— Mk Location of kth real zero
Box Distance from origin to —ax +jB:
Bika Distance from —a;+78: to —ax+jBk
B.is Distance from —a;—jBi to —ow+iB«
Yor Distance from origin to —& +jv«
Yika Distance from —§&+jv: to —ou+jBx
Y ikb Distance from —&;—jy: to —ax+jBk
pik Distance from —p; to —ax+jBk
Wik Distance from —pu; to —ax+iBk
Bk Distance from —p; to —&+jve
0 = Oixs + Oixp = tan™! u + tan™! s i
£ — ax £ — ax
Vit = Vika + Yirs = tan™! u + tan! ﬁk—_*_—ﬁ.‘
a; — o a; — O
Yr = tan™! - : dik = tan ! — o ;
Ak Mi — Ok
k
¢ = tan™! ——

pi — Ok

Pole and Zero Numbering

The poles and zcros of a particular type are all num-
bered consecutively, starting from the right-hand side of
the pole pattern. For example, the real pole nearest the
jw axis is p1, the next nearest pg, and so on. The pair of
conjugate poles ncarest the jw axis is denoted as ~a
+jBi1, the next ncarest —ae +7B2, ctc. If two or more
pairs of conjugate poles or zeros have the same abscissa,
then numbering for such an abscissa starts with the pair
necarest the o axis.
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AMareh 20, 1918, i Pinbadclphig, P Hle e
ceived the BLS, degree from Tomple Liva
sity in 1939, and the
NA dogro in
physics 19141
From 1939 to 1941,
NMro IDhishal was a
tcaching  fellow an
phvsics at Temph
L mversity

In 1941 he «n
terad the cmploy o
Federal Tdlecom
tumcations L abora
tones, where he s
HOW 1 project engn

MiLtoN Disiian

neer, engaged in the dovdopmont of radio
reccivers having special chuactenstios

A, Glucksman (A7) was born
on Match 20, 1917 He

Herbert
in New York, NUY,

received the B.S. degree, from the Col
lege of the City of
New York in 1039,

I Tis was followed by
the NLA degred from
Columbia Uninversity
n o 1940 Military
SCIVICe,  starting I
1042, turned his in
toward

terest cled

tronics and he
scived as radar coun
termeastres offic er
tor the 1 leventh Air
Force in the aar cam
paign against the Northern Kunles. After
leaving the service in 1947, he obtaaned the
degrec of MLAL in clectronios from Harvard
University, and was engaged as an electronie
cngincer at Cambridge Facld Station, Air
Matériel Command, where he
ploy ed.

H. A, GLUCKSMAN

I~ Now enl

H. L. Kirke (M25 S M43 F'45) was
born on January 7, 1895 in London, Fong
land. He served in the first World War in
Army  Signals as a
tadio instructor, In
1920 he joined NMar
com’s Wirceless Com
pany L and with others
built and  operated
the Writtle Broad
casting Station,  In
1924 he jained  the
British Broadcasting
Corporation as de
velopment engineer,
becoming head of the
development depart
ment in 19250 Later, this departiment was
called the research department

Mr. Kirke was chairman of the Radio
Section of the Institution of Electrical I ngi
neers from 1944 1o 1945, and is now 4 mem
ber of Council of that body . He was awarded
the Co Bl in June, 1947,

H. L. Kigxr

Millett Goanger Morgan (8792 V43

SNUH8) was born o Hanover, N H | on
January 28

1915 He avtended Cornell
Uiy ersity lrom 19338
ta 103K s o Gueorge
W. Lelavie Scholar,
atd was at Stanford
University from 1938
to 19430, He recaved
the VB depree with
honors vl

from Comell Uinver
sity e 1937, the
M.SCom engineering
from Comell in 1938;

AL G MoRGAS I ngineer from Stan
tord 1939, and

PhoD trom Stanford in 1916, He was
sttuctor n electncal enginecning ar Dart

mouth College trom 1910 wo 1941, and spent
the following vear teaching at the Massa
chuserts Iostitute of Technology . Fy
1942 1946 he was associated with the Sal
narine Signal Company in Boston, M
a researchand development engineer

Dr. Morgan was a staft engincer at the
United States Navy lectronics Rescarch
Gronpat the University of Calitornia during
1916 1947, also lecturing tor this period. He
has been assistant professor ol ddectiical
cogineering and assistant dean of the Thaver
School of Engineering, Dartmouth College
since 1947, He is aomember of the American
Societs for Engineering Lducation, Sigmia
Xi,and past president of the Intercollegn
Skt Unson

Witham G, Tuller (8'37 A0 NM4S
SA48) was born in Rutherford, N. |, on
September 8, 1918, From 1939 1o 1944 he
Was a4 statt member
of the electnical engi
neering  departmient
~ of the Massachusetts
In~ttute of  lech
nology, attached to
the Ultra-lligh Fre
quency Laboratory,
and  later the Ra
diation | aboratory
From 1941 to 1947 he
worked for the Ray
theon Manutactuning
Company as develop
ment engineer and consultant,

In June, 1945, D, Faller received the
S degree from ML, having leen a
member of the staft of the Rescarch Lalwora
tory of Elcctrontos from 1945 1o 1947, Since
Julv, 1947, Dr. Tuller has heen a project
engineer at Melpar, Inc, Alesandiiag, Vg, i
Chuarge of ceveral communication and navi
Lation ssxtem projects, Heis oo member of
Sigima X, S

af

Wit G, Tunnew

For a photograph and biography of J. R
PR, see page 1003 of the August, 1048,
issue of the Procr biNGs oF Tt LRE.
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Nonlinearity in Feedback Amplifiers*

The recent paper by Mulligan and Maut-
ner! forms a valuable contribution to the
literature of feedback amplifiers. The theory
thev describe is, however, restricted to linear
amplifiers, and there is a danger of its being
used with disappointing results in cases
where the amplifier hecomes overloaded. In
some cases the feedback itself contributes to
such overloading.

A common example of a feedback circuit
which is easily overloaded is a cathode
follower with a capacitive load (Fig. 1(a)).
The equivalent circuit given by linear feed-
back theory is shown in Fig. 1(b).

——"out Sin LI
23 o . c
T
= =
(a) (b)

Fig. 1

If R is large compared with 1/gm, the
cathode-circuit time constant given by the
equivalent circuit is C/gm. The tube itself
will conduct current only one way, however,
so that at no time can the cathode potential
fall at a rate exceeding that given by the
time constant RC and the initial dc voltage
on the cathode. The explanation is, of course,
that the tube can be grossly overloaded by a
sharp negative edge and the equivalent cir-
cuit no longer applics, even with modified
values for the transconductance gm.

A similar case arises in the output stage
of a video amplifier for A-scope presenta-
tion on a cathode-ray tube. The capacitance
of the deflection plates shunts the anode
load, producing a slow rate of rise on a posi-
tive output signal. The rate of rise cannot
exceed that given by the time constant of R
(the anode load) X C (the total shunt ca-
pacitance). The value of R is accordingly
kept low, which restricts the maximum sig-
nal output available. It might be thought
that feedback could improve the perform-
ance, and, in fact, the theory, as outlined in
the paper referred to, would predict a definite
improvement. Again it is necessary to look
for nonlinearity in the amplifier, and it may
casily be scen that, if large signals with a
rate of rise exceeding that given by the time
constant RC are applied to the input, over-
loading occurs, and the performance suffers.
In fact, overloading, if it takes the form of
grid current, may lead to serious distortion
of another kind.

* Received by the Institute, October 14, 194.8

t J. H. Mulligan, Jr., and L.. Mautner, “The steady-
state and transient analysis of a feedback video
?(l)l‘lt%hﬁer." Proc. 1.R.E., vol. 36, pp. 595-610; May

Analysis along these lines is necessary,
supplementing the normal feedback analysis,
to determine whether any improvement of
the transient response on large signals may
be expected. Careful design may inhibit the
possibility of overloading due either to grid
current or to cutting off, but at the expense
of a much larger and more complex amplifier
than might otherwise he considered neces-
sary. .

On smaller signals, considerable improve-
ment is effected by the use of feedback and,
in any event, the improved performance at

‘low frequencies and the greater range of

range of amplification would justify its use
in many cases.

Apin B. THoMas

Radiophysics Lahoratory

Council for Scientific and

Industrial Research

Chippendale

N.S.\W., Australia

Conformal
tions*

Mapping Transforma-

In a recent letter,! it was concluded from
Maxwell’s  equations that the coplanar
scalar components of E and H can be
mapped conformally only for very low fre-
quencies. In general, this is so. However, in
the important case of the plane wave, or
TEM wave, it will be shown below that they
can be mapped conformally for all fre-
quencies.

A plane wave isoncin which E, =11, =0.

Maxwell's equations for a homogeneous,
isotropic, nonconducting medium, free of
electric or magnetic charge, are (in cus-
tomary rationalized mks units):

f)ﬁ
1E = —p— 1
cur B O]
div.. =0 (2
o
1l = 3
cur! o 3)
div. Il = 0. 4)
From (1),
1) I 0l x
SE T e T (3)
ay az N
0 0Ez i
LSS @
Jd2 ax il
ol OE. 1)
y (‘ X _ « : ¥4 (7)
x Ay N
Since IIz=0, (7) becomes
alix ol
=LY ®
ay ox

* Received by the Institute, October 1, 1948,
1 D. R. Rhodes, “Conformal mapping transforma-
tions,” Proc. LR E., vol. 30, p. 032; May, 1948,
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From (2),
dEx  OE dEz
i T L
dx ay 9z
Since Ez=0, (9) becomes
dE dE
ozx _ _ 22, (10)
ax ay
But (8) and (10) are the Cauchy-

Riemann differential equations, which show
that the function f(w)=Ex—j Ey is ana-
lytic where w=x+jy. Therefore, Ex—j Ey
can be conformally mapped in the xy plane.
From (3) and (4) it can be shown in a similar
manner that I{x—j Hy is analytic and can
be mapped conformally.

We can tell from this how these com-
ponents can vary in the x and y directions.
To sce how they vary with z and ¢, set
Ez=Hz=0in (5), (6), and (3), and combine.

This results in

?ly ??Ey
Sy
a2 ¢ o

which is the wave equation in one dimen-
sion. Its general solution is

z
Ey =M, (x, y, 0 — ——)
v

+Mz(xy y,l+—:-),

which represents waves traveling with un-
changing form in the positive and negative
z directions, with a velocity

1
v = =C
Ve

where Cis the velocity of light in the me-
dium. The same applies to Ex, Hx, and Hy.

Although we have proved that the indi-
vidual field components can be mapped con-
formally, we arc not so much interested in
this as in whether the electric and magnetic
potential and the stream function represent-
ing the lines of force can be mapped con-
formally.

Since f (w)=Ey—jExhas been proved
analytic,

dr
F(w) = "’ff('w)dw is analyticand T = f(w)
w
IF=V+jé
dr av  oe oV 9
dw = ftw) = ox +Jr)x B ay +ay
_ v LoV
T oy
but
f(w) = Ex — jEy,
S0
av )
=2, Y
x ay
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V is, therefore, the potential, and the
mapping of 1"+j¢ in the x, y plane is con-
formal, where ¢ is the stream function. V
and ¢ are conjugate harmonic, and the con-
tours of constant 17 (cquipotentials) and the
contours of constant ¢ (lines of force) are
orthogonal and form curvilinear squares in
the small.

By a similar procedure, it may be shown
that the magnctic potential ficld s also
conformally mapped.

The TE)M wave, which we have dis-
cussed, is the principal mode of transmission
on the outside of a perfect conductor, or on
a multiconductor, straight, lossless trans-
mission line, and the map is on a plane mov-
ing in the direction of propagation with the
speed of the wave. This wave is impossible
inside a hollow waveguide.

It isinteresting to note that Willoughby?
plots ficlds in complicated high-frequency
transmission-line structures which are con-
formal maps of cquipotentials and lines of
force, although he does not derive his pro-
cedure dircctly from Maxwell’s equations.

Mitox D. RusiN
George A. Phillrick Rescarches, Inc.
Boston, Mass.

tE. O. Willoughby, “Some applications of field
plotting,” Jour. [EE (London), vol, 93, part 1II,
pp. 275-293; July, 1946.

The Use of Conformal Transforma-
tions in Ultra-High-Frequency
Transmission-Line Problems*

The question is often raised as to the
validity of using conformal transformations
in problems which depend upon solutions of
the wave equation.! While it is true that, in
general, conformal transformations cannot
be used to obtain solutions of the wave
cquation except approximately in limited
regions of dimensions, small compared to a
wavelength, there is an important special
case in which conformal transformations can
be used exactly. llence, applications in this
case do not invalidate results based upon
the use of conformal transformations.?

The exception to the general rule referred
to is the case of guided waves which are
made up of a summation of plane waves in
such a way that the equiphase surface is a
plane normal to the direction of propagation
and that only transverse components of elec-
tric and magnetic ficld exist. For rectangular
co-ordinates, the wave equation has the
well-known form:

* Received by the Inslitute, January 18, 1949,

1 D. R. Rhodes, “Conformal mapping transforma-
tions,” Correspondence, Proc. LR.E., vol. 36, p. 632;
May, 1948.

1 W. Bruce Wholey and W. Noel Eldred, *A new
type slotted line scction.” Presented, National Elec.
tronics Conference, Chicago, Ill., November 4, 1948,

ak o) 0E af
e

ax? ay? d32 o
where the notation is the usual once. For the

particular case cited, a component of the
electric field may be written in the form:

x component of £ = E,(x, y)&® =4/,

The corresponding scalar wave equation for
this component has the form:

021’:, a!EI w? >
[ Ex === “ewzliz,
Ix? ay? v?

which, under the condition that v=1//ue,
reduces to the lLaplace equation

02E,?

ax? ay?

a2
= 0.

The same will apply to other transverse
components of clectric and magnetic field.
Accordingly, conformal transformations may
be used tg investigate and design two-con-
ductor transmission-line structures,

The assumptions implicit in the above re-
lations are (1) inappreciable conductor
losses, (2) all the energy of the transniitted
wave resides in the fundamental TENM
mode, (3) the cross section of the system
does not vary with length, and (4) there is
inappreciable radiation from the system.
The above conditions do not apply to wave-
guides, nor to transmission lines with losses,
nor to transmission lines carrying energy in
their higher-order modes.

The above result is not astonishing. \Ve
know that the field configuration of a trans-
mission line under the conditions specified is
the same from zero to infinite frequency.
We also know that characteristic-impedance
formulas based upon low-frequency in-
ductance and capacitance values are valid
at ultra high frequencies if the above as-
sumptions are met.

KARL SPANGENBERG
Office of Naval Research
Navy Department
Washington 25, D. C.

Resonances in Capacitors*

It is well known that capacitors show
reversals in the sign of their reactance at
sufficiently high frequencies, and that this
effect can be troublesome or useful, depend-
ing on how well it can be taken into account.

In a parallel-plate capacitor, rolled or
not, if both leads come out at the same end,
we have an open-ended transmission line:
and, utilizing the well-known equation for
input current and voltage, the impedance is

* Reccived by the Institute, December 15, 1948,

PR ‘/z coth Lvzy (1)
1, y

where zand y are impedance and admittanee
per unit length, and L is the length. If re-
sistance and leakance are negligible, z=jwl
and y=jwe where land ¢ are inductance and
capacitance per unit length. Substituting
and changing to trigonometric form,

T .
= - 7'1/— cot wl.y/Ic
(4

= — ]‘/[ cot w\//.C (2)
[4

N

where L oand C are total inductance and
capacitance. This equation shows infinities

where w\/LC=0, =, 27, etc., and zeroes for »

n/2, 3x/2, 5n/2, etc. llence, antirescnant
frequencies occur at

n

= =1, 2, 3, ctc. 3
wiie " &

fa

Resonant frequencies are at

n

ot n=1,23etc 4)
VIC

fr

When the capacitor leads come out at
opposite ends, a very different situation
arises,

The currents at a given distance from
one end are now not the same on the two
conductors. Take the right end of the lower
conductor as zero potential. Using 1 and 2
to denote the upper and lower conductor
parameters, respectively,

dey
— =iz S
T = _ ()
dez .
— = i (0)
dw
di ( ) diy
—=(a—ea)y=— -
dw ' e dw
[ Lt — — ]
: |
:— - \ .0:
Io_- LYY :‘i - _\.‘hm}ﬁ'. A . ' . . ‘a,":c::
: I
o
' i
Igs0 1g—el

[S==w x.‘.'%u__uk ,._A_.# Sisanmanianase ‘.;3..‘ - l9

Fig. 1
~

If the two conductors are similar, z,=z,.
Calling e, ~e;=¢ and z,+2, =2,
d%

Jut = zye. (8)
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\
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If, as usual, we call \/z_y_=a, (8) gives the
well-known solution

€ = €16 + ¢, 9

Utilizing (5) and (6) and the boundary con-
ditions shown on Fig. 1,

1o

"= Y einhal

[sinh L(1 4 cosh aw)

—sinh aw (1 4+ cosh al) ). (10)

Integrating this and using (5), remember-
ing that

Z
n= o (11)
I
“T 4asi::{§f lodL. — w) sinh oL

+ cosh (al. — ew) + cosh al.

+ cosh aw + 1] (12)

Now the impedance of the capacitor is the
drop between leads divided by I,. Since the
one lead is at zero potential, we have

(€1) w0
I,

/i (cschal. + cothaL + 111). (13)
1y 2

If, as before, we neglect resistance and
leakance,

/1
A= —j1/ 7 <csc w\/LC

w\/rC_')

+ cot w\/LC — 3

(14)

The antiresonant points now occur only for
wy/LC=2a, 4, etc., since the odd multiples
give

m—1 T
Z=i nz "1/112’

Hence, the antiresonant frequencies are

n=1 23 etc

n

fa= Jic

n=1,23etc. (15)

Resonant points occur for Z=0. Calling
w\V/LC=V, from (14)

14 cosV
sin V

4 16
5 (10)

The first seven roots are at V=1.72,
5.60, 6.85, 12.24, 12.87, 18.64, and 19.06,
approximately, and higher-valued ones ap-
proach closely to integral multiples of 2w,
Since these multiple 2x points are those of
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antiresonance, the impedance changes very
rapidly in their vicinity and relatively
slowly in between. Thus, for resonance,

1.72 5.60 6.85
—y = —,—1 efC,

/2 = Se/IC 2x/IC 2e/IC g

This peculiar phenomenon can easily
cause apparently anomalous effects if one
happens to be using a capacitor of this type
near a 2x point, where it may be acutely
frequency-sensitive.

CarL F. MUCKENHOUPT
Office of Naval Research
Boston Branch Office
495 Summer St.

Boston 10, Mass.

Electronics in Industry*

I have just finished reading R. R. Batch-
er’s thought-stimulating editorial, “Elec-
tronics in Industry,” in the November, 1948,
issue of the PROCEEDINGS OF THE [.R.E.! It
brings to my mind another and unjustified
paradox.

Through some defect in our educational
system, which I shall not attempt to un-
cover, the average undergraduate is misled
into believing that his training in electronics
and/or communications can only lead to a
vocation in the co.nmunications industry.
At its best, information concerning the in-
dustrial electronic engineer is colored in such
a manner as to convince the student that
such a life would be, indeed, dull.

Someone has aptly stated that in most
schools of electrical engineering the students
are divided, sharply, into two catagories
“10¢ times apart.” There are the power engi-
neers who work with kilovolts, kilowatts,
and kiloamperes, as against the electronic
engineers who work with millivolts, milli-
watts, and milliamperes. But where are the
industrial electronic engineers in this pic-
ture? They are the select few who, largely by
accident, master both of these schools of
thought and can, therefore, make milliwatts
control kilowatts.

This, then, is the paradox of electronic
engineering. When graduation day comes,
99 per cent of the students rush off to the
overcrowded communications industry to
become “dime a dozen” engineers, while the
remaining 1 per cent go into industrial elec-
tronics—leaving many positions still un-
filled. The net result is that, usually, the
former is underpaid for his efforts, while
ordinary industry, in order to get qualified
men, must pay the latter a premium wage.

Unfortunately, the communications in-
dustry is just now awaking to the fact that
this self-inflicted divorce has cost them
money and reputation. They are awaking

* Received by the Institute, December 15, 1948,
1 Vol, 36, p. 1323; November, 1948,

to find that compressed air has taken over

and it will be terribly difficult to push them

out. Nearly all of the shortcomings of the

contacts the communications industry makes

with other forms of industry are ascribable

to the inbred propaganda previously dis-
cussed.

RicHARD G. DEVANEY

2013 Sherwood Rd.

Kingsport, Tenn.

Credit for “‘Low-Noise Amplifiers”*

The following is a comment on the paper
by Harold Goldberg, “Some Notes on Noise
Figures,” which .appeared in the October,
1948, issue of the PROCEEDINGS OF THE
I.R.E:}

It was naturally a source of satisfaction
to note the favorable comments made in this
paper! to a low-noise circuit described in a
paper of which I was one of the authors.?
However, as the authorship of the latter
papeér indicates, the development of the low-
noise circuit in question, to which Dr.
Goldberg attaches my name, represented
joint work, and exclusive credit for its de-
velopment should not be assigned to one of
the three authors.

HENRY WALLMAN

Chalmers Institute of Technology
Gothenburg, Sweden

(On leave of absence from
Massachusetts Institute of Technology)

# Received by the Institute, January 10, 1949.

1 Harold Goldberg, “Some notes on noise figures,”
Proc. 1.R.E., vol. 36, pp. 1205-1215; October, 1948.

* Henry Wallman, Alan B. Mecnee, and C. P.
Gadsden. “Low-noise amplifier,” Proc. I.R.E., vol.
36, pp. 700-708; June, 1948.

British Television in Denmark*

In the January, 1949, issue of the Pro-
CEEDINGs oF THE I.R.E., page 63, under the
heading of Industrial Engineering Notes,
there is published an article on “British
Television in Denmark.”

In reading this article we find that the
only manufacturer mentioned is the Elec-
trical and Musical Industries Company
under the heading of “Film Scanner,” and
anyone reading this article would naturally
assume that the whole of the television
equipment was provided by the E.M.I.

This was not so, since the whole of the
transmitter, including cameras and radio
transmitters, were provided by this Com-
pany.

I should therefore be extremely grateful
to you if you could arrange to publish this
letter in an early issue of your journal,

B. ]J. EDWARDS
Technical Director
Pye Ltd.
Cambridge, England

# Received by the Institute, February 21, 1949.




534

Institute News

PROCEEDINGS OF Tl 1.R.I.

and Radio Notes

Davrox o oL
TrCHNICAL CONFERENCE

The Davton Section of the [RI s
planning a series of annual technical con-
ferences, the first of which will be held on
June 3 and 4 at the Bilimore Hotel in Day-
ton, Ohio.

In view of the widespread interest in that
area in the field of acronautics, the keynote
of the conference will be “Development and
IFuture Frends in Airborne Electronics.” The
technical program will include several papers
presented by experts in their respective
ficlds. Discussions are scheduled of aircraft
communications equipment and theory, air
navigation and traffic control systems, an-
tenna developments for high-speed aircraft,
air-1o-air radio-frequency propagation, de-
sign trends in airborne electronic systems,
and physiological aspects in the design of
airborne clectronic equipment,

\W. L. Everitt, Dean of Engineering at
the University of 1llinois, will be toast-
master at a banquet to be held on June 3.
The principal speaker is tentatively sched-
uled to be W, Stuart Symington, Secrewary
of the Air Force.

The program also includes displays and
exhibits by various manufacturers in the
clectronic field, and a visit to the laboratories
of the Engincering Division of the Air Maté-
riel Command at the Wright-Patterson \ir
Force Base.

ALEE Torps ELectroN-TuBe
CoNFERENCE IN BUrraLo

To provide an opportunity to discuss the
application of clectron tubes in the in-
dustrial ficld, the AIELE subcommittee on
clectronic control of the industrial control
committee sponsored, in conjunction with
the Niagara frontier section of the AIEE, a
conference on the industrial application of
clectron tubes. The conference was held in
Butfalo, N. Y., on April 11 and 12,

A program planned to cover experiences
of the users and designers of equipment
utilizing cleetron tubes, as well as by those
responsible for  designing and rating in-
dustrial electron tubes, was offered. Sessiong
were held on industrial electronic control ap
plications, problems of clectronic equipmen*
design, and problems of the tube designer.

CONFERENCE ON
loNosrnERIC RESEARCH

A three-day conference and symposium
will be held at The Pennsylvania State
College on June 27, 28, and 29 to acquaint
scientists in the field with the latest theoreti-
cal and experimental  developments in
ionospheric research. Eight to twelve papers
following the theme, “Present-Day Research
on Radio Wave Propagation via the Iono-
sphere,” will be presented during the three-
day session. Discussion-conference sessions

will be planned after each scries of papers 10
allow free intermingling of the latest ideas
and thoughts among the participants.

This conference is  being  sponsored
jointly by The Pennsylvania State College
and the Geophysical Rescarch Directorate
of the U. S. Air Forces. Further details may
be secured from A. Il. Wawvnick, Radio
Propagation Laboratories, The Pennsyl
vania State College, State College, 1a.

AlLLE SovTnwist
DISTRICT MEETING

The Dallas and Fort Worth Sections of
the AIEE held a Southwest District Meeting
from April 19 to 21 in Dallas, ‘Tex. Under
the theme of “What Electrical i<ngincers
Are Doing to Meet the Needs of the Growing
Southwest,” a technical program, including
sessions on Transmission and Distribution,
Communication, Usage of Electric Power by
Heavy Industry, Relays and Protective De
vices, Power Generation, Transmission and
Distribution, and  Nucleonics, was  pre
sented. !

Section Chairmen to be
Listed Bimonthly

In order to conserve much-needed
space, the PROCEEDINGS henceforth
will print the listing of section officers
every other month, rather than each
month as in the past.

ACOUSTICAL SOCIETY MEETS

The theme of acoustics as the servant of
mankind is being emphasized in an unusual
manner by the \coustical Socicty of Amer
ica in its twentieth anniversary meeting,
from May 5 to 7, at the Statler Hotel in New
York City. Rescarches reported at this
meeting will be grouped according to their
function in relation to man, instead of by
technical fields, as is usual in a scientific
meeting.

Invited speakers will summuarize develop-
ments for each of the sessions, which arc
grouped as follows: acoustics in comfort an
safety, acoustics as a tool in  physics,
acoustics in the arts, and acoustics in com-
munication. One day of talks and demon-
stration is scheduled at Murray Hill, N, .,
where the Bell Telephone Laboratorics will
act as host.

The meeting is open to the public,

TeEcuNICAL COMMITTEE NOTES

A meeting of the members of the Audio
Techniques Committee, the Video Tech-
niques Committee, and the Sound Recording
and Reproducing Coramittee was held on

AMarch 9, during the National Convention.
T'he problems dealt with at the meeting were
those of organization, and were discussed
with a4 view toward defining the scope of the
three new commiittees. Following the com
Lined meeting, cach committee met sepa-
rately to discuss membership and to set up
subcommittees, . .. The Circuits Committee
also met on March 9. Sul.committees pre
paring definitions reported on the progress of
the work to date. A petition was drawn up
and signed by the members present to initi-
ate formation of a Professional Group on
Circuit Theory. The committee is also mak-
ing plans to sponsor a network symposium
during the 1950 National Convention. . ..
On March 7 the Technical Committee on
Electron Tubes and Solid-State Devices mect.
A review was made of the definitions and
methods of testing under preparation by the
Committee, This work, now nearing comple-
tion, is to be presented as standards pro
posals. Under the chairmanship of . A
Morton, the group which is preparing for the
1949 Electron Tube Conference 10 bie held
at Princeton University during the week of
June 20 reported to the Committee

The Modulation Systems Committee nict at
[RE Headquarters on March 14 10 consider
detnitions prepared by its subcommittees on
Pulse Code Modulation and Modulation
Theory. ... A meeting of the Navigation
Aids Committee was held during the Con-
vention, on March 9. A few definitions were
rewritten in order to bring the Committee’s
standards proposal into shape for final ap-

“proval and publication. The membership of

the Committee for the next committee year
was discussed, and three new subcommittees
were formed. ... At the Nuclear Studies
Committee’s meeting on March 8, W. R. G,
Baker, the Standards Co-ordinator, ad
dressed the members and explained the pur-
pos¢ and functions of the Institute’s Profes-
~sional Group Systeni. At the suggestion of
Chairman L, R. Hafstad, the Committee
signed a petition for the formation of a Pro-
fessional Group in Nuclear Science. Dr.
Hafstad was elected chairman of the Group.
William Geogehan analyzed responses re-
ceived from the questionnaires sent to guests
who attended the Conference on Nucleonics
on November 29 and 30 and December 1.
... The Committee on Receivers met on
March 10, Two subcommittees reported:
one on proposed “ltalian  Standards for
Broadcast Receivers” and the other on
Standards Definitions for Effects of Mis-
tuning and for Downward Modulation. . . .
The Committee on Railroad and Vehicular
Communications met on March 10 at the
National Convention. A few changes were
suggested for the Standards on Railroad and
Vehicular Communications, Methods of Test-
tng, 1949. The petition for a Railroad and
Vehicular Professional Group was discussed
informally, and copies of it were circulated
to the members of the Committee.

The following committees also held mect-
ings during the Natioral Convention: Elec-
tronic Computers, Standards, Wave Propa-
gation, Symbols, and Research.

|
|
|
|
\



Left 1o right: R. L. Smith-Rose, Karl Spangenberg, Ralph Bown and S. L. Bailey, and R. F. Guy and Frank Stanton.

IRE Convention Draws Record Attendance

A record attendance of over 16,000 made
the 1949 IRE Convention the largest in the
thirty-seven years of the Institute’s exist-
ence. Thousands of engineers, physicists, and
technicians from thirty countries partici-
pated in the four-day conclave.

A total of 170 papers on every aspect of
radio and electronics was presented at the
twenty-seven sessions and six symposia
which made up the technical program. Al-
though none of the papers presented are
available in reprint form, it is hoped that
many of them will appear in subsequent
issues of the PROCEEDINGS.

At the annual meeting which opened the
Convention on Monday morning, . S.
Coggeshall, ‘Traffic Manager of the Western
Union Co., spoke on “Perpetual Youth—and
the IRE,” emphasizing the fact that radio is
still a young man's profession. Monday
afternoon the technical program opened with
four sessions: Modulation Systems, Anten-
nas and Waveguides, Instruments and Meas-
urements, and Audio, under the respective
chairmanships of Raymond F. Guy, L. J.
Chu, W. R. Hewlett, and O. L.. Angevine, Jr.

A Symposium on Network Theory also
was held at this time. Led by J. G. Brainerd,
it reviewed all of the fields of network theory
in which there has been important new ac-
tivity. In the evening a cocktail party pro-
vided an opportunity for the members to get
together.

Sessions on Antennas, Synthesis of Pas-
sive Networks, Oscillographic Instruments
and Measurements, and Electronic Com-
puters preceded the luncheon on Tuesday to
honor President Bailey. Lester C. Van Atta,
Ernst Weber, 1. 1. Goldsmith, Jr., and
E. W. Cannon headed these groups.

At the luncheon, the Junior Past Presi-
dent, B. k. Shackelford, acted as toast-
master to introduce Delos W, Rentzel, Civil
Acronautics Administrator, who spoke on
“All-Weather Flying,” and deseribed  the
new devices in air navigation which will
“open the way for a whole new era of avia-
tion.” After this came sessions on T'elevision
Wave Propagation, Analysis of Passive Net-
works, Components and Materials, and
Nucleonic  Instrumentation, hcaded by
A. Earl Cullum, jr., John B. Coleman, W. 3.
Anspacher, and L. J. Haworth; and a
Symposium on Electronic Computing Ma-
chines, led by 2. U, Condon.

Tuesday  evening  the Symposium on
Nuclear Scicnces was offered, with L. R,
Hafstad as chairman. Nucleonies has re-

ceived more attention from radio men this
vear than ever before, for from the radio
laboratories are coming newer and better in-
struments indispensable to the production,
control, and utilization of fissionable ma-
terials. Leading authorities discussed this
vast new world of the subatomic, the by-
products of which are expected to help recast
much of our medical and other scientific
knowledge.

Wednesday morning featured Television,
Active Circuits, Instruments and Measure-
ment, and Tube Design and Engineering
Sessions, headed respectively by Axel G.
Jensen, John R. Ragazzini, R. M. Bowie,
and Dayton Ulrey. H. Busignies was chaire
man of the Symposium on Radio Aids to
Navigation.

More Television, \Wave Propagation,
Active Circuits, and Instruments and
Measurements sessions were held on Wednes-
day afternoon, plus a session on Electron-
Tube Cathodes. Robert Shelby, Charles R.
Burrows, R. W. Ilickman, Scott Helt, and
1. . Lederer were chairmen.

The annual IRE Banquet was held
Wednesday evening. Raymond F. Guy
acted as toastmaster to introduce Frank
Stanton, president of the Columbia Broad-
casting System, who spoke on “Television
and People.” At this time Ralph Bown was
presented with the Medal of Honor, Claude
. Shannon with the Morris Liebmann
Memorial Prize, and R. V. Pound with the
Browder J. Thompson Memorial Award.
Thirty-one Institute Members were given
Fellow Awards.

Sessions on Relay Systems, Navigation
Aids, and Electron-Tube Theory, headed by
Raymond F. Guy, W. L. Everitt, and W. G,
Dow, were held Thursday morning, plus a
Symposium on Marketing, guided by . L1
Vogel. This symposium was an innovation
designed to acquaint engincers with mer-
chandising practicalitics.

I'he Convention concluded with sessions
on Information Transmission and Noise,
Navigation Aids, Oscillators, and New
Forms of Tubes, and a Symposium on
Germanium  and  Silicon  Semiconductors.
These were headed by Claude E. Shannon,
Lloyd T. DeVore, Robert Adler, R, R, Law,
and 11, A, Zahl.

I'wo hundred and twenty-five exhibitors,
including the U. S. Air Force, Army, and
Navy, representing an increase of 25 per cent
over last year's 180, displayed an estimated
$7,000,000 worth of the newest miracles of

science, many shown for the first time.

Dissolving tumors without surgery is
only one of the many potential uses of the
ultrasonic fountain, a device employing a
powerful crystal vibrator which focuses so
much ultrasonic energy at a given point
that water can be spurted two or three feet
upward from a small reservoir. It can, more-
over, force the mixing of nonmiscible liquids,
and thus homogenize such previously un-
combinable substances as oil and water,

Nucleation of a steam-cloud with dry ice
produced man-made miniature snow in a
cabinet containing a scale model of a U. S
Army Signal Corps Arctic installation. The
Signal Corps also displayed, as part of its
“miniaturization” program, a radio receiver
and transmitter so small that it fits into a
king-size cigarettc package.

New pickups, playing 333}, 45, and 78
rpm records were shown, one without chang-
ing needle pressure, and another phonograph
was shown that played under water. Unique
television equipment was demonstrated, in
cluding rotatable antennas, a guest tele
vision system for hospitals, and a complete
and operating 30-tube television receiver
spread out on an upright panel to present a
giant “operating blueprint” of the com-
ponents and circuits of a television receiver.
The world’s smallest microphone not only
was shown, but was used at all Convention
sessions. \Weighing less than one quarter of
an ounce, it is supposed to have as gou
sound quality as any microphone in exist-
ence. Facsimile recorders receiving weather
maps from Washington, Tokyo, and the
Rhine Main; printed circuits for Llelevision
receivers; dynamic relay testers; and new
germanium triodes in dynamic applications
were but a few of the innumerable scientific
developments to be shown and explained to
the public,

A program of women's activities was also
held for members” wives. Monday afternoon,
following a trip to a television program at
the Du Mont studios, a “get-acquainted”
group gathercd at the Commodore, with
Mrs. Reginald Smith-Rose acting as hostess.
On Tuesday a luncheon and bridge at the
Engincering Women's Club was followed by
tea at IRE Ileadquarters, at which time the
fadies were taken on tours of the building. On
Wednesday the New York Times huilding
was toured, after which many of the ladies
atiended an IRE theater-party matinee. A
tour of the Brooklyn Museum of Fine Arts
was offered on the final day of the Convention,

Left toright* S, L. Baslev, D. W, Rentzel, R. V', Pound and C, I, Shannon with S, L. Bailey, and B. I, Shackelford.
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INDUSTRIAL INGINEERING NOTES!

NBS EsrasListiis RADIO STATION;
DEVELOPS SUBMINIATURE DEvICES

The National Bureau of Standards has
established radio station WWVH on the
island of Maui, Territory of Hawaii; and it
is now broadcasting, on an experimental
basis, continuous time and frequency stand-
ards on 5, 10, and 15 Mc. The station ex-
tends four useful techmcal services to the
Pacific area: standard radio frequencies,
tme announcements, standard time in-
tervals, and standard musical pitch,

A complete description of the NBS' work
on subminiature electronic devices, which is
being performed by the Bureau for the
Navy Bureau of Aeronautics, has been puls-
lished in the April issue of the Technical
News Bulletin. Copies may be obtained from
the Superintendent of Documents, U. S,
Government Printing Office, Washington 25,
D. C., for 10 cents each.

A major task of the Bureau’s program is
the adaptation of new techniques in the mass
production of more complicated subminia-
ture electronic devices, such as broad-band,
high-gain, intermediate-frequency amplifiers
for aircraft and missiles, The Bureau report
describes two methods of fabrication em-
ployed in the construction of the miniaturized
amplitiers. One method uses a maximum of
minjature component parts based on stand-
ard design, while a second assembly uses a
maximum of printed circuits.

The miniaturized amplifier is designed to
have eight stagger-tuned if stages, a detec-
tor, a video amplifier, and a cathode-
follower output circuit; more than 95 db
gain from the if input to output detectors;
manual and automatic gain control; a 60-
Mec center frequency and a bandwidth of 10
Mc; and an assembly readily adaptable to
mass-production methods.

Tix ConservAaTION URGED
ALTHOUGH SUPPLIES AMPLE

Although tin allocations have been in-
creased ten per cent by the Department of
Commerce from the 1948 quota, thus
making current industry supplies ample for
radio and television production, government
officials continue to urge tin conservation
and possible substitutions, in order to avert
future shortages of the medal.

Discontinuance of some 60-40 solder, and
general use of 50-50 solder is recommended
by the government allocation authority,
which also suggests substituting aluminum
for tin foil as far as possible in the manufac-
ture of capacitors. It is believed that such
substitution can be made satisfactorily for
both television and radio set production in
85 to 90 per cent of capacitors.

The reduced use of tin, with consequent
reduced consumption, in other industries,
such as electrical appliances, motors, auto-
motive parts, etc., has eased the tin situa-
tion, decreasing nonradio demand, and hence
making the increased supply of tin available
to the radio industry.

! The dala on which these NOTES are based was
selected, by permission, from the Radio Manufac-
turers Association's “Industry Reports,” issues of
February 18, 25, and March 4, 11, and 18.
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Calendar of
COMING EVENTS

IRE-URSI Spring Meeting, Washing-
ton, D. C., May 2 4

Twentieth  Anniversary  Meeting,
Acoustical Society of America,
[ New York, N. Y., May 5-7

Technical Conference on Airborne
Electronics, Dayton Section, IRE, |
Dayton, Ohio, June 3—4

Central Section Regional Meeting,
Society of Motion Picture Engi-
neers, Toledo, Ohio, June 10

AIEE Summer General Meeting, \
Swampscott, Mass., June 20-24 ]

AIEL Pacific General Meeting, San |
Francisco, Calif., August 23-26 !

| 1949 IRE West Coast Convention,
San Francisco, Calif., August 30—
September 2

| 1949 National Electronics Confer-
ence, Chicago, Ill., September 26~
28

AIEE Midwest General DMeeting,
i Cincinnati, Ohio, October 17-21

| 1950 IRE National Convention, New
‘ York, N.Y., March 6-9

FCC Acrions

The FCC authoriced two concerns, the
Seismograph Service Corp., and the Frost
Geophysical Corp., both of Tulsa, Okla., to
use radio equipment to locate oil deposits in
the Gulf of Mexico. The grant is on an ex-
perimental basis and permits the temporary
use of frequencies in the 1,750-1,800-kc band.
Copies of the decision and orders (Mimeo-
graph Numbers 3270, 31543, and 31544)
may be obtained from the Secretary of the
FCC, Washington 25, ). C.. .. A request
made by the Academy of Model Acro-
nautics to relax the amateur regulations in
order to accommodate the radio-frequency
needs of model-plane enthusiasts was denied.
The Commission pointed out that the
amateur regulations are subject to inter-
national agreement, and the prime purpose
of these licenses is to develop radio tech-
niques. The FCC's proposed Citizens Radio
Service in the 460-470-Mc band, the Com-
mission suggested, may prove useful for the
type of communication needed in model-air-
craft operation. . .. The FCC also granted
certificates of type approval for arc-stabilizer
units employing radio-frequency energy as
used in the “Inert Gas Arc Welding”_ process
to the Glenn-Roberts Co., of Indianapolis,
and the National Cylinder Gas Co., of
Chicago. The new equipment utilizes a tube
oscillator. . . . The FCC has issued its first
experimental authorization to construct a
nonmilitary shore-based radar station for in-
stallation and operation at a major U. S, har-
bor. The city of Long Beach, Calif., requested
the authority to study the value of shore-
based radar in association with radiotele-
phone communication as an aid in the move-
ment of ships in periods of reduced visibility.

May

New FM STATIONS

A total of 755 F M stations are on the air,
including 31 noncommercial educational
outlets. New FM stations beginning opera-
tions recently are WGAU-FM, Athens, Ga.;
KIPFA,  Berkeley,  Calif.; WDUN-FM,
Gainesville, and WD BO-FM, Orlando, Fla.;
WMBO-FM, Auburn, N. Y.; and WTWO,
Dayton, Ohio.

TELEVISION NEWS

Four representative plans for television
station allocations, studied from two angles,
one employing phase synchronization on the
present vhi band only, and the other phase
synchronization on vhf and uhf, were pre
sented to the Federal Communications Com-
mission by the Joint Technical Advisory
Committee of the IRIE and the RMA
l<ngineering Department.

The first plan is hascd on a minimum of
two stations in each of the largest 140 metro-
politan centers, the second on a minimum of
three stations, the third on a minimum of
four stations, and the fourth on a minimum
of five stations. Any larger minimum num-
ber of outlets would require more channels
than the 69 available between 675 and 890
Mec.

In each of these cases there was adopted
a co-channe! minimum separation of 150
miles, and an adjacent-channel minimum
separation of 75 miles for the vhf stations.
The JTAC believes that it is not practical
to assign vhf channels only to primary cities,
and uhf channels only to secondary cities.
As more channels are made available for
television, the demand for additional chan-
nels in the large metropolitan centers must

“be accomodated. Therefore, of necessity,

both vhf and uhf channels will have to be
employed in these cities. To do otherwise in
other cities would require those cities to wait
for television service for a period of one to
three vears, even though a uhf channel or
channels were currently available for alloca-
tion to it.

The National Broadcasting Co. and the
Radio Corporation of America have both
filed applications with the FCC for permis
sion to construct experimental uhf televi-
sion stations. NBC proposes to operate an
experimental uhf television station in the
arca of Bridgeport, Conn. Planned to oper-
ate on 529-535 Me, it would continue the
uhf television experiments which NBC has
been conducting in Washington.

RCA asked the FCC for permission to
construct an experimental television broad-
casting station at ’rinceton, N. J., to be
operated on 846-854 Mc with 100 watts
power. The purpose of the station is to ob-
tain propagation data which compares verti-
cal and horizontal polarization with respect
to shadows and multipath phenomena in the
ubf region under summer and  winter
conditions.

The American Telephone and Telegraph
Co. and a Bell Systein Co. have filed ap-
plications with the FCC to eXfend relay
facilities for television programs. The AT&T
has  requested  construction  permits . for
two experimental radio stations to extend
1ts radio-relay system from Boston, Mass.,
to Providence, R. I. The Pacific Telephone
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and Telegraph Co. has asked permission to
establish a microwave radio-relay system
between Los Angeles and San Francisco,
Calif.

Officials of the District of Columbia and
of Maryland have issued orders which pro-
hibit television receivers in automobiles
where the set can be viewed by the driver
while the car is in motion. The measure does
not ban television sets that can be viewed
by passengers only.

A public-relations program to give the
public, also government, trade, and other
interests, complete and accurate informa-
tion regarding television broadcasting serv-
ice and receiving sets is being undertaken by
the Radio Manufacturers Association.

By the end of March, 1949, 60 television
stations were on the air in over 30 cities, and,
when all the 65 stations with authorized con-
struction permits begin broadcasting, a total
of 71 cities will have one or more television
stations. In addition, there are 322 applica-
tions pending for television stations in more
than 94 other cities. Of television licensees,
permittees, and applications, approximately
three-quarters are affiliated with AM or
FFM stations.

Stations are operating in the following
cities, as of the first of this year: Los Angeles,
San Francisco, Calif.; New Haven, Conn.;
Washington, D. C.; Atlanta, Ga.; Chicago,
I1l.; Louisville, Ky.; New Orleans, La.;
Baltimore, Md.; Boston Mass.; Detroit,
Mich.; Minneapolis, Minn.; St. Louis, Mo.;
Newark, N. J.; Albuquerque, N. M.
Buffalo, N. Y., Schenectady, Syracuse,
N. Y.: Cincinnati, Cleveland, Toledo, Ohio;
Erie, Philadelphia, Pittshurgh, Pa.;
Memphis, Tenn.; Fort Worth, Tex.; Salt
Lake City, Utah; Richmond, Va.; Seattle,
Wash.; and Milwaukee, Wis.

RADIO SET PRODUCTION DECLINES AS
TELEVISION RISES

The January production of radio sets de-
clined sharply, while the output of television
sets decreased moderately in a seasonal post-
holiday dip. Total RMA set production was
830,871, the lowest total since July, 1948.
Production of all types of radio and tele-
vision receivers in February dropped even
below the January output, with a total of
716,538 units. AM and FM radio production
has been declining since last fall and last
winter, owing to the increasing public inter-
est in television.

Television set shipments during the
fourth quarter of 1948 increased 88 per cent
over those of the third quarter.

IRE People

Institute News and Radio Notes

Sets have been shipped to 42 states plus
the District of Columbia. Manufacturers’
radio and television set sales rose con-
siderably in 1948, breaking all previous
annual records. Sales of both types of
sets exceeded $750,000,000, as compared
with approximately $700,000,000 in 1947, in
spite of the 20 per cent decline in radio re-
ceiver sales. Almost a third of set manufac-
turers’ dollar volume in 1948 was of tele-
vision receivers, and by December nearly
half of the dollar sales came from television.

U. S. imports of radio apparatus, includ-
ing receivers, parts, tubes, and cathode-ray
tubes, have been increasing steadily. Im-
ports for 1948 totalled $645,493, as com-
pared to $295,189 in 1947. The largest ship-
ments came from the Netherlands, and con-

. sisted chiefly of cathode-ray tubes.

CanabiaN Rapio NEws

The Canadian Government has issued a
decree removing a number of products, in-
cluding radio receivers from the list of com-
modities which require export permits.

Radio set sales in Canada have been
steadily declining. Sales of radio receivers
during November, 1948, totalled 79,426,
valued at $6,539,102, compared with
114,933 sets valued at $8,618,094 sold in No-
vember, 1947. December set sales amounted
to 80,447 units valued at $6,242,389, com-
pared with 86,946 sets valued at $8,838,545
in December, 1947. Total sales in 1948
numbered 596,467 receivers valued at
$49,351,338, against 836,419 units valued
at $60,399,221 in 1947.

Sets imported into Canada during No-
vember numbered 179 valued at $20,457,
and brought the total for the year to 2,879
sets valued at $307,521. Exported receivers
in November totalled 2,722, valued at
$81,739. A total of 27,815 sets valued at
$893,388 were exported by Canadian manu-
facturers in 1948.

Production of receiving tubes amounted
to 272,697, valued at $130,674, in November,
and 3,748,294 during the eleven months.
Imported receiving tubes numbered 43,194
and 866,547 for November and the eleven
months of 1948, respectively. Radio tube
parts imported totalled 19,794 units in
November, and 249,293 for the first eleven
months of last year.

RADpIO AND TELEVISION ABROAD

In August, 1950, the Danish Govern-
ment is sponsoring a radio exhibition at
Copenhagen, in connection with the celebra-
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tion of the State Radio’s forthcoming
twenty-fifth anniversary. As of January 1,
1949, there were 1,163,272 licensed radio
receivers in Denmark, an increase of nearly
15 per cent over the total of March 15, 1948.
...An International Television Congress
and an International Television Fair will be
held simultaneously at Milan, Italy, next fall.
The National Research Council of the
Italian Government will organize the con-
gress and the National Association of Elec-
trotechnical Industries will act as hosts for
the fair. Foreign television experts will be
invited to serve on the executive committee,
and the U. S. television industry will be
asked to participate via private channels.
The U. S. Government is also expected to
take part in the congress. ... The Radio
Industry Council of Great Britain recently
announced the adoption by leading manufac-
turers of television standards to apply on
television equipment for export to the con-
tinent. The manufacturers agreed to stand-
ardize equipment for 625-line pictures with
positive modulation for the visual signal, in
contrast to the negative modulation used
in the United States. Other standards
adopted in England include 25 frames per
second interlaced two to one, and vestigial
sideband operation and six megacycle chan-
nel width. Television receiver licenses in
force in Great Britain at the end of Novem-
ber, 1948, totalled 80,850. Radio licenses
numbered 11,343,320. ... Manufacture of
radio sets in Austria during 1948 totalled
70,000 receivers, less than ten per cent of
which were exported, although before the
war exports accounted for more than a third
of Austrian radio production. ... In Japan
radio receiver production during the first
ten months of 1948 totalled 1,392,403.
Transmitter production amounted to 1,746
units and vacuum tubes totalled 9,700,824.
... The Polish state-owned radio factories
produced 30,000 sets, 140,000 loud speakers,
and 736 amplifiers in 1948, compared to
7,287 receivers, 85,000 loud speakers, and
293 amplifiers manufactured in Poland in
1947. ... The Government of Iceland re-
cently issued a decree subjecting electrical
household appliances, including radios, to a
fee of 100 per cent of import value of the
product in addition to the regular import
duty. In 1947 U. S. exports of radio re-
ceivers to Iceland amounted to approxi-
mately $48,000. ... Top user of radio in
Latin America is Brazil, with 1,700,000 sets
estimated to be in use. Argentina follows
close behind with 1,600,000, and Mexico
with 1,113,500.

Three members of the Bell Telephone
Laboratories have been advanced to new
positions: William H. Martin (SM'46) has
been made a vice-president, Donald A.
Quarles (M’41-SM’43) has added to his
duties as vice-president the charge of staff
functions, and James W. McRae (A’'37-
I’47) has succeeded Mr. Quarles as head of
the development of transmission, switching,
and electronic apparatus,

Mr. Martin has been engaged in tele-
phone rescarch and development for the Bell
System for nearly forty years, and he has
made distinguished contributions to the
development of telephone apparatus.

Mr. Quarles has heen associated with the
Bell System for thirty years, and has previ-
ously served as outside plant development
director and transmission development di-
rector. He has been vice-chairman of the

committee on electronics of the Joint Re-
search and Development Board of the fed-
eral government, and a member of the
AIEE board of directors.

Mr. McRae, a member of the labora-
tories since 1937, was director of electronic
and television rescarch. Ile is a member of
the AIEE, and of Sigma Xi, and in 1943 re-
ceived honorable mention for the EEta Kappa
Nu awards.
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John H. Barron (M'29-SM'43),
consulting radio engineer of Wash
ington, D, C died recently,

Mr. Barron was horn on Novem
ber 16, 1900, in Baltimore, Md., and
received a techmical education from
the Battumore Polvtechnic Institute
ind The Johns Hopkins University,
hoth in Baltimore

Becoming interested an radio as
an amatear an 1914, he received a
fust-grade commercial radio opera
tor's hicense in 1918, and was ¢em
ploved as a ship radio operator for
several vears, In 1925 he joined the
Departmient of Commerce as a radio
inspector, leaving in 1930 to become
a radio engineer in the Broadeast
Section of the Federal Radio Com
mission and later the Federal Com
munications Conimission,

In November, 1935, he became
engaged In private practice as a
consulting engineer, and continued
this practice until his death,

Arthur E. Newlon (A'38-SM'44) has
left the Stromberg-Carlson Co. in order to
work in the Ordnance Research Laboratory:
of the National Bureau of Standards’ Elec-
tronics Division.

Mr. Newlon was born in New Leaington,
Ohio, on November 15, 1911, and attended
Ohio State University, receiving the B.S. in
clectrical engineering in 1933. Shortly after
graduation he joined the staff of the U. S,
Coast and Geodetic Survey in Washington
as an assitant scientific aide, leaving in 1945
to join the Muzak Corp. of Ohio.

In 1936 he transferred to RCA, where he
did research and development work for the
license division laborators  on  broadcast,
television,  frequeney -modulation,  short-
wave, and facsimile receivers, After five
vears there, he entered the employment of
Stromberg Carlson as senior radio engineer,
where he began by working on communica-
tionn sy<tems above 100 Mg, television re-
ceivers, quartz ery stals, radar, and color tele-
vision; and was advanced to take charge of
all broadcast receiver research, including
dircaits and mannfacturing techniques. Dur-
ing this time he also acted as representative
of Stromberg Carlson on thirteen RMA
committees concerned with television and
frequency modulation,

Mr. Newlon is a past chairman of the
Rochester Section of the TRE, has been a
membier of the Rochester lngineering Soci-
ety's Board of Directors, and is a member of
Phi Eta Sigma, Eta Kappa Nu, Tau Beta
Pi, and Sigma Xi.

.

Qe

Roger L. Merrill (A’'46), formerly an
engineer with the Curtiss-\Wright Corp., has
been appointed to the staff of the Battelle
Institute at Columbus, Ohio, where he will
be engaged in electrical engineering research.

Mr. Merrill holds the bachelor’'s and
master's degrees in electrical engineering
from Ohio State University, and is a member
of the AILLLL, Tau Beta P, and Sigma Xi.

Edwin Henry Colpitts (A'l4-
F'26), whose pioncer achievements
led to the development of practical
svatems of long distance wire anid
radio conmmunication and o the
establishment of transatlantic el
phone service, died recently

Dr, Colpitts was Lorn in Point
de Bute, New Brunswick, Canada
on Januarv 19, 1872, and received
the A3, degree from Mount Alhson
University in 1893 and from Har
vard in 1896, T he following vear he
received the NCAL degree from Har
vard, and in 1926 the honorary
LL.D. degree from NMount Allison

From 1897 10 1899 Dr. Colpitts
was an assistant in physics at tHar
vard. In the latter vear he jomed
the American Bell Telephone Cooan
Boston as an engueer e the me
chanical engincering  department,
which later was merged with the
engineering  department  of e
American ‘Telephone and Telegraph
Co. At that time long-distance tele
phone conversation was himited 10
1,000 miles, and in his carly vears of
rescarch Dr. Colpitts helped apply
Pupin's theory of clectncal loading,
and worked on repeater tulies

In 1907 Dr. Colpnurs was trans
ferred to the engineering department
of the Western Electric Co.in New
York, N. Y., and became head of
the physical laloratory, Four vears
later he was put in charge of the
search branch of the engincering de
partment, and in 1917 he was named
assistant chief engincer. During the
first World War he served on the
Chief Signal Officer's statf, All

He returned to the AT&T in
1924 as assistant vice president in
the department of development and
research, and, ten years later, when
this department was merged with
the Bell Telephone Laloratories, he
became vice-president of the latter
organization. In 1937 he retired and,
during his returement, delivered the
Idware lectures sponsored by the
Japanese Institute of Electrical 1on
gineers, For this service Fniperor
Hirohito decorated him with the
Fourth Order of Merit of the
Sacred Treasure,

Shortly before World War 1,
Dr. Colpitts came out of retirement
to serve with the Anti Submarine
Warfare Division of the Natonal
Defense Rescarch Committee, He
received the Medal of Merit for his
services in this connection, and in
1948 was awarded the Elliott Cres
son Medal of the Franklin Institute
in Philadelphia for his contribution
to long-distance telephony,

Dr. Colpitts was a director of the
Engineering Foundation, a fellow
of the AIEE, the American Physi
cal Society, the Acoustical Society
of America, the American Chemical
Society, and the American Associa
tion for the Advancement of Science.
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Homer R. Oldfield, Jr. (M'46 SM'47)
has been appointed sales manager for the
government division of the General 1 ecirie
Co's electionics departiment at Flectronics
Iark, and he has named James W. Nelson,
Jr, (A'46-SN47) to succeed him as head of
the Air FForce sales section in the division

Born in Mount Vernon, N, Y., Mr. Old
ficld was graduated from the Massachusetts
Institute of Technology in 1938 with the
BS degree in acronautical  engineering
Atter serving bricfly ac a draftsman with the
Glenn 1L Martin Colin Balumore, Md |, he
retarned 1o MIET as a rescarch assonate,
carning the MS, degree in 19309,

Mro Oldficld remained with MIT s an
instructor until the outbreak of war in 1941,
at which time he went on active duty with
the U, S. Armv Coast Artillery. In 1945,
having attained the rank of major, he was
demobitized, and joined the General | lectric
Co. at Syracuse as head of the Air Force sales
section. He is also now serving as command
ing ofhcer of the Air National Guard radar
Unit 4t Syvracuse,

Mr. Nelsonisanative of Berkeley, Calif
and received the BUS, degree in electnca!
engineeting from the University of Cah
fornia in 1941, During that year and the
next he served as a research associate i the
Radiation Lahoratory at the Massachuserts
Institute of Technology and was engaged in
microwave research there.

In 1942 NMr. Nelson joined the U S, Air
Force and served until 1946 as a develop
ment engineering officer. lle then joined
General Electric as a development engincer
in the government division, bhecoming a
sales engineer the following year.

Edwin Reginald Love (M'i6)
associate professor of electrical engi
neering at the University of Mani
toba, died recently,

Born in England on January 18,
1912, Professor Love subscquently
came to Canada and was educated at
the Winnipeg schools and the Univer
sityof Manitoba, where he wasgradu
ared with the B.S, degree in clectri
cal engineering in 1934, For one
semester after his graduation he was
a demonstrator in electrical engi
neering at the University of Mam-
toba, and then joined the Canadian
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