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12 Issues
a year

Radio Engineers
have joined

THE INSTITUTE OF RADIO ENGINEERS

Value to readers of
“Proceedings of the LR.E.”

In 1951 this vital engineering journal
published 1594 pages of text, which
equals on a word count basis 3188 pages
in a standard engineering text, the
equivalent of six 540 page books. (This
is exclusive of all advertising, product
stories and some departmental reading
matter.)

1912
has

Since “Proceedings of the
I.RE.” been the authoritative
source of radio engineering information.
is the most
quoted publication in its field. Its
research papers are often years ahead

In reference indexes it

of manufacture and point the way to
future developments. It is generally
acknowledged that no other single
medium has contributed so much to
the advancement of radio-electronic
science.

Every IRE member receives “Proceed-
ings of the ILR.E.” as part of his
membership. It is a treasured asset,
and a working tool in his “equipment”
as an engineer —- a source of knowledge.

Benefit from
IRE Meetings —

IRE Section meetings are held in 74
cities throughout the world. More than
700 such meetings are held a year, for
hearing and discussing engineering
papers. Wherever there is a concen-
tration of engineers, an active section
serves IRE Members on a geographic

basis.

In addition, there are 16 Professional
Groups which hold meetings on special-
ized subjects, or branches of radio,
ranging from audio to airborne elec-
tronics, from broadcasting to nuclear
science. These groups provide special-
ized study into the deep corners of a

gigantic technology.

These meetings, together with the
regional and national conventions and
exhibits, are provided for IRE members,
to keep them ever abreast with the
advances of their chosen science.

*ABC Statement of Dec. 31, 1951 for all member-
ship from young to senior engineers.
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IRE Services to Members
and Industry —

Here in the IRE Headquarters Building
at 1 East 79th Street, New York City,
a busy staff of editorial people work on
the magazine, and another group pro-
cess applications and service corres-
The technical department
organizes professional groups, and forty

pondence

standing technical committees which
keep order and establish standards in
the world’s fastest growing science.

Four rooms are constantly busy with
technical meetings, which serve mem-
bers and industry by coordination and
clarification, expressed in “Standards”
and the annual “IRE DIRECTORY"”.

IRE Meetings and Exhibits
Speed Electronic Progress!

“SPRING TECHNICAL CONFERENCE’ on Color and UHF Television

Sponsored by the Cincinnati Section of the IRE

April 19, 1952 Cincinnati, Ohio, Engineering Society Building See Page 2A
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FLUOROFLEX'-T

for

FLON

with the
optimum performance
yow're looking for

*

“Teflon” powder is converted into
Fluoroflex-T rod, sheet and tube under
rigid control, on specially designed
equipment, to develop optimum inert-
ness and stability in this material. You
can be sure of ideal, low loss insulation
for uhf and microwave applications. ..
components which are impervious to
virtually every known chemical...and
serviceability through temperatures
from —90°F to +500°F.

Produced in uniform diameters,
Fluoroflex-T rods feed properly in
automatic screw machines without the
costly time and material waste of cen-
terless grinding. Tubes are concentric

permitting easier boring and ream-
ing. Parts are free from internal strain,
cracks, or porosity. This means fewer
rejects, longer service life.

Mail in the coupon for more data.
*Du Pont trade mark for its tetrafluoro-
ethylene resin. tFluoroflex is a Resistoflex

registered trade mark for products made
from fluorocarbon resins.

RESISTOFLEX

Meetings

with
Exhibits

® As a service both to Mem-
bers and the industry, we will
endeavor to record in this col-
umn each month those meetings
of IRE, its sections and profes-
sional groups, and some closely
related groups which include
exhibits.

Cincinnati Engineering Building

A

Spring Technical Conference
on Television
April 19, 1952
Cincinnati Engineering Society
Building, Cincinnati, Ohio
Adv. & Exhibits: Wynne W. Gulden
3272 Dayton Avenue
Cincinnati 11, Ohio

A
NEREM, Saturday, May 10, 1952
Copley Plaza Hotel. Boston, Mass.
New England Radio
Engineering Meeting
Gen. Chairman: Alfred J. Pote

1 West Squantum St.

N Quinc:v, Mass.
A

National Conference on
Airborne Electronics
May 12, 13 & 14, 1952

Hote! Biltmore, Dayton, Ohio
Exhibits: Paul D. Hauser
1430 Gascho Drive. Dayton 3
A
4th Southwestern IRE Conference
May 16, 17, 1952
Rice Hotel, Houston, Texas
Exhibits: Gerald L. K. Miller
1622 W. Alabama
Houston 6, Texas

A
Radio Parts Show
“hicago

May 19.24, 1952
A

Western Electronic Show and
IRE Regional Convention

August 27, 28 & 29, 1952
Municipal Auditorium
Exhibits: Heckert Parker
215 American Avenue
Long Beach, Calif.

A

RESISTOFLEX CORPORATION, Belleville 9, N. J. 1-3
SEND NEW BULLETIN containing technical data and information on
Fluoroflex-T

RAME....... eeavesseaseresasases sesrens e sres s sbensresssa s snsnns TITLE coececnecsiminnee s enens

National Electronic Conference
Sept. 29, 30, Oct. 1, 1952
_ Hotel Sherman, Chicago. 111
Exhibits Manager: Mr. R. \l. Krye.
ger, c/o Amphenol, 1830 South 5tth
ago 0. |11

COMPANY

ADDRESS......ooonvmmenccncnenne
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...FOR TV AND U-H-F DESIGN

Design of electronic equipment and TV receivers
for the higher frequencies is simplified by a new
series of button ceramic capacitors developed by
Sprague. A completely new construction using a
disc capacitor element instead of the conventional
dielectric tube results in higher self-resonant fre-

quencies and improved circuit efficiency.

For bypass applications, Types 505C, 506C, 507C,
and 508C are unique. The dielectric button is housed
. in a recess in the top of a hex-head machine screw
and is sealed against moisture by a plastic resin.
This shielded construction minimizes ground induc-
tance and keeps it at a fixed value while providing
a short bypass path to ground, which is radially
uniform over the capacitor element. The lug ter-
minals are essentially at tube socket terminal height

to help maintain short, uniform lead lengths.

Type 501C is a ferrule shank bypass capacitor for
push-clip mounting in TV receivers while type
503C is its feed-thru counterpart. The disc capacitor
element is resin-sealed in a recess in the top of the

metal shell.

Type 502C "shirt-stud’ capacitors are V4" diam-
eter buttons intended for coupling in u-h-f TV set

front ends.

All units are rated at 500 volts d-c and are avail-
oble in both characteristic SL and GA general appli-

cation bodies.

Engineering Bulletin 605 gives complete details on

these new and different capacitors. Request it today

on your company letterhead from Sprague Electric
Company, North Adams, Mass.

NEW HIGH-VOLTAGE CERAMIC DISCS

= Sprague Cera-mite Copacitors are now available
i A \\ ““_in 1000 and 1500 volt ratings as well as in the usual
S %gu., 500 volt ratings. Write on lettarhead for Bulletin 601C.

-
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Wlml kind of men are the 2300 <cientists and engineers of
Bell Telephone Laboratories?

They are men of many types. vet they work well 1ogether, for
all have good minds as a foundation. vears of study in the funda
mentals of their science and in the methods of research and design
Vital. too. i their teamwork — for without the co-operation of many
individuals the products of research and development conld never
be perfected

Above all else these men have “the spirit to adventure. the
wit to question. and the wisdom to accept and us

Such men can develop the world’s finewt telephone

svstems
and have done so.

Perhapsthere isa place among them for von. Write the F mplov-
ment Director, Bell Telephone Laboratories, New York 11

BELL TELEPHONE LABORATORIES

¢ EXPLORING AND INVENTING, DEVISING AND PERFECTING FOR

CONTINUED IMPROVEMENTS AND ECONOMIES IN TELEPHONE SERVICE




Only (¢ Source

gives you

Double Dty V!

When you invest in GPL TV studio equipment, you're
buying field equipment as well. Every GPL unit provides
unparalleled flexibility, light weight, easy handling, precise
control. Let GPL engincer your station, from camera to anten-
na. Have The Industry’s Leading Line—in quality, in design.

Camera Unit

Precision-built, lightweight,
fast-handiing. Push-button
turret, remote iris control,
remote focus and range se-
lection. Easiest fo service.

Camera Control Unit

Touch-identified controls.
814" monitor tube. Split or
single headphone intercom
system, CRO views horizon-
tal, vertical, and vertical
sync block. Iris contral.

Camera Power Unit

Rugged, depondable, com-
pact. Matched to other units
in GPL chain. Standard re-
lay pancls swing aut for
maintenance.

Synchronizing Generator

Affords maximum clrcuit re-
liability without operator
adjustment. Binary counters
and delay lines, stable
master osciliator. Bullt-in
power supply.

ete TV Station Installations from Camera to

mpl

Professional TV Projector Remote Control Box

Highest quallty 16-mm pro-
jector designed specifically
for TV. Delivers 109 foot-
candles to tube., Sharp,
steady plctures from 4000-
foot fiim magyazine.

3.2 Projector

Portable sync unit. No noed
for special phasing faclli-
ties. Projects rear-screen or
**direct in."' Ideal for re-
mote orlgination of film. Re-
lieves load on Telecine.

Video Switcher

Full studio flexibility any-
where, Control can view,
review, fade, dissolve, etc.
lews any of 5 inputs, 2
remotes, outgoing line. Twin
fade levers.

Provides revolutionary re-
mote contral of camera
focus, lons chonge, pan, tiit,
Styled to malch other com-
ponents In the GPL TV line.

WRITE
WIRE
OR PHONE
FOR DETAILS

General Precision Laboratory

I NCORPORATETD

PLEASANTVILLE NEW YORK
TV Comero Choins * TV Film Cholns * TV Fleld ond Studlo Equipment * Theatre TV Equipmes?
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WE'RE PROUD of our C and D capacitors!
They're rugged. reliable and simple. Their
functional design permits rapid., accurate
assembly which results in lower cost to the
user. Materials are appropriate for the appli-
cation and the finest available today. If
you're building medium powered radio fre-
quency equipment it will pay you to use
JOHNSON C and D capacitors.

CONSTRUCTION

Heavy aluminum end frames, .051” plates
and 5/16” tie rods assure extreme rigidity.
Rotor contacts are laminated phosphor
bronze. Dual models have center rotor con-
tact for electrical symmetry. Low-loss Steatite
insulators are located outside the most in-
tense RF fields and used solely to support
stator assemblies. Shafts are Y4"” diameter,
cadmium plated with %" rear extensions.
Mounting brackets furnished for normal or
inverted mounting. End frames drilled and
tapped for panel mounting, special brackets
or mounting of accessory components.

SPECIAL TYPES
Variations from standards such as special
capacitances, ball bearings, dynamically
balanced rotors, stainless steel shafts and
right angle drive duals can be furnished in
production quantities.
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TYPE C DUAL TYPE D SINGLE

production problems.
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Do you have our newest General
Products Catalog 9727 Most of this
diverse line of electronic material
can still be furnished with reason-
able delivery. Here, perhaps, are
the answers to some of your current

TYPED T

Cat. No.
250C70
500C70
250090
350C90
50C110
100C110
250C110
50C130
100C130

200CD45
300CD45
200CD70
300CD70
150CDY0
50CD110

100CD110

30CD130

100D35
250D35
500D35
10045
150045
S0D70

70D70

150D90

100DD3S5
150DD35
200DD35
300DD35
500D1>X35
150DD45
200DD45
S0DD70

70DD70

100D70
150DD70
50190

100DDYO

,‘ f\
g 'y
-

TYPE C SINGLE SECTION
°Cap. per Sect.

Max. Min. Spacing
252 34 175"
496 56 L35
245 45 250"
337 63 250"
51 19 350
103 30 .350"
251 66 350"
51 21 .500"
102 42 500"
TYPE C DUAL SECTION
204 21 125
290 26 L1257
198 27 H73*
305 37 175”7
147 30 250"
50 18 3350
103 32 350"
51 24 .500""
TYPE DD SINGLE SECTION
9 14 080"
252 24 080"
496 36 080"
104 19 L1257
146 23 25
51 17 175%
72 18 1757
98 23 A TS
151 31 175
244 45 1757
351 62 A75
53 20 250"
73 25 250"
99 30 250"
149 43 250"
TYPE D DUAL SECTION
95 13 080~
147 15 080"
202 19 080"
291 24 080"
496 38 080"
155 24 1257
198 257 125
52 15 1757
72 17 175"
97 22 175"
151 31 175"
52 19 250
7 30 250"

°Nominal Values

E. F. JOHNSON COMPANY

D

Plates

Per Sec,
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The Electro-Seal Corporation of Des Plaines:
linois, is an ccknowledged leader in the field
of hermeﬁcolly sealed electronic components

of exceptio nal quality.

dimension. t knew
its vast experiencer equ
staff, could design an
...one that would be able to
mass spedromeier test i
subjected for leaks and

is thorouahly test
seal's efforts to maintain the quality standard

for which it hos become famous.

mic-metal plug has 7 terminals

@ The '20-1erminu|, cera
e outer circte. 1t is also

on the inside crde and 13 in th
available for other applications 05 a 14-terminal plug-in
with 7 different polur'ued positions 05 shown on the print.
ems in this highly

Submit your own probl
speciclisi—engineers.

exacting field to our
They are eagef to be of help.

Hermetic Seal Products Co.

7A
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MINUTE

ACTUAL
SIZE

——

TOP BOTTOM
VIEW VIEW

e LOW LOSS FACTOR OF .015 at
1 MC.

o INSULATION RESISTANCE (min.)
50,000 Megohms

e ARC RESISTANCE, ASTM SECS.
2504

e OPERATING TEMPERATURE
135°C (limitation due to contact
metal)

e Q-value at 40°C—50% RH—not
less than 1000

e Q-value ut 40°C—90% RH min.—
not less than 333

WRITE FOR DATA SHEETS

Mycalex 8-Pin Sub-Miniature Tube Sockets are
fully described in the new Data Sheets. Other
calalogs are available on Mycalex Insulation
for every electronic or electrical application,

SINCE 1919

TRADE MARK REG. U, 5. PAT OFF,

. AYCALEX

GIANTS
IN PERFORMANCE!

8-PIN
 SUB=
MINIATURE
TUBE
SOCKETS

MYCALEX 41
CONTACTS

MAT'L_SEE TABLE

430+ 003 0D
CENTER SHIELD

BRASS_CAD PLATE

|
[ 400 0IA. =]

New MYCALEX 410 Sub-Miniature Tube Sockets are designed
for use in electronic and electrical equipment where space is at
a premium. Because they are extremely compact, these sockets
offer a ready solution to numerous design problems involving
spatial limitations. Installation is simple, mounting being ac-
complishedwithout screws or rivets in shaped chassis holes.

Improved electrical performance and greater mechanical pro-
tection for the tube than are available with ordinary insulat-
ing materials are afforded by this socket through the use of
MYCALEX 410 glass-bonded mica. MYCALEX 410 is rated
Grade L-4B insulation under NM.E.S. JAN-1-10. It offers
superior electri-
caland mechani-
cal properties in
combination
with practical
cost per unit.

MYCALEX TUBE SOCKET CORPORATION

Under Exclusive License of
MYCALEX CORPORATION OF AMERICA

30 ROCKEFELLER PLAZA, NEW YORK 20, N.Y

MYCALEX CORPORATION OF AMERICA

Owners of ‘MYCALEX' Patents and Trade-Marks
Exccutive Oftices: 30 ROCKEFELLER PLAZA, NEW YORK 20 — Prant & General 0ffices: CLIFTON, N.J
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ARE YOU DESIGNING A v,
TRANSFORMERLESS TV CHASSIS |

Additional 15-volt Bonus in B+ Voltage now possible

with new G-E Germanium Power Rectifier Description and Maximum Ratings
TYPE G-10

Ambient Temperature 40°C  55°C  65°C
RMS Input Voltage (Mox.) 130 130 130 Volts

RMS Current (Mox.) 1.2 1.2 .2 Amps

D-C Output Current (Max.) 400 350 50 Ma

D-C Surge Current (Mox.) 25 20 2.5 Amps

Peak Forward Current (Mox.) 3 3 .5 Amps

Peok Inverse Voltage (Mox.) 400 400 400 volts |
Full Lood Voltage Drop {Mox.) 1.5 14 1.3 Volts
Operoting Frequency (Mox.) 50 50 50 K¢

ALSO AVAILABLE

Single Rectifier Types G-10A G-108 G-10C
RMS Input Voltoge (Mox.) 25°C 32 50 45 Volis
D-C Output Current (Mox.)  25°C 200 200 200 Ma
Peok Inverse Voltage {Mox.) 25°C 100 150 200 Volts

p-C Output Voltos®
R = 900

2
*

Re =100

NOTE: SOULID CURVES ARE FOR TYPE G-10
GERMANIUM POWER RECTIFIER
DASHED CURVES ARE FOR
SELENIUM RECTIFIERS

A-C Wnput R =W

Voltage

8
£y

8
2

g

AscimpuT |
2130 v.

D-C OUTPUT YOLTAGE (vOiTS)

50 100 150 200 250 300 350
£-C OUTPUT CURRENT (MA)

REGULATION CHARACTERISTICS

4.8a 3o00mFD

ACINPUT

RESISTANCE

VOLTAGE DOUBLER POWER SUPPLY

90(1 car /a/ ‘your con Gitbrece 27—

GENERAL @3 ELECTRIC

PROCEEDINGS OF TIE I K.E March, 1952 9A




CUT CORES
SQUARE
RECTANGULI

<

Anything You May Need in

TAPE-WOUND CORES

RANGE OF MATERIALS

Depending upon the specific
properties required by the applica-
tion, Arnold Tape-Wound Cores
are available made of DELTAMAX
. . .4-79 MO-PERMALLOY . . .
SUPERMALLOY ... MUMETAL
...4750 ELECTRICAL METAL...
or SELECTRON (grain-oriented
silicon steel).

RANGE OF SIZES

Practically any size Tape-Wound
Core can be supplied, from a frac-
tion of a gram to severa! hundred
pounds in weight. Toroidal cores
are available in fifteen standard
sizes with protective nylon cases.
Special sizes of toroidal cores—and
all cut cores, square or rectangular

104

cores—are manufactured to meet
your individual requirements.

RANGE OF TYPES

In each of the magnetic materials
named, Arnold Tape-Wound Cores
are produced in the following
standard tape thicknesses: .012",
.008”, .004”, .002"”, .001"”, .0005",
or .00025", as required.

Applieitions

MAGNETIC AMPLIFIERS

PULSE TRANSFORMERS
CURRENT TRANSFORMERS
WIDE-BAND TRANSFORMERS
NON-LINEAR RETARD COILS
PEAKING STRIPS ... REACTORS.

wabD 3963

THE ARNOLD FNGINEERING (CoMPaNy

SUBSIDIARY OF ALLEGHENY LUDLUM STEEL CORPORATION o
General Offlce & Plant: Marengo, lllinois

PROCEEDINGS OF TIIE I.RFE




Type

Reliabie Miniatures
CK5654
CK5686
CK5725
CK5726
CK5749
CK5751
CK5814
Reliable Subminiatures |
$CK5702WA (6148)
1CK5703WA (6149
1CK5744WA (6151
{CK5784WA (6150
CKb110
CKblll
CK6I112
CK6152
Rugged Miniatures
6AKEW
BALSW
6AS6W
6CAW
6J6W
bXaw
Rugged GT Types
6JSWGT
12J5WGT
GSN7WGT
6XSWGT

| Low Mu Tnode

| RF Amplifier Pentode | v/ v} V| |
Dual Diode i [vivp L1
RF Mixer Pentode [viviv] |
‘RF Power Triode IRIRIE) |
Dual AF-RF Triode bvivivivy
1 Full Wave Rectifier IEIEI
|
| General Purpose Triode | v v|v| |
| General Purpose Triode | v| v|v]|
| Dual Triode [viv]v]
| Full Wave Rectifier ViV '

Controlled Characteristics

‘ :
nrmm
| Z| |
S = 13l le £l E]
Description AT A
5|3 el: SI2|2|E|s
HERREBEER A
x g 2 =z T el 2e ;
g255E8 58382
ANEL < | (= |8
_ BN W T B S M Bl
RF Amplifier Pentode vivivv| v N
——— e p— + - —— + -+ “+
'A?-Wﬁutput Pentode [v]Y]v] v/ v
RF Mixer Pentode vl v v] NEE
‘gga‘lDiodie = v v | [v] |¥
RF Amrphﬁer Pentode | v/ ViV v v
ngh Mu Dual Triode BAIRIBIR v | V]
Low Mu DualTuode v[vlv 18] |V
RF Amplifier Pentode | viv v v viv v[v] |v]
._ﬂ'ﬂ‘ Frequency Tnode [v]v[v[v[vlv| V]V v
ngh MUT“Ode ) [v]v[v[v]v[Viv]w v
RF Mixer Pentode viv[vIvivivivis] |
DU3|D|0de viv[Yy MRIRIRIR K
LowMuDuaITnode IvivvivIiviviviv] |
ngh MU DualTnode LV IVIVINIVIVIY IR

IR RS

\ ’t
Proto- He?ter %A Grid 1Scr?en Fac Mut.
type | Volts | Ma Volts| Ma. | Voits Volts| Ma. | tor [Cond.
|
6AKS | 63 | W5 [120) 7.5 20 120 | 25 5006
[ — [ 63 | 30 [0 [770] —Te5 7507
[ ASs [ 63 | U5 [10[ 57 20 _[1%] TS — 7w
GAL5 | 63 | 300 | Max Peak Inv. 330 volts. To- Forae ¢ per plate
[6BA6 | 63 | 300 [250 |110 Rk;saohms lm §7] — w00
[ 12A%7 63 126[350 G20 | 1] 3 —J‘ [ 70 1200
| 12AU7 [6.3/12.6/350/175| 250 | 105 B gi T’ J[ 17722TT3
|
5702 | 63 | 200 | 120| 75| Ry-200chms | 120 25| — |5000
[ 5703 | 63 | 200 | 120 | 90| R =200 ohms —’ 25 5000
5744 | 63 | 200 | 250 | 40 Rk-soo ohms 1770 4000
T 5784 | 63 | 200 | 120 52| 120 ] 35'** 13000
: ; 63 | 150 J Max. Peak Inverse 420 volts. Io—dd ma. per plate
163 | %00 |100] 85 | Ry=7220ohms | — [ — ] 20 4750
| ] 63 | 300 100 08 R._ISOOohms L_94]@0
5975 | 63 | 200 ?zoo 125 Rk—6800hms — | 158 4000
{
lsm«sl 6.3 1 175 1120 75 —20 rlZO — (5000
6ALS | 6.3 300 Max. Peak Inv. 420 volts. I =9 ma. dcipgriatg
[ 6AS6 | 63 | 175 | 10|52 —20 0[35] — [3200
6C4 | 63 | 150 T2 | 105 85 *.L—A 172200
| 66 | 63 | 450 |100 1 85[Re-500hms | — | —| 38 15300
| 6x4 } 6.3 600 l "Max. Peak Inv. 1250 voits. 1o=70 ma. dc.
. |
| 656T | 63 | 300 | 250 | g_‘l 80 | 20 (2600
FiaeT | 126 | 10 |20 9 | 80 | — || 0
[6SNIGT| 63 | 600 | 250 5 [ 80 20 (2600
6)(5GTT 63 | 600 ' Max Peak Inv. 1250 volts. I~ 70 ma. dc.

‘\

The above listing of Controlled Characteristics is based on the requirements and test limits of the appllcable JAN-1A test speclflcation

Note: All dual section tube ratings are for each section

tFor simplicity of identification with the pro
the Armed Services to replace the type num

2.7 wans Class A output. 10 watts Class C input power to 160 mc

Over 300 Raytheon distributors are at your service on these tubes. Appli-

cation information is readily available at Newton, Chicago, Los Angeles.

RAYTHEON MANUFACTURING COMPANY

totypes, the type numbers with a ““WA’"* suffix were established at the request of
bers in parenthesis previously announced for these types.




who are concerned
with the future of their careers

ARE YOU IN A “DEAD END" JOB with no
chance to move forward?

Would you like work that challenges
your creative thinking and skills?

Is your present position limiting your
opportunity for the complete expression
of your talents in electronics?

Do you and your family worry about
your career, or where you live now, or
about security and your future?

Awards .

How RCA Serves the Government,
Science and Industry

Opportunities for Progressive
Growth and Advancement

RCA Tubes .. . Pace Setters for
Qur Electronized Civilization

POSITIONS OPEN IN THE FOLLOWING FIELDS:

Television Development
Electron Tube Development
Transformer and Coil Design

Communications

Computer Development and Design

Navigational Aids
Technical Sales

Electronic Equipment Field Service

12a

[ ]
[ ]
[ ]
[ ]
® Radar—Missile Guidance
[ ]
[ ]
[ ]
[ ]

If the answer is “yes’ to one or more
of these questions—then you should send
for a free copy of RCA’s new booklet
CHALLENGE AND OPPORTUNITY, The
Role of the Engineer in RCA.

This 36-page, illustrated booklet, just
off the press, will show you the splendid
opportunities offered by RCA to put your
career on the upswing. See how, as part
of the RCA team, daily contact with the

. Special Recognition
.+ . Retirement Plan . .
Protection Program

. Insurance

best minds in various fields of electronics,
and with world-renowned specialists will
stimulate your creative thinking.

For graduate engineers who can see
the challenge of the future, RCA offers
opportunities for achievement and ad-
vancement that are legion. Send for a
copy of CHALLENGE AND OPPORTU-
NITY, The Role of the Engineer in RCA.
It is yours free for the asking.

RCA Engineering Activities
and Policies

Facilities to Support Fully
Every Requirement

To Qualified Engineers:

It you quality for any of the positions
listed below, write us for a personal
Interview—inc¢lude o complete ré-
sumé of your education and experi-
ence. Write to address in coupon.

RADIO CORPORATION of AMERICA
MAIL COUPON NOW!

Name___
Address_
City___

MR. ROBERT E. McQUISTON, Manager
Specialized Employment Division, Depr. 94C
Radio Corporation of America
30 Rockefeller Plaza, New York 20, N. Y.
Without obligation on my part, please send me
a free copy of CHALLENGE AND OPPORTUNITY

-_—

State

List degree or degrees

— .

B e
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p pick-up i p

The power supply is

The New Daven Electronic Voltmeter, Type 170-A

is a superior, portable instrument, ideal for gencral laboratory
for comdpletel and production usc. It is l?uilt \fvilh typical Daven precision (o
detailedp y measure accurately A.C. sinusoidal voltages over a frequency
range from 10 to 250,000 cycles and a voltage range from .001

catalog data. to 100 volts.

o large, easy-to-read, illuminated, meter scale on which all
i N O readings may be made.
@ Accuracy + 2% over entire frequency range.
| AME @ Output jack and separate volume control for using Voltmeter
. THe D AVENUE as wide-range, high-gain amplifier.
1 " W JERSEY @ Construction permits readings independent of normal power

line variations.
@ Meter scale has both voltage and decibel ranges.

e

g5 CEN RME

% LIMITED NUMBER AVAILABLE FROM STOCK.




New developments are essential in resistors, too!

E IRC. LAUNCHES NEW BORON-CARBON RESISTOR (Type BOC)

T DEVELOPMENT IN STABLE FILM-TYPE RESISTORS

® Reduces temperature-coefficient of conventional
deposited carbon resistors . . .

® Provides high accuracy and long-time stability...

® Replaces high value wire wound precisions at
savings In space and cost!

NO LONGER A LABORATORY ITEM. NOW FULLY
AVAILABLE THROUGH IRC'S MASS PRODUC-
TION TECHNIQUES AND QUALITY CONTROL.

Here's a completely new tool for electronic and avionic engineers —
one that's going to make possible higher stability circuits with
smaller components. IRC's new Type BOC Boron-Carbon Resistor
promises tremendous advantages in military electronic equipment
such as gunfire control, radagr, communications, telemetering,
computing and service instruments. Heretofore strictly o laboratory
item, Type BOC is now available to equipment manufacturers. Be
sure you get full ‘details.




TYPE BOC BORON-CARBON
Y5-WATT RESISTOR

EE— - Stability and high accuracy under widely vary-
ing temperatures make Type BOC Boron-Carbon
Resistors ideal for a host of critical circuitry needs.
Greatly improved temperature coefficients of resis-
tance permit its use in place of costlier wire wound
i;::‘::&:;::);:elnw:;:)’ I:“F::::O::;"; ?:“:"F::ZL::““:": corbons ‘e Yoltmeter multipliers, div.ig:ier circuits,

AL 0 ! 4 bridge circuits, decade boxes, requiring unusual

lewer capacitive and inductive reactance allows it to 3 ; \
be used in many circuits where the characteristic of accuracy and st.obn.hiy wn.th economye: .ng'h f.'e'
wire wounds cannot be tolerated. quency tuned circuit loading resistors, terminating
resistors, efc,, requiring wire wound resistor stability

Hlustrations actual size

The characteristics of Type BOC have been designed withaut undesirable high inductive and capacitive
to meet Signal Corps Specification MIL-R-10509. reactance.
IRC Boron-Carbon Resistors are particularly recom- Talerance—1%, 2% and 5%. Resistance valves—
mended for:—Amplifiers and computer circuits requir- 10 ohms to V2 megohm. Full technical data contained
ing better resistance-temperature characteristic and in Catalog Data Bulletin B-6. Mail coupon for
stability than those of carbon compaositions or deposited your copy.

Latest small size addition to IRC’s famous
Deposited Carbon PRECISTOR line

#

Parts per Million Change in Resistance per °C temperature Hlustrationis actual size
‘[ Advance
| Resistance Type Type Nichrome Karma IRc TYPE Dcc (DEPOSITED CARBON)
| Volue BOC pcc Evenchm
~ HIGH-STABILITY RESISTORS
10 ohms 50 a 170 20 § 51t A : .
e e ultimate in non-wire-wound accurate resistors,
Type DCC has been developed to meet the latest needs of
100 ohms 80 280 170 20 myodern electrical and electronic circuits. Conservatively
[~ i rated at Y2-watt, it combines accuracy and economy with
1000 ohms 100 310 170 20 high stability, low voltage coefficient, and low capacitive
t > and inductive reactance in high frequency applications.
10,000 ohms 100 330 170 20 Especially recommended for: — Circuits in which character-
. R istics of carbon compositions are unsuitable and wire wound
.1 megohm 150 350 170 20 precisions are too large or too expensive .. . Metering and
 meg— voltage divider circuits requiring high stability and close
1.0 megohm 200 400 170 20 tolerance . . . High frequency circuits demanding accuracy
_ and stability, but where wire wound resistors are unaccep-

table. Tolerance—1%, 2%, 5%. Resistance values—100
ohms to 2 megohms. Designed to meet Signal Corps Speci-
ficafion MIL-R-10509. Send coupon for complete technical
information in Catalog Bulletin B-7.

INTERNATIONAL RESISTANCE COMPANY
405 N. Broad St., Philadelphia 8, Pa.

Plecase send me complete information on items checked below

D | pPe 80OC Boron-Carbon Resistors ] T e DCC De osited
Y yp P
CG(bOﬂ Resistors

NAME . - - _— —

TITLE — = —

COMPANY ——

ADDRESS _ — - - e

Ciry _ — ____IONE STATE




n general-purpose DUAL-heap osziy,

QL

to fit your needs technicafly

>

TYPE 804 43 |

thenu

FEATURES
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TYPE 322

Not just another specialized dual-beam oscillograph, but a
brand-new type designed for general development work but
rugged enough for production testing and industria! applica-
tions as well. Compactness, lightweight, ruggedness and ver-
satility mark the Du Mont Type 322 as another milestone in
cathode-ray oscillography.

All the well-known features of the 304-H, and...
Thoroughly field-tested.

Individual and common time bases with driven or recurrent
sweeps and sweep expansion on all sweeps.

Conventional single-ended input with stepped and vernier
attenuators, or balanced input with no attenuation, on both
Y-axes.

Concentric controls for easy-to-operate, compact control
panel.

High-gain D-C amplifiers on both channels.

Amplitude calibration on either channel on both axes.
Illuminated scale with dimmer control.

OO Write for complete technical details:
$835%

PROCEEDINGS

ang f
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SPECIFICATIONS

Cathode-ray Tube — Type 58P — Dual-beam
Cathode-ray Tube. Accelerating potential,
3000 volts.

Y-Deflection Sensitivity — 0.028 peak-to-peak
(0.01 rms) volts/inch from D-C to 300 KC (50%
down at 300KC); A-C coupling, 10% down at
5¢c.p.s.

X-Deflection Sensitivity — 0.3 peak-to-peak
(0.1 'rms) volts/inch from D-C to 300 KC (down
50% at 300 KC); A-C coupling down 10% at
5 c.p.s;; common, D-C to 200 KC (down 50%
at 200 KC).

Linear Time Base —Recurrent and driven sweeps
variable in frequency from 2 to 30,000 c.p.s.
Front panel connections provided for lower fre-
quency by adding external capacitance.
Intensity Modulation — Input impedance
0.2 megohm, paralleled by 80 uuf. Negative sig-
nal of 15 voits peak blanks beam at normal
intensity settings.

Beam Control Switch — On front panel to turn
beams on or off independently or simuitaneously.
Calibrator — Regulated potentials of 50 milli-
volts and 1 volt peak-to-peak squarewave at
power line frequency available at front panel
binding posts.

Power Source — 115/230 volts — 50-400 C.p.s.
— 225 watts.

Dimensions — Height 15%~, width 1214~,
depth 227", weight 75 Ibs.‘ ’

Instrument Division
Allen B. Du Mont Laboratories, Inc.
1500 Main Avenue, Clifton, N, J.

)F THE I.R.E March, 1952
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From the first engineering drawing to the final inspection and
shipping, Crucible Permanent Alnico Magnets receive the same
careful attention and workmanship that is found in all Crucible
specialty steels. Rigid quality control at every step in the pro-
duction of Crucible Alnico . . . with a keen devotion to detail
_is the reason that users of Crucible Permanent Alnico Mag-
nets have found that from Crucible they get a better magnet
with higher gap flux per unit weight.

Crucible Alnico Magnets are serving successfully in thou-
sands of varied applications. The experience of Crucible’s alert
stafl of metallurgists and engineers is freely available to you.
Take advantage of Crucible’s half century of specialty steel
leadership. When you think of permanent magnets . . . call
Crucible. CRUCIBLE STEEL COMPANY OF AMERICA, General Sales
Offices, Oliver Building, Pittsburgh, Pa.

|GRIIGIBI.E| first name in special purpose steels
52 guoss of |Fire | stetmading— PERMANENT ALNICO MAGNETS

STAINLESS * REX HIGH SPEED * TOOL * ALLOY * MACHINERY * SPECIAL PURPOSE STEELS

PROCEEDINGS OF THE | R.E March, 1952 17A
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Mallory Is Ready

to equip any receiver for UHF channels

Mallory UHF Tuner

A new version of the continuously
variable Mallory Inductuner®, con-
sisting of three sections of variable
inductance. Covers the range between
470 and 890 megacycles with approxi-
mately 2 micromicrofarads of shunt
capacity and in 270° of shaft rotation
Selectivity is excellent over the en.
tire band

Available now for assembly in your
converter or as an auxiliary UHF
tuner in your receiver.

Now In Development
A combination VHF-UHF tuner.

The Mallory LHF converter has heen designed to pernmit the
tuning of all UHF channels by any TV receiver. with no sacrifice
of VHF reception. Connection to the receiver involves only the
power line and antenna leads—no internal adjustments  are
required. Check the characteristics listed below and in the panel
at the left describing the basic tuner.

Physical dimensions 814" x 614" x 3%,

Built-in IF amplifier operating at the conversion {re-
quency (channels 5 and 6) makes up for conversion
and tuning losses

Temperature compensation and stabilization prevents
frequency drift after initial warm-up

Low noise figure

High image and IF rejection ratios

The converter chassis is now available to set manufacturers for
assembly with cabinets, dial plates and knobs of their desion

. . . o °
Complete technical literature will be sent promptly on request.

Television Tuners, Special Switches, Controls and Resistors

18a

MALLORY & CO.,

SERVING INDUSTRY WITH
Y Electromechanical Products—Resistors » Switches » TV Tuners » Vibrators

Electrochemical Products—Capacitors  Rectifiers o Mercury Dry Batteries
Metoallurgical Products — Contacts o Special Metals « Welding Materials

INC., INDIANAPOLIS

6, INDIANA

PROCEEDINGS OF THE IL.R.E




PO PO UPO  #PO

.. . higher temperature

operation in nitrogen atmospheres

New equipment designed and sealed in nitrogen, due to high
ambient temperatures imposed by miniaturization, poses a real tem-
perature problem for permeability tuning cores as well as for I-F
transformer and R-F cores. This is solved handily by Stackpole
Ceramag cores thanks to the fact that they stand higher temperatures
and show less drift than high-permeability powdered iron cores.

... low-frequency loop cores

The extremely high permeability inherent in Stackpole Ceramag
ferrite cores makes them unsurpassed for exacting iow-frequency
loop uses.

. . . supersonic-frequency applications
Ceramag cores assure high permeability with low losses in the
supersonic-frequency range.

... center cores for powdered iron pot cores
Used as center cores in powdered iron pot cores operating at less
than | megacycle, Ceramag increases the L by approximately 100%
and increases the Q on the order of 50%.

. .. incremental permeability applications
Because Ceramag is more easily saturated than conventional core
materials, it is ideally suited for pulse generation, magnetic ampli-
fying and incremental permeability tning.

o [ g 5% W

Electronic Components Division

STACKPOLE CARBON COMPANY . St. Marys, Pa.

PROCEEDINGS OF THE I.R.E
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Name your needs in terminal boards
...we’ll meet them accurately

The rigid specifications of govern-
ment agencies and the armed forces
need pose no problem to you. C.T.C.
is in an excellent position to handle
government sub-contracts for elec-
tronic parts and assemblies.

Our Custom Engineering Service
is constantly supplying special ter-
minal boards to the top names in
electronics. These boards are built
to severe government specifications,
are fabricated of certified materials
to fit the job. Among the specifica-
tions involved are: MIL-P-3115A,
MIL-P-15037, MIL-P-15035A,
MIL-P-15047, MIL-P-997A.

Boards can be made of cloth,
paper, nylon or glass laminates
(phenolic, melamine or silicone
resin), and can be lacquered or
varnished to specifications: JAN-
C-173 and JAN-T-152. Lettering

204

and numbering is done by rubber
stamping, silk screening, hot stamp-
ing, engraving. Inks used in rubber
stamping contain anti-fungus and
fluorescent additives.

Terminals, feed-throughs, mount-
ing hardware and all other terminal
board fixtures meet all applicable
government specifications.

Standard “All Set” Boards,
scribed for easy separation, for the
assembly line and laboratory are

CAMBRIDGE

custom or standard. .. the guaranteed components

PROCEEDINGS OF THE I.R.I

THERMIONIC g
CORPORATION

available in cotton fabric phenolic
per specification MIL-P-15035A and
In nylon phenolic per MIL-P-
15047A.

For complete information write:
Qambndge Thermionic Corpora-
tion, 456 Concord Avenue, Cam-
bridge 38, Mass. West Coast manu-
facturers, contact: E. V. Roberts,
5014 Venice Blvd., Los Angeles, or
988 Market Street. ’

San Francisco, Cal.

R ———



e Every El-Menco Capacitor is factory-tested at more

than double its working voltage, thus assuring a
wide margin of safety, regardless of the nature of
the application.

e From the midget CM-15 (2-525 mmf. cap.) to the
mighty CM-35 (3,300 - 10,000 mmf. cap.) depend-
ability is a predetermined certainty. That is why
El-Menco’s have won such universal acclaim in both

military and civilian services.

Write on your business letterhead
for catalog and samples.
MOLDED MICA UMICA TRIMMER

CAPACITORS

Radio and Television Manufacturers, Domestic and Foreign, Communicate Direct With Factory—

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

PROCEEDINGS OF THE I.RE. March, 1952 21a




5200 W. Kinzie St., Chicago 44, lllinois

Harry M. Neben, Chief, Flectrical

1000

AC VOLTAGE: Ronges 1.2 12, 60, 300, 1200.
impedonce (with coble) opprox. 200 mmf. shunted
by 275,000 ohms,

AF VOLTAGE: Ronges 1.2, 12, 60.

Frequency Response Flot 25 to 100,000 cycles. Al ] &
DECIBELS: Ronges —20 to +3, —10 to +23, 1o sovoilable: wi

Testing Laboratory

carry around. These same features make it ¢
production tool here at Amphenol.”

In the photo, Mr. Neben is using the Sinipson 303 in conjunction with an
Amphenol test fixture to measure insulation resistance betw:

and all other wires of a cable assembly.

SPECIFICATIONS

DC VOLTAGE: Ronges 1.2, 12, 60, 300, 1200
{30,000 with Accessory High Voltoge Probe).
Input Resistonce 10 megohms for oli ronges.

DC Probe with one megohm isoloting resistor.
Polority reversing switch,

OHMS: Ronges 1000 (10 ohms center).

100,000 {1000 ohms center).

1 megohm {10,000 ohms center).

10 megohms (100,000 ohms cgnter)

megohms (10 megohms tenter).

4410 4 37, +18 10 451, +30 to +63. $66.70

2ero

SE

ELECTRIC COMPANY

Phone: COlumbus 1-1221
In Canada: Bach-Simpson, Ltd., London, Ont.

Power Level 1 M. W., 600 ohms.

Morld’s. fl’adyeé/ NMatkes o/’ Electionic Jesl é"ga(’/:”wnf

22A

L=t

_ RECOMMENDS @A
UHPAOH Mod
VACUUM TUBE VOLT-OHMMETER

Says Harry M. Neben: "I understand the 303 was developed
to be of particular use to television service men for aligning sets in the field
so it's designed o perform a lot of test functions and is compact and easy to

juite a valuable laboratory and

el 303

G.AI.VANOMETER: Zero center for Fm discriminotor
olignment ond other golvonom
R. F. VOLTAGE: (Signo
Frequency Crystol Probe).
Ronge 20 volts moximym.
Frequenty Flot 20 KC to 100 M.C.
LINE VOLTAGE: 105.125 v.
SIZE: 5V, "x7"x3V4"
Shipping Wit 6V Ibs
STILL AT THE SAME
cluding DCV Probe,
lead with Operator's
Accessory High Freque
Accessory High Voltoge Probe, $9.9s

th roll top cose, Mode! J03RT—

(bokelite cose) Weight: 4 Ibs,

NET PRICE: Model 303, in.
ACV—Ohms probe ond Ground
Monuol—$58.7%
ncy Probe, $7.50

Avoiloble through your Ports Jobbers

I trocing with Accessory High

i
- -“
v @

een one wire

eter opplicotions,

50-60 Cycles.

BURTON BROWNE ADVEATISING
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General Electric can show you how to
make wider use of JAN-C-25 capacitors

From vears of experience in manufacturing paper-dielec-
tric capacitors, General Electric can show you how to
make wider use of your JAN capacitors.

These capacitors are used in thousands of applications

primarily d-c at rated voltages and temperatures. How-
ever, most JAN units can be operated at other voltages
and under widely varying conditions.

For example, actual life tests have shown that a
General Electric 1 muf. CP 70 unit rated for a minimuin
life of 10.000 hours at 1000 v. d-¢ and 10 U or 700 v.
d-c and 85 C, can also be used at:

Higher voltages—1380 v. d-c at 85C for 500 hours.
1300 v. d-¢ at 85 C for 1000 hours.

Higher temperotures—105 at 525 v. d-¢ for 500 hours.

AC voltages—440 volts. 60 or 400 cycles
with normal JAN-C-25 deraling.

General Electric has similar data for most of its JAN
units, shawing how each may be operated under a variety
of conditions. For information on how these standard
G-F. capacitors may be applied in your circuits, consult
your Apparatus Sales Office, or wrile to Specialty Capac-
itor Sales, General Electrie Company, Hudson Falls, N.Y.

GENERAL @3 ELECTRIC

PROCELEDINGS OF THIE [.R.F March, 1952
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"LITTON INDUSTRIES NEWS

Litton Model 3900 Thermopile

LITTON THERMOPILE WITH STANDARD METER
FORMS ACCURATE, LOW COST INDICATOR FOR
SMALL DIFFERENTIAL TEMPERATURES

Engineers in increasing numbers are using
Litton Model 3900 Thermopile in conjunc-
tion with microwave water loads to meas-
ure rf power, and in cooling systems to
monitor temperature changes.

The Thermopile has 30 pairs of copper-
constantan junctions, tapped at 10 and 20
pairs. Junctions protrude into a fluid flow
channel milled in a plastic block to which
water fittings are mechanically attached.
The plastic block is encased in a cast alu-
minum housing. Binding posts are provided
for electrical connection, and V4" Uniflare
fittings for water connection. Internal re-
sistance is approximately 6 ochms.

With rf water loads using appropriate
water flow, meter sensitivity and number
of junctions, average powers from 10 watts
to several kilowatts can be measured con-
veniently and accurately. For lower power
levels, several thermopiles can be used in
series.

The 30-junction thermopile generates
approximately 1 millivolt per °C differen-
tial temperature. To determine water flow
rate and indicating meter, the following
formula is useful:

(P power dissipated in wartts; Q water
flow in gals. per minute; R meter internal
resistance tn ohms; M meter sensitivity
tn millivalts for tull-scale deflection.)
For full-scale meter deflection, approxi
mately:
P
Also, to avoid excessive heat losses, dif-
ferential temperature should not exceed
20°C, where for pure water
P

246Q

(T being temperature diflerential in °C.)

250m (Rt 6)
R

Because of stray losses in plumbing and
the load, the system is best calibrated by
direct dissipation of metered power in a
water-cooled resistor in series with the
water load.

Time of response in minutes is determined
by the volume of the system V in gallons
divided by Q. (Time constant of thermo-
pile is negligible.) For a typical installa-
tion of Litton Model 4000 U-Line Model
4100 Water Load and Model 3900 Ther.
mopile, operating at the kilowatt level, us-
ing a meter with M = 7 millivolts, R — 7]
ohms, time of response is approximately
20 seconds. Litton Model 3900 Thermo-
pile, price $75.

Data subject to change without notice. All prices f.0o.b. San Carlos, Calif.

LITTON

INDUSTRIES

SAN CARLOS, CALIFORNIA, U.S. A,

24386

24A
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WATER LOAD

Litton Model 4100 Water Load is a termi
nation for 153", 50-ohm coaxial lines, and
is particularly useful in high-power ap-
plications where power output must be
accurately measured. The Load is conser-
vatively rated at 2 kilowatts capacity, 950
to 3,000 mc/sec. VSWR is less than 1.2
over full range, less than 1.1 above 2,000
mc/sec. The equipment includes two
adjustable-depth probes for sampling rf
power. Mode! 3900 Thermopile is recom-
mended for use with this load. Model 4100
Water Load, price $425.

U-LINE AND STUB COMBINATION

Litton Model 4000 U-Line offers conven-
ience and accuracy in quickly determining
VSWR in high- or low-power coaxial lines.
The equipment transduces power from a
154" coaxial line to a U-shaped configura-
tion with a rigid central and outer conduc-
tor. A traveling probe moves on a precision
carriage through the open end of the “U.”
A 500-millimeter scale with vernier indi
cates probe position.

Litton Model 4000 U-Line

Model 4000 U-Line offers continuous
frequency coverage from 450 to 2,750
mc/sec. with insertion VSWR of less than
1.05. Teflon bead supports permit a CW
power rating of 2 kilowatts. Mounting
holes are provided for meters. Price $700.

sSTuB

For use with Model 4000 U-Line. Permits
rapid insertion, variation of phase position
and withdrawal of mismatch of known
VSWR in the U-Line. Calibrated scale per-
mits insertion of known VSWR up to 2.0,
at frequencies 950 to 2,750 mc/sec. Thus
equipment may be used as a calibrated
mismatch or matching device.

Insertion at any phase position is pos-
sible with relative phase readable on milli-
meter scale on the U-Line.

Model 4200 Stubisa metallically-loaded
Teflon rod contoured to fit the U-Line. The
stub is suspended from a carriage riding
on the U-Line. Price, $100.

DESIGNERS AND MANUFACTURERS of:

Glufswovking Lothes and Accessories,
VemculSeulingMuchines,Bwner Equip-
ment, Precision Spo!welden,Oiqupov
Yacuum Pumps, Gloss Baking Ovens,
Vacuum Tubes ond Tube Components,
Magnetrons, High Vocuum Molube Qil,
Microwave Equipment.

March, 1952




The amazing and intricate science of
electronics has prowidéﬂ/new eyes and ears
to bring cur airmen straight home from
anywhere .. .10 sight a target many hori-
zons beyond the span of human vin. O
land and sea, electronics likewi a
come a vital keystone in national defe
And wherever you find elects s,

you'll find HI-Q. .. Sinall Ceramic
Capacitors, for example, q
by-pass and temperature com |8

e

types. Tubulars, perhaps . . . PlatesSn
new High Voltage units. And Wi
vou find H1-Q you'll find
dependability, rigid adherence 108
cations and tolerances, and 1o -
Whether your needs are for slan\ 2
or specially designed components, Hi-Q
engineering and production keenness
can meet your most exucting rcquiremenm.

Specializing in ceramic capacitors, Hi-Q
has developed a complete line of Tempera-
ture Compensating Disk Capacitors with a
capacity range from 175 mmf to .3 mmf and
standard tolerances of £5%, 109 or 207¢.
For applications requiring a large gradient
of capacity vs. temperature Hi-Q Extended
Temperature Compensating Disk Capaci-
tors are available. These together with
H1-Q By-pass Disk Capacitors give you one
source of supply for all ceramic Disk type
capacitors. Write for New Engineering
Bulletin on Disks.

PR, *#Trade Mark Heg. U.S. Pat. Office

s A s A
Tt g £ ol

Electnical Reactance (Zorp. Hl'

SALES OFFICES: New York, Philodelphio, Detrait, Chicogo, Los Angeles
PLANTS; Oleon, N Y  Fronklinville, N Y, Jessup, Po., Myrtle Beoch,S C.

*

OLEAN, NEW YORK

JOBBERS — ADDRESS

740 Bellaville Ave., New Bedford, Moss
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Potentiometer precision—where it counts!

Engineers at Servomechanisms, Inc., needed control
components that would go hand-in-hand with the ex-
tremely high accuracy they designed into this computer
for a radar-gunfire control system. Two 3-gang l"airchild
precision potentiometers are used for two principal
reasons—

1. they have extremely high functional accuracy, and

HOW PRECISION 1S BUILT INTO
FAIRCHILD POTENTIOMETERS

1. The shaft is centerless-ground from
stainless steel to a tolerance of +0.0000
—0.0002 in. which together with pre-
cision-bored bearings results in radial
shaft play of less than 0.0009 in.

2. The mounting plate has all critical
surfaces accurately machined at one set-
ting to insure shaft-to-mounting <quare-
ness of 0.001 in in. and concentricity of
shaft 1o pilot bushing within 0.001 in.
FIR.

DO YOU NEED THIS KIND OF PRECISION? Fairchild Sample
Laboratory engineers are available 1o help on special poten-
tiometer problems. To get the benefit of their knowledge and
experience write foday, giving complete details, to Fairchild
Camera and Instrument Corporation, 88-06 Van Wyck Boule-
vard, Jamaica 1, New York, Department ,40-24H.
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2. their precision mechanical design eliminates back-
which would cause serious errors
in the computing system.

lash and binding

These potentiometers are driven through 72-pitch stain
less-steel gears. Fairchild potentiometers depend on
more than just accurate windings for precision. lor
details see helow.

3. The housing is precision-machined
from aluminum bar stock. Close toler-
ance of this construction permits ganging
up 1o 20 units on a single <haft with
out eccentricity of the center cup. even
lll«r}lgll only two bearings are used for the
entire gang,

4. lhg windings are custom-made by an
exchisive technigue. Guaranteed accu-
racy of linear windings in the types illus
trated i 0.577 : non-linear 1.0¢. Higher
accuracies (to 0.05¢.) are available in

other types. Cuaranteed servi i
vpes. ed service life is
1.000.000 cvcles.

RCHIL
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LANDING LIGHTS
OR

Safe, smooth, night flying of military and commercial aircraft
depends largely upon efficient traffic control. Aircraft landing lights,
radar and communications systems usually employ Guardian Relays
for split-second response, unfailing operation and a minimum of
maintenance. Again on the ground, Guardian Relays in automatic
signal systems guide motor car and rail traffic with a speed and
accuracy far beyond the limitations of human eyes and hands.
Guardian Relays control many more applications, aship and ashore,
either open type or HERMETICALLY SEALED to withstand
dust, gun blast heat, fog, fungi, salt air, stratosphere cold, even
concussion and bursting shells. From simple circuits to the
complexities of Time Delay Timing — Counting — Multiple
Credit—Add and Subtract or Sequence operations—

Guardian can solve your control problem ... FAST!

Series 345 D.C. Relay

A. N. Connector, H. S. Container

AN-3320-1D.C. AN-3324-1D.C. Series 595 D.C. Series 610 A.C.—615 D.C. Series 695 D.C.
WRITE —WIRE —TELETYPE — PHONE NOW!

GUARDIANWELECTRIC

1628-C W. WALNUT STREET CHICAGO 12, ILLINOIS

A COMPLETE LINE OF HELAYS SERVING AMERICAN INDUSTRY
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and every oi'her
microwave fr

The WORKSHOP was the first monufacturer to frequency antennas in laboratories with the finest
bring out a complete line of parabolic antennas. research and test equipment. Normally, we can
Today these antennas are recognized as the top meet your requirements with our standard equip-
performers for all microwave frequencies. This is the ment but for special applications, reflectors can be

result of years of specialization on all types of high- supplied in a wide range of sizes and focal lengths.

Series 7000 includes Models 6075, 6725 and 7275

Model 6075 Model 6725 Model 7275

Frequency Range 5925 10 6175 Mcs. 6525 to 6875 M. 712510 7425 Mcs.
Refiector Size 48" 72" 96" 48" 72" 96" 48 72" 96"
Gain (db, approx.,
over isotropic radiator) 4.4 37.5 404 35.0 38.5 40.8 36.0 39.4 42.0
Half Power Angles (H plane) 2.86° 192° 132 2.50° 174 1.32 2.42 1.61 1.21
(E plane) 3.24° 2,04 1.47 2.79° 1.94° 1.47 2.70 1.81 1.36°
Input Impedance 52 ohms nominal

OTHER STANDARD MODELS

VSWR 1.3 to 1 or better MODEL | FREQUENCY| GAIN® HALF POWER ANGLE
Power Rating 1 kw. continvous NO. (MCs.) l (0B.) l E Plone® | HPlane®
Polarization Either vertical or horizontal available at time 940 | 920-940 |19.0-28.0 {19.75° 7.8 17.75°6.9
of installation, 2000 [1700-2300 {27.0-34.5 [10.28°3.65°| 9.2° .3 25
4 25 db d bett
' ; cSlde l:'l:i:: B 343°J:hc:ke;°:’ge fiing for RG-50 /U *Goin and Half Power Angles are dependent on size ond
npu onnech -
(3 o Il Noranorzes Saneguitle ST frequency of porobolos, 4,6, 8 or 10 fool diometer.

urd fiing. Special feeds and fittings on
special orders only.

Dish and Feed Heaters Available for all models. The dish heater
capacities range from 400 to 4000 waotts,
The feed heater draws 20 watts,

JW\. PARABO[I( ANTENNA (OMPUTER

Write for Parabolic Antenna Catalog

He WORKSHOP ASSOCIATES

DIVISION OF THE GABRIEL COMPANY

Specialists in High-Frequency Antennas

FREE SLIDE RULE—Thi, pocket size slide rule quickly compuvtes diameter,

wovelength, angle ond goin for porobolic ontennos. Reverse side

135 Crescent Road, Neadham Heights 94, Massachusetts

corries FCC frequency ollocotions, conversion tobles and other doto.
Write for your copy.
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l 50TH YEAR OF CERAMIC LEADERSHIP
l

n

AMERICAN LAVA CORPORATION

CHATTANOOGA 5, TENNESSEE

OFFICES: METROPOLITAN AREA: 671 Brood St., Newark, N. J., Mitchetl 2-B159 @ PHILADELPHIA, 1649 North Brood St., Stevenson 4-2823
SOUTHWEST: John A. Green Co., 6815 Oriole Drive, Dallos 9, Dixon 9918 © NEW ENGLAND, 1374 Mas:achusetts Ave., Combridge, Mass., Kirklond 7-4498 I
LO5 ANGELES, 232 South Hill St., Mutvol 9076 CHICAGO, 228 North loSalle 5t., Centrol 4-172) ® ST. LOUIS, 1123 Woshingtan Ave., Gaorfleid 4959




o

A triumph in the art
of transmitter design..

Collins 300] 250-wcatt and 20V
Thw AM broadecast transmitters
employing Eimac 4-1254 and

1-2504 power tetrodes.

In your own equipment . . ., enjoy the
advantages and economies made possible
through the use of Eimac tetrodes. Write
our Application Engineering Department for

the latest information and technical data.

made possible through the
use of Eimac fetrodes.

The Collins 300J 250-watt and 20V lkw AM
broadcast transmitters are a tribute to the art
of transmitter design. Performance, circuit sim-
plicity and economy of operation highlight the
many features Collins Radio has incorporated in

these modern transmitters.

Through the use of high-gain, long-life Eimac
tetrodes, Collins has achieved considerable
simplification in circuits associated with the
modulator and power amplifier stages. These
highly efficient tetrodes also permit the use of
low drain receiver-type tubes in the driver
stages. Spare tube inventory can be kept small
and representing a minimum investment. As an
example; the 300J employs only 16 tubes of but

7 types in the entire transmitter.

EITEL-McCULLOUGH,

California

San Bruno,

INC.

Export Agents: Frazar & Hansen, 30! Clay St., San Francisco, California
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Another RMC First!

“"HEAVY DUTY"

By-Pass

DISCAPS

Modern Engineering Requires This

“HEAVY DUTY” CERAMIC CAPACITOR

The heavier ceramic dielectric element made by an
entirvely new process provides the nccessary safety fac-
tor required for line to ground applications or any
application where a steady high voltage condition may
occur. Designed to withstand constant 1000 V.A.C.
service.

It is wisc to specify RMC "HEAVY DUTY?™ by-pass
DISCAPS throughout the entire chassis because they

cost no more than ordinary lighter constructed units.

Specify them too, for your own peace of mind, with
the knowledge that they can “take it.” And if you want
proof —request samples.

u 41 The Right Way to S
RMC DISCAPS Ceerar;gic'Coanyde:s:r);

M A RADIO MATERIALS CORPORATION
GENERAL OFFICE: 3325 N. Californic Ave., Chicago 18, lll.

CONDENSERS

FACTORIES AT CHICAGO, ILL. AND ATTICA, IND.

Two RMC Plants Devoted Exclusively to Ceramic Condensers
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® Cutting tubing into exact lengths
as the first step in the fabrication
of tubular Electronic parts is a
simple operation. Or is it?

Complications set in when the
temper of the tubing is changed 1o
meet customer specifications; when
the tubing to be cut has a wall
010" or thinner; when lengih
tolerances as close as .010"" are
required; when a 3° to 10° angle
cut with a tolerance of + !5° is
called for; and when flatiening,
denting or other distortion must
be prevented.

But overcoming complication
in simple operations . . . and find-
ing ways around them in other
basically more diflicuit ones, is a
specialty of the Electronies Divi-
sion of Superior.

R

Our cusiomers for Electronics
parts have come to expecl us to
deliver the goods, exacily to speci-
fications, whether standard pro-
duction or complex experimental
parts. What’s more, they fre-
quently ask us for suggestion
about improvement on their de-
signs and specifications . . . and
they gel them.

There is nothing unusual about
all this—it’s our job and we know
how Lo do it. If you are a manu-
facturer or experimenter in the
Electronics Industry and you need
a tubular part that presents a
problem, tell us about i1. We'll
probably be able to help and will
gladly do so. Write The Superior
Tube Company. 2506 Germantown
Ave., Norristown, Pennsylvania.

Cutting and Tumbling. Cutting machines and
jigs of many types and sizes are combined
with extensive tumbling equipment to permit
fast accurate production of quantities of
parts at Superior.

Fabrication: Parts can be readily rolled at
either or both ends. flared. flanged. ex
randed. or headed (embossed) as required
I'he anole above is one of manv sucl
parts we produce at high speed and low cost

Th!} Finished Part. Final siage in the fabri-
cation of the part shown above at three stages
of production is a hend nicely eontrolled for

both precise angle and freedom from other
unwanted distortion.

This Belongs in Your Reference File
...Send for It Today.

NICKEL ALLOYS FOR OXIDE-COATED CATHODES: This reprint de-
scribes the manufacturing of 1he cathode sleeve from the refining of the
hase metal. Includes the action of the small percentage impurities upon
the vapor pressure, sublimation rate of the nickel base; also future
trends of cathode materials are evaluated.

SUPERIOR TUBE COMPANY o Electronic products for export through Driver-Horris Compony,

32a
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All analyses .010" 10 %'’ 0.D.
Certain onalyses (.035’" max. wall) Up to 1%’ O.D.

Harrison, New Jersey » Horrison 6-4800
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Got a
really tough

_ —
capacitor
network

problem for us?

...let our network designers help you solve it!

‘ Whether your problem deals with guided missiles—aircraft—land or
mie o emn sea radar equipments,General Electric application and design engineers

. can help you solve it. We've designed and built capacitor networks
~ for every type of pulse radar equipment since the inception of radar.

Take service life for example. You can specify a service life of
10,000 hours—or just 60 seconds. And we’ll deliver pulse networks
g to match your requirements. Here’s why:

CONSTANTY K
™

Since 1944 General Electric has been running continuous life
tests on many types of networks. We’ve established life limi-
tations, under varying conditions of temperature and voliage,
s cored mandlti frem dtival Wife feats of for all types of diclectrics, bushings, materials for coil formns

capacitor networks under pulsing conditions and |r¢-a|ing processes.
in a rodar modulator. Service life, for varying
valves of “K”, starts ot 2 tenths of one hour
ond stretches out to something over 40,000

100
1000
10000
100000

let us use this store of information and experience to solve your

hours (more than 4% years of continuous capacitor network problems. Your inquiry addressed to your nearest
operation ot full-rated voltages.) . b4 4 N .
IFe5just one emample of acudlipsrformancs Apparatus Sales Office, or to Capacitor Sales Division, General Electric
data G-E engineers use in designing copacitor ., | \ snu
oo ki B A O Company, Hudson Falls, N. Y. will receive prompt attention.
e i N i General Llectric Company, Schenectady 5, New York.
407-308
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/L;é’ffl?, MORE ECONOMICAL /ASSEMBLY

WITH . F

SPECIAL HARNESSES
CABLES and CORDS

constructed of
wires conforming \/
to joint Army and

Navy Specifications

€
Consult LENZ on any of
your wiring problems

LENZ ELECTRIC

MANUFACTURING CO.
1751 North Western Avenue

Chicago 47, lllinois
IN BUSINESS SINCE 1904
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New -hp- 410B Vacuum Tube Voltmeter

Gives same wide range und flat response per-
formance os -hp- 410A voltmeter, but sefs new
standard of mechanical convenience, ease of
aperation, minimum bench space. Readily de-
tachable probe leads fit in handy compartment
in new, campact, streamlined case. Special
diode probe design places capacity of appraxi-
mately 1.3 pptd across circuits under test. Shunt
impedance is extremely high—10 megohms at
low frequencies—thus circuits under test are not
disturbed and true voltage readings ore as-
sured. New -hp- 410B provides 1 db accuracy
from 20 cps to 700 m¢; and may be vsed as a
voltage indicator up to 3,000 mc. Also serves
as audio or dc voltmeter or ohmmeter.

pispORL

T w O 000 Olaa - - (o2

Response, -hp- 410B Voltmeter

HEWLETT-PACKARD CO.
2251D Page Mill Road, Palo Alto, Callf., U.S.A.

Sales representatives in principal areas

Export: Frazar & Hansen, Ltd.
San Francisco « New York + Los Angeles

HEWLETT-PACKARD

PROCEEDINGS OF TIHE I.KE Marcl

2 to 700,000,000 cps

precision voltmeters for every
ac voltage measuring need!

—

| PRIMARY
| USES

FREQUENCY

INSTRUMENT RANGE

VOLTAGE
RANGE

INPUT PRICE

_ —_—————————

Generol purpose |

I
i

= ~.005 to 300v I
-hp 4004 o¢ measurement | 10¢psto 1 me 9 ronges 24 ppid shunt $185.00
el low_l_requcncy T i .005 10 300v 10 megohms |
thp:400B ac measurements Z¢ps1a 100 ke | 9 ranges 24 ppid shunt $195.00
[ = v;V:de range o f I
.0001 10 300v 10 megahms
| -hp- 400C oc(meosure'n.\cnls 20 ¢ps 1o 2 me | 12 ronges 15 pptd shunt $200.00
{ High sensitivity N |
.0005 ta 300v 10 megahms
Partable, batt
-hp. 404A or :p:"o,:d e 2 ¢ps ta 50 ke 11 ranges 20 pptd shunt $185.00
| | 1 |
- { ! ] -
| Avdia, rf, VHF 1
.hp- 410B measurements; 0.1 10 300v 10 megohms
3 d¢ valtoges; 20 ¢ps 1o 700 me 7 ronges | 1.3 ppid shunt $245.00 ‘
resistances | |

-hp- 400C Vacuum Tube Voltmeter

General purpose precision volimeter offering
wide range, high sensitivity, high stability.
Quick-reading linear meter scale shows RMS
volts or dbm direct from —72 dbm to + 52 dbm.
Brood usefulness includes direct noise or hum
meosurements, transmitter and receiver volt-
ages, avdio, carrier or supersonic voltages,
or power gain. Also may be used as 54 db am-
plifier to increase signal level to oscilloscopes,
recorders, power amplifiers, etc.

-hp- 404A Battery-Operated Voltmeter

Precision vacuum tube instrument far general
voltage measurement where ac power is not
available. Compact, portable, splash-proof—
ruggedly constructed for field operations. Wide
voltage range permits all types of measure-
ments including remote broadcast line and car-
rier checks, stroin gauge system tests, telemeter-
ing and geophysical circuit measurements, etc.
In the laboratory, offers completely hum-free
measurements of very low noise level.

INSTRUMENTS
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- BALLANTINE

IN ELECTRONIC VOLTMETERS

Ballantine pioneered circuitry
and manufacturing integrity
assures the maximum in

SENSITIVITY
ACCURACY

STILL THE FINEST

STABILITY

® All models have a single
easy-to-read logarithmic
voltage scale arnd a uni-

form DB scale.

® The logarithmic scale as-
sures the same accuracy at

all points on the scale.

® Multipliers, decade am-
plifiers and shunts also
available to extend range
and usefulness of

voltmeters.

® Each model may also be
used as a wide-band

amplifier.
MODEL 310 A
MODEL |FREQUENCY RANGE| VOLTAGE RANGE |INPUT IMPEDANCE ACCURACY PRICE
1 millivolt to 1/2 meg. shunted 2%, up 10 100 KC
300 | 1010150000 cycles | 100 yois by 30 mmfds. 3% above 100 kC | S210-
2 megs. shunted b
3028 . 9 Y | 3% from
Botery | 210150,000 cycles [ |00 Tirovelite 18 mmfds on highl 516100,000 cyctes; | $225.
Operated rangesand | Smmfds. 5% elsewhere
on low ranges
3% except 5% for
1 millivolt to 100 |1 meg. shunted by ! frequencies under
30 cycles to volts except below |9 mmfds. on low | 100 cycles and over $235
304 5.5 megacycles 5K C where max. {ranges. 4 mmfds. on| 3 megacycies and 4
range is 1 volt highest range for voltages over |
volt
Measures peak val-
ves of pulses as
short as 3 micro-
seconds witha repe-

305 tition rate as low as | 1 millivolt to 1000 Same as 39 onsine waves $280
20 per sec. Also | volts Peak to Peak Model 3028 5% on pulses y
measures peak val
ves for sine waves
from 10 to 150,000
ps.

10 cycles to 100 microvolts to Same a3 3% below | MC
310A | 5 negacycies 100 volts Model 302B 5% above ] MC | 235

36A

For further information, write for catalog.

BALLANTINE LABORATORIES, INC.

102 Fanny Road, Boonton, N.J.

R

J
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Industrial Engineering
Notes'

N OBILIZATION

President Truman has signed an execu-
tive order implementing the provisions of
the Electromagnetic Radiation Control
Act. Under the order the Federal Com-
munications Commission is delegated
authority to control all civilian stations in
event of attack while the head of each
government agency operating station is
given the same authority in his field. A
station is defined as any device capable of
emitting electromagnetic radiations be-
tween 10 ke and 100,000 meg. suitable as
a navigational aid beyond five miles. The
order also authorizes the FCC and other
government agencies involved “to insure
appropriate rules, regulations, orders, and
instructions, and to take such other action
as may be necessary, to assure the timely
and effective operation of the plans and
for carrying out their respective functions
liereunder, and are authorized to require
full compliance with their respective
plans,” . .. The pinch on materials for
consumer durable goods, including radios
and television, will continue into 1953,
Defense Mobilizer Charles Wilson an
nounced in his fourth quarterly report to
the President. “The requirements of the
military and the atomic energy programs
for most materials will either continue at
the same levels throughout 1952 or rise
slightly,” he said. “The production of stee!
and aluminum should rise somewhat dur
ing the year, but the main results of the
expansion program will not be felt until
late in 1952 and in 1953. Any significant
expansion of our copper supplies cannot
lie expected until even later.” Citing some
of the problems being encountered in the
production of new military equipment,
Mr. Wilson pointed out that a B-47 re-
quires 40 miles of wiring compared to 10
miles for the B-29, and that a B-47 con-
tains over 1,500 electronic tubes.”

RTMA AcCTIVITIES

RTMA carrying out a program of in-
creased activities and services authorized
by the Board of Directors and inaugurated
!)y President Glen McDaniel, has moved
its headquarters office to larger quarters
in the Wyatt Building, at 777 Fourteenth
St. Nw,, Washington, D. C. President
McDaniel, general manager James D.
Secrest, and the RTMA headquarters
staff will have offices in Suite 800 in the
new building. The new RTMA telephone
number is NAtional 3902. ... President
Glen DMeDaniel has appointed Albert
Coux:nont, formerly sales manager, Elec-
tromc§ Section, International General
Electric Company, Inc., as service mana-
ger of RTMA. Mr. Coumont succeeded
E. W. Merriam, who served as the first
RTMA service manager on a temporary
baSlS.‘ Mr. Coumont has had a diversified
experience in the radio and television field
and has been with General Electric since
1935. Mr. Coumnont’s entire business carecer
has been spent in the radjo and television

(Continued on page 384)
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REGISTERS OPERATING TIME OF
MACHINE TOOLS, ELECTRONIC,
ELECTRICAL OR GENERAL
INDUSTRIAL EQUIPMENT

SPECIFICATIONS

o Registers in 1/10 hour
steps t09999.9 or hour steps
to 99999

e Hermetically sealed, glass
to metal

e Moisture-proof, dust-proof

e Drawn steel case provides
magnetic shielding

e Self-starting synchronous
motor

e Moderately priced

Marion’s new Running Time Meter is abso-
lutely tamper-proof because it is sealed in
a drawn steel case. Designed for a wide
range of operating temperatures, it is also
ideal for use in hazardous atmospheres.
The easy-to-read dial is viewed through
tempered glass crystal which is fused
directly to the case.

Powered by a durable self-starting
synchronous motor, available for 110-125,
220-250 volts .. .50 or 60 cycle A.C.. ..the
Marion Running Time Meter occupies no
more panel space than an ordinary 3'2”
meter.

Demands of our national mobilization pro-
gram come first, of course, but we will gladly
supply further information and serve you
to the best of our ability.

MARION ELECTRICAL INSTRUMENT CO., 401 CANAL ST., MANCHESTER, N. H.

PROCEEDINGS OF THE I RE March, 1952

MANUFACTURERS OF MARION Qz(ffra/t}ﬂd PANEL METERS
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HERMISTORS

(NEGATIVE TEMPERATURE CO-EFFICIENT
CERAMIC RESISTORS)

\

nm

I HESE temperature responsive resistors are
useful as temperature measuring elements
and as liquid level sensors; they are espe-
cially well suited to compensation where the
cireuit constants must be maintained irre-
spective of temmperature changes. Since they
are a fired ceramie, they are stable under
practically all eonditions and respond only
to temperature changes.

BENDIX-FRIEZ STANDARD ROD TYPES

SWe (inehes) ' @ +30°Cc. |  @o°c @ -0°c.
B 140 x % - ‘ 45 ohms | o 88 ohms B 193 ohn:—
| 040x1.5 l 14,000 ohms | 29,946 ohms ! 74,676 ohms |
ey 1;5_l 40,000 ohms [ 94,040 ohms 7 7‘.'__262,4879 ohms |

Many other values can he obtained from stand-
ard diameter material. Because the thermistors
5 are made in our ewn plant. under extremely
. \ careful control, special compositions, shapes, and

resistance values, hermetically sealed or other-
Typical application in wise protected, can be made in any quantities to
capsule form for tem- suit your individual requirements.

perature sensing of
Lk imie. qoar Loguis
V 7 i

hydraulic oil.

Write Dept. C.

FRIEZ INSTRUMENT DIVISION of )ﬁ’““

j’
1390 Taylor Avenue « Baltimore 4, Maryland Y, ¥/,
Export Sales: Bendix International Bivision, 72 Fifth Ave., N. Y. 11, N. Y. AVIATION CORPORATION
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ficl in 1932, llis experience
includes 1the operation of his own home
radio repair company and an active par

M1 Lic the home radio service divi

ion ranufact ompanies. O
of the first tasks 10 be undertaken by Mr
Coumont  will he 10 promote  training
courses for service technicians in the na
C I vocational schools. A
rccommended agenda for a traming course
has been prepared by the RTNMA Service
Commitice, under Chairman R J. Yeran

o, and has been distributed among trade

INDUSTRY STATISTICS

’roduction of radio and television re
November, 1951 ota
747914 and 415,332 se FeSPEC Ve
represented a decrease of 40 per cent
under the corresponding month of 1950,

estimates  compile for

Cc ] ' "
ed

RIENAD RTMA stinlates  showed a
Irop of 38 rcent i lio receiver. pro
ducton and 44 per cent in the TV set

t Total revenues of the com-

bined AM, FM, and TV broadcast serv-
ices passed the half-billion dollar mark in
1950 for the first time, the FCC an
( 1 \ es were $550.4

per cent above 1949
I'he 1950 revenues of the aural broadeast

S 10 an WOrks wet reported t
$144.5 million, or seven per cent over the
preceding v while the 1950 TV re

enues of $106.9 million were more than

of 1949. T'o1al revenues consist
| cd from the sale of time
tlent, and program material to adve
Y les of television picture tubes
to receiver manufacturers totaled 4,062
375 units valued at $97,937,583 in the
first 11 months of 1951, according to re
ports of  RUNMA member companies
November, 1951, sales 10 manufacturers
imounted to 460,566 units values at
$9,690,247 compared with 455,636 tu
valued at $9,388 382 in Octoher. Piciure
tubes with rectangular screens and 16 and
I?’ mches m size regresented 61 per cent
of the sales in November. Tubes 18 inches
and larger amounted 10 35 per cent of the
month’s sales. All othe tube sizes
counted for the remainder

RESEARCH

The establishment of two new Signal
Cor;?s Engineering Laboratories Field
Stations has been announced. Thev will
be located at Yuma, Ariz , and Milwaukee
Wis. The Yuma ficld station will provide
meteorological service for the Yuma Test
Station. I'n Milwaukee the field station will
take over the vehicular suppression and
installation re ponsibilities of the Signal
Corps Engineeri 1t Laboratorics. . . . The
Oftice of T echnical Sery ices, has announced
that it has available a survey by Navy
researchers on the theories of lumines-
cence. ‘The report provides a fairly

CX




MICROWAVE POWER MEASUREMENTS

COMPLETE COVERAGE!

Instantaneous, direct readings! No adjustment during
operation! No tedious computations! Complete new
instrumentation for fundamental measurements of

CW or pulsed power!

BT o Frequencies— Frequencies— Price
Coaxial Woveguide {f.a.b. Foctory)
4758 Tunoble Bolometer Mount 1,000 10 4,000 me $200.00
476A Untuned Bolometer Mount 10 to 1,000 mc $125.00
S$485A Detector Mount® 2,600 1o 3,950 mc $125.00
G4858 Detector Mount + 3.950 to 5,850 oc $95.00
13858 Detector Mount T 5,850 1o 8,200 mc $90.00
H4858 Detector Mount + 7.050 1o 10,000 mc $85.00
X4B58 Detector Mount T 8,200 1o 12,400 mc $75.00
Son i M - p e oo R T L

*For use with bolomefer only.
.,

.$For use with bolometer or crystal.

-hp- 485 Detector Mounts

For rf power measurements in wave
guide systems, 2,600 to 12,400 mc (sec
table) in conjunction with -hp- 430A or
430B Power Meter and Sperry 821 bar-
reteer. Also may be used to measure
relative level, or detect rf energy using
a type IN21 crystal. Semi-tuned by
mcans of a builc-in movable short

-hp- 4758 Bolometer Mount

Tunable from 1,000 to 4,000 mc for uni-
versal application, greatest convenience
in making microwave power measure-
ments. Double-stub design, coupling
energy from 50 ohm coaxial systems
into 100 or 200 ohm bolometers. Uses
Sperry 821 barretter, thermistor or 1/100
ampere instrument fuse.

Get complete information! See your local -hp- representative or write to factory.

HEWLETT-PACKARD COMPANY

2161D PAGE MILL ROAD

PALO ALTO, CALIFORNIA, U.5. A,

Export: Frazar & Hansen, Ltd., San Francisca, New Yark, Los Angeles

10 to 12,400 mc!

w!
NeY “_hp- 4308 Microwave
Power Meter—measures pulsed
or (W power —.02 to 10 mw

Mode! 430B gives you instantaneous tf
power readings direct in db or mw at any
frequency. (Operates with bolomerter
mount. Table at left shows -/p- mounts
now available.) Measures CW power with
instrument fuse or barretter as bolometer
element; also measures CW or pulsed power
using negative temperature coefhicient
thermistor at 100 or 200 ohm levels. Reads
power direct .02 to 10 mw or in dbm
from —20 to +10. 5 ranges selected on
front panel switch. Accuracy £5% of full
scale. Higher powers may be measured by
adding attenuators (-5p- Models 370, 380)
to rf system. Directional couplers may be
used to sample rf energy.

New!
-hp- 476A Universal

Bolometer Mount

Requires no tuning, no adjust-
ment; measures rf power at
| any frequency 10 to 1,000 mc.
l Extremely low VSWR: Less
4 than 1.15, 20 to 500 mc; less
. than 1.25, 10 to 1,000 mc. Re-
j‘ flected power less than 0.1 db
% under normal conditions. In
combination with -/p- 430A or
430B Power Meter gives automatic, instantan-
cous rcadings from 0.02 to 10 milliwates. Meas-
urcs higher power with addition of attenuators
and directional couplers. 50 ohms impedance.
Has Typc N connector and tcrminates flexible
cables RG8/U, RG10/U, ctc.

PROCEEDINGS OF TIIE IL.R.E
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INTERNATIONAL

o

POWER RECTIFIERS
Rotings wp to 250 KW, Efficiency to 87%, Power Factor 95%

N

HERMETICALLY SEALED
RECTIFIERS

Cartridge Type —up to 60ma,,
9,000 volts per cartridge

* and. we tmow own fusinese

A recent month’s production
included Rectifiers to supply 40
microamperes, 1,000 volts, ond
Rectifiers with a capacity of
140,000 omperes, 14 volts. Owned
ond managed by Engineers who
are specialists in the design and
manufacture of Selenium Rectifiers.
Submit your problems for onalysis
and we will be glad to offer our
recommendations.

GENERAL OFFICES:
1521 E. Grand Ave.

El Segundo, Calif.
Phone El Segundo 1890

CHICAGO BRANCH OFFICE:
205 W. Wacker Dr.
Franklin 2-3889
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Whether your problem is new design or
product improvement, take advantage of the
greater energy product INDIANA HYFLUX
Alnico V offers!

These exclusive, new, super strength per-
manent magnets mean lower production costs,
more compact design and higher efhciency
for your products.

What's more, INDIANA HYFLUX —
with its 169, greater energy product —
costs not a penny more than regular Alnico V!

Here's still another bonus you'll enjoy!
THE INDIANA STEEL PRODUCTS
COMPANY, world’s largest producer of
permanent magnets, offers free of charge its
wealth of experience and “know-how" that
has developed more than 30,000 permanent
magnet applications.

SPECIALISTS I'N

March, 1952

THE INDIANA STEEL

“PACKAGED

Let INDIANA engineers help you with
your design problems. They can supply —
out of stock — many types and sizes of
INDIANA HYFLUX Alnico V for your
experiments, can suggest those best suited
to your product.

INDIANA is the only manufacturer fur-
nishing all commercial grades of permanent
magnet alloys. You have a choice of cast,
sintered, formed or ductile materials.

Why delay — write or phone
INDIANA today. Ask
for Catalog No. 11G-3 that
describes stock experimental
magnets.

EENERGY" SINCE 1908

PRODUCTS COMPANY

VALPARAISO, INDIANA ¢ ¢ ¢ Sales Offices Coast to Coast

41a




Speed up analysis with
these Brush instruments

‘ AMPLIFIES VERY LOW VOLTAGES. The Brush Direct-

coupled Amplifier features high sensitivity andllow drift.
When used in conjunction with the Brush Magnetic Oscillo-
graph. it gives one chart millimeter deflection per millivolt
input. Design features reduce effects of power Im(j ivluctnw
tion. Zero signal drift not more than one chart millimeler
per hour. Frequency respense essentially uniferm from d-c
to 100 cycles.
When used with the Brush Magnetic Oscillograph, the
Ammplifier can be used to record phenomena previously
requiring the use of complicated intermediate equipment.
Analysis of static or dynamic conditions involving either high
or low signal strength is simplifiedd and speeded with this
Direct-coupled Amplifier equipment. Below, it is shown recording time constants of
Model BL-932 a reactor to provide a saturation curve.

PROVIDES IMMEDIATE RECORDING. The Brush Magnetic
Oscillograph, used with the proper Brush Amplifier. makes
a direct chart recording of physical phenomena which is
immediately available. Either direct inking or electric stylus
models availablé. Gear shift provides chart speeds of 5. 25
and 125 mm per second. An auxiliary chart drive is available
for speeds of 50, 250, and 1250 mm per hour, Accessory
equipment provides event markers where an accurate time
hase is required, or where it is desirable to correlate events,
Photo shows two-channel model for recording of two phe-
nomena simnultaneously.

CHECKS FREQUENCY RESPONSE QUICKLY. The Frequency
Response ‘Iracer permits visual examination of frequency
response characteristics of radio receivers. amplifiers. trans.
mission lines. filters. Electro-acoustic investigation of loud.

speakers. microphones. and telephones can be made. Fre.
quency range is 20 to 20.000 cycles, logarithmic scale. Con-
tinuous motor drive scans entire frequency range in 8 seconds.
Write for free copy of Bulletin 618 giving details on these '
Brush nstruments. The Brush Development Company,
Dept. F-24, 3405 Perkins Ave., Cleveland 14, Ohio. In
Canadu: A.C. Wickman Limited, Box 9, Station N, Toronto.

—ant
®
o

PUT IT IN WRITING WITH A BRUSH RECORDING ANALYZER  ''9vency Response | o
e
®
o

Direct-writing Two-Channel
Magnetic Oscillograph Model BL-202

Tracer Model

BL-4703
THE
@“ DEVELOPMENT Co.

T
PIEZOELECTRIC CRYSTALS AND CERAMICS « MAGNETIC RECORDING / - o'e
ACOUSTIC DEVICES o ULTRASONICS  INDUSTRIAL & RESEARCH INSTRUMENTS N

»

-
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Ten years specializing )
in the production of over 100,000,000-
precision built, hermetically sealed
multiple headers and sealed leads.
Simply stated, that is the record
of E-I engineers — a record
that attests to the quality of
| these terminals and the
»  ability of E-I designers to meet
.  specifications on the toughest
of terminal sealing problems!
Currently, E-I offers over
100 standard types, with
numerous optional fea-
tures — for the quick,
economical solution of
‘ ‘most sealing require-
ments.

When circuit conditions o
indicate special types ,_YF}
of unusual character- RN
& istics, you can depend on | N
.. " E-I to produce terminals to
~ specification at reasonable unit
% p
cost. Literature on request.

¥
i}

U
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Sold Complete — with the
following Probes and Cables

® Direct Probe ond Cable
* DC Probe

e Ohms Cable and Probe
e - Current Cable (Red)
. Current Cable (Black)
® Ground (Case) Cable

Accessory Probes Available
on Separate Order

V WG-264 Crystal-Diode Probe
for measuring ac voltages at
frequencies up to 250 Mc.

\/ WG-289 High-Voltage Probe,
with WG-206 Multiplier Re-
sistor, for increasing dc-volt-
age range to 50,000 volts and
input resistance to 1100 meg-
ohms.

444

The new RCA WV-87A

FEATURING an 815" meter, the new WV.87A
Master VoltOhmyst is really the master of every
testing application. Its peak-to-peak scales are
particularly useful for television, radar, and other
types of pulse work.

The WV-87A measures dc voltages accurately
in high-impedance circuits, even with ac present.
It also reads rms values of sine waves and the
peak-to-peak values of complex waves or recur-
rent pulses, even in the presence of dc.

Like all RCA Vol:Ohmysts. the WV-87A fea.
tures = 1% multiplier and shunt resistors, a +29%
meter movement, high-input resistance, zero-cen-
ter scale adjustment for discriminator alignment,
dc polarity-reversing switch, and a sturdy metal
case for good rf shielding.

On direct-current measu rements, extremely low-

%ﬂ———% Vol

Measures... (Full-scale ranges)

DC VOLTAGE: 0to 1.5, 5, 15, 50, 150, 500, 1500 volts

PEAK-TO-PEAK VOLTAGE: O to 4, 14, 42, 140, 420, 1400, 4200 volts

RMS VOLTAGE: 0to 1.5, 5, 15, 50, 150, 500, 1500 volts

RESISTANCE: O to 100G megohms in seven overlapping ranges

DC CURRENT: 0t0 0.5, 1.5, 5, 15, 50,150, 500 milliamperes; 0 to 1.5, 15 amperes

tOhmyst”

s]] 2 50 Suggested

User Price

meter resistance gives an average voltage drop of
on~ly 0.3 volt for full-scale readings on all ranges.
Nine overlapping ranges provide dc readings from
10 microamperes to 15 amperes.

An outstanding feature is its usefulness as a
(e.lchlor? signal tracer . . . made possible by its
high ac input resistance, wide frequency range,
and direct reading of peak-to-peak voltages.

The RCA WV -87A Muster VoltOhmyst has the
accuracy and stability for laboratory work. Its
large, casy-to-read meter also makes it especially
fjcsnrab_le as a permanently mounted instrument
in the factory and repair shop.

For complete information on the WV-87A, see
your RCA Test Equipment Distributor or write
RCA, Commercial Engincering, SectionCX47,

Get complete details today from your RCA Test Equipment Distributor

TEST EQUIPMENT

RADIO CORPORATION of AMERICA

Harrison, New Jersey. *Reg. U. S. I'at. O,
HARRISON. N.J.
PROCEEDINGS OF THE I.RF March 1952




ULTRA COMPACT UNITS...OUNCER UNITS

HIGH FIDELITY....SMALL SIZE.. .. FROM STOCK

uTC Uitra compact audio units are small and light in weight, ideally suvited to remote amplifier and
similar compact equipment. High fidelity is obtainable in all individual units, the frequency response
being = 2 DB from 30 to 20,000 cycles.

True hum balancing coil structure combined with a high conductivity die cast outer case, effects good
inductive shielding.

Typ Secondary List
No. - Application Primary Impedance Impedance Price
A-10 Low impedance mike, pickup, 50, 125/150, 200/250, 50 ohms $16.00
) ol'.multiplz line to gnd 333, 500/600 ohms

A-1l Low impedance mike, pickup, 50, 200, 500 50,000 ohms 18.00

or line to | or 2 gvjds {multiple alloy shields for low hum pickup)
A-12 Low impedance mike, pickup, 50, 125/150, 200/250, 80,000 ohms overall,

or multiple line to grids 333, _500/@00 ohms  in two sections 16.00
A-~14 Dynamic microphone to one of 30 ohms 50,000 ohms overall,

two grids B z in two sections 17.00
A-20 Mizing, mike, pickup, or mul- 50, 1257150, 200/250, 50, 125/150, 200/250,

tiple line to line o 333, 500/600 ohms 333, 500/600 ohms 16.00
A-21 Mixing, low impedance mike, 50, 200/250, 500/600 50, 2007250, 500/600 18.00
_ pickup, or line to line (multiple alloy shields for low hum pickup) i
A-16 Einglc plate to single grid 15,000 ohms 60,000 ohms, 2:1 ratio 15.00
A-17 Single plate to single grid As above As above 17.00

8 MA-unbaIanced D.C. P )
A-18 Single plate to two grids, 15,000 ohms 80,000 ohms overall,

Split primary ) 2.3:1 turn ratio 16.00
A-19 Single plate to two grids 8 15,000 ohms 80,000 ohms overall,
] MA unbalanced D.C. 2.3:1 turn ratio 19.00
A-24 Single plate to multiple line 15,000 ohms 50, |z%/|5% zo:/zso, i TYPE A CASE

) 333, 500/600 ohms 6. 1%" x 1% x 2* high

A25 Single plate to multiple line 15,000 ohms 50, 125/150, 200/250, 2" x 1% &

8 MA unba_lanced D.C. ) 333, 500/600 ohms 17.00
A-26 Push pull low level plates to 30,000 ohms 50, 125/150, 200/250,

multiple line ) plate to plate 333, 500/600 ohms 16.00
A-27 Crystal microphone to multiple 100,000 ohms 50, 125/150, 200/250,

line ) - 333, 500/600 ohms 16.00
A-30 éudiochokc, 250 henrys @5 M A 4000 ohms DE., 65 !\znrys @jo MA ISOOohmer.S. _lZ‘QO
A-32 Filter choke 60 henrys @15 MA20000hmsD.C., 15 henrys @30 MA 500ohms D.C. 10.00

UTC OUNCER components represent the acme in compact quality transformers. These units, which weigh
one ounce, are fully impregnated and sealed in a drawn aluminum housing %" diameter ... mounting
opposite terminal board. High fidelity characteristics are provided, uniform from 40 to 15,000 cycles,
except for 0-14, 015, and units carrying DC which are intended for voice frequencies from 150 to
4,000 cycles. Maximum level O DB.

Typ  Les .
No. Application Pri. Imp Sec. Imp.

0-1 Mike, pickup or line to 50, 200/250 50,000
| grid 500/600

02 Mike, pickup or line to 50, 200/250 50,000
2 grids 500/600

0-3 Dynamic mike to | grid ~7.5/30 50,000
6—4; Single plate to | grid "~ 15,000 60,000
05 Plote to grid, D.C. in Pri 15,000 40,000
0-6 Single plate to 2 grids 15,000 95,000

0.7 Plate to 2 grids, 15,000 95,000
OUNCER DC. in Pri.

CASE 0-8_Single plate to line 15,000 50, 200/250, 500/600
7" Dia. x 1%" high 09 Plate to line, D.C. in Pri. 15,000 50, 200/250, 500/600

0-10 Push pull plates to line 30,000 ohms 50, 200/250, 5007600
plate to plate

0-11 Crystal mike to line 15,000 50, 200/250, 500/600
0-12 Mixing and matching 50, 200/250 ~ 50, 200/250, 5007600
0-13 Reactor, 300 Hys—no D.C.; 50 Hys—3 MA. D.C., 6000 ohms

0-14 50:1 mike or line to grid 200 1/, megohm

0-15 10:1 single plate to grid 15,000 | megohm

Pt
o & Ao
S g

150 VARICK STREET . NEW YORK 13, N. Y.

EXPORT OIVISION: 13 EAST 40th STREET, NEW YORK 16, N. Y., CABLES: “ARLAB"




K] DESIGNERS

FOR SMALL SIZE, SUPERIOR PERFORMANCE

T
12 Muf 1IS0VDE

-

(TafiTaLYTICS IN WHITE)

-
o

GENERAL

IT'S G-E TANTALYTIC CAPACITORS

NEW tantalum-electrolyte
units offer excellent
fow-temperature properties

Superior performance and large
capacitance per unit volume make
new  General Electric Tantalytic
capacitors valuable wherever mini-
aturization is a “must.” Designed
for low-voltage, direct-current ap-
plications, these capacitors excel
in low-temperature properties and
shock resistance.
Other advantages: Long shelf life ® Exceed-
ingly low leakage current ® Hermetic seal-
ing ® Good stability @ Chemically-neutral
electrolyte

Operating temperatures range
from —55C to +85C, ratings from
.02 muf to 12 muf at 150 volts d-c.
For further daw, send coupon for
Bullerin GEA-5753. For specific
applications, listtemperature range,
leakage resistance values, and op-
erating voltage and write Capacitor
Sules Division, General Electric Co.,
Hudson Falls, N. Y,

For example: on this
gun control system—

Design specifications for the circuit
of a gun control servo-amplifier system
required capacitors with great stability
over a wide temperature range. Air-
borne equipment was involved, so size
and weight were also extremely impor-
tant, G-E Application Engineers were
called in while the design was still on
the board. Tanlytic capacitors were
recommended because they are small,
light, chemically stable. Result: a finished
design that meets every requirement.

& ELEcTRIC

PROCEEDINGS OF THE I.RE
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FOR RELIABLE DC TO AC AMPLIFICATION

NEW Second Harmonic Converter

The new G-E second har-
monic converter is a magnet-
ic-amplifier-type unit which
converts low-level d-c error
signals (such as those gen-
erated by thermocouples) to
double-frequency AC. Devel-
oped for exhaust gas tempera-
ture control of jet engines,
it’s also applicable to control
approach systems, industrial
measurements, computing de-
vices, and numerous servo
mechanisms and electronic
control systems.

Designed for use on 400-
cycle power (800-cycle out-
put) the converter can be
adapted for use on other
frequencies by selecting the
proper external capacitance.
Reliability and long life result
from these features: hermetic
sealing, static operation, low
temperature rise. Write now
for full details in Bulletin
GEC-832. Then, if you have
an application, contact your
General Electric Apparatus
Representative.

ANTI-BREAKDOWN PROTECTION
NEW Hermetically-
Sealed Relay

(Actual Size)

125 DEVICES DESCRIBED

NEW Measuring
) Equipment Catalog

General Electric’'s new hermetically-
sealed aircraft relay for operation
in exposed locations features extra
protection against permanent break-
down due to voltage surges. Special
polyster compound used to mold
contact arms into the stack insula-
tion is non-tracking, provides
greater arc resistance. More power-
ful magnet structure yields higher
tip pressures for surety of make.
Rated 28 volts d-c, 3 amp. See
Bulletin GEA-5729.

PROCLEDINGS OF TIE I.R.E

March

G-E's complete line of measuring
equipment for laboratory and pro-
duction testing is concisely de-
scribed inthis new 80-page reference
catalog. Measuring and testing de-
vices include photovoltaic cells,
time meters, the current-limited
high-potential tester, and dozens
of other products. Prices, applica-
tion information, and condensed
tables of important characteristics
are all given in this illustrated
booklet. Check Bulletin GEC-1016.

1952

TIMELY HIGHLIGHTS
ON G-E COMPONENTS

»
EQUIPMENT FOR
ELECTRONIC MANUFACTURERS

A partial list of the thousands of items in
the complete G-E line. We'll tell you
about them each month on these pages.

Components

Meters and instruments  Timers

Capacitors  Indicating lights
Transformers Coatrol switches

Puylse-forming networks Generators

Delay lines Selsynes
Reactors Relays
*Thyrite Amplidynes
Motor-generator sets  Amplistats

Inductrols Terminal boords

Resistors Push buttons

Voltage stabilizers
Fractional-hp motors
Rectifiers

Photovoltaic cells
Glass bushings
Dynamotors

Development and
Production Equipment

Soldering irons
Resistance-welding control
Current-limited high-potential tester
insulation testers
Vacuum-tube voltmeter
Photoelectric recorders

Demagnetizers

*Reg. Trade-mark of General Electric Co.

General Electric Company, Sectian B667-19
Schenectady 3, New Yark

Please send me the following bulletins:

Indicate; 4/ for reference only

X for planning an immediate project
GEA-5729 Hermetically Sealed Relays
GEA-5753 Tantalytic Capacitors
GEC-832 Second Harmonic Converters
GEC-1016 Measuring Equipment

Company
Address

City .
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REXOLITE 1422

(FORMERLY G. E. TEXTOLITE 1422)

THE BETTER PLASTIC FOR
U. H. F. INSULATION
BECAUSE OF:

® outstanding electrical properties
® superior machinability
® high heat resistance

® dimensional stability
and extremely low initial cost

Rexolite 1422 has been specitically designed and developed to meet the
growing need for a lightweight — low cost U. H. F. insulating material.

Rexolite 1422 is available for immediate delivery as centerless ground rod
in any diameter up to 1”. Also cast in larger diameter rods and sheets.

Meets JAN-P-77 and MIL.P-77A specifications.

The unusual chemical inertness and physical properties of Rexolite 1422
allow its use where other materials fail.

For use in: connectors, coaxial connectors, wavequide, an-
tennas, leads and spacers, spreaders and air wound coil

supports, coil forms.

Write today for technical bul-
letins and samples. Our engineer-
ing staff is always at your
disposal.

News—New Products

Manufacturers of Non-strip wire, High Temperature Electrical Tubing and other extruded plastic products.

THE REX CORPORATION

57LANDSDOWNE ST. CAMBRIDGE, MASS.

43a

These manufacturers have irvited PROCEEDINGS
readers to write for literature and further tcchn,cai
information. Please mention your |.R.E. affiliation.

Gear Trains

Bowmar Instrument Corp., 4214 I«
Rd., Fort Wayne, Ind., announces a new
line of precision gear trains fqr instrument
applications. These gear trains are avail
able in ratios up 10 15,000:1 in the same
general case dimensions. The shaft height
from the mounting surface and shaft di
ameter are standard for use with conven
tional laboratory servomechanisms, bread
hoards, and components

For applications where various reduc
tions are required at different times, the
gear train is available with a modified
design to incorporate a variety of internal
gearing arrangements. \arious gear clus
ters for obtaining a multitude of ratios
using the same housing can be supplied.

Precision-hobbed gears and bearings
are used exclusively, with the result that
maximum efficicncy, uniform torque, and
minimum  Lacklash are obtained. The
mounting faces may be made to hanger all
common servo motors, synchros, poten-
tiometers and other electromechanical
components.

Signal Generators

-\ new signal generator, named the
Decalator, is announced by Decade In-
strument Co., Caldwell, N, J. It has been
developed for a range of from 10 ke to 10
mc, and consists, of a series of decade-
switched oscillators. Among its features
are direct readings for 9,000 separate steps
of frequency, all frequency settings with
decade-switching, +2 cps at all frequen-
cies, high accuracy, and +0.05 per cent,

at maximum frequency.

(Continued on page 50A4)
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AT WORK IN THE

LABORATORY

Sperry Klystron tubes are doing heavy duty in the labs
& where a practical source of continuous microwave

' cnergy is needed for general test and measuring work.
A complete line of 2K tubes is available for

hench oscillator use from 2660 to 10,300 mc.

<4

—Stemming from its sponsorship of the development of the
___—klystron in 1939, Sperry has had many years experience
> in the manufacture of these tubes. Besides the 2K-
scries for laboratory use, other Sperry Klystrons include
e transmitting tubes for microwave relays, radars (both
T ~_pulsed and cw), radar beacons, aeronautical navigation
X (DME and ILS), and radio communication systems.
Other Sperry Klystrons are used as local oscillators
in radar and microwave communication receivers. Klystron
multiplier tubes are used in frequency standards
and for other applications where crystal control at
microwave frequencies is desired.

Sperry’s pioneering in microwave measuring techniques
has resulted in a complete line of Microline™
instruments which includes every type
of device essential to precision measure-
ment. in the entire microwave field.

Our Special Electronics Department
will be happy to supply you with {
complete details on Klystrons and
Microline equipment.

1. ™ AT,

SPERRY 2K SERIES

TUNING POWER
RANGE oOUTPUT

2K 41 2660 -3310 mc 250 mw

(WITH TUNER)
2K 42 3300 -4200 mc 250 mw
2K 43 4200 -5700 mc 250 mw
2K 44 5700--7500 mc 250 mw
2K 39 7500 -10,300 mc 250 mw

DIVISION OF THE SPERRY CORPORATION

[RH GYROSCOPE COMPINY

GREAT NECK, NEW YORK - CLEVELAND - NEW ORLEANS - BROOKLYN + LOS ANGELES - SAN FRANCISCO - SEATTLE
IN CANADA —SPERRY GYROSCOPE COMPANY OF CANADA, LIMITED, MONTREAL, QUEBEC

PROCEEDINGS OF THE I.R.E. March, 1952 49A
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for those who put QUALITY first!

15 s. throop st. chicago 7. . CH 3-1600

also attica, indlana. BURTON DROWNE ADVERTISING

'News—New Products

1Thcu manufacturers have invited PROCEEDINGS
readers to write for literature and further technical

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

(Continued from page 184)

Another Decalator, with a frequency
range of 10 kc to 100 k¢, known as Model
[ #10-100, is now available at $795.00
F.0.B. Caldwell, N. J. Two other modecls
|are to e announced. One will he known
as Model #100-t, covering 100 ke to 1 m¢
| The other, Model #1-10, will cover 1 mc
[ to 10 mc. Prices for these last two modcls
| on request.

Regulator

| A compact, universal, electric-circuit
controller with large power-handling ca-
pacity is now being produced by Electric
Regulator Corp., South Norwalk, Conn.
| This is a device for converting low-power-
level signals into control signals of a much
higher power level,

o

The new plug-in- unit, known as
Regohm size 3, is a control which can be
utilized in voltage, current or speed regu
lation, and can be adapted to servo sys-
tems. Compact design and unusual char-
acteristics make the new Regohm adapt
able to rotating machinery, line and load
regulation, rectification, battery charging
servo mechanisms, saturable reactors, and
close differential relays.

The unit is available in a variety of
forms to suit particular applications. i1
can be built with 20 standard fingers of |
ampere, 12 watts capacity, or 10 extra
heavy fingers of 3 amperes capacity. Fin
gers may be connected in parallel when
coutrol circuit currents are greater than
these values. An auxiliary contact is also

[available which makes it possible to de
sign resistance banks with zero minimum
resistance even in high current circuits.

Carbon Microphone

A newly developed single-hutton car-
bon microphone is the latest addition to
the microphone line of the Astatic Corp.,
Conneat, Ohio. Ideal response for maxi
mum clarity of speech, 100 (o 4,500 cps
range, is claimed for the new unit, which
I has been designated Model TIMS. Sensi
| tivity is rated at one volt for 100 microbar

| (Continued on page 584)
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THE

RAYONIC

CATHODE RAY TUBES

BY WATERMAN

3sp

Since the introduction of Waterman
RAYONIC 3MP1 Tube for miniaturized
Oscilloscopes, Waterman has devel-
oped arectangular Tube for multi-trace
oscilloscopy. Identified as the Waterman
RAYONIC 3SP, it is available in P1, P2,
P7 and P11 screen phosphors. The face
of the Tube is1 /2" x 3" and the over-all
length is 9%”. I1s unique design per-
mits two 35P Tubes to occupy the
same space as a single 3" round tube,
o feature which is utilized in the
S-15-A TWIN-TUBE POCKETSCOPE.
On o standard 19" Wrock, it
is possible to mount up to ten 3SP
tubes with sufficient clearances far
rack requirements. Thus 3SP RAYONIC
tube is ideal for multi-trace oscilla-
scopic work.

Molimum 2nd anode voltoge 2750 volis

Sotisfactory operation con be ochieved at
600 volits ... Verticol deflection foctor 52 to
70 voits DC per inch per kilovolt . .. Horizontol
deflection factor 73 to 99 volts DC per inch
per kilovolt... Grid cut-off voltoge 2.8 to
6.7% of 2nd anode potentiol . .. Focusing volt-
age 16.5 to 31% of 2nd onode voltage ...
Heater 6.3V ot 6 omp ... Twelve pin smoll
shell duodecol bose ... Tybe con be mounted
in ony pasition . . . 3§P] JAN opproved.

WATERMAN PRODUCTS (0., INC.

PHILADELPHIA 25, PA.
CABLE ADDRESS: POKETSCOPE

WATERMAN PRODUCTS INCLUDE:

3JPY & 3JP7 JAN RAYONIC CR TUBES
3JP2 & 3JP11 RAYONIC CR TUBES
3MP7 & 3MPINY RAYONIC CR TUBES
3RPY, 2, 7, RAYONIC CR TUBES

Also POCKETSCOPES,
—
PULSESCOPES, RAKSCOPES
and other equipment

v
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A GRADE FOR EVERY NEED!

Available in diameters, wall thicknesses and lengths to meet
regular or special adaptations.

CLEVELITE

Grade E _.Improved post cure fabrication and stapling.

Grade EX _Special grade for TV deflection yoke sleeve.

Grade EE Improved general purpose.

Grade EEX Superior electrical and moisture absorption
properties.

Grade EEE __Critical electrical and high voltage applications.

Grade XAX Special grade for government phenolic specifi-
cations.

COSMALITE

Grade SP .Post cure fabrication and stapling.

Grade SS ..General purpose.

Grade SSP . General purpose—punching grade.

Grade SLF .. Thin wall tubing—high dielectric and compres-

sion strength.

%CLEVELAND CONTAINER 4]

6201 BARBERTON AVE.

PLANTS AND SALES OFFICES ot Plymouth, Wise,, Chicago, Detroit, Ogdensburg, N.Y., Jamesburg, N. J.

CANADIAN PLANT: The Cleveland Container, Canado, Ltd., Prescott, Ontarie
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LAMINATED PHENOLIC TUBING
. .. meets the most exacting requirements of the elec-

tronic and electrical industries!

Whether to insulate the live electrical parts of a rec-
tifier, a high voltage transformer, or any one of count-
less other applications . . . satisfaction is ensured.

For wherever physical strength, low moisture absorp-
tion, high dielectric strength, low loss and good ma-
chineability are of prime importance . . . the com-
bined electrical and physical properties of CLEVELITE
and COSMALITE are essential.

DEPENDABLE * ECONOMICAL * LONG LASTING
Why pay more? . . . for the best call CLEVELAND

*Reg. U. S. Pat. OFf.

CLEVELAND 2, OHIO

ABRASIVE DIVISION ot Cleveland, Ohio

REPRESENTATIVES

NEW YORK AREA R.T. MURRAY, 604 CENTRAL AVE, EAST ORANGE, N.J.
NEW ENGLAND R S. PETTIGREW & CO, 62 LA SALLE RD, WEST HARTFORD, CONN. f:-
CHICAGO AREA  PLASTIC TUBING SALES, S5 N.RAVENSWOOD AVE., CHICAGO
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AM-FM-TV-MICROWAVE |

Get the advice of men who know . . . men who
have practicable working knowledge in tower design
. when planning your new or expanded tower needs.

Truscon engineers have designed and built
radio towers for all types of duty throughout the world.
They have a background of information
and skill that is unexcelled in the industry.

Truscon Engineers can design towers to meet

every kind of topographical and meteorological conditions. <

They can assure tower strength for every contingency.

Delivery schedules are set to meet your needs |
(dependent, of course, upon governmental regulations).

Guyed or self-supporting towers . .
’ tapered or uniform in cross-section . . . for Microwave,
AM, FM; or TV transmissions.

Your phone call or letter to any convenient Truscon district :
office, or to cur home office in Youngstown, will /o
bring you immediate, capable engineering assistance.
Call or write today. Truscon® Steel Company,
1072 Albert Street, Youngstown 1, Ohio,
Subsidiary of Republic Steel Corporation.

g

=X

e

TRUSCON a4 name you can build on
‘ £2a
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NEW, Advanced design Oscilloscope...

for precise, quantitative studies of pulse

waveforms, transients and other high or

demands on the time, frequency, and
amplitude measuring capabilities of labo-
ratory oscilloscopes. LABORATORY FOR
ELECTRONICS, INC., recognizing the
ever-increasing requirements of the rapidly expanding electronics

low speed electrical /)/)enomena

Advances in electronics have placed greater

3
&, (081, rontfor 5
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industry, and using specifications set forth by electronic

engineers, has developed the Model 401 oscilloscope to provide

the features and conveniences required in a medium price,

general purpose instcrument.
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tMELAYTAN

Y-Axis

Deflection Sensitivity — 15 millivolts
peak-to- peak/cm

Frequency Response—~DC to 10Mc

Transient Response — Rise Time —
0.035 microseconds

SignaDelay —0.25 microseconds

Input line terminations — 52, 72, or
93 ohms, or no termination, for
either AC or DC input

Calibrating Voltage — 60 cycle
square wave.

Input Imp.—1 megohm, 30 mmf.

PROCEEDINGS OF THE I.R.E.

March, 1952

SPECIFICATIONS

X-Axis

Sweep Range — 0.01 sec/cm to0 0.1
microseconds/cm

Delay Sweep Range — 5-5000 micro-
seconds 1n three ranges — contin-
uously adjustable

Triggers — Internal or External, +
and —, or 60 cycles, or delayed
trigger outputs are available at
suitable binding posts.

Built-in trigger generator for trigger-
ing external circuits and sweeps.

General
Low capacity probe

Functionally colored control knobs
conveniently grouped

Folding stand for better viewing

Adjustable scale lighting

Facilities for mounting oscilloscope
cameras

Dimensions— 121 " wide, 15" high,
19" deep

Weight—50 lbs.

See the LFE Oscilloscope demonstrated at the New York I R. E. Show,
March 3, 1952, fourth floor, booth 461, or write for complete information.

‘ 43 LEON STREET BOSTON 15, MASS.
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Maybe you’ve‘ noticed

~ best equipment e

| g | ' X ‘L‘”:”— & - ‘ ' )
‘OUND RESISTORS

required
¢ '+ 1.0% to 0.01 %. as required
Accuracy from ‘s':b, L.9%; A :

S - L 2 :'
AR W e
4N cn B ol e

JAN I{-93 tprS (u ”

and “B”
ngh-stability types

characteristics) Precision Power types
Miniature types
olerance 0.019 ; stability 0.003%) ermetically-sealed
atched pairs and scts Vertical style types
Hcrmctica”y-sealed types Multi-unijt strip re
].ow-temperaturc cocfhicient types Potted types
I’redctcrmined time constant types ’recision card resistorg
v and many special types

SHAI.I.CROSS MANUFACTURING COMPANY
Collingdale, Pa.

lug-type midgets

sistors

. A N ; TRIAL
FOR MILITARY AND INDUS

=/

g h, 1952
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In service— 75 years of "Know-How” can prove un
beatable when it comes to satisfying your require-
ments promptly and accurately.

In_quality — 75 years of "Know-How"” packs a lot of
accomplishments — in research, development and
manufacture — to provide a dependable standard in
all Lavite Ceramics equal to your most stringent
specifications.

In selection— 75 years of “"Know-How™ has produced
three main groups of technical ceramics (Lavite Steat-
ites, Lavite Ferrites and Lavite Titanates), cach of
which offers unlimited selection in combination of
characteristics.

in_short — I invite you to profit by these 75 years of
Ceramic "Know-How’ on both defense and industrial
needs. Steward’s enginecrs will be happy to work
with and for you — send them your specifications!

D. M. STEWARD MANUFACTURING CO.
3605 Jerome Ave. Chattanooga, Tennessee

Sales Offices in Principal Cities

In service ¢ In quality * In selection

e "R —

Ask for general character-
istic data on all Lavite
Technical Ceramics.

Remember

There are non-critical
Ferrites for non-critical
uses.

PROCEFDIN 1HE I.RF




Q@ vs FREQUENCY

— -
. Q vs FREQUENCY

Q vs FREQUENCV

Q vs FREQUENCY

FREED TYPE

Ti-1
Ti-2
Ti-3
TI-3A
Ti-4
Ti-5
Tl-6
TI-7
Ti-8
Ti-9
TI-10
Ti-N
Ti-12
TI-13

FREQUENCY

to
to
to
to
to
to
to
to
to
to
to

15 KC
75 KC
200 KC
200 KC
15 KC
15 KC
75 KC
75 KC
60 KC
60 KC
60 KC
15 KC
15 KC
75 KC

SEND FOR NEW COMPLETECATALOG.

(RIDGEWOOD)
Export Division, 458 Broadway, New York 13, New York

BROOKLYN 27,

FREED TRANSFORMER CO.. INC

1720-8 WEIRFIELD ST.,

ldegohmmeier Comparison Bridge

No., 1030 Low Frequency
*Q" Indicator

No. 1060 Vacuum
Tube Voltmeter

Q vs FREQUENCY

B Tooan on £ st Com

vs FREQUENCY)

cy TYPE Ti-12

Q vs FREQUENCY.

Decade Inductors
30 CPS to 300 KC

No. I110A Incremental No. 1140 Null

Inductance Bridge



News—New Products

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

Continued from page 50-1)

signal (100 ohm load) (microbar=1
dyne/cim?

;“\\\\\

|
&
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u c T l Designed for convenient hand use, the

o NS has a double-pole, single-throw
switch, with relay and microphone ¢
cuits normally open (press-to-talk). It is
adaptable to a wide variety of circuits and

= _ 1s recommended for a broad variety of
) mobile transmitter applications and other
= hand mike uses. It will work into power

output tubes without preamplifier stage
AMPHENOL RG CABLES set the standard for quality with use of step-up transformer.
in a field where quality and dependable performance
are a “must.” Frequent laboratory and production tests . .
insure uniform quality and performance. Users of Terminal for Hermetic
Amphenol RG Cables know that they will perform as Sealing
specified !
AMPHENOL RF CONNECTORS provide an efficient
connecting link between coaxial cables. They feature
never-failing continuity, extremely low RF loss and the

. assurance of a long life of sustained quality. The design, .,/’
materials and finishes of each type connector are care- /’/
fully chosen to give maximum performance under the o
( required conditions.
. AMPHENOL AN CONNECTORS are strong! They have /

a tensile strength of 53,000 pounds. Engineered to meet
the rigid Army-Navy specifications, these connectors
insure lowest milivolt loss. The non-rotating solder pock-

ets cut soldering time and reduce operator fatigue. //
Amphenol has the widest selection of AN Connectors /
to meet Mil-C-5015 specifications.

Fhe HS-1 for hermetic sealing of all
types of electrical components and de
signed to meet hermetic sealing require
ments of MIL-T-27 is available from In-
ternational Resistance Co., 401 North
Broad S Philadelphia 8, Pa. This i a
solder seal tvpe terminal with a molded
Poly triftuoromoncoc hloroethylene resin in
sulating the solder seal ring from the cen
ter terminal rod. I'he molded bods fabri
cated from N \\ Kellogg's “Kel-F," is

N \ . =
Now Available . . . p "/Q‘
Blog B-2 — A General Catalog o
phenol Components —

»
®

AMERICAN PHENOLIC CORPORATION
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The complete line for®
Television - Radio - Radar
Instruments - Controls - Avionics

Buss is the one source for any fuse you
need: — standard type, dual-element (slow
blowing), renewable and one-time types . . .
in sizes from 1/500 ampere up.

Manufacturers and service men the
country over have learned that they can
depend on BUSS Fuses for dependable pro-
tection under all service conditions. The
name BUSS has meant unquestioned high
quality for more than 37 years

To make sure that quality is always
maintained, EVERY BUSS FUSE IS ELEC-
TRONICALLY TESTED. The sensitive
testing device rejects any fuse that is not
correctly calibrated, properly constructed
and right in all physical dimensions.

BUSSMANN MFG. CO. St. Louis 7, Mo.
Division of McGraw Electric Company

Manufacturers of a complete lineof fuses for home,
farm, commercial and industrial use

Companion lines for
FUSETRON and BUSS small
dimension fuses are BUSS Fuse
Clips, Blocks and Fuse holders.
They are made in many types
and sizes to make it easy to
select the fuse and fuse mount-
ing needed to give the required
protection.

You can help protect your good-will and
your reputation, when you standardize on
BUSS Fuses.

If you have a special problem, let us
help you select or design the right fuse or
fusc mounting to meet your needs. Our
staff of fuse engincers and rescarch lab-
oratory are at your scrvice.

SEND THE COUPON for Complete Facts

Bussmann Mfg. Co., University at Jefferson
8t. Louis 7, Mo. (Division McGraw Electric Co.)

Please send me Bulletin SFB on BUSS Small
Dimension Fuses and Fuse Holders.

Name

Title

Company . RSN

Address

City & Zone _ State, 352




Designed to record mea-
surements obtained on
Potter Electronic coun-
ters, scalers, chrono-
graphs and frequency-
time counters.

The Potter Instrument Co.

NOW...9000 records
per minutel

with the NEW POTTER high, sperd
TELEDELTOS
RECORDER

IMMEDIATELY VISIBLE
INSTANTANEOUS
PERMANENT
DIGITAL

/3826

High Speed Teledeltos

Recorder provides a
permanent recording of

digital information at

rates up to 150 six-digit //

answers per second. The y
measurements are trans- /
ferred to electrically sen- /
sitive paper using four /
styli for each digit ar- /
ranged in the famous /
Potter (1-2-4-8) read-out. !
The records are indexed I,
intermittently and con-
trolled by the events |

Measures time
intervals up to
0.10000 second
in increments
of 2.5 microsec-
onds. (Higher
resolutions are
also available.) /

\ Applicable to projectile velocity mea-

POTTER INSTRUMENT COMPANY

115 CUTTER MILL ROAD, GREAT NECK, NEW YORK

® -
Y o
Ry

POTTER RECORDING

COUNTER CHRONOGRAPH

being measured. \

surements, frequency measurements,
Write for information on \ geophysical measurements, teleme-
specific applications to \ tering and wherever micro-second
Dept. ST. \\ timing is required.

\\
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News—New Products

These manufacturers have Invited PROCEEDINGS
readers to write for literature and further technical
information. Please mention your |.R.E. affilistion

Continucd from page 58A4)

chemically inert to organic solvents, acids,
oils, alkalies, fumes, etc. It is unaffected
by high humidity, has zero water absorp
tion and high resistance to thermal shock

70°C to +190°C), is physically tough
and will withstand rugged production
handling. Overall length is 1 5/16 inches;
dielectric strength 5,000 v (rms) 60 cps;
Corona starting voltage over 2,000 v (rm:
60 cps.

Coaxial Switch

Designated Part No. 1460-22, a new,
compact double-pole double-throw coaxial
rf switch to replace the use of two single-
pole double-throw switches and provide
saving in weight and flexibility of installa
tion has been developed by Transco Prod-
ucts, Inc., 12210 Nebraska Ave., lLos
Angeles 25, Calif. Switch is motor op-
erated instead of solenoid

The rf performance characteristics are
frequency range up to 11,000 me, VSWR
less than 1.3 10 1, insertion loss less than
0.5 db throughout operating range, 55 db
average, attenuation between unused con-
nectors, power handling capabilities equal
to improved type N connectors, and motor
driven actuator rating 24-28 v dc.

Various models are available for criti-
cal aircraft applications requiring efficient
performance under extreme temperature
and shock conditions. Switches are pre-
cision built to military specifications.

Plant Expansion

The Staver Co., Inc., has announced
the completion of a new plant at 41-51
North Saxon Ave Bay Shore, L. I
N. Y. A new building will house the main
oftice of the company and most of the
production activity, Certain manufactur
ing facilities will continue to be maintained

at the former location, 91 Pearl St.
Brooklyn, Ny

Continued on page 4)
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NOW! Full use

of VHF radio

by owners of executive aircraft

Civilian “non-carrier” pilots are no longer con-
fined to VHF frequencies of 122.1-122.9 megacycles
for air-to-ground radio communications. By amend-
ment of its Rules and Regulations Governing Aero-
nautical Services, the FCC has enabled all ouwners
of aircraft regardless of type to utilize certain fre-
quencies within the band 118.1-126.7 megacycles.

Not only that! Under the new Controlled Mate-
rials Plan we are now authorized to use priority
DO-J-6 to get materials with which to fill orders
from corporation plane owners for Collins 17L
transmitters.

The businessman can now equip himself to op-
erate in the same way under instrument conditions
as the scheduled airline.

The Collins 17L transmitter provides transmit-
ting facilitics on all channels reserved for aircraft

For reliable radio communications, it's . . .

communication in the VHF band. Its frequency
range is 118.0-135.9 megacycles, and all of the 180
channels assigned in this range are easily selectable
over a simple and positive remote control system.
The power output on voice is conservatively rated
at eight watts. With this power, and the greatly in-
creased number of frequencies now available, the
pilot is assured that transmissions will be received
and answered at the busiest air terminals.

The 17L is a companion to the 51R navigation
receiver with which many executive planes are al-
ready equipped. The pair provides reliable two-way
radio telephone communication.

We will be glad to send you a more complete
description of the 17L transmitter on request.

am—|
cm———
——

COLLINS RADIO COMPANY, Cedar Rapids, lowa

11 W. 42nd St., NEW YORK 18

1937 Irving Blvd., DALLAS 2

2700 W. Olive Ave., BURBANK
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Behind
the
Scenes In

Superior performance in a television receiver
bespeaks a measure of quality that carries
through to the last detail. In Crosley Automatic
Television this means a combination of the
finest engineering with materials and compo-
nent parts that are likewise quality-engineered.
The high-frequency, permeability-tuned cir-
cuits use cores made from G A & F Carbonyl
Lron Powders. Stability of performance—under
all conditions of temperature. humidity and

magnetic shock—is one of the major results.

HIS WHOLLY NEW 32-PAGE BOOK offers you the most
comprehensive treatment yet given to the characteristics
and applications of G A & F Carbonyl Iron Powders.
80% of the story is told with pholomirrogmphs,
diagrams, performance charts and tables. For your copy
—uwithout obligation—kindly address Department 18. -

ANTARA. CHEMICAL

Crosley Television Receivers and G A& F Car-
bonyl Iron Powders are both made under the
most exacting standards of Quality Control—to
insure characteristics and uniformity on which
the user can always rely. . . . We urge you to
ask your core maker, your coil winder, your
industrial designer, how G A & F Carbonyl
Iron Powders can increase the efficiency and
performance of the equipment you make,
while reducing both the cost and the weight.
Let us send vou the hook described below.

/
4

CROSLEY Automatic TELEVISION

there are Quality-Engineered Components

DIVISION OF

GENERAL DYESTUFF CORPORATION

435 HUDSON STREET « NEW YORK 14, NEW YORK

Iron Powders. ..
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(MEMBER]

mpd
ASSOCIATION

March, 1952 63A




Magnetic Focus

RCA

give you 8 plus features at no extra cos

RCA-developed metal-shell kinescopes
offer design engineers, manufacturers,
and users of TV receivers, many impor-
tant advantages over all-glass types . . .

face of faceplate prevents reflections of
light sources and bright room objects at
any angle to the tube.

u Reflection-free Faceplates: Frosied sur-

Superior Faceplate Quolity: Meral-shell
ﬂ construction permits the use of high-
quality sheet glass made to RCA specifica-
tions. Its use results in greater freedom
from imperfections, such as blisters, chill
marks, shear marks, mold marks, and
ripples. Faceplates of uniform thickness
transmit the picture with uniform bright-
ness levels over the entire viewing area.

scopes weigh only about 18 pounds, a

B Less Weight: RCA 217 metal-shell kine-
value approximately 12 pounds less than

64a

RADIO

ELECTRON TUBES

comparable-size glass types. Hence. they
are cheaper to ship, casier to handle
during assembly and testing operations,
and can be mounted with lighter suppori-
ing structures.

Optically Superior: Rclatively thin and
flac spherical faceplate of uniform thick-
ness permits wide-angle viewing with
minimum picture distortion.

High Sofety Factor: Inherent mechanical
strength of metai-shell construction pro-
vides greater factor of safety in handling
operations.

Utilize Time -Tested Components: 21
metal-shell kinescopes permit the use of
proven deflection circuits and available
components to produce pictures having
rood corner focus and negligible pin
cushion. No nced 10 experiment with
special components; volume production
can be achieved with minimum delay.

kinescopes

Volume Types: More RCA 21° metal-shell

ﬂ kinescopes have been produced than the
toral of all 21" glass kinescopes. Because
of this produciion cxperience, 21° metal-
shell kinescopes offer a greater degree
of dependability and uniformity.

Availability: Manufacturing facilities in
two RCA plants insure continuous high-
volume supply.

For technical dara or design assistance

on RCA kinescopes or other types of |

tubes, write RCA, Commercial Engineer-

ing, Section CR47, or contact your nearest
RCA field office: —

FIELD OFFICES: (Fast) Humbold: 5-3900, 415
S. Sth St, Harrison, N J. (Midwest) White
hall 4-2900. 589 E. Ilinois St., Chicago, 1lI.
(West) Madison 9.3671, 420 S. San Pedro
St, Los Angeles, Calif.

CORPORATION of AMERICA
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Glen H. Browning
' DIRECTOR, 1952-1953

Glen H. Browning was born in Solon, lowa,
in 1897. He was awarded a scholarship to
Cornell College in 1917, and graduated with
a B.A. degree in 1921, with the highest scho-
lastic honors in the class. In 1922-1923, he
was awarded the Lydia C. Perkins Scholar-
ship for graduate work with the Cruft Lab-
oratory at Harvard Tniversity, and in
1923-1924, he was a rescarch fellow at Har-
vard.

In conjunction with F. . Drake, Mr.
Browning developed a special mathematically
designed tuner radio-frequency transformer
in 1924, which was later incorporated in a
circuit known as the Browning-Drake Cir-
cuit. Working as a radio and research engi-
neer he then became the president of the
Browning-Drake Corporation in 1926-1937.
At this same time, he acted in a consultant
capacity to several radio companies. Since
1937, he has been the president of the Brown-

ing Laboratories, Incorporated, at Winches-
ter, Mass.

During World \War 11, Mr. Browning de-
veloped a sensitive electronic-alarm system
which was widely used by the Armed Serv-
ices. He is also the holder of patents on nu-
merous devices for power-factor insulation
testing, shiclding methods, and sensitive watt
meters. Numerous technical and semitech-
nical articles by Mr. Brow ning have appeared
in radio magazines and periodicals.

Mr. Browning joined the Institute of Radio
Engineers as an Associate Member in 1924,
transferred to Member grade in 1928, and be-
came a Senior Member in 1943, [{e served as
Chairman of the IRE Boston Section from
1946-1947, and was recently elected as Re-
gional Director of the IR North Atlantic
Region. Mr. Browning was awarded an lon-
orary Doctor of Science Degree from Cornell
College, on June 12, 1950.
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Electrons, Engineers, and Education
J. D. RYDER

Events and objects are often described, with varying degrees of clarity. But underlying trends and basic philosophies
are less often mentioned, and frequently with disturbing incompleteness or inaccuracy.

Communications engineers are usually well acquainted with the phenomena and devices involved in their profession, and
generally are thoroughly versed in the underlying theories of their field. Less often they appreciate fully how fundamental
electro-technology was required in the understanding of
forward communications phenomena. The “classical” electrical engineer of 1901 would have been baffled, and even appalled,
by the properties of the elementary particles of modern physics and the governing laws now used in the daily work of com-
the relativistic behavior of electrons, the uncertainty principle—these
and many other aspects of the present art would have been utterly strange and almost incomprehensible to him.

The writer of the following guest-editorial, a Fellow of the IRE and
a basic and thoughtful description of one major aspect of this intellectual revolution. So significant an analysisisa stimulating
document, well meriting careful study by its readers.— T he Editor.

and radical a revision of electro-physics and

munications experts. Information theory, cybernetics,

For an invisible object of indefinite position, indeterminate
time, insignificant mass, and infinitesimal charge, the electron
has had a major impact on our ways of thought and life. Its
apparent existence contributed to the overthrow of certain
classical mechanics concepts within the atom, and perhaps we
may ultimately conclude that the electron has led to the over-
throw of some classical concepts outside the atom as well.
Certainly its cffect on the many different areas of life has been
disproportionate to the size or energy of the particle which
produces the effect.

In electrical engineering education, the electron has been

given credit for producing a change, but consideration indi- .

cates that this change actually was a major upheaval. In fact,
comparison of the progress of clectrical education in the 20
vears since the advent of electronics with a similar period of
time in other areas of engineering education, which have not
been stimulated by electronic impact, causes the upheaval pro-
duced by this impact to take on some of the more ordered
aspects of an explosion.

In the 1920's, it was possible to teach the student electrical
engineer about a world of synthetic simplicity, with a land-
scape of almost entirely sinusoidal shapes, change was rare,
and all was steady state. Sixty cycles was king, the machine
his castle, and the laws of the realm were linear and bilateral.

Into this kingdom of sinusoidal stability was dropped an
electron, and just as Cinderella’s world dissolved on the stroke
of twelve, so did the synthetic paradise of the electrical engi-
neer disappear. Cinderella returned to the cold hard facts of
daily existence, but those electrical engineering educators who
cared to look found that underlying the ruins of the tight little
kingdom were foundations and fundamentals of great sta-
bility, on which could be founded not one kingdom but many,
cach more intriguing and challenging than the one before.

Thus, those willing to dig among the ruins found many
relics of truth, from which it was possible to build new and
stronger structures. These new structures were founded on a
new basic law—that all things may be nonlinear. No longer was
it always possible to consider a resistor, an inductor, or a ca-

apparently straight-

a member of its Board of Directors, has presented

- — — E———

pacitor as a circuit constant since many of the new circuits per-
formed purely because of this nonlinearity of the parameters.

The impact of the-electron with the electrical world was so
severe that even the landscape was changed, no longer was it
sinusoidally regular, but it was now found to include cliffs and
escarpments, called “steps,” and occasional steep-sided moun-
tain ranges known as “pulses.” Travel through such a realm
required new methods of locomotion and these were found in
the archives of the former kingdom as the works of Fourier,
Laplace, and others. Thus the sinusoidal configuration became
only one special case of many.

The electrical circuit associated with clectronic devices was
frequently discovered to be complex, however; certain useful
laws and theorems had been developed and preserved in the
archives. These gave a broader and more fundamental ap-
proach to the solution of circuits, and circuit theory increased
in importance as the emphasis on the machine was reduced.

Devices in which electrons moved in relative individual
freedom had to be studied, and the interactions of electrons
with other charges and with fields had to be considered. Such
things as the thermodynamics and entropy of electron clouds
and bunches have become of importance, calling for a view-
point on the teaching of thermodynamics somewhat different
than that which usually leads to the Carnot or Rankine cycles
and heat engines.

The concept of an electric field, coexistent with a time-
varying magnetic field, formerly received very little treatment
in machinery theory. The magnetic field received the em-
phasis, and the transfer of energy through the fields, althongh
admitted, was not stressed. This condition, then, was altered
by the impact of the electron.

It may be concluded that the education of electrical engi-
neers since the advent of electronics has been and must be
more fundamental in nature. Graduates must be prepared to
grow with and to go with the ficld as it progresses into new
arcas of technical knowledge. The college can prepare the
graduate—it is a duty and responsibility of the IRE to assure
this growth and professional progress.
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The Electronic “Systems” Engineer
o . *
(Systems Project Director)
RALPH 1. COLEf, SENIOR MEMBER, I.R.E.

I. INTRODUCTION

ORE THAN EVER before we are
becoming acutely cognizant that the
“systems” engineer, identified here-

in as the “systems project director,” must
assume a greater and greater responsibility
for large scale electronic programs, be they
research, development,” or operational in
character. Partially, this arises from a need
to integrate the electronics with other ele-
ments, but possibly of greater moment is the
fact that the electronics portion within itself
is being required to accomplish many new
functions, more quickly, more efficiently,
and with greater precision than ever before.
The mere placing of “systems” responsibili-
ties upon “equipment” engineers without re-
gard to their capabilities does not in itself
provide for the foresight, guidance, and en-
gineering management required.

It should be emphasized that the type of
systems effort being discussed herein con-
cerns comprehensive or multiple types. It is
obvious that the same criteria can apply to
systems of lesser complexity by lessening of
the standards by which we judge the quali-
ties of the “systems” engineer.

I1. CRITERIA IN THE SELECTION OF
“SysTEMs” PROJECT DIRECTORS

The ever constant pressure being exerted
for the completion of all phases of present
electronic systems nearing final usage, and
the simultaneous requirement to initiate the
development of many more, immediately
brings into sharp focus the problem that
management must now face in the selection
of additional “systems project directors” to
augment existing staffs.

In previous papers, “Management’s
Role in the Research and Development of
Electronic Systems,” and “Management
Aspects of Electronic Systems Engineering,
the author has pointed out that successful
systems engineering direction involves a
broad scale comprehension of engineering
problems and an intimate knowledge of the
prior art. On the assumption, therefore, that
we are now considering utilizing as “system
project directors” only experienced com-
ponent, equipment, or staff engineers, what
criteria can be set up to enable judging the
most competent personnel available for
“systems effort”?

Paramount attributes sought are the fol-
lowing:

(a) Possession of, or ability to acquire a
broad scale comprehension of objectives by
personal initiative. Engineers who are not

* Decimal classification. R070. Original manu-
script received by the Institute, September 8, 1951.
Paper presented at the Alrborne Electronics Confer-
ence. Dayton, Ohio. May. 1951. \ ]

t Rome Alr Development Center, Griffiss Air
Force Base (RCRT), Rome. N. Y.

' R, I. Cole. *Management’s role in the research
and development of electronic systems.” Proc. I.LR.E.,
vol. 38. pp. 1252-1253; November. 1950. )

*R. 1. Cole, *Management Aspects of Electronic
Systems Engineering.® presented at the IRE National
Couvention, New York, N. Y., March 19, 1951.

“«

self starters can hardly compete in “sys-
tems” engineering.

(b) Rapid grasp and understanding of
problems that are distinguishable in engi
neering task assignment. Systems project
directors must be able to delineate clearly
these engineering tasks, and turn them over
to others, often not his subordinates, for exe-
cution. This implies that, above all, the sys-
tems project director must possess executive
management know-how or be able to acquire
it quickly through proper grooming.

(c) Ability to win respect of subordinate
engineers, above all for engineering and sci-
entific knowledge, as well as for administra
tive talents.

(d) Astuteness in scheduling individual
phases of a program so that all engineering
effort can be used to the greatest possible
extent. He must not be the obstinate type
who insists upon original commitments re-
gardless of whether or not other facts now
support his contention. Nothing is so dis
couraging to an engineer on the working level
than to have the results of his expedited
labor be placed “on the shelf” while awaiting
other essential equipments required for the
evaluation. Flexibility of direction is essen-
tial and all “systems” engineers must de-
velop a sixth sense concerning proper sched-
uling procedures and programs.

(e) Above average skill in technical writ-
ing. The successful direction of electronic
systems projects most often depends upon
the ability to set forth in writing, complete,
over-all, and detailed technical programs,
budget defenses therefore, evaluation pro-
cedures, etc., as well as progress reports.
Furthermore, since much of this writing is
actually accomplished by the subordinate
engineer, the systems project director must
have the knack of editing rapidly for tech-
nical accuracy as well as for policy, all writ-
ten material prepared in the accomplishment
of his over-all project.

To the extent that engineering directors
of “systems” projects initially possess the
above attributes depends the type and du-
ration of “systems” training that manage-
ment must provide. The “apprenticeship”
method wherein the potential systems proj-
ect director is made assistant to an experi-
enced man for a period of time and is then
gradually given his own systems responsibil-
ity, appears to be quite desirable, since this
permits the gradual evaluation by manage-
ment of the capabilities of the man in ques-
tion. Needless to say, the final results on the
completed “system” will reflect not only the
inherent capabilities of the engineer, but the
special preparation in creating an adequate
“systems environment” as well.

I1I. THE CoMMON DENOMINATOR IN
ELECTRONIC SYSTEMS ENGINEERING

It should be recalled that competent and
expeditious directing of systems projects not
only requires a well rounded engineering
background, but professional skills in spe-

cialized activities peculiar to the systems
functions as well. Nowhere is this more im-
portant than in the research and develop-
ment phase, although it applies generally
throughout the entire systems engineering
field. In order to obtain a clearer under-
standing of the duties of the systems engi-
neer, mention should be made of the follow-
ing “across the board” functions:

A. Applying New Techniques to Systems

Regardless of the purpose for which a
system is intended, it is quite obvious that if
the end product is to represent what can be
achieved in the present state of the art, it
must incorporate the latest thinking gath-
ered from all related equipments and sys-
tems as well as from allied research. It there-
fore follows that neither the system project
director, nor his entire technical staff, should
live in the vacuum of a specialized field
of activity, but rather must have ac-
cess to all related scientific knowledge.
Proper safeguards to insure this “modus
operandi” must be taken, since it is only
natural that an engineer wishes to accom-
plish his own particular mission without in-
terruption and may draw into his own shell.
In this connection provision must be made
by management for a continuous flow of in-
formation to the engineer accomplishing the
systems function, and often this low must
be by the medium of attendance at technical
conferences, witnessing of actual demonstra-
tions of other related equipments and/or
systems, and insurance that the latest
printed technical reports are made available
on a more or less automatic basis when such
is possible.

B. Standardization of System Elements

In common with all standardization in-
tent, motivation is due not only to resultant
fiscal economies, but also to engineering and
production time to be saved. There is always
a strong tendency to wish to standardize on
systems components before proof of proper
performance. This should be encouraged
only when acceptable results can be achieved
by such standardization. System design
must remain in a flexible state until it is
known that the output requirements are
met. Standardization should then, and only
then, be vigorously pursued to the end that
reproducibility of the system is made easier
and a reduction in maintenance and supply
problems results.

C. The Role of Specialists oy Consultants to
the Systems Project Director

From the above comments it is obvious
that the problem of the development of com-
prghensive systems involves, among other
things, setting up the medium for a contin-
ual flow of information relating to the re-
quirements from the user to the developer.
Smcg, In general, electronic systems engi-
neering is highly specialized, it follows that
scientific consultants in components and
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equipments and in broader related fields can
usually speed up the activity and at the same
time materially add to the competence of the
engineering staff accomplishing the work. In
the latter instance, specialists in human en-
gineering fill a necessary gap in our engineer-
ing effort. The “human engineer” is not, and
should not be considered, a substitute for the
Systems Development engineer. This type of
specialist or consultant should restrict him-
self to those problems of human activity in
which he has been given special training. He
must not be thought of as an extra “wheel”
with no appreciable duties, but rather as a
valuable consultant on the System Project
Director’s Staff, one of his major roles being
to continuously study design and proper
placement of the machinery that the human
being is expected to use. From the early
planning stages to the final evaluation, his
influence should have great bearing.

D. Systems Evaluation

It is apparent that upon the carefulness
of systems evaluation will depend the sys-
tem’s net value, since only that performance
,which is measurable can be counted upon for
end use. Thus, it is no happenstance that the
study of quality of the performance of a sys-
tem represents a large portion of the work-
load of the systems program director. It is
also through the medium of the systems
evaluation test that knowledge is gained of
the reproducibility of data. Since the “one
time” results may be of little value, careful
analysis of the deviation limits as well as re-
peatability of data is, of course, of utmost
importance. In this regard, statistical pro-
cedures have proven a great aid in this anal-
ysis work, and are, in turn, advancing “sim-
ulated test programs” to a remarkable de-
gree. Simulated tests can be conducted along
several separate avenues as follows:

(1) Accelerated endurance testing, where-
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in the actual system is under test with normal
loads, but the time sequence is changed to
permit more rapid data gathered in accord-
ance with “reduced time” aging conditions.

(2) True or real time data in which the
simulation takes place by the aid of spe-
cially designed devices which replace whole
operating portions of the system by elements
which yield equivalent performance, and
cost appreciably less.

While it is also often possible to derive
portions of expected “systems” perfermance
by careful study and analysis of separate
“equipment” data, “system” tolerances are
obviously not the direct summation of the
deviations of the individual elements. Never-
theless, this limited usability of “equipment
derived data” is a useful tool for the system
engineer and serves to point out to him the
weakest link with respect to accuracy, out-
put, and so on.

E. Systems Integration

It has previously been implied that the
“human engineer” has a vital role to play in
all phases of systems engineering. Particu-
larly is this true in the systems integration
phase, wherein data utilization from the out-
put of the system is considered in relation to
the ability of a human being to master the
knowledge contained therein, or otherwise to
pass the information to other controlling
media. Thus, we are concerned with not only
the quantity of data and its preciseness, but
also with the rate of flow, since humans have
a limited capacity in this regard. It is in this
phase of systems engineering that the astute-
ness of the program director is brought into
sharp focus, since it is he who formulates in
engineering terms the logic of the electronic
system. Even in the so-called totally auto-
matic systems, where data utilization may
not depend upon the human directly as a
control linkage, the problem still remains of
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passage of final output at such a rate as to
satisfy over-all objectives.

F. Technical Writing

It has been elsewhere stated that there is
a requirement for a certain degree of pro-
ficiency in technical expression and/or tech-
nical writing for those engaged in systems
engineering. That this can be developed in
an otherwise competent, experienced engi-
neer is not open to question providing that
one is willing to understand exactly what is
expected of him and to realize that these sys-
tems engineering duties carry with them
much greater co-ordination responsibilities
than do those in other branches of electron-
ics. With regard to this co-ordination, it is
well to realize that research and develop-
ment status reporting of “systems” is not
merely the summation of progress on sepa-
rate equipments or elements. Scientific di-
rection of the project, at least through the
development stage, implies continuous ex-
amination of the technical objectives, re-
phrasing systems “logic” where required.

IV. ConcLUSIONS

An attempt has been made in this paper
to derive the criteria for selection of engi-
neers capable of executing direction of com-
prehensive systems engineering projects, and
to point out the basic duties of this engineer
which are common to systems engineering
projects in general. [t is quite apparent that
the electronic systems engineer must demon-
strate his executive qualities by precept and
example. Additionally, he must prove the
ability to assimilate an enormous amount of
new scientific data. The keenness of his di-
rection results directly from his ability and
special training. Attention is invited to the
fact that flexibility of this scientific direction
is a must, since systems engineering is neces-
sarily evolutionary.

Some Aspects of Magnetic Ampliﬁer Technique”

F. E. BUTCHER} anp R. WILLHEIM}

This paper has been approved by the Tutorial Papers Subcommittee of the IRE
Committee on Education as a part of a planned program of publication of valuable tu-
torial material.—The Edilor.

|

Summary—Design problems of magnetic amplifiers have been

INTRODUCTION

mastered by a technique which appertains to core construction, ar-
rangement and proportioning of windings, and circuiting. Principles
are described which have led to the construction of precision ampli-
fiers adaptable to a wide range of input impedances and output re-
quirements. Performance figures are given and practical applications
described. Graphical methods for dimensioning the circuit elements
and for predicting the performance of the assembly are set out and
applied to push-pull amplifiers. Performance limits imposed by zero
stability and response time are reviewed and assessed.

. * Decimal classification: 538 XRJ363.3. Original manuscript re-
ceived by the Institute, June 25, 1951; revised manuscript received
November 16, 1951.

t Group Designs Manager, Joseph Lucas Ltd., Great King
Street, Birmingham 19, England.
hnj éonsulting Engineer, %01 Clive Road, London, S.E. 21, Eng-

HE PRESENT PAPER is mainly concerned with
T the use of magnetic amplifiers for dc-dc amplifica-

tion at relatively low input levels. Particular at-
tention is devoted to features which have proved
essential for precision amplifiers of good linearity and
stability. In the interest of a more general treatment,
and to conform to practical precision amplifier tech-
nique, the twin core reactor with series connected ac
windings and separate positive feedback (self-excita-
tion) winding has been singled out as representative,
the theory and performance of which is in many ways
applicable to the self-saturating magnetic amplifier now
so widely employed in servo and power applications.
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Al . D *
(Systems Project Director)
RALPH 1. COLE}, SENIOR MEMBER, LR.E.

I. INTRODUCTION

ORE THAN EVER before we are
becoming acutely cognizant that the
“systems” engineer, identified here-

in as the “systems project director,” must
assume a greater and greater responsibility
for large scale electronic programs, be they
research, development, or operational in
character. Partially, this arises from a need
to integrate the clectronics with other ele-
ments, but possibly of greater moment is the
fact that the electronics portion within itself
is being required to accomplish many new
functions, more quickly, more efficiently,
and with greater precision than ever before.
The mere placing of “systems” responsibili-
ties upon “equipment” engineers without re-
gard to their capabilities does not in itself
provide for the foresight, guidance, and en-
gineering management required.

It should be emphasized that the type of
systems effort being discussed herein con-
cerns comprehensive or multiple types. It is
obvious that the same criteria can apply to
systems of lesser complexity by lessening of
the standards by which we judge the quali-
ties of the “systems” engineer.

II. CRITERIA IN THE SELECTION OF
“SysTEMS” PROJECT DIRECTORS

The ever constant pressure being exerted
for the completion of all phases of present
electronic systems nearing final usage, and
the simultaneous requirement to initiate the
development of many more, immediately
brings into sharp focus the problem that
managenient must now face in the selection
of additional “systems project directors” to
augment existing staffs.

In previous papers, “Management’s
Role in the Research and Development of
Electronic Systems,” and “Management
Aspects of Electronic Systems Enginetring,”
the author has pointed out that successful
systems engineering direction involves a
broad scale comprehension of engineering
problems and an intimate knowledge of the
prior art. On the assumption, therefore, that
we are now considering utilizing as “system
project directors” only experienced com-
ponent, equipment, or staff engineers, what
criteria can be set up to enable judging the
most competent personnel available for
“systems effort”?

Paramount attributes sought are the fol-
lowing:

(a) Possession of, or ability to acquire a
broad scale comprehension of objectives by
personal initiative. Engineers who are not

* Decimal classification. R070. Original manu-
script received by the Institute, September 8, 1951,
Paper presented at the Airborne Electronics Confer-
ence. Dayton, Ohin. May. 1951, . )

t+ Rome Air Development Center. Griffiss Air
Force Base (RCRT), Rome. N. ¥,

' R. I. Cole. *Management’s role in the research
and development of electronic systems,” Proc. LLR.E.,
vol. 38. pp. 1252-1253; November. 1950. .

‘R 7 Cole. *“Management Aspects of Electronic
Systems Engineering,” pre<ented at the IRE National
Conventlon, New York, N. Y., March 19, 1951.

self starters can hardly compete in “sys-
tems” engineering.

(b) Rapid grasp and understanding of
problems that are distinguishable in engi-
neering task assignment. Systems project
directors must be able to delineate clearly
these engineering tasks, and turn them over
to others, often not his subordinates, for exe-
cution. This implies that, above all, the sys-
tems project director must possess executive
management know-how or be able to acquire
it quickly through proper grooming.

(c) Ability to win respect of subordinate
engineers, above all for engineering and sci-
entific knowledge, as well as for administra-
tive talents.

(d) Astuteness in scheduling individual
phases of a program so that all engineering
effort can be used to the greatest possible
extent. He must not be the obstinate type
who insists upon original commitments re-
gardless of whether or not other facts now
support his contention. Nothing is so dis-
couraging to an engineer on the working level
than to have the results of his expedited
labor be placed “on the shelf” while awaiting
other essential equipments required for the
evaluation. Flexibility of direction is essen-
tial and all “systems” engineers must de-
velop a sixth sense concerning proper sched
uling procedures and programs.

(e) Above average skill in technical writ-
ing. The successful direction of electronic
systems projects most often depends upon
the ability to set forth in writing, complete,
over-all, and detailed technical programs,
budget defenses therefore, evaluation pro-
cedures, etc., as well as progress reports.
Furthermore, since much of this writing is
actually accomplished by the subordinate
engineer, the systems project director must
have the knack of editing rapidly for tech-
nical accuracy as well as for policy, all writ-
ten material prepared in the accomplishment
of his over-all project.

To the extent that engineering directors
of “systems” projects initially possess the
above attributes depends the type and du-
ration of “systems” training that manage-
ment must provide. The “apprenticeship”
method wherein the potential systems proj-
ect director is made assistant to an experi-
enced man for a period of time and is then
gradually given his own systems responsibil-
ity, appears to be quite desirable, since this
permits the gradual evaluation by manage-
ment of the capabilities of the man in ques-
tion. Needless to say, the final results on the
completed “system” will reflect not only the
inherent capabilities of the engineer, but the
special preparation in creating an adequate
“systems environment” as well.

I11. Tue CoMMON DENOMINATOR IN
ELECTRONIC SYSTEMS ENGINEERING

It should be recalled that competent and
expeditious directing of systenis projects not
only requires a well rounded engineering
background, but professional skills in spe-

cialized activities peculiar to the systems
functions as well. Nowhere is this more im-
portant than in the rescarch and develop-
ment phase, although it applies gf:nerqlly
throughout the entire systems engineering
field. In order to obtain a clearer under-
standing of the duties of the systems engi-
neer, mention should be made of the follow-
ing “across the board” functions:

A. Applying New Techniques to Systems

Regardless of the purpose for which a
system is intended, it is quite obvious that if
the end product is to represent what can be
achieved in the present state of the art, it
must incorporate the latest thinking gath-
ered from all related equipments and sys-
tems as well as from allied research. It there-
fore follows that neither the system project
director, nor his entire technical staff, should
live in the vacuum of a specialized field
of activity, but rather must have ac-
cess to all related scientific knowledge.
Proper safeguards to insure this “modus
operandi” must be taken, since it is only
natural that an engineer wishes to accom-
plish his own particular mission without in-
terruption and may draw into his own shell
In this connection provision must be made
by management for a continuous fAow of in-
formation to the engineer accomplishing the
systems function, and often this flow must
be by the medium of attendance at technical
conferences, witnessing of actual demonstra-
tions of other related equipments and/or
systems, and insurance that the latest
printed technical reports are made available
on a more or less automatic basis when such
is possible.

B. Standardization of System Elements

In common with all standardization in-
tent, motivation is due not only to resultant
fiscal economies, but also to engineering and
production time to be saved. There is always
a strong tendency to wish to standardize on
systems components before proof of proper
performance. This should be encouraged
only when acceptable results can be achieved
by such standardization. System design
must remain in a flexible state until it is
known that the output requirements are
met. Standardization should then, and only
then, be vigorously pursued to the end that
reproducibility of the system is made easier
and a reduction in maintenance and supply
problems results.

C. The Role of Specialists or Consullants to
the Systems Project Director

From the above comments it is obvious
that the problem of the devclopment of com-
prehensive systems involves, among other
things, setting up the mediym for a contin-
ual flow of information relating to the re-
quirements from the user to the developer.
Slncg, 1h general, electronic systems engi-
neering is highly specialized, it follows that
scientific consultants in components and
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equipments and in broader related fields can
usually speed up the activity and at the same
time materially add to the competence of the
engineering staff accomplishing the work. In
the latter instance, specialists in human en-
gineering fill a necessary gap in our engineer-
ing effort. The “human engineer” is not, and

*should not be considered, a substitute for the

Systems Development engineer. This type of
specialist or consultant should restrict him-
self to those problems of human activity in
which he has been given special training. He
must not be thought of as an extra “wheel”
with no appreciable duties, but rather as a
valuable consultant on the System Project
Director’s Staff, one of his major roles being
to continuously study design and proper
placement of the machinery that the human
being is expected to use. From the early
planning stages to the final evaluation, his
influence should have great bearing.

D. Systems Evaluation

It is apparent that upon the carefulness
of systems evaluation will depend the sys-
tem’s net value, since only that performance
which is measurable can be counted upon for
end use. Thus, it is no happenstance that the
study of quality of the performance of a sys-
tem represents a large portion of the work-
load of the systems program director. It is
also through the medium of the systems
evaluation test that knowledge is gained of
the reproducibility of data. Since the “one
time” results may be of little value, careful
analysis of the deviation limits as well as re-
peatability of data is, of course, of utmost
importance. In this regard, statistical pro-
cedures have proven a great aid in this anal-
ysis work, and are, in turn, advancing “sim-
ulated test programs” to a remarkable de-
gree. Simulated tests can be conducted along
several separate avenues as follows:

(1) Accelerated endurance testing, where-
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in the actual system is under test with normal
loads, but the time sequence is changed to
permit more rapid data gathered in accord-
ance with “reduced time” aging conditions.

(2) True or real time data in which the
simulation takes place by the aid of spe-
cially designed devices which replace whole
operating portions of the system by elements
which yield equivalent performance, and
cost appreciably less.

While it is also often possible to derive
portions of expected “systems” performance
by careful study and analysis of separate
“equipment” data, “system” tolerances are
obviously not the direct summation of the
deviations of the individual elements. Never-
theless, this limited usability of “equipment
derived data” is a useful tool for the system
engineer and serves to point out to him the
weakest link with respect to accuracy, out-
put, and so on.

E. Systems Integration

It has previously been implied that the
“human engineer” has a vital role to play in
all phases of systems engineering. Particu-
larly is this true in the systems integration
phase, wherein data utilization from the out-
put of the system is considered in relation to
the ability of a human being to master the
knowledge contained therein, or otherwise to
pass the information to other controlling
media. Thus, we are concerned with not only-
the quantity of data and its preciseness, but
also with the rate of flow, since humans have
a limited capacity in this regard. It is in this
phase of systems engineering that the astute-
ness of the program director is brought into
sharp focus, since it is he who formulates in
engineering terms the logic of the electronic
system. Even in the so-called totally auto-
matic systems, where data utilization may
not depend upon the human directly as a
control linkage, the problem still remains of
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passage of final output at such a rate as to
satisfy over-all objectives.

F. Technical Writing

It has been elsewhere stated that there is
a requirement for a certain degree of pro-
ficiency in technical expression and/or tech-
nical writing for those engaged in systems
engineering. That this can be developed in
an otherwise competent, experienced engi-
neer is not open to question providing that
one is willing to understand exactly what is
expected of him and to realize that these sys-
tems engineering duties carry with them
much greater co-ordination responsibilities
than do those in other branches of electron-
ics. With regard to this co-ordination, it is
well to realize that research and develop-
ment status reporting of “systems” is not
merely the summation of progress on sepa-
rate equipments or elements. Scientific di-
rection of the project, at least through the
development stage, implies continuous ex-
amination of the technical objectives, re-
phrasing systems “logic” where required.

IV. CONCLUSIONS

An attempt has been made in this paper
to derive the criteria for selection of engi-
neers capable of executing direction of com-
prehensive systems engineering projects, and
to point out the basic duties of this engineer
which are common to systems engineering
projects in general. It is quite apparent that
the electronic systems engineer must demon-
strate his executive qualities by precept and
example. Additionally, he must prove the
ability to assimilate an enormous amount of
new scientific data. The keenness of his di-
rection results directly from his ability and
special training. Attention is invited to the
fact that flexibility of this scientific direction
is a must, since systems engineering is neces-
sarily evolutionary.
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mastered by a technique which appertains to core construction, ar-
rangement and proportioning of windings, and circuiting. Principles
are described which have led to the construction of precision ampli-
fiers adaptable to a wide range of input impedances and output re-
quirements. Performance figures are given and practical applications
described. Graphical methods for dimensioning the circuit elements
and for predicting the performance of the assembly are set out and
applied to push-pull amplifiers. Performance limits imposed by zero
stability and response time are reviewed and assessed.
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the use of magnetic amplifiers for dc-dc amplifica-

tion at relatively low input levels. Particular at-
tention is devoted to features which have proved
essential for precision amplifiers of good linearity and
stability. In the interest of a more general treatment,
and to conform to practical precision amplifier tech-
nique, the twin core reactor with series connected ac
windings and separate positive feedback (self-excita-
tion) winding has been singled out as representative,
the theory and performance of which is in many ways
applicable to the self-saturating magnetic amplifier now
so widely employed in servo and power applications.

T HE PRESENT PAPER is mainly concerned with
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The Electronic “Systems” Engineer
A 0 . *
(Systems Project Dircctor)
RALPH 1. COLE?, SENIOR MEMBER, I.R.E.

[. INTRODUCTION

ORE THAN EVER before we are

becoming acutely cognizant that the

“systems” engineer, identified here-
in as the “systems project director,” must
assume a greater and greater responsibility
for large scale electronic programs, be they
research, development, or operational in
character. Partially, this arises from a need
to integrate the electronics with other ele-
ments, but possibly of greater moment is the
fact that the electronics portion within itself
is being required to accomplish many new
functions, more quickly, more efficiently,
and with greater precision than ever before.
The mere placing of “systems” responsibili-
ties upon “equipment” engineers without re-
gard to their capabilities does not in itself
provide for the foresight, guidance, and en-
gineering management required.

I't should be emphasized that the type of
systems effort being discussed herein con-
cerns comprehensive or multiple types. It is
obvious that the same criteria can apply to
systems of lesser complexity by lessening of
the standards by which we judge the quali-
ties of the “systems” engineer.

I1. CRITERIA IN THE SELECTION OF
“SysTEMS” PROJECT DIRECTORS

The ever constant pressure being exerted
for the completion of all phases of present
electronic systenis nearing final usage, and
the simultaneous requirement to initiate the
development of many more, immediately
brings into sharp focus the problem that
management must now face in the selection
of additional “systems project directors” to
augment existing stalffs.

In previous papers, “Management'’s
Role in the Research and Development of
Electronic Systems,” and “Management
Aspects of Electronic Systems Engineering,”
the author has pointed out that successful
systems engineering direction involves a
broad scale comprehension of engineering
problems and an intimate knowledge of the
prior art. On the assumption, therefore, that
we are now considering utilizing as “system
project directors” only experienced com-
ponent, equipment, or staff engineers, what
criteria can be set up to enable judging the
most competent personnel available for
“systems effort”?

Paramount attributes sought are the fol-
lowing:

(a) Possession of, or ability to acquire a
broad scale comprehension of objectives by
personal initiative. Engineers who are not
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sell starters can hardly compete in “sys
tems” engineering.

(b) Rapid grasp and understanding of
problems that are distinguishable in engi-
neering task assignment. Systems project
directors must be able to delincate clearly
these engincering tasks, and turn them over
to others, often not his subordinates, for exe-
cution. This implies that, above all, the sys-
tems project director must possess executive
management know-how or be able to acquire
it quickly through proper grooming.

(c) Ability to win respect of subordinate
engineers, above all for engineering and sci-
entific knowledge, as well as for administra-
tive talents.

(d) Astuteness in scheduling individual
phases of a program so that all engineering
effort can be used to the greatest possible
extent. Ile must not be the obstinate type
who insists upon original commitments re-
gardless of whether or not other facts now
support his contention. Nothing is so dis-
couraging to an engineer on the working level
than to have the results of his expedited
labor be placed “on the shelf” while awaiting
other essential equipments required for the
evaluation. Flexihility of direction is essen-
tial and all “systems” engineers must de-
velop a sixth sense concerning proper sched-
uling procedures and programs.

(e) Above average skill in technical writ-
ing. The successful direction of electronic
systems projects most often depends upon
the ability to set forth in writing, complete,
over-all, and detailed technical programs,
budget defenses therefore, evaluation pro-
cedures, etc., as well as progress reports.
Furthermore, since much of this writing is
actually accomplished by the subordinate
engineer, the systems project director must
have the knack of editing rapidly for tech-
nical accuracy as well as for policy, all writ-
ten material prepared in the accomplishment
of his over-all project.

To the extent that engineering dircctors
of “systems” projects initially possess the
above attributes depends the type and du-
ration of “systems” training that manage-
ment must provide. The “apprenticeship”
method wherein the potential systems proj-
ect director is made assistant to an experi-
enced man for a period of time and is then
gradually given his own systems responsibil-
ity, appears to be quite desirable, since this
permits the gradual evaluation by manage-
ment of the capabilities of the man in ques-
tion. Needless to say, the final results on the
completed “system” will reflect not only the
inherent capabilities of the engineer, but the
special preparation in creating an adequate
“systems environment” as well.

1. THE CoMMON DENOMINATOR IN
ELECTRONIC SYSTEMS ENGINEERING

It should be recalled that competent and
expeditious directing of systems projects not
only requires a well rounded engineering
background, but professional skills in spe-

cialized activities peculiar to the systems
functions as well. Nowhere is this more im-
portant than in the research and develop-
ment phase, although it applies g.enere{lly
throughout the entire systems engineering
field. In order to obtain a clearer under-
standing of the duties of the systems engi-
neer, mention should be made of the follow-
ing “across the board” functions:

A. Applying New Techniques to Systems

Regardless of the purpose for which a
system is intended, it is quite obvious that if
the end product is to represent what can be
achieved in the present state of the art, it
must incorporate the latest thinking gath-
ercd from all related equipments and sys-
tems as we!l as from allied research. It there-
fore follows that neither the system project
director, nor his entire technical staff, should
live in the vacuum of a specialized field
of activity, but rather must have ac-
cess to all related scientific knowledge.
Proper safeguards to insure this “modus
operandi” must be taken, since it is only
natural that an engineer wishes to accom-
plish his own particular mission without in-
terruption and may draw into his own shell.
In this connection provision must be made
by management for a continuous flow of in-
formation to the engineer accomplishing the
systems function, and often this low must
be by the medium of attendance at technical
conferences, witnessing of actual demonstra-
tions of other related equipments and/or
systems, and insurance that the latest
printed technical reports are made available
on a more or less automatic basis when such
is possible.

B. Standardization of System Elements

In common with all standardization in-
tent, motivation is due not only to resultant
fiscal economiies, but also to engineering and
production time to be saved. There is always
a strong tendency to wish to standardize on
systems components hefore proof of proper
performance. This should be encouraged
only when acceptable results can be achieved
by such standardization. System design
must remain in a flexible state until it is
known that the output requirements are
met. Standardization should then, and only
then, be vigorously pursued to the end that
reproducibility of the system is made easier
and a reduction in maintenance and supply
problems results.

C. The Role of Specialists or Consultants to
the Systems Project Director

From the above comments it is obvious
that the problem of the development of com-
prehensive systems involves, among other
things, setting up the medium for a contin-
ual flow of information relating to the re-
quirements from the user to the developer.
Smcg, ' general, electronic systems engi-
neering is highly specialized, it follows that
scientific consultants in components and
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equipments and in broader related fields can
usually speed up the activity and at the same
time materially add to the competence of the
engineering staff accomplishing the work. In
the latter instance, specialists in human en-
gineering fill a necessary gap in our engineer-
ing effort. The “human engineer” is not, and
“should not be considered, a substitute for the
Systems Development engineer. This type of
specialist or consultant should restrict him-
self to those problems of human activity in
which he has been given special training. He
must not be thought of as an extra “wheel”
with no appreciable duties, but rather as a
valuable consultant on the System Project
Director’s Staff, one of his major roles being
to continuously study design and proper
placement of the machinery that the human
being is expected to use. From the early
planning stages to the final evaluation, his
influence should have great bearing.

D. Systems Evaluation

It is apparent that upon the carefulness
of systems evaluation will depend the sys-
tem's net value, since only that performance
which is measurable can be counted upon for
end use. Thus, it is no happenstance that the
study of quality of the performance of a sys-
tem represents a large portion of the work-
load of the systems program director. It is
also through the medium of the systems
evaluation test that knowledge is gained of
the reproducibility of data. Since the “one
time” resuits may be of little value, careful
analysis of the deviation limits as well as re-
peatability of data is, of course, of utmost
importance. In this regard, statistical pro-
cedures have proven a great aid in this anal-
ysis work, and are, in turn, advancing “sim-
ulated test programs” to a remarkable de-
gree. Simulated tests can be conducted along
several separate avenues as follows:

(1) Accelerated endurance testing, where-
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in the actual system is under test with normal
loads, but the time sequence is changed to
permit more rapid data gathered in accord-
ance with “reduced time” aging conditions.

(2) True or real time data in which the
simulation takes place by the aid of spe-
cially designed devices which replace whole
operating portions of the system by elements
which yield equivalent performance, and
cost appreciably less.

While it is also often possible to derive
portions of expected “systems” performance
by careful study and analysis of separate
“equipment” data, “system” tolerances are
obviously not the direct summation of the
deviations of the individual elements. Never-
theless, this limited usability of “equipment
derived data” is a useful tool for the system
engineer and serves to point out to him the
weakest link with respect to accuracy, out-
put, and so on.

E. Systems Integration

It has previously been implied that the
“human engineer” has a vital role to play in
all phases of systems engineering. Particu-
larly is this true in the systems integration
phase, wherein data utilization from the out-
put of the system is considered in relation to
the ability of a human being to master the
knowledge contained therein, or otherwise to
pass the information to other controlling
media. Thus, we are concerned with not only-
the quantity of data and its preciseness, but
also with the rate of flow, since humans have
a limited capacity in this regard. It is in this
phase of systems engineering that the astute-
ness of the program director is brought into
sharp focus, since it is he who formulates in
engineering terms the logic of the electronic
system. Even in the so-called totally auto-
matic systems, where data utilization may
not depend upon the human directly as a
control linkage, the problem still remains of
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passage of final output at such a rate as to
satisfy over-all objectives.

F. Technical Writing

It has been elsewhere stated that there is
a requirement for a certain degree of pro-
ficiency in technical expression and/or tech-
nical writing for those engaged in systems
engineering. That this can be developed in
an otherwise competent, experienced engi-
neer is not open to question providing that
one is willing to understand exactly what is
expected of him and to realize that these sys-
tems engineering duties carry with them
much greater co-ordination responsibilities
than do those in other branches of electron-
ics. With regard to this co-ordination, it is
well to realize that research and develop-
ment status reporting of “systems” is not
merely the summation of progress on sepa-
rate equipments or elements. Scientific di-
rection of the project, at least through the
development stage, implies continuous ex-
amination of the technical objectives, re-
phrasing systems “logic” where required.

IV. CoNCLUSIONS

An attempt has been made in this paper
to derive the criteria for selection of engi-
neers capable of executing direction of com-
prehensive systems engineering projects, and
to point out the basic duties of this engineer
which are common to systems engineering
projects in general. It is quite apparent that
the electronic systems engineer must demon-
strate his executive qualities by precept and
example. Additionally, he must prove the
ability to assimilate an enormous amount of
new scientific data. The keenness of his di-
rection results directly from his ability and
special training. Attention is invited to the
fact that flexibility of this scientific direction
is a must, since systems engineering is neces-
sarily evolutionary.
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Summary—Design problems of magnetic amplifiers have been
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rangement and proportioning of windings, and circuiting. Principles
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fiers adaptable to a wide range of input impedances and output re-
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and for predicting the performance of the assembly are set out and
applied to push-pull amplifiers. Performance limits imposed by zero
stability and response time are reviewed and assessed.

= Decimal classification: 538X R363.3. Original manuscript re-
ceived by the Institute, June 25, 1951; revised manuscript received
November 16, 1951,
t Group Designs Manager, Joseph Lucas L.td., Great King
Street, Birmingham 19, England.
e jéonsu]ting Engineer, 201 Clive Road, London, S.E. 21, Eng-
nd.

INTRODUCTION

JHE PRESENT PAPER is mainly concerned with
12[ the use of magnetic amplifiers for dc-dc amplifica-
tion at relatively low input levels. Particular at-
tention is devoted to features which have proved
essential for precision amplifiers of good linearity and
stability. In the interest of a more general treatment,
and to conform to practical precision amplifier tech-
nique, the twin core reactor with series connected ac
windings and separate positive feedback (self-excita-
tion) winding has been singled out as representative,
the theory and performance of which is in many ways
applicable to the self-saturating magnetic amplifier now
so widely employed in servo and power applications.
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1. Magnetic Circuits

The function of the Magnetic Amplifier has been rec-
ognized to be that of a switch,! making at a controllable
instant of the supply voltage wave, and breaking at or
near the zero passage of the current wave. Such a per-
formance is achieved by utilizing the reactor units
as circuit elements of alternately very high and very
low impedance, an effect facilitated by the existence of a
point of rapid change in slope of the magnetizing char-
acteristic. Because the presence of air gaps in the mag-
netic circuit impairs the initial slope and is undesirable,
the inference appears to have been drawn that a com-
pletely closed iron path is called for within the individ-
ual stampings, or that at least spirally wound cores are
required. This is, however, not the case.

1T

- n
-~

Core with sideways air gap using U-shaped laminations
with reinforced yoke.,

3o

Fig. 1

T'rue, the conventional technique of interleaved lami-
nations would not do. At the overlap every other lami-
nation is required to carry up to twice the flux appor-
tioned to it elsewhere in the limb (“isthmus effect”), and
it is obvious that local saturation sets in when the main
part of the magnetic circuit has reached only 50 per cent
saturation flux density; a three-zone magnetizing char-
acteristic with two “knees” ensues. The existence of the
middle zone spoils the performance, while the third zone
is outside the range of practical use. This dithculty is
overcome by application of a “sideways” air gap, I'ig. 1,

! A. U. Lamm, “Some fundamentals of a theory of the transduc-
tor or magnetic amplifier,” Trans. AIEE, vol. 66, pp. 1078-1085;

1947.

March

in which the flux is transferred from the limbs to yokes
reinforced to twice the width of the limbs. There is
no isthmus cffect, and the reluctance of the gap is
minimized by the large area available for flux transfer.
The latter advantage is accentuated if the core is built
up from thinner laminations, because the ll'u..\ (lcn'sit'\; in
the gap arca is proportionately r(-(ln('v('l. \.\‘hllc.lhls is of
importance where very high power gain is desired (sa
108 in one stage), it may, in passing, be remarked that
the low initial permeability of some important core ma-
terials seems to come more readily into appearance once
the air gap is practically climinated. "I'he magnetizing
characteristic of such a core approximates to a two-zone
characteristic not passing through the origin but dis-
ptaced in the direction of the ampereturn axis.

Of the customary high permeability core materials,
Mu-metal (Permalloy) has no preferred direction and
leaves full freedom for circular or rectangular shape of
the stampings. Grain oriented 50 per cent nickel-iron
strip has two preferred directions at right angles to cach
other, thus favoring the application of a rectangular
outline of the stampings.

A core built up from punched laminations using side-
ways air gaps is, for practical purposes, magnetically
equivalent to onc of gapless design. The advantage that
the coils can be wound on formers and the core finally
assembled without being subjected to any mechanical
stress, explains the wide appeal of saturable reactors
cored with laminations of the reinforced voke type.
Standardized laminations of the “I2” type, to be used
with only one wound limb, are available in the principal
core materials, Mu-metal, and grain oriented 50 per cent
nickel-iron. T'he authors believe that to have a consid-
erable portion of a saturated magnetic path not covered
by windings entails the piling up of free magnetomotive
forces. It is, hence, less desirable than a uniform distri-
bution of the -windings along the saturable core, as
ideally represented by a ring shaped core, and prac-
tically materialized by the U-core with two wound
limbs. The latter is also less prone to respond to external
disturbances such as stray ficlds, the magnetic field of
the earth, and proximity of magnetic materials, includ-
ing the case.

Magnetic circuits with ac coils and dc¢ control wind-
ings on different limbs are in manv respects simpler
than the twin core design, but they lack the close inter-
action of the two winding systems. Types working with
self-saturation, as well as designs using 100 per cent
positive feedback (sclf-excitation) with ac and feedback
windings arranged concentrically, are hardly affected
by this in view of the very small residual ampereturns
on the individual magnctically operative limbs. This
point should, however, be watched in designs with mod-
crate positive feeillback or with ne feedback at all.

To secure uniform performance of individual satura-
I)lg reactors, and to facilitate their proper matching in
!)axrs capable of operating in push-pull arrangement, it
1S necessary to test incoming hatches of la minations and
to classify core stacks with regard to initial permeability,
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slope of linear portion of the magnetic characteristic,

and saturation flux density.

11. Magnetic Amplifiers with One Saturable Reactor

Some of the more important circuits are shown in
"Fig. 2. For the dc controlled saturable reactor unit itself,

"
! OLLOAD ! ._]l | oLLOAD

rHi " E
(b) |

Fig. 2—Magnetic amplifiers with one saturable reactor (dc output).

(a)
(a) Circuit with self-excitation (ac winding§ connected in serigs).
(b) Self-saturating reactor, full-wave circuit. (c) Self-saturating
reactor, doubler circuit.

~~

(0

the short and descriptive term “transductor” has been
coined.

A. Basic Analysis. E-I Chart, Load Lines: The mag-
netic amplifier is closely related to the conventional
transformer, inasmuch as the ampereturns of the output
winding balance those of the dc windings at any instant,
apart from a small residual percentage which produces
the useful flux. The dc component of the latter, appro-
priately visualized as a flux shift displacing the ac flux

wave, is the controlling quantity of the amplifier per--

formance, and requires for its excitation only a small
fraction of the total dc ampereturns. From Fig. 3 it is

- — 7
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Fig. 3—Family of voltage-current characterics of saturable reactors
without feedback for varying dc ampereturns. Load line construc-
tion.

seen that for suitable core material the ac current is for
a wide range of voltages essentially determined by the
dc excitation, and that the influence of the voltage con-
sists in a small deviation of the slope from the vertical
direction. If the ac output is rectified, a de-dc transfor-
mation is effected.

Now let part of the ac supply voltage be consumed in
a load resistance inserted in series with the twin reactor.

Butcher and Willheim : Magnetic Amplifier Technique
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By entering a load line in Fig. 3, this can be accounted
for. As long as average values of E and I are used, such
load lines are not ellipses, as they would be for rms val-
ues, but straight lines. To deduce this without elaborate
mathematics, it is useful to investigate the variation of
currents and fluxes with time. This has been done in
Fig. 4. Blocking periods alternate with conducting peri-

t
|
!

Fig. +—Wave shapes of fluxes (top) and current (bottom) of series
connected saturable reactor. The E/Rwave represents the supply
voltage.

ods according to whether or not the core is magnetically
operative. Of the two-voltage areas the first represents
the volt-seconds absorbed by the reactive member;
when saturation sets in, the voltage is thrown upon the
resistive clement! (second area). Hence

]L‘supply av. — ]freaewr av. + Ioutput av, X Rlondy (1)

which is indeed the equation of the straight load line in
Fig. 3. (It should be realized that in series connected
twin reactors, after one core has reached saturation, the
other behaves as a short-circuited transformer, causing
mainly resistance drop, provided that the short-circuit
reactance and the control circuit resistance are both
kept low.)

The term, Ereactor av., includes internal resistance drops
and rectifier drops. The magnetically absorbed voltage
18 Ereactor av. — Loutput av. X Ri. The slope of the top and
bottom sections of all characteristics is determined by
the internal resistance R;, provided that completely
saturable core material is employed.

The “ampere-turn balance principle” which, in a modi-
fied meaning, the saturable reactor has in common with
the conventional transformer, can be written as

A Toutput =4 Tdo + k(l':rcncmr - Rl‘ Toutput) + Cv (2)

valid for average quantities, with Feeter in volts per
turn and R, in ohms per turn.?

LEquation (2) is evidently the analytical expression for
the straight portion of the graphs A Ty = const. in Fig. 3.
Instead of investigating the factor k connecting the
magnetically absorbed reactor volts with the ampere-
turn deficiency, we shall be content to explore, by cle-
mentary methods, such information as can be derived
from the mere existence of these straight portions. In-

1S, E. Tweedy, “Magnetic amplifiers,” Electronic Eng., (London),
vol. 20, pp. 3843, 84-88; February and March, 1948,
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side the lozenge-shaped complete E-I chart Fig. 3, they
occupy a region the borders of which are roughly parallel
to the top and bottom boundary lines.

Experimentally the family of E-I characteristics is
conveniently obtained by tests with externally set dc
excitation, but the physical, meaning of AT, is not con-
fined to this narrow interpretation. In particular, there
is the possibility of introducing positive feedback, mak-
ing use of the “equivalence principle”

ATda = A Tnontrol + aA Toutput' (3)

where « is the per unit feedback factor.

The application of positive feedback relieves the ex-
ternal signal source of all but a small basic excitation
current. In this way an ampere-turn gain is achieved
and, at the same time, the power gain is increased con-
siderably. The manner in which the rectified output is
fed back does not depend on the polarity of the con-
trolling signal. This suggests talking of “self-excitation”
rather than of “positive feedback.”

& av
(INV/T)
A Two =i o
Ve —— 1OO)/SE
ESUiPPLY ::::’—,E:::_’ I _
| S - I av
(in AT)
(a)
E av
I av
(b)

Fig. 5—E-I charts for self-excited saturable reactor. (a) Self-excita-
tion 100 per cent or less; linear transformation of signal lines.
(b) Self-excitation more than 100 per cent.

From (2) and (3) we can now deduce:
(1 - a+ kRo)A Toutput = AToontrol + kEreutor + C. (4)

(The term € may include influences in the nature of bias
ampereturns or of basic voltage drops of rectifiers.)
The following conclusions can be drawn (Fig. 5(a)):

PROCEEDINGS OF TIIE I.R.E.

1) The “signal lines” A Toutpul.=f(Erenotor) for constant
control ampercturns are, in a certain region of the -/
chart, straight lines for any chosen sclf-excitation a.

2) Within this linear area their slope is 1—a+kR:-/k,
becoming R, for a=1. Thus for 100 per cent self-excita-
tion and for self-saturation the E-I characteristics run
parallel to the Ry slope, i.c., to the borders of the lozenge
containing all working points. (Due to self-excitation
winding and rectifier forward resistances, R; is not the
same as in Fig. 2.)

3) The vertical spacing of any two signal lines (i.c.
AE, esot0r fOr AA Tourpue = 0) is a measure of their label dif-
ference AA Toontror, independent of the degree of self-ex-
citation.

4) The process of transforming one family of signal
lines into another, retaining the steps in the signal label-
ling, consists in turning the straight lines around their
points of intersection with any vertical line AT uepue
=const. (To make the absolute levels of the signals the

same, the loss in sclf-excitation ampere-turns, i.e.
(o1 —aa) A Tourput, has to be replaced by bias.)
By applying (1), (4) can be transformed into
[(1 = @) + A(Ri + Rioud) |4 Toutpue
= ATcontror + kE-upply + C. (5)

For a given supply voltage, we obtain for the reciprocal
of the ampere-turn gain

AA Toontrol

— = (1 — k(R; Rigad). 6
A Toueper ( a) + k(Ri + Rigaa) (6)
(AMPERE-TURN -/
GAIN .
N - o
10
o8
o6
O 4
o2
.0
— —
r"i+ RLOAD

Fig. 6—Milnes’ diagram of magnetic amplifier performance.

Milnes® has made this relation the basis of the very
interesting and experimentally well confirmed diagram,
Fig. 6.

In attaching absolute values to the labelling of the
signal lines in Fig. 5(a), a difficulty is encountered. Re-
membering what has been said in section I about the
horizontal displacement of the magnetizing curve of the
saturable reactor, it should be realized that application
of positive feedback results in converting the natural ac
ampere-turn displacement into dc am pere-turns acting as

? A. G. Milnes, “A new theo f th i i 7
IEE (London), vol. 97, pp. 460-474; Auegun;?,g 1550, “mPlifier.” Proc.




1952

a self-bias. A compensating negative bias is used to put
the working point to where it is wanted for best per-
formance with respect to one or more of the essential
features: sensitivity, linearity, stability.

Outside the linear range, the E-I characteristics for
‘constant signal are no longer straight, but curved, and
no longer equidistant, but crowding in the proximity of
top and bottom border.

Drawing a load line through an E-I chart supplies
the relevant information for -yet another description of
amplifier performance, viz., the transfer characteristic
by which the output current (or voltage) is given as a
function of the controlling signal.

The E-I charts in conjunction with load lines present
a versatile tool, giving at a glance the influence of
changes in load, supply voltage, and degree of self-exci-
tation, as well as providing the answer to the question
of load matching.

The load line for maximum power at a given signal,
it maximum power gain, is the reflection of the E-T
characteristic on a horizontal line. This gives the maxi-
mum area of the triangle formed by Elosa and Jioaa in
Fig. 5(a). For maximum output at very large signals,
the load line should be chosen to form the reflection of
the bottom border on the horizontal. The two conditions
coincide for 100 per cent self-excitation (self-saturation).

The steep slope of the signal lines in Fig. 3 gives good
stability against supply voltage variations. In Fig. 5(a)
however, this feature is seen to be sacrificed to high gain.
Hence, if positive feedback is to be utilized to full ad-
vantage, stability considerations demand the use of
push-pull arrangements. Another way of improving sta-
bility is indicated in Fig. 3. The vertical characteristic
shown there as a dotted line is obtained by an auxiliary,
voltage-proportional excitation kEreactor opposing the
main excitation A Ta. In Fig. 5(a) the stabilizing effect
of this method of compounding is shown to hold good for
positive feedback. If, for instance, a supply voltage varia-
tion should result in shifting the load line upwards into
the dotted position, the output can be restored by chang-
ing over to a signal line of lower label. With the help of
this principle, improved stability is obtained auto-
matically when, e.g., for the purpose of backing off a
given positive signal, negative bias is derived from the
rectified supply voltage.

The E-I diagram presents a way of visualizing the
fact that the average value of the magnetically absorbed
voltage Ereseror — Riloutpue is in a simple relation to the
flux swing as plotted in Fig. 4, top:

é' (Ereunor av, — Riloutput IV.)

1/24
= f (emtor — Rit)dt = 2(‘:’.“ S q)o). (7)
0
This is illustrated in Fig. 7, and leads to the result that
each working point inside the lozenge is characterized
by the initial flux ®, (or, for that matter, the flux shift
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1(®uar+ $o) = ®4) and by the output current. All lines
for constant @, are parallel to the borders of the lozenge,
and coincide with the E-I characteristics for 100 per cent
self-excitation. (A negligibly small error is caused by the
shaded current areas indicated in Fig. 4, bottom.) In
this way we derive from Fig. 7 the simple relation:

Alutput av. X (Rlobd + R.) = 4qu>0' (8)

which is of considerable importance for time constant
theory.

—— - -
LoutrurxR woAD
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Fig. 7—The position of the working point as a measure of
the initial flux ®o.

For more than 100 per cent self-excitation, the linear
sections of the E-I characteristics assume a negative
slope, bending back towards the bottom border, Fig.
5(b). Along the falling part of the resulting S-loop, in-
stability is usually expected to occur, but it should be
realized that for sufficiently steep load lines there is only
one point of intersection. In such cases the sections with
negative slope are stable and give high amplification.
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Fig. 8—Bobbins and winding arrangement for twin-core reactors.

B. Electric Circuiting: Twin core reactors are prefera-
bly designed with special bobbins on the pattern of Fig.
8, with common dc windings which comprise self-excita-
tion and signal windings, often also bias and balancing
windings, compounding and feedback windings, as the
case may be. Some of them deserve a few words of ex-
planation.
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It is possible to combine the ac windings with a 100
per cent self-excitation winding by an arrangement
which has become known as self-saturation,® simplified
sclf-excitation® etc. Considerable economy in winding
space is gained thereby. Supplementary feedback wind-
ings have to be provided for increasing or reducing the
effective self-saturation. For precision amplifiers with
dc output, the leakage current of rectifiers responsible
for the self-saturation is of great influence. In FFig. 2,
load rectifier and self-saturation rectifier are shown as
separate elements which can be selected in accordance
with their functions.

The signal winding or windings usually take up the
major part of the winding space available, as this is es-
sential for high power amplihication. For the same pur-
pose the input resistance of the amplifier should be rea-
sonably well matched to the impedance of the signal
source. lowever, de-matching by a ratio of 2:1 or 1:2
means a loss of only 11 per cent of the maximum possi-
ble input power. By splitting the signal winding into
two sections, as are anyway available on a two-limb
design, and applving series-parallel connection, a range
of source impedance of 1:16 can be catered for with one
amplifier. Units with input impedances ranging from
0.1 to 65,000 ohms have been built, the upper limit be-
ing set by the requirements of sturdiness and size limita-
tion. When rectified ac signals have to be employed,
the basic rectifier drop (approximately 0.7 volts for a
single-disk selenium rectifier bridge) has to be overcome.
The loss in signal can be reduced by applying a suitable
step-up transformer for the original signal. A series re-
sistor must be inserted between rectifier and signal
windings, to minimize the possibility of spurious signals
being produced by rectification of the second harmonic
which is induced in the dc windings. Similarly, if a
barrier layer photocell is the signal source, measures
are required to prevent that the second harmonic is
rectified and converted into a spurious dc signal. A
capacitor parallel to the signal source is of ten used, but
the effect on the response time has to be watched.

Bias windings are often supplied from mains through
rectifiers and series resistors high enough to prevent
them from acting as slugs and impairing the time re-
sponse. Care should be taken to keep such bias windings
free from the intrusion of capacitive currents of mains
frequency which depend on the polarity of the ac con-
nections and, by passing through the bias winding every
other half cycle, could produce spurious efiects.

The gain of a magnetic amplitier incorporating a sin-
gle saturable reactor could be adjusted by a resistor
shunting the self-excitation winding. A disadvantage of
this method is the difference in temperature coetficient
between winding and shunt. It has been found prefer-
able to shunt only a section of the self-excitation wind-

4\V. ]. Dornhoefer, “Sclf-saturation in magnetic amplifiers,”
Trans. AIEE, vol. 68, pp. 835-816. 1949, . )

s L. F. Borg, “Transductors and their application,” Elec. Times,
vol. 117, pp. 269-273; February, 1950.

or TIHE I.RL. March

ing. Stability of the resistors is an important require-
ment, )

Balancing windings of small volume are app!wd 'for
various purposes. If all dc circuits m‘e.of very hlgh im-
pedance, a balancing winding, short-circuited on itself,
enforces equality of flux variation in the two cores,
and ensures a well defined performance. A balancing
winding may also be employved for influencing transient
performance

Feedback windings are a feature of some importance
for push-pull arrangements where the relevant points
will be mentioned

For servo-applications, further windings may be pro-
vided to accept signals from tacho generators cte., or
to introduce derivative feedback or other signals of a
transient character

C. Applications: A magnetic amplifier incorporating
a single saturable reactor has unidirectional dc output,
a rather hmited range of linearity, and a certain stand-
ing output at zcero signal. In addition, good stability of
the zero setting is not achieved without special meas-
ures. The working point could be shifted (biased) to the
linear section of the input-output characteristic, the
standing current compensated, and even duo-directional
output achieved. Nevertheless, the applications for in
strumentation purposes arce infrequent and restricted to
low gain so as to minimize the stability problem. Output
stages for stepping up the power obtainable from push-
pull arrangements provide an example. Control applica-
tions, however, have been made with particular success,
a combination of a magnetic amplifier with a de relay
being the outstanding representative. Intrinsic power
amplifications of the order of 10° have been obtained in
one stage. In the design illustrated by IFig. 9, matching

Fig. 9—Magnetic amplifier relay.,

of source impedance and input resistance is intention-
ally avoided, the latter being designed to amount to,
say, one tenth of the former.
sacrifice of two thirds of the n
power, and requires

Fhis means a deliberate
laximum available input
a corresponding increase in gain.
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According to what has been said at the end of section
I1 A, this can be done by judiciously employing more
than 100 per cent self-excitation, still avoiding trigger
action. The over-all effect is one of obtaining a given
output for a given signal, and yet achieving a consider-
*able reduction in response time. In (11) to (11(d)) fol-
lowing it will be scen that for this purpose the signal
volts per turn should be made as high as possible by
designing the signal winding with a low number of turns
and providing a high ampere-turn gain.

Magnetic amplifier relays have been produced for
operation from leakage currents, barrier layer photo-
cells, resistance thermometer bridges, and thermo-
couples. Other applications are the surface or interface
level control of highly inflammable liquids, and the
operation of power devices by electric signals from
intrinsically’ safe circuits situated in explosive atmos-
pheres.

I11. Push-Pull Amplifiers

For a number of reasons, push-pull amplifiers are the
answer to problems requiring high precision of per-
formanece:

a) They provide duo-directional output, giving zero
output for zero signal;

) They are intrinsically stable, the effect of voltage
variations cancelling out by the combination of the two
units;

¢) The linear range is extended, as can be deduced
from the deviation from linearity of a continuously
curved input-output characteristic. The output current
of a magnetic amplifier biased by a current , and re-
ceiving a controlling signal I is

f(Is + 1) — f(10).

I“or push-pull connection this is modified to
4+ 1) —fu,—1).

By expansion it can be scen that in the second case
linearity is improved by a full order of magnitude.

From the graphical treatment in section T B it will
hecome apparent that, compared with the individual
magnetic amplifier, the output available in the load has
been halved, although the amount of material has been
doublcd. This is the price paid for improved perform-
ance.

It is common practice to use two identical saturable
reactors conveniently arranged in a common case to-
gether with supply transformer, mixing circuit, and
potentiometers for zero setting and gain control.

A. Circuitry: The various windings of the individual
transductors are essentially the same as those described
in section 11 B. Fig. 10 gives a principal circuit diagram.

The bias windings and the signal windings are con-
nected so as to act in the same sense in one unit and to
oppose cach other in the other unit. flence, the bias
windings can be used to fix the position of the so-called
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“working point” for zero signal. A potentiometer can be
arranged to trim the bias ampereturns and to set zero.
It may be necessary to reset zero when the gain is
changed over a wide range.

LOAD

conTROL

L
| SIGNAL Ly 2an

Fig. 10—Basic circuit diagram of self-excited push-pull amplifier
for dc output.

In both units the self-excitation windings have the
same sense with respect to the bias windings and can be
supplemented by feed-back windings which are excited
from the output circuit. The directional effect of the
current through these latter windings, which act in sym-
pathy with the-signal input, justifies the use of the
term feed-back for the function of such windings. It is
feasible to provide more than 100 per cent self-excita-
tion, and to apply negative feed-back for gain control
which can be effected by potentiometer excitation of the
feed-back winding.

There remains the choice of deriving the feed-back
from the load current or the load volts. Both methods
have their merits and their range of application (S. E.
Tweedy). The application of feedback results in a linear
transformation of the E-I chart, the straight sections
of which turn round their points of intersection with
the vertical or horizontal axis through the working
point. The new slope and, hence, the dynamic resistance
(which, by the way, is indicative of the load resistance
giving highest power gain) can be made high or low, in
accordance with the feed-back arrangement chosen.

The dominating problem of duo-directional dc ampli-
fier circuitry is that of the mixing circuit for the two
transductor output currents. There are two basic solu-
tions, both requiring the absence of direct electric con-
nections between the two units on the ac side, and, ac-
cordingly, the use of supply transformers with two
separate, though closely linked, secondary windings. (A
tertiary winding is provided for the bias circuit.) Suita-
ble circuits are shown in Fig. 11 and are readily recog-
nized as current mixing, or parallel mixing, or Y-circuit
on the one hand, and as voltage mixing, or series mix-
ing, or A-circuit on the other. It should not be assumed
that the two mixing resistances R, in the parallel mixing
circuit (which may be assumed to include the rectifier
forward resistance) are dispensable. They secure that
over a given output current range the load resistance is
not shunted by the one rectifier which reccives the
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smaller ac current. This would be the case if IR, would
not exceed (I, I;) Rigaa. It will be seen that the parallel
mixing circuit, in order to have its linear range ex-
tended to higher loads or higher currents, requires a
sacrifice in mixing efficiency. A fraction R,/Rn+ 2R 0sa
of the output voltage is lost. Similarly, the mixing re-
sistors of the series mixing circuit divert the fraction
Riga/Ricaa+ 2R, of the differential current from the
useful load. This suggests a high value for R.., which in
turn results in high supply voltage and high standing
losses. The performance analysis with the help of_'load
lines is the subject of section 111 B.

The parallel mixing circuit automatically limits the
current output into a given load, a feature which is
sometimes desirable for thermal reasons (motor field
currents) or for early stages of multistage amplifiers.

B. Graphical treatment in design stage: From the equa-
tions entered into the circuit-diagrams, Fig. 11(a) and
11(b), it is easy to derive the relations

L+ 1, L, + E,,
m 2 = “supply 2
I| = 12 Eaz - Eal
(R + 2Ri0na) - = - )]
2 2
valid for the parallel mixing circuit,
and
11 + 12 Eu| + Ea,
Rm _2'_ = Lweupply — — 2 -
I—1 1 1 YE, — E,
— =+ | L)
2 lRm Rioua | 2
{ 2 |

valid for the series mixing circuit, all magnitudes repre-
senting average values. The points (E,, I;) and
(Es,, I.) are somewhere on the signal lines labelled + 7,
and —1,.

—e N o0——

e] | | Ea
-

RLOAD
Rm Rwm
—

I I,

Esuppy "B LR} (Il - Iz) Rioao
Esuepy ~Eaz= LRy (Iz N II) Rioao

(a)

March

The interpretation of (9) ani (10) can be fpund in
Figs. 12(a) and 12(b), respectively. The following pro-

cedure can be adopted:

Fig. 12 —Graphical design procedure for push-pull amplifiers.
(a) Parallel mixing circuit; (b) Series mixing circuit.

1) Choose a working point in the linear part of the
lozenge, preferably well to the right of the voltage axis.
This implies a given dc excitation consisting of a com-
bination of self-excitation and bias. Draw a load mixing
line under a slope corresponding to Kn through the
working point. The point of intersection with the ordi-
nate axis indicates the required supply volts. The pri-
mary resistance of the supply transformer contributes
to the effective mixing resistance.

2) It will usually suffice to consider the signal lines
for 100 per cent self-excitation, without resorting to the
linear transformation indicated in Fig. 5(a) or those
mentioned in section 111\, Negative feed-back can be
relied upon for final trimming and gain control.

3) Draw a load line through the zero-signal working
point with a slope corresponding to the series connec-
tion of R,, and 2Ri..4 for a parallel mixing circuit, or to

——e 'V o—_

R
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I= (Esuppu‘ Eal J Rl*m‘ (Em‘ Eaz)

|
Rioao
I

RLOAD

I- (Esuppu = Eaz) Rl—m - (EQ—EQI)
(b)

Fig. 11-—Mixing circuits for dc output. (a) Parallel mixing circuit; (b) Series mixing circuit
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the parallel connection of Rm and 3R for a series mix-
ing circuit.

4) The points of intersection between that load line
and two symmetrically labelled signal lines of the E-I
chart determine the actual working points of the indi-
. vidual saturable reactors on application of signal. The
position of these points inside the experimentally known
limits of the linear range of the lozenge has to be con-
firmed. *

5) Preferably, the load line should intersect with the
ordinate axis just below the saturation voltage of the
saturable reactor.

6) The saturation output can be found on the other
end of the same load line, and should satisfy the speci-
fication.

7) The lozenge should then be checked with respect
to the assumed resistance of windings and rectifiers
which can now be established more accurately.

8) Load voltage and load current are in Figs. 11(a)
and 11(b) marked with bold lines.

This procedure has to be slightly modified if the two
lines for positive and negative signal are not symmetri-
cally positioned with regard to the zero signal line. A
load line of the aforementioned slope has to be drawn
between the two signal lines so that it is bisected by the
R.,-line.

The method described in this section has proved a safe
guide in designing push-pull amplifiers and devising
suitable component values for mixing circuits. Its range
of applicability includes, for instance, integrating motors
which are essentially devices drawing a constant cur-
rent. Their load line is a straight line parallel to the
R.-line, displaced by a constant current.

C. Performance Figures for Push-Pull Amplifiers:
Representative performance figures for a design which
has originated in Britain and has been introduced in the
United States are tabulated below:

Input impedance: 0.5 to 135,000 ohms; preferred
values: 2, 200, 20,000 ohms.

Qutput impedance: preferred value, 10 to 15 ohms.

Nominal output current: 5 milliamperes

Linear output: 100 milliwatts. Maximum output: 0.8
watt.

Power gain: Controllable from 700 to 45,000.

Zero stability: Short-term 1072 watts, long-term
3 X101 watts.

Amplification stability: +} per cent of readings for a
power gain of 1,000 (including the effect of supply
voltage fluctuations by + 10 per cent).

Time Constant: 2.5 seconds at a power gain of 15,000.

Supply: 115 volts + 10 per cent; consumption 10 va.

Weight: 22 lbs.

Dimensions: 8 X 12 X6} inches.

D. Some Examples of Practical Applications of Push-
Pull Amplifiers: Power sources of mains frequency, 400,
and 1,000 to 2,000 cps are prevalent.

The more frequent signal sources are: electronic;
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photo-electric (e.g., photometer, input for full scale de-
flection 10~® watts); bridge unbalances (e.g., strain gage
bridges for stress monitoring and horsepower recording,
also inductance bridges for recording of turbine eccen-
tricity); thermocouples, thermopiles (integrating solar-
imeter), lead sulphide cells.

For signals characterized by an emf (thermocouples)
rather than a current (barrier layer photocells, high
impedance sources) the temperature dependence of the
input resistance requires attention. Swamping resist-
ances, signal cancellation by resistance feedback, and
signal correction derived from a bridge network in the
output circuit are means of redress, given in ascending
order of efficiency.

Push-pull amplifiers have been used as stable pre-
amplifiers for the magnetic amplifier relay combination
described in section II C, increasing the sensitivity by
a factor of 1,000, at the same time permitting of con-
tinuous indication. (Example: Detection of oil in water
by measuring opacity; full scale deflection for 2X1078
watts corresponding to two parts in a million; relay re-
sponse at 50 per cent full scale deflection, release at 45
per cent. Similar application: pH supervision with
antimony-calomel electrode as detecting element, opera-
tion for 20 millivolts deviation from an adjustable basic
signal of 200 to 400 millivolts.)

On their output side, push-pull amplifiers for dc loads
are used for metering, recording, telemetering, or for
control of saturable reactors, fhp motors, etc. The com-
bination with integrating motors has increased the scope
of both devices.

Oscillographic recording of amplified low-frequency
signals requires conversion of the output consisting of
sequences of voltage or current areas of twice supply
frequency into average magnitudes by means of ele-
mentary filter arrangements or RC circuits.

The zero balancing of a magnetic amplifier is greatly
simplified by dc output which for ac output isa rather
difficult proposition unless the output circuit is selec-
tive for the active component of the fundamental wave.
If ac output is required, cascading with a first dc out-
put stage has the advantage of providing a superior
solution for the problem of zero balance and zero stabil-

ity.
IV. Transient Performance

The basic concept is that of a change in flux shift
developing over a number of half cycles of the supply
frequency. The analogy with the process of building up
a flux from a dc source through a resistance has been
applied. This leads, with the help of (8), to the formula®

1
T= -4—f X (over-all volts-per-turn gain). (11)

A number of equivalent expressions can readily be de-

rived by simple arithmetic:

S, E. Hedstrom and L. F. Borg, “Transductor fundamentals,”
Electronics, vol, 21, pp. 88-93; September, 1948.
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. 1 . I(uu olrouit
T = 4 X (ampere-turn gain) X i ’

Leantrol oirouit

(1))

) 1 over-all power gain
T = X : (11(b))
4f ampere-turn gain

Ruo oircuit

/
1 /
Rcuntrul oirouft

All resistances are actual resistances divided by the
square of the number of turns per core of the respec-
tive circuit. “Over-all” gains are computed in such a way
that in the power circuit all internal resistance drops
and power losses are counted as output, and that the
internal resistance of the signal source counts as input
resistance.
An alternative formula is

T vover-all power gain (11(c))

Rcunlrul winding

1
T = useful power gain X
4/ * l . ‘I Rloud

Rno circuit
x —

Rcuntrol circuit

(11(d))

There is no contlict between statements such as “the
time constant is proportional to the power gain” and
“the time constant is proportional to the square root
of the power gain”, provided the full expressions (11(b))
or (11(c)) are taken into account. It is just a matter of
what is kept constant.

Dc windings coupled with the control winding par-
ticipate in the transient, acting as slugs. The time con-
stant is increased by a factor

1 + Rconlrol circuit
Rcouplcd circuits

This applies to saturable reactors with parallel con-
nected ac windings. Self-excitation windings are an
example of cases in which rectifiers would appear to
provide a continuous unidirectional path for transient
currents which tend to oppose a decrease in signal. The
effect is, however, confined to insignificance bv the ac
current retaining control of the rectifier commutation.

If the signal itself is derived from an ac source
through a rectifier, reduction of the signal emf results
in a transient current byvpassing the ac resistance via
the rectifier.

The interpretation, often given to the expression for
the time constant, that increased supply frequency re-
duces the time constant is, according to (11), correct
with the qualification that the overall volts per turn
gain has to be kept constant. lowever, as the amplifv-
ing properties could be increased proportional to the
frequency, any resultant advantage regarding time con-
stant goes at the expense of the potential service ol-
tainable from a given frame size.

If a low-frequency signal of circular frequency w is
applied, the output is not in phase with the signal emf

but is lagging by an angle
¢ = tan7! wT, (12)
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(T being the time constant), and the volts per turn gain
is reduced from Ay, to
1 4e COS @. (13)

With increasing signal frequency the attenuation ap-
proaches 6 decibels per octave.

IF'or a push-pull amplifier the expressions given for 1°
are still valid, cach transductor sensing a load composed
of mixing resistor and useful load.

H two amplifiers are connected in cascade,
transient response is described by a magnitude 7" which
can be computed from the time constants Ty and 71

their

of the individual stages:
LI B (14
4/ o (14)
i ‘ 4 74
There arc damped oscillatory as well as double-ex-
ponential transicnts, and features similar to those of
forcing circuits can be produced. By way of an analogue,
the first stage can be visualized as a capacitance, the
second stage as an inductance, the two being connected
in series with a resistance. The critical ratio 7,/7) 1
gives a single exponential transient with 7’'=27,=17,
=~/TT,, illustrating the considerable advantage in
response time obtainable by cascading.

V. Conclusion: Scope and Limitations

Magnetic amplifiers have come to stay in applications
requiring sturdiness and longevity, and should also be
considered where filament heating circuits are unsatis-
factory from the aspects of starting-up time, heat dis-
sipation, or power consumption. For dc amplification
they provide an advanced solution. Basically thev are
current amplifiers as opposed to voltage amplifiers, and
serve a range from very low to moderately high input
impedances, say up to 50 or 100 kilo-ohms.

Increased supply frequency (limited by the efficiency
of the magnetic circuit) results in higher output or
shorter response time, or in reduced size and weight.
Judicious selection of circuits and careful matching of
components is required for push-pull arrangements, the
use of which is indispensable for precision amplifiers
of high sensitivity. The latter is determined by the
short-term and long-term zero wander which for exist-
ing push-pull designs are of the orders of 102 and
101 watts, respectively. \s to linearity and stability of
gai'n, push-pull amplifiers satisfy average accuracy re-
?fulremcnts.Iproyi;le(l power gains of 40,000 per stage

or ac supply with mai 'ncy) ‘

Power gzlilr)lI czmtrol ra ti?;;soffrg((l)l'l?n:r\c O:;rc' e oo
' ) B Ytained by nega-
tive feetl!)ack. Response time problems are fully under-
stood; higher supply frequency or cascading are the
more obvious means of shortening. T'rye reproduction of
pscillatory signals ceases at very low signal frequencies
inversely proportional to the time constant.
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Some Fundamental Properties of
Transmission Systems”
F. B. LLEWELLYNT, FELLOW, IRE

Summary—The problem of the minimum loss in relation to the
singing point is investigated for generalized transmission systems
that must be stable for any combination of passive terminating
impedances. It is concluded that the loss may approach zero db
only in those cases where the image impedances seen at the ends of
the system are purely resistive. Moreover, in such cases, the method
of overcoming the transmission loss, whether by conventional re-
peaters or by series and shunt negative impedance loading, or
otherwise, is quite immaterial to the external behavior of the system
as long as the image impedances are not changed. The use of im-
pedance-correcting networks provides one means of insuring that
phase of the image impedance of the over-all system approaches zero.

General relations are derived which connect the image imped-
ance and the image gain of an active system with its over-all per-
formance properties.

duced into the telephone plant, the properties of

two-way repeaters have been subjected to exten-
sive analvsis. From this it might be inferred that further
study is likely to uncover very little that is not already
known. Nevertheless, it frequently happens that new
tyvpes and permutations of repeater and loading circuits
are proposed, and current methods of analysis are found
to be quite difficult.

In the face of this situation, the present paper is
intended to review the underlying fundamentals, and to
present them in what is hoped to be a form that will
allow them to be simply and ecasily applied in de-
termining the over-all performance. In a wider sense,
what is attempted is to state certain basic physical
propertics and limitations in a way that allows one to
sav, “Regardless of detail, if these rules are violated, it
follows that the circuit cannot perform as predicted,”
or, on the other hand, to say, “The ideal performance of
such-and-such a system is so-and-so. If the proposed
plan does not approximate this ideal, it must be
possible to find a better one.”

As sometimes happens, this review of the properties
of transmission systems has led to several concepts
which are thought to be new. Their importance becomes
more pronounced in connection with the current tend-
ency to reduce the net operating loss of telephone sys-
tems to lower values than were customary in the past.

In the case of the telephone repeater, the extent of
the various combinations and permutations that are en-
countered in practice has made difficult the statement
of generalizations in simple terms. The present at-
tempt is based on the development of linear network
theory in respect to active four-poles that has been

E ; INCE THE TIME when amplifiers first were intro-

* Decimal classification: 621.385. Original manuscript received
by the Institute, May 12, 1951; revised manuscript received,
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- "f{Bcll Telephone Laboratories, 463 West Street, New York 14,

progressing perhaps quictly but nonetheless steadily in
the past years. Like most mathematical generaliza-
tions, the solution of one problem is really the solution
of a class of problems, and it will be found that in their
broadest form, the generalizations which are now pre-
sented are just as applicable to the case of four-wire
telephonc and radio systems as they are to the conven-
tional two-way repeater.

The system to be considered may contain repeaters
of the 22-type, such as is illustrated in Fig. 1, or it
may contain any of the other varieties. Moreover, there
is no restriction placed on whether the gain is the same
in both directions or not, and sections of line or of other

r
2, 3—---—] nvaaco’—é

?—HYBRID
L
—

Fig. 1—Schematic of 22-type repeater.

_-__é Zp

circuit networks may be included as part of the unit
under consideration. Even more broadly, the unit con-
sidered may consist cither of a single repeater section,
or of an unlimited number of repeater sections in tandem
comprising an entire system. Restrictions are placed on
these broad limits only in dealing with specific applica-
tions.

The analysis then directs itself to the general linear
four pole such as is illustrated in Fig. 2 where the
rectangular box may contain as much or as little as
meets the needs of the particular situation. When
terminations are added, the diagram illustrates the
situation.

-Vb+

Yo /™ |

Fig. 2—Diagram of linear four-pole with terminations.

The equations describing Fig. 2 may be written:

Zuli + Zwly = Vi

. , (n
l2l’l +Z22’2 V2

where the Z's are characteristic of the four-pole only,
and do not involve the terminations. More will be said
later about their properties and how they are derived.
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The corresponding equations including the terminations
may be written down immediately by noting that the
terminations Z, and Z, are related to the currents and
voltages by the formulas

V] = V,—Z.,Il

2
Vz= V,,—Zg,lz. ( )
When combined with (1) these give
Cu+Z) +Z D, =V, 3)
Zaly + (Zoa + Z0)I, =V,
which may be solved for the currents,
h= Vol + Z0) = Vina (4)
A
Za+Z)Ve—ZaV,
re X2 2l (®)

where
A=21Zn—2idn+2n+2n +Zus (6)

is the determinant of the system of (3). It will be
noted, and later use will be made of the fact, that the
determinant of (1) does not depend on the termina-
tions, and is given by

Ay =202y — 2192y, (7
and, consequently, that (6) may be written
A=A+ ZZon+ 220+ 22, 8

When the four-pole of Fig. 2 is driven from the left,
Vs may be set equal to zero in (4) and (5). Under these
conditions, the generator V, sees the internal imped-
ance Z, in series with the impedance presented by the
four-pole. From (4) we have then

gy S ©)
Zyn+ 2y
But we can write
Va=I(Za+ Z4) (10)

where Z, is the input impedance of the four-pole when
it is terminated by Zs. It results from (9) and (10) that

it zZ (11)
T Zntzy, %
or, by (8),
Ao+ ZuZy
= 12
A N (12)

An exactly similar procedure based on driving the
four-pole from the right instead of from the left, gives
the impedance seen looking into that end when the left-
hand termination is Z,. The result is:

Ao+ Zal2a

=—— " 13
Zp Zut 2. (13)
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IFrom these last two relations, it is possible to find the
impedance values for the terminations Z, and Z, that
would simultancously match the impedances Z4 and Zg.
These are the so-called image impedances, and are

found by putting

Za Za = 7
Zl, - le - Z”,

and solving (12) and (13) simultaneously. The result is:

7 S (14)
L] = 0
: Za
Z?l
Zn = 1/ 2y, (15)
le

When the terminations have these values, there are no
reflections from the terminating impedances (although
there may be internal reflections within the four-pole)
and, in the cases where the image impedances (14) and
(15) are pure resistances, the gain in power resulting
from the presence of the four-pole is a maximum,

Concerning these power relationships, there is a
good deal more that needs to be said. In the first place,
it turns out to be more convenient to deal in terms of
“virtual” power rather than real power. The difference
is that the former is given by /2Z in general, even when
the currents are represented by complex numbers in-
volving imaginaries, while the latter is equal to the
product of the square of the magnitude of the current
times the resistive component of the impedance. Con-
sequently, the writing is greatly simplified by the con-
cept of virtual power, whereas the real power may be
found from it when that is required, and the phase of
the terminations is known.

When the four-pole is driven from the left, so that
Vs may be put equal to zero in (5), the virtual power in
the output termination Z is given by

AT Zy 2152
]2220 - l'az :L Zb e I'azzz_l' lez_l'Zb (16)
12

‘The operating gain is defined as the ratio of this to the
virtual power that the generator IV would deliver
directly to a matched load, Z,. Thus, when the gen-
erator V,is connected to a matched load, the current is
Va/2Z,, and the virtual power in the load is Va2/4Z,.
The operating gain® is therefore

- Za 71 Zy

Ly A? A2

2 (17)
where symbol Ty indicates that the gain is from left to
right. In the opposite case, where the four-pole is driven
from V, on the right while the virtual output power is
absorbed in Z; on the left, the corresponding expression
for operating gain is

gair: 'll)‘)l,me insertion gain may be found by multiplying the operating
(Za + 2»)?
42,2,
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ATYAS
I'yp=—
Zy A?

't is obvious, therefore, that the ratio of the gains in
‘he two directions is (Zu/Z12)%. When Zy, is equal to Za,
-he gain (or loss, which is the reciprocal of the gain) in
the two directions is likewise the same.

The expressions (17) and (18) are not particularly
somplicated, but for physical interpretation they may
be put into very much better shape. This requires a little
algebra, but, to make our proofs complete, it is worth
outlining the procedure in some detail, rather than
merely stating the final result.

The first two steps may probably be combined into
one without impossing undue difficulties. Thus, from (7
the expression Zi»/Zn may be replaced by ZuZap—Do.
This is the first step. The next one is a matter of defi-
nition, and merely eliminates Z, and Z; by introducing
the ratios

4Z 2. (18)

=Z./Z
@ = Zef: (19)
b =Zu/Zu.

When these substitutions are made in (17), remember-
ing that A is given by (8), we have, with the help of (14)
and (15),

Zan [Zxezz—Ao]4Gbéo B
Zio [Ao(148b)+(a+b)VZ1Znlo]?

Ay
[1—- ]4ab
) ZXXZZ2 -

_n o
Zya [ Ay ]2
a+b+(14+abd
+b+ (14abd) ZZa
A A 2
Z l_ﬁ/z ; Itz zo
Jom cwem o l4ab.20)
Ze 4/ 2 arbrat 6)4/ =
a
ZHZZZ ZHZ22

In the event that the terminations on input and
output sides are matched to the image impedances, so
that a and b are both equal to unity, the gain from (20)

is given by
1 - 1/ fo
ﬁ ZHZ22

r_
Iy =

———— )

VAD Ay
1+
AYAY

which is often written in the alternative form

(21)

’
F2l =

Zis 1+ tanh o

where 0 is the propagation constant of the four-pole. It is
convenient to write this matched gain in the more con-
densed form

VA
Iy = = T
VAD
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where the image gain Ty is defined by the relation

Y.
1 YAVAY

Fo= —Af (22)
0
14 g/ ——
VAYAY

The quantities under the radical may then be written
as follows by solving (22):

/‘/ Ay 1—-T,
ZuZyn 14T

For its physical meaning, note that in the matched con-
dition, T is the geometric mean between the gains in
the two directions.

Substitution of (23) into (20) gives:

Zn 4a 4b

LS .
Ziw (1+a)? (14 0)
1

. 1—al— b\
(1 )
1+al+b
The expression (24) is now in the form which we were

seeking. Its advantage is the physical interpretation
which may be given to factors of the form

4a 1—a
(1 + a)? 1+a

The first of these might be called the “mismatch”
factor, and expresses the ratio of the virtual power which

(23)

T =

(29)

- a generator puts into a load connected directly across

its terminals to the virtual power it would put into a
matched load similarly connected. The situation is well
known for the case where a is a real number, and calcu-
lation illustrates how slowly the gain departs from its
matched value as the impedance ratio departs from
unity. For example, a two-to-one impedance mismatch
means a loss of 0.5 db only. Even a ten-to-one mismatch
gives only 4.8 db loss. Note, too, the curve is symmetri-
cal about the value of unity for the impedance ratio.

The other factor is the ratio of the reflected to the
incident current at the end of a line terminated by an
impedance mismatch. Its reciprocal is thought to con-
stitute a more precise definition of “return loss” than is
usually given in current literature. Note also that the
two factors are related through the equation

4a +<l—a>’_l
(1+a? \l4+a/ '

which states the physical fact that the sum of the ab-
sorbed power and the reflected power is equal to the
incident power.

With these relations in mind, it is possible now to
interpret the various factors in (24) in connection with
the diagram of Fig. 2. Imagine the generator V, to send
a wave into the four-pole represented by the rectangle
in the drawing. Disregarding the factor Za/Zi, for the

(25)
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moment, we can visualize the wave as progressing from
the generator V, toward the right until it meets the
impedance discontinuity between Z, and Zp, the image
impedance of the four-pole seen from the left. Of the
virtual power in the incident wave, the fraction
4a/(1+a)? progresses on into the four-pole while the
remainder is reflected and lost in the generator imped-
ance. Having entered the four-pole, the current wave
is amplified by the factor VToZyn/Z;,, and emerges
from the right-hand end of the rectangle. Here another
impedance discontinuity is encountered and the fraction
4b/(1+b)? of the power enters the load, while the frac-
tion (1—5)/(140) of the current is reflected and pro-
gresses back toward the left through the four-pole. The
current is amplified by the amount VT Zn/Z, is re-
flected in part by the factor (1—a)/(1+a) at the left-
hand termination, and moves once more toward the
right. Thus, within the four-pole there is set up a to-
and-fro surging which, each time the wave arrives at
the right, contributes a little more to the power in the
output,

In a single round trip through the four-pole, the
wave of current or voltage is modified by the factor

/o Zu JZn _ 1—al—b l1—al1—1%
/V l‘o t/ T Fo R = I‘o )
le 121 1+dl+b 1+a1+b
and the sum of an infinite number of round trips as-
sumes the form

1
S=l4ztattait = (26)
—x
where
l1—al =%
14 a 140

and when |x| <1. The square of the sum must be taken
in (24) because S represents a current, while (24) repre-
sents a power ratio. It is thus seen then that all of the
factors in (24) may be accounted for on a physical
basis, and the whole action may consequently be
thought of in pictorial perspective. The usefulness of
mmtroducing the image gain T, which is the geometrical
mean of the forward and reverse gains, has also been
demonstrated in this connection.

However, its usefulness does not stop with (24), and
the impedances presented by the four-pole may also be
expressed in terms of I's. Thus (12) and (13) may be
written respectively, with the help of (23):

1—b
z —m1+b
e e @)
7 1+F1—b
0l-f-b
1 —a
2 I = Py—
d
L= — . (28)
Z) —a
44 4Tyl
a
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These show immediately that the impedance pre-
sented by the four-pole becomes the same as the image
impedance whenever a=1 in the one case, or b=1 in
the other. This is, of course, axiomatic. .\ much more
striking property is shown by noting that the intrinsic
algebraic sign of the impedance must perforce be the
same as that of the image impedance whenever the
magnitude of I'o(1—5)/(145) in the one case, and of
I'o(1 —a)/(14a) in the other, is less than unity. The
converse is true when the magnitudes are greater than
unity, so that whenever the image gain is sufficiently
large, the input impedance is the negative of the image
impedance unless a or b, as the case may be, is identically
unity.

When [I'9=1, it is interesting to note that
Zy=2,21/71, and when o= —1, that Z,=/21721u/2,.

IHaving dealt now with the derivation and discussion
of expressions for impedances and gains, we come to the
very important question of stability, that is, freedom
from oscillation. This may be approached in several
ways, but the most rigorous is probably to return to
the general equations (3), and their solutions given by
(4) and (5). From (4) and (3) it is seen that the currents
I, and I, may be different from zero even in the ab-
sence of the driving sources 17, and V, whenever A=0.
But A is a function of all of the internal network imped-
ances as well as of the terminations Z, and Z,. In turn,
all of these impedances are functions of jw. For pur-
poses of analysis, jw may be replaced by the more
general variable p=a+jw, so that currents and volt-
ages of the form e7“* now become e?! = glatiodt. The sig-
nificance of a then becomes apparent. When it is posi-
tive, the currents and voltages increase indefinitel
with time. When it is zero, they are the usual sinusoids
of constant amplitude, and when it is negative, the
currents and voltages decrease with time and ey entually
die away altogether.

For stability it is evident that the relation A =0 must
be satisfied for negative values of « only, and not for
positive values, as otherwise the currents in (4) and (3)
would increase indefinitely with time, even in the ab-
sence of the driving sources 17, and 15, If the equation
A =0 is satisfied only for negative values of «, the cur-
rents die away when the sources are removed and the
system is stable, except in the contingency that one of
the coefficients of 17, or V, in (4) or (5) should become
infinite for some positive value of « while, at the same
time, A itself remained finite. Since A may be written

A=(Zu+ Za)(Zo2n + Zy) — Z19Z70,,

and consequently involves all of the aforementioned
coefficients, & can remain finite when one of the coeffi-
cients becomes infinite only if the coefficient with which
it is paired in the above expression for A becomes zero
simultaneously or (a more usual situation) is identically
zero for all values of p. That is, either (Zu+2Z,) is in-
finite for the same value of 2 that causes (Z2+2) to be-
come zero, or vice versa, or else Z, is infinite for the
same value of p that causes Z,, to become zero. In

|
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either event, instability would require that the real
part of p should be positive. This alternative con-
tingency seldom occurs in bilateral systems, but is not
infrequently encountered in unilateral cases. One par-
ticular example that is illustrative happens when the
"interstage coupling circuit between two unilateral
amplifier stages contains negative impedances and,
when isolated, is unstable. Connecting it between two
vacuum tubes does not cause it to become stable, and
it will be found that the four-pole equations for the
system show that Z;, is zero for all frequencies, but that
Z., may become infinite for a positive value of a.

Whenever (3) is derived by first writing the mesh
equations for the entire multi-mesh network, one equa-
tion for each mesh, and from these equations eliminating
all currents but the two corresponding to the input and
output meshes, the stability conditions are completely
determined either by the vanishing of A, or by the simul-
taneous vanishing of one of a pair of factors forming A
together with the vanishing of the reciprocal of the

" other.

Possibility of trouble occurs, however, when approxi-
mations are made. For example, when a vacuum tube
with feedback is considered, the impedance looking into
a pair of terminals may become negative in certain fre-
quency ranges. There is then a strong inclination to
simplify by replacing the complete details of the circuit
which produced the negative impedance by the negative
impedance itself. Actually, there is no objection to doing
this providing that the negative impedance is com-
pletely and accurately specified over the whole fre-
quency range.

This point is very important. For example, note that
a negative impedance which was the exact negative of
some passive impedance over the whole frequency
range from zero to infinity, could not possibly be un-
stable on either open or short circuit. This is at once
evident when it is considered that the values of p which
satisfy the passive equation

Z(p) =0
are identical with those that satisfy the active equation
—Z(p) =0

and hence, if the a for the one is always negative, so
also is the a for the other. From this it may further be
concluded that a negative impedance which is unstable
on cither open or short circuit cannot possibly be the
exact negative of any passive impedance whatever
over the whole frequency range. One can go even
further, however, and invoke some of the methods of
complex function theory to show that such a negative
impedance cannot cven be the exact negative of any
passive impedance over any finite frequency band, no
matter how small.

The point of this discussion is to bring out the fact
that stability or lack of it in systems involving ncga-
tive impedances is often determined by the departure
of the negative impedances from being the negatives of
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passive impedances, and hence that any disregard of
this fundamental fact is likely to lead to trouble. These
departures may, and in fact often do, exist at frequen-
cies outside of the band that is of interest from the
standpoint of normal use. Their effect reflects back into
that band nonetheless.

How then should one proceed? Is the device of using
the concept of negative impedances of no practical
value? The answer to this is supplied in part by Crisson,
who, some years ago, introduced the concept of series
and shunt types of negative resistances. By definition,
the series type is unstable on short circuit, and the
shunt type is unstable on open circuit. Interpreted in
the light of the foregoing discussion, these definitions
may be rephrased somewhat as follows:

A negative resistance is one which behaves very nearly
like the negative of a positive resistance over a fairly
large frequency range. Outside of that range, however,
a series type negative resistance departs from that ap-
proximation in such a way that the circuit element is
unstable on short circuit, and a shunt type negative
resistance departs in such a way that the circuit element
is unstable on open circuit. Graphically, this would
imply that, if the imaginary part of the negative imped-
ance were plotted against the real part for all values of
frequency, that is for all values of p =a+jw where a=0,
the graph of a series type would look something like
Fig. 3, and the graph of a shunt type would look some-
thing like Fig. 4. They both encircle the origin, but in

X X

3(a) 4(a)

NOTE SIMILARITY OF 3(b)
AND 4{b) FOR A WIDE
RANGE OF FREQUENCIES.

3{b) x 4(b) x

:

FZa\N

Fig. 3 (a) and (b)—Examples of graphs of series type negative
impedance.

Fig. 4 (a) and (b)-—Examples of graphs of shunt type negative
impedance.

different directions. It is obvious that this approxima-
tion, usecful as it is, has certain limitations, and that
the safest way of dealing with new or untried circuits
is to be sure that the negative impedance is, in fact,
specified to a sufficient extent over the whole pertinent
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frequency range. Such a range would have to be suffi-
cient to insure that the combination of the negative ele-
ment with the remainder of the circuit did not have a
resistive component that became negative at any higher
or any lower frequency.

The practical effect of all of this is to point out that
certain combinations of series and shunt type negative re-
sistances may be quite stable, while others may not.
The general stability criterion, when all things are taken
into account, is the determination of the values of ?
that cause A in (4) or (5) to become zero. The alterna-
tive condition that results in instability can usually be
detected by genera) inspection of the circuit, or may be
tested for each of the four possible contingencies
separately,

The investigation of A itself turns out to be rather
cumbersome, and an easier alternative arises when
it is noticed that the expression for gain T, given by
(17), contains A in the denominator. It follows that T'
has an infinity whenever A has a zero. Also, T has no
infinities that are not contributed by zeros of A. This
may be verified by inserting (6) into (17) and noting
that infinities of Z, and Z, contribute only zeros to r,
while infinities of Zy, and Zy contribute neither zeros
nor infinities to I'. Consequently, except for the case
mentioned before where Zy/Z:, has an infinity while
Z12Z» does not the zeros of A are uniquely determined
by the infinities of I" and, when A has no zeros with
positive real parts, I' has no infinities with positive real
parts. For every zero of A that does have a positive
real part, I' has an infinity with a positive real part.

It may be taken then that, leaving aside the excep-
tions mentioned, (17) can be used as a basis for de-
termining stability, and therefore that (24), which is
merely (17) written in another form, can likewise be
used. The infinities of (24) must be investigated to de-
termine whether the real parts of any of them are posi-
tive.

The possible infinities of I' are all determined by the

equation
1—-al1-%
(1 -~ Ty -—>=0, (29)
14+a1+40b

as may be seen from (24) by trying all of the other
alternatives; namely 1/a=0, 1/6=0, I',=0, (14a) =0,
and (1+5)=0. None of these others yields infinities.

There is a striking similarity between the form of
(29) and the famous equation for the stability of feed-
back amplifiers, usually written

(1 —uB) =0.

In fact, the similarity goes further than one of form
only, and the discussion leading to (26) shows that the
physical meaning of the factors involved is quite
analogous. This at once suggests the possibility of ap-
plying the Nyquist stability criterion and plotting

= 1—atl -1}
‘t+a1+b

on the complex plance as a function of the frc.qucncy. w,
and secing whether the plot encircles the point (1, j0),
The trouble is that cncirclement of the point (1, ;0)
would indicate instability only under certain special
conditions, and cannot be applied with complete gen-
erality. It happens that those conditions are fulfilled in
the standard type of feedback amplifier, but very
often are not in the more general cases which it is now
attempted to discuss.

This fact is so important, and the appreciation of it
seems so limited in extent, that a brief explanation of
the fundamentals involved appears to be in order. The
key to the situation is furnished by the realization that,
in the conventional feedback amplifier, both u and 8
are of the nature of constants multiplicd by the ratio
of output to input voltage across passive impedance
functions (cither self or transfer) and hence that neither
of them has infinitics whose rcal parts are positive. In
the generalized repeater case of (29), where negative
impedance elements may be involved, there is no assur-
ance that this is so. In fact, it is readily seen that the re
flection coefficient (1 —a)/(14a) may become infinite
when a negative resistance is connected facing a positive
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one, for then a is negative. This seems at first to be

very discouraging to an attempt to draw simple con-
clusions and rules relating to the more general case. The
situation is helped only by limiting the problem and
being content, not with complete generality, but with an
amount sufficient to cover the particular class of prob-
lem that is encountered in considering the telephone
repeater. Here this analysis requires broadly, rot only
that the system be stable with a given pair of termina-
tions, but that it be stable when its end terminations are
either open circuited or short circuited in any possible
combination of the terminations, and, moreover, that it
shall be stable for any values of passive terminations
in between these two extremes.

Further, it is evident in such a system that the ulti-
mate terminations at the final terminals must consist
of passive impedances. This at once implies that the
image impedances of the four-pole representing the en-
tire system must likewise have the properties of a pas-
sive impedance, as otherwise it may be shown, from (12)
for example, that there always exists a value of passive
termination that will result in instability, This is really a
very important conclusion for it says that, in the design
of systems involving negative impedances, care must
be taken that the image impedances must have these
passive properties at all frequencies if stability is to be
guaranteed. This means that their resistjve components
must be positive at all frequencies from zero to infinity,

If the image impedances were entirely resistive at all
frequencies, while the terminations were restricted to
being passive, the greatest as well as the least magnitude
that could be attained by factors of the form
(1-a)/(14+a) would occur when the termination ap-
proached a pure reactance, either positive or negative.
The magnitude of the factor would then be unity for
any value of terminating reactance, Its phase, how-
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ever, could lie in any of the four quadrants of the com-
plex impedance plane, depending upon the value of
terminating reactance. Hence, when the magnitude of
the image gain passed through unity, and in the event
that the gain factor I'y had even the smallest phase
‘angle, it always would be possible to find values of
terminating reactance that would cause the graph of

1—al1-%
14+a145

to pass through the point (1, jO) on the complex im-
pedance plane. Minute changes in terminating re-
actance would then cause the graph to pass on one side
or the other of the point (1, j0) and consequently change
the system from a stable one to an unstable one, or vice
versa.

For this case, where the image impedances are pure
resistances at all frequencies, it is clear that the system
will be stable for any values of passive terminating

« impedances if and only if the magnitude of the image
gain is less than unity. This is the situation that can be
approached by the 22-type repeater of Fig. 1 when its
image impedances are pure resistances, though even
here departures of the hybrid coils from the ideal can
introduce phase into the image impedances and create
the more general situation which must now be discussed.

In this more general case, the restriction that the re-
sistive components of the image impedances must be
positive at all frequencies is still retained, as otherwise
passive terminations which will cause singing can always

T

be found. However, no restriction is now placed on the.

reactive component of the image impedances. Under
these conditions, it can be shown from a theorem in
functions of complex variables? that factors of the form
(1—a)/(1+4a) attain their greatest and their least
magnitudes as well as their greatest and smallest real
and imaginary components when the terminations are
pure reactances. For this condition, we can write:

l—a Zi1—2Zs Ri+jiXi— Xa)
1+a Zx+Z¢ Rx+j(Xl+X¢)

— <
= /‘/1 + y zy sin ¢l e—ihn-lﬂﬂw'ml(l—”’)v (30)
14 92+ 2ysin ¢

where

y = X¢/|Zl| and ¢1 = tan—l E{_.

This attains its greatest magnitude when | X4| =| Zi|.
and the algebraic sign of X, is opposite to that of Xi,
In that event, the magnitude becomes

1—a

. /]
14 @imax 1—|sin¢||

and the phase is +7/2 depending upon the phase of Z;.

(31)

1 H. W. Bode, “Network Analysis and Feedback Amplificr De-
sign,” D. Van Nostrand, 1945; p. 169. piter e
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The minimum magnitude is the reciprocal of (31), or

1/1 — | sin ¢ |
= —_—
e 1+ | sin ¢ |
and occurs at an angle of = with respect to that for the

maximum. The real component of (30) attains its
maximum value when

Il—a o

14+ a

1 F cos ¢1

- (33)
sin ¢1

y = —

A graph of (30) for the four cases where the phase of
Ziy is 0, 30° 45° and 60° respectively, is shown on
Fig. 5 which illustrates the locus of the function as X.
takes on all values from — « to + «. Further study of
this figure, and the equations above relating to it,
shows that the curves are true circles and that the
distance from the origin to the center of a given circle
is equal to tan ¢, where ¢ is the phase of the correspond-
ing image impedance.
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Fig. 5—Locus of (1 —a)/(1+a) for increasing values
of Xa, where a =7X./Z1.

At the same frequency as that for which the graph of
(1—a)/(14-a) has been drawn in Fig. 5, the graph of
(1 —-5)/(14b) may be constructed from the properties
of Zu, the image impedance at the output terminals of
the network. Where the two image impedances Z; and
Zy are the same, the graph of (1—5)/(1+b) is a dupli-
cate of that of (1 —a)/(1+a). For any combination of
terminating reactance values X, and X,, the product of
the two graphs always falls within the envelope ob-
tained by letting X,=X,. For this condition, Fig. 6
shows the product curve for several values of the phase
of the image impedance, and it will be noted that the
external envelope of the complete surface is always
equal to or greater than unity.
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Fig. 6—Locus of stability for the loss vector for different frequencies.

Suppose, at the frequency for which the largest curve
in Fig. 6 is drawn, that the gain T'o has, for example, a
phase of 150°. The image loss, which is the reciprocal
of T'y, then has a phase of —150°, If it had a magnitude
equal to that of the vector shown on the figure, the
product

l—al—a

Al

ll--i—all-l-a

would be exactly equal to unity, and hence, according
to (29), the system would be on the verge of singing.
A smaller gain at the same phase would be needed for
stability or else, for this case, the same gain at a lesser
phase. Iig. 6 therefore sets the relation between the
allowable phase and magnitude of the gain at the par-
ticular frequency it represents, and for the symmetrical
case where the image impedances at both ends of the
system are the same. A curve analogous to the one con-
sidered above must be constructed for every frequency,
and the three-dimensional envelope of all of them de-
termines the allowable relationship between the maxi-
mum magnitude and phase of the gain over the fre-
quency range. Several such curves are shown on Fig. 6
for different values of the frequency and the phase of
the image impedance. The only cases in which the

magnitude of the gain can approach unity are first,
those for which the image impedances are both pu.e
resistances and, second, those for which the phase of the
gain is exactly zero. In all other cases, the magnitude
of the gain must be less than unity to avoid singing.
When the phase of the gain is 180°, its magnitude must
be less than

1 - ]”srin ¢1]
1+ l sin ¢ ]

When the image impedances are pure resistances, the
gain can approach unity regardless of jts phase, The
three-dimensional surface shown in Iig. 6 can then be
regarded as setting the lower limit on the loss. The end
of the loss vector must alwavs
face at every frequency,

In many practical cases,
under control,

fall outside of this sur-

the phase of the gain is not
For example, the phase changes very
rapidly with frequency in a circuit several hundred
miles long, and it would not he feasible to attempt to
keep it within narrow limits over the speech band.
For these usual cases, the curve on Iig. 7, which is
plotted from the above expression for the magnitude of
the gain, gives the allowable operating condition. FFor
example, when the phase angle of (he image impedance
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s 60°, the loss must exceed 11.3 db. The required loss is,
5f course, in addition to the allowance of a margin to
take care of such things as changes in amplifier gains
fand in hine losses.
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Fig. 7 Relation of minimum loss to phase angle of image impedance.

Of course, a magnitude of gain approaching unity is
greatly to be desired in repeatered systems. In those
which are composed of similar sections in tandem, and
where, in addition, it is desired that the individual sec-
tions be stable when isolated and terminated with any
combination of passive impedances, the above condi-
tions become very important for they apply to the in-
dividual sections and severely restrict the freedom of
design. \Where, however, the sections need not be
stable individually when subjected to all combinations
of passive termination, but the system as a whole must
nonetheless be stable, a good deal more freedom in
design is permissible. The individual sections can actu-
ally have gains greater than unity, providing that it is
removed before the final terminals are encountered.

IFor example, Fig. 8 shows a possible system in
which repeaters or negative-resistance loading may be

PHASE

CONVERTER REPEATER

‘ LINE
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used quite freely in a transmission line, with the result
that the system would sing if terminated at Zy, with
certain combinations of passive impedances. In general,
also, the image impedances of the line will have a reac-
tive component. At each end of the line there is placed
an impedance-equalizing four-pole which matches the
line on the one side, but presents a purely resistive im-
pedance on the other. Such a network unavoidably in-
troduces a certain loss if composed of passive clements
onlv. An active network, however, such as the 22-type
repeater circuit, can accomplish the impedance trans-
formation without loss, or even with gain. In any event,
the overall system, now having purely resistive image
impedances, can be adjusted to have an overall gain
that, with ideal impedance matches, approaches unity
as closely as desired, and still will be completely stable
for all combinations of passive termination. Any gain
greater than unity, however, will result in singing, and
the muargin needed in practical design is a matter of
how constant with time the values of the components
of the svstem can be made, and how accurately the im-
pedances may be matched.

1n the event that the phase equalizers or converters of
Fig. 8 are to be composed of passive circuit elements,
the minimum loss required to consummate the im-
pedance transformation can be found from Fig. 5. It
v necessany to note that,

1—(11—b
Ty
l+dl+b

can never pass through the point (1, j0). For a reactive
image impedance on the input side of the network, Fig. §
would show the graph of the factor (1 —a)/(1+a) as one
of the off-center circles. The graph of (1-5)/(1+b)
would be a unit circle, however, because of the resistive
image impedance on the output side of the network,
and the factor could have its phase anywhere in the four
quadrants. The envelope of the product of the two fac-
tors would thercfore be a circle whose radius vector
was cqual in magnitude to the maximum value of
(1 —a)/(14a). and whose phase could lie anywhere in
the four quadrants. The minimum loss possible in a
passive phase converter network would therefore be the

Z21=R1+jX;g
-« —_—

PHASE
REPEATER CONVERTER
LINE —_
Z:=Ry+jX
1=R1 Jl» «=2g7=Rg

Fig. 8—Correction of phase of image impedance to increase over-all allowable gain.
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reciprocal of this value, or

1/1 <+ | sin ¢ ]
1 — | sin ¢ |

For systems in general, when the phase of the image
impedances differ on the two ends, the stability condi-
tions are in a sense more severe than for the symmetrical
case. Here the criterion may be visualized by referring
to the two curves on Fig. 5 corresponding to phases of
the image impedances 30° and 60° The first may be
thought of as the reflection factor for the image imped-
ance Zy, and the second as the reflection factor for the
image impedance Zi. What is desired is an envelope
analogous to Fig. 6, giving at each phase the maximum
possible value of the product of the two factors. When a
point on the envelope has a certain phase, ¥, the sum
of the phases of the individual factors must be equal to 2
Thus if p, represents the magnitude of (1-a)/(14a)
and @, represents its phase, and if p, represents the
magnitude of (1—5)/(1+b) and ¢, represents its phase,
the envelope at the angle Y has the magnitude pgps
for which ¢a+¢s=y. The problem is to determine the
maximum magnitude of this product for each value
of Y.

The casiest approach scems to be to deal, not with
Pa and py directly, but with their logarithms, so that we
have

log paps = log pa + log ps,

and the problem is shifted from that of finding the

PROCEEDINGS OF TIIE IL.R.E.
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maximum value of a product to the somewhat casier |

one of finding the maximum value of a sum, subject,
however, to the same condition concerning phase,

namely,

ba + by = V,/'

Fig. 9 is constructed from Iig. 5, and shows log p,
or log p, plotted against ¢, or ¢, as the case may be, for
different values of the phase @ or ¢ of the respective
image impedance. The curves resemble sine waves some-
what, but are not true sinusoids although, for a rough
approximation, the assumption that they are would not
give large errors for moderately small value of ¢;.

1—a
P T ¥
a =jX,/Z;
Z; = image impedance

— | le 1,

To illustrate the use of Iig. 9, assume for example
that we are dealing with a system which has a phase of
¢1=230° for the image impedance scen from the left-
hand end, and of ¢u=60° scen from the right-hand
end. We deal then with the corresponding curves on
Fig. 9, and the lower one on the left corresponds to
log pa and ¢,, and the higher to log py and ¢s. The en-
velope curve which takes the place of Fig. 6 for this case
of image impedances of different phases is then con-
structed by finding the two ordinates log p. and log ps,
which correspond to the two angles ¢, and ¢,, such

T T
f I
——r + S S
| ]
—t T ~‘¢ «‘» —
[
[ |
1 -+ , 1+ o el
‘ |
{ I S |
| |
{ 1 + B 4 ]
[ ,
,> | | |
|
T - : T 1
dl
-+ 3 4 ]
-6
-180 -160 =140 -120 -100 -80 -60 =-40 -20 ] 20 40 60 80 100 120 140 160 180

PHASE ANGLE OF REFLECTION FACTOR

Fig. 9—Graph of logarithm of reflection factor
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that the sum of the two ordinates is a maximum when

$.+¢s equals the envelope angle ¢.
Algebraically this is equivalent to requiring:

Yo+ yo = maximum when x, 4+ ¥, = constant.

Hence, for the maximum

dya dys
dxa dx, + ?d—x; dxb = 0.
But,
dxy = — dx,,
so that
dys _ 9yv
dxa T dxe

This gives the clue to the graphic solution. Suppose
that ¢ = —45° Starting then with &, and ¢, both
equal to —22.5° we note that the slope of the curve for
¢1=60° is much greater than that for ¢1=230°. Conse-
quently, we take a value for ¢, greater in magnitude
than —22.5° and for ¢ an equal amount less in mag-
nitude than —22.5° so that their sum again equals
45°. We note whether the slope of the ¢1=60° curve
corresponding to ¢, still remains greater than that of
the ¢ =30° curve corresponding to ¢,. If so, the depar-
tures of ¢, and ¢ from the mean of —22.5° should be
increased further until the two slopes are equal. When
such a pair of values has been found, the envelope of
the product curve for ¥ =45° has the value

log ps + log ps

for its logarithm.

The process is tedious and would have to be repeated
for each value ¥ of the envelope phase, and besides, the
whole graphical construction would have to be repeated
for each frequency in order to find the entire three-
dimensional contour outside of which the loss must re-
main if stability is to be insured. Straightforward an-
alytical solution does not offer much hope, either, for
the difficulties appear to become even greater. It may
happen, of course, that some change of variable or other
algorithm will be found, but the probability is not at
present very favorable.

In some cases, and particularly when attention is di-
rected toward a general philosophical approach rather
than to operating criteria, an extension of the stability
conditions along the line proposed by Gewertz® has
proved useful. In this extension of the work of Gewertz,
the coefficients of (1) are written in the matrix form

Ru+4+ jXu R4 jXi
Ru+ jXn Ra+ jXnl
It may then be shown by the argument given above,

that the system is stable for any passive termination,

1 C. M. Gewertz, “Network Synthesis,” The Waverly Press, 1933;
pp. 45-63.
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providing that the following conditions are satisfied at

all frequencies:
Ru>0

R >0
4(R11R22 + X12X21)(R11R22 - Rlszl)
— (Ri2X21 — RuX12)* > 0.

In the event that Zi=Zx, it will readily be recog-
nized that the last of these three relations reduces to the
form

(RuR22 — Rig?) > 0,

which has come to be known as the Gewertz condition.
On the other hand, in the event that Za = —Z;, we have
the alternative

(RiR22 — X12?) > 0.

In the symmetrical case, where Zy =23, and where
Zi=Zy, it may be shown that the Gewertz condition
becomes

Ru—Ri2>0,
whence it follows that the real part of
1 - +Te
P AL
14 /T

must be greater than zero. This means that the resistive .
component of the short-circuit impedance of a hypo-
thetical network of half the electrical length of the actual
network, should always be positive. From this it is easy
to deduce the relationship

(1 — | To|) cos ¢ — 24/ To| sin ¢ sin 8 > 0,
where
Zy = | 2] e
To = | To| €722,

From this equation it follows that, in case sin B=1,
we have

il < Azt

14+ l sin ¢|

which agrees with the results previously attained, and
shows the connection between the two methods of ap-
proach, namely the consideration of the matrix com-
ponents on the one hand, and of the image parameters
on the other.

It is important to point out that, in the present ex-
tended form of the Gewertz relations, all that is assured
is that the network shall remain passive regardless of
what passive terminations are attached. It does not fol-
low that the network has all of the properties of a pas-
sive system, in the sense that it may be imbedded in a
general network system involving passive feedback from
the output to the input and still remain completely
stable. A system composed entirely of passive ele-
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ments would, of course, be stable under these conditions.

Notwithstanding the difficultics of the general case
where the image impedances at the two ends of the
system are different from cach other, some of the con-
clusions which have been pointed out are of broad
validity, and in the more restricted case where the two
image impedances are the same, quantitative results
may be computed with moderate ecase for any phase
angle of the image impedances. Expressed in termsof the
image gain and the image impedances, the relations are
so important and general that a few examples may
make their meaning clearer.

For the first one, the unilateral amplifier will be con-
sidered in order to show that, even in this case, the
general principles and method of analysis apply. The
schematic circuit diagram is shown in Fig. 10, and the
four-pole equations are given on the figure. It is impor-
tant to note that a feedback admittance Y, is included
for purposes of analysis, but that this is ultimately
allowed to become so small that feedback disappears.

YX
(VERY SMALL)

ImVi
I| Iz l -_Il — ,\7)(/\, t — IE_
Y, Y, V, it 4 ! L + 5
it 12 1 ' < < '
v Y. <Yq Ypeo S Vo
Y. Y. . -
21 22 | V2 3 ‘1 1 .

Fig. 10—~Development of unilateral amplifier,

It happens that admittances are more convenient
than impedances to deal with here, but the form of the
various relations is not changed thereby. Application of
(14), (15), and (22), gives the image parameters 1y, 17y,
and I'g as follows:

]’z(grmi— }:;) )
Vot Vo)V, + 1)

]’z(gm — V) 7
Vo+ V¥, + 1)

¥y

(yﬂ + Vz) /‘///1 - (

Fu= (7,414 ‘1 - (

Velgm = V)
Vo+ V), + V.

I,Z(g"l - Yz)

T g1 =

Yo+ VIV, + V)
As thefeedback admittance ¥, is allowed to become very
small, (impedance very high), the image admittances
easily and gracefully approach the values ¥, and -
respectively. At the lower frequencies before transit-
time effects enter, these are ordinary passive admit-

tances. The image gain approaches zero, but the way

1—1‘/]—(
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it does this can best be seen by using the binomial
theorem to expand the radical in the numerator. This

gives . 1 .
1 y: m z Ent :
Iy — e s — 2T (34
1 Vo + V)V, + V) 4 V), :
In this form, it can he seen from (24) that the ()].)cr.lling
gain from left to right with matched terminations be-

COmes )
gm} - 1 gm

Em ]'l I
1 v,V

I 4

Iy, (335)
which is recognizable as the conventional expression for
this guin. On the other hand, I'y itself approaches zero,
and the matched gain I'yy’ from right to left likewise
approaches zero, and in such a way that the image gain
I'o is the geometric mean hetween 1y and Iy’ When-
ever the feedback admittance 1, is not quite zero, the
circuit may yet be stable for all passive impedance
terminations, but only providing that the image gain
Fo, multiplicd by the reflection cocfficients, does not
encircle the point (1, j).

This rather extreme illustration was chosen first to
demonstrate the generality of the analysis, and to show
how it applies in the unilateral case.

As an example of the bilateral case, the properties of
the 22-type repeater will be considered., Fig. 1 shows
the general schematic and, when the impedances seen
by the hybrid coils on the network side, the transmit-
ting side, and the receiving side are completely balanced,
the image impedances arce cqual to the impedance of
the passive balancing networks and are independent
of the repeater gain. When the over-all image impedance
of a system containing 22-type repeaters is a pure re-
sistance, the repeaters may be adjusted until the gain
of the system approaches unity before singing can
take place. In the more usual case, the image imped-
ances of the individual repeaters are adjusted to match
that of the connecting line, which has an appreciable
phase angle. Consequently the gain of the system must
be held to a flat value of '

1 — l'sin o |
I+ sing |

or clse must be tailored to fit the ¢ onditions discussed in
connection with Iig. 6. However, the expedient of pro-
viding initial and terminating repeaters, whose input
and output hybrids are matched Lo a pure resistance,
will allow the system gain to be brought up to unity
even in this case. \With ideal impedance matches, the
margin which must be allowed i practical design then
depends upon the variations in repeater gains and line
losses under operating conditions, and not upon the
number of sections in the systemorupon the over-all line
loss. Extra margins are required for unavoidable imped-
ance mismatches resulting from line irregularities.
With other types of repeaters, such as the 21-type
illustrated in Fig. 11, the image gain and the image im-
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sedances are not so easy to adjust independently. How-
sver, there seems to be nothing fundamental to prevent
supplving the terminals of the system with networks to
orovide a purely resistive image impedance. Practically,
there are many cases where the construction of such
networks offer excessive complexity, though in others
their use may be quite feasible. The gain of the system
can then be made unity before singing will occur, with
any possible combination of passive impedances at-
tached to the terminals.

149m Zm 22, = 9mZm 2Z,
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Fig. 11—Schematic of 21-type repeater.

This brings out the point that it is perfectly possible
to have a system that is quite stable when terminated at
mid-section points, but may be quite unstable when
terminated at half-load points, and vice versa. This
can happen, for example, when the image impedance 1s
a pure resistance in the one case, but not in the other.
It can happen more generally, however, whenever the
phase of the image impedance is different in the two

cases, and consequently the allowable gain is different.

The analvsis also shows that the attempt to improve
the singing margin of a system by the addition of pads
of various kinds is quite futile in some cases but not in
others. If a system has an image impedance that is a
pure resistance, its gain may be made unity before
singing can occur. The addition of a resistive pad will
allow the repeater gains to be increased until the over-all
gain is gain unity, but no more, and the system is back
again where it started. A reactive pad added to such a
system will do harm because it will produce image im-
pedances with reactive components, and the over-all
gain must remain correspondingly less than unity.
However, as shown before, a phase-correcting network,
or pad, applied to a system having an appreciable
phase angle for its image impedance, will be helpful.
We are thus led to the conclusion that an advantageous
terminating four-pole is one that transforms the image
impedance into a pure resistance in those cases where it
initially has a reactive component.

This observation also gives the key to the best design
ohjective for repeatered systems in general. That objec-
tive is to cause the image impedance of the system to be
purely resistive to as close a degree as possible, while
bringing the gain as ncarly to unity as is consistent
with safe singing margins.

These examples also illustrate a general conclusion
that may be siated as follows:

283

The external stability of all systems depends only
upon the phase of the image impedances and mag-
nitude of the image gain, and not at all upon the
details of the internal arrangements of the system
by which these quantities are attained.

It does not follow, however, that all systems are
alike in terms of the percentage change of voltage on the
vacuum tubes which provide the repeater gain or the
negative impedance loading, or in terms of the com-
plexity of the equalizing and phase-correcting networks
required to give the desired image-impedance termina-
tions. The image gain of a 22-type repeater without
feedback is proportional almost directly to the effec-
tive voltage of the dc supply source, while the image
impedances are almost independent of this voltage.
‘The image gain of a line with negative impedance load-
ing may, under some conditions, vary much less rapidly
with supply voltage to the tubes that furnish the nega-
tive impedance. Also, systems vary greatly in the
amount of trouble resulting from line impedance irregu-
larities.

Consequently, rather than regarding the theory here
presented as saying that all systems having the same
image parameters will behave alike, it may be more
useful to turn the statement around and regard the
theory as saying what has to be done to a given system
in order that it shall be capable of operating as well as
some other system. Conversely, the theory also tells
how much more loss the given system perforce must
have than a reference system in order to remain uncon-
ditionally stable, and it sets up specific and definite
standards for the reference system. The present paper
has stressed the applicability of the image parameter
concept to the determination of singing conditions in
telephone systems. However, the methods developed are
also capable of dealing with such other properties as
talker and listener echo, which are equally important in
some applications. These have not been discussed in
detail because the paper already is fairly long and be-
cause, with the fundamental background as presented,
the reader is in a position to carry out a number of ex-
tensions for himself.

As a closing word, a few remarks concerning bibliog-
raphy references are in order. It will be noticed that
very few occur in the text. This is because the writer is
aware of very few that have a specific and direct bearing
on the mode of development of the subject which was
employed. He wishes however to express appreciation of
the helpful and stimulating conversations he has had
with many of his colleagues on the technical staff of the
Bell Telephone Laboratories. As general background to
the use of image parameters in active circuit analysis,
the following may be mentioned in addition to the
standard modern text books:

1. 1. A. Whecler, “Wide-band amplifiers for television,” I’roC.
I.R.E., vol. 27, p: 429 438; July, 1939,

2. A.J. Ferguson, ’Fcrminntion effects in feedback amplifier chains,”
Canad. Jour. Phys., Section A, vol. 24, pp. 56 -278; July, 1946.
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The L.-Cathode Structure*

G. A. ESPERSENY, SENIOR MIMBER, IRE

Summary—A new dispenser-type emitter, known as the L
cathode, is described and compared with three common types of
emitters. A discussion of the methods of measuring the rate of
barium evaporation is included, as well as the life performance of the
L cathode in a number of diversified types of electron tubes.

INTRODUCTION
r ’l VHIS PAPER is concerned with a high-emission

density thermionic emission cathode known as the

L cathode and described in the Philips Technical
Review, June, 1950, by Messrs. Lemmiens, Jansen, and
Loosjes.

We will briefly review some of the basic features of
this cathode and report some recent progress in its de-
velopment.

In existing commercial tubes now available, three
types of cathodes are being widely used, namely, the
oxide-coated cathode, the thoriated tungsten cathode,
and tungsten cathodes. The oxide-coated cathode hav-
ing the best thermal efficiency and requiring the least
heating power for a given electronic emission has been
widelv used in receiving tubes. Its undesirable propertics
are susceptibility to poisoning through traces of oxygen
or other gases, and evaporation of barium causing grids
and anodes to emit electrons. For transmitting and X-
ray tubes, barium evaporation is very objectionable. In
addition, these types of tubes require a cathode capable
of withstanding the electrostatic forces of attraction of
the anode, which is at a high potential. Oxide-coated
cathode coatings peel or are pulled off by these strong

Maximum Useful Maximum Useful

cathodes displays all the desired properties of high-

emission density, freedom from damage by sparking,
ability to withstand the electrostatic forces of the anode,
and poisoning effects of gases or vapors that result from
operating the tube. Some improvements have been
made in oxide-coated cathodes by reinforcing the oxide
coatings with metal, as is accomplished in mesh-and
“mush”-type constructions.

The L cathode, the development of which was started
at the Philips Laboratories in Eindhoven, overcomes the
difficulties of the above-mentioned cathodes. Its great
mechanical strength, combined with high-emission den-
sity, long life, high resistivity against poisoning, and
low noise characteristics, should render it suitable for a
large number of tube applications.

Before considering the mechanical structure of the L
cathode, we will briefly summarize the properties of the
cathodes mentioned.

In Table I we note the emission capabilities of the
most generally accepted cathodes used in commercially
available electron tubes. In order of emission per square
centimeter, the tungsten cathode has the lowest yield,
and the L cathode indicates the greatest yield, particu-
larly under dc conditions. As for cfficiency, expressed
in amperes per watt, the oxide cathode appeared most
efficient under pulsed conditions, while the L. cathode
is best under dc conditions. In comparison to oxide-
coated cathodes, the L cathode excels in its resistance
to poisoning, to high-voltage clectrostatic field, and to
high-speed gas ions.

TABLE 1t

Resistance to Resistance to

Thermionic Thermionic Yield Potsonability : ! IIigh Speed
Emission A /cm? A Jwatt igh 1 oltage (:55 Ifn(se
o 'l‘ljn-gslcrl —dc { S s

Tungsten \ -pulsed | ! 0.006 Small Good Good
Thoriated W —dc = ;
Thoriated W —pulsed | 2 3'0'0 Large Good Poor
Oxide cathode —c 0.5 .25 Large Poor Good for :
Oxide cathode —pulsed 50 20.00 Large Fair (5173:—): 1;,(::(-}
L. Cathode dc \ 300 10.0 Small (

—pulsed f . SN so0d Good

L Cathode

electrostatic forces. For these applications, thoriated
tungsten and tungsten cathodes are usually preferred.
In microwave tubes, none of the above types of

* Decimal classification: R331. Original manuscript received
by the Institute, March 20, 1951; revised manuscript received,

October 2, 1951. .
‘ TP}:ilips Laboratories, Inc., Irvington-on-Hudson, N. Y.

CATHODE CoxsTRuCTION

In Fig. 1 we show cross-sectional views of two types of
planar L cathodes. The cssential parts are the molyb-

' H. J. Lemmens, M. J. Jansen, and R. Loosjes, “A new thermi-
onic cathode for heavy loads,” Phil; Tech. vol, 11 erml_
950, famnode for ips Tech. Rev., vol. 11, pp. 341
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lenum body 4, the porous tungsten plug B, the barium-
arbonate emission material P, and the heater F. The
tructure on the left-hand side is a mechanically fitted
lesign, in which the molybdenum body A is peened
lightly over the porous tungsten plug to hold it in
Jace and form a tight joint. In the structure on the
ight-hand side, the porous tungsten plug is welded
irmly to the molybdenum body. It has been found that
he welded construction has been in general more satis-
actory than the mechanically fitted construction.
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Fig. 1—L cathodes, planar types.

Fig. 2 shows cross-sectional views of two different
types of cylindrical L cathodes commonly used on
magnetrons, the cathode indicated on the left being of
the indirectly heated type, while the one on the right is
of the directly heated construction. For cathodes having
small diameters, in the order of a millimeter, the cathode

+on the right-hand side is sometimes preferable. The in-
direct heater design is recommended for use where the
cathode diameter is greater than 2 millimeters.

HEATER
+ (4104 COATED!

P BARIUM CARBONATE

_POROUS TUNGSTEN

BOTTOM CAP
Fig. 2—L cathodes, cylindrical types.
The porous tungsten part for the types of cathodes

shown is made by compressing tungsten powder and
then sintering it at a high temperature.

Espersen: The L-Cathode Structure

285

ACTIVATION

In Table 11 we show a typical activation schedule.
Steps 1 and 2 are more or less standard procedures for
most evacuation schedules. In step 3, the barium car-
bonate is reduced to barium oxide. Step 4 is a prelimi-
nary step prior to the anode heating which is accom-
plished in step 5. Approximately 5 minutes are required
to outgas the anode. Step 6 is the actual activation step
in which the barium oxide is partially reduced to bar-
jum, which diffuses through the porous plug, reaching
the outer surface in about 15 minutes to form a uniform
emitting surface. An emission of 250 ma corresponds to
3.0 amp per cm? for a 3-mm diameter planar cathode.

TABLE 11

1—Seal diode to vacuum system and check for leaks.

2—When vacuum is better than 1X 10~ mm of Hg, bake diode at
400 to 450°C for approximately 30 minutes.

3—Remove oven and glow heater, raising cathode temperature
gradually to 1,130°C and maintaining a vacuum better than
1.0X10~* mm of Hg.

4—CGlow cathode at 1,270°C? brightness for one minute. Vacuum
is better than 10 mm of I1g at end of this step.

s—Heat anode by radio-frequency induction to maximum recom-
mended value (1,200°C brightness for zirconium-coated molyb-
denum) until vacuum is better than 1.0 10~ mm of Hg.

6—Activate cathode at 1,270°C brightness, apply anode voltage
adjusting anode voltage to 200 volts dc. Stop activation when
emission current reaches 250 ma. Vacuum is better than 1 X107
mm of Hg.

7—Seal from vacuum system.

EMissioN CHARACTERISTICS

The factor of primary interest when comparing differ-
ent cathodes is the temperature dependency of the
emission. Fig. 3 shows how the L cathode compares
with other conventional cathodes.

llere the saturation emission measured under pulsed
conditions in amperes per square centimeter is plotted
against the true temperature in degrees C. The vertical
dotted line indicates approximately the maximum tem-
perature at which the cathode can be used to give a
life in the order of some hundreds of hours. Under dc
conditions, the oxide-coated cathode cannot be used
continucusly for more than one hundredth part of the
saturation current at 900 degrees C since the emitting
area is damaged if this value is exceeded. The other
types of cathodes can operate continuously with an
emission close to the saturation value.

The termination point of the curves is at the maxi-
mum value of temperature at which the respective emit-
ters can be operated. Operation at temperatures beyond
these points usually results in destruction of the cath-
ode. It is noted that for an oxide-coated cathode 120
amp per cm? can be reached under pulsed conditions,
while for an L cathode about 300 amp per cm? can be
attained. This value is not limited to pulsed condi-
tions, but can be realized under cw conditions. How-

* All temperatures listed, with the exception of the oven tem-
perature, are brightness temperatures measured on the molybdenum
part.
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Fig. 3—Saturation emission Js (amp per em?) as a function of true temperature (degrees C). This curve has been taken from an article,
entitled “A new thermionic cathode for heavy loads.” See footnole 1.

ever, operating an L cathode under these conditions
imposes other restrictions, namely, the problem of dis-
sipating the anode power. In one test, a planar cathode
having 6 mm? of surface arca was assembled into a diode
structure having a water-cooled anode spaced 0.5 mm
from the cathode. The emission obtained was 40 amp
per cm®at an anode voltage of 400 volts. Anode dissipa-
tion was in the order of 1 kw, The power input into the
cathode had to be increased to maintain it at a tenmipera-
ture of 1,300 degrees C brightness since clectron cooling
at this current density is appreciable.
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Fig. 4—Theoretical thermal efficiency (aln‘p per watt) as a function of
saturation emission (amp per cm?). (Taken from article entitled,
“A new thermionic cathode for heavy loads.”) See footnote 1.

In Fig. 4 we plot the theoretical thermal efficiency (in
amp per watt heating power) as a function of the satura-
tion emission expressed in amp per square cm. Ilere we
note that the theoretical efficiency of the L. cathode is

greater than that of the tungsten and thoriated tungsten
cathodes, but is less than that of the oxide-coated cath-
ode. This is to he expected sinee the temperature of the
I cathode is higher than that of the oxide-coated cathode
with equal saturation emission. We appreciate that the
oxide-coated cathode is the most efficient, and is highly
desirable in applications where the current densities are
less than 0.25 amp per em?; but where higher densities
and life are desired, we must serutinize the thermal effi-
ciency more closely hefore drawing any conclusions. |If
we consider an | cathode operating at a de emission of
40 amp per em®* and multiply this value by 1.8 volts,
which is in the nominal work function for the L cathode,
the clectrons emitted carry 72 wates per em? out of the
cathode. The heating power must therefore be increased
by a like amount in order 1o keep the cathode surface at
the temperature required for the emission. \Without
emission, a power of 20 watts per em? would be ade-
quate for this temperature.

As for the surface of the . cathode, it displays a
smooth metallic emitting surface. The structure pos-
sesses great mechanical strength, and is not casily dam-
aged in assembly. There are no particles to peel off un-
der the influence of clectrostatic attraction forces, as is
the case for oxide-coated cathodes. The surface of the
cathode can be turned on a lathe or molded, and it can
be machined perfectly flat to exact dimensions within
tolerances of a few microns. FFor disk-scal tubes, where
cathode o grid distances are smal| (tens of microns) in
order to shorten the transit times of the clectrons, this
feature offers excellent construction possibilities, even
better than the finest grained oxide-coated cathodes
which must be handled with care to prevent injury to
the surface. FFor 1. cathodes, the surfices can be made
very small because of the high-emission density, thus
making possible smaller interelectrode (‘.'q);u‘ilanc'cs. The
higher density emission cathode requires a high-control
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grid voltage in the case of grounded grid tubes, which
shortens the transit time of the electrons and thus re-
duces the transit-time damping effect. The L cathode
has no cross resistance of any consequence, in contrast
to the emitting laver of the oxide-coated cathode.

Some of the inherent weaknesses of the oxide-coated
cathodes are also prevalent to some extent in L. cath-
odes, for instance, barium evaporation and susceptibil-
ity to poisoning by oxygen or oxygen compounds.

Under exposure to high-velocity gas ions or sparking,
the emission of an L cathode recovers within approxi-
mately 250 milliseconds to its initial value because of a
replenishment of barium to che emitting surface, while
the oxide-coated cathode is permanently destroved.

The most important feature of the L. cathode is its
life. Unlike the oxide-coated cathode, the life of which
depends upon the emission current drawn as well as on
the temperature at which it is operated, the life of an L.
cathode depends only upon the temperature at which
it is operated and the quantity of barium oxide con-
tained obehind the porous tungsten wall. For a given
planar-type cathode 3 mm in diameter, having a 7 mm?
emitting area operating at 1,050 degrees C brightness,
the amount of barium evaporation is 0.1 mg in 1,000
hours. Therefore, 1 mg of barium oxide should vield
10,000 hours of life at this temperature. A number of
these diodes have run longer than 5,000 hours, drawing
an emission current of 2.0 amp per cm? dc. Later we will
discuss the methods of measuring the barium evapora-
tion, as well as the ]ii:e obtained to date, on some typical
tubes.

Regarding the emission mechanism of the L cathode,’

let us consider the reaction which takes place. First, the
barium carbonate pellet in the enclosed cavity is heated
to 1,130 degrees C brightness until the carbonates are
reduced to their corresponding oxides, the carbon diox-
ide being pumped out. Next, the cathode is heated to
1,270 degrees C brightness, and the barium oxide is
partly reduced to barium. Thus barium vapor will col-
lect in the closed chamber under a certain small equi-
librium pressure. The barium vapor passes through the
pores of the tungsten, and forms in those pores as well
as on the surface a monatomic layer on the tungsten,
bound to it by oxygen present on the surface. The
formation of this layer results in a considerable reduc-
tion in the work function of the tungsten, from 4.5 to
1.8 volts. Thoriated tungsten cathodes have a work
function of 2.75 volts. In Table 111 we illustrate some of
the values of work functions and A values determined.

In Table 111 we note that the range of work function
of the L. cathode is between 1.6 and 2.0 volts. Lxperi-
ments run whereby the barium-carbonate pellet was
omitted in the L.-cathode structure, and the external
surface was coated by evaporating a monatomic layer
of barium (using Ba azide). This resulted in a work
function of 1.66 volts as shown. However, when the nor-
mal BaSr carbonates were sprayed on the outside sur-
face (omitting the pellet), a work function of 1.1 was ob-
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tained. This is noticeably different from the L cathode.
Hence we feel that barium plays the same role in the L
cathode as does thorium in the thoriated tungsten cath-
ode, and therefore, perhaps, should be called a “bari-
ated” tungsten cathode.

TABLE 111

Work Function

A
Type Cathode (Electron Volts) (A /cm?/deg?)
Tungsten 4.44 t0 4.63 22 to 210
Thoriated tungsten 2.6 2.9 3 15
Oxide cathode 1.0 1.5 0.01 5
L Cathode 1.6 2.0 1 15

Barium evaporated on porous

tungsten plug 1.66 —
Thick BaO layer on porous

tungsten plug 1.1 —

BARIUM EVAPORATION

Before discussing the applications of the L. cathode in
various types of tubes, we will consider the methods
used to investigate the rate of evaporation of barium.

Two methods were employed: The first method in-
volved measuring a fixed quantity of barium carbonate
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Fig. 5—Barium evaporation curve.

which was inserted into the dispenser of a 3-mm diam-
cter planar cathode prior to activation and life testing.
At the end of life, zero emission resulted, and only a
trace of barium oxide was present in the dispenser as
well as in the porous tungsten plug. Fig. 5 indicates the
results obtained for different values of temperatures.
The log of rate of barium ecvaporation was plotted
against the reciprocal of the absolute temperature.
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These data are for a particular cathode. It is possible to
fabricate cathodes having a very much lower rate of
barium evaporation.

L CATHODE
HINGED
ANODE
TUNGSTEN
CATHODE

Fig. 6—Schematic of test diode to study barium evaporation.

In the second method, the rate of evaporation of
barium was measured by using a simple diode as shown
in Fig. 6. Here we show a simplified version of the diode
construction. The tungsten cathode shown consists of
a highly polished 100-per cent density, 3-mm diameter
tungsten cathode, welded to a molybdenum cylinder and
heated indirectly by the filament shown. The hinged
anode is spaced approximately 0.025 inch from the tung-
sten cathode. The L. cathode is of the standard 3-mm
diameter type, and is mounted approximately 0.750 inch
from the tungsten cathode. The walls of the glass en-
velope are approximately the same distance away. No
getter is used in this tube, in order to facilitate taking
brightness temperature of both cathodes. This diode is
processed in the usual manner. The anode is rf bom-
barded, and both cathodes are heated to 1,300 degrees C
brightness until the vacuum is better than 1.0 X10~7 mm
of Hg before sealing off.

After tip off, in order to remove all traces of barium,
the tungsten cathode is glowed at 1,300 degrees C with
the hinged anode closed and emission voltage applied
until the anode current reads zero emission. At this
point, the tungsten-cathode heater is turned off, and the
hinged anode is opened by tilting the tube. The L-cath-
ode anode is then glowed at any desired temperature,
usually between 1,000 degrees C and 1,300 degrees C
brightness. At periodic times, the L-cathode heater is
turned off, the hinged anode is closed, and the emission
is measured from the tungsten cathode operated at 800
degrees brightness, at which temperature barium sticks
well to the tungsten surface. When the emission current
from the tungsten-cathode stabilizes after successive
exposures to the L cathode, a Richardson plot is taken
from which the work function is computed. Successive
exposures to the L cathode are continued to insure that
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stable work function has been reached. The rate of
barium evaporation by this method appears to be in
close agreement with the barium-depletion method de-

scribed above.
LIrE :

As mentioned previously, the most important con-
tribution of the 1. cathode, aside from the fact that it
can be operated at high-current density, is its lifetime,
which is a function of the temperature of operation as
well as the amount of barium oxide available from the
reservoir. Unlike the oxide-coated cathode, its life does
not depend upon the value of the emission current
drawn from the cathode. The life can be computed from
Fig. 5. For a given 3-mm diameter planar-type cathode
having 2 mg of barium oxide in the dispenser, a life of
approximately 200 hours is obtained at a cathode tem-
perature of 1,270 degrees C brightness. Operation of the
same cathode at 1,050 degrees C brightness results in a
life of 20,000 hours, drawing an cmission current of 2.0
amp per cm? Life test failures indicate that only a trace”
of barium remains in the dispenser as well as in the
porous tungsten part.

One of the main causcs of failure of L. cathodes at true
temperatures from 1,250 to 1,350 degrees C is the heater.
Heaters coated with aluminum oxide apparently have
satisfactory life if operated at true temperatures less
than 1,200 degrees C.

In Table IV we list a number of experimental tubes
in which the I. cathode was used as an emitting source.
TABLLE 1V
ExperRIMENTAL L Catnone Tuses

Life (hours)

Cathode-ray 25-kv TV projection 1,000
Klystron two-resonator 2.8 10 3.5 «in 100 watts 5,000
Magnetron, 3cm, pulsed 1,065-kw 45 per cent eff. 1,000
Rectifier, air filled 3.0 amp per cm?)

Rectifier, Hy filled, no emission f 3,000
Triode, disk seal 10 cm 1,600

The first tube listed is a cathode-ray tube of the
3NP4 type. A 3-mm diameter cathode with tantalum
heat shields was used. It is important in the cathode
design that the cathode is not assembled in intimate
contact with ceramic spacers which tend to reduce to
metals and poison the cathode surface.

The two-resonator klystron indicated also uses the
3-mm diameter cathode with tantalum heat shields and
focussing assembly. Its construction is of the gridless
type, having a beam diameter of approximately 0.086
inch. The life indicated has been obtained on a number
of such tubes in which oxide-coated cathodes failed after
10 hours. No appreciable loss of Q or power output was
experienced through life. Analysis of completely life-
tested tubes indicates that the bulk of the evaporated
barium is deposited on the side walls of the drift space,
and very little barium is present inside the cavities.

The life of magnetrons using L. cathodes is equally
satisfactory. The magnetron listed is of the “rising-sun”
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type. Several cw magnetrons are now being constructed
for noise-measurement investigations.

Regarding the rectifiers indicated, it is interesting to
note that the hydrogen-filled rectifier indicated no emis-
sion, which is perhaps attributable to hydride forma-
tion.

CONCLUSIONS

In conclusion, let us summarize the essential features
and properties of the L cathode. It consists essentially
of barium oxide contained behind a wall of porous tung-
sten. During the operation of the cathode, the barium
oxide is reduced gradually, and free barium resulting
from this reduction escapes through the pores and forms
on the surface a monatomic layer of barium bound to the
surface of the tungsten by oxygen. Hence the work
function of the tungsten is reduced from 4.5 to 1.8 volts.

The essential advantages of the L cathode are its
capacity to produce high-thermionic emission, combined
with long life. The life of an L cathode is dependent
entirely upon the temperature of operation and the
amount of barium oxide available in the dispenser. It is
particularly suited for application in microwave tubes
since it can be machined to exact tolerances.
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The Theory of Amplitude-Modulation
Rejection in the Ratio Detector
B. D. LOUGHLINT, MEMBER, IRE

Summary—The procedure for a complete mathematical analysis
of the AM-rejecting properties of the ratio detector is presented.
The operation with 100-per cent efficient diodes is first treated, and
it is shown that in this case compensating resistors which reduce
the effective efficiency of the diodes must be used to obtain optimum
AM rejection. The operation with practical diodes is then treated
and design charts for optimum AM rejection are presented. From
the theory, the effect of variations in ratio-detector transformer
parameters upon the AM-rejection properties is predicted. Un-
balanced effects and the manner in which they can be made to
cancel each other mutually are briefly described. It is pointed out
that the degree of apparent limiting action within the ratio-detector
circuit is incidental and unrelated to its AM-rejection properties, and
thus represents an inadequate design basis for the ratio detector.

I. INTRODUCTION

T N ORDER to obtain the full benefits of FM re-
1[ ception, an FM receiver should include an FM-

detector system which is insensitive to amplitude
modulation. A few years ago a new FM detector,
called the “ratio detector,” which did not require the
use of a limiter, was introduced in receivers being
marketed. Since then this detector has been rather
widely use in FM receivers and in the sound ends of
television receivers. However, in spite of wide usage,
the design of the ratio detector is still almost entirely
empirical. Several papers have been presented giving a
general story on the operating characteristics of this de-
vice, but an accurate mathematical analysis has not

* Decimal classification: R361.2XR148.3. Original manuscript
received by the Institute, February 16, 1950; revised manuscript re-
ceived, June 18, 1951,

1 Hazeltine Corp., Little Neck, L. I., N. Y.

been presented and the AM-rejection properties have
not been adequately explained. The purpose of this
paper is to outline a procedure for a complete mathe-
matical analysis of the AM-rejection properties of the
ratio detector, giving the results of the complete anal-
ysis in the form of graphs to be used for designing
ratio-detector circuits. Since a description of the gen-
eral operating characteristics has been given in the
literature,! it will not be repeated here.

The complete mathematical analysis of the AM-rejec-
tion properties of the ratio detector is lengthy and in-
volved. Presentation of all steps is therefore beyond the
scope of this treatment.? Instead, the procedure followed
will be outlined and the essential background material
presented. The complete analysis producés results
which are in agreement with experiment. These results
will be presented.

[I. THE RATIO DETECTOR AND ITS
EQuivALENT CIRCUIT

The mathematical analysis of the ratio detector is
simplified through the use of an equivalent circuit. The
development of this equivalent circuit from a ratio de-
tector, using either a phase-variation discriminator
transformer or a side-tuned transformer, is shown in
Fig. 1. The rf circuit components to the left of terminals

1 B. D. Loughlin, “Performance characteristics of FM detector
systems,” Tele-Tech, vol. 7, p. 33; January, 1948.

3 The complete mathematical analysis is given in the Hazeltine
Electronics Report $7096.
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1, 2, and 3 (Figs. 1(a) and 1(b)) can, with complete
generality, be represented by two generators (either
current or voltage) and three impedances (connected
either as a ¥ or A). For convenience, the form using
two current generators and a delta connection of im-
pedance is used here, giving the equivalent rf circuit
shown in Fig. 1(c).

driver

(c) (d)

Fig. l—Deyel‘opment of equivalent circuit for ratio detector. (a)
Phase variation. (b) Side-tuned. (c) Equivalent. (d) Approximate.

To further develop the equivalent circuit, the dc
circuit components to the right of terminals @, 5, and
¢ can be simplified. For a study of dynamic (audio-fre-
quency) AM-rejection properties, this combination of
two resistors and a large condenser can be replaced by a
center-tapped battery since the large condenser holds
the voltage between terminals ¢ and ¢ constant, as far
as dynamic variations are concerned. However, the
magnitude of this battery voltage is determined by the
average operating level.3 This gives the equivalent cir-
cuit as shown in Fig. 1(c).

From the equivalent circuit it is seen that the ratio
detector consists fundamentally of two diode rectifier
circuits whose dc output terminals are connected in
series across a battery. Thus, the circuit as viewed from
the dc side is much like two dc generators connected
in series across a battery, and the net de output voltage
between terminal b and the ground is thus a function of
the regulation characteristics of the de generators.
However, the equivalent dc-generator regulation char-
acteristics are, in general, nonlinear and thus not too
easy to handle.

Some further simplifications in the equivalent cir-
cuit can be made. For the well-balanced case, it can be
shown that the two current generators (i1 and 7,5) are
identical in amplitude. Also, the shunt impedance Z,
can be effectively eliminated by paralleling half of it
with Z; and the other half with Z,. This latter simpli-

% This difference between static and dyn.amic‘operati‘ng character-
istics of the ratio detector has been explained in the literature. See
footnote reference 1, Figs. 10 and 11.
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fication can be shown to involve no a'pproximation. in
regard to finding the conditions for‘(.)])tmlum.z\f\l rejec-
tion. The approximate circuit of I'ig. 1(d) is now ob-
tained. ) o

By comparing Fig. 1(d) with the side-tuned circuit,
of Fig. 1(b), it can be seen that z; an(! 2 arc.of the
nature of side-tuncd resonant circuits. This equivalent
circuit (with side-tuned resonant circuits.) applies even
for the phase-variation transformer, as will be apparent
when it is realized that the rf circuits to the left-hand
side of terminals 1, 2, and 3 in Figs. 1(a) and 1(b) pro-
duce substantially similar voltage variations with fre-
quency. '

By considering these impedances 2, and 22 to consist
of parallel conductances (g) and susceptances (b, and by),
the equivalent circuit of Fig. 2 is obtained. In the usual
balanced case, the conductances (g) are equal and are
relatively independent of frequency near the center
frequency of the detector, while the susceptances b, and
bz are opposite in sign and cqual in magnitude at center
frequency, but vary oppositely in magnitude with fre-
quency. That is

by = + (b + 2b)
by = — (b'—Ab)v

Il

(1

where b is the magnitude of the susceptance at center
frequency and Ab is the variation with frequency.

Fig. 2—Ratio-detector equivalent circuit.

It should be noted at this point that the impedance
of the ratio-detector transformer at harmonic frequen-
cies is rather low compared to the fundamental fre-
quency impedance. Thus as a first-order approxima-
tion, the ac voltages are sinusoidal in shape. When ac
voltages (e's) and currents (7's) are mentioned, it will
be understood that these e's and 's refer to the peak
values of the fundamental frequency ac components
of voltage or current. This ignoring of the harmonic
currents and voltages is permissible for a first-order
approximation; however, the presence of harmonic
currents when the harmonic impedance is not zero does
result in some reactive effects. These reactive effects will
be discussed later under “unbalanced effects.”
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[11. OPERATION WITH 100-PER CENT EFFICIENT DIODES
4. Detector Qutput Voltage

It is useful to study the performance of the ratio-
jetector circuit with ideal 100-per cent efficient diodes
sefore proceeding to the practical case involving ineffi-
sient diodes.

On the dc side of the equivalent circuit of Fig. 2
there are two apparent relations, namely,

11=Iz=I (2)
Eg = E, + E,. 3)

However, to determine the division of Ep between E,
and E,, further relations involving the regulation char-
acteristics are required. These regulation characteristics

re obtained from writing the mesh equations involving
the ac side of the circuit, namely,

ger + jbier + i = ip = gea + jboer + 1o, (4)

where ¢; and e, are the fundamental frequency ac
voltages across the two input circuits and 4, and 14, are
the fundamental frequency ac components of the diode
input currents (as marked in Fig. 2). The above equa-
tion can be simplified if 4, and 7, are in phase with
e: and e, respectively, that is, if the input loading due
to the diodes is purely resistive. This is true as a first-
order approximation, and will be assumed in the present
part of the analysis. Actually, in a practical case reactive
components of 4; and 7, can result from incomplete by-
passing of the diode output circuit, from insufficient
stored energy in the input tank circuits, and from a

change in diode capacitance with efficiency. These reac- -

tive effects will be treated in a later section.

As a next step, the ac equation can be written in
terms of an equality of magnitudes instead of a complex
equation if it is remembered that e; and 4, (also ez and 12)
are in phase.

(ger + )% + bi%:? = (ge: + 12)? 4 boles? = i% (8)

Now this is an equation of magnitudes, and the ac
voltages and currents can be replaced by their absolute
magnitudes, that is, e; can be replaced by |ei], and so
on. These absolute magnitudes can be related to the
dc voltages and currents by the well-known relations for
a 100-per cent efficient diode, namely, that the dc
voltage equals the peak of the applied ac voltage and
that the fundamental frequency ac component of the
input current is twice the dc current.!

le|=E; |i]=2r (6)

The following equation results:
(gE1+ 2I) + b2E;? = (gE, + 2I)? + b2Fs? 2 | i, ]2 (7)

‘T'his equation gives the interrelation between the
dc voltages and currents and the ac circuit impedances,
and can be manipulated to derive the output dc voltage
E;. The algebraic steps required involve the sub-

¢ Fundamental property of a short pulse.
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stitution of (1) for b, and b; and the substitution of

EB EB
—2-— — E,for E, and —2-— + Eofor E,.

In addition, it is assumed that consideration is limited
to conditions near center frequency, that is, Ab2&b? and
Eo*<&(Eg/2)% The resulting relation for E, is
EB Ab q2
Ey = — Y (8)

F 5 T ]
q 2Ez

where g=b/g and Ab/b represents the detuning of the
applied signal from center frequency.

Now the important thing to note is that the above
relation states that the output voltage Eo decreases
when the dc current I is increased. It is relatively simple
to show that I increases as the input current |4, is
increased. To show this, I versus li,l can be found at
center frequency from (7);

4T = /& 7,]* — 8Es* — gEs, [I>0]. (9

Now since I increases with 4,, the output voltage Eo
must decrease with a dynamic increase in input signal
level 7,. This is illustrated by Fig. 3, where Eo is plotted
versus |4,| for some assumed values of circuit constants.

3 T 1 1
! . q=13,10
i | Ep = 20,11,10 (volts)
I ’ >
] -
| | o = 35,28,10(umhos)
2 % o+ f—T
— {
o -y :
5 o
2 1' & ab_ 1
1+ -4 ]
uf | £
i Bb .1
: - b 10
(o J S 4
) 2 4 6
<4q (MA)

Fig. 3—Output of ratio detector with ideal diodes.

The above leads to the rather important conclusion
that a ratio detector with 100-per cent efficient diodes
does not reject amplitude modulation, but instead is
over-compensated so that a dynamic increase in signal
amplitude always results in a reduction of output
voltage. From (8) it can also be seen that circuit con-
stants cannot be selected to give complete AM rejec-
tion. This characteristic should be contrasted with the
limiting characteristic of a diode limiter, in which case a
100-per cent efficient diode can give perfect limiting.

It can be seen that as ¢, is increased I=0 until 7,
exceeds (Ep/2)/g2+b?, that is, until the open-circuit
ac voltages exceed the back bias of the battery voltage.
This level may be thought of as the dynamic threshold
above which the ratio detector operates and below
which the diodes are cut off. This threshold is a dy-
namic threshold since in an actual ratio detector using a
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long time-constant load the effective battery voltage Ep
changes with the average input signal level and the
diodes cannot be cut off on a long time basis. Above this
threshold the diode current I increases as the input
signal level 1, is increased.

B. AM-Reduction Factor

In order to talk about AM rejection in quantitative
terms, the quantity “AM-reduction factor,” which has
been used by workers in the ratio-detector field, is
introduced here. This term is equal to the per cent varia-
tion of the output signal divided by the per cent ampli-
tude modulation of the input signal producing this out-
put variation; in the other words, calling the AM-reduc-
tion factor equal to R,

R=—1"_. (10)

It is apparent from the definition of AM-reduction
factor that perfect AM rejection corresponds to R =0,
Also, it is apparent that an ideal balanced discrim-
inator with linear diode detectors gives R=1,

As a matter of mathematical convenience it has
been found easiest to evaluate this AM-reduction factor
in two parts, namely,

dE,  dI
R=RR = 0 1 (11)

ar  d|i,|

I |

As center frequency is approached, R approaches a 0/0
form, and thus needs to be effectively evaluated just
slightly off center frequency. lowever, R, can be
evaluated at center frequency. Thus R, is obtained by
differentiation of (8), which gives E, versus I slightly off
center frequency while R, is obtained by differentiation
of (9), giving I versus |4,| at center frequency. By this
procedure the over-all AM-reduction factor can be
obtained as

R
@D+ DD+ 1+ ¢)
where D is defined as the ratio of input conductance g4

of the diode to the conductance g of the circuit. From
(6) therefore
| i

D=E= le| _ 47
g 4 ¢Es

R =RR, = -

It can be seen that R is a negative number (imply-
ing the opposite polarity effect previously mentioned)
with a magnitude less than unity but always greater
than 0 (implying imperfect AM rejection). The rela-
tion for R is shown by the curves given in Fig. 4.

94 _ Input Cond. of Diode

0 = g * “Circulf Conductance

|
w

A-M Reduction Factor (#)
]
o

e
o

Fig. 4—AM-reduction factor of ratio detector with ideal diodes. |

C. Compensating Resistors

In the above-described arrangement with 100-per
cent cfficient diodes a dynamic increase in signal level |
produced a reduction in output voltage E,. If the effec-
tive “battery” voltage were to increase as the input
signal level increases, the previously mentioned decrease-
in output voltage could be compensated to give an out-
put that is independent of signal-level variations (over a
certain range). This can be accomplished by including
compensating resistors in series with the battery, as
shown in Fig. 5. The cffect of these compensating re-

Re

20

b
. Zz
EgEytl] R,

(a)
Fig. 5—Ratio detector-load circuit with compen(:zting resistors,
(a) Equivalent. (b) Actual.
sistors is illustrated in Fig. 6, where the output voltage
is plotted versus the input signal current for several
values of compensating resistors and certain of the
assumed circuit values of Fig. 3,

1.5¢ ; ; ; ; . "
|

' b1 " _R;s 10,000

10! . (S
P o
i =l
= £, _Rb= 5,000
> o -
S5 = | 17 3000
. Es
| ! '?-“AVO"S | Rb:O
[ | T
! g =28pumhos
-04—— - —— vu —————— ¢
o] 2 4 6
4g (M,)

Fig. 6—Lffect of compensating resistors in ratio detector
with ideal diodes.
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The AM-reduction factor for this case, using com-
pensating resistors, can be solved by a similar procedure
to that used before. To evaluate Ry, (8) is again dif-
ferentiated: but this time Ep is not independent of I
(instead dEp/dI=Ry). Differentiating and collecting

" terms R; can be written as

_1R6(20+1+q2> D

x—E; — e

Dti+¢/) DHit+g

From (13) R, is seen to be a difference of two terms, and
under certain conditions these two terms can be made
to cancel giving R, equal to zero. When Ry is zero, the
over-all AM-reduction factor R is also zero (actually,
R;>1). Thus the conditions for perfect AM rejection
are obtained by setting R;=0. This is obtained when

IR, D

we U .
Ep W1+ ¢

(13)

(14)

This (14) specifies the fraction of the total load or
battery voltage [@=IR,/Eg] that must be unstabilized
in order to obtain perfect AM rejection with 100-per
cent efficient diodes.

IV. OPERATION WITH PRrAcCTICAL DIODES

To get an approximate picture of the effect of using
practical diodes, the inefficiencies in the diodes might be
thought of as being approximately equivalent to a

Above
Optimum
Level

EOT Optimum
Optimum Level

Level

Below
Optimum
Level
Dynamic
[f—-lncrease ]

in Input

o =
Input Signal
Level

A-M Reduction Factor

n=
1

Fig. 7—AM-reduction factor versus signal level for a
practical ratio detector.

series resistor inserted in the output circuit of cach
diode, with the diodes being thought of as having 100-
per cent efficiency. Upon insertion of these “inefficiency
resistors” the circuit appears like that using compensat-
ing resistors, such as shown in Fig. 5. Again, as the in-
put signal level is increased, the cffective battery
voltage increases. This increased effective battery
voltage tends to increase the output voltage Eo and
compensate for the drop in output obtained with high-
efficiency diodes. Thus it can be seen that an appropri-
ate amount of inefficiency can just cancel the tendency
toward over-compensation obtained with 100-per cent
cefficient diodes, giving perfect AM rejection.

From the above reasoning it would be expected that

Loughlin: AM Rejection in the Ratio Detector
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for a given circuit arrangement there is a particular
diode efficiency that would give optimum AM rejec-
tion. This means that a particular operating level will
give optimum AM rejection since practical diodes have
an efficiency that varies with operating level. Operation
at a higher than optimum signal level (i.e., at greater
than optimum efficiency) will result in an over-com-
pensation effect (approaching that of the 100-per cent
efficient diode case), giving a negative AM-reduction
factor. On the other hand, operation at lower signal
levels will result in a positive AM-reduction factor,
that is, it will result in an output signal having an in-
phase AM effect. Such a variation of the AM-rejection
properties is obtained with a practical ratio detector and
is illustrated in Fig. 7.8

The AM-rejection properties of the practical ratio
detector might be calculated using the above ap-
proximation of a compensating resistor in place of
diode inefficiencies. However, following this procedure,
significant errors are obtained in the calculated level
for optimum AMI rejection compared to practical opera-
tion. The reason for this is that with practical diodes
which follow closely the three-halves power law (after
correcting for “initial or contact” potential error) the
effective value o6f compensating resistor is a nonlinear
clement being a function of the instantaneous load cur-
rent I. The use of an equivalent inefficiency resistor is
adequate for most diode circuit analysis, but in the
ratio detector the nonlinear nature of the diode is im-
portant since significant changes in efficiency occur with
dynamic changes in input signal level. This is true be-
cause the diode works into a load of approximately
constant voltage instead of constant resistance. As a
practical matter, in order to obtain results that even
approximately agree with experimental data, it has been
necessary to consider the diode as a three-halves power
nonlinear element.

The interrelation between the ac and dc circuits of a
three-halves power diode detector can be found using
an approximate solution developed by Wheeler and de-
scribed in an unpublished Hazeltine report. This solu-
tion is based on the assumption that the top part of
the applied sinc-wave voltage, which causes diode
conduction, can be represented by a parabola. The fol-
lowing relation is obtained:

5
tv, (15)

il =222,

where v is the efficiency, that is,
E = ‘yl e | .

The output voltage E, for the practical ratio de-
tector can now be calculated. Equation (5) is applicable
since it specifies the interrelation between the mag-
nitudes of the various ac voltages. Then the relations
for the practical diode are substituted in (5), giving

5 When a ratio detector is operated at a very low signal level,

the diode detectors become square-law detectors, the A -rejection
property disappears, and the AM-reduction factor will approach 2.
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Fig. 8—Conditions for optimum AM rejection in a practical ratio detector.
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The relation finally obtained for the output voltage,
after lengthy but straightforward algebra, is
Ep*bAb(3+7)

Ey=—— —
" 8g2Eyy(14 )+ 32 Enly*+ 16I%y3(1—7)

(17)

where v is the value of diode efficiency at center fre-
quency when y;=7..

While (17) again indicates that E, varies inversely
with I, the circuit constants can be adjusted to make E,
independent of I over a certain range because the
efficiency v varies inversely with the diode current 1.
Thus, circuit parameters in a practical ratio detector
can be adjusted to give perfect AM rejection at some
specific diode efficiency.

By further straightforward algebraic operations, (17)
can be used to find the conditions for optimum AMI re-
jection in a practical ratio detector. The results have
been plotted as a series of graphs shown in Fig. 8. In
these graphs, the quantity My is the per cent down-
ward amplitude modulation which can be handled by

the ratio detector before the diodes cut off and the ratio
detector ceases 1o function. The quantity D is the ratio
of the diode input conductance to the circuit conduct-
ance, that is,

)
pob_ ¢ =(5+7)><2”-
8 8 3 gl

The quantity VK, is merely a transfer constant used
when going between the two graphs.

One important distinctive feature of the ratio de-
tector that is quite apparent from the curves of Fig. 8
is that optimum AN rejection with a specified dounward
A M capability can only be obtained over a narrow range
of diode efficiency. This limited region of permissible
interrelations between circuit constants and diode effr-
ciency is bounded by the curves for D=0 and D=oo
(that is, 0 and infinite diode input loading). Of course,
this limitation in permissible diode cfficiency only ap-
plies when compensating resistors are not used. It is pos-
sible to operate with higher diode efficiencics than those
indicated in Fig. 8(a) by the inclusion of compensating
resistors (as has been explained with reference to 100-per
cent efficient diodes). It appears that optimum AM
rejection could not be obtained by use of less efficient

|
|
|
|
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liodes than indicated by Fig. 8(a) nor by use of higher
salues of compensating resistors than those indicated in
‘14). Thus, by reference to (14) and Figs. 8(a) and 8(b)
‘he complete range of possible operating conditions are
given for optimum AM rejection in the ratio detector.

V. PracTicaL USE OF MATHEMATICAL ANALYSIS
A. Calculation of Design

Equations have been developed giving the interrela-
tions between D, g, the circuit parameters, and the
peak spacing of the FM-detector characteristics of the
ratio detector.® Using these relations and the graphs of
Fig. 8 it is possible to develop a reasonably rational
design procedure for the ratio detector which gives
answers that agree adequately with empirically ob-
tained design data. Of course, the exact steps to be
followed depend upon the known limitations placed
upon the design, and the details of the design procedure
are beyond the scope of the present paper.

B. Adjustment of Existing Ratio Detector

Frequently the engineer is faced with the problem of
adjusting an existing empirically designed device which
does not perform in the desired optimum manner either
because of incorrect construction or because of stray
effects. From the mathematical analysis, a general
knowledge of the effect of various adjustments can be
obtained so that an existing ratio detector can be
adjusted empirically for optimum AM rejection.

Going back to the curves of Fig. 4, it is seen that for .

100-per cent efficient diodes an increase in g(g=50/g)
reduces the magnitude of the negative AM-reduction
factor. This means that in the practical case a higher
diode efficiency (or higher operating level) is required
for optimum AM rejection as ¢ is increased. It can be
shown that the optimum AMl-rejection point is moved
in the direction of a higher diode efficiency or a higher
operating level by making the following adjustments
(since these adjustments increase g):

For the phase-variation transformer

1. Increasing the primary to secondary coupling.
Decreasing the tertiary turns.

Increasing the secondary Q.

Decreasing the primary Q.

Increasing the secondary inductance.

6. Decreasing the primary inductance.

For the side-tuned transformer

1. Increasing the fractional detuning of each side-
tuned circuit.
2. Increasing the Q of each side-tuned circuit.

The above effects of the variations in circuit param-

eters upon the AM-rejection propertics have been

¢ The complete interrelations, together with a sample calculated
design, are given in the Hazeltine Electronics Report $7096.

substantiated by a considerable volume of experimental
observations on both types of ratio detectors.

VI. UNBALANCED EFFECTS

So far unbalanced effects in the ratio-detector circuit
have been ignored, that is, all effects discussed have
resulted in a perfect balance of both the dc and AM
output at center frequency. However, apparent un-
balance in the ratio detector should be carefully con-
sidered since it may severely reduce the over-all AM-
rejection properties of the device.

In the ratio detector the diodes may draw a reactive
current, or appear to draw a reactive current, which
varies with dynamic changes in the input signal level.
If this is true, there will appear to be a dynamic shift
in center frequency of the detector characteristic (that
is, a detuning of the transformer) as illustrated in Fig.
9. This results in an audible output due to amplitude
modulation even when the applied signal is at center
frequency and is not frequency modulated. This un-
balanced effect will result in a dynamic crossover, or
dynamic (AM) balance point, which .is not at center fre-
quency even though the dc balance may be at center
frequency. These reactive effects are severe in a ratio-
detector circuit and must be carefully controlled.

Dynamic
—» = Increase
in Inpui

+Unbalance Shown

Fig. 9—Effect of apparent frequency shift in a ratio detector.

There are at least three causes for changes in appar-
ent reactive diode currents with dynamic changes in
applied signal level. These causes are: first, a change in
diode input capacity with change in diode conduction,
which produces a positive unbalance; second, insuffi-
cient stored energy in the tuned circuits feeding the
diodes, which produces a negative unbalance; and
third, insufficient by-passing across the detector load,
which also produces a negative unbalance. In a practi-
cal ratio-detector design these unbalanced effects are
made to cancel each other at the desired operating level,
generally by adjusting the capacity of diode-load by-
pass condensers.

In certain designs it may be found that the ncgative
unbalanced effect due to insufficient stored energy ex-
ceeds the positive unbalance due to diode capacity
change so that even very large by-pass capacities do
not give cancellation of dynamic unbalanced effects.
This results in a practical limitation upon the minimum
ratio-detector transformer capacity that can be used
with a particular type diode at a particular frequency.
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This empirical data on tank capacity in conjunction
with empirical data on practical Q's for coils generally
gives a starting basis for a ratio-detector transformer
design. The remaining circuit constant interrelations
can then be determined by the requirements for opti-
mum “balanced” AM rejection.

VII. INADEQUACY OF SIMPLIFIED ANALYSIS FOR
DESIGNING A RATIO DETECTOR

The mathematical analysis presented above is cer-
tainly rather involved, and might lead one to look for a
simplified analysis of the AM-rejection properties of

Time

——
Freq.

Time

Fig. 10 (a) and (b)—Ratio detector with low-efficiency diodes.

the ratio detector. One type of simplified analysis, which
has been considered by a number of engineers, is based
upon the fact that if the ac voltages between the various
terminals of a ratio-detector transformer are observed
on an oscilloscope some apparent limiting action will be
scen. It can be demonstrated that the degree of this
limiting action is incidental and unrelated to the AM-
rejection properties of the ratio detector, and thus pro-
vides an inadequate design basis which can result in
substantial errors.
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An analysis of the ratio detector using a phase-varia-
tion transformer will show that an apparent perfect
limiting action can occur across the secondary winding
and that this might actually occur at a signal level
which is close to that giving optimum AN rejection for'
a particular design of ratio detector. However, ‘if the
phase-variation transformer is replaced by an eqz.twalent
side-tuned transformer, this apparent perfect limiting
action may or may not be obtained across the terminals
1-3 of Fig. 1(b) (cquivalent to secondary of phase-
variation transformer), depending upon the relative ds-
rection of winding of the two side-tuned circuit coils.
While the direction of winding will substantially change
the apparent limiting action, it will have no effect upon
the ability to obtain optimum AN rejection in the ratio
detector since reversing the phase of the two input-
current generators of Iig. 2 does not affect the condi-
tions for optimum AN rejection.

To illustrate the point that this simplified analysis is
inadequate and that the apparent limiting on the ac
side of a ratio detector is completely incidental and un-
related to the AM-rejection properties, a side-tuned
circuit ratio detector with low-cfficiency diodes was con-
structed. As shown by Fig. 10, this device had optimum
AM rejection as a ratio detector but very small limiting
of amplitude modulation on the ac side.

The oscillogram of E, versus frequency was taken
with simultancous AN (30 per cent) and F)M (75 ko),
the AM and FM being nonsynchronous, and shows that
the ratio detector has relatively good AN rejection.’

VI, Coxcrusions

A ratio detector using 100-per cent efficient diodes
has been shown to he overcompensated, and compensat-
ing resistors or inefficient diodes must then be used to
obtain optimum AMI rejection. In a practical ratio de-
tector the detector transformer parameters must be
correctly designed with respect to the diode efficiency
in order to obtain optimum AMI rejection at a desired
operating level, In addition, it has been shown that the
degree of apparent limiting action within the ratio de-
tector is incidental and unrelated to the All-rejection
properties of the ratio detector, and does not provide
an adequate design basis.
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" However, this design using a 658 is not suggested for a production
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Cathode-Ray Tube for Recording
High-Speed Transients’

S. T. SMITH{, ASSOCIATE, IRE, R. V. TALBOTt, ano C. H. SMITH, JR.t, ASSOCIATE, IRE

Summary—A traveling-wave cathode-ray tube has been de-
veloped which will record single nonrecurrent transients of 0.5
millimicrosecond rise time. The development was directed toward
improvement of writing speed, deflection factor, and shielding be-
tween horizontal and vertical deflectors. Distortions due to transit-
time effects, and frequency dependent impedance mismatch of the de-
flector have been minimized. A deflection factor of approximately 0.5
volt per trace width (33 volt per cm) in the vertical direction has been
obtained with a reduction of sensitivity of approximately 4 per cent
at 1,000 mc. A recorded writing speed in excess of 1X 10" trace
widths per second (1.5 X 107 meters per second) has been realized.
Oscillograms of recorded traces are shown.

INTRODUCTION
PRESENT CATHODE-RAY tubes have several

limitations when used for recording high-speed

nonrecurrent transients. Among these are low
writing speed, transit-time distortion, high deflection
factor, insufficient shielding between horizontal and
vertical deflectors, and distortion of the signal due to
impedance mismatch at the deflection plates.

Improvement in writing speed can be obtained by
using higher beam velocities. However, any increase in
beam velocity through the deflector results in an in-
creased deflection factor. This has led to the use of post-
deflection acceleration,'? and to smaller trace widths,
in order to register more information in a given amount
of deflection.

Deflection distortion of cathode-ray tubes at high
frequencies, due to finite transit time of the electron
beam through the deflector, has been analyzed by Holl-
man and others.? This distortion has been reduced in
several cases**® by decreasing the physical length of the
deflection plates. Lee® has described an oscillograph
capable of recording single traces of 10,000-mc signals,
but it requires the use of a photographic plate within
the evacuated tube itself.

* Decimal classification: R138.31. Original manuscript received
b(ysthe Institute, April 9, 1951; revised manuscript received, August 1,
1951.
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Recently,’-® lower deflection factors and lower transit-
time distortion have been achieved by the use of
traveling-wave deflectors.® These systems are designed
to match the phase velocity of the signal along the tube
axis to the electron-beam velocity. Traveling-wave de-
flectors are now being applied to the Lee oscillograph.'®
However, the continuously pumped vacuum system be-
comes undesirable in certain applications where it is
necessary to observe and analyze the signals directly on
a luminescent screen, or where the auxiliary equipment
required by a vacuum system becomes inconvenient.

Need for a cathode-ray tube capable of recording
millimicrosecond nonrecurrent transients arose in con-
nection with a special project at the Naval Research
Laboratory. As a result, development of such a tube
was undertaken. It was desired that the final tube
should lend itself to manufacture in fair quantity.

DEsiGN CONSIDERATIONS

The design was directed toward both visual observa-
tion of nonrecurrent transients of millimicrosecond
duration and ability to obtain a permanent photo-
graphic record. It was necessary not only to reproduce
the applied signal with a minimum of distortion, but to
record permanently as much information as possible
during the process. One of the problems was, then, that
of obtaining the maximum possibie resolution on the
photographic record. Thus it became desirable to ana-
lyze many of the performance characteristics in terms
of the recorded spot size or trace width. This is defined,
ideally, as the distance between two traces that can
just be resolved. In practice, however, there will be some
uncertainty as to the exact trace width because of the
nonuniform distribution of current within the electron
beam, the diffusion effects of the luminescent screen,
and the exposure characteristics of the recording film.
The recorded trace width also will be found to be a func-
tion of the writing speed because of the nonuniform
brightness across the trace width and consequent varia-
tion in exposure. However, in spite of this uncertainty,
the recorded trace width is the chief factor which deter-

7 J. R. Pierce, “Traveling-wave oscilloscope,” Electronics, vol. 22,
pp- 97-99; November, 1949,

8 K, Owaki, S. Terahata, T. Hada, and T. Nakamura, “The
traveling-wave cathode-ray tube,” Proc. I.R.E., vol. 38, pp. 1172~
1180; October, 1950.

* A. V. Haeff, U. S. Patent No. 2,004,469.

10 Navy Contract N173s-15167 has been placed with Central
Research laboratories, Inc., for modification of the Lee Micro-
oscillograph to include traveling-wave deflectors.
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mines the amount of information obtained, and there-
fore the performance characteristics should be measured
in terms of this factor.

For this application, the deflection factor is defined
as the voltage across the deflector required to produce a
spot displacement at the screen equal to one trace width,
while the field is defined as the total deflection measured
in trace widths. To illustrate these factors, Fig. 1 shows

Fig. 1—Two traces separated by a deflection voltage of 1.0 volt.
Trace width, about 0.015 cm. Trace spacing, center to center,
about 0.03 cin. Horizontal deflection, 2.0 cm.

two traces recorded on the tube. The deflection voltage
required to give the trace separation shown is 1.0 volt.
From the separation and trace width, a deflection fac-
tor of less than 0.6 volt per trace width is established.
The total length of each trace, or total field, is meas-
ured from Fig. 1 to be approximately 125 trace widths.

The recorded writing speed of the tube is measured in
trace widths per second instead of the usual inches per
second. For a constant writing speed in trace widths
per second, the brightness of the trace does not depend
on the trace width. However, as trace width is increased,
the speed in inches per second must be increased if the
resolution in elements per second is to be maintained.
Thus, writing speed expressed in inches per second has
no significance in terms of recorded information unless
the trace width is also considered.

In terms of the above definitions, the design require-
ments were as follows:

1. Light output sufficient to obtain a recorded writing
speed in excess of 1 X 10" trace widths per second
with a maximun: voltage above ground not to ex-
ceed 25 kv.

2. A deflection factor of approximately 0.5 volt per
trace width on the vertical axis, and not to exceed
1 volt per trace width on the horizontal axis.

3. A total field of approximately 125 trace widths on
the vertical axis and 100 trace widths on the hori-
zontal axis.

4. Transit-time distortion in both deflectors cor-
responding to a reduction of sensitivity of approxi-
mately 4 per cent at 1,000 mc.

5. Deflector impedance of 50 ohms at frequencies up
to at least 1,000 mc in order to match conventional

transmission lines.

March

WRITING SPEED

The writing speed required is considerably in excess
of that obtained with the conventional cathode-ray
tube. It can be attained by the use of high beam veloci-
ties, high beam-current density, efficient screen phos-
phors, and the best photographic lens system and film.,
The high beam velocity can be obtained by the use of
high accelerating voltage. However, the deflection fac-
tor requirements limit the beam velocity permissible
through the deflector system. The usc of post-detlection
acceleration is then desirable in order to obtain maxi-
mum writing speed while maintaining a low deflection
factor. The luminescent screen of highest known photo-
graphic efficiency'* 1?2 is type I>-11 phosphor with an
evaporated aluminum layer to reflect back radiated
light. The most cfficient lens system!! for a recording
camera is one with a large numerical aperture and a
low magnification of the image from screen to film. A
number of commercial films are available for such re-
cording.

The desired high current density in the beam, to-
gether with a low deflection factor, requires the use of a
high pulse-emission cathode such as the oxide type, and
an electron gun designed to produce a narrow and com-
pact beam. This can be achieved by a combination of
low magnification from cathode to screen and the use
of beam acceleration both before and after deflection.

DEFLECTION FACTOR

The deflection factor, as defined in volts per trace
width, depends upon the gun design as well as on the de-
flector. Because of transit-time limitations, the use of
conventional electrostatic plates would be restricted to
short plates which would lead to a large deflection fac-
tor. However, the traveling-wave deflector permits a
reduction in the deflection factor by an increase in the
effective length of the deflector system. In this applica-
tion, it was considered desirable to provide a low deflec-
tion factor both horizontally and vertically. Therefore,
traveling-wave systems were considered necessary for
both deflectors.

The lowest deflection factor for a given trace width
will be obtained with a long deflector, close spacing be-
tween deflector elements and ground plane, a large dis-
tance to the screen, and a low electron velocity. These
factors conflict with the requirements for obtain'ing high
beam current density, and a compromise must be estab-
lished. Both the length of the system and the spacing
affect the total ficld, while the spacing influences the
characteristic impedance. Hence, the deflector must be
designed with these other factors in mind. Increasing

" R. Feldt, “Photographing patterns on cathode- 7
Elerlﬁrgil)ws\,lvol.(;?,'ﬁp. 13(:‘—137, 262-266; Fehrularyo le93y tubes,

. uilont Oscillographer,” Allen B. Du)l aboratori
Clifton, N. J.; April, June, 1950. b
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the distance from deflector to screen will increase the
trace width and reduce the available writing speed. The
distance to the screen, obviously, must be large enough
to permit inclusion of the post-deflection accelerating

‘bands.

FI1ELD

The size of the field required is determined by the de-
tail desired in the record. It is possible to make measure-
ments on the record to at least one half a trace width.
Thus, with the desired field of 125 trace widths, the rec-
ord can be read to an accuracy of at least 0.5 per cent
of full scale. The field is limited by the beam striking
the edges of the deflector, and there will be a reduction
in writing speed at the edges of the field. This effect
can be observed at the ends of the trace in Fig. 1. To
obtain a large field for a given size deflector, it is de-
sirable to maintain a small beam diameter within the
deflector system. The size of the beam within the de-
flector also partly determines the current density in the
beam.

TRraNSIT-TIME DISTORTION

The transit time of the beam passing a deflector ele-
ment is approximately equal to the ratio of the distance
between deflector elements to the beam velocity. When
this transit time is an appreciable fraction of the period
of the highest frequency component of the applied sig-
nal, the deflection is no longer proportional to the signal
applied to the deflector plates, and transit-time distor-

tion results. If the phase velocity of the signal along the.

tube axis in the direction of the electron beam is prop-
erly matched to the electron-beam velocity, the transit
time-distortion for the system is very nearly the same
as that for one clement (see Appendix). Geometrical
considerations indicate that transit time for a single
deflector element and characteristic impedance of the
deflector system are closely related.

DEFLECTOR IMPEDANCE

Although it is possible to use a deflector with an im-
pedance differing from that of the signal line, in general
it is more desirable to maintain the same impedance in
order to avoid distortion due to frequency dependent
impedance mismatch. Since this tube was to be used
with a 50-ohm transmission line, a deflector impedance
of 50 ohms was selected. For small signal levels it is often
necessary to use amplifiers in the signal line. If the
capabilities of the cathode-ray tube are to be realized,
very wide band amplifiers must be used. Amplifiers
having such band widths will be found to have output
impedances not far different from 50 ohms. However,
special applications may permit the use of higher im-
pedance sources. In this case the deflector should be
designed to match this impedance, since for the same
input power more deflection voltage will be available
at a higher impedance.

PrysiCAL DESCRIPTION

A sketch of the tube is shown in Fig. 2. It consists of a
cathode, control grid G, shield grid Gg, and first anode
cylinder followed by the second anode, deflectors, in-
tensifier bands, and luminescent screen.
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Fig. 2—Diagram of the cathode-ray tube.

The deflectors and second anode are held at ground
potential with the cathode at minus 10 kv and the first
anode at plus 25 kv with respect to ground. After pass-
ing through the deflectors at 10-kv energy, the electrons
are accelerated by a series of intensifier bands to a
bombarding energy of approximately 35 kv.

The clectron focusing lens between the first and sec-
ond anode is made large to minimize spherical aberra-
tion and to provide a suitable focusing voltage ratio. An
aperture is placed in the anode cylinder near the focus-
ing lens to limit the size of the beam through the focus-
ing lens and deflector system. This aperture also aids
in reducing the number of electrons with high trans-
verse thermal velocities from reaching the screen. A
large percentage of the beam current is intercepted by
the first anode aperture.

The design of the traveling-wave deflector was based
on the sclection of the beam size and velocity within the
deflector. The beam size and velocity through the de-
flector were made as small as practicable from electron
optical considerations, while still maintaining sufficient
current density at the screen. An electron-beam size of
approximately 0.15 cm and a beam velocity of 10 kv
within the deflector system were found to be suitable
values. The length and spacing of the deflectors were
then determined by the desired deflection factor and
field.

Many types of experimental deflectors were built.
These included folded wires, folded strips, semilumped
sections of series inductance and shunt capacity,
loaded and nonloaded helices, all above a ground
plane. The deflectors were made unbalanced (one-sided
deflection) since the input signal is derived from a 50-
ohm unbalanced transmission line. The electron beam
passes between the ground plane and deflector elements.
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sible to 50 ohms. Small discontinuities, such as glass
beads in the glass-to-metal seals do not produce an
appreciable effect at the frequencies involved.

The helical inner conductor of the transmission line is
supported by the coaxial connectors. Mechanical align-
ment of the gun and deflector is quite critical because of
the gun length and deflector spacing. The alignment is
checked after attaching the gun and connectors to the
envelope. The neck of the envelope is made of such a
dimension as to permit mounting a modified television
deflection voke over the first anode cylinder. The yoke
is used to compensate for mechanical misalignments and
extraneous magnetic ficlds. This method of centering
the beam is essential if maximum beam current is to be
obtained through the limiting aperture.

A spacing above the ground plane of 0.2 cm and a total
length of 5 cm were selected for each deflector system.

For the transit time and impedance required, the dis-
tributed helix was found to be the most suitable design.
It is casily constructed and supported, as well as being
fairly rugged. It consists (Fig. 3) of a metal strip wound

Fig. 3—Photograph of the traveling-wave helical
deflector and shield.

in the form of a helix but flat on ore side. A metal cover-
ing which serves as a shield and ground plane e¢ncloses
the helix with a constant spacing between helix and
covering. As a result of the constant spacing and width,
the helix acts as a transmission line with distributed
series inductance and shunt capacity. The circumference
of the helix is adjusted such that the phase velocity of
signais along the axis of the helix equals the electron-
beam velocity. The transit time of the electron beam
under each deflector element is determined by the dis-
tance between deflector elements, or pitch of the helix,
divided by the beam velocity.

Each traveling-wave deflector consists of five turns
of the distributed helix transmission line. Since the
spacing and conductor width are uniform around the
circumference, the helix has a uniform phase velocity
and characteristic impedance which is close to 50 ohms
at frequencies up to and exceeding 1,000 mc. The ef-
fective axial length of each deflector element is 1 cm.
The electron beam passes between the flat side of the
helix and the metal covering, or ground plane (see Fig.
4). The structure has a phase velocity in the direction of
the beam equal to the velocity of a 10-kv beam. The
transit time through each element is 1.7 X 10~ seconds,
which corresponds to a reduction in sensitivity of 4 per
cent at 940 mc for a single deflector element, neglecting
fringing. The transit-time distortion in the distributed
system will be nearly the same as this if the velocities
are properly matched and the deflector is short com-
pared to the distance from the center of the system of
the screen.

The tube and deflectors have been designed in order
that a deflector can be inserted in series with a 50-ohm
line without producing an appreciable discontinuity.
Thus the signals on the line can be observed and re-

Fig. 4—Photograph of assembled deflector.

The center section of the tube has a diameter suffi-
cient to enclose the deflector structures and the coaxial
connectors. The front section of the tube is similar to

Fig. S—Pllm)otoigraph l?f él(l)e ﬁnaldmodel of the traveling-wave cathode-
ray tube. Length, cm; diameter, 13 cm. ()
Electronic Tube Corporation.) m- (Manufactured by

a type SRP bulb. Only the center portion of the screen
is used. Thus the beam passes through only the center

corded without disturbing the normal function of the
line. In order to do this, both input and output connec-
tors for the structure have an impedance as near as pos-

portion of the post-deflection accelerating field, and
deflection distortion is thereby reduced. Fig. 5 shows a
photograph of the final model of the tube,
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APPLICATIONS

The tube can be used in many of the same applica-
jons as a conventional cathode-ray tube. However, it is
sest adapted to the purpose for which it was designed,
“he observation and recording of nonrecurrent tran-
sients. The tube and deflector is designed to operate
with a cathode potential of 10 kv. However, lower cath-
»de voltages can be used, with a corresponding reduc-
tion in the deflection factor, if the increased transit-time
{istortion can be tolerated.

A total post-deflection accelerating voltage of from 20
to 25 kv is normally used. Lower voltages can be used,
with some increase in field and reduction in deflection
factor, but with a decrease in writing speed.

Fig. 6—Photograph of a single trace of a 3,000-mc sine wave. Trace
width, approximately 0.015 cm. Sine wave amplitude, 0.21 cm
peak to peak. Time axis deflection, 2.7 cm.

For nonrecurrent sweeps, the first grid is normally
biased beyond visual cutoff. An unblanking pulse is ap-
plied immediately before the signal is allowed to reach
the deflector.

In Fig. 6, a single fast-rising wave front is displayed
on one axis against a 3,000-mc sine wave on the other
axis. It is seen that the total time during which the
transient is visible is approximately 1X10~° seconds.

Fig. 7—Upper trace shows photograph of a single pulse with 0.5X107°
seconds rise time and 5 X 10~° seconds duration. Lower trace dis-
plays a single trace of 1,000-mc sinc wave on the same time base
for calibrating purposes. Sine-wave amplitude, 0.18 cm, peak to
peak. Pulse amplitude, 0.53 cm. Horizontal deflection, 2.3 cm.

On the upper trace of Fig. 7, a single pulse is displayed
on a linear tinie base. On the lower trace, a 1,000-mc sine-

Smith, Talbot and Smith: CRT for Recording High-Speed Transients

301

wave voltage is displayed on the same time base. The
rise time of the pulse is seen to be approximately
5% 101 seconds, and the duration 5X10~? seconds. In
cach case the tube deflectors were in series with termi-
nated 50-ohm lines. The amplitude of the pulse displayed
in Fig. 7 is 20 volts at the cathode-ray tube.

The tube is very useful as a monitor device since the
signal on a 50-ohm line can be observed without disturb-
ing the line electrically. Both deflectors have a 50-ohm
impedance. Hence, signals on two separate lines can be
used in making time or amplitude comparison. Many
other applications are, of course, possible.
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APPENDIX

The deflection distortion, due to the finite transit
time of the <lectron beam under the deflector, is com-
monly referred to as transit-time distortion. This dis-
tortion comes about in the following manner: A voltage
V(t) applied to a deflector element produces an electric
field within the deflecting space. The resulting force
causes acceleration, and by integration during the tran-
sit time, a transverse velocity component of electrons
leaving the deflector element results. The tangent of
the deflection angle, and to a good approximation, the
deflection at the screen, are proportional to this trans-
verse velocity component. Therefore, the deflection at
the screen is very nearly proportional to the integral of
the input voltage V(f) where the integration is taken
over the electron transit time through the deflector ele-
ment. This expression is

t+T/2
y=k V{t)dt,

T2

(D

where y is the beam displacement at the screen, k is a
proportionality constant, ¢ is the time when the electron
is midway through the deflector element, and T is the
transit time of an electron through the deflector ele-
ment. The time ¢ is measured from the midway point
for convenience.

For slow nonrecurrent transients, V is practically a
constant during the transit-time T, and the integration
yields the product VT, which causes the deflection y to
be directly proportional to the signal voltage V().
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However, during a rapid transient in which the signal
variation is comparable to the transit time, a time
integration of the signal occurs during the time interval
T. The resulting inability to measure short times accu-
rately, or loss in time resolution, has been called “time
smearing.”

In the case of sine waves, the integration distorts
amplitude only, and the usual factor of

sin wT/2
wT/2

is obtained for the -relative deflection. In the case of a
signal with an exponential rise, a factor

sinh «T/2
aT/2

has been derived where a is the time constant of the
exponential,

The most desirable traveling-wave deflection system
would be one which is continuously distributed in the
direction of the electron beam so that the signal is
propagated with the same direction and velocity as the
electron beam. Such a system might consist of a pair of
plates used in a parallel-plane transmission line with the
velocity of propagation along the line matching the
beam velocity. Disregarding end effects, this line would
produce no signal distortion due to transit-time effect.
The simplest line of this type requires continuous load-
ing, and does not appear practical at the impedance and
beam velocity used in this tube,

Another type of deflector may have the signal propa-
gated along a transmission line which crosses the axis
of the beam periodically. This type has a finite transit
time during which the beam is under one element of the
line. The line itself may consist of either lumped or
distributed elements.

In the case of the lumped line, there will be addi-
tional distortion of the signal due to the frequency re-
sponse of the line. The lumped line with series inductive
and shunt capacitive elements has the characteristics of
a low-pass filter with velocity.

1
= = 2
! N+/LC &
and cutoff frequency,
Ny
Jo=—) 3
™

where v is the velocity in meters per second, N the num-
ber of sections per meter, L the inductance per section
in henries, and C the capacity per section in farads.

The buildup time of a step function applied through
a low-pass filter is approximately:'?

B E, A. Guillemin, “Communication Networks,” John Wiley &
Sons, New York, N. Y., vol. 2, pp. 479; 1935.
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T, : (4)
2Ny

When cach capacity scction acts as a deflector element
for the electron beam, then the time for the electron
beam to pass from one scction to the next, or transit
time per deflector element, is

r=— (s)
- Ny ’
and from (4)
R (6)
a = 2 .

Both the buildup time and the transit time produce
distortion of the signal in the lumped line. IZquation (6)
indicates that the buildup time is nearly equal to the
transit time under the conditions when each capacity
element is used as a deflector. It can be scen from 4)
that for a fixed velocity the buildup time can be reduced
only by increasing the number of sections N. One way
of increasing the number of sections, and thereby reduc-
ing the buildup time, is to make the line distributed with
sections of the line crossing the beam axis at regular
intervals. Thus, in the distributed line, the buildup time
can be made small, leaving only the transit-time dis-
tortion.

In case the beam velocity is not matched to the
axial velocity of the deflector svstem, an additional
distortion will be introduced. This distortion is due to
the beam being deflected by different parts of the wave
front as the beam travels through the deflection system.
The mismatch distortion is different from the transit
time distortion previously discussed, although it can be
represented as an equivalent loss in time resolution, or
time smearing. The mismatch distortion will cause a
reduction in sensitivity to sine waves, in addition to the
reduction due to transit-time distortion. A minimum
in the response curve will occur when the mismatch is
such that the phase difference of the signal at each
deflector element produces a minimum resultant deflec-
tion of the beam. When the beam velocity is below the
design value, both the transit time and mismatch dis-
tortion increase; but when the beam velocity is above
the design value, the transit-time distortion decreases
while the mismatch distortion increases. Thus, distor-
tions are more serious for velocities lower than the design
value.

The tube described in this paper has Leen operated
with a beam velocity of § kv instead of the design
value of 10 kv. The total equivalent time smearing is
approximately 5 X101 scconds. \¢ 5-kv beam velocity
the first minimum in the response curve due to mis-
match distortion occurs at approximately 3,000 mc.



Pﬁi

1952

PROCEEDINGS OF THE I.R.E.

303

Some Limitations on the Accuracy of
Electronic Differential Analyzers™
A. B. MACNEEY, ASSOCIATE, IRE

Summary—Electronic differential analyzers, or simulators, employ
computing elements which must be physically realizable electric
circuits, and this fact introduces unavoidable errors into the differen-
tial-equation solutions. These errors are investigated mathematically
for the general case of differential equations with constant coeffi-
cients. It is found that in certain cases an error of 1 per cent can
be introduced by an adder bandwidth 2,000 times the highest fre-
quency in the differential-equation solution.

I. INTRODUCTION ,
DURING WORLD WAR II there was a rapid

development of computing circuits of various
types, Since the war the application of electrical
_and electronic computing circuits has been expanded
into many fields of engineering and science. A most
interesting application of these circuits is the solution
of ordinary differential equations by a group of com-
puting machines variously called “analogue comput-
ers,” “simulators,” and “differential analyzers.”!"7
Mechanical differential analyzers have been used
for many years, and the errors encountered in their
operation have been studied.®? This paper considers
some of the errors found in the operation of an elec-
tronic differential analyzer. Most of today’s electronic
analyzers employ time as the independent variable
and voltages as the dependent variables; only this
type of analyzer is considered here. The transient re-
sponse of two of the most important differential an-
alyzer components is presented, and the errors in the
differential-equation solutions (which will be observed
when a differential analyzer uses such components) are
studied. It is shown, for example, that in certain ex-
treme cases an error of 1 per cent can be produced by

* Decimal classification: 621.375.2. Original manuscript received
by the Institute, January 15, 1951; revised manuscript received
May 31, 1951,

1 University of Michigan, Department of Electrical Engineering,
Ann Arbor, Mich
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pp. 444-452; May, 1947.

* ). J. Mynall, “Electrical analogue computing,” Elect. Eng.,
four Flarts; June-September, 1947.

+ H. V. Korolkov and G. K. Kouzminok, “An electrical calculat-
ing machine for the solution of ordinary linear differential equations
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April, 1948,

+S. Frost, “Compact analog computer, “Electronics, vol. 21, pp.
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an adding unit having a bandwidth two thousand times
the highest frequency present in the differential-equa-
tion's solution; in such cases it may be necessary to con-
trol the frequency characteristic of an integrating unit
out to frequencies at which the magnitude of the inte-
grator gain is —60 decibels. Failure to recognize the
importance of this source of errors can result in the
solution of a differential equation radically different
from the desired differential equation.

II. UNAVOIDABLE LIMITATIONS OF
CoMPUTING ELEMENTS

This section is concerned with the unavoidable limita-
tions of electronic differential-analyzer’® computing
elements, such as adders, integrators, and differentiators,
which must be physically realizable electric circuits.
Attention here will be restricted to the two most com-
mon computing elements, namely, integrators and add-
ers, and to differential equations which can be solved
with these elements—Ilinear differential equations with
constant coefficients.

A. Adders

If voltages ey, €2, + + * , s are connected to the input of
an ideal adding unit, the output voltage will be

toue = (1 F €24+ -+ + €a). (1

This ideal expression implies a device having a perfect
transfer characteristic; it introduces zero attenuation
and phase shift for all frequencies. Because of unavoid-
able stray capacities in any electric circuit, such a char-
acteristic is not physically realizable.!! The response to
sinusoidal steady-state voltages of the simplest physi-
cally realizable adder will be of the form

(Ei+ Ea+ -« + EJ)
1 + jwT, '

Eout(w) =

(2)

The attenuation and phase characteristics of such an
adder are plotted in Fig. 1(a). The step responses of an
ideal and a physically realizable adder are shown in
Fig. 2(a). An adder can have a much more complicated
response than that given by (2), but even the char-
acteristic of a complicated adding circuit can be ap-

proximated closely enough by (2) to validate using
this for further analysis.

10 For" the balance of this paper, the term “electronic differential
analyzer will be applied to machines used to solve differential equa-
tions, with time as the independent variable.

1A complete discussion of the question of physically realizable
networks is to be found in H.W. Bode, “thworr Analysss and Feed-
back Amplifier Design,” ). Van Nostrand Co., New York, N.Y.; 1945,
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B. Integrators

The sinusoidal steady-state response of an ideal inte-
grating circuit would be

Bot iy = ! 3)
En 7 ok

Equation (3) cannot be realized with physical circuits
since it requires an infinite gain at zero frequency. The

= phytwmily realizadle
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Fig. 1—Ideal and physically realizable attenuation and phase
characteristics of computing elements.

best that can be achieved at zero frequency is a large,
but finite, gain u. A physically realizable integrator can
approximate (3) over a wide frequency range, but at
some low-frequency the attenuation must leave the — 6
decibel per octave slope and approach a constant: this
change of slope must also be accompanied by a reduc-
tion of the phase shift to zero degrees."! The simplest
physically realizable integrator characteristic will there-
fore be

Eou'. 1 1
@) = — .
Ei, Jwk (1 + I/quk)
This is the solid line curve of Fig. 1(b). It will be noted
that, at least in theory, it is possible to have a physically
realizable integrating circuit with a perfect high-fre-
quency response—somecthing that is impossible for an
adding circuit. Comparing the magnitude and phase
curves in Fig. 1 for the physically realizable adder
and integrator, it may be noted that they are of exactly
the same form. The only difference lies in the frequencies
1/k and 1/Ti. A proper computer design requires that
1/k be much lower, and 1/} be much higher, than any
frequency encountered in the differential equation solu-

(4)

tion.
For a practical differential analyzer a perfect inte-

grator high-frequency response is not usually available:
it is then necessary that the high-frequency response of
the integrators employed be much better than the high-
frequency response of the adders. This means that care
must be taken in integrator design to control the high-
frequency characteristics out to frequencies far beyond

those ¢ncountered in the normal computer operation,
IEquation 4(a) gives a typical integrator response with a

single high-frequency time constant.

Enut 1 l ]
(w) = . o (4a)
E. jwk (1 4+ 1/jwuk) (1 4+ juT)

The step-function response of an integrator circuit

having the transler characteristic of (4) is shown in Fig,

2(b).

C. Summary

Figs. 1 and 2 summarize the steady-state frequency
and step-function response characteristics of physically
rcahizable adders and integrators.

It is important to bear in mind that the physically
realizable adder and integrator characteristics given by
(2) and (4), and plotted in Figs. 1 and 2, are the best
possible approach to ideal characteristics. With prac-
tical circuits one can hope to approach these character-
istics, but in general computing clements will show addi-
tional deviations from the ideal characteristics, which
can have effects equally as important as those consid-
ered here. These limiting characteristics are simple
cnough to be tractable, and a study of their influence
on the differential equation solutions indicates what
may be expected from more complicated cases.
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Fig. 2—Ideal and physically realizable step-function
responses of computing elements,

I11. ErRrCRS IN THE SoLuTtioN oF ORDINARY DIFrER-
ENTIAL EQuaTioNns witi CoNSTANT
COEFFICIENTS

A. Analysis of Differential-A nalyzer Error

The general ordinary differential equation with con-
stant coefficients,

m d"y
E) An == = F(), (5)

can be solved on an eclectronic differential analyzer by

March
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the setup of Fig. 3; this requires integrating, adding,
and function-generating units.!? The solution of the re-
duced equation, obtained from (§) by making F(t) =0,
is

m
y= ZC..e'"‘, (6)

nm=l
where the C. are constants depending upon the initial
conditions of the particular solution desired, and s;, s2,
., sm are the roots of the characteristic equation

C(s) = i das7 =0, (7N

n=0

4’ Am-t _Am-2 LTS LTS
E l' Bm Am BAm Am
o
‘ \
A
> — ADDER Q)
m-! o Sl Am
_.A_'.“ZA“;—'% * Am T
n0
Fig. 3—Block diagram of setup for the solution of an ordinary
differential equation of order m with constant coefficients.

If the componentsin the setup of Fig. 3 are ideal, the
solution given by (6) is observed on the differential
analyzer. Physically realizable components are not
ideal; integrators must deviate from the ideal at low
frequencies (and usually also will deviate at high fre-
quencies), and adders must deviate at high frequencies.
To find the effect of these deviations upon the solution
of (6), consider that all integrators in Fig. 3 have the
same time constants To and Ty, and the adder has a
bandwidth Af =1/27 T2 Under these conditions the fre-
quency characteristic of the m-th integrator in Fig. 3 is

<I’;ou'.> Am -1 TO 1 (8)
Ein m

and the adder has a characteristic

E E e Ep_

Eout=_l_-*‘- '2'-*-’: +—'l’ (9)
1 + ]sz

When components having characteristics given by (8)
and (9) are used in the setup of Fig. 3, it can be shown
with the help of the Laplace transform! that the elec-
tronic differential analyzer solves a differential equation
whose characteristic roots are solutions of the equation.

C{’[‘ 2+s<1+Tl>+ 1}
s o2
' T To

12 The use of differentiators is not considered here since it can be
shown that they cannot be used to solve differential equations if the
characteristic roots have positive real parts.

1 See Appendix.

=-T [T 2+s<1+£>+L]" (10)
= 28 1§ To T .

If the errors are to be small, this equation must have m
rootss{,si - - +,sm,differing only slightly in value from
the roots of (7). For such roots,

Sa' = Sn+ €n (11)

can be written, where €,<<s.. Assuming further To>sn
T, and T3 (also a necessary condition if the errors are
to be small), it can be shown that

Tzs"m+l
by = — —_— — T]S,.z——_‘

i C'(sa)

where C’(s») indicates the derivative of C(s) evaluated
at the point s = sa.

Equations (11) and (12) give m roots of (10), which
differ by an amount e, from the roots of the desired
characteristic equation (7). Since (10) is of order 2m+-1,
there will be m+1 additional roots. Under the assump-
tion already made that To®>s.>>Th or T,, m of these
roots will all lie in the vicinity of the point s= —-1/T,,
and one root will occur near s=—1/Ta.

The important result of the preceding analysis is the
fact that the characteristic roots of the differential
equation being solved suffer perturbations if the equa-
tion is solved by a differential analyzer using physically
realizable adders and integrators. There will also be ad-
ditional terms in the solution due to the m+1 additional
roots introduced; however, because these roots have
large necgative real parts, these additional terms will
damp out very rapidly. Equation (12) permits the
perturbation of any characteristic root s. to be deter-
mined provided the value of the root and the various
time constants of the computing elements are known.
It is perhaps worthwhile to consider these perturbations
in a little more detail.

n=12---,m (12)

B. Low-Frequency Integrator Errors

The first term in (12) is caused by the low-frequency
cutoff of the integrators of Fig. 3, and is independent of
the characteristic roots being considered. It can be im-
mediately said that the effect of this error is to multiply
every term in (6) by a damping factor e—t/To. Failure
of the integrators to have infinite time constants results
in a compression of the differential-equation solution
increasing exponentially with time! Because the same
factor multiplies the entire differential-equation solu-
tion, its effect could be compensated for in the output
element.

C. High-Frequency Integrator Errors

The second error term in (12), which is the result of
the high-frequency cutoff of the integrating units, varies
with the position of the characteristic root sa. Where the
desired term of the solution is Cae%‘, the solution ob-

“ This inequality states that the roots of the characteristic equa-

tion should be remote from both the high- and low-frequency cutoffs
of the computing elements.
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served will be C,en(-Ti**% The percentage error in the
root position is 100 Ts.. As the examples of the next
section show, the percentage error in the root position
gives a good measure of the error to be encountered in
the term of the differential-equation solution, provided
the roots do not lie too close to the imaginary axis in
the s plane.

D. Iligh-Frequency Adder Error

The last term in (12) gives the error in the root posi-
tion caused by the high-frequency cutoff of the adding
unit in Fig. 3. This term, which will be designated as
ény, can be written with the help of (7), as

— TzS,."Hl
€pg = — R - =
’ mAmS.."'_l + (m - I)Am__lsnm-z + 900 + Al

IV. ExAMPLES OF ERRORS ENCOUNTERED IN
TypricaL CASEs

- (13)

This section is devoted to the application of (12) of
the previous section to some second-order differential
equations,

A. Simple Harmonic Equation
The equation for simple harmonic motion

d2
_y+ wozy = 0

dr (14)

is particularly sensitive to the errors we have been con-
sidering. As its characteristic roots s = +jw, lie directly
on the axis of imaginaries in the s plane, any small
motion of these roots produces a marked change in the
character of the solution. For this case (12) gives the
perturbation of the root position as

T, 1
e = e = wo’ T1+-§' S

0

(15)

This illustrates clearly the statement made previously
that the integrator high-frequency time constant T3 is
equally as important as the adder time constant 7.

For the case of y=1 and dy/dt=0 at t=0, the solu-
tion of (14) is

(16)
the solution obtained on an electronic differential an-

alyzer employing computing clements which have char-
teristics given by (8) and (9) is

Yy = COS wyl;

y = etlo(TrtToy)—1Tolt cog gy,

(17)

Depending upon the relative values of w,, T, 7T and
T,, the amplitude of the sinusoidal oscillation, which
should be constant, can either increase or decrease with
time. For a sufficiently high natural frequency w, the
amplitude will always increase with time.

For example, assuming perfect integrators (77,=0
and Ty= =), an adder bandwidth 1/27T,=10 kc and a
natural frequency wo/2m =35 cps; the solution amplitude
will increase 1 per cent after only 4/7 seconds! It should
be noted that in this example the ratio of the solution's

OF THHE I.R.I. March

natural frequency to the adder bandwidth is 1:2,000.
IFor small errors (17) shows that the percentage error
is maximum at the end of the differential-analyzer solu-

tion time, and is given by

Maximum error

A 7‘2 1 ] ;
=L =100|«?| T S ==
l [uo ( 1 + 2 > ,I_O

where T'is the solution time. For a given maximum mag-
nitude of error (18) can be used to determine the maxi-
mum allowable solution angle w7,

(18)

j‘ ILJ ,/ ].0
50 ‘ 21+ 71,

Al

wol\

max.

(19)

and

T
| £] = 100 —.
Ty

(20)

Equation (19) shows the interesting result that for a
given allowable percentage error E, the number of
cycles of the sinusoidal solution which can be observed
is determined only by the ratio of the integrator low-
frequency time constant to the adder and integrator
high-frequency time constants.

B. Iyperbolic Equation

The equation
d2
. aly =0

m (21)

has characteristic roots s = +a. For the case of y=1and
dy/dt=0at t=0, the solution of (21) is
) etat + et

y = - = cosh at.

2 (22)

The solution observed on an analyzer employing
physically realizable computing elements is

y = e—[az(nwz/znuro]: {C“ + e "’}

2 (23)

In this case the observed solution is alwavs smaller
than the desired solution. I'or this equation, the maxi-
mum allowable value for at probably will not exceed 6
because of the finite dynamic range of the computing
clements. Therefore, the errors encountered will be much
smaller than in the previous case. Assuming perfect
integrators, an adder bandwidth of 1/277%3=10 ke, and
an a=1/2, the solution error will he less than 0.01 per
cent after 10 seconds (af=5). In this case the solution
error is of the same order of magnitude as the percentage
perturbation of the root position.

V. CoxcLusioNs

It has been shown there will he inevitable errors in
the operation of the adders and integrators of an elec-
tronic differential analyzer. This follows directly from
the requirement that these computing elements be
physically realizable electric currents,

1]
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Because of the errors in the operation of its compo-
nents, an electronic differential analyzer solves a differ-
ential equation which differs from the equation inserted
by the analyzer operator. The errors in the solution can
- be computed by comparing the characteristic roots of
the differential equation in question with the character-
istic roots of the equation the machine solves. If these
errors are to be small, the equation solved by the analyz-
er must have characteristic roots very nearly equal to
the characteristic roots of the given equation, and any
additional roots must be remote from these desired roots
and have negative real parts.!®

The case of a differential analyzer using integrators
and adders to solve differential equations with constant
coefficients has been analyzed. The results of this analy-
sis show that the errors are most important for equa-
tions having characteristic roots lying near the imagi-
nary axis. For the case of a sinusoidal function, an error
of 1 per cent can occur after 6.3 cycles of the solution
* even though the adder bandwidth is 2,000 times the
natural frequency of the equation being solved.

This analysis shows that the greatest precautions
should be taken to obtain the best possible frequency
response in computer elements. In particular the high-
frequency cutoff of an integrator is equally as important
as the bandwidth of an adder.

A m—1

Ey(s) -

T An [1 N (1+T1> 2T]
To b 7‘0 +S 1 |
PR B L S

The method of analysis employed here can be applied
directly to the problem of simultaneous differential
equations with constant coefficients.
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APPENDIX
A. Derivation of Characteristic Equation

The ordinary differential equation with constant co-
efficients

m dny
A, =F(
LA g =10

(29)

is solved on an electronic differential analyzer by the
setup of Fig. 3. The characteristic equation of (24) is

C(s) = iA,.s" =0,

n=0

(25)

18 This last requirement rules out the general use of differenti-
ators.
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which has roots

s=smn=12-:" (26)

, M.

To determine the characteristic equation of the dif-
ferential equation solved by the differential-analyzer
setup of Fig. 3, one denotes the Laplace transform of the
voltage at the input to the first integrator by Ei(s).
The response of the m' integrator to complex frequen-
cies is assumed to be

Eout. lAm»l STO 1
()14 o
Einm L) Am 1+STO 1+ST1

which can be written

Fou . 1
<_‘> _Am 2 28)
S (e

. ° )

The adder output is assumed to be
EtEt -tk
1 + STz

(29)

. out =

If the Laplace transform of the voltage at the input
of the first integrator is Ei(s), the Laplace transform
of the voltage at the adder output is

Ag } E\(s)

(30)

But in Fig. 3 one forces Ei(s) to be equal to Ex(s). The
characteristic equation of this setup is therefore

|4 5Ty = — Amt !
+ 5T, = A T
oD
0 TO
A, 1

Multiplying through by the factor

[F+:(+ ) + o1
o\ )T

and rearranging terms, (31) can be rewritten thus:

o oD ]
T, T,
42 [i + s(l + E) + s?r.]m l
Am To TO

A 1 T "
R ER(( +o) s @
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The right-hand member of this equation is recognized
as simply

1 T, 1
C +s<1+’>+527‘, ,
T, 7, f
where C(s) is the characteristic equation of the differ-

ential equation being solved, (25) above. Equation (32)
is therefore (10) of the text, which is rewritten here

T, 1
(,'{7‘,52+s<1+ >+ }
Ty T,

B ’I‘l 1 m
= — T's Ts’-{-s(l—{- >+ :| . 33
2 [ ] TO Y‘L ( )
B. Approximate Solution of Characteristic Equation

If the errors in the solution of (24) by the setup of
I'ig. 3 are to be small, m roots of (33) must lie near the
roots of (25). For these roots

$a' = s + en, n=1,2---.m 34

can he written, where e, <Ks,. IFrom (25) and (26)

C('l',s’ + s(l + ;;>+ ;0> =0 (35)
for
Tys? + s( 1+ ,T,',> PR Sne (36)
T T,

Near its zeros C(s) can be expanded in a power series:
therefore for s near s,

c(re+s(1+2)+7)
1P+ s 7—0 T

T 1
- [T;s? + 5<1 + l) +o- s"] Clsa)+---, (37
. T T,

[

where C’(s.) is the derivative of C(s) evaluated at

OF TITE I.R.I. March
s=15,.18 Substituting (37) in (33), letting s=s,+e,, and
recognizing that if the errors are to be small,

1 1 1
K5, KL or - (38)
T a 7

0 1

~

one can write

1
[’I.I(Sn + cn)2 + Cp + ’—‘—] C’(S,,) & B ’1‘2311"'-“- (30)

0

Solving (39) for e,, remembering e, <<s,,

2 e 1,2 (40)
en = — _,l.s"__ ,"3:"..-'"1’
To ' C’(sn)
which is (12) of Section T11.

Equation (33) is of degree 2m+1in s and, therefore,
has 2m +1 roots. Equations (34) and (40) together give
the location of m roots. The additional m=41 roots of
(33) can be approximately located by assuming s>s,:
then (33) can be rewritten

(T8 + s)™(1 4+ Tas) = 0. (41)
This equation has a simple root for
: (42
§ = - ’
T, )
and an m'™-order root for
: (43)
§=——. X
T,

Under the assumptions of (38) these roots are much
larger than the roots of the equation being solved; since
they are also negative, error terms associated with these
roots will damp out rapidly.

** Lquation (37) assumes C(s) has a simple zero at s =s,. If multi-
ple zeros are encountered, the higher power terms in the power series
expansion must be included.

The Duplex Traveling-Wave Klystron®

T. G. MIHRANY, ASSOCIATE, IRE

Summary—By combining the properties of the klystron and
the distributed amplifier, the duplex traveling-wave klystron
allows wide-band amplification of high-level microwave power

I. INTRODUCTION

HE DUPLEX TRAVELING-WAVE klystron
is a microwave power amplifier combining the
properties of the klystron! and the distributed

* Decimal classification: R355.912.3. Original manuscript re-
ceived by the Institute, December 6, 1950; revised manuscript re-
ceived, August 9, 1951. A portion of a dissertation submitted to the
electrical engineering department of Stanford University in partial
fulfillment oFthe requirements for the degrce of doctor of philosophy.

t Research Laboratory, General Electric Co., Schenectady, N. Y.

1 R. H. Varian and S. F. Varian, “A high frequency oscillator and
amplifier,” Jour. Appl. Phys., vol. 10, pp. 321-327; May, 1939,

with an efficiency approaching that of an ordinary klystron. The

construction and operation of an experimental model are described
briefly.

amplifier.? The exact microwayve analogue of the dis-
tributed amplifier would consist of a large number of
two-cavity klystrons inscrted into a pair of propagat-
ing circuits; however, the duplex traveling-wave klys-
tron goes one step further and combines the many
lumped klystrons into a single distributed klystron. The
resultant structure, shown in Fig. 1, consists of two

}E. L. Ginzton, \W. R. Hewlett J. H. Jasber, dJ.D.N
“Distributed amplification,” Proc, TR.E. vl ey J- 2 Noe,
plistributed amp Roc. LRE., vol. 36, pp. 956-969:
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sarallel waveguides coupled by an electron beam of
-ectangular cross section. The words “buncher” and
‘catcher” refer to the input and output waveguides,
-espectively. In the present case these waveguides are
-dentical, and are terminated in their characteristic
mpedance, hence the “traveling-wave” designation. It
should be noted that this device resembles the familiar
“traveling-wave tube” in name only.

COLLECTOR

STRIP CATROOE

Fig. 1—Duplex traveling-wave klystron.

Electrically, the operation of the duplex traveling-
wave klvstron is as follows: The input signal, fed into
one end of the buncher guide, propagates down the
guide in the TE;, mode and velocity-modulates the
electron stream. In the drift space, diagonal ridges of
current form and proceed to “break” upon the catcher
guide in much the same way as skewed water waves
break upon a beach. The rf energy removed from the
bunched beam by the catcher guide is found to propa-
gate toward the output end of the tube in the form of a
linearly increasing voltage wave. Because of destructive
interference, negligible power appears at the opposite
end of the output guide. The gain of a duplex traveling-
wave klystron is a linear function of length rather than
an exponential function as in traveling-wave tubes.
This is true because in the latter there is bilateral inter-
action between the electron beam and the growing
wave, whereas in the former the interaction is uni-
lateral.

In common with the lumped klystron, the functions
of clectron emission, beam formation, power conversion,
and heat dissipation are physically separated in the
duplex traveling-wave klystron. In addition, the trans-
lational symmetry of this tube provides a new degree of
freedom, in that, at a given beam voltage, beam cur-
rent may be increased without limit simply by extending
the tube in the z-direction. Because of this geometrical
flexibility, cathode-emission and heat-dissipation prob-
lems can be kept to a minimum. This greatly increases
the power-handling capacity of the tube. It is perhaps
the only microwave tube that could be made to deliver
power continuously at extremely high levels.

3], R. Pierce and L. M. Field, “Traveling-wave tubes,” Proc.
I.R.E., vol. 35, pp. 108-111; February, 1947.
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Another feature which distinguishes the duplex
traveling-wave klystron is its nonresonant operation.
Not only does this permit high power output with rela-
tively low beam voltage, but it also allows extremely
wide-band operation. Roughly speaking, the frequency
range is limited on one side by the low-frequency cutoff
of the propagating structure and on the other side by
the advent of higher order modes. When ridge wave-
guidet# is used, this range is often as high as four-to-one.
There exists, however, a relatively slowly-varying de-
pendence of gain upon frequency because of velocity
modulation, beam coupling, and impedance considera-
tions.

Because of the absence of resonance, the impedance
level into which the electron beam works is extremely
low; consequently, to get reasonable amplification, an
extremely high perveance beam must be used. To ob-
tain this, a rather lengthy cathode is required. Cathodes
several feet in length are necessary for even marginal
gain; hence, it is evident that the duplex traveling-wave
klystron will not be used for amplification at lower power
levels in competition with present devices. Rather, this
tube offers many advantages for extremely high-power
work, especially where a large bandwidth is desired.

A small-signal analysis of the duplex traveling-wave
klystron shows that if a tube is of sufficient length for
the catcher voltage to build up to beam voltage, effi-
ciency is 29 per cent. A tube operating in this manner
is called a build-up section. Further extension of tlie tube
requires that catcher voltage be kept in the vicinity

- of beam voltage, while the electron beam continually

introduces additional power into the catcher. This
condition may be satisfied in several ways, such as, (a)
tapering the impedance of the catcher guide inversely
with length, (b) tapering the catcher coupling coeffi-
cient in a similar manner, or (c) continually bleeding
off the arriving power, thus using the catcher chiefly as
a power-removing device rather than as a power-carry-
ing structure. Neglecting beam loading, the efficiency
of such a constant-catcher-voltage section is 58 per cent.
When a build-up section is combined with a constant-
catcher-voltage section, the over-all efficiency of the
compound tube approaches this higher figure. However,
while beam loading has negligible effect in a build-up
tube, both the power output and efficiency of a com-
pound tube are considerably reduced by its action.

II. THEORY

In this section, equations determining voltage and
current in the catcher guide are set up, and their solu-
tion discussed. Expressions for power output and effi-
ciency are derived. The effect of beam loading on the
power output and efficiency of build-up and compound
tubes is considered.

¢ S. B. Cohn, “Properties of ridge waveguide,” Proc. I.R.E,, vol.
35, p‘;‘. 783-788; August, 1947.

$T. G. Mihran, “Open- and closed-ridge waveguide,” Proc
1.R.E. vol. 37, pp. 640--644; June 1949.
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1. Analysis of the Catcher Wave in a Buildup Section

All voltages and currents are assumed to be sinusoidal
functions of time with the factor e/t understood. Serics
resistance and shunt conductance are assumed to be
negligible. The effect of shunt beam-loading con-
ductance is considered in a later section. Buncher and
catcher waveguides are assumed to be physically
identical.

Consider the output waveguide of a duplex traveling-
wave klystron. Assume it to be a parallel-strip trans-
mission line with no fringing fields, subject to an ex-
ternally provided rf shunt current per unit length. This
shunt current is set up in the clectron stream by a wave
traveling in the +z direction with phase velocity
¢=w/B along the buncher line. Hence the total z varia-
tion of the shunt current is given by the factor e~#,
The usual transmission-line equations may be written
for the catcher line, however, augmented by this shunt
current, which leads the displacement current by 90
degrees.

v,
— 4 jolil, = 0 (1)
ds

al, . .

—— + jwCiVy = I/e (2)

dz

where

V2 =catcher voltage

I, =catcher current

I/ = magnitude of externally introduced rf shunt cur-

rent per unit length

L;=inductance per unit length

Ci=capacitance per unit length

w=angular frequency
¢=(L,C;)~"?=phase velocity of buncher and catcher
waves.

These equations, subject to boundary conditions rep-
resenting termination of the catcher line in its character-
istic impedance at 2=0 and z=L, are solved in the
Appendix. The solutions for V;and I, are

Ve

1 1
) 1'Z, [ze""" - —ﬂ— ¢ #L sin B(z — L)] 3)

1 1
I, = 3‘ I/’ I:Ze—ip' + E‘ e~8L sin ﬂ(Z e L)] N

where
Zo=(L:/C))"*=characteristic impedance of buncher

and catcher lines.

In these expressions, two kinds of waves appear, a
traveling wave and a standing wave. The standing
wave may be neglected if z22>1/8, a condition which is
always satisfied at the output of practical tubes. The
important component of (3) is the traveling wave, for it
shows a linear amplification with distance. The phase
angle may be dropped and for all practical purposes (3)
may be written as

[ ]
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l'z = %[l,zzﬂ

- (4)
I = 31z = VaofZo.

This analysis may be extended quite simply to in-
clude waveguides, providing the shunt current is con-
fined to the region of strong and relatively uniform
electric field. In this case (4) still holds, except that Z,
must be replaced by Z,., the power-voltage definition
of characteristic impedance. This substitution may be
justified by the following reasoning: An element of rf
shunt current, I/dz, upon being decelerated by the
catcher voltage, V,, gives up to the guide an increment

of power, dP,, given by

dP, = }V.I/dz. (5)
Since, by definition,
I 1 l'-f, ©
2 Zp

(5) may be written
d(’ ') _
2 7,

dv, = 11/7,.dz. (7)

Vz[[,dZ,

from which

Integration of the forward-traveling increments of
voltage gives an expression identical with (4) except for
the impedance definition.

Thus the equation specifying voltage buildup in the
catcher waveguide of a duplex traveling-wave klystron
is

[/2 = %Il’zzpvv (8)
or more simply

Ve = 312, )
where 1o is the total rf shunt current.

2. RF Shunt Current

The case of small-signal bunching in a parallel elec-
tron beam of rectangular cross section has been in-
vestigated for the two cases of grid coupling and gap
coupling.® With certain restrictions which are nearly
always observed in practice, the shunt current seen
})y the catcher guide may be written in the following
orm:

Myt Met
basic buncher catcher de-
I'= | klystron || coupling coupling bunching
current factor factor factor

With gap coupling this becomes

T . .
Iy = [[o'rrN —Tl] [,uo Smh ( ] [,Uo cgs_h._c
Vo C cosh .1 cosh .1

. *E.Feenberg and D. Feldman, “I'heory of 11 si i
i a parallel electron beam of rectangular z:ssss':catilosr:g”nilllotlrj n“c‘hpl;f
Phys., vol. 117, pp. 1025-1037; December, 1946, ’ ) ’
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sin 'l
; , 10
= 10
where

I, =total beam current
I,/ =total rf shunt current
Vo=beam voltage
V, = peak rf buncher voltage
vo=dc beam velocity
f=frequency
N =v,/f =beam wavelength (average distance trav-
eled by the beam in one cycle)
K'=2mw/N =beam wave number
a; =drift-space width
b, =gap spacing
¢;=beam width at gap
I =drift length
A = K'a,/2 = one-half normalized drift-space width
B = K'by/2 = one-half normalized gap spacing
C=K'c,/2 = one-half normalized beam width
N =1/N =drift length in cycles
po=(sin B)/B =coupling coefficient with grids
s = buncher coupling factor
. =catcher coupling factor
€0=1/36m X 10~? farad/meter = dielectric constant of
free space
= (10/ 26000 Vo) /2 = debunching wave number
k' = modified debunching wave number.
The buncher and catcher coupling factors are not the
same because for small signals the modulation of the
beam appears at the catcher in the form of a ripple on

the surface of the beam, the volume charge density’

of the beam remaining unchanged. Since fields die off
" as the hyperbolic cosine, the catcher coupling factor
is simply the gridded coupling factor reduced by the
ratio of the field at the edge of the beam to the field at
the edge of the gap. However, the buncher field must
couple to the entire cross section of the beam; hence an
average coupling factor is obtained by integration. The
simple debunching wave-number % is reduced by the
presence of conducting drift-space walls. The modified
debunching wave-number &’ ranges from 0.2k to 0.7k
for typical geometries. The exact correction factor may
be obtained from Fig. 2 of Feenberg and Feldman.®

The basic klystron current, Ior N Vi/ Vy, is a first ap-
proximation to the more accurate first-order Bessel
function representation,’

I = 21J(xNV,/Vy). (11)

Since cfficient power amplification requires the use of a
large bunching parameter, 7 NVi/V,, it is expedient to
use the Bessel function representation for current, (11),
but to include in it the coupling and debunching factors
of (10). This cannot be justified rigorously, but it re-
sults in a useful first approximation to large signal
theory. The buncher coupling factor and the debunch-
ing factor effectively reduce the buncher voltage; hence,

7D. L. Webster, “Cathode ray bunching,” Jour. Appl. Phys.
vol. 10, pp. 501-508; July, 1939.
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V,in (11) is replaced by Viu(sin K1) /W1 The effect of
the beam current at the catcher is reduced by the
catcher coupling coefficient; hence, in (11) Io is replaced
by pelo. Thus the approximate expression for rf shunt
current becomes

V, sin k'l
Iy = 2@ purN—V—o Y (12)
3. Power Output and Efficiency

By definition power output is given by (6). From
(9) and (12) this may be written

P, = }Valou (%),

where x is the argument of the Bessel function in (12)
dc power input is Volo; hence, efficiency is

Vz#ojl(x) .
2V,

(13)

1 = (19)
To obtain maximum efficiency, the Bessel function in
(14) should equal its maximum value of 0.58, and the
catcher voltage should be as large as possible. The
maximum allowable catcher voltage is approximately
Vio/pe since with higher rf voltages an excessive num-
ber of electrons will be turned back in the catcher gap.
With these substitutions, (14) shows that the maximum
efficiency of a duplex traveling-wave klystron in which
the catcher voltage builds up linearly to Vo/p. is 29
per cent.

To obtain increased power output and efficiency, it is
possible to extend the tube further and to use either of
the previously discussed power-bled or impedance-
tapered schemes. In either case the catcher voltage re-
mains constant at Vo/p., while the catcher power in-
creases linearly with additional length. The power out-
put of the compound tube is the sum of the power from
the build-up section, P;, and the power delivered to the
constant-catcher-voltage section.

Pi= Py + 31/(z — L)Vo/pe. (15)

It is apparent that the efficiency of a compound tube
approaches 58 per cent as z becomes large compared to
L.. This figure of 58 per cent for efficiency must be
used with caution for two reasons: (a) It is reduced
considerably by beam loading, and (b) kinematic
analysis of ordinary klystron action shows that large-
signal effects reduce theoretical efficiency to 35 or 40
per cent.?

4. The Effect of Beam Loading upon Power Outpul
and Efficiency

Velocity modulation of the electron stream by power
propagating down the buncher guide requires a transfer
of energy from the guide to the stream, and hence leads
to an attenuation of buncher power. This phenomenon
is called “beam loading,” and is present not only in the
buncher guide but in the catcher guide as well. This

o [.. Marton, “Advances in Electronics,” Academic Press Inc.,
New York, N. Y., vol. I11, pp. 62-64; 1951.
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cffect obviously sets a limit on maximum power output
and efficiency.

The extent to which an electron beam loads a wave-
guide depends upon the ratio of guide impedance to
beam impedance and upon the coupling between the
beam and the guide. Feenberg® has solved the problem
of beam loading for the grid-coupled sheet beam and
the gap-coupled sheet beam. Ilis cquations specify a
lumped conductance, but in reality this conductance
is distributed along the entire length, L, of the buncher
and catcher waveguides. Such a distributed conduc-
tance per unit length shunted across a transmission
line, if it is small ‘compared to B/Z,,, results in the
exponential attenuation of a wave propagating down
the line, namely,

Vi= Viee =,
where
W pv
a=g;, (16)

g» being the shunt conductance per unit length. For a
beam-loaded length, L,

V= Viee=2pnli? = Vwe‘zpv"b/?,

where G, is the total shunt conductance.

In the following discussion it is assumed that the dc
current through both buncher and catcher guides is the
same, although in practice it is quite probable that
some current would be lost in the drift space. It is as-
sumed that buncher and catcher guides are identical in
impedance and coupling to the beam. Consider the in-
crement of voltage which is added to the accumulating
wave of voltage in the catcher as a result of the arrival
of the rf current I,'dz at point z. This was given by (7).
In this expression I,’ is given by (12), except that be-
cause of beam loading V, attenuates as e=**. Let x, be
the argument of the Bessel function at z=0, then

AV = Zpud J\(x10-2%)dz.

In traveling to the end of a catcher whose over-all length
is Ly, this increment of voltage suffers an attenuation
e~=(Li=9; hence, it gives rise to an increment of voltage

at =1L, given by
AV = Zpw e et (x4 dz.

The integration from 0 to L, may be indicated

Ly

Vo = Zpul-ttlle_""‘f esJ (x1e7°%)dz. (17)
0
This integral cannot be expressed inclosed form, but can
be evaluated by a series expansion and term-by-term
integration.
For maximum power output, V; must build up to
Vo/ue, in which case (17) may be written

1 1 ph
= ale ok —f etJ (xme~%)dz, (18)
2ru? L, J,

% S. Feenberg, “Theory of Resonator-Beam Interaction,” Sperry
Gyroscope Co., Report $5220.12.137.

OF THIE LRI March

where r=Go/Gu=go/ g ) o
If the drive at the beginning of the tube is sufficient to

cause optimum bunching of current at that point,
x1=1.84, and (18) expresses al, as a function of
1/2rul2. The al, determined by the solution of this
transcendental equation may be used to obtain the
efficiency as a function of 1/2ru?,

1 1 1

2 27}452 (1/4

a relationship plotted in Iig. 2. This graph gives the
cfficiency of the build-up section of a duplex traveling-
wave klystron as a function of a parameter depending
upon the ratio of de beam conductance to beam-loading
conductance, r, and the catcher coupling coefficient,
Me. For typical values of =10 and p2=0.5, 5 is found
to be 26 per cent rather than 29 per cent. Hence it is
evident that beam-loading cffects are not very pro-
nounced in a typical build-up section. Beam loading
would have even less effect on efficiency if the tube were
overdriven somewhat at the input to the buncher.

2L — < — —pafbeap JogPtne T T —
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Fig. 2—Efficiency of a build up section with beam loading

The small-signal case is of sufficient interest to war-
rant mention. If x; is small, the Bessel functijon may be
replaced by its lincar approximatign, and (17) becomes
simply

X
Vi = Zpuil, ~2’ ¢-al, (19)

This simple result shows that for a tube with consider-
ably less than optimum drive, the output voltage is
attenuated e=*I1 by beam loading. This is a reasonable
result because all signal paths through the tube are ex-
actly of length L, insofar as beam-loaded travel is con-
cerned, although varying portions of the paths are in
the buncher and catcher. Incidentally, (19) may be
used safely in the large-signal case since it would give a
pessimistic result.

As mentioned previously, increased power output
may be obtained by following the build-up section by a
power-bled or impedance-tapered section. These al-
ternatives are quite similar in their behavior, therefore,
only the first will be considered in detail. The catcher
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voltage is maintained at V= Vo/uc in the power-bled
catcher, and the power that may be removed from the
catcher in length dz is the difference between the power
that is delivered and the power necessary to overcome

beam loading in this length.

2a
dz.

1 1
dP3 = '? I,’V,,dz - '?Vz,2

pv

Measuring z from the beginning of the power-bled sec-
tion, the rf shunt current is given by

I = 2LpJ(xe72%),

where x,=x;e-*%. From the definition of the attenua-
tion constant, (16),

%

1
dP3='—'

[4rp2at (x.670%) — 2a)dz. (20)

L po

Integration from O to L, gives the total bled power to
which the straight-through power, 3(V:?/Z;,), must be
added in order to obtain the total power output.

1 1.2
[)4 =SNG -

123
[1 — 2al, + 4ry¢2af Jl(xze““)dz] (21)
2 Z,. 0

dc power input is given by Voli(Li+Ls); therefore,
cfficiency becomes

1 1 1

n = - - - [1 — 2al.,
2 27;152 /1L1 + a[.z

17
+ 4rp"af Jl(xze“")dz]. (22)
0

The integrals of (21) and (22) must be evaluated by
series expansion and term-by-term integration. The
variation with distance of the power output and effi-
cieney of a compound tube for a typical case, namely,
r=10 and p2=0.5 (and with optimum bunching at
the heginning of the build-up section), is illustrated in
Fig. 3. In addition, power output and efficiency are
presented neglecting beam loading. It is evident from
these curves that beam loading severely restricts maxi-
mum power output and cfficiency of compound tubes.

Power output will be maximum when (20) is zero,
i.c., when the power delivered to the catcher is just
sufficient to make up the catcher beam-loading loss. Let
this length be called L., then from (20)

Ji(x2e2tm) = :
1(x2¢”7Em) -

Since the right-hand side is small, the linear approxima-
tion for Jy(x) may be used, and an expression for Ln
obtained.

Lo - In (x2ruc?).

(o4

This is the maximum length a power-bled section
should be made without renewing buncher power.
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Fig. 3—Effect of beam loading on power output and efficiency.

111. THE EXPERIMENTAL MODEL

The construction of a simple build-up duplex travel-
ing-wave klystron was undertaken in order to verify
the basic theory of the tube. The frequency of operation
was chosen to be around 3,000 mc. The tube was de-
signed to receive directly the output of a 10-megawatt
pulser, the M.L'T. Radiation Laboratory Model 16
modulator. This unit delivered 1-microsecond pulses of
voltage, 20 kv in amplitude. Pulse current was 500 amps
and the repetition rate was 350 cps.

/S

=

Fig. 4—Cross scction of experimental model.

Open-ridge waveguide was used for both buncher and
catcher in order to minimize beam-current interception.
The wide dimensions of these guides coincided with
that of standard 1} inch X3 inch S-band waveguide.
Gap spacing was 0.6 cm; drift space width was 1.0 cm.
The active length of the tube, i.c., the s dimension of
the clectron stream, was chosen to be 75 cm. Drift-
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space length was restricted to 4.0 c¢m (not including
gap spacing) in order to avoid excessive dc beam
spread and rf debunching. Beam spread was calculated
and a Pierce cathode was designed to give the beam the
property entry angle. A cross-sectional view of the tube
is shown in Fig. 4.

Physically, the model consisted of two adjacent open-
ridge waveguides set into a brass box, the top, bottom,
and end plates of which were removable. Four hali-
wavelength matching sections were also built into this
main structure, one at each end of the buncher and
catcher waveguides. Fuse-wire gaskets provided vac-
uum-tight seals, and four resonant-iris glass windows
allowed rf entry and exit. The tube was continuously
evacuated. A photograph of the tube completely as-
sembled is shown in Fig. 5. The electron gun was made
in three sections, each 10 inches long and three-fourths
inch wide. An internally water-cooled collector provided

Fig. 5—Photograph of assembled tube.

fins to trap secondary electrons during low-voltage tests.
For details of the electron gun and collector see Fig. 6.

The rf input was supplied by a 720BY magnetron
capable of delivering 200-kw rf pulses. These pulses
were synchronized with the modulator output. Since all
power measurements were made with an average-power
meter, synchronization was extremely important.

This experimental model had one serious deficiency
which persisted despite all efforts to overcome it: Only
409, of the beam current arrived at the collector. The
theoretical power gain of the tube was 5.6; but since
power gain is dependent upon the square of current, a
power gain of only 0.9 could be expected from the actual
tube. This is very nearly what was measured. In one
instance, with a beam voltage of 22 kv, unity gain was
measured. It is interesting to note that the ratio of
power output with beam on, to power output with
beam off, was over 40 db. Hence it was concluded that
the theory of the tube was substantiated.
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APPENDIX
1. Solution of Catcher Line Equations

In this section (3) is obtained by solving (1) and (2)
simultaneously, subject to suitable boundary condi-
tions. By differentiation and substitution, (1) and (2)
yield two second-degree equations.

a, .

de? + 62[,2 = — ]wL,I,’e‘fﬁ‘

§ 2
a7, (23)
et + B = — j3I/ e 8e,

These equations are members of a well-known class
since the right-hand side is a solution of the homo-

geneous equation. In such a case the general solution is
known to be

I'z = At + Be 8¢ + Cre 18z

I, D¢z . Jre—ib: + Fre bz, )

The constants C and F may be determined by sub-

stituting (24) into (23). The expressions for V, and I,
become

Ve = AeP: 4 Be=ifs | 1117 5c—is
I = D¢t 4 Fe—ibe 4 1/ ze e,
where Zoy=+/Ly/C,.

(25)
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This equation completely describes the desirable wave
a the catcher, i.e., the linearly amplified wave. This
save propagates in the same direction as the voltage
save in the buncher, and with the same velocity.
~wo of the four remaining constants may be eliminated
vy substituting (25) into either of the two original dif-
erential equations (1) or (2), from which it is found
hat A=—2Z.D, and B=Z(E—jI/'/2B). With this
implification, (25) becomes

I/
VA lliz —18: + <E —_ _> e~ 8 — Deiﬂx]
[ ‘ 728 (26)

I, = Mize s + Ee=#* 4 De.

Ve

The boundary conditions completely determine the
-onstants D and E. At z=0, it is assumed a perfect
-ermination is present; no energy has previously been
jelivered to the catcher, hence only a backward wave
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can exist at this point, for which, Va/Iy= —Z,. The in-
sertion of this boundary condition into (26) allows
solution for E in terms of known quantities, namely,
E=jI//48. Only D remains to be determined, and this
is done by substituting into (26) the boundary condi-
tion at z= L, namely, Va/I,=Z,. This is true because of
the absence of any backward traveling wave at this
point. This gives D= —jI'e~™L/43. The two non-
amplified terms may be put into neater form by the fol-
lowing manipulation:

ER [ei8e — et ] = ERp)) [eBt—L) — git=D)]

28 28

1
= — ¢~ #L gin f(z — L).

This completes the particular solutions of (1) and (2)
in the case where Z, terminations are used.

Electronically Controllable Resistors™
JAMES N. THURSTONY, SENIOR MEMBER, IRE

N THE FIELD of electrical measure-

ment and control, the need frequently

arises for a resistance whose value can be
adjusted rapidly and conveniently over a
certain limited range. For some applications,
mechanically controlled resistive elements
are oo sluggish or too complicated to satisfy
the requirements. An electronically con-
trollable resistor appeared to be a possibility,
and the present summary outlines some of
the work done on this subject.

Fig. 1—Typical nonlinear volt-ampere
characteristics.

¢ Decimal classification: 621.375.9 XR383 2 Orig-
inal manuscript received by the Institute, December
27, 1950; ahstract received, July 25, 1951. The work
reported here was done at the Research Laboratory of
Electronics, MIT, Cambridge, Mass.. under Navy
Bureau af Ordnance Contract NOrd 9661
Electrical Engineering Department, University
af rida, Gainesville, Fla.

Methods now available for the electronic
control of resistance include use of the non-
linear relationship between the plate current
and plate voltage of a high-vacuum triode.
Another possibility is the use of feedback to
control the input impedance of a vacuum-
tube circuit.! Both of these methods suffer
from a lack of stability.

A somewhat different approach to the
problem is to employ a nonlinear resistor,
such as a silicon carbide or germanium semi-
conductor, with a vacuum tube used to con-
trol the bias current, and hence, the dynamic
resistance of the element. The approximate
volt-ampere characteristic of a typical semi-
conductor, for normal direction of current
flow is shown in Fig. 1.

If the characteristic of Fig. 1 is too non-
linear, it can be modified by linear resistors
in series and parallel combination with the
semiconductor. As an example of what can
be done in this manner, assume that the
following specifications have been set up for
the controllable resistor as applied to a
strain-gage measurement problem.

Quiescent current /¢=2.0 ma
d
R.,,-f,=200 ohms at Jo=2.0 ma
1

Rac=bi+c, where b and ¢ are constants to be
determined

d
Rf', —25 ohms per ma
di

From these specifications, the required
expression for the volt-ampere characteristic
becomes e = — 12,500 $24-250 ¢, where 1 is in
amperes and ¢ is in volts. The calculated
volt-ampere characteristic is shown in Fig. 1.

A circuit which approximates the de-
sired characteristic, and which can be used
to provide a convenient control of the dy-

t H. J. Reich, *The use of vacuum tubes as varl-

able impedance elemente.” Proc. 1.R.E., vol. 30,
pp. 288-293; June, 1942.

namic resistance, Rae, is shown in Fig. 2.
Measured characteristics of this circuit are
shown in Fig. 3.

A small voltage, having the same fre-
quency as the control voltage, e;, appears at
the terminals across which Ra. is measured.
If this is undesirable, a more complicated
circuit can be devised in which most of the
voltage is eliminated.

[i-

ESNTGT
—

{ 1 "4

o 4 ~

Fig. 2—Modified nonlincar clement with
control circuit.

Fig. 3—Measured characteristics of
modified nonlinear element.
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Echo Distortion in the FM Transmission of
) - . . *
Frequency-Division Multiplex

W. J. ALBERSHEIM{, SENIOR MEMBER, IRE,

Summary—The composite multiplex signals generated by fre-
quency-division methods long standard in telephone communication,
can be transmitted by the new transcontinental broad-band FM radio
relays. Signal intermodulation by echoes must be minimized. Such
intermodulation is investigated in this paper experimentally and
analytically. Two types of echoes are considered: (1) Weak echoes
with delays exceeding 0.1 microseconds, caused mainly by mis-
matched long lines; ard (2) Powerful echoes with delays shorter
than 0.01 microseconds, caused by multipath transmission, and lead-
ing to selective fading. Using random noise signals, the distortion is
evaluated as a function of various parameters of the echo, the base-
band and the rf modulation.

INTRODUCTION
THE BROAD-BAND long-distance radio repeater

system which is rapidly spreading over this coun-

try was designed for the double purpose of trans-
mitting either one television channel or, by multiplex
telephony, several hundred voice frequency channels.
In the system employing coaxial cable, the multiplex
method used is to assign to each voice channel a band
four kilocycles wide, the whole forming a block occupy-
ing a bandwidth of the order of two megacycles. If it
were possible to employ this same frequency-division
technique of telephony over the radio circuits, the
identity in type of terminal apparatus would obviously
be advantageous in the system as a whole. The pos-
sibility of using the radio system in this way has there-
fore been carefully studied in the Bell System.

Multiplex signals transmitted over nonlincar circuits
are subject to intermodulation. In FM radio, such as is
here used, the nonlinearities are not caused primarily
by amplitude characteristics of clectronic devices, but
by inequalities in the propagation constant over the fre-
quency band of those transmission circuits which are
traversed by the frequency-modulated carrier. These
disturbances may be thought of as amplitude and phase
distortions, but for present purposes it is easier to inter-
pret them in terms of transmission irregularities produc-
ing reflections and echoes.

In this paper we have attempted, both by experiment
and theory, to determine the intermodulation of multi-
plex signals as a function of echo parameters. Such in-
formation makes it possible to establish the limits of
echoes which can be tolerated in high grade commercial
telephone transmission, this work being part of a larger
program occasioned by the first large scale installation
of a system of this sort on a country-wide basis.

* Decimal classification: R630.3 X R480. Original manuscript re-
ceived by the Institute, April 4, 1951; revised manuscript received,

November 21, 1951. . .
t Bell Telephone Laboratories, Inc., Deal, N. J.

AND J. P. SCHAFERT, SENIOR MEMBER, IRE

Some experimental and theoretical work on echoes in ||
FMI circuits is found in the literature,™7 but the quan-
titative data available relates mostly to single inter
modulation products of sinusoidal two-tone signals. The
wave shapes of multichannel carrier telephone signals
are highly irregular, approaching random noise in char-
acter, and their distortion products are due to complex
mixtures of second, third, and higher order modulation,
These modulation products had previously been ana-
lyzed for ANM only. Thus, it became necessary to extend
to I'M the theory of nonlinear distortion by noise-like
multiplex signal bands, and to check and supplement
the theory by extensive experimental rescarch.

To achieve clear-cut test conditions, it was deemed
impractical to cope with the irregularities of live tele-
phone conversations or with the vagaries of the echoes
encountered in actual long distance transmission. Multi-
plex speech was therefore simulated by a random noise
band extending over the intended subcarrier frequen-
cies, in accordance with a method proposed by . Peter-
son,? and echoes of the desired types were artificially
produced under controlled laboratory conditions.

Two distinct classes of echo interference were inves-
tigated. The first comprises relatively weak echoes with
delays ranging upward from 0.1 g sccond. This is the
type caused by impedance mismatceh at the ends of long
lines such as the wave guide conrections to the antenna
towers, and in some cases, by reflections from buildings
near the transmission path. Thesc are designated as line
cchoes. The sccond comprises powerful echoes approach-
ing the level of the main signal, with very short time
delays (usually less than 0.01 u second) and caused by
atmospheric multi-path transmission or by ground re-
flections. They may be called transmission path echoes.

I. LiNxE Ecnores
LExperimental Procedure

Although most of the actual echoes originate in the rf
path, the experimental echoes were produced in the 70

! {\lgrra"y ,G Crosby, “Frequency modulation propagation char-
acto.;nguc,s, I ROC.“I.RJ:., vol. 24, pp. 898-913; June, 1936.
E. Peterson, “Gas tube noise gencrator for circuit testing,” Bell
Lab. Rec., vol. 18, no. 3: p- 81; Noveniber, 1939,

" \V.l‘l;. Bo.i)ml)ett, “(,liossdnuzlul(i'iun requirements on multichan-
nel & nplifiers below overload,” Beil Sys, Tech. . . . 587
610; October, 1940. e feck. Jour., vol. 19, pp. 587

‘ Murray G. Crosby, “Observarions of

. f i
[l)(sgll)agauon on 26 mc,” Proc. LR I, vol. requency modulation

29, pp. 398—403; July,

*S. T. Meyers, “Nonlinearity in fre i i
'S, ) quency modulation radio sys-

tem due to multipath propagation ” | o 256-
Pon: Meyo pagauon,” Proc. 1,R.E., vol. 34, pp. 256

¢ B. VanderPol, “The fundamental principle f - B
lati?nz" Jour. IEf:‘(an(:'on), vol. 93, gp. l&tis(;;fgﬁg;j'?lic‘){&étl()du

) S” 0. Rice, Statistical properties of 4 sine wave plus random
noise,” Bell Sys. Tech. Jour., vol. 27, pp. 109-157; January, 1948,
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mc if circuits which permit easier control of path length,
reflection coefficient, and phase. The net result, as far
1s distortion is concerned, is the same.

Two means of generating cchoes were used: direct
connected two-path transmission, and reflection from a
misterminated spur line (Fig. 1). The first method was

>4 o
3 £ A g
] — MATCHED atT'RS “*Lc,t"m
N % / ouT
+
ADJUSTABLE
LINE LENGTH

A. TWO-PATH TRANSMISSION

- MATCHED “T*°
R —ieb———————
IN ]

P
R
~out

R=COAXIAL LINE

« ATTENUATOR IMPEDANCE

VARIABLE
REACTIVE
ADJUSTABLE TERMINATION
SPUR LINE =

LENGTH

B. PHASE CONTROLLED ECHO

Fig. 1—Methods of echo generation.

used only when strong echoes were needed. In all other
cases the reflection method was employed, as it has

the experimentai advantage of requiring shorter line

length, and lends itself more easily to continuously
adjustable phase control by means of a variable ter-
minating reactance.

F M. MODULATOR
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The signal source was amplified fluctuation noise of
vacuum tubes, filtered to the desired bandwidth and
equalized to a flat frequency characteristic, or to the
desired pre-emphasis of high baseband frequencies. In
order to be able to measure distortion products falling
inside the modulating frequency band, narrow gaps were
cut into it by sharp band elimination filters at the trans-
mitter input. The received cross modulation was ob-
served at these filter frequencies. By comparing the re-
ception level with and without the band elimination
filters, the distortion-to-signal ratio was established.

The complete test assembly is shown in Fig. 2.

Test Resulls

The distorting effects of echoes were investigated as
functions of the following parameters: a. Echo Char-
acteristics: amplitude, phase, delay, and number of
echoes; b. Signal Characteristics: frequency deviation,
bandwidth, band location, subcarrier location, and
amplitude characteristic of the baseband signal.

a.1 Echo Amplitude: Theory?®indicates that unless the
echo approaches the main signal amplitude, the distor-
tion-to-signal amplitude ratio D/S is proportional to the
echo-to-signal amplitude ratio .9 This was verified by
test over a 40 db range of r, as shown in Fig. 3, on the
following page.

a.2 Echo Phase: An echo can be divided into two vec-
tor components: one in phase with the main signal at
the carrier frequency, and one in quadrature. Analysis
shows that for small echoes the in-phase component

8 See Analytical Appendix to this paper and (3) following.

% If an echo exceeds the amplitude of the first signal, it may be
interpreted as the main signal and the actual signal, as a weaker echo
with negative time delay.
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Fig. 2—FM distortion by line echoes. Test assembly.
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produces only odd order distortion products in the base- predominant distortion, since the numerical facto.r of
band, and the quadrature component only even order D,/S is over 20 db larger than that of /S, and since
products. D3/ S contains an extra factor 7s which, according to (2), !
Let  7=relative echo amplitude is <1. ) )
7 =echo delay in seconds At the other extreme, in the “long delay range,” when
s=FM carrier frequency deviation (radians per s> 1, (5) y
second)

pm=maximum frequency of the signal noise band  the instantancous carrier sweeps through l.yf)th in-phase
(radians per second). Also bandwidth of sig- and quadrature regions and the level difference cor-
nal if the signal noise band starts from zero responding to the two phase conditions of the unmodu-

frequency lated carrier tend to disappear.
p=f{requency of observed signal or distortion Experiments have confirmed all these relations and
product shown close quantitative agreement with (3) and (4) ’
k=p/pm signal frequency relative to maximum in the low modulation region, 14g. 4. l

D/S = distortion-to-signal amplitude ratio. '
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ECHO TO SIGNAL RATIO IN DB Fig. 4—Distortion versus echo phase.

Fig. 3—Distortion versus echo strength.

a.3 Echo Deluy: Equation (3) indicates that in the
short delay region the predominant second order distor- =
tion increases with the square of delay time, Fig. 5,
shows a smooth transition from the computed straight

One may define a “short delay range” in which the
delay time is shorter than the reciprocal of the highest
baseband frequency and shorter than the reciprocal of

the FM deviation: -0 T -
I J MEASURED l [1
pm <1 () | U TTThn = 1930 KC
s < 1. ) T /|oooxc

It

0%’

/ 360 KC ‘
A

4

In this short delay range the distortion can be computed

o
o
=
o
9
for any given signal wave form, for instance, for a flat y
band of random noise extending upward from zero fre- ] S 1
(V]
quency. @ -aob—— b
Then, as derived in the Appendix, the quadrature e 1] y ol
echo component 7, produces a second order distortion z 1 /‘
ratio A I B B S e o
g 141
D, S — " 1/ jr Ve
— = 0.2r,7%p/1 — 0.5k, (3) 3 -0 LT
) T 17T
___.J ,J A lJ ' l
. . . L S Y4 - ’ AW . -
and the in-phase echo component 7,, a third order ratio 0 0.03 01 03 10
b ECHO DELAY, y SEC
3 YT EENED Fig. 5—Distortion vers ho delay. Ee 5
— = 0.0197,7%s2p+/1 — 0.333k2 4 g st ersus echo delay. Echo strength: —15 db;
S P P\/ ( ) noise mput: 0-2 mc; fr(-qucnc_v deviation:: %-1 mc.

Equations (3) and (4) show that in the short delay line short delay asymptotes computed from (3), to the

region the quadrature echo component produces the measured values at longer delay times. In the long de-
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therefore approaches a constant limit independent of
delay. This flattening of the distortion-delay character-
istic at large delays is shown in Fig. 6.

The limiting distortion-to-signal ratio for long dclays
can be computed if the frequency modulation index is
large: '

s/f)"l>>11

in which case the energy distribution of the interference
approaches an error function. Assuming that all but a
negligible fraction of the echo energy is contained be-
tween the nominal frequency deviation limits, one ar-
rives at the approximate formula

= s‘grpmo.s,-l,spe—z,asp'."

(M

as shown in the Analytical Appendix.

The measured distortion asymptotes from Fig. 6 agree
within experimental accuracy with the values computed
from (7) for the high-frequency distortion products. For
the much smaller low-frequency distortion products,
the measured values exceed the computed asymptotes.
This may indicate that at low frequencies there was
still some phase correlation between the signal and the
echo of longest delay.

a.4 Multiple FEchoes: A single ccho produces an ap-
proximately sinusoidal ripple in the reccived phase char-
acteristic. If

w=rf signal frequency

r = ccho amplitude

7 =echo delay and

0=ccho phasc at the carrier frequency, then the
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Fig. 6—Distortion versus echo delay. Echo strength: —15 db; noise input: 0-2 mc; frequency deviation: +4 mc.
lay region the phase of the echo becomes practically phase deviation of the received signal
unrelated to that of the signal, and the echo acts much -
. . ’ . . . r sin (wr + 6)
like noncoherent noise. The relative distortion level $g=tanl— = ysin (wr +6). (8)

+ 6)

As an harmonic function of frequency, the phase error
has the three characteristics of a rotating vector: ampli-
tude, frequency, and phase.

If two echoes of equal time delay are superimposed,
they interfere like vectors of equal rotational speed;
they reinforce each other when in phase and cancel one
another when equal and opposite.

The cancellation obtained experimentally by two echo
lines of equal length is shown in Fig. 7, case Aj; it ap-

1 +Vr cos (wr
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Fig. 7—Reduction of distortion by compensation echo,
loading: 0-2 mc; A—compensator delay =distorter
B—compensator delay =0.84 of distorter delay;
pensator delay =average of 3 distorter delays.

proximates 20 db. The slight residual distortion may be
attributed to experimental errors and to the deviation
of the phase ripples from pure sine-wave shape.

If a radio relay system contains many antenna towers
of equal height, their accidental mismatch echoes will
add in random phase rclation. Ience, their most proba-
ble combined amplitude increases with the square root
of the number of repeater stations. It is also possible to
cancel the cumulative distortion due to such echoes if
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methods are provided for recognizing the phase ripple
or its distorting effect. Tests show that the cancellation
of echo ripples is possible even if amplitude limiters are
interposed between distorting and correcting echoes.

A partial cancellation of plural echoes by a single cor-
recting line is feasible even if the time delays of the
interfering echoes spread over a limited range. This is
explained by the equation

r SN w7y — 7 Sin Wy
= 2r sin 0.5w(r; — 72) cos 0.5w(ry + 74).  (9)

If 7, and 7, differ by a relatively small amount, the fac-
tor sin 0.5w(r;—72) is <1 over the entire useful radio
frequency band, and reduces the ripple caused by the
cosine term which corresponds to the mean of the two
echo delays.

This analytical result is verified by the curves of Fig.
7, case B, which show a 10 db average reduction of echo
distortion by a correcting echo with a 16 per cent shorter
delay. Fig. 7, case C, shows that the distortion caused
by three echoes with delays extending from 0.16 to 0.23
1 second was reduced about 20 db by a single correcting
echo with 0.20 u second delay.

b.1 Peak Frequency Deviation: The frequency devia-
tion s enters all three approximate equations (3), (4),
and (7) for the distortion-to-signal ratio. It has already
been shown in section a.2 that in the short delay region
the highest relative distortion, which occurs at phase
quadrature, increases proportionally to the FM devia-
tion in accordance with (3).

In the long delay region, (7) indicates that the dis-
tortion ratio decreases 1.5 db per db increase of fre-
quency deviation.

The computed short-delay and long-delay asymptotes
are compared with measured values in Fig. 8. All four
curves of this figure show the distortion ratio near the
upper limit of a flat-noise signal band extending from 0
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Fig. 8—Distortion versus frequency deviation. Flat-noise loading.
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frequency up. The long delay asymptotes are closely ,ap-
proached by all curves except I))‘/. that for t.hc narro\}‘elst
signal band. (Sce comment to 1-|g. 5, section a.3.) The
short delay asymptotes agree fairly well with the curves

for the 0 to 67 ke and 340 ke bands, but the computed

distortions are much too high for the broader bands to

which they should not be expected to apply because
inequality (1) is not satishied. Note, however, that.evcn
in these wide bands the increase of the low-level distor-
tion ratio is proportional to the deviation as long as in-
equality (2) is satisfied.

For the transition region between the asymptotes the
experimental rule applies that the maximum di§tortion-
to-signal ratio at the upper edge of a flat noise band
may in some cases reach, but not exceed, the echo-to-
signal ratio.

b.2 Bandwidth: 1iquations (35, (4), and (7) show that
for a given peak frequency deviation and signal fre-
quency, the distortion-to-signal ratio increases only
slightly with thesignal band width in the regions subject
to analysis. The increased numbers of modulation prod-
ucts is offsct by their reduced amplitudes. In the inter-
mediate region the distortion may even be lowered by a
broadening of the signal band, asillustrated by the cross-
ing of curves 3 and 4 in IFig. 8. This occurs at low FM
index, when inequality (2) is satisfied but not inequal-
ity (1).

b.3 Band Location (Spread Band): If the telephone
subcarrier channcls do not occupy the lowest possible
frequency band but are shifted upward by at least their
collective bandwidth so that the entire rf baseband is
contained within one octave, all second order products
fall outside of the signal band and cannot cause distor-
tion. This results in a lower distortion ratio in the region
which satisfies inequality (2) (short delay and low mod-
ulation) because in this region only the third order
products are appreciable and, according to (4), the dis-
tortion ratio decreases with the square of deviation.
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Fig. 9—Distortion versus band location. Ay i i
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l:cndtcos;‘f r:c. lte()5§ freqi 1 ma: bB modulating noise ll)gnd 11—2
: req. 1.95 mc (spread band). ¢ : —15 db;
roquency doviationns {3pre ). Echo strength: —15 db;

In the region of long delay and larg
dex, however, computations indicate that the asymp-
totic value for the distortion ratio for the highest frle-
quency voice- carrier should be increased 6 dI, by the
frequency shifts, and the relative distortion ratio be-
comes even more unfavorable in the lower channels. In
tl.le mt-crmcdiate range the experimental spread l):'m(l
distortion ratio varies irregularly, as shown in Fig. 9.

¢ modulation in-
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For the conditions which would apply in the TD-2'° Ra-
dio Relay System, if the voice carrier band were limited
to 1 mc and the predominant echoes had 0.5 u-second
delay, the spread band distortion ratio is somewhat
. lower than the nonspread. However, the ratio of back-
ground noise to signal amplitude increases with the base-
band frequency, and thus lowers the safety margin of
the system during fades. Furthermore, the required rf
bandwidth increases with the baseband frequency. For
these reasons spreadband operation does not seem to be
advisable in the TD-2 system.

b.4 Channel Location in Signal Band: Both (3) and
(7) indicate that with flat noise loading the distortion
ratio increases approximately in linear proportion to
the frequency of the signal channel. This is in agreement
with the well known fact that noise and distortion in
FM circuits approximate a triangular frequency spec-
trum. The solid curves of Fig. 10 show the distortion ra-
tio as a function of baseband frequency for two echo
" delays.
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Fig. 10—Distortion versus signal frequency. Noise loading: 0~2 mc;
FM deviation: +4 mc. Echo strength: —15 db;

echo delay{‘gf 8; z :g

b.5 Amplitude Characteristic (Pre-emphasis): The
above mentioned piling up of noise and distortion in
the high baseband frequencies can be reduced by pre-
emphasizing the high frequencies in the transmitting
modulator, and correspondingly de-emphasizing them
after FM demodulation. If this pre-emphasis were car-
ried to the extreme of 6 db per octave, the characteristic
would be flat on a phase modulation scale. However,
analysis shows that there would then be excessive dis-
tortion-to-signal ratio at low baseband frequencies. The
pre-emphasis actually used, Fig. 11, varied from 0 to
13 db in passing from the lowest to the highest channel
(from 60 kc to 2 mc). This reduced the distortion ratio
at the highest baseband frequency by about 5 db, and
increased the much smaller distortion ratio in the lowest
channel by 10 db, as shown by the dashed curves of
Fig. 10.

10 TD-2 is the Western Electric code for the type of equipment
used on the New York-Chicago and other radio relay systems of the
American Telephone and Telegraph Co.
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I1. TrRaNsMISSION PATH ECHOES
Experimental Procedure

Observation shows that selective fading is caused by
destructive interference between a microwave signal and
one or more echoes lagging, at most, a few millimicrosec-
onds. Two-path transmission was simulated in the pres-
ent investigation by reflection in an air-filled coaxial
line, and the echo phase was regulated by a sliding
probe. It was realized that in nature a great variety of
combinations of three and more echoes probably occur.
However, the interference patterns due to such combi-
nations can usually be related to two-path patterns of
similar amplitude and phase characteristics, at least in
the regions of sharp minima which produce nonlinear
distortion.
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The signal-source, modulating, receiving, and ana-
lyzing means were the same as described in section I.
The test assembly used for the fading tests is shown in
Fig. 12, on the following page.

Test Results

Since selective fades are interpreted in terms of short
time echoes, their distorting effects were investigated as
functions of parameters similar to those listed in I, that
is:

a. Echo characteristics: depth of fade, delay, devia-
tion of carrier from frequency of deepest fading,"
and number of echoes.

b. Signal characteristics: frequency deviation, band-
width, band location, subcarrier location, and am-
plitude characteristic of the baseband signal.

c. Apparatus characteristics: The influence of imper-
fect limiting on fading distortion and background
noise was examined experimentally.

Analytical Discussion
In two-path transmission with short delays no serious
selective fading can occur unless the reflection coefficient

" 1 The deepest fading occurs when signal and echo are in opposite
phase,



322

f —/
PREEMPHASIS
| NETWORK |

L
NOISE LOADING
GENERATOR
E—— — r

L-BAND-FREQ. INPUT
—_—

1 500 KC .
| OSCILLATOR

SE—— |

FMSWING |
AND
INPUT LEVEL |
MEAS, EQUIP.

A

STD TD-2
F M RECEIVER

I

r
REPEATER COIL
PP TO S 5

L J

—J

]

B.P VIDEO B [

FILTER ATTENUATOR | ANALYZER |
- £ L- — L J

PROCEEDINGS OF THE I.R.L.

B.E ALP

r
\ 0-2000 KC
AMPLIFIER V‘S FILTERS

] r ) [
\ I F | 1 F AMPLIFIER I F
— — —
’ | ATTENUATOR ! TD 2 ATTENUATOR
- 4 L

L-FREQ.

March

FM GENERATOR

MICROWAVE RF
| VIDEO | | 5SCILLATOR
ATTENUATOR 4000 MC

T ATTENUATOR ""

SLOTTED COAXIAL LINE
(AIR)
ATTENUATOR |
¢ ™
PLUNGER / ke 1
TERMINATION i
- | ~SLIDING PROBE
f
1 r J
| cRysTaL | 4000 MC
= RTER SIGNAL
| 80 To 80 e | CONVERTE PLUS ECHO
F M SIGNAL
4070 MC
80

FM DISTORTION
BY SELECTIVE FADES
TEST ASSEMBLY

Fig. 12—Test assembly used for fading tests.

r approaches unity so that

1—r=5K1. (10)

1/8, which may be called the fading depth, is the ampli-
tude ratio between the signal amplitude in free space
and that at the frequency of deepest fading. In the range
defined by (10) the theory developed in the Appendix
states the distortion of FM baseband signals does not
depend on r and 7 separately, but on combined function
IT'=—=—. (11)
It can be shown that T equals the maximum of the
envelope delay distortion caused by the fade, which oc-
curs at the frequency of deepest fading. All other sym-
bols are the same as listed in section 1.
In the “low distortion” range defined by

Ts K1, (12)

only the lowest orders of distortion products need be
considered. At the frequency of deepest fade, all even
order distortions are zero. The third order distortion
ratio is highest at the frequency of deepest fade, where
it has the value
D, —
? = 0.038T73%%pv1 — 0.333%2, (13)
The second order distortion increases with the devia-
tion B of the carrier from the frequency of deepest fade
up to a maximum which is located at

0.58

Bmll= +—-

S (14)

At this frequency deviation

D, B
§ = 0B3TspvT =05k, (15)

In the former approximation range D;<D; so that
only the second order distortion need be considered.
Since tolerance limits for long distance telephone con-
versations require that D/S be smaller than 0.1or —20
db, (15) was a suitable starting point for investigation.
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Fig. 13—Distortion versus product of fading depth and echo delay.

I;I:(;ls;cl.nput: 0-2 mc; test frequency: 1,950 ke; FM deviation:

a.l Depth of Fade and Delay: Equation (15) indicates
that the distortion ratio should increase with 7 which
is the square of the product of fading depth and echo
delay as shown in (11). The upper curve of Fig. 13 shows
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Fig. 14—Distortion versus fading depth and echo delay.

that this relation is reasonably well maintained in the
high frequency channels as long as D/S is <—20 db,
which means that T is <6-10-8, seconds. At larger val-
ues of T, the relative distortion increases more slowly
and approaches a limiting value of about —10 db. The
effect of T can be separated into its components 7 and &
by a family of curves shown in Fig. 14, which help to
visualize the distortion under specified echo conditions.

a.2 Deviation from Frequency of Deepest Fading: When
signal and echo are in phase opposition, there results
only a weak third order distortion defined by (13). The
second order distortion increases with change of phase
angle in either direction up to a maximum which occurs
at a phase angle of = +0.58 & radians. For a stationary
fading pattern this corresponds to a frequency shift of
B= +(0.58/T) radians per second.

In our test equipment the phase change was brought
about by moving the pickup probe in either direction a
small distance from the standing wave node. The mini-
mum of distortion between the maxima was observed,
but it was rather shallow unless the following conditions
were painstakingly obtained:

1. Sufficient carrier power to prevent the FM limiter
from breaking at the bottom of the fade.

2. Very low residual distortion in the test setup.

3. An amplitude limiter far better than needed for
normal receiving conditions. This latter precaution was
needed because near the bottom of a selective fade the
carrier suffers considerable amplitude distortion which
produces nonlinear baseband distortion if a fraction of
it passes the limiter.

When the carrier frequency of maximum distortion is
passed, the distortion ratio quickly drops to the residual
distortion of the test equipment.

b.1 FM Deviation: In the low distortion range, the
distortion ratio is proportional to the FM deviation s
according to (15). Above this range it increases more

slowly and seems to approach a limiting value. In Fig.
15 the distortions observed with deviations of 2, 4, and
8 mc are compared under otherwise equal conditions.
The spread of relative distortion is greatest in the low
distortion range. It does not quite reach the 12 db dif-
ference between 2 mc and 8 mc swings predicted by
(15), presumably because of residual noise and distor-
tion in the test equipment.’

INPUT: 0-2 MC FLAT NOISE
TEST FREQUENCY: 1950 KC

reMC |
-1 /-
%// =
/77 7 x2mC
-20 3
s P’
//

AN

s 4MC
-4

DISTORTION TO SIGNAL RATIO IN db

0 100 3008 10" 9sEC

ENVELOPE OELAY T

Fig. 15—Distortion versus frequency deviation.

b.2 Bandwidth: Equations (13) and (15) show that
for transmission path echoes as well as line echoes, the
distortion-to-signal ratio increases only slightly with the
signal bandwidth, for a given peak frequency devia-
tion and signal frequency.

b.3 Baseband Location (Spread Band): Theory indi-
cates that second order distortion can be avoided by
spread band modulation. However, no tests were con-
ducted because the use of spread band was ruled out for
reasons given in section I.
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from the frequency of deepest fade, the maximurp sec-
ond order distortion ratio due to an imperfect limiter
occurs. In the low distortion range it equals

b.4 Channel Location: Equations (13) and (15) indi-
cate that the distortion-to-signal ratio increases in
nearly linear proportion with the frequency of the sig-
nal. The theoretical difference between the extreme test
channel frequencies of 1,950 kc and 84 kc is 24 db. With
large delay distortion T, and with carefully adjusted
amplitude limiters, the greatest difference obtained in
our experiments was 18 db, Fig. 16. With lower values
of T, the small intermodulation due to delay distortion
falling into the low frequency channels, was masked by
intermodulation due to spurious amplitude modulation;
hence, the observed difference between low-frequency
and high-frequency channel distortions was smaller.

b.5 Amplitude Characteristic (Pre-Emphasis): In dis-
cussing distortion (and background noise) resulting from
weak echoes of long delay, a desirable pre-emphasis
characteristic was arrived at in section 1. Using the same
characteristic under conditions of deep selective fades,
both noise and distortion were again found to be re-
duced, and by an amount slightly greater than in the
first experiment. However, permissible pre-emphasis
depends on available carrier power. If during fades the
radio frequency noise approaches carrier power, occa-
sional sharp noise peaks will cause “breaking” in the
FM detector such that its output will approach a flat
noise distribution instcad of a triangular one, and the
“de-emphasis” circuits will then bring the noise in the
lower channels up above distortion in the high channels.

Dg 3 02TS
S =

In this equation, C is the factor by which amplitude
variations of the received carrier are reduced by the lim-
iter. Comparing (17) with (15) one finds that it indicates
a distortion ratio nearly indepcendent of the baseband
channel frequency (3 db higher at the extreme low fre-
quency) and directly proportional to the delay distor-
tion T, whereas the distortion ratio per (15) is propor-
tional to the square of T. Hence, the influence of (17)
should make itself felt in the low frequency channels and
at low valuesof T.

Experiments with a variety of limiter conditions veri-
fied that the low frequency channels were most respon-
sive to improved limiting; but the improvement was
noticeable for all values of T, indicating that even for
the highest T obtainable, the amplitude outweighed the
delay distortion in the low frequency channels, Fig. 17.

1 — 0.5k (17)
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Fig. 16—Distortion versus signal frequency. Improved limiting.

Input: 0-2 mc flat noise; freq. deviation: +4 mc.

For this reason the experimental amount of applied
preemphasis was limited to about 10 db; the reduction
of the high frequency distortion ratio thus obtained was
about § db, in close agreement with theory. (Compare
upper and lower curves of Fig. 13.)

c.1 Influence of Limiting on Distortion: If a small frac-
tion of the amplitude frequency variation associated
with a sharp fade penetrates the amplitude limiters of
the FM receiver, nonlinear baseband distortion inter-
modulation results. Theory indicates that when the car-

rier frequency differs by the small value
1
=— (16)
2 T

with an ideal FM receiver, the noise spectrum flattens
out when the total background noise energy in the re-
ceived frequency band approaches the carrier level so
closely that occasional noise peaks may cancel the car-
rier completely by interference.

This flattening out of the noise spectrum occurs at
much lower background noise encrgies if a fraction of
the amplitude fluctuations due to background noise
penetrates the amplitude limiters in the FM receiver.

With imperfect limiters such flat noise effects may
outweigh the distortion effects and prevent the use of
pre-emphasis at fading depths which are still safe when
the limiter action is improved.

Experiment showed that with a limiter which under
normal-level conditions gave excellent reception, the
noise difference between extreme baseband cha;mcls
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was reduced to 10 db when the background noise was 18
db below carrier level. By improving the limiter action,
the low frequency noise was lowered 17 db (see Fig. 18).12
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Fig. 18—Baseband noise versus limiter action.

SuMMARY OF RESULTS
A. Line Echoes

1. The distortion-to-signal amplitude ratio increases
in proportion to the echo strength.

2. In the “short delay” region the distortion varies
sharply with the phase relation between the signal car-
rier and its echo. The maximum distortion (second or-
der) occurs at phase quadrature, the minimum distor-
tion (third order) at phase conjunction and phase oppo-
sition. Equations are derived giving the distortion ratios
for noise-modulated FM transmission as a function of
echo strength, delay, modulation amplitude, baseband
width, and the baseband test frequency.

3. In the short delay region the distortion ratio in-
creases with the square of delay; for large delays it ap-
proaches a constant value independent of echo phase.

4. In the short delay region the distortion ratio in-
creases with modulation; for large delays it passes
through a maximum and finally decreases with the 3/2
power of modulation.

5. The distortion-to-signal ratio increases only slightly
with the baseband width for a given peak frequency
deviation and signal frequency.

6. The distortion-to-signal ratio for flat noise loadiny
increases nearly linearly with the baseband frequency.

7. In the short delay region the predominant second
order distortion products can be excluded by confining
the baseband loading frequencies within one octave
(spread band loading). Considerations of background
noise and rf bandwidth requirements reduce the prac-
tical value of this transmitting method.

8. The predominant distortion of high baseband fre-
quencies can be reduced about 5 db by a moderate
amount (10 db) of high frequency pre-emphasis in
modulation.

18 The theoretical curve of Fig. 18 was computed’ by Mr. H. E,
Curtis.
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B. Transmission Path Echoes

1. For deep fades caused by a single echo, the base-
band distortion is a function of the peak delay distortion
T=71/1—r, which equals the echo delay divided by the
amplitude ratio between the signal amplitude in free
space and that at the frequency of deepest fading.

2. In the “low distortion” region defined by T's<1,
the distortion-to-signal ratio varies sharply with the
phase relation between the signal carrier and its echo.
The maximum distortion (second order) occurs when
the echo phase differs from opposition by the small an-
gle + Bmax=0.58 (1 —r) radians. A minimum of distor-
tion consisting of odd order products only, occurs at ex-
act phase opposition. At phase difference exceeding
Bmax, the distortion falls off rapidly. Equations are de-
rived giving the distortion-to-signal ratios for noise-
modulated FM transmission as functions of peak delay
distortion, peak frequency deviation, baseband width,
and the baseband test frequency.

3. In the low distortion range the distortion-to-signal
ratio is approximately proportional to the frequency
deviation, and to the square of the peak delay distortion,
but increases only slightly with signal bandwidth.

4. Above the low distortion range the distortion-to-
signal ratio approaches a constant value.

5. The distortion ratio and background noise for flat
noise modulation increase nearly linearly with the base-
band frequency.

6. The predominant distortion of high baseband fre-
quencies can be reduced about 6 db by a moderate
amount (10 db) of high frequency pre-emphasis in mod-
ulation.

7. The distortion ratio due to multiple echo inter-
ference can usually be approximated by that of a two-
path interference causing a similar frequency character-
istic of phase and of level in the pass band of the FM re-
ceiver.

8. The distortion ratio and background noise in the
low frequency channels may greatly exceed the low val-
ues per 5 unless the amplitude limiter of the FM re-
ceiver is carefully designed for a wide range of baseband
frequencies and reception levels.

EcHo DisTORTION
ANALYTICAL APPENDIX
I. Line Echoes

Asymptotic Equation for Short Delays: Let the signal

voltage be
€1 = € Cos (wl + uy) = € Cos ¢, (18)

where p, is the phase modulation at the time ¢, and let
the echo voltage be

€2 = reg cos (wt — wr + pe,) = reg COS P (19)
Then the phase error due to the echo
r sin -

4e = — tan-! (¢1 — ¢2) (20)

1+fC05(¢1—¢z).
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For r«1,
(21)

which indicates that the phase error, and hence the fre-

quency error, is approximately proportional to r.
From (18) and (19)

ka = — rsin (¢ — ¢3),

¢1 — ¢2 = wr + My = Mooy, (22)

By means of a Taylor series expansion, the foregoing
becomes
ur?

B1 = b= orir — A

o (23)

where the dots indicate differentiation with regard to
time. i

Let 4 be a band spectrum with the highest frequency
component p,. Then, if

pm7 K 1 (inequality (1) of section I), (29)
1=~ 2= wr + pr = wr + Mr, (25)
where M is the frequency modulation of the carrier.
Combining (21) and (25),
— #a = rsin wr cos 7M + r cos wr sin 7M. (26)

The first term on the right side has a maximum when
the echo at the carrier frequency is in quadrature to the
signal; it is called the quadrature component and pro-
duces even order distortion. If the frequency deviation

TMK1 27)

(which is equivalent to inequality (1) of section I) the
even order distortion consists mainly of the second order
distortion.

p2 = 0.5r,7202, (28)

where ro=r sin wr is the quadrature component of the
echo.

The second term has a maximum when the carrier
echo phase is equal or opposite to that of the signal; it
is called the in-phase component and produces odd order
distortion. For 7M{«<1 the main part of the small distor-
tion is the third order product,

By = §rpriM3, (29)

where 7,=r cos wr is the in-phase component of the
echo.

From (26) one derives the second order distortion-to-
signal ratio for noise loading as follows. Let the broad
band noise modulation 3 be approximated by a great
number m of small sine waves of equal amplitude a and
random phase and spaced at unit frequency intervals.

M = a2 cos(pt+ ¢,). (30)
p=1
According to (28)
pr = 0.577%2a2) - D cos {nt + ¢a)-cos (¢¢ + ¢;). (31)

q
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All the error components falling into the same fre-
quency add on a power basis because of their random

phase relation. lHence the amplitude
= 0.5t/
where N, is the number of different combinations n, ¢

for which

(32)

ntq=p. (33)

From reference 3, Table I, one finds that for large
numbers of signals beginning at zero frequency

Ny = pn. — 0.5p. (34)

The phase deviation of the signal at frequency p has
the amplitude

. (35)
Hi.p ° )
?
Hence, the distortion-to-signal ratio
D' -5 -
E‘ = tap/try = 0.5r,7%p\ pr. — 0.5p. (36)

a is found as follows:
From (30) the amplitude of a sine wave having an
rms value equal to that of the composite signal

M= avpm, (37)

because the randomly phased components add on a
power basis. Assuming an 11 db peak-to-rms ratio for
random noise, the amplitude of a sine wave having an
rms value equal to that of noise would be 8 db smaller
than the peak noise. Since we are dealing with loading
by .random noise which gives a peak deviation s, this
equivalent sine wave will have an amplitude 8 db below
s. Equating this amplitude to (37) gives

a = 0.4sp,08, (38)
and by substituting (38) into (36),
D, [
$ = 02rrispyT =05k, (39)
which is (3) of section I.
In an analogous manner one finds from (29),
B3y = dr,r8ad/ N, (40)

where Nj is the number of different combinatijons m, n,
g, for which

mtntg=p (41)
From the literature,® Table I, one finds
pn? P2
Ny=2" _F
s . (42)
Combining (35), (38), (40) and (42) one finds
Dy ) _
5= 0.0197,7%°p\/1 — 033342 (43)

in agreement with (4) of section I
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Asymptotic Equation for Long Delay: A distant echo
is assumed to have no phase correlation with the origi-
nal signal and thus acts like an unrelated noise. In order
to find the distortion ratio one must derive the energy
distribution of the echo. The instantaneous frequency
modulation of the carrier by a random noise band fol-
lows an error function, and for a large modulation index
it is permissible to assume that the energy spectrum also
approaches an error function.

The total energy of the echo
W= v, (44)

where W, is the signal energy and r the relative echo
amplitude. The energy distribution

’ 1 2
dIWV = — We*dx,
\

(45)

with

2 = g(w — wo). (46)

we is the carrier frequency, and ¢ a proportionality
factor. The energy fraction contained in the interval be-
tween —x and x

W,
W, = -—:f e~rdx.
VTY oz

Energy function W, spreads over an infinite frequency
range, but 99.93 per cent of the energy is contained be-
tween —2.4 <x < 2.4. \Ve know from physical considera-
tions that most of the echo energy must fall within the
modulation limits of the FM signal. ‘

If we assume accordingly that the energy contained
between the peaks of the frequency excursion is 99.93
per cent of the total, we find from probability integral
tables that

(47)

(48)

g=—"

s
and the energy falling into a small interval between fre-

quencies p and p+dp

2;_4_ s"r’e"'"’"-’dﬂVo.
T

d\v, = (49)
If this energy is received together with the main signal
through an amplitude limiter and linear frequency dis-
criminator, only that half of the energy which is in phase
quadrature to the main signal is detected. The ampli-
tudes of the two sidebands +p add in phase, and the
resulting baseband distortion amplitude is proportional
to the frequency p. This makes the relative distortion

energy per unit frequency
We= iﬁ__ S—lr2p26—5.70p’l-’.

™

(50)

The frequency modulation of the carrier has the am-
plitude a and its energy after FM detection, in view of
(38)
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a
Wo=— = 0.0852pm™". (51)

The distortion amplitude ratio
& W ./ W, 0.5—1.5,—2.88k%pm’e >
5 = VWW = S8rppattstietution’ (52)

in accordance with (7) of section I.

II. Selective Fades

Distortion of Baseband Signal by Envelope Delay: Since
the deep fades observed are caused by echoes with very
short delays so that (24) and (25) apply, one may com-
bine equation (20) with (25). Hence,

rsin ¢
pa = tan~!——— (83)
X 1 —7rcosy
with
Vv=1(w—w+ M) =18+ 1M. (54)

Differentiating with regard to time, one finds after
some rearranging

8 = 0.58%
824 2(1 — cos¥)

The first term on the right hand side is a small linear
distortion which cannot produce any interchannel cross-
talk, and may be neglected.

In the second term both §&1 and <1, hence

8 ™

Ms= 1M = —
82 + 2 1+ T8+ M)?

Ma=ja= —05M+ 1™ (55)

with
T

T=—.

5 (56)

The nonlinear distortion products of the n** order are
found by developing (56) into a series according to pow-
ers of M, and evaluating the products MM

For =0

| M;| = TSMM? or, (57)
by integration,
s = f Madt = 3T*M3. (58)
By comparing (58) with (29) one finds by analogy
D, [
-E = 0.03873%%p+/1 — 0.333k? (59)

in accordance with (13) of section II. The second order
term has the approximate value

IMMTB
| Ma| = —— (60)
(1+ p°T%)?
By differentiation with regard to B, one finds
V3
max — T 61)
B = (
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in accordance with (14) of section II, and

M imax = 0.65T*M M, (62)
or, by integration
Hamex = 0.325T2M2, (63)

By comparing (63) with (28), one finds by analogy

D: o
5 = 0.13TspyT— 05k (64)

in accordance with (15) of section I1.
Distortion of Baseband Signal by Incomplete Ampli-

tude Limiting: Near the frequency of deepest fade, the
received rf carrier amplitude

A =+/rsin?B8r + (1 — 7 cos Br)?

= V6% + 2r(1 — cos B7). (65)
For deep fades,
A =51 F T8 (66)

Since the average amplitude of the received carrier is
held practically constant by agc and by the dc com-
ponent of the limiter action, spurious amplitude modu-
lation is the product of frequency excursion by logarith-
mic slope of amplitude characteristic:

dlog A dlog A T8 -

t do 48 1+ T 67
a

Banax = T} (68)
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this slope reaches its maximum

dlog A (69)

(max) = 0.5T.

If the carrier swings back and forth becaus.c of the
FM signal M, the resultant amplitude modulation is

A = const. (1 + 0.5TH). (70)
After passing through an imperfect limiter the ampli-
tude modulation is not entirely suppressed but only re-

duced by a compression factor C. Hence, at the input to
the FM discriminator, the amplitude is

Aq = const. (1 4 0.5TC-1M). (71)

This is multiplied by the linear frequency characteristic
of the discriminator so that the output if amplitude, and
after linear detection, also the baseband amplitude is

Aoy = const. (M 4+ 0.5TC-1312), (72)

The second order component of amplitude modulation
ue = 0.5TC1312, (73)
If M is a noise loading which can be approximated by a
great number of small sine waves, as discussed above,
one arrives by an analogous method of adding all the
distortion components which fall into one frequency at

D, P
' 0.2TsC-'\/1 — 0.5%, (74)

which is the same as (17) of section I1.

CRE==7D

CORRECTION

F. B. Anderson, author of the paper, “Seven-League
Oscillator,” which appeared on pages 881-890 of the
August, 1951 issue of the PROCEEDINGS OF THE I.R.E.,
has brought the following errors to the attention of the
editors:

f should be added to (2) on page 883, the equation
thus reading

S
b+j—-
Vx el 1
— = , where fy = —— ————,
14 . 2xCiaR(1 — b)b
147~

fcl

J should be omitted from (12) on page 890. It should
be inserted instead in the ninth line of the second col-
umn of page 890, the line thus reading

1 COS ¢,

_ s J sin ¢
L—d: 11— 4] " [1 =4
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Techniques for Close Channel Spacing at VHF
and Higher Frequencies’
CHARLES F. HOBBS{, MEMBER, IRE

Summary—Fhysically separated radio transmitters can be fre-
quency-division multiplexed to obtain a great economy of bandwidth
utilization at vhf and higher frequencies, by use of a common refer-
ence signal at both transmitter and receivers in lieu of locally gen-
erated high-frequency oscillations. In an individual transmitter, a
modulated low-frequency subcarrier would be used to modulate a
barmonic of the reference signal, and the resultant sum (or differ-
ence) frequency-band selected for transmission. Amplitude-modu-
lated voice signals spaced only S kc apart at frequencies above 100
mc, have been gseparated with ease in a two-channel laboratory model
of such a system by use of a standard low-frequency communication
receiver preceded by a wide-band mixer, the local oscillator for
which was synchronized with the transmitter reference signal.

INTRODUCTION

\S THE NEED for additional communications
A channels increases, use is made of higher and
higher frequency bands. At the same time, new
techniques are sought which will allow more channels
to be assigned to a given frequency band. Present tech-
niques provide almost complete utilization of the low-
frequency end of the radio spectrum, although some im-
provement could be obtained by a wider use of single-
sideband modulation and more cfficient coding meth-
ods. On the other hand, in the vhf and higher frequency
bands, a large part of the spectrum is used as guard
bands to separate the channels. These guard bands are
necessary to prevent interference between signals on
adjacent channels under the most adverse conditions.
Factors involved are oscillator drift in the transmitters
and receivers, drift in the resonant frequency of the
tuned circuits in the receiver, and the inherent departure
of receiver selectivity characteristics from the ideal.
This paper suggests a method of virtually eliminating
oscillator drift as a factor in determining the separation
that is necessary between adjacent channels. The use of
this method should result in channel spacings at the
higher frequencies equal to those now uscd at the low-
frequency end of the radio spectrum, and should en-
courage the use of band-reducing techniques and more
efficient coding methods.

Usk OF FREQUENCY-DIVISION MULTIPLEXING

When a number of messages are to be transmitted
between two given points, a large increase in spectrum
utilization can be obtained by the use of frequency-divi-

RA6O £ ROOT.1. Original manuscript re-

. H ifhication:
Decimal classificatio 1951; revised manuscript

ceived by the Institute, February 21,

ived, September 26, 1951. . . )
rroe;er Fn‘r)cr Cambridge Research Center, Cambridge, Mass,

sion multiplex systems.!”* The improvement results
from the use of comparatively low-frequency subcarriers
to produce adjacent channel signals of high relative
stability. An illustrative example is given in Fig. 1. In

GUARD _._ GUARD _._ GUAR®
1 [P BanD *[* BAND *{[* BAND |
1

[] 1 ] | 1
| U ' J 1 U '
f f2 fs fe fs
(o) FOUR CONVENTIONAL RADIO TRANSMISSIONS

— I

(b) TWO FREQUENCY-D1VISION MULTIPLE XED TRANSMISSIONS
( 24 CHANNELS)

QU

() MAXIMUM UTILIZATION OF AVAILABLE
FREQUENCY SPECTRUM (44 CHANNELS)

Fig. 1—Example illustrating spectrum utilization.

(a), four single channel transmissions are shown in a
frequency band f, to fs, while in (b), two twelve-channel
frequency-division multiplexed transmissions occupy
this same band. Note that the same guard bands are
used between transmissions in both (a) and (b). In (c)
it is seen that maximum utilization of the spectrum
could be obtained by use of frequency-division multi-
plexing if the guard bands were eliminated. Fig. 2 illus-
trates a method of achieving this maximum utilization
of the available frequency spectrum. Carriers having
a high degree of relative stability are obtained by use
of the several harmonics of a reference frequency f, in
lieu of locally controlled oscillations. The messages are
impressed on groups of subcarrier signals so that each
group of resultant signals covers a bandwidth equal
to the reference frequency f,. The band f, to 2f, is
convenient from the standpoint of receiver tuning
range and image rejection. The several groups of sub-
carrier signals are then used to amplitude modulate their
respective carriers, and the upper sidebands of this
final modulation process are selected for transmission,

1 R. A. Heising, “I’roduction of single sideband for trans-atlantic
radio telephony,” Proc. 1.R.E., vol. 13, p. 291; June, 1928.

1 F. A. Polkinghorn and N. F. Schlaaci, “A single sideband short
wave system for trans-atlantic telephony,” Proc. 1.R.E., vol. 23,
pp. 701-719; July, 193S.

VF. A, Polkinghorn, “A single sideband musa receiving system for
commercial operation on trans-atlantic radio telephone circuits,”
Bell .ﬁy:. Tech. Jour., vol. 19, pp. 306-33S; April, 1940.

¢ N. F. Schlaack and A. (? Dickieson, “Cape Charles-Norfolk
ultra-short wave multiplex system,” P’roc. I.R.E., vol. 33, pp. 78-83;
February, 194S.
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thus producing a maximum number of information
channels in a given frequency band.

The nature of an individual signal is determined by
the manner in which the message is impressed on the
subcarrier at the first modulator. Although the second
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Fig. 2—Use of reference-frequency signal and frequency-division
multiplexing to obtain maximum utilization of frequency
spectrum,

modulator is a single-sideband suppressed-carrier type
of modulator, it produces no change in the type of
modulation; it merely changes the frequency of the
signal. Fig. 3 illustrates the use of three different types
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(C) FREQUENCY MODULATION

Fig. 3—Nature of outgoing signal.

of modulation. In (a), an audio signal of frequency €
is used to amplitude modulate the subcarrier of fre-
quency f;, thus producing the sidebands of frequencies
Bi+ex and B;— e In the final modulation process, the
amplitude-modulated signal is translated in frequency
by the amount of the carrier frequency a;. In (b), the
first modulation process produces the single-sideband
signal of frequency B;+ e, which is then translated in
frequency to an amount «; as before. The use of fre-
quency modulation is illustrated in (c).

It is not necessary to transmit an entire group of
messages from a single transmitter. A number of iso
lated transmitters may use the same carrier frequency.
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In the extreme case, all transnitters of a group would
use the identical carrier frequency, but each would use a
different subcarrier, that is, cach station would trans-
mit but a single signal. Thus the method is suitable f.or
broadcasting, ship-to-shore radio, aircraft and mobile
communications, and other applications requiring single
channel transmissions.

THE TRANSMITTER

A block diagram of a transmitter using the proposed
stabilization method is shown in Fig. 4. The reference-
frequency signal stabilizes a local oscillator, the output
of which is used to generate the desired carrier frequency
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Fig. 4—Block diagram of transmitter.

a; by means of harmonic amplification. Each subcarrier
of frequency B; is first modulated in the desired manner,
after which the signal is translated along the frequency
axis in the secand modulator. The resultant signals of
carrier frequency o;+pB; are amplified and radiated.
Sideband components are shown for amplitude modula-
tion in the first modulators.

The block diagram of a single-sideband generator,
which might be used as the second modulator in the
transmitter of IFig. 4, is shown in Iig. 5. This type of
circuit has been used by O. G. Villard® and others to
generate conventional single-sideband suppressed-car-
rier signals. The phase shifts are so arranged that the
desired sidebands are in phase and the undesired side-
bands are out of phase. In order to give complete
cancellation of the unwanted sideband components,
their amplitudes must be cqual at the outputs of the
two modulators and their relative phases must be
exactly 7 radians over the entire band. If the amplitudes
are equal, a total phase-shift error of approximately 1
degree will result in only 40-db attenuation of an un-
desired sideband component.

Detuned resonant circuits are suitable for use as
the carrier phase shifters. I'or example, if the circuit
stability is 1 part in 100,000, and the Qs 100, the maxi-

$0. G. Villard, Jr., “A high-level single-sideband i ”
Proc. I.R.E., vol. 36, pp. 1419-1426; Novcmbei, z;r914s'transmmer,
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mum cumulative phase error in the two circuits would
be less than 18 minutes.

Special circuits having constant amplitude and con-
stant phase-shift characteristics over the appropriate
frequency band are required for the subcarrier phase
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_ |
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Y S )
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SHIFTER o MODULATOR |—
NO. 4 NO. 2
- i
| MODULATED PHASE
suB- b— e SHIFTER
CARRIER NO. 2
| R | |

Fig. 5—Block diagram of single-sideband generator.

shifters. Dome has designed circuits which give a con-
stant phase shift to within +4 degrees over a frequency
range of 28 to 1 in the audio-frequency range, and has
pointed out that this range can be increased by con-
necting a number of stages in cascade.® No attempt
has been made to extend Dome's technique to the ap-
plication suggested in this paper because the experi-
mental work outlined below was designed to demon-
strate the principles of the proposed method, rather
than to obtain quantitative data to facilitate the design
of such a system. For this purpose, detuned resonant
circuits were used for both the carrier and subcarrier
phase shifters. However, the requirements for the sub-
carrier phase shifters can be stated as follows: For 40-
db attenuation of the undesired sideband, the phase
shift in each subcarrier phase shifter must be constant
to within approximately +0.5 degree over a frequency
band ratio of 1.0022 to 1 for a single-channel 5-mc sub-
carrier, and over a frequency-band ratio of approxi-
mately 2 to 1 for a subcarrier band covering the fre-
quency range 5 to 10 mc.

The more conventional method of obtaining single-
sideband suppressed-carrier signals, as used in carrier
telephony?® and radio-telephone!™* circuits, is also
suitable for use in the final modulation process. In this

¢ R. B. Dome, “Wideband phase shift networks,” Electronics, vol.
5 -115; December, 1946. L
% P?l.llg.zclrane, Jegre Dixon, and G. H. Huber, “Frequency Division
Techniques for a Coaxial C73ble Nework,” AIEE Technical Paper,
. 47-258: September, 1947. . .
PP '4}7‘1.2;.8Fishpere,ml\4’? I.. Almquist, and R. H. Mills, “A new single-
channel carrier telephone system,” Elec. Eng., vol. 57, pp. 25-33,
356; January, 1938. Also appears in Bell Sys. Tech. Jour., vol. 17,
—184; , 1938. )
P 01%2' \l)Vs."'(}Jr:::agd E. 1. Green, “A carrier telephone system for
toll cables,” 4 IEE Transactions, pp- 227-236; 1938. .
10 E. S. Willis, “A new crystal channel! filter for broadband carrier
systems,” AIEE Transactions, pp. 134-138; 1946.
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method, successive stages of modulation are used to ob-
tain the desired increase in frequency, while at the same
time, filters following each modulator are used to at-
tenuate the undesired modulation products.

THE RECEIVER

The basic requirements for the reception of a signal
generated by one of the methods outlined above are no
different than those for the reception of any radio signal.
In a conventional vhf or uhf receiver, the pass band
is made large enough to allow for anticipated instabil-
ities of the local oscillator, change in circuit tuning due
to thermal effects, and drift in the transmitter fre-
quency. If usual channel spacings were used, vhf and
uhf signals, generated by the methods previously out-
lined, could be received by conventional receivers.
Because of the close channel spacing, however, much
more selective receivers are needed.

If reception were attempted with a conventional
superheterodyne receiver having adequate selectivity
but using locally generated oscillations, the desired
signal would not remain within the pass band of the
receiver. However, by synchronizing the local oscil-
lator frequency with the carrier frequency, or har-
monically relating the two, their relative instability
may be reduced to zero and the desired signal kept
within a very narrow pass band. Such synchronization
requires the availability of the reference signal, or a
signal harmonically related thereto, at the point of
reception, and the use of an auxiliary receiver and har-
monic generator to provide the stabilizing signal. The
auxiliary receiver may be fixed tuned and relatively
simple. In the case of two-way communications, a single
auxiliary receiver would serve both the transmitter and
the receiver.

Fig. 6 is a simplified block diagram which illustrates,
in principle, the proposed method of reception. The
auxiliary receiver, synchronized oscillator, and har-
monic generator are used to reproduce the carrier-fre-
quency signal in the same manner as it was generated at
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RCVR 0sC (x) n
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Fig. 6—Simplified block diagram of receiver.

the transmitter. The carrier frequency oy is subtracted
from the frequency of the incoming signal, leaving the
desired signal of subcarrier frequency B; to be selected
and demodulated by the conventional receiver repre-
sented by the last block in the diagram.
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EXPERIMENTAL SysTEM

An experimental laboratory system using the pro-
posed techniques, the block diagram for which is shown
in Fig. 7, has demonstrated the feasibility of close chan-
nel spacing in the vhf band. The addition of the sub-
carrier frequency to the carrier frequency was accom-
plished in each channel by use of two balanced modu-
lators and phase-shifting circuits, as explained above.

s
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Fig. 7—Block diagram of two-channel laboratory system.

It will be recalled that resonant circuits detuned to
their half-power points produce phase shifts of /4
radians. Hence, detuning of the input circuits to each
pair of balanced modulators to produce phase shifts of
w/4 radians, as shown in Fig. 7, maintained amplitude
balance at the inputs, and satisfied the condition for
phase opposition of the difference-frequency com-
ponents in the output of the two modulators. Adjusting
the gains of the two modulators to equality resulted in
cancellation of the difference-frequency components.

By operation of the switch SW, both channels could
be connected simultaneously to a conventional vhf re-
ceiver, or to a vhf mixer in which the local oscillator
signal was of the same frequency as that of the carrier
used to generate the communication signals. The output
of the mixer went to a conventional low-frequency re-
ceiver. When the two channels were connected to the
vhf receiver, both programs were received simul-
taneously because of the large pass band of the receiver;
but when the two channels were switched to the vhf
mixer, either channel could be selected at will by tun-
ing the low-frequency receiver, even though the two
channels were separated by only § ket

SPURIOUS RESPONSES

Receivers for use with the proposed system must
provide sufficient adjacent channel selectivity, and must
give adequate suppression of spurious signals. At the

1t The effective audio band pass of the system was limited to
2,500 cps.
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higher frequencies this requires the use of nl}JItipIc-
superheterodyne receivers of suitable design. Iig. 8 is
the block diagram of a triple-superheterodyne receiver
that can be designed to operate satisfactorily at fre-
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Fig. 8—Block diagram of triple superheterodyne receiver.
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l"ék: L,O.v J

CQRCUIT Q =100 PER STAGE
CHANNEL SPACING » |IOKC

quencics of the order of 1,000 mc. Table I gives the
adjacent channel sclectivity and spurious response to
be expected from such a receiver operating at 1,000 me.
It is assumed that channel spacings are 10 ke, and the
Q of a single-tuned circuit used in any stage of the re-
ceiver is 100. The total intermodulation distortion pro-
duced by each mixer is the rms summation of all distor-
tion products formed by a given mixer that fall in a
single message channel. A method for making such a
summation where large numbers of components are
involved, is given in another paper.2

Multiplex transmitters arc also subject to inter-
modulation distortion in the final modulator and power
amplifier. Means of reducing this distortion include the
use of the spread-sideband technique,? negative feed-
back," and high-level modulation.

TABLE |
Spurious RESPONSE OF TRIPLE-SUPERHETERODYNE RECEIVER

Channel Spacing =10 ke
Circuit Q=100 per stage

. I | Maxi T tal'
No. |Adj. Chan.| Image |Maximum To
Freg. J E¢ | Intermodulation
Stages Response‘ Response Distortion
Input | 1,000- | 2 — | ~626db| —39.1db
Amp. | 1,005 mc I |
st 100- 3 | — | —768db| -438db
IF 105 mc ' ‘ | #.8db
2nd 5- 3 — | ~76.8db| —si6db
IF 10 mc | ‘ l o
|
i S00ke | S ‘ —-62 db l — —
o - 1
APPLICATION

The adoption of the proposed system should result
in greatly increasing narrow-band facilities of all types
in the vhf and higher-frequency bands, and at the same

1 C. F. Hobbs, “Intermodulation Distortion in Mixers,” to be
pubhs[!:leci:l '
" E. H. Ullrich, “Ultra-short-wave com unication,” B
mun. ((‘Lolgd?;), vol. 16, e 6;1)—86: July, 1937, rom” Elec. Com
. R. Burrows an . Decino, “Ultra-short- i "
Proc. L.R.E,, vol. 33, pp. 84-94; February, 1;4§.r wave multiplex,
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time make more channels available for FM and tele-
vision broadcasting, and other wide-band applications.

One possible application is to vhf or uhf commercial
broadcasting. A particular transmitter could be used
to transmit a single program or several programs could
be multiplexed on a single transmitter, as shown in
Fig. 4. The reference signal would be transmitted as a
public service to permit the carrier frequency a;, used
by the transmitter, to be synthesized at the receivers,
as shown in Fig. 6. A large number of channels could
be provided. For example, the receiver shown in block
diagram form in Fig. 6 might be used to receive more
than 150 high-fidelity AM channels occupying a total
bandwidth of only 5§ mc, with a fixed tuned front end,
and the hf rcvr portion tunable over the range 5 to
10 mc. By making the front end, including the rf amp
and har. gen., adjustable in S-mc steps, the number of
channels could be increased manyfold. This assumes
fo=35 mc.

An application to which the system appears to be par-
ticularly suited is that of providing individual channels
for air-ground and ground-air communications for air-
trafic control. For this application, air-ground com-
munications would be carried on in one block of fre-
quencies, and ground-air communications in another.
This would result in a flexible system in which simul-
taneous two-way communications could be carried on
when necessary. The block diagram of an individual
channel net is shown in Fig. 9.
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Fig. 9—Simplified block diagram of typical individual channel net.

Other possible applications of the proposed system
include radio-telephone for commercial, public service,

and emergency uses.
DopPLER EFFECT

In any communications system in which the trans-
mitter and/or receiver are in motion, consideration must
be given to the apparent change in frequency resulting
from the relative velocity between the two. The doppler
effect may be a major factor in determining the mini-
mum channel spacing that can be used for communica-
tions involving high-speed aircraft. For example, a
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1,000 mc signal will be received with an error of 800
cps when the relative velocity between the transmitter
and receiver is 240 meters per second (approximately
535 mph). Under certain conditions, the frequency error
of the derived subcarrier signal is doubled if the receiver
local oscillator signal and the transmitter carrier are
synchronized by the techniques proposed in this paper.
This is true when the apparent change in the frequency
of the reference signal is maximum in one direction,
while the apparent change in the signal frequency is
maximum in the opposite direction. That is, the aircraft
is between the ground transmitter and the reference
signal transmitter, and is flying directly toward one
and away from the other. Even if all other factors are
neglected, doppler effect alone would require guard
bands of approximately'

U me

4Af =
/ 75

’ (1

where

Af =frequency shift due to doppler in cps

»=maximum aircraft velocity in meters per second

fme =frequency in mc.
Thus, if v=240 meters per second, and fm.=1,000 mc,
the doppler effect makes necessary guard bands of 3,200
cps. .

CHANNEL SPACING

Minimum channel spacing, consistent with the band-
width of the information to be transmitted, can be at-
tained at vhf and higher frequencies by use of a syn-
chronized system such as described in this paper. For
fixed services, channel spacings comparable to those
now used at the low-frequency end of the radio-fre-
quency spectrum, are possible. For such applications,
the bandwidth of the information to be transmitted, and
the type of modulation used, are the major factors in
determining the channel spacings, but for mobile
applications, particularly those involving high-speed
aircraft, the frequency shift due to the doppler effect is
a major consideration also.

Single-sideband modulation may be used with the
proposed system and fixed installations to obtain chan-
nel spacings of the order of the bandwidth of the in-
formation to be transmitted. It is impracticable to use
single-sideband modulation with complete suppression
of the carrier component for air-to-air or air-to-ground
communications because of the doppler effect. The
frequency of the carrier component as restored to the
signal in the receiver must follow, to within a few cps,
the change in frequency caused by the doppler effect.
This can be accomplished if a residual carrier component

15 The fractional frequency change due to doppler is
Af v

-_— = e—)

! ¢
where
¢ =velocity of propagation =3X10® meters per second
f=frequency in cps
of Yfme

3 X 100 300

or Af =
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of sufficient amplitude to synchronize an oscillator over
the required frequency range, or to provide recondi-
tioned carrier, is transmitted along with the single-
sideband signal.

CONCLUSIONS

The use of a common-reference frequency signal in
lieu of locally generated oscillations to stabilize radio
transmitters and receivers appears to offer a good
possibility of obtaining minimum spacing of communica-
tions channels in the vhf and higher frequency bands.
This technique should provide a large increase in the
number of radio channels without changing the essential
naturc of the transmissions, and at the same time
should offer the opportunity for a further increase
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through the use of single-sideband niodulation and
other band-reducing techniques. The adoption of this
method of communication should result in the release
of additional frequency spectra for wide-band applica-
tions, such as FM and television broadcasting, in addi-
tion to greatly increasing narrow-band facilities of all
types in the higher frequency bands.
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Cascade Connection of 90-Degree
Phase-Shift Networks®

OSWALD G. VILLARD, JR.}, sEnior MEMBER, IRE

Summary~A method of connecting 90-degree audio phase-dif-
ference networks for use in selective-sideband transmission and re-
ception is shown, whereby an over-all performance is obtained which
is analogous to the cascade operation of conventional filters, Three
networks are required to obtein twice the rejection in decibels of one.
For best results two of the networks must be accurately matched.
The cascade connection may either be used with three identical net-
works to deepen the rejection obtainable with one network over the
design range, or it may be used with two similar and one dissimilar
network to extend the frequency range over which a given rejection
may be obtained.

INTRODUCTION
N]NETY—DEGREE audio phase-shift networks

may be used in radio transmission and recep-

tion to achieve by modulation methods a selec-
tivity equivalent to that customarily obtained by means
of passive filters.! Two basic types of these networks
have been disclosed. In one, the phase difference be-
tween the two output voltages is for all practical pur-
poses 90 degrees, and the relative amplitudes are made
as nearly equal as possible;?? in the other, the relative

* Decimal classification: R423.52 X R143. Original manuscript re-
ceived by the Institute, July 20, 1950; revised manuscript received
September 10, 1951, .

This paper is based on work carried out under Contract W-
28(099) Ac-131, between Stanford University and the Air Material
Command. . . .

t Department of Electrical Engineering,
Stanford, California.

! I. F. Macdiarmid and D. G. Tucker, “Polyphase modulation as
a solution of certain filtration ;)roblems in_tele-communications,”
Proc. IEE (London), pt 3, vol. 97, pp. 349-358; Septerqber, 1950.

?R. V. L. Hartley, U. S. Patent No. 1,666,206; April 17, 1928.

? B. Lenehan, “A new single-sideband carrier system for power
lines,” Elec. Eng., vol. 66, pp. 549-592; June, 1947,

Stanford University,

amplitudes are inhcrently equal, and the desired phase
difference is approximated.*

In ordinary filter practice, when adequate selectivity
cannot be obtained in a single unit, two or more may be
connected (with suitable isolation) in series. Thus, if
one filter has a 20-decibel rejection in its stopband, a
second will provide an over-all rejection of 40 decibels.

While the cascade connection is obvious in the case
of conventional filters, it is not readily evident how
an equivalent result may be obtained with sclective
systems using audio phase-shift networks, The prob-
lem is relatively casier with the first type of network
mentioned above, and one possible approach has been
published.® It is the purpose of this paper to describe
how the other, or difference-phase, type of network
may effectively he connected in cascade.

Basic METHoD

A block diagram is shown in Fig. 1. The material
within the upper dotted enclosure represents a single-
sideband generator employing audio phase-shift net-
works. Expressions describing the voltages at each
point in the circuit are shown. It will be assumed for
simplicity in the following that the radio-frequency
phase shift is always exactly 90 degrees and that th'e
audio networks have unity transiission and a phase
shift which fails to be 90 degrees by some valye +q,

¢ R. B. Dome, “Wideband phase shift networks,” 7
19, pf. ”2._1!5; Decembor 1hae networks,” Electronics, vol.
$ H. Chireix, U. S. Patent No. 1,946,274 February 6, 1934.
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corresponding to networks of the difference-phase type.
To simplify presentation further, all the phase shift is
shown lumped in one side of each branch.
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Fig. 1—Connection for obtaining equivalent of cascade operation
in single-sideband transmission.

In the upper enclosure of Fig. 1, the output of the
first balanced modulator is

sin wt sin wt = } cos (w; — @)t — L cos (we + w)t, (1)

where w. is the radio frequency and w is the audio fre-

quency. That of the second is
cos wet cos (wt £ a) = 3 cos [(we — w)t )

+ L cos [(we+ W)t £ al. (2)

When a=0, the upper sidebands cancel, and the
lowers add exactly. When a#0, a resultant upper side-
band R, appears whose magnitude and phase 1s

[+4 ° a
R, = sin 5 cos [(w, 4+ w)t £ (‘)0 + 24> .

Now the resulting unwanted sideband, caused by
imperfect performance of the phasc-shift network, may
itself be balanced against a similar resultant derived
from a second audio network and pair of balanced
modulators. The arrangement is shown in t!\e.rcmainder
of Fig. 1. The lower dotted cr}closure is similar to the
upper, but the audio- and radlo-.fl"equcncy voltages fed
to it have each received an additional 90-degree phase

)
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shift. Let it be assumed that the three audio-frequency
networks are identical. The sideband output of balanced
modulator number 3 is

cos w.t cos (wt + a) = § cos [(we — )t F )

+ 3} cos [(we + w)t £ al. &)
That of number 4 is
sin wet sin (wt + 2a) = } cos [(we — w)t F 2a]
— } cos [(we 4+ w)t £ 2a). (5)
‘I'he resultant of the two upper sidebands is
Ry = sin % cos [(we + @)t T (90° = @)].  (6)

The combination of (3) and (6) yields
Undesired sidebands= R;+ R,=2 sin? -a; cos (wo+w)t. (7)

Desired sidebands=2 cos (w.—w)?.

The ratio of magnitudes of undesired to desired side-
bands in the output is approximately sin? a/2, whereas
in one enclosure alone it is sin a/2. Thus, three phase-
shift networks, connected as shown, can provide twice
the rejection (in decibels) of one network alone.

The actual connection for difference-phase networks
is shown in Fig. 2. The branches 4,, B,, and the like
represent the component lattice networks whose con-
stant-magnitude output voltages differ in phase by ap-
proximately 90 degrees.

Network |

|
[}
’ 1
| 1
1 |
» Notwork 2 | ]
£ [ttt i i
a | 8, 2
° 1 I | \
- | 1
,: ‘ As — n R
CJ i : To Torminels
- | 123, and &
| | n Fig. !
1 Network 3 " e
. - S
] 8, ﬁ {- |
| '
] ] [ !
L_ - 3 —+ Ay —‘L"— 3
|
| |
[} t
| [}
| |
T 8, r— e
| 1
L] 1
| el

Fig. 2—Connection for networks of the difference-phase type.

It will be found that it is not mandatory to secure
the improved undesired-sideband rejection on the out-
put side of the balanced modulators, although this may
in some cases be desirable; the improvement may also
be obtained directly at audio frequencies..One is led to
the circuit of Fig. 3 by analogy to Fig. 1. The two out-
put voltages in Fig. 3 are now found to differ in phase
by exactly 90 degrees, but the imperfect phase shift in
the networks results in the voltages differing in magni-
tude by an amount equal to (1 —cos ). When two such
voltages are fed to a bhalanced modulator, the ratio of
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desired to undesired sidebands may be shown to be ap-
proximately sin? /2. Thus, the circuit of Fig. 3 leads
to the same result as Fig. 2, but in a slightly different
way.

Wt baafutt2a) el unh“-)co.-)

/
Audie
L] Phase Shife cosfwt £ «) Output
Audio Network 2
Input
2eosful t =)
snwt
e ———
J
L] Phose Snrt cosfol 2 «)
Notwork
Phase Smirt 180°
Networh 4) Phese Shirt 310 foot 2 2u)
“sinfut 22 =)

Fig. 3—Audio-frequency equivalent of Fig. 1.

These same circuits are readily adaptable to single-
sideband reception.8’

MATCHED-PERFORMANCE REQUIREMENT

The success of the cascade connection depends on
the equality of the phase-shift of networks 1 and 3 in
Fig. 1. If these networks are identical, the undesired-
sideband output of the first pair of balanced modulators
will have the correct phase relationship with respect to
that of the second pair to permit best cancellation with
the aid of audio network 2. If the shift in network 1 does
not match that of network 3, the over-all rejection ob-
tainable will be seriously reduced.

Phase-difference networks may be realized in two
ways, either as lattice filters incorporating passive ele-
ments only or as half-lattice filters with isolation and
phase inversion supplied by vacuum tubes.4

With passive networks, the requirements of cascade
operation can be met by matching cach component
of network 3 to the corresponding component in net-
work 1 irrespective of the exact absolute values.

Networks incorporating vacuum tubes may be ad-
justed for equality of performance to a high degree of
accuracy with the aid of connection illustrated in Fig. 4.

> Nelweork | Network J
H i — 1
> i ' )
: H ’ | a | Vertical Plotes
.E : Branch : || Brench !
= | 1 i |
|
" H ' :ra Oscilloscope
1 \ i
. s | ! 8 I
1] Branca |, 1| 8reneh |\ Horizentat Prates
| |
:. ________ .: SSEmcoEme J

Fig. 4—Conncction for making performance of two difference-phase
networks virtually identical.

¢ E. 1. Green, U. S. Patent No. 2,020,409; November 12, 1935,
70. G. Villard, Jr., “Simplified single-sideband reception,”

Electronics, vol. 21, pp. 82-85; May, 1948.
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If both have equal phase shifts, the phase difference
between the outputs is zero and is displayed as a straight
line on the oscilloscope. One network may readily be
matched to the other by trimming its time constants
until a straight line is obtained at all frequencies of
interest. T'his indication is, of course, much more ac-
curate than the circular 90-degree counterpart.

EXTENSION OF FREQUENCY RANGE

In compensation for the requirement that networks 1
and 3 in Fig. 1 be matched is the circumstance that
network 2 may be entirely different. Thus the cascade
connection may also be used to give a wider total band
over which acceptable performance is obtained, rather
than an improvement in performance in a given band.
For example, the phase-shift networks of the General
Electric type YRS-1 single-sideband adapter afford a
rejection of the order of 30 decibels from 70 to 7,000
cycles, a frequency ratio of 100 to 1. Three such net-
works in cascade should deepen the rejection over this
range to something of the order of 60 decibels. However,
if network 2 is redesigned to operate from 7,000 to
700,000 cps, the three could then be connected in cas-
cade to give a 30-decibel rejection between 70 and
700,000 cps, a frequency ratio of 10,000 to 1, provided
only that the low-frequency networks are able to main-
tain uniform transmission and similar phase character-
istics up to the highest frequency.

LABORATORY TEST

A laboratory test was performed using the phase-shift
and summing stages of three identical YRS-1 adapters
connected in the receiving equivalent of Fig. 3. Un-
desired-sideband rejection was measured by fceding
in two test audio voltages having equal amplitudes and
a very accurate 90-degree phase difference. The trans-
mission, when all three sideband selector switches were
thrown to the passed “sideband” (or phase rotation),
was compared with that when the three switches were
thrown to the rejected “sideband.” The results are
shown in Fig. §.

Networks 1 and 3 were adjusted for equal per-
formance in accordance with the procedure of Fig. 4.
Care must be exercised in setting the amplitude balance
controls in networks 1 and 3, since an incorrect ampli-
tude setting can sharply affect the phase as well as the
amplitude of the partially suppressed “sideband” passed
by these units, and thus the over-all rejection,

CoNcLusION

An arrangement has been shown whereby systems
deriving their selectivity from the use of modulation
techniques and 90-degree audio phase-difference net-
works of finite quality may be so connected that an im-
proved over-all performance is obtained in a manner
similar to the series connection of conventional filters.
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Fig. 5—Rejection obtainable with cascaded commercial 90-degree phase-shift networks. (Individual units part of General
Electric Type YRS-1 selector. Nominal frequency range 70 to 7,000 cps.)

Now that the design of RC phase-difference net- Since resistors and condensers are relatively compact

works for any desired performance is well understood,®*
one of the few remaining problems in obtaining high
selectivities by this means has been the difficulty of
obtaining network components of the desired tolerance.

¢S, Darlington, “Realization of a constant phase difference,”
Bell Sys. Tech. Jour., vol. 24, pp. 94-104; January, 1950. B}

v H. J. Orchard, “Synthesis of wideband two-phase networks,
Wireless Eng., vol. 27, pp. 72-81; March, 1950.

and inexpensive, it may prove desirable in some cases
to attain the end result by means of cascaded networks
employing relatively lower-tolerance components.
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CORRECTION

Richard Guenther, author of the paper, “Radio Re-
lay Design Data 60 to 600 mc,” which gppeared on
pages 1027-1034 of the September, 1951 1ssue of ic
PROCEEDINGS OF THE [.R.E., has brought the following
corrections to the attention of the editors:

In Table I, at line “PN or I°M,” the wide-band gain
should be 1/4(B,/2f.)* =m? instead of 1/4(By/2f,)*=m?.

The curve for M in Fig. 7, thercfore, runs parallel to
the PTM curve according to the corrected figure.

This modifies the results for the two FM cxaml:)les
in Table 11 (b). According to the incrc.ase of the wide-
band gain from 6 to 12 db, the last line should re;,?d:

S/N per channel 46 db (instcad of 40 db), 36 flb (in-
stead of 30 db), 48 db (instead of 42 db), 13 db (instead

of 7 db).
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A Note on a Selective RC Bridge®

PETER G. SULZERT, AssociATE, 1Rk

Summary—A simple resistance-capacitance bridge is described
The circuit is capable of providing higher selectivity than the Wien
bridge, although it employs the same number of circuit elements.

ESISTANCE-CAPACITANCE bridges have
been used for the measurement of frequency,?
resistance, and capacitance,? and have also been

employed as selective elements in feedback amplifiers.?
The Wien bridge and the parallel-T are commonly
used in such applications. It is the purpose of this note
to describe a simple RC bridge capable of providing a
moderate increase in selectivity without requiring an
increase in the number of circuit clements. The circuit
is an RC form of a generalized six-arm bridge de-
scribed by Anderson.*

Before describing the subject bridge, let us consider
the Wien bridge of Fig. 1(a) as a basis for comparison.

-

A

(a)

Fig. 1(a)—The Wien bridge.

In this circuit, provision has been made for modifying
the values of resistance and capacitance in arms 4 — B
and B—C to obtain the maximum selectivity. Applying
Kirchoft's laws, it is found that

=" (n

* Decimal classification: R207.2. Original manuscript received
by the Institute, March 9, 1951; revised manuscript received,
August 10, 1951. .

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

t'F. E. Terman, “Radio Engineer’'s Handbook,” McGraw-H1ill
Book Co., Inc., New York, N. Y., p. 957; 1943.

? J. G. Ferguson and B. W. Bartlett, “The measurement of
capacitance in terms of resistance and frequency,” Bell Sys. Tech.
Jour., vol. 7, p. 420; July, 1928, )

*G. E. Valley and H. Wallman, “Vacuum Tube Amplifiers,”
McGraw-Hill Book Co., Inc., New York, N. Y., pp. 384-408; 1948.

¢ B. Hague, “Alternating Current Bridge Methods,” Pitman Pub-
lishing Corp., New York, N. Y., pp. 54-56; 1938.

and therefore

14

- : )
1P b0 +
where
by
3 '
1y
w wo
1] and]
Wy w
1
W = ’
‘T RC

1
b l+u"'+ —
a2

and R,= (b—1)R, (the balance condition).

The voltage Vi and Vjare defined by the figure, as is
the parameter a; w is the angular frequency.

It is convenient to work in terms of the frequency
variable u. Defining the selectivity S (at balance) in
terms of this quantity,

_d[8l

S =— : S
an e (3)

I‘or the Wien bridge under consideration,

o1 1
. e )

i

(l + " + (lé>

Fig. 1(b)-—An RC bridge providing higher selectivity thun the

Wien bridge.

Examination of (4) shows that the maximum selec-
tivity, numerically equal to 1/9, occurs for a =1, that
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is, with equal resistances and capacitances in arms
A-B and B-C.

Consider, now, the circuit of Fig. 1(b), which con-
tains the same number of components as Fig. 1(a).
Here,

Jua

8= ) ) 5 s (S)
Gt nEes)
a a

and therefore

_ na

2
(* + d) 1/(2 +a)2+ 1u?
a a

where a is defined by the figure. The null condition
requires

B ’ ((\)

(12
R1 == "2— Rg.

It is interesting to note that for a=1, (6) is identical
with (2), indicating that, with equal resistances and
capacitances in the right-hand arms, the bridges of
Figs. 1(a) and 1(b) have identical properties, including
selectivity as defined. The selectivity of the bridge of
Fig. 1(b) is given by

a.’!
T @+ a
As expected from the above, S=1/9 whena=1. How-

ever, S increases with ¢ to a maximum ata = V6, where
Suax=31/6/32, or approximately 0.23. Consequently,

&) (7)
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the maximum selectivity is more than double that of
the Wien bridge, permitting more accurate measure-
ments of frequency, resistance or capacitance.

The bridge under discussion employs equal capaci-
tances as frequency-determining elements. The alternate
form shown in Fig. 1(c) employs equal resistances,
which is convenient when variable-frequency operation
is to be obtained with a dual variable resistor.

-

A

(c)

Fig. 1(c)—Another RC bridge providing higher selectivity than
the Wien bridge.

The bridges described have been employea by the
writer as frequency-determining elements in audio-fre-
quency oscillators. It is thought that they should also
be useful in some other applications requiring measure-
ment of resistance, capacitance, or frequency.

Waves on Inhomogencous Cylindrical Structures”
R. B. ADLERY, ASSOCIATE, IRE

Summary—An analysis is given of some of the basic properties
of exponential modes on passive cylindrical structures in which the
material constants of the medium vary over the cross section. The
bounding surface is assumed to be opaque, in the form of an electric
or a magnetic wall; it is therefore always nondissipative. Major con-
gideration is given to structures in which the internal medium is
also nondissipative.

Each mode is usually a TE=TM mixture. Some of the conven-
tional orthogonality conditions no longer remain valid. In certain cir-
cumstances, however, the instantaneous and vector power that flow

* Decimal classification: R118.2. Original manuscript received
by the Institute, June 2, 1950; revised manuscript received, S:E;

tember 18, 1951. This work has been supported in part b
i . i- Materiel Command, and the ONR. It is based
Signal Corps, the Air Materie e o, M.IT,, Came

I'thesis in the Electrical Engineer
g:iggde(:c]:/(l):;s.t, fng l\al\:as published as Technical Report No. 102, Re-
search Laboratory of Electronics, M.L.T., May 27, 1949.

¥ Research Laboratory of Electronics, M.L.T,, Cambridge, Mass.

along the gystem are still additive among the various modes. Stored
and dissipated energies per unit length generally are not additive.
The propagation constant for modes on a nondissipative structure
cannot be complex. The relation between the direction of the time-
average Poynting vector at any point of the cross section, and that of
the phase and group velocities, is no longer necessarily conventional,
and the space angle between the transverse electric and magnetic
fields may vary over the cross section. The field distribution of each
mode varies with frequency in a manner which is clarified by physical
interpretation.

I. INTRODUCTION

HE MOST COMMON waveguide structures
Tconsist of a perfectly conducting metal tube, uni-
formly filled with a dissipationless dielectric ma-
terial. Under these physical conditions, the analysis
of the steady-state electromagnetic fields in the guide
can be carried out completely in terms of the set of
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familiar modes appropriate to the geometric form of the
structure.!*34 These modes represent waves which can
exist on the system in the absence of sources within the
guide. They constitute a set of solutions for fields hav-
ing harmonic time dependence e/ and exponential be-
havior e=7* in the longitudinal (or 2) direction. Although
there are no sources within any finite length of the
structure, these solutions, or “free modes,” may often
conveniently be thought of as originating from sources
located at 2= % o,

The utility of this mode point of view springs from
a number of general mode properties that are well
understood for the simple conhgurations described
above. When the dielectric is not distributed uniformly
in the transverse plane of the guide, it is still possible in
many cases to find exponential solutions to the source-
free problem. Solutions of this type have been found
for “closed” structures (like the partially filled wave-
guide®) as well as for “open” ones (like the dielectric
rod®?). The properties of these solutions have been in-
vestigated for individual cases,® with the result that
certain of the familiar mode properties appear to be
preserved under the new circumistances while others ap-
parently are lacking.

This paper outlines a more general analysis of sig-
nificant similarities and differences between free modes
on conventional (or homogeneous) waveguides, and
those encountered on somewhat more complicated (or
inhomogeneous) systems. Consideration will be limited
to the properties of exponential modes on cylindrical
structures in which the material constants of the
(passive) medium may vary in the transverse plane, and
the cross section is bounded entirely by an electromag-
netically opaque tube.

I1. FORMULATION OF THE PROBLEM
A. Co-ordinates and Notation

With reference to Fig. 1, the following notation will be

clear:
EW), f](t), B(), D(t)—Real field vectors, functions of

(x,9,2,0)
E, H, B, D—Complex field vectors, functions of (x,

Y, 2, w)

1]. A. Stratton, “Electromagnetic Theory,” McGraw-Hill Book
Co., New York, N. Y.; 1941.

3 C. G. Montgomery, R. H. Dicke, and E. M. Purcell, “Principles
of Microwave Circuits,” Rad. Lab. Ser. 8, McGraw-Hill Book Co.,
New York, N. Y.; 1948. .

3 J. C. Slater, “Microwave electronics,” Rev. Mod. Phys., vol. 18,
p. 441; 1946. o

¢S. A. Schelkunoff, “Transmission theory of plane electromag-
netic waves,” Proc. I.R.E,, vol. 25, pp. 1457-1492; November, 193%.

& L. Pincherle, “Electroma%netic waves in metal tubes filled longi-
tudinally with two dielectrics,” Phys. Rev., vol. 66, p. 118; 1944.

¢ H. Bondi and M. H. L. Pryce, “Dielectric cylinders as wave-
guides,” A. S. E. Rep. (London), M434: August, 1942,

7 M. Abele, “Teoria della propagazione di un campo elettromag-
netico lungo una guida dielettrica_a sezione circolare,” Consiglio
Nazsonale Delle Richerche (Roma), Tipografa Del Senato; 1948.

¢ R. B. Adler, “Properties of Guided Waves on Inhomogeneous
Cylindrical Structures,” Technical Report No. 102, Research Lab-
oratory of Electronics, M.I.T., Cambridge, Mass.; 1949,
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E, II, B, D—Complex field vectors, functions of (x,
¥, w) only

Er(t), Er, Er, and so on.—Vector functions as above
but having space components only in the transverse
(T) planc (x, y)

Iin, E., ., and so on.—Complex scalar components,
functions of (x, y, 2, w)

L., E,, I, and so on.—Complex scalar components,
functions of (x, y, w) only.

The presence of acaret (~) overeithera scalar or a vector
therefore merely means that the z dependence is pres-
ent. When the caret is omitted, the quantity represents
what is left after the z dependence has heen separated
out. This notation, while not standard, greatly simpli-
fies the equations which appear in the subsequent text,
and is justified only on that basis.

-

Fig. 1—Co-ordinate system for cylindrical structure.

In Fig. 1, P is any point on the bounding wall, 4 is
any cross-sectional arca of guide, and L is any hounding
contour line of the guide wall; n, 7, and 4, are real unit
co-ordinate vectors.

Additional detailed notation will be introduced as re-
quired, with mks rationalized units employed through-
out.

B. Reduction of Maxwell Equations to Cylindrical Form

When the time variation of the fields is taken to be
harmonic (e#*), the appropriate form of the Maxwell
equations applicable to the cylindrical system of Iig. 1,

in the absence of sources, is ~
VX E =~ il (1)
VX Il = iwe'/:', (2)

with jwe’ =0+ jwe. It is to be recalled that € i, and o,
the (real) dielectric, permeability, and conductivity con-
stants of the medium within the guide, may be functions
of the transverse co-ordinates (x, ), but not functions
of z. For the sake of simplicity, these parameters have
also been taken to be independent of frequency w.

Since the problem is cylindrically symmetric, it is
natural to search for solutions which have the be-
havior

E=Eer, = [l (3)

The complex “propagation constant” v will presum-
ably be determined at any frequency w from the bound-
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ary conditions; but it should be emphasized that v is a
function of frequency.

The transverse parts of the Maxwell equations (1)
and (2) may be rewritten in a new form, appropriate
' to the exponential z dependence:

’

v Jwe'

Hr = F vell, 4+ _Pz— is X Vr.E, (4a)
¥ Jou

Er = ; VrE, — ';2- i, X VrH,, (4b)

where Vr is the transverse part of the gradient operator.
The function p? introduced in (4) is defined by the
relations

pr=—(*+ R, (5a)
where
k=ovdp (5b)
or
k2 = wiu = — jup(o + jwe). (5¢0)

By reason of the dependence of ¢ and x upon the trans-

verse co-ordinates, k2 is also a function of position in the-

guide cross section.

Equation (4) constitutes a restatement of the trans-
verse parts of the two Maxwell equations in a form
which is particularly applicable to cylindrical systems.

The equations governing the behavior of E, and H,
may be obtained by eliminating Er and IIr from (1)
and (2), using (3), (4), and (5). The results are

VTzEl - PzEt = _1'{[72 VTe - k2 VT#:I
p? ¢ K

) Vrk?
.VTE. + ]wp-yi,-[ W X Vr[];:l} (68.)
1 \% Vre
VeI, — pl, = —{[72 ™ :l
» H ¢
. Vrk?
Nrll, — ]we’.yi,-[ o X V,E,]}. (6b)

These last equations between E, and H, replace the
longitudinal parts of the Maxwell equations, just as (4)
replaces the transverse parts.

The boundary conditions to which the solutions of
(6) and (4) must be subjected will be taken in either of
the forms

n X E = 0 on the boundary L (7a)

or

n X II = 0 on the boundary L. (7b)

These conditions are appropriate for a “closed” struc-
ture; for an “open” structure they would be replaced by
continuity conditions at the bounding interface.”?

v S, Sensiper, “Electromla\lfnetic Wave Propagation on Helical

Conductors,” Sc.D. Thesis, M.L'T. E.E. Dept., ambridge, Mass,;
May, 1951.
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In order to solve any particular problem, the solu-
tions of (6) must be expressed in terms of the transverse
co-ordinates (¢, y) and the unknown value of 7. Equa-
tion (4) determines the transverse fields, and applica-
tion of the boundary conditions leads to a functional
equation which will select the appropriate values of v at
each frequency. Among the boundary conditions must
be included the usual finiteness, single-valuedness, and
continuity conditions which are always imposed upon
solutions to the source-free field equations.

It should be emphasized that according to (5) p*is
a function of the transverse co-ordinates. As a result, it
does not have the significance of an eigenvalue in these
inhomogeneous problems. For any particular frequency,
the set of allowed values of ¥ form the eigenvalues. In
general, the functional equations determining v will be
transcendental, and the various branches of the func-
tions will designate the “modes.” Since £* is a function
of both the frequency w and the co-ordinates (x,y) and
since y2 is only a function of w, it is to be anticipated that
p? will be a function of x, 3, and w. Hence for each mode,
the field distribution in the transverse plane, governed
by (6), will in general change with frequency. This fact
is in marked contrast with the situation in homogeneous
guides, where p? is a constant for each mode, and (6)
does not contain coefficients dependent upon w. In such
cases, the field distribution for any particular mode re-
mains the same over the entire frequency range 0 <w < .

When the problem is not homogeneous, the variation
of the field distribution with frequency makes it much
harder to identify the different modes.

[t is not the function of the following portions of this
paper either to solve (6), or to prove that allowed values
of v must exist under the boundary conditions pre-
scribed by (7). Rather, an investigation will be con-
ducted to determine some of the general properties of
those modes which do exist so that some insight may be
gained to guide the search for solutions to any given
problem. In particular, the existence of some propaga-
tion constants and associated modes will simply be as-
sumed in this discussion. Moreover, the difficult ques-
tions about the completeness of the entire set of modes
(for the purpose of representing any given transverse
field distribution, for example) will not be touched
upon.

I11. Basic PROPERTIES OF THE MODES
A. Combined TE-TM Character of the Modes

When the guide is uniformly filled with material,
Vre' =Vru=0. Then (6) reduces to the familiar scalar
Helmholtz equations in E, and II,, separately. There-
fore, as far as the medium inside is concerned, two inde-
pendent solutions are possible, one with H,=0(TM)
and one with E,=0(TE). Similarly, the transverse fields
given by (4) can be split into two corresponding groups,
the forms of which are evident. The resulting equations
are the conventional set for ordinary waveguides.!:?:#4
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It is apparent from (6), however, that E, and 17, are
generally tied together by the variations in medium
parameters. A study of (4), (6), and (7) shows® that a
highly restricted relationship between the shape of the
boundaries and the variations of ¢, i, g is required if any
TE or TM modes are to be solutions of the problem. Oc-
casionally, these conditions do arise,’%7 but then only
some of the modes have TE or TM character, the major-
ity being TE-T'M combinations.

A complete set of modes (if it exists at all) must be com-

posed almost completely of TFE-T M waves.

B. Incident and Reflected Waves

An elementary, but useful, symmetry property of
the boundary-value problem posed by the guide struc-
ture amounts to the fact that for every mode solution
there is always a second one which travels in the op-
posite direction. This alternate wave may be referred
to as the “reflected” wave corresponding to the “inci-
dent” wave given originally. The phase velocity of the
reflected field is along the z axis in a direction opposite
to that of the incident field. Moreover, only the longi-
tudinal component of the complex Poynting vector S
reverses upon “reflection.”

The proof of these statements is immediate because
there is nothing in the present structure boundary con-
ditions or in the internal medium which distinguishes
one longitudinal direction from the other. A modified
theorem of this type can be proved for less obvious
cases like the helix,? but then a more detailed type of
proof, along the lines given elsewhere,®? is required.

In the present case, the main conclusions from the
symmetry are the following:

(a) The eigenvalue equation always has solutions v and
—. It may therefore be said to determine only y?.

(b) The difference belween the field solutions corre-
sponding toy and —v is merely a reversal in sign of
Er and I1,, or Hr and E..

C. Orthogonality Conditions

In conventional waveguide problems, a number of
orthogonality relations are known to hold. If the sub-
scripts 1 and 2 refer to any two exponential modes for
which y; £ 920, then it is true® that at any particular
frequency

ft,E”E,g(](l = f&'}’}r]'Erzdd = f&’El'Ezda =0, (R)
A A 4
Also,

fuwNXHma=a )
A

In these equations the integral is taken over the cross-
sectional area 4 of the guide (Fig. 1), with the recollec-
tion that all the quantities concerned are functions of

March

only the transverse co-ordinates. Also, I may be inter-
changed with E everywhere.

As long as the wall remains opaque, and therefore
lossless, the validity of (8) and (9) is not impaired by
the presence of losses in the internal medium, provided
such losses are uniformly distributed in the cross sec-
tion.

It is interesting that under the same conditions (in-
cluding possible uniform loss in the medium) the fields
in an homogeneous problem also have the propertics

f t,*/';,x/':,g*dll = { 6,*I£/'| . I':/ '_n*(/(l
| D |

/ B Erda =0 (10)
Jy

as well as

[ i tEn X t7%da = 0, (11)
G

where the asterisk (*) represents the complex conju-

gate. Again, H and E may be interchanged everywhere

With reference to (8) and (10), it is convenient to
refer to the properties described by them as “encrgy-
orthogonality” conditions, while the properties ex-
pressed in (9) and (11) may be referred to simply as
“power-orthogonality” conditions. The proofs of these
various orthogonality properties are usually given from
the nature of the scalar Ielmholtz equation and the
boundary conditions.

It is a matter of experience® that the energy-or-
thogonality conditions of (8) and (10) do not necessar-
ily hold when the problem is inhomogenecous. Of course,
the standard procedures for proving them cannot be
applied to (6) and (4).

The standard procedures for proving (9) and (11)
break down under the same conditions. Nevertheless,
it is possible to show that the latter equations remain
true, with certain additional limitations.

The reciprocity theorem? forms the basis of the re-
quired proof; it may be written in two convenient way's
for any region in which there are no sources. It s sup-
posed that (¢, u, ¢) are reasonable functions of the co-
ordinates, and _that_two linearly independent fields
(Ev 1)) and (E,, II) are solutions to the Maxwell
equations at the same frequency w. Then

V(E\X Hy,—Ey X Ty = 0 (12)
VA(E X B*+ E* X [T) = — 205,-By* (13)

Application® of (12) is now made to a pair of exponential
modes on a cylindrical structure of the type shown in
Fig. 1. The resulting equation is integrated over the
guide cross section, and use is made of the symmetry
property discussed in Sec. I11-B. These manipulations
lead to the conclusion that as long as v, +v,50

fuwnxumm=u (14)
4
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Equation (14) constitutes an orthogonality condition be-
tween any two different exponential modes on an in-
homogeneous cylindrical structure of the “closed” vari-
ety. The only exclusions occur when both waves have
the same ~ (and hence are degenerate modes), or if either
is the “reflected” counterpart of the other.

When the entire system is lossless (¢ =0), (13) be-
comes

V(B X TI*+ E* X ) = 0. (15)
By steps similar to those outlined above, the resulting
new orthogonality condition

f‘ix'(Erl X Hry*)da = 0 (16)
A

follows readily when v, £7v2 0.

Emphasis must be placed upon the fact that (14) holds
for structures with both dissipative and nondissipative
internal media. When the structure is entirely nondis-
sipative, (14) and (16) become valid together.

Since c