Proceedings =

A Journal of Communications and Electronic Engineering

PROCEEDINGS OF THE I.R.E.

Jun e’ 195 O Distant Electric Vision

Volume 38 Number 6 Who is the True Inventor

Error in Radio Phase Measuring Systems
Anomalous Properties of Equiphase Contours
A Microwave Propagation Test

Magnetic Triggers

Feedback in YVHF and UHF Oscillators

UHF Oscillator Using a Series-Tuned Circuit
Three-Terminal Capacitor Theory

Maximum Tank Voltage in Class-C Amplifiers
Wide-Range HF Oscillator

Ground Influence on VHF Field-Intensity Meter (Ab-
stract)

lonization Gauge for Yacuum Measurement
Cathode-Coupled Multivibrator Operation
Visual Testing of Wide-Band Networks
IF Gain Stabilization with Inverse Feedback
R b i ] DC Pulsers for Measurement of Tube Characteristics
RADIO "PIPE FITTERS" Wide-Range Tunable Waveguide Resonators
Television coanial transmission lines are produced in & plant bearing Effect of a Bend on a Transmission Line

liﬂl‘: resemblance to earlier conventional facilities for making any
radio component. Abstracts and References

TanLe of CoNTENTS, INDICATED BY BLACK-AND-WHITE
Magcin, FoLLows Pace 32A

The Institute of Radio Engineers




The high
9h Q toroid coil oho
wn is 127

operotes |
inos .
0 Kw. circuit in dio
O! supersoni meter. 1y

¢ frequency.

put tronsformer is

eme compon serv-
9/16" x 3/47,

—
nioture .18 cubic inch) out

aid ond other extr
only 7/1 6" x
frequency requir

This sub-mi
ended for heoring
o dimensions ore
ple for voice

int
ice. While th

the fidelity is om

ements.

150 VAR
]
CER T DRy CK STREET
ISION: 13
EAST 40th STREET, NEW YORK 1 NEW YORK 13, N. Y
[ 4 N
co CABLES: "'AR
: LAB"*



[ #lectronics o
C nf_e_rence =P

®) 5

Remember this picture? It is the 1949 N.E.C. Committee which laid the groundwork
for the 1950 Conference at Edgewater Beach Hotel.

cago IRE’s 25 Years of Progress Meeting

THE
NATIONAL
ELECTRONICS
CONFERENCE

September 25-27, 1950
Edgewater Beach Hotel
Chicago, lllinois

Technical Sessions on:

Quality Control by Electronics
Application of Magnetic Amplifiers to

Electronic Control

Nucleonics and Nuclear Instrumenta-

tion

Use of New Circuits in Electronics
Electro-Acoustics
Applications

of Analog and other

Electronic Computors

Industrial Television

Flight Control by Electronics
Dielectric Heating
Micro-wave Spectroscopy

Born as a cooperative venture to further the war effort in 1945, The National Electronics Con-

ference is jointly sponsored by the Chicago Sections of the IRE and AIEE, together with the II-

linois Institute of Technology, and Northwestern University, and other cooperating organizations.

This Sixth Conference promises to be the highlight of the 1950 Silver Anniversary of the Chi-

cago IRE Section.

EXHIBITS with a purpose

Increased exhibit space is provided this year
to permit manufacturers in or selling to
Chicago to show their own contributions in
equipment to Chicagolands 25 Years of
Progress. About four units are open. Con-
tact Kipling Adams, Exhibits Chairman,
Room 212, at 920 South Michigan Avenue,
Chicago 5, Phone: WAbash 2-3820. The
Exhibition will be 38% larger than ever
before!

Old Timers' Nite

Tuesday Evening, September 26
Well deserved, good fun is added to the
Conference by a social event of true rela-
tion to IRE’s 25 Years of Progress in Chi-
cagoland. As described, “It is an opportu-
nity to meet honored guests whose names
are milestones in the history of electronics.”
Nathan Cohn is President of N.E.C. for
1950. Karl Kramer is Executive Vice-Presi-
dent. E. H. Schulz is L.LR.E. Section Chair-
man and Alois W. Graf is Chairman of the

Directory Committee.
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IRE Regional Meetings Promote Electronic Progress

N.Y, Price $2.25 per copy. Suhscription
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Table of Contents will be found following page 32A
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o g United States and Canada, $18.00 a year;

at cj, October 26, 1927, at the post office at Menasha, Wisconsin, under the act of March 3, 1879
provided for in the act of February 28, 1925, emhodied in Paragraph 4, Scction 412, P. |
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1950. Karl Kramer is Executive Vice-Presi-
dent. E. H. Schulz is I.LR.E. Section Chair-
man and Alois W. Graf is Chairman of the
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Few of these tools have sharp edges.
But they are powerful cost cutters.
Whenever a telephone craftsman
reaches for one, he finds the right tool
ready to his hand. There’s no time
wasted trying to do a complicated job
with makeshift equipment.

Most telephone tools are highly
specialized. 90% of dial system tools

BELL TELEPHONE LABORATORIES

through the Bell System.

were designed by Bell Laboratories.
Each saves time in maintenance, instal-
lation or construction.

There are tools with lights and mir-
rors to work deep within relay bays;
tools to brush, burnish and polish; tools
that vacuum clean —even a tool to
weld on new contact points without dis-
mantling a relay. There are gauges to

time dial speeds, others to check spring
tension. Some look like a dentist's in-
struments. Some you have never seen.

Keeping the telephone tool kit
abreast of improvements is a continu-
ing job for Bell Telephone Laboratories.
It's another example of how the Labora-
tories help keep the value of your tele-
phone service high, the cost low.

X I
'\',,,q% 4

WORKING CONTINUALLY TO KEEP YOUR TELEPHONE SERVICE BIG IN VALUE AND LOW IN COST TS

e —— |

This picture was faken in the Bridge-
port! office of The Southern New
England Telephone Company, one
of the 22 operating telephone com-
panies which the Loboratories serve
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PRECISION ACCURACY FOR
STANDING WAVE MEASUREMENTS

805A SLOTTED

RADICAL NEW “PARALLEL-PLANE"

é DESIGN GIVES -hp- SLOTTED LINE

The new -hp- 805A Slotted Line em-
ploys two parallel planes and a large,
circular central conductor, instead of the
conventional coaxial configuration. This
new design makes possible an electrical-
ly stable precision instrument capable of
fast, easy measurements of unvarying
accuracy. Parallel planes and central
conductor are both mechanically rigid.
Penetration depth of the probe is less

UTMOST ELECTRICAL STABILITY

critical than in coaxial slotted lines, and
leakage is low because the effective slot
opening is less than .001 referred to the
coaxial system. Residual VSWR is held
to less than 1.04. Probe position may
be read to 0.1 mm

This new approach to the Slotted Line
problem makes possible the manufac-
ture of an instrument of maximum ac-
curacy at moderate cost.

Frequency Range: 500 to 4,000 mc.
Impedance: 50 ohms.

Connections: Speciol Type "N fittings
designed for minimum VSWR.

Residual VSWR: 1.04 or better.

Slope: Negligible.

SPECIFICATIONS

Dota subject to change without notice.

Calibration: Metric, in ¢cm ond mm. Ver-
nier reods to 0.1 mm.

Size: 27" long, 8” high, 6” wide.

Carriage: Boll-beoring probe movement.
Probe depth odjustoble. Probe resonont
circuit tunoble over freq. ronge of line.
Detector moy be stondord crystol or
employ borretters.

WRITE FOR DETAILS

HEWLETT-PACKARD COMPANY

1824-D Page Mill Road

PROCEEDINGS OF THE I.R.E.
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$475 f.0.b. Polo Alto

NEW -hp- 415A

Standing Wave Indicator

The new -hp- 415A Standing Wave
Indicator is used with the -4p- Slotted
Line to determine coaxial tlatness or
measure impedance. It consists of a
high gain amplifier of low noise level,
operating at a fixed audio frequency.
Amplifier output is measured by a volt-
meter with a square-law calibration in
db and voltage standing wave ratio.
The -hp- 415A is direct reading, com-
pact and easy to usc.

SPECIFICATIONS

Frequency: Fixed at 1,000 ¢ps, + 2%, Other
frequencies 300 to 2,000 ¢ps supplied on
speciol order. Amplifier 'Q"" is 20 + 5,

Sensitivity: 0.3 uv gives full scale deflection.
Noise-level-to-input equivalent is 0.04 vv.

Calibratian: For use with square-law detector,
60 db level covered in & ranges. Accurocy
= 0.1 db per 10 db step.

Gain Cantral: Adjusts meter ta convenient
level. Range is approx. 30 db.

Detectar Input: Connects to Xtal rectifier or
bolometer. Bias of 8 v. + .5 v. delivers
approx. 8.75 ma. to a 200 ohm barretter,

Size: 12" long, 9” wide, 9” high.

Data subject to change without notice.

K7




Now available . . . a UHF, tube and socket package to solve your UHF tube and tube-
cooling problems.

The combined use of the Eimac 4X150A tetrode and the new Eimac 4X150A socket
makes possible improved circuit arrangement especially at frequencies between 100
and 500 Mc. and also simplifies mechanical design of the tube cooling system.

The tube . . . type 4X150A is a highly efficient beam-power Eimac tetrode capable of
handling 150 watts of plate dissipation and delivering as high as 140 watts of useful
output power per tube in conventional coaxial amplifier circuits. Its high degree of
stability, high power-gain, and high ratio of transconductance to capacitance make it
ideally suited for service as a video amplifier, TV sound amplifier, FM & TV r-f am-
plifier, or in UHF communications, and in STL and dielectric heating applications.

The socket . . . type 4X150A/4000, in addition to insuring adequate cooling of the
4X150A, simplifies circuit construction. It incorporates a 3750 puf screen bypass capa-
citor and its terminal design reduces lead inductance to a minimum. The 4X150A /4000
socket is engineered for service in either coaxial line or chassis construction.

Take advantage of the tetrode engineering experience of America’s foremost
manufacturer . . Eimac. Write today for complete data on the 4XI150A,

4X150A /4000 socket and other high performance tubes contained in the new Eimac
tube catalogue.

255
Follow the Leoders to

e foverter bt San Bruno, California
/ Export Agents: Frazar & Hansen, 301 Clay St., San Francisco, California

4a PROCEEDINGS OF THE I.R.E June, 1950
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Silicone—the amazing new synthetic—
made headlines when General Electric
brought it out during the war. It’s news
again today—for G.E. has now made
Silicone bushings and gaskets a standard
feature of all its specialty capacitors up
through 5000 volts.

c AP ACITORS This means that your new G-E capacitor
is sealed positively, permanently—for max-
imum life. For Silicone seals by compres-
sion alone, without the use of contaminat-

s i I i cone= s e al ed ing adhesives. It will never shrink, loosen

or pull away—it remains elastic at any

H [ | operating temperature a capacitor will

for Llfe. ever meet. Moreover, it is impervious to

oils, alkalies and acids, and its dielectric
strength is permanently high.

This exclusive G-E feature—with the
use of highest grade materials, with strictest
quality control and individual testing
make General Electric capacitors finer and
more deper:dable than ever before. Appara-
fus Dept., General Electric Company,
Schenectady 5, N. Y.

Silicane bushings used Silicane bushings and

with capacitars 660-v a-¢, I plastic cups used with

or 1500-v d-c and lower. | capacitors 660-v a-¢, ar
1500-v d-c and lower.

Silicane gaskets ond plas-

tic stand-offs used with

capucnors rated 2000-v
d-¢ and lower.

Silicone gaskets and por-
celoin stand-offs used

with capacitors rated
2500-v to 5000-v d-c.

PROCEEDINGS OF THE LR.L. June, 1950 5A ;




PRECISION
ATTENUATION

*Patents applied for

<\ ® VSWR less than 1.2 at all frequencies to 3000 mc.

\ ® Turret Attenuator* featuring “Pull — Turn — Push”
e action with 0, 10, 20, 30, 40, 50 DB steps.

- invited cor:cemlng

- single pads and turrets
~ having otheﬁ»‘charaderisﬁcs ® 50 ohm coaxial circuit. Type N connectors.

® Accuracy *.5 DB, no correction charts necessary.

STODDART AIRCRAFT RADIO CO.

6644 SANTA MONICA BLVD., HOLLYWOOD 38, CALIFORNIA
Hillside 9294

6A PROCEEDINGS OF THE I.R.E June, 1950




® There is no variation in quality or high perform-
ance characteristics among the million of Hi-Q
Components manufactured every month. Strict
production control, engineering watchfulness and
individual testing of every single unit guarantee
that each of them maintains the uniform precision
standards for which Hi1-Q has long been noted.
This never failing dependability is just one of
many reasons why you will ind Hi-Q Components
the best that you can use.

The new HI-Q Datalog is now ready. You are
invited to write for a copy.

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

FRANKLINVILLE, N. Y.

SALES OFFICES: New York, Philodelphio PLANTS: Fronklinville, N. Y., Oleon, N. Y.
Detroit, Chicogo, Los Angeles Jessup, Po., Myrtle Beach, 5.G

PROCEEDINGS OF THE I.R.E. June, 1950
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Q, 4 END MOLDED
§SIDE-MOLDED CORES

Outstandingly superior for per-
meability tuning

4 SIDE MOLDED

STANDARD CORES /

.. in a wide range of sizes,
shapes and frequencies

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

MOLDED IRON
TRANSFORMER CORES

The ideal core for filter cores in carrier-
frequency equipment

CHOKE COIL CORES /

Insulated or non-insulated types

%nTHREADED CORES

Permit higher Q, smaller assemblies,
simplified design and AM or FM tuning

IRON SLEEVE CORES

Smaller cores of any standard material
provide higher Q.

Space savers de luxe. Dozens of
shapes and sizes

Maximum

Permeability...
...unaffected by operating conditions

..and now :
HIGH PE RMEABILITY?

CERAMIC CORES
FOR TELEVISION

Stackpole Ceramag TV flyback transformer cores are half
the size of conventional types—assure permeability on the order
of 10 to 1 by comparison. Width control types give ratios of
from 1 to 8 or more compared with 1-5 for previous high per-
meability types assuring more positive width control in low
voltage areas.

Electronic Components Division

STACKPOLE CARBON COMPANY . ST. MARYS, PENNA.

8A PROCEEDINGS OF THE 1.R.E June, 1950




CM 15 MINIATURE CAPACITOR

Actual Size 9/32" x 1" x 3/16"

For Television, Radio and other Electronic
Applications

2 — 420 mmf. cap. at 500v DCw

2 — 525 mmf. cap. at 300v DCw

Temp. Co-efficient =50 parts per million
per degree C for most capacity values.
6-dot color coded.

This small-sized, high-capacity fixed mica condenser
meets and beats strict Army-Navy standards. Like all
El-Menco capacitors, the CM-15 must pass severe
tests before leaving the factory. It is tested for dielec-
tric strength at double working voltage; for insulation
resistance and capacity value. You can always depend
on the tiny CM-15 to give positive product perform-
ance under the most critical climate and ‘operating
conditions.

MANUFACTURERS WHO MAINTAIN
REPUTATIONS for high-quality
electrical equipment, demand
and get high-quality
El-Menco capacitors.

THE
ELECTRO MOTIVE MFG. CO., Inc.

WILLIMANTIC CONNECTICUT

E l-m E nE U ;;Vr;:"z”o’g::&for
: Catalog and Samples
MOLDED MICA MICA TRIMME

| CAPACITORS

FOREIGN RADIO AND ELECTRONIC MANUFACTURERS COMMUNICATE DIRECT WITH OUR EXPORT DEPT. AT WILLIMANTIC, CONN. FOR INFORMATION.

ARCO ELECTRONICS, INC. 135 Liberty St., New York, N. Y.-Sole Agent for Jobbers and Distributors in U.S. and Canada

PROCEEDINGS OF THE I.RE June, 1950
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— Widely Used —
A Electrolytics in
TV Receivers Today

"« . . Television set makers are turning to Sprague
as their major source for electrolytic capacitors.

« +« . Stability under maximum operating condi-
tions plus outstandingly l-o-n-g service life are
the reasons for this preference.

++ .. And expanded facilities, now being com-
pleted, permit Sprague to accept a larger portion
of your requirements.

S

SPRAGUE ELECTRIC ComPANY

. N Notth Adams, Mossochuselts
PIONEERS IN

ZELECTRIC AND ELECTRONIC DEVELOPMENT

e m=— —
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TYPE "J”
TWIN CONTACT |

@ This new CLARE dust-tight plug-in enclosure for the small Type *J”
Relay offers designers a number of unusual features for installation on
industrial equipment.

Entrance of dust is prevented by the steel cover and by use of a Neoprene
gasket which is closely fitted at the factory to the relay terminals. The dust-
tight cover is easily removed for inspection. Use of standard radio plug
simplifies installation and cuts wiring costs. Base is secured to chassis to
prevent plug from being jarred or accidentally pulled from its socket.

Exclusive design of the CLARE Type "*J" Relay allows the twin contacts to :

i g A Neoprene gasket, closely fitted at
operate independently of each other. One contact is sure to close, reducing factory to relay terminals, between
contact failure to the practical limit. This relay combines all the best fea- base and cover, effectively
wres of the conventional telephone-type relay with small size and light b i

weight. It provides unusually high current-carrying capacity, large contact

spring capacity, extreme sensitivity and high operating speed.

This new dust-tight enclosed relay is one of many outstanding CLARE con-
tributions in the development of new and better relay components for indus-
try. CLARE Sales Engineers are located in principal cities to consult with
you on your relay problems. Call them direct or write: C. P. Clare & Co.,
4719 West Sunnyside Avenue, Chicago 30, Illinois. Cable Address: CLARE-
LAY. In Canada: Canadian Line Materials Lud., Toronto 13.

Write for Bulletin No. 108

Plug Is standard radio-type plug.
Standard finishes are sitver lustre
lacquer for cover, cadmivm for
base. Rotaining scrows hold base

securoly to panel.



Specialization is
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Specialization—and only specialization—can keep
manufacturers abreast of today’s resistance needs.
The constantly-growing multitude of resistor
applications demands full-time concentration on
resistance products. IRC has concentrated— for 25 years !
Result: —The widest line of resistance products

in the industry; parts designed to suit specific circuit LOW-WATTAGE WIRE WOUND REQUIRE-
requirements in virtually every type of application; g”\f,'"\i,i‘r’? v:,":‘:n;m;'e';?s"'zn_b’&:ffpggﬁ

low-range stability and economy suit these
small, completely insulated resistors to use
in meters, analyzers, cathode bias resistors,
television circuits, low-range bridge circvits,
high stability attenuators, low-power igni-
tion circuits. Check coupon for Bulletin B-5.

unbiased recommendations.




g

important

/ ’

where high

resistance ond power are required, Type

MVX high ohmic, high voltage resistors afford
exceptional stability. Construction is similar to

that of Type MV, but distinctive terminal permits
mounting through a hole in mounting block of
insulating material without terminal interference.

\
®
-

IN CRITICAL HIGH-FREQUENCY CIRCUITS, Type MP High Frequency
Resistors offer dependable performance and unusual stability. Special
resistance film on a steatite ceramic form provides a stable resistor with
low inherent inductance and capacity—entirely svitable for broad band
RF amplifiers, RF probes, dummy loads for transmitters, television side-
band filters, radar pulse equipment, and other circuits involving steep
wave fronts, Send coupon for Builetin F-1.

offers many ad-
vantdges to engineers and purchasing
agents. Jts modern '%s’’ diameter size
features a one-piece dual contactor of
thin, high-stress alloy; simplified single-unit
collector ring; molded voltage baffles; and
special drass viement terminals that will not
loosen or become noisy when bent or
soldered. Increased arc of rotation pro-

vides same resistance rafio as larger IRC
conirols. Solt-spray materials are employed.
Complete mechanization in manufacture
assures absolute uniformity and provides a
dependable source of supply for small
control requirements. Coupon brings you
full details in Catalog A-4.

Waroor, the Gincait, Sage- N
Power Resistors © Voltmeter Multipliers
o Insolated Composition Resistors * Low
Waftage Wire Wounds ¢ Controls
e Rheostats * Voltage Dividers ¢
Precisions ¢« Deposited Corbon

Precistors ¢ HF and High Voltoge NAME
INTERNATION A L Reslistors * Insuloted Chakes. Tme
RESISTANCE COMPANY COMPANY
401 N, Broad Street, Phlladelphia 8, Pa. ADDRESS

In Canoda;: Internationel Resistonce Co., L1d., Toronto, Licensee

Long resistance path per-
mits use of high voltage
on resistor while keeping
voltage per unit length of
path comparatively low.
Check coupon for
Catalog G-2. -

When you have special need of maintenance or
experimental quantities of standard resistors in
a hurry, simply phone your local IRC Dis-
tributor. IRC’s Industrial Service Plan keeps
him fully stocked with the most popular types
and ranges—enables him to give you ’round-
the-corner delivery of small order requirements.
We'll gladly send you his name and address.

INTERNATIONAL RESISTANCE CO. A
405 N. BROAD ST., PHILADELPHIA 8, PA.

Piease send me complete Information on the ftems checked below:
New "Q" Controls
BW Insulated Wire Wounds MV X High Vollage Resistars

Name of Local IRC Distributor

MP High Frequency Resistors

J. P. ARNOY & CO.. ADY AGENCY
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LZLLEPA  WOGY has Nine Truscon Radio Towers

TRUSCON : - _ _
TOWERS OF STRENGTH In the Milling Capital of America. ..

220+

WDGY, Minneapolis, Minnesota now represents

a powerful new selling force in the great north-

? west. It has 50,000 watts power on 1130 kilocycles,

| reaching 55% of Minnesota radio homes within
its daytime 0.5 Mv/m. contour. It carries an
> effective power signal into 96 counties in three
states, representing nearly a million radio homes.

The nine WDGY self-supporting Truscon Radio
Towers typify Truscon's world-wide experience in |
designing towers to fit individual needs. Whether
your own plans call for new or enlarged AM, FM,
or TV transmission, Truscon will assume all
responsibility for tower design and esection . . . tall
or small . . . guyed or sclf-supporting . . . tapered
5\’ or uniform in cross-section. Your phone call or
letter to our home office in Youngstown, Ohio—or
to any convenient Truscon District Service Office—

will rate immediate. interested attention . . . and ac-
tion. There is no obligation on your part, of course,

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

TRUSCON $|®

SELF-SUPPORTING .

aoss sicronents 1 O WERS

TRUSCON COPPER MESH GROUND SCREEN

DL

:l "‘I"f\l.‘-;p ' ]

u‘.l“"l.l.l”h.hl.l.l.l.II'I".JMHIJHHMI-'
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Ask about
CLEVELAND TUBES

in various types and specifications

being used in the Electrical Industry.

PROCEEDINGS OF THE I.R.E.
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CLEVELAND

COSMALITE* and CLEVELITE*
Laminated Phenolic Tubes
Outstanding as the Standard of Quality!

COSMALITE known for its many years of Top Performance.
CLEVELITE for its ability to meet unusual specifications.

Available in diameters, wall thicknesses, and lengths desired.

These CLEVELAND TUBES combine . . . High Dielectric Strength
... Low Moisture Absorption . . . Great Mechanical Strength . ..
Excellent Machining Properties . . . Low Power Factor . . . and
Good Dimensional Stability.

For the best . . . “Call Cleveland.” Samples on request.

6201 BARBERTON AVE. CLEVELAND 2, OH

PLANTS AND SALES OFFICES ot Plymouth, Wisc., Chicago, Dotroit, Ogdensburg, N.Y., Jomesburg,N.J.
ABRASIVE DIVISION at Clevelond, Ohio
CANADIAN PLANT: The Cleveland Contolner, Conado, Lid., Prescott, Ontario

7CLEVELAND CONTAINERGF

REPRESENTATIVES
NEW YORK AREA R T. MURRAY, 614 CENTRAL AVE., EAST ORANGE, N J.

NEW ENGLAND R. 5. PETTIGREW & CO., 968 FARMINGTON AVE.
WEST HARTFORD, CONN,

CANADA WM. T, BARRON, EIGHTH LINE, RR #1, OAKVILLE, ONTARIO

15A
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Elkonite* Contacts

Elkonite is the trade name for-a series of
contact materials developed by Mallory
and manufactured from metal powders.
They are best known for their hardness
resistance to mechanical wear and im-
pact. resistance to erosion hy arcing,
and resistance to sticking.

Elkonite contacts are made by the only
method wkich permits the combining of
the desirable features of basic metals
which cannot be alloved. By this means,
the high melting points of tungsten,
molvhdenum, or their carhides, can be
combined with the current-carrying
ability of silver and copper.

S Mallo

ry Contactl)evelapment
A niicipates
Customer Needs!

Customers’ contact problems are solved rapidly and effec-
tively due to Mallory’s precise attention to every detail of
design, material and production.

A manufacturer of small industrial circuit breakers recently
asked Mallory to study his contact assembly . . .
eye to reducing costs. Investigation proved that new Mallory

with an

equipment coupled with unique Mallory production tech-
niques would eliminate certain expensive finishing opera-
tions. As a result, the problem was solved in rapid-fire order

- and the contacts delivered at a price that is 21% less than
the customer previously had been paying.

That’s value bevond the purchase!

Mallory contact know-how is at vour disposal. What Mallory
has done for others can he done for you!

11 Conada.made and sold by Johnson Matthey & Mallory, Ltd.. 1 10 Initustry St., Toronto 15,0neario

Electrical Contacts and Contact Assemblies

ltea. U. S. Fat. Of.

P.R. MALLORY & CO.Inc.

SERVING INDUSTRY WITH

Capacitors Contacts
Controls Resistors
Rectifiers Vibrators
Special Power
Switches Supplies

Resistance Welding Materials

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

16a
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at American Lava Corpbrah‘on is continuvous,

research

to anticipate and answer your problems

on Custom Made Technical Ceramics

.&SIMJIC

Rea. U. S, Pot,

Here are AlSiMag custom made components for radar, radia,
television, electric appliance, textile, chemical, metallurgical,

gas, petroleum, rubber, carbon and foundry applications.

Here you are most apt to find the answer

to any question involving technical ceramics.

The Research Division has developed hundreds of
highly successful compositions which combine
special physical characteristics needed for unusual
requirements. These compositions are custom
fabricated to your specifications.

AlSiMag's Research Division maintains accurate, cross-indexed
records of all rescarch findings to give you o promp! answer
on the possibilities of furnishing you any special combina-
tions of physical characteristics you may find desirable.

4 9 T H Y E AR O F CERAMIC L EADERSHI

AMERICAN LAVA CORPORA HON

CHATTANOOGA 5, TENNESSEE

OFFICES: METROPOLITAN AREA: 671 Broad St., Newark, N. J., Mitchell 2.8159 o CHICAGO, 9 South Clinton St. Central 6.1721
PHILADELPHIA, 1649 North Broad Si. Stevenson 4:2623 s LOS ANGELES, 232 South MIIl S1., Mutvol 9074
NEW ENGLAND, 38-8 Brattle St. Combvldgo, Mats., Kirkland 7.4498 ¢ ST. LOUIS, 1123 Washington Ave., Garlield 4959
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EZIXIXE ... FIRST CHOICE of HAWAIIAN AIRLINES

VHF AIR-BORNE COMMUNICATIONS

Hawaiian Airlines selected the WILCOX TYPE 361A COMMUNICATIONS SYSTEM for all aircraft. This
consists of a 50 watt transmitter, a high sensitivity receiver, and a compact power supply, each contained
in a separate 4 ATR chassis. Transmitter and receiver contain frequency selector with provisions for 70
channels . . . ample for both present and future needs.

VHF GROUND STATION PACKAGED RADIO
Hawaiian Airlines selected the WILCOX TYPE 428A FACTORY PACKAGED STATION for all ground stations.
This consists of the WILCOX 406A fixed frequency 50 watt transmitter, the WILCOX 305A fixed frequency

receiver, the WILCOX 407A power supply, the WILCOX 614A VHF antenna, telephone handset, loudspeaker,
desk front, typewriter well, and message rack.

DEPENDABLE COMMUNICATIONS FOR THE WORLD’S AIRLINES

During recent months, many of the world’s foremost airlines, UNITED, EASTERN, TWA, MID-CONTINENT,
BRANIFF, PIONEER, ROBINSON, and WISCONSIN CENTRAL have placed volume orders for similar com-
munications equipment. No greater compliment could be paid to the performance, dependability, and
economy of WILCOX equipment than to be ‘FIRST CHOICE’’ of this distinguished group.

701(& 7dddq for complete information on the T

the Type 428 Packaged VHF Ground Station.

WILCOX ELECTRIC COMPANY

T 428 Packoged VHF
KANSAS CITY 1, \'AV) MISSOURI, U.S.A. T gation

|
{
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Why a Fusite Terminal Where a Diamond Ought To Be?

A Fusite Terminal would look much more natural performing its
vital function in the hermetic sealing of your electrical product. But
since it's every bit as valuable for 1000 other products that should
be fusion sealed, we aren’t playing favorites.

The smooth uniform interfusion of steel and inorganic glass that
is a Fusite Terminal is os beautiful as a flawless diamond to any
design engineer. In its own way, it's os rugged as the diamond used
on the tip of a heavy duty drill.

it withstands the thermal shock of tortuous heat from soldering
or welding and the rapid cooling that follows. It will carry up to
3000 A.C. volts (RMS) with a 10,000 megohms insulation factor
after salt water immersion.

This is just one of a wide line of standard Fusite single and
multiple electrode terminals.

Would you like to know more and see samples? Write to Dept. P

TERMINAL ILLUSTRATED 112 HTL
«» TERMINALS > SINGLE — HOLLOW TUBE ELECTRODE WITH LUG

| ™ paoOTECT PRODUCT |
o PERFORMANCE =
i QV
% B I BT T 9
. \’)HA-. Los ol 20

THE FUSITE

"CARTHAGE AT HANNAFORD, NORWOOD, CINCINNATI 12, OHIO

Eppet

3 .
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Circutrol as a' Resolver
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Control-Synchro System
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INPUT N\ OUTPUT CONSTANT

200~ vOLTAGE
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Circutrol as a Phase Shifter

A-C INPUT

Circutrol as a Differential Unit

. TouteuT, vo,
CONSTANT VOLTAGL

T/ | VARIABLE PHASE
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Resolver-Control System

For Electronic Computation

Kollsman Circutrol units offer a high degree of ver-
satility as phase shifters, indicators and controllers.
And when two or more are connected clectrically, the
solution of many complicated problems and func-
tions is possible. These units are designed with high
impedance windings to perform over a wide range of
voltages and frequencies — characteristics that facili-
tate working them directly into any electronic circuit.

The Circutrol is but one of a complete line of mini-
awure special-purpose AC motors engincered and

manufactured by Kollsman Division, specialists for
over twenty years in precision aircrafe instrumentation
and control. Each unit represents the solution to
specific requircments. Among those available, you
may find the exact answer to your control problems.
If not, the experience and skill of Kollsman engin-
eers may be called upon to produce units to your
particular needs. For complete information, address

Kollsman Instrument Division, Square D Company,
80-08 45th Avenue, Elmhurst, N. Y.

KOLLSMAN INSTRUMENT DIVISION

SQUARE )

ELMHURSY, HEW YORK

COMPRANY

GLENDALE. CALIFORNIA
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GENERAL SPECIFICATIONS . ..

Overall length 18%"
Greatest dimension of bulb 16%"
Minimum useful screen diagonal 1512"
Base Duodecal 5 pin
Bulb contact Recessed small cavity cap

Anode voltage 12,000 volts DC
Grid No. 2 voltage 300 volts DC
Focusing coll current 115 approx. ma. DC

Grid No. 1 circuit resistance . 1.5 max. megohms

FIRST WITH THE FINEST IN TV TUBES

Picture tube sizes for television have been paced by Du Mont for the past
decade. And again it's Du Mont with the rectangular tube in the size the
public wants — a rectangular with screen area (150 sq. in.) comparable
with the round sixteen-inch tube. There is no need to sacrifice picture size to
incorporate the advantages of the rectangular tube. This latest Teletron® fea-
tures the exclusive Du Mont-designed Bent Gun for the sharpest focus and longest
life free from ion spot blemishes. For that extra sales appeal, incorporate this
newest Du Mont design in your receiver. Write for complete specifications.

ain

© ALLEN D. DV MONT LADORATORIES, INC,

*Trade-mark

ALLEN B. DU MONT LABORATORIES, INC. « TUBE DIVISION » CLIFTON. N. J.
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OHMITE

‘‘Little Devil”
Composition Resistors

For quick, easy identification,
resistance and wattage are
clearly marked on every one
of these tiny, rugged insu-
lated composition resistors. In
three sizes— ', 1, and 2-watt,
and all RMA values. Toler-
ances =5 and +-10%,

Avdailable at all OHMITE Distributors
WRITE FOR CATALOG 40 ON COMPANY LETTERHEAD

22A

RHEOSTATS°RESISTORS.

Here are two Ohmiite stars that can always
be depended upon to give a good perform-
ance—anywhere, anytime. Made to the high
standards that characterize all Ohmite
products, they are built 1o stand up under
the most severe test and service conditions.
In laboratory and development compo-
nents, as well as maintenance parts, vou
need that dependable preformance. Follow
the lead of thousands of engineers and de-
signers— “Be Right with Ohmite!”

*8o that these two exceptionally high-quality prod.
ucts will be universally obtainable, Ohmite Manu-
facturing Company, in co-operation with the Allen.
Bradley Company, has arranged for the Type AB
(Allen-Bradley Type J) econtrol. and Liule Devil
Molded Composition Resistors (Allen-Bradley Types
ERB, CB, and HB) to be available from stock at
Ohmiite distributors.

PROCEEDINGS OF THE I.R.E.

TAP

Type AB
Potentiometer

It’s quiet! This composition
potentiometer has a resist-
ance unit that's solid-molded.
As a result, the noise level
often becomes less with use.
Has 2-watt rating, good safe-
ty factor.

OHMITE MANUFACTURING CO.
4862 Flournoy Street, Chicago 44, llinois

. Be Rygtewict QHMITE

Reg. U.S. Pot. Off

S WITCHES

June, 1950




COMMUNICATIONS

« Tronsmitter —-Receiver: AM.; FM,; PM;
v

« Naovigational Aids and devices — Homing
and Direction Finding Equipment

+ Telemetering; Rodar; Sonar

techniques and applicatians: —
Convertars ond caomplete o3

* Micra-wave
Generotars;
semblies

ELECTRONIC CONTROL EQUIPMENT FOR

» Guided Missiles: Drane Aircroft; Remote

Cantrol Devices
-
« Computers and Colculators © Serva Links
« Velacity Propagation Measurement
applico-

« Processing eavipment — industrial

tions, quality cantrol
VACUUM TUBE CIRCUIT DEVELOPMENT

« New applications for existing and newly
developed vacuum tubes

+ Precision Test and Processing Equipment
for all types of vacuum fubes, loboratary,
production or composite

ELECTRONIC MEASURING DEVICES
« Flow indicators: —Liquids, goses, selid com-
ponents
+ Sorting, counting ond inspection
« Chemicol process control; titrotian; ioniza-
tion; diffusion

¢ Flow detection — strains, inner

foults

stresses,

« X.Roy, supersonic ond radio frequency appli-
cotions to measurement
INSTRUMENTATION

« DC; AC; Audio; RF; Microwaves; Infra-Red;
Visible Spectrum; Ultro-Violet; Soft ond
Hord X-Ray; Cosmic Radiotion

* Yocuum Tube Meters ¢ Null Detectors

« RF; Audio freavency generotors * Bridges
* Mylti-Wove Shape Generotors

* High Gain Amplifiers

* Oscilloscopes

« Power Supplies, Regulated, High & Llow
Level

TELEVISION
» Television Signa! Synthesizer
* Shapers; Timers; Deloy Circuits

* Air Monitors * Sync Generators

Field Intensity Equipment

NUCLEONICS

* Counters — Geiger-Muller, Scintillation, and
crystol types

« Computers — Mechonical linkages, complex
electrical analogues digitol computers

* Servo - Mechanisms — Velocity ond position
cantral to specified proctical accuracy limits

* Amplifiers — SHF;
fit any opplicotion

UHF;, VHF; LF; D.C. 1o

* Oscillators — All frequencies, audio to the
extremely high microwoves

* Power Supplies — High & Llow power ond
voltage. D.C. output hum-free to your limits

* Regulotors — Electronic or electro-mechan-
icol, Regulotion, drift, ronge of control, to
your specificotians

* Meosurement—Devices for meosurement ond
contral of all porometers copoble of being
controlled ond copoble of producing propor.
tionol electrical, opticol or ather physicol
indicotian

SHERRON OFFERS AN OVER-ALL,
START-TO-FINISH
ELECTRONICS SERVICE

RESEARCH - DESIGN - DEVELOPMENT

You get all the benefits of an experienced, integrated,
all inclusive electronics service — when you work with
Sherron. This definitive service includes . research
and development in our electronics and electro-
mechanical laboratories right through sheet metal fab-
rication in our block-long plant,

At the top of the Sherron personnel pyramid are physi-
cists with electronic knowledge who will provide the
necessary research for your project . . . electronic and
mechanical engineers who will develop it...technicians
who will accredit its workability. These men work hand
in hand with our production engineers, who have at
their command the necessary sheet metal fabrication
facilities and manpower to turn out a finished proto-
type ready for you to manufacture. Whether we
initiate the design — or work from your prints and
specifications — our service is confidential.

Sherron
AAEleclromcs

ELECTRO MECHANICAL LAB.
To design, style, develop and manu-
focture pratatypes ond high precision
mechanical sub-.assemblies, or ossem-
blies invalving port manufocture ond
ossembly of wunits incorparating ma-
chine elements of bases, springs, levers,

shafts, bearings, cams, valves, regu-
lotars, drives, tronsmissions ond con-
trols for:

« ELECTRO MECHANICAL TEST
EQUIPMENT

« SPECIAL HYDRAULIC UNITS

SPECIAL MEASURING INSTRUMENTS

EQUIPMENT FOR NUCLEAR
PHYSICS

* SERVO MECHANISMS

KEYERS & COUPLERS

« DRIVING AND CONTROLLING
EQUIPMENT

» REGULATORS
¢ MICRO WAVE APPARATUS

» MECHANICAL ELEMENTS FOR
SPECIAL ATOMIC ENERGY
EQUIPMENT

* RADAR MECHANISMS
o COMPUTER MECHANISMS

* MECHANICAL OPTICAL
SPECIALTIES

« MECHANISMS OF NAVIGATIONAL
DEVICES

« VIBRATION CONTROL MOUNTINGS

e AUTOMATIC SCREW MACHINE
PARTS

« PRECISION GEAR TRAINS

» MECHANICAL PORTIONS OF
MEDICAL AND OPERATING
EQUIPMENT

¢+ MECHANICAL PORTIONS OF ULTRA
HIGH FREQUENCY EQUIPMENT

@

¢ Porticle Accelerotor Controls — Grouping of
controls, supplementary opparotus, ond ex.
perimentol sy:tem into o campact integroted
unit

PROCEEDINGS OF THE LR.E. June, 1950
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HIGH Q TOROIDS for use in
Loading Coils, Filters, Broadband
Carrier Systems and Networks—
for frequencies up to 200 K C

For high Q in a small volume, characterized by low eddy current
and hysteresis losses, ARNOLD Moly Permalloy Powder Toroidal
Cores are commercially available to meet high standards of physical
and electrical requirements. They provide constant permeability
over a wide range of flux density. The 125 Mu cores are recom-
mended for use up to 15 ke, 60 Mu at 10 to 50 ke, 26 Mu at 30 to 75 ke,
and 14 Mu at 50 to 200 ke. Many of these cores may be furnished
stabilized to provide constant permeability (£0.1%) over a specifio
temperature range.

COMPLETE LINE OF CORES
TO MEET YOUR NEEDS

% Furnished in four standard
permeabilities — 125, 60, 26
and 14,

% Available in a wide range of
sizes to obtain nominal in-
ductances as high as 281
mh/1000 turns.

* Manufactured under licensing arrangements with Western Eleciric Company. WwaD 2930

% These toroidal cores are given
various types of enamel and
varnish finishes, some of
which permit winding with
heavy Formex insulated wire
without supplementary insu-
lation over the core.
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Bendix
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SPECIALIZED

DYNAMOTORS
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Bendix dynamotors are built to supply the
exact power requirements of your equip-
ment —to work from any input voltage and
to deliver the necessary power at any out-
put voltage. Dual or triple output voliages
are available for high and low-level por-
tions of the circuit, or for biasing. For crit-
ical circuits, regulated outputs will simplify
your design problems, especially since a
regulated filament supply can be obtained
as a bonus when regulating the high voltage

Promptly and at Moderate Cost

THE RIGHT DYNAMOTOR FOR EVERY PURPOSE

® Sizes—2%" to 5%"” diameter @ Output Voltage—6 to

N e e A S L3 ¥
Y R A
LT Yl TS 3 <
!
output. Bendix will build your dynamotors
to the usual military specifications or to
meet even more rigid requirements, such
as operation at higher temperature, or
altitudes in experimental equipment.
Samples or production units of special dyna-
motors are priced competitively. A definite
proposal will be made upon receipt of the details
of your problem. For immediate information

call our Engineering Staff —Red Bank 6-3600,
Red Bank, New Jersey.

i

® Power Range—10 to PORGI Vo 3
500 watts @ Single and multiple output RE!;;' aANK
e Input Voltage—6 to and input DIV/‘iSION
115 volts @ Plain and regulated types /

RED BANK DIVISION OF BENDIX AVIATION CORPORATION
RED BANK, NEW JERSEY

Esport Sales: Bendix International Division, 72 Fitth Avenas, N. Y. 11, N. Y. AVIATION CORPORATION
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UNIVERSAL RELAY

for o-¢ circuits up ta
10 amperes.

SOLENOID CONTACTORS

from 10 to 900 Amperes

When power supply circuits carry substantial currents ... o0r are
switched frequently . . . or their functioning must be foolproof . . . the
relays and contactors used in such circuits must be rugged, consistent in
action . . . and trouble free,

Allen-Bradley relays and contactors are extremely compact for their
ratings . . . but designed for tough service. They are built up to a high
quality standard . . . not down to a price, They have but one moving part
... there are no trouble breeding pins, pivots, levers, or flexible shunts.
The double break, silver alloy contacts are maintenance free.

For sturdy, long lived switching units, specify Allen-Bradley solenoid
contactors . . . made in a full range of sizes up to 900 amperes. Send
for catalog, today.

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

100 AMPERE CONTACTOR

Allen-Bradley salenoid con-
tactor for circuits vp to 100
amperes. Double break, silver
alloy contacts are fotally en-
closed. Simple, straight line
solenoid action means long,
trouble free aperating life.

oo s ALLEK-BRADLEY

The Allen-Bradley line of Bulletin 801-302 I

limit switches covers o remarkable assortment R E LAYS o R E s ' s i‘o R s

of pilot controls for avtomatic limiting of con-
trol circuits. All types of standard and pre-
cision limit swilches are available with lever C’

arms, rollers, forks, and chain controls, >>Q u a ll I v \

Sold exclusively 1o manufacturers of radio and electronic equipment
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. . . the outstanding heritage
of another great performer

DEFINING THE OSCILLOGRAPHIC

HOOL. AY
UL ArH

SPECTRUM

P The Type 294 is an extremely versatile cathode-ray
oscillograph combining high-voltage operation with
precise high-frequency circuit design, extending its
general-purpose utility to meet the specialized needs
of high-speed transient study

Stable operation of the high-gain, wide-band ampli
fier of the Y axis over the entire frequency range from
10 cps. to 15 megacycles includes the performance of
a signal-delay line built into the Y-axis circuit to insure
full display of short-durgtion pulses. An input pulse
rise time of 0.01 us. will be reproduced with a rise time
not exceeding 0.03 xs.

Available undistorted deflection of both symmetri
cal signals and unidirectional pulses of either positive

or negative polarity exceeds the usable vertical scan
of the cathode-ray tube. A built-in high-voltage unit
supplies 12 kv. accelerating potential 1o the Du Monl
Type 5XP- cathode-ray tube; rear-panel selection of a
lower potential may be made for increased sensitivity
and deflection

A flexible sweep circuit provides continuously var-
ieble driven and recurrent sweeps with sweep cali
bration being provided by internal 1imi.}'lg markers
applied through the Z-axis amplifier.

Permanent records of phenomena studied with the
Type 294 may be made with either the Du Mont Type
271-A or 314-A Oscillograph-record Camera.

GENERAL

Cothode-ray Tube Du Mont Type 5XP- X-axis Amplifier

Acceleroting potential | 12,000 volts Frequency response
7,000 volts Sensitivity
Rise time . .

Y-oxis Amplifier
Frequency response
10 cps. to 15 megocycles

Polority selection—3 volts peak ta blank

Sensitivity 0.15 rms volt/in. at 7 kv,
-..0.20 rms volt/in. at 12 kv.
Rise hime 0.03 us. from 10% to 90%
Z-oxis Amplifier
Signal Delay ... ............... 0.25 ps. trace of normal intensity.

Driven Sweep Ronge. . . .. 0.1 sec. to 2 pus.

Recurrent Sweep Range. .10 cps. to 150 ke.

SPECIFICATIONS

Timing-Marker Intervals

2 q;s, to 700 ke. 100 us., 10 ps., 1 us.

0.4 rms volt/in. at 7 kv,
0.5 rms volt/in. ot 12 kv,
0.5 us. from 10% to 90%

Trigger Generator
Repetition rate 200 to 3600 p.p.s
Output amplitude . . . .. .. 50 volts peak
Output polarity ... . positive or negative

Physical Specifications

Indicator Unit
24%" d

Power Supply

19% d.—15%" h.—12%" w.—100 Ibs.

15%" h.—12%" w.—62 Ibs.

© aLLewn B DU MONT LADORATORIES, INC

ALLEN B. DUMONT LABORATORIES, INC., INSTRUMENT DIVISION, 1000 MAIN AVENUE,  CLIFTON, NEW JERSEY

28a PROCEEDINGS OF THE I.R.E

June, 1950




=y
‘ \

z\

<

-

-

o

—~INDIANA
— gt

\

P

s

oy 4

$dHIXIO

w1
y 4

.'fo

- ‘ .- -
T
Kl
ey

ENIRGY PRODUCT

1

w0 20

oo " 700
DEMAGNETIZING FORCE-H-OERSTEDS (GILAERTS PER CM)

N ow it can be told! After years of research and months
of field-testing, INDIANA announces exclusive new super-
strength permanent magnets made of HYFLUX Alnico V.

The industry’s highest published guaranteed energy
product for standard Alnico V has been 4%2 million
BHmax. Now, INDIANA guarantees much greater
strength — 5% million BHmax, and the average energy

product reaches 5Y2 million BHmax, or more. Yet, for
these higher-energy HYFLUX magnets, you pay nof 4
penny premium.,

What is HYFLUX Alnico V? INDIANA HYFLUX is not a
new alloy. It's the result of a new precision technique
applied to dependable Alnico V . . . new procedures, con-

See what WHUX does!

When this standard R. M. A. No. 3 loud speaker
magnet is INDIANA HYFLUX Alnico V with
the minimum guaranteed energy product of
$14 million BHmax, it has .7 decibels greater
output than when made with 412 million
BHmax regular Alnico V. Similar improve-
ments—in strength or size—apply to all appli-
cations. INDIANA HYFLUX is ready now to
bring you these advantages.

For Cost-Cutting Engineering Aid,
Put Your Magnet Problems up to INDIANA.

THE INDIANA STEEL PRODUCTS COMPANY

A ¥ / (7T |
A —A ’/>v-r-1~"
RODINARY ALNICO V /| |

P — ;--f-fafa{__.

1 7", /~‘f, ’

for AlnicoV

X
71 £

The Stronger Magnets
you've heen hoping for

ARE HERE!

trols, instrumentation, and equipment, and precise super-
vision over every step of production. Add to this the 42
years of permanent magnet experience and a long-term
training program for personnel by the world’s largest
exclusive producer, and you have the background and
reasons why INDIANA HYFLUX is so outstanding in
both performance and value.

Find Out What HYFLUX Can Dol For greater stremgth. ..
more compact designing ... for the lower production
costs these smaller, better magnets can bring to yoxr own
products, get all the facts today on amazing INDIANA
HYFLUX. Its the most important development in perma-
nent magnets since the introduction of Alaico V.

INDIANA

THE INDIANA STEEL PRODUCTS COMPANY
DEPT. N-60, VALPARAISO, INDIANA

Please send me all the facts on INDIANA
HYFLUX. I am interested in permanent
magnets for:

PERMANENT
MAGNETS

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

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

..............................................
SIFREL., .ot imobse e i@t MR sDa0@IBIN 0a % 1T M ANBTTTEE SO,

...... State . . ..

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




NEW PRODUCTS

A NEWS and

JUNE, 1950

Extremely Small
Transformers

United Transformer Co., 150 Varick
St.,, New York 13, N. Y. claims to have
manufactured the smallest standard audio
transformer in the world, This new unit is
so small that 30 will fit into a cigarette

pack.

[he Type SSO transformer’s dimen-
sions are only 0.4X0.75X0.56 inch. It
weighs 0.28 ounce. Five stock types cover
input, interstage, output, and reactor ap-
plications.

Especially suitable for hearing aid, air-
craft, and all other instances where size
and weight are the prime consideration, the
SSO0 is suited for the miniaturization pro-
gram in Government aircraft and for Navy
emergency miniature transmitters. De-
signs are available for all types of low-level
applications requiring wide f requency
range.

Great dependability is provided in this
minute structure through the use of a
molded nylon bobbin and nonhygroscopic
insulation throughout. All SSO transform-
ers are vacuum impregnated to assure de-
pendable operation under high humidity
conditions.

Recent Catalogs

***A new folder “On Air,” to be pub-
lished every other month by Broadcast
Equipment Section, Radio Corp. of Amer-
ica, Camden 2, N, |., is now available,

NOTICE

“Information for our News and New
Products section is warmly welcomed.
News releases should be addressed to
Industry Research Division, Procec-
ings of The LR.E., Room 707, 303 West
42nd Street, New York 18, New Yeork
Photographs and electrotypes, if not
over two inches wide, are helpful
Stories should pertain to products of in-
terest specifically to Radio Engineers.”

30a

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

Two-Variable Plotting
Board

The Model 205 Variplotter, a new two.
variable, graphic recorder, has been intro-

duced by Electronic Associates, Inc.,
Long Branch, N. |., to the instrumentation

field.

The Variplotter graphically presents
one variable as a function of another where
ever the variables can bz expressed in
terms of dc voltages. Information such as
stress versus strain, pressure versus ten-
perature, speed versus torque, frequency
response, antenna  pattern, hysteresis
loops, tube characteristics, and process
control is readily obtained with the instru-
ment.

Another feature of the Variplotter is its
30-inch plotting surface, which is equipped
with back-lighting to aid viewing. This
does not restrict use to 30-inch square
charts. If smaller standard forms are pres
ently employed, these may be used.

The static accuracy is 0.05 per cent of
full scale at 70° Fahrenheit. The dynamic
accuracy averages 0.05 per cent of full
scale plus the static accuracy at a writing
speed of 8.5 inches per second. The maxi-
mum pen and arm accelerations are 350
and 150 inches per second squared, respec-
tively. Slewing speeds of both pen and
arm are 10 inches per second.

Accessories are available which will in-
crease the uscfulness of the Variplotter; for
example, conversion kits which add an
additional arm and pen to the plotting
board, enabling it to present the equivalent
of four variables, analog computer com-
ponents or systems to meet a specific re-
quirement; and a standard line of com-
ponents, such as dc amplifiers, resolvers,
reference voltage standards, and power
supplies, ctc,
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Precision Attenuators
Precision decade attenuators for labo
ratory use and for building into other
cquipment are now available from the
General Radio Co., 275 Massichuset(s
Ave,, Cambridge 39, Mass,

Designed to operate at audio- and low
radio frequencies, these attenuators are
built into & compartmented metal castin
which affords such excellent shiclding be
tween pads that some of the units can be
operated at frequencies as high as 1 Me
with errors of less than 2 per cent

The Type 829 decade attenuator units
can be built into speech and ultrasonic
equipment, recording channels, measuring
devices, cte. Characteristic impedance is
600 ohms for both H and T types. Tapered
units are available for matching to other
impedances,

The Type 1450 decade attenuators are
assemblies of attenuator units in metal
cabinets for laboratory bench use. Two-
and three-dial boxes are available with
maximum attenuation of 110 db.,

Omni Test Equipment
To Al a need for test equipment, re
quired for field overhaul and major service
on omuirange navigational equipment, the
National Aeronautical Corp., Wings Field,
Ambler, Pa., has designed the Model T-3
test set.

I'he T-3 generates alt of the signal com-
ponents of an omnistation, and the omni
track, which is transmitted, may be set on
anv bearing by means of an accurately
calibrated disl. This permits a complete
calibration test to be made on any omni
cquipment, without removing the receiving
equipment from the plane.

For major overhaul work on the bench,
the test set produces the necessary signals
1o make a complete adjustment of all the
necessary balancers and compensations that
are required. The T-3 also produces the
signals necessary for testing the adjust-
ment of phase localizer approach equip-
ment and provides the necessary signals

for tone localizer and VAR eguipmcnt.
(Continued on page 64A4)
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. « « @ major advance in studio-type image orthicons

A NOTABLE PRODUCT of RCA leadership in tube
research and engineering—the new RCA-5826 image
orthicon provides important refinements over previous
types of television camera tubes for studio use.

The new RCA-5826 combines exceptionally high
sensitivity, a resolution capability of better than 500
lines, high signal-to-noise ratio—about twice that of
outdoor camera types—and improved gray-scale ren-
dition in the vicinity of the “blacks.”

Having the same spectral response as the companion
outdoor pickup type RCA-5820—a response closely
approaching that of the eye—this new studio camera
tube permits portrayal of colors in nearly their true

tone gradation. The use of the RCA-5826 in the studio
and the RCA-5820 outdoors facilitates the combina-
tion of indoor and outdoor pickups on the same pro-
gram...improvements that are automatically extended
to every receiver.

ANOTHER new RCA tube...

«..the RCA 6AXS-GY Heater-Cathade Type Full-
Wave Vasuum Rectifier: Designed to operate from
a common 6.3-volt heater supply in ac-operated
sets or auto receivers. Has the same heating time
as other heater-cathode types, thus permining the
use of filter capacitors having lower peak voltage
ratings than required for filament-type rectifiers.
Delivers 125 ma. at 350 volts t0 a capacitor-input
filter.

THE FOUNTAINHEAD OF MODERN TUBE DEVELOPMENT IS RCA

ELECTRON TUBES
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John D. Reid

REGIONAL DIRECTOR, 19501951

John D. Reid, Regional Director of the Central Re-
gion, was born in Morristown, New Jersey, on Narch 18,
1907. Mr. Reid attended the University of Pennsyl-
vania during the years 1923-1925, taking a combined
Wharton-Engineering course. After spending a year
with the Arcturus Radio Tube Company as a circuit
application engineer, he returned to the Univ ersity as a
special student during 1928 and 1929,

He then joined the Norden-Hauck Radio Manufac-
turing Company as chief engineer, and developed the
“Admirality Super 12,” the first all-wave superhetero-
dyne with a high frequency intermediate frequency (475
kc) and built-in band-spread short-wave ranges.

Mr. Reid was associated with the Radio Corporation
of America as a radio and television development
engineer in 1930. At that time he was responsible for
the development of all wave tuning systems (“Magic
Brain”), FM detector systems, and the television in-
put tuner used on their prewar receivers. In 1934 M.
Reid took part in a radio field survey trip made through
the Caribbean Islands, the northern part of South
America and Central America. During 1937, Mr. Reid
spent five months in Russia where he was assigned to

service as a special consultant to the Soviet Union

He became affiliated with Crosley Division, Avco
Manufacturing Company, Cincinnati, Ohio, in October
1940, heading an Advance Development Group. Pre
war developments included the large radius phonograph
needle and the decimal tuning double superheterodyne.

During the war he was in charge of Crosley's develop-
ment work on the proximity fuze, for which he was
awarded the Naval Ordnance Development Award and
the President’s Certificate of Merit. Since the war Mr.
Reid has been Manager of Research for the Crosley
Division.

Largely responsible for the inception of the Cincin
nati Spring Technical Session on Television, Mr. Reid
has taken part in numerous IRE activities, including
service as Chairman of the Cincinnati Section during
1945 to 1947; Chairman of the Cincinnati Spring Tech
nical Meeting, 1947; Chairman of the IRE Papers Pro-
curement Committee, 1948 and 1949; and membership
on the following committees: Papers Procurement
Radio Receivers, Board of Editors, Membership, Papers
Review, and Professional Groups. Mr. Reid was made a
Fellow of the Institute in 1948,

|
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In Government and industry alike, the skilled and respected engineer is increasingly offered executive
responsibility. A great obligation rests upon those engineers who reach such positions of authority where
they must make thoughtful decisions based on human needs and reactions, as well as on measurable data.
These men must meet the definition of a great engineer, namely, that he is a man who, given incomplete
and partially incorrect premises, can draw correct conclusions!

Fortunately there are such engineers, distinguished alike by technical ability, good judgment, social
consciousness, and sincerity of purpose. Their thoughts are of major importance to their fellow engineers.
The following guest editorial by a member of the Federal Communications Commission is particularly
noteworthy. It was written by one whose Fellow award in the IRE carries the citation: “For his contribu-
tions to the development of the maritime mobile radio services and his leadership in promoting measures
for enhancing the safety of life and property at sea.”—The Edilor.

Our New Environment of Decision
E. M. WEBSTER

About three years ago I found myself a Commissioner on the Federal Communications Commission, and thus in
the position of “high level administrator” within our Government. I was appointed to this position from the ranks of
the radio engineering profession. Immediately, 1 was faced with heavy responsibifities and many complex and divergent
problems. Out of this experience 1 pose this question: “How can technicians achieve the breadth of view that is re-
quired on the part of administrators concerned with some of today’s public policy problems?”

The need for assuming this heightened responsibility stems, I believe, from two sources—the enlarged role of our
government in technological fields as the result of postwar developments, and the new position of the United States as
a leader in world affairs. How can a technical man adjust himself to such responsibilities? As Harvard’s Sumner Slichter
recently pointed out, “Is it not asking the impossible to expect men to be both able administrators and important
thinkers in the field of public policy? How can men find time both to manage an enterprise in a highly competitive and
rapidly changing economy and to become sufficiently well informed in the fields of economics, political science, soci-
ology, and other disciplines to do first-class thinking in the field of public policy?™

"To illustrate the need for going beyond a technical viewpoint in many radio engincering matters, let’s take the
television problem, for example. In establishing a national television policy, the serious technical problems which the
Federal Communications Commission is of necessity appraising today may only be a minor element in the final na-
tional television policy that eventually will be promulgated.

“The Commission must, in addition, consider many intangible economic aspects of our proposed television industry.
For instance, it has been estimated that it may cost well over a billion dollars per year to provide a minimum of
national television service. Will that kind of money be available to the industry? If we take the position that “the
public interest, convenience, and necessity” require that we have a national television service for all the people,
must not the government be just as concerned with where this money is coming from as it is with television’s various
technical problems?

I trust that you have already recognized that this economic question also closely ties into a political problem.
What constitutes a national television service? What elements of the population must be served before we can justly
say that we have a national television service? These are questions I think our politicians will ask. There is a further
question, 100, of the kind of national television service the public is entitled to. Do we escape the responsibility to see
that a minimum standard of programming efficiency is maintained to protect the public from the social impact of
this new instrument of communication? To achieve this, should we authorize some new system of “phonevision” or
metered television which allows the public a voice in programming? Yet, by virtue of the fact that the public then pays
for some of the programs it hears, will not the government perhaps be forced to take on greater responsibilities to see
that the demands of this paying public are answered?

Development of breadth of view is not casy. However, a previous editorial in this space called “Feedback” pointed
up one possible error in our thinking, I believe. That editorial implied that the evolutionary integration of social and
natural science would enable engincers to do a better job and to broaden their thinking. I do not believe that the ap-
plication of more science to problems already raised by natural science is necessarily the total answer. We are continu-
ally, in the formation of national policies, making decisions in which intangible facts and certain assumptions must be
inherently accepted as elements in the situation: there often is just no “good” choice among the alternatives, and time
alone can tell whether or not the chosen course of action will work out. It is impossible to apply a “slide-rule” type
of thinking to such decisions. To make such decisions requires a certain open-mindedness, a willingness to set up a
program which has the risk of failing, and the fortitude to reconstruct that failure—in the light of new developments—
into a positive policy. It is this integration of open-mindedness and willingness to take calculated risks that we tech-
nicians niust develop if we are fully to meet our responsibilities in the new environment of decision in which United
States citizens are working today.

! Ilarvard Business School Alumni Bulletin. p. 132, Autumn, 1949,
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Distant Electric Vision®
J. D. McGEE}

Summary—An outline of the history of television is followed by a
detailed description of the design and development of some English
television pickup tubes.

UST OVER FORTY YEARS AGO a short letter

appeared in Nature under the title “Distant Electric

Vision.” It was signed A. A. Campbell-Swinton.! |
have ventured to borrow that same title for my paper,
since [ would like vou to regard what I have to write as
a part of the storv of the development of the brilliant
idea first proposed in that letter before even the word
“Television” had been coined. I shall return to Camp-
bell-Swinton’s proposal presently, but first I must re-
view briefly what had gone before. The photoelectric ef-
fect, discovered in 1873, was very soon realized to be the
key to “distant electric vision.” The first practical device
for generation of television signals was, in fact, proposed
only eleven years later by Nipkow.? The apparatus pro-
posed by Nipkow is shown in Fig. 1. An image 4 of the
scene to be transmitted 3 is formed by the lens 6 on the

Fig. 1—The Nipkow disk.

surface of a disk I which can rotate about its axis 2.
Around the periphery of this disk is a spiral of small ap-
crtures J spaced at equal angular intervals and each
spaced radially from the center of the disk at distances
increasingsuccessively by theheightofanaperture. Atany
given time light can pass through one aperture only and
enter the photocell 7, where it releases an electron cur-
rent proportional to theintensity of the light; that s, pro-
portional to the brightness of the image at the point
where the aperture happens to be at that instant. These
clectrons are collected on the anode of the photocell by
the electric field maintained by the battery & and the

* Decimal classification: R095X R583.6. Paper received by the
Institute, November 4, 1949. Presented, 1.R.E. Radio Engineering
Convention, Sydney, Australia, November, 1948. (Since Dr. McGee
was unable to present this paper rsonally to the Convention, the
entire manuscript was delivered by means of a magnetic tape re-
corder.) Reprinted from the Proceedings of the Institution of Radio
Engineers, Australia, vol. 10, pp. 211-223; August, 1949,

t E.M.I. Research Laboratories, I.td., Hayes, Middlesex, England.

YA, A. Campbell-Swinton, “Distant ¢lectric vision ” Nature,
(London), vol. 78, p. 151; June, 1908

? P. Nipkow, Deutsches Reichs Patent No. 30,105: January 6,
1884,

current passing through the resistance R produces a
voltage change across it. As the disk rotates, the aper-
ture will scan across the optical image, and the light
passing through it will fluctuate proportionally to the
light and shade along that line of the image. The voltage
fluctuations across the resistance R will be also pro-
portional to the light fluctuations. Thus, a “picture
signal” will have been generated for that line of the
image. As one aperture completes its scan of one “line”
of the image, the next aperture begins to scan the next
line of the picture, and so on, until the whole image has
been scanned in one complete revolution of the disk.

For modern television pictures of, say, 4035 lines and
25 pictures per second, the disk must rotate at 1,500
rpm. The diameter of the disk must be as large as pos-
sible in order that the apertures may be made of a
reasonable size; otherwise, the signal current will be
very small and the signal-to-noise ratio very poor. l{ow-
ever, a disk of, say, 3 feet in diameter rotating with high
precision at 1,500 rpm, is not exactly a convenient or
mobile piece of equipment. Moreover, an amplifier of
sufficient bandwidth for a 403-line television picture sig-
nal (say, 3 Mc) requires a peak input signal of about
0.1 pa to override by an order of magnitude the noise
of the first stage of the amplifier. If we assume a high
photoelectric efficiency of 100 pa per lumen for the
photocell it follows that 103 lumens must fall into the
photocell to give this signal current in the peak whites of
the image. Since there are 200,000 picture points in such
a picture, this corresponds to a light flux of 200 lumens
in the whole image, assuming it to be of uniform bright-
ness. Again, assuming an area of the image on the disk
of 4 X 5 inches, this corresponds to light flux of 1,440 lu-
mens per square foot or 1,440 foot-candles illumination.

The illumination in the planc of the image I is related
to the illumination on the scene I, by the well-known
formula

I‘={.><'y
4 42

’

where ¥ is the reflection coefficient of the scene which
may be taken as unity for a perfect white diffusing sur-
face, and 4 is the numerical aperture of the lens, sav

f/2.

Then

_IiX44?

I, — = 23,000 foot-candles.

Such illumination is about a hundred times greater
than that used in television studios today and would
be quite intolerable.
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The advent of the electron multiplier made it possible
to multiply the initial photoelectric current by a very
large factor, 10% or more, without seriously changing the
signal-to-noise ratio of the initial current which is due to
probability fluctuations in the photoelectric emission.
In this way the input signal to the amplifier can be
made large compared with the noise of the first stage,
and the limiting noise then becomes that of the primary
photoelectric current. A simple calculation shows that
the illumination required is then very much less but still
about 1,000 foot-candles, even when the most favorable
conditions are assumed.

Thus, the inconvenience of the mechanical scanner,
together with its very low sensitivity, has doomed it
to oblivion except possibly for film scanning, but, even
here, all-electronic systems have found greatest favor.

CAMPBELL-SWINTON'S PROPOSAL

I never cease to wonder at the vision and imagination
of that great television engineer, the late A. A. Camp-
bell-Swinton, F.R.S.. who as long ago as 1908 not only
saw clearly the fundamental limitations of the mechani-
cal systems, but actually proposed the all-electronic sys-
tem which, with modern technical embellishments, has
become the television system of today. I believe I need
not apologize to you for showing you in Fig. 2 the actual
schematic diagram of the system for “distant electric vi-

Velce | r‘:;\-.'
ol ]
oA} [ HeeAve
— + -+
L LINE %IHE

Fig. 2—Electronic television system proposed by Campbell-Swinton.

sion” which he proposed in 1908 and amplified in a paper
in 1911.2 In this figure, you see the transmitter on the
left; the recciver on the right. The transmitter is a cath-
ode-ray tube 4, in which an electron beam from the
cathode B is scanned by crossed magnetic fields D and E
line by line over a mosaic of photoelectric cells J. An op-
tical image of a scene N is focused by the lens M on to
the other side of this mosaic of photocells which become
charged by the loss of photoelectrons. These charges are
discharged at each scan of the electron beam to the grid
L. These fluctuating “picture signals” are conducted
over a line to modulate an electron beam which scans the

CPALA. Campbell-Swinton, “Presidential address,” Jour. Roentgen
Soc., vol. 8, p. 7; January, 1912,
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fluorescent screen of the receiving cathode-ray tube in
synchronism with that of the transmitting tube. Here are
two ideas of capital importance; the use of inertia-less
cathode-ray beams for scanning at very high speed,
and the mosaic of photocells in the pickup tube. I think
one may well claim that this was the seed from which
present-day television engineering has grown.

FARNSWORTH DISSECTOR

One feature of Campbell-Swinton’s scheme was real-
ized in the Farnsworth dissector tube,* namely, that of
all-electric operation. This tube was first described in
1934 and, because it still may find an application in
film scanning, it is worthy of a brief description here.

The tube and associated equipment are shown in
Fig. 3. An optical image of the scene is focused on a
transparent conducting photoelectric layer I on the in-
side surface of the flat end wall 2 of the high-vacuum
tube 3. Electrons are emitted from this surface under
the influence of, and proportional in number to, the

1 _3}{5} 1o Ampihtuer

‘ T
/.
1 |
/ 2
| e |

Fig. 3 ~Diagram of Farnsworth dissector tube,

incident light. These electrons are accelerated by an
axial electrostatic field and focused by means of a uni-
form axial magnetic field produced by the solenoid 4 to
form an electron image in the plane of the electrode 8.
A pencil of electrons passes through the small aperture
7 and falls on the first plate 5 of a multistage electron
multiplier, the output of which is fed to a suitable am-
plifier. Two pairs of coils, one of which is shown at 6,
actuated by frame and line frequency currents of saw-
tooth wave form, produce two transverse magnetic fields
at right angles to one another which scan the whole elec-
tron image across the aperture in a series of lines. Since
the aperture 7 must allow only those electrons from one
picture point to pass through to the multiplier, it follows
that for a 400-line television picture the linear dimen-
sions of the aperture must be 1/400th of the dimensions
of the electron image, and, since there are 200,000 pic-
ture points in such a picture, only one part in 200,000 of
the electron emission from the photocathode passes
through the aperture. In practice, this current is so small
(of the order of 10~ amperes) that if it were fed directly
to the input of an amplifier of the necessary bandwidth,

¢ P. T. Farnsworth, “Television by electron image scanning,”
Jour. Frank. Inst., vol. 218, p. 411; October, 1934.
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the signal produced would be far smaller than the am-
plifier noise. However, by multiplying the primary elec-
tron current in a multiplier by a factor of 10% or more
the output can be increased until the signal is much
greater than the amplifier noise. The signal-to-noise
ratio of the signal is then determined by the random
fluctuations of the primary photoelectric current which
is not changed appreciably in the process of multiplica-
tion. Thus, the Farnsworth dissector is the electric ana-
logue of the Nipkow disk and to a first approximation,
the sensitivities of both signal-generating systems are
the same. Minor advantages make the Farnsworth dis-
scctor slightly more efficient, but it still requires a scene
lumination of about 1,000 foot-candles. This is, of
course, a hundred times the illumination required by
modern television cameras.

CHARGIE STORAGE PRINCIPLE

It will have been noticed that, in both the Nipkow
and the Farnsworth methods, only a minute fraction of
the light from the scene is effective in producing picture
signal—in fact, the light from one picture element. Less
than 1075 of the light or photoelectric current is used.
It is obvious that if all of the photoelectrons released by
the light in the Farnsworth dissector could be stored
during the frame-scanning period and discharged once
per frame period, the gain in efficiency would be enor-
mous—a factor of 10% or more.

The obvious line of attack on this problem was clearly
suggested by Campbell-Swinton’s mosaic of photoelec-
tric cells. If an optical image is formed on a mosaic of
minute photoelectric cathodes, each of which is associ-
ated with a minute condenser, and the photoelectrons
liberated from the cathodes by the light are saturated to
4 common anode, charges will be built up on the con-
densers which are at all points proportional to the in-
cident light. Thus, a reproduction of the optical image
is built up in electric charges. If now this mosaic of
condensers is scanned by a suitable commutator, e.g.,
a beam of electrons, which discharges those condensers
in the area of one picture point simultancously through
a signal resistance, the potential fluctuations across this
resistance will be the required picture signal.

A single cell of such a system is shown diagram-
matically in Fig. 4. Light L falling on the cathode of

=

To Amplafare

<

’ 1[1'; — -

-

Fig. 4—Elementary charge storage circuit.

the photocell P liberates electrons in proportion to its
intensity. These are collected by the anode which is
maintained at a positive potential by the battery B.
This current flowing through the resistance R charges
the condenser C. If now, once per frame period, this
condenser is discharged by the commutator A (which
may be an clectron heam with an impedance 7) a pulse
of charge will pass through the resistance R proportional
to the integrated light flux on the photocell during the
period of storage. The potential change across R will
be proportional to the discharge current and mav be
applied to the grid of the first valve of an amplifier
chain. The discharge time of the circuit consisting of
C, r, and R must be not less than the time required to
scan one picture element, i.e., 2 X10-7 seconds. The po-
tential drop across R during the charging period is the
picture signal that would be obtained without storage;
hence, the increase in signal strength due to storage is
the ratio of the charging time (0.04 second) to the dis-
charging time 2 X10~7 seconds of the condenser C. That
is, a gain of 2X10% is achieved. If in practice only a
small part of this theoretical gain could be realized, say
1 per cent, it would still represent an increase in sen-
sitivity by a factor of 2,000.

The first account of a television pickup tube employ-
ing charge storage was published by Zworykin in 1933.5
This tube was named the “iconoscope” and it has heen
the main tube employed in American television cameras
until quite recently. Work had been in progress in the
Electric and Musical Industries 1.td. Laboratories and,
in 1932, Tedham and the author succeeded in producing
television signals with a tube which proved to be funda
mentally the same as the iconoscope but which differed
from it in many important practical details. Continua-
tion of this work led to the development of the emitron®?
which was used from the beginning of the first regular
public television service instituted by the BBC in Lon-
don in 1936. It is still the only tube used for studio
broadcasts by the BBC. Further development led to the
super-emitron.’8

I will now give a brief outline of the operation of the
emitron and super-emitron before going on to describe
the CPS emitron which has been developed since the
end of the war and has only recently gone into service.

Tue EMITRON

The tube with its immediate operating circuits is
shown in Iig. 5, while a very much enlarged scction of
the target is shown in the inset. The highly evacuated
envelope I carries a side tube in which a more or less
conventional electron gun is mounted. The gun consists

5 V. K. Zworykin, “Television with cathode-ray tubes,” Jour.

IEE, vol. 73, p. 437, 1933
. 5J). D. McGee and H. G. Lubszynski, “E.MLI. cathode-ray tele-

vision transmission tubes,” Jour. IEE, vol, 84, p. 468; April, 1939.

7], D. McGee, “The development of high definition electronic
television in Great Britain,” Proc. I.R.E. (Australia), Proc. World
Radio Corgvenlion, Sidney, Australia: April, 1938,

® H. G. Lubszynski and S. Rodda, British Patent No. 442,666;
May 12, 1934.
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of a cathode 5, modulator 6, first anode 7, and second
anode 8. The latter is held at earth potential and extends
some distance into the spherical part of the tube where
it acts as anode for the photoelectric mosaic also. The
cathode of the electron gun is held at about —1,500 volts
and the electron beam is focused by the electrostatic
electron lens between the first and second anodes, 7 and
8. The beam is scanned over the mosaic by two pairs
of coils, one of which is shown at 9. Since the beam falls
obliquely onto the target, a conventional scanning raster
would appear as a trapezium or keystone shape. This
must be corrected by modulating the line-scan ampli-
tude by the frame-scan amplitude. This is termed “key-
stone correction.” Further, the frame-scan wave form
must be slightly distorted from linear to obtain even
spacing of the lines from top to bottom of the mosaic.
The electron beam comes to a focus on the surface of a
sphere, the center of which is the point of deflection
of the beam. This sphere intersects the plane of the
target in a circle and at all points off this circle the
beam is more or less out of focus. The loss of definition
due to this difficulty is minimized by restricting the
beam to a very narrow pencil by limiting apertures in
the gun so that its depth of focus is increased. This can
be done because only a very small beam current of a
few tenths of a microampere is required. All these in-
conveniences in design are accepted in order to be able
to project the optical image normally onto the target.
The lens 13 forms an image of the scene through the
flat window 4 on the surface of the target, which is also
scanned by the electron beam. The lens is usually 63"
focal length with a numerical aperture of f/3.

The target is 4 X5 inches (if the agreed picture aspect
ratio is to be 5 to 4). A small section of it, greatly magni-
fied, is shown in the inset of Fig. 5. It consists of a sheet
of highly insulating dielectric D—for example, mica—
coated on the side which is not scanned by the electron
beam with a conducting layer .S, known as the signal
plate. This signal plate is connected to earth through a
signal resistance and to the grid of the first tube of
the amplifier. On the side of the dielectric which is

(@) (h)

Fig. 5—(a) The cmitron. (b) Cross section of emitron target.
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scanned by the electron beam is formed the photoelec-
tric mosaic M. This may be regarded as a vast number
of minute islands of photosensitized metal each sepa-
rated and highly insulated from its neighbors. Also, each
mosaic element forms a small condenser with the signal
plate.

The basic material of the mosaic elements is usually
silver which can be formed into a mosaic by evaporating
a very thin layer and aggregating this by heating. The
mosaic may also be formed by evaporating the metal
through a fine metal mesh which acts as a stencil and
in several other ways. The silver mosaic is made photo-
sensitive by oxidation and subsequent treatment with
cesium. Here a difficulty is encountered. It is difficult
to obtain high photosensitivity of the mosaic elements
while preserving good insulation between them because
the metallic cesium tends to form a slightly conducting
film over the surface of the dielectric between them. A
compromise has to be accepted by which we obtain
about half the maximum possible sensitivity. Also, the
mosaic elements cannot cover more than about 50 per
cent of the target surface so that another factor of two is
lost in photoelectric efficiency. We can obtain an effi-
ciency of about 10 pa per lumen instead of over 30 pa
per lumen that can be obtained from a normal photocell.
These points are important and will be referred to when
we consider the super-emitron.

We must next consider the mechanism of signal gen-
eration in the emitron. This is a complex problem and
I ask your pardon if my treatment of it in this paper
leaves many unsatisfactory loose ends.

In its simplest form we may be sure that the light
of the image which falls on the mosaic liberates photo-
electrons at all points in numbers proportional to the
light intensity. If these negative electrons are removed
from the mosaic, for example, to the anode of the tube,
a distribution of positive charges will be built up con-
tinually on the minute condensers formed by the mosaic
elements and the signal plate. If now the electron beam
scans the mosaic line by line, neutralizing these positive
charges point by point, equal and opposite (i.e., nega-
tive) charges will flow to earth through the signal re-
sistance R. These charges and the voltages produced
across R will be proportional to the integrated intensity
at the corresponding points in the image over the previ-
ous frame period, i.e., 1/25th of a second. Thus a rapidly
moving object should be reproduced with a loss of defini-
tion corresponding to that seen in a photograph taken
with a time exposure of 1/25th of a second. In fact, this
is not found to be the case. A television picture of a
rapidly moving object produced by an emitron shows
it as a series of sharply defined images. This means that
uniform charge storage cannot be taking place during
the whole frame period. Moreover spurious signals are
produced which cannot be explained on this simple the-
ory.

These experimental observations can only be ex-
plained when we take into account the fact that the
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scanning beam electrons, which reach the mosaic with
an energy of 1,500 electron volts, each releases hetween
5 and 10 secondary electrons. These relatively slow sec-
ondary electrons stabilize the potential of the mosaic at
approximately that of the nearest electrode of fixed po-
tential, i.e., the second anode. There is therefore no elec-
trical field of sufficient strength to saturate the photo-
electrons away from the mosaic. If we now consider the
mosaic being scanned by the beam but without light fall-
ing on it, it is clear that over a period of time it can
neither gain nor lose charge; that is, only one secondary
electron can leave the mosaic for each primary falling on
it. The remaining secondary electrons must return to
some part of the mosaic, but not necessarily the point
from which they were released.

Now the point on the mosaic on which the beam is
falling at any instant will initially lose between 5 and 10
secondary electrons for every incident primary elec-
tron. Thus, its potential will be driven positive until it
can recapture all but one of the secondaries released by
cach primary electron. This charge and discharge of
mosaic elements is illustrated for two successive ele-
ments 4 and B in Fig. 6. It is estimated that the poten-
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Fig. 6—Charge and discharge curves of mosaic elements.

tial rise of the mosaic during scanning is about +6 volts
relative to the surrounding areas. As the scan ning beam
passes on to the next point on the mosaic the secondary
electrons liberated from it tend to be deflected towards,
and captured by, those areas which have just been
scanned since they are the most positive areas in the
neighborhood.

It will, I think, be clear that this exchange mechanism
cannot be uniform over the whole scanning cycle. The
charges on the surrounding areas of the mosaic must
be very different at the beginning and end of line and
frame scans and this will influence locally the sharing
of secondary electrons between the second anode and
the surrounding mosaic. Other factors such as the asym-
metry of the tube, variations in the focus of the scan-
ning beam, local charges due to the light image, etc.,
can also affect this sharing of electrons between the
mosaic and the second anode. It is this variation in the
sharing of the secondary electrons between the mosaic
and the second anode that causes the spurious signals.
These are illustrated in Fig. 7, in which line 4 shows
the wave form of the uncorrected signals for three suc-
cessive lines. There are large spurious pulses at the be-

ginning and end of each line, and a spurious low-fre-
quency signal known as “shading” is superimposed on
the true signal. In line B is shown the artificially gen-
erated correcting signals, “Tilt” and “Bend,” which
when mixed with the crude signals result in the train
of signals shown in line C. The large spurious signals
between lines are then suppressed, leaving the corrected
signal as it appears in line D. Finally, synchronizing
signals are inserted between the lines as shown in line E.
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Fig. 7—Emitron signals.

If, when once corrected, the shading signals remained
constant, they would be of little consequence. Unfortu-
nately they do not, but change appreciably with distribu-
tion and intensity of light falling on the mosaic. Ilence,
the shading controls must be constantly adjusted as the
scene changes in front of the camera and, at the lower
limit of light levels when the amplifier gain must be
increased, the satisfactory correction of shading becomes
almost impossible. In fact, the lowest level of illumina-
tion at which an emitron camera will work satisfactorily
is usually determined by uncorrected shading signals
rather than by amplifier noise. Another important result
of this mechanism of operation is.the fact that at no
part of thescanning cycle is a signal generated which can
be regarded as corresponding to the true black level of
the picture. This is a great disadvantage, since there is
then noabsolute method of re-establishing the true black
level of a picture after it has passed through an alternat-
ing-current system. It must be left to the arbitrarv
adjustment by some operator.

We have seen how the unwanted signals are gener-
ated. We must now consider the true picture signals
which are wanted. As I have explained above, each ele-
ment of the mosaic is driven strongly positive by the
scanning beam and then gradually falls in potential un-
til the scanning beam reaches it on the next cycle. Thus,
there is an area of the mosaic that has just been scanneil
which is about 6 volts positive relative to those ele-
ments which are about to be scanned. Hence, any photo-
electrons liberated in a narrow band across the mosaic
in front of the scanning beam will find themselves in a
quite strong electric field attracting them to those areas
of the mosaic which have just been scanned. This nar-
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row band within which the photoemission is saturated is
estimated to extend something like 1 centimeter beyond
the last line to be scanned. Most of the photoelectrons
liberated in this area leave the mosaic element from
which they were liberated and consequently charge
them positively. They are collected in a random distri-
bution on the mosaic areas that have just been scanned
which they drive more negative in potential. Beyond the
narrow band of mosaic from which the photoelectrons
are completely removed, the percentage of photoelec-
trons collected will decrease with distance. Over the
greater part of the rest of the mosaic the photoelectrons
which are liberated by the light will fall back onto the
mosaic at random and so will not contribute appreciably
to the stored charges. As the scanning beam passes over
these elements on which varying positive charges have
been stored, they will all be driven up to a fairly con-
stant peak positive potential. Thus, at a point which
has been exposed to light and on which positive charge
has been stored, the potential change on being scanned
will be less than for an element which has not been ex-
posed to light. It is, in fact, the differences in these po-
tential changes as the beam scans the mosaic that con-
stitute the picture signal.

It will be clear from the above that the emitron oper-
ates in a manner very similar to a camera using a focal-
plane shutter, and the charges that give rise to picture
signal are built up in a very short period of time, about
1/250th of a second, before the scanning beam reaches
each part of the mosaic. This explains why fast-moving
objects appear as a succession of sharp images rather
than as a continuous blurred image.

This same mechanism of operation explains the low
sensitivity of an emitron which gives only about 5 per
cent of the sensitivity to be expected from a full storage
tube. It will be seen that the photoelectric emission is
used to build up charges on the mosaic only during a
small fraction of each frame period.

Another consequence of this mechanism is that the
signal output is not proportional to the light input. This
is to be expected since, as a mosaic element which is
exposed to light becomes more positive, it tends to col-
lect secondary electrons itself. If we express the signal S
in terms of the illumination of the mosaic I by the
formula

S=I‘7,

we find that v is not greater than about 0.75. This was
rather a lucky accident, since this reduction in contrast
of the generated signal compensates the inevitable in-
crease in contrast which occurs when such signals are
displayed on a normal cathode-ray receiving tube. How-
ever, when the scene to be televised lacks contrast there
is nothing that can be done to improve its appearance
to the viewer.

One final curiosity which can frequently be noticed
in an emitron picture can be explained on this theory.
If the picture to be televised has horizontal lines that
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are emphasized, it is found that a white horizontal bar
is followed by a black streak extending possibly half
the width of the picture in the direction of scanning and
vice versa. This is believed to be due to the charges on
the mosaic that are about to be scanned influencing the
level of the peak positive potential to which the mosaic
elements are driven by the scanning beam. This may be
regarded as a loss in response at the lower frequencies
and it can be corrected to some extent by introducing a
bass boost in the amplifier chain between 5 and 10 ke.

The emitron tube mounted on the base of the camera
is shown in Fig. 8. The first few stages of the amplifier
are built into the camera chassis in order to keep the
input capacity of the amplifier as low as possible. Also,
the line and frame scan amplifiers are built into this
chassis. The complete camera is shown in Fig. 9, show-
ing the objective lens and the view-finding and focusing
lens. Such a camera will give a very satisfactory picture

Fig. 8—Emitron tube mounted on base.

YIUTA

Fig. 9—Emitron camera.
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with about 200 foot-candles of illumination incident
on a studio scene when the lens is at full aperture (f/3).
However, under these conditions the depth of focus is
very small, which 1mposes restrictions on the studio
production. This can be improved only by increasing
the light and stopping down the lens. A worthwhile
increase in light becomes expensive and uncomfortable.
The definition of the picture is excellent and the geo-
metrical distortion of the image practically negligible.
towever, the pictures are frequently marred by uncor-
rected shading and the absence of a definite black level.
Moving objects do not appear to lose definition and
very rapidly moving objects may even appear as a series
of well-defined separate images. It is a doubtful point
whether this is preferable to a single blurred image
which is more nearly what is seen by the eye.

THuE SUPER-EMITRON

I have spent a considerable time over the details of
the theory of the emitron because it is mostly applicable
to the super-emitron also. This type of tube was pro-
posed by Lubszynski and Rodda in 1934, was developed
in the FElectric and Musical Industries Ltd. Laborator-
ies® and was first used by the BBC for an outside broad-
cast in November, 1937,

T'he tube and associated equipment are shown in Fig.
10. The clectron gun 1, scanning system 2, and target,
are similar to those of the emitron except that in this
tube the mosaic is not photosensitive but is a good
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Fig. 10—The super-emitron.
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emitter of secondary electrons. In place of the flat win-
dow of the emitron, a tubular extension 4, is provided
with a flat window 5 at its end. Inside this flat window
a sheet of transparent mica or glass is mounted, and a
transparent conducting photocathode 6 is formed on
that side of it which faces the target. Contact is made to
this photocathode from a solid metal border 7 and it is
held at about 500 volts negative relative to the metal
coating on the tube wall, which is an extension of the
gun second anode. A light image is formed on the photo-
cathode by the lens & and the photoelectrons liberated
by the light are accelerated by the axial electric field

towards the target. A magnetic field produced by a cur-
rent in the coil 9 brings these electrons to a focus on the
surface of the target. Each of these photoelectrons im
pinging on the mosaic surface of the target with an en
ergy of about 500 electrons volts will liberate between §
and 10 secondary electrons. These relatively low-veloc-
ity secondary electrons play much the same role in the
gencration of picture signals as do the photoelectrons
liberated from the mosaic of the emitron by the direct
action of light.

Two significant advantages have been gained in this
tube. First, the functions of photoelectric emission and
insulating mosaic have been separated. The photoclec
tric sensitivity can be pushed up as high as possible
without ruining the mosaic insulation. In fact, photo-
sensitivity of 30 to 40 ua per lumen can be reached as
compared with 10 ga per lumen for the emitron. Sec
ond, each photoelectron that impinges on the mosaic
liberates at least 5 secondaries. Thus, for the same
amount of light gathered by the objective lens the num
ber of electrons liberated from the mosaic is between 15
and 20 times greater in the super-emitron than in the
emitron. Since the average energy of these sccondary
electrons is about ten times that of photoelectrons, it is
not to be expected that the mechanism of signal gen-
eration would be the same in both tubes. In fact, notice-
able differences are observed. The super-emitron shows
less evidence of the very short-term charge storage,
which is so characteristic of the emitron, and more
evidence of uniform charge storage during the whole
frame period. This is shown by rather more blurring of
moving objects in pictures transmitted by a super-
emitron as compared with those transmitted by an
emitron. The increase in efficiency of the super-emitron
over the emitron does agree fairly well with the factor
of 15 to 20 given above.

Another useful feature of the super-emitron is that
the electron image can be magnified between the photo-
cathode and the mosaic. Thus, we usually start with an
optical image 1 X0.8 inch and magnify it to cover a mo-
saic 5X4 inches. Then for normal work a lens of 2-inch
focal length and f/2 or better can be used. This lens has
a light gathering capacity of about 25 per cent of the
normal lens of the emitron camera, but it gives a much
greater depth of focus. Also, telephoto lenses may be
used conveniently and a series of lenses can be mounted
on a rotating turret.

Since, of the total increase in efficiency of the super-
emitron over the emitron by a factor of 15 to 20, a factor
of 4 has been used in improving the optical conditions,
we are left with a factor of between 4 and 5, as the in-
crease in the sensitivity of the super-emitron camera
over the emitron camera. That is, a super-emitron cam-
era will give the same quality of picture at 40 to 50
foot-candles as an emitron camera will give at 200 foot-
candles incident illumination.

A practical advantage of the super-emitron is due to
the fact that the mosaic is not photosensitive as in the
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emitron, where the action of the electron beam slowly
reduces the photosensitivity and so shortens the life of
the tube. The scanning beam has no noticeable effect
on the super-emitron mosaic and the photocathode has
a very long life.

In focusing the electron image onto the mosaic, the
whole image is rotated through an angle of 20° to 30°
about the axis of the electron lens. This is easily com-
pensated by rotating the whole tube by the same
amount about the same axis. More important is the
geometrical distortion introduced by aberrations in the
electron lens, which result in peripheral points of the
electron image being rotated slightly more than points
nearer the center. By careful design it has been found
possible to reduce this distortion to a tolerable magni-
tude.

Very efficient magnetic screening between the focus-
ing field and the scanning fields is necessary. Other-

Fig. 11-—Super-emitron camera without cover.

Fig. 12—Complete super-emitron camera.

L
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wise, the former will distort the scanning raster and the
latter will cause the electron image to oscillate slightly
on the mosaic and definition will be impaired.

The super-emitron suffers from the same inconven-
iences due to oblique scanning and generates the same
type of spurious signal, shading signal, and streaking.
Also, it does not produce a signal corresponding to true
black.

A super-emitron camera with its cover removed is
shown in Fig. 11. The magnetic focusing coil is easily
visible and also the rotation of the tube to compensate
for the rotation of the electron image. The complete
super-emitron camera is shown in Fig. 12. Its greater
sensitivity and adaptability to telephoto shots are of
great value in outside broadcasts.

A small-size super-emitron tube has recently been de-
veloped which has a very similar performance to that of
the standard tube. Its smaller size facilitates camera de-
sign, especially in regard to the lens system, since shorter
focal length lenses can be used to give the same angle of
view.

THE CPS EMITRON

We had realized as early as 1934 that it is the uncon-
trolled secondary electrons that are responsibie for the
spurious signals and low sensitivities of the emitron. In
that vear the late \. D. Blumlein and the author pro-
posed a method which, it was hoped, would eliminate
these troubles.? The fundamental principle of thisscheme
was to scan the mosaic with a beam of electrons which
have so little energy when they reach its surface that
they liberate substantially no secondary electrons. Un-
der these conditions the mosaic must be driven negative
until it reaches the potential of the cathode from which
the electron beam originates. Since there are nosecondary
electrons, we argued, there can be no spurious signals
and this has, in fact, proved to be true. Furthermore,
since a strong field gradient is established in front of the
mosaic which decelerates the approaching beam elec-
trons, this must also serve to saturate away from the
mosaic all photoelectrons that are liberated by the light
of the image. Thus, there should be full storage of the
photoelectric charges during the whole scanning cycle,
leacling to a great improvement in efficiency, which also
proved to he true.

Considerable work had been done in our Laboratories
before the war on tubes of this type and it had been
realized by my colleague, Lubszynski, that the essential
condition for stable operation of tubes in this manner
is that the electron beam should fall almost normall
onto the mosaic.!® That is to say, the mosaic must be
scanned orthogonally. However it is not because of this
feature that the name “Orthicon” has heen coined, but

» A. D. Blumlein and J. D. McGee, British Patent No. 446,661;
August 3, 1934,
1932’ H. G. Lubszynski, British Patent No. 468,965; January 15,
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because the signals generated are strictly proportional
to the incident light.!! We prefer to call this type of tube
by the initials“CPS” of the earlier and even more funda-
mental principle employed of “cathode potential stabil-
ization” of the mosaic.

Pre-war tubes of this type did not prove good enough
to displace the emitron or super-emitron, but since the
end of the war we have returned to this line of work
and now have a CPS-emitron with characteristics which
I believe will interest you. An experimental camera us-
ing this tube was first used by the BBC to televise the
royal wedding procession in November, 1947, and a
properly engineered three-camera mobile unit was used
for the first time in August, 1948, to televise those
events of the Olympic Games that took place in the
Empire Swimming Pool at Wembley, near London.

The tube and its associated driving coils is shown dia-
grammatically in Fig. 13. The cylindrical glass tube 1,
about 2} inches in diameter, has a narrow neck at one
end in which a simple electron gun 2 is mounted. This
consists of a cathode held at earth potential, a modulator
slightly negative, and a first anode held at about +300
volts. This latter electrode accelerates the electron beam
and restricts it by an aperture at its center to a diameter

Fig. 13—Sectional diagram of CPS emitron.

of about 0.002 inch. The electrons are projected along
the axis of the middle section of the tube which has a
metal coating J on the walls extending from the first an-
ode to slightly beyond a fine metal mesh 4. This “wall
anode” and the metal mesh are held at the same poten-
tial, about +200 volts. On the wall near the end of the
large diameter section of the tube is a short cylindrical
electrode 5 known as the decelerator. Itisheld at approxi-
mately earth potential. This end of the tube is closed with
a flat polished window 6 and the target 7 is mounted on
the flat inner surface of this window. This target is simi-
lartotheemitron target. It consists ofathinsheetof trans-
parent dielectric which may be mica or glass between
0.002 and 0.004 inch thick. The surface of this di-
electric facing towards the window is coated with a con-
ducting but transparent metal layer, the signal plate.
Contact is made to this layer through a metal seal at the
edge of the window from a small metal plate & on the

" A. Rose and H. Iams, “Television pickup tubes using low-
velocity electron-beam scanning,” Proc. I.R.E., vol. 27, pp. 54%—554;
September, 1939,
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front surface of the window. Here a spring makes con-
tact to the first stage of the head amplifier 9.

The photosensitive mosaic is formed on that side of
the dielectric which is scanned by the beam. It is 35 mm
X44 mm in standard tubes and 20 mm X 25 mm in spe-
cial purpose tubes. The mosaic is framed by an opaque
metal border which is connected electrically to the sig-
nal plate. The optical image is focused onto this mosaic
by the lens system 10 through the glass window, the
transparent metal signal plate, and the dielectric. The
light passes through the transparent elements of the
mosaic itself to liberate photoelectrons from the side on
which the electron beam falls. In the past, two reasons
for the poor performance of tubes of this type were (1)
the strong absorption of light in the signal plate and (2)
the very poor photoelectric efficiency of the mosaics
then used. The former loss has been reduced from 60 per
cent to about 30 per cent while the efficiency of the mo-
saic has been increased from about 3 pa per lumen to be-
tween 12 and 15 pa per lumen. It had been known for
ten years that the most efficient photo surface for visible
light was a layer of antimony treated with cesium which
is in fact used in the conducting photocathode of the
super-emitron. It had proved impossible, however, to
make a mosaic of this material by the usual techniques.
This problem was solved when my colleague, Holman,
produced extremely fine metal meshes having 1,000
meshes per inch or one million apertures per square inch
and a shadow ratio of as low as 30 per cent. Having
been provided with such a mesh we are able to use it as
a stencil to make the mosaic. It is held in close contact
with the surface of the dielectric, while the basic an-
timony elements of the mosaic are evaporated through
it. This gives a mosaic having about 1,750 elements in
the line direction and 1,400 in the frame direction, and a
total for the whole mosaic of 2.5 million elements. Thus,
there are over ten mosaic elements for each picture point
of a 405-line picture. Fig. 14 shows on the left a micro-
photograph of a small piece of this metal mesh and on
the right a similar photograph of the mosaic elements
formed by using it as a stencil.

Fig. 14—Microphotographs of mesh (lef t) and mosaic
(right) for the CPS emitron.
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It is interesting to look back to the first emitron mo-
saic made in our laboratories in 1932 which we made by
evaporation through a mesh having 2,500 apertures per
square inch.

I must now refer back to Fig. 13 to explain the focus-
ing and scanning systems 4. The tube is surrounded
by a solenoid 11 which produces a fairly uniform axial
magnetic field of about 50 gauss. As the electron beam
is projected along the axis of the tube each electron
traverses a spiral path and all return periodically to a
focus in the well-known manner. The axial magnetic
field and the electric accelerating fields are so adjusted
as to bring the electrons to a focus on the surface of
the mosaic. If the electron beam is not projected accu-
rately parallel to the lines of force of the axial magnetic
field, the whole beam will follow a spiral path and poor
focus quality will result. It is impossible to guarantee
mechanical accuracy of the electron gun, so two pairs
of saddle coils are provided, one of which is shown at 12,
to give a steady transverse magnetic field where the
beam leaves the gun. By suitable adjustment of the
resultant field from these coils the beam can be de-
flected at the beginning of its path to bring it into align-
ment with the axial focusing field. Hence these coils
have become known as the “alignment coils.” On the
long medium diameter section of the tube two more
pairs of saddle coils 13 are mounted, producing trans-
verse magnetic fields at right angles to one another.
They are actuated with currents of sawtooth wave
form, one at line frequency, the other at frame fre-
quency. The maximum transverse field Hy produced by
these coils is small (about 5 gauss) compared with the
axial field H, (50 gauss). So the instantaneous effect of
this transverse field is to distort or bend the resultant
field to make a small angle § with the axis, where
tan 0=Hr/H,. Outside the region enclosed by these
coils the magnetic lines of force again become parallel to
the axis. Provided that the distortion in the magnetic
lines of force is not too great, the spiral paths of the elec-
trons will be so modified that they will follow the re-
sultant lines of force through the deflecting fields, and
after leaving the deflecting fields they continue to fol-
low the lines of force which are now parallel to the tube
axis. So the electron beam arrives normal to the mosaic.

If, having excluded all light from the mosaic and
biased off the electron beam, we gradually apply volts
to the electrodes of the tube, the mosaic will remain
substantially at earth potential. If now we turn on the
electron beam, the electrons will enter a retarding elec-
tric field as soon as they pass the mesh 4. Between this
mesh and the mosaic they will be slowed down to an
energy of a few electron-volts and hence, on reaching
the mosaic surface, each electron has a very small chance
of liberating a secondary electron. It follows that the
beam will drive the mosaic more and more negative in
potential until it has reached the potential of the ther-
mionic cathode from which the electrons originated.
With the scanning fields operating, the whole mosaic is
quickly established at cathode potential. Some correc-
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tions to this simple theory due to such effects as space
charge, contact potential, and lateral energies of beam
electrons, should be added here if time permitted, but
they do not affect the final result much. When the beam
electrons can no longer reach the mosaic they are re-
flected, accelerated towards the mesh 4, retrace their
outward paths very approximately, and are captured
on the first anode.

If now a light image is formed on the mosaic, the
photoelectrons liberated by the light are accelerated
towards the mesh 4. The electric field is sufficient to
give full saturation of the photoelectric emission. Thus,
a positive charge image is constantly being built up on
the mosaic and at each passage of the beam the mosaic
elements are driven back to cathode potential. The
electron beam must be of sufficient intensity to dis-
charge completely at each scan those mosaic elements
exposed to the brightest parts of the image. Even in
these peak white areas only about 10 per cent of the
beam current is effective in discharging mosaic ele-
ments. In practice, a beam current of about 1 pa is used
and the discharging current, which is the effective sig-
nal current, is about 0.1 pa. The residue of unused beam
current returns to the electron gun. Obviously, in ab-
solutely black areas of the image no beam electrons are
accepted by the mosaic, all being returned tc the first
anode. That is to say, true black level in the picture sig-
nal corresponds to the state where the mosaic is receiv-
ing no electrons from the beam. It is obvious that this is
the signal level produced during the return strokes of
the scanning. Thus, there is provided automatically,
when the beam is biased to zero, a signal which cor-
responds to true black, even though there may be no
completely black area in the picture being transmitted.
This gives a great advantage over the older tubes in
that however extremely the light content of the picture
may vary, the black level remains rock-steady. Conse-
quently all the other gradations of picture brightness
are truly reproduced.

A less desirable feature of this tube, which is common
to all full-storage tubes, is the fact that movement
of the image results in a blurring of the charge im-
age and so of the reproduced picture. This loss of de-
finition in individual pictures is equivalent to that ob-
served in a photograph taken with 1/25th of a second
exposure. However, just as in a cinematograph picture
of moving objects, the eye is able to integrate the suc-
cessive pictures to some extent and the total effect is
not nearly so disturbing as would be expected from
examining one single fame as a “still.”

The capacity of the mosaic to the signal plate has an
important bearing on this question of blurring of moving
objects. If the dielectric is too thin, giving a capacity
that is too great, the potential changes of the mosaic
elements will be small. Hence a small proportion of the
beam electrons will be able to reach the mosaic elements
and the discharge will be inefficient. In these circum-
stances it is quite possible for charges to remain incom-
pletely discharged for several frame periods which shows
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as serious blurring of moving objects an« trailing after
white objects. On theother hand, if the dielectric is too
thick, the potentials of the mosaic elements may rise
so high that the beam eclectrons have sufficient energy
on reaching them to liberate almost one secondary elec
tron per primary. Under these conditions the discharg-
ing is also inefficient with similar results. A compromise
must be reached between these two extremes, and it is
found possible to arrive at a fairly satisfactory result.

If a large amount of light falls on the mosaic it is
possible for the photoemission to exceed the beam cur-
rent. The mosaic elements will then rise rapidly in po-
tential until the beam electrons can reach them with
sufficient energy to liberate more than one secondary
per primary. The beam then drives the mosaic elements
still more positive, neighboring elements follow suit, and
in a few scconds the mosaic will reach the potential of
the wall anode. It then functions as a very bad emitron.
[his is corrected by first reducing the light to a reason-
able level and then lowering the wall anode to earth for
a few seconds and raising it again. Earlier tubes of
this type were very unstable in this way and required
very careful operation. This new tube is much more
stable for the reason that the strips of highly insulat-
ing dielectric surface that separate the mosaic elements
do not lose photoelectrons, and hence tend to remain at
cathode potential. They therefore exert a stabilizing in-
fluence and may even reduce or stop altogether the es-
cape of photoelectrons from those elements that have
drifted dangerously positive.

In general, this control action of the “grid” of strips
of insulating surface only comes into action when the
potential of the mosaic element has risen well above the
normal level for peak white. Over the normal working
range of mosaic illumination it has little effect, and the
charges built up are proportional to the image bright-
ness; or the device has vy = 1. Since the normal cathode-
ray tube increases the contrast of the signals which mod-
ulateits beam, this results in a picture with far too much
contrast. The highlights are too bright and the darker
tones are too dark. If the scene to he televised is very
“flat” and lacking in contrast imagine, for example, a
grey winter's afternoon) this can be a good thing, since
a much more interesting picture is presented to the
viewer. But, on most occasions, a much more satisfac-
tory result can be obtained by reducing the contrast of
the picture. Thanks to the fact that this tube does give
a definite black level to work on, my colleague \White
and his circuit experts have succeeded in doing this verv
satisfactorily. So now for the first time in the new CI’S
emitron cameras the contrast of the picture can be
adjusted to give the most pleasing result.

You may have noticed a mesh 4 stretched across the
path of the electron beam. This is to eliminate a white
spot which may appear in the center of the picture
which is produced by gas ions. The electrons pass
along the tube, collide with molecules of residual gas,
and produce positive ions. In the absence of this mesh
4, these ions drift towards the mosaic under the influence
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of the electric field which retards electrons but acceler
ates positive ions. The convergence of this electric field
also tends to concentrate these ions in a diffuse spot in
the center of the mosaic. There they build up positive
charges which are discharged by the beam, giving a
white signal. The mesh 4 held at the same potential as
the wall anode cuts off the electric field which collects
these ions from some distance back along the tube axis
Any ions produced between the mesh and the mosaic
are uniformly distributed over the mosaic arca and
hence do not appear as a disturbing signal in the picture.
The mesh 4 need not be of such fine pitch as that uscd
to make the mosaic, and it is placed at an antinode
where the beam is spread to its greatest diameter and
covers some hundreds of mesh apertures. Thus the
modulation of the beam by interception of electrons on
the mesh is negligible.

Fig. 15 is a picture of a CI’S emitron tube. This shows
the general appearance, but unfortunately the details
of construction are not shown. Fig. 16 gives a half-front
view of the CI’S emitron camera. I can only brietly out
line its design. The tube with its driving coils and head
amplifier is mounted rigidly on a platform which can be
racked back and forth on a very accurate “tramway,”
so the lenses are fixed and focusing is done by moving

Fig. 15—The CPS emitron tube.

A\

Fig. 16—CPS emitron camera (front view).
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the tube. Two interchangeable lens turrets are provided,
one having lenses 2.5-, 4-, and 6-inch focal length, all of
maximum aperture f/1.9; the other having lenses of
focal lengths 6-, 12-, and 17-inch and maximum aperture
f/4.5.

Thus a range of angles of view from 5.5° to 40° is
provided. A modified tube can now be provided with a
smaller mosaic which gives an angle of view of 3 inches
with the 17-inch telephoto lens. The iris diaphragms of
the three lenses on each turret are ganged together and
can be operated by a handie at the back of the camera.
Thus all lenses are set at the same f number, so that when
the turret is rotated the picture always comes up at the
same signal strength. The turrets can be interchanged
in a few minutes—if necessary, during a broadcast.

Fig. 17 shows a half-back view of the camera. At the
side is the focusing handle and just below the viewing
mask can be seen a large lever for rotating the turret
and a smaller concentric lever for controlling the iris

| . 252
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Fig. 18—Interior of CPS emitron control van.
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diaphragm. An electronic view finder is built into the
camera and is observed by the operator through the
mask which is seen on the back of the camera. This view
finder is a small cathode-ray-tube television receiver on
which the picture signals being generated by the camera
are displaved. Thus it enables the operator to view-find
and focus without an independent optical system.

In Fig. 18 the interior of the mobile control van is il-
lustrated. Four similar units can be seen. Of the three
on the right, each controls one of the three cameras that
can be operated simultaneously. One operator controls
each camera channel and is responsible for maintaining
a satisfactory picture on his monitor. The fourth unit
on the extreme left is the fading and mixing unit on
which the picture from any camera can be selected for
transmission. Above the four main units is the radio
monitor where the picture as seen by the home viewer
is displayed.

CONCLUSION

I would now-like to summarize as far as I am able the
relative merits of the television pickup tubes that have
been described.

The quality of a television service depends on a large
number of more or less independent features of the pick-
up tube that is used. The ten most important features
are as follows:

Sensitivity and the closely related depth of focus.
Picture definition.

Picture geometry.

Prevalence of background blemishes.

Color response.

Spurious signals.

Stability to variations in light.

Picture tone gradation.

9. Effect on picture of movement.

10. Life of the tube.

QoS O8. (L i, S IIOMER

I will now try to give an estimate of the performance
of the three tubes, emitron, super-emitron, and CPS
emitron in respect of each of these ten characteristics.

1. Sensitivity

The emitron has low sensitivity requiring about 200
foot-candles of illumination incident on the scene, and
even then has very small depth of focus. The super-
emitron has moderate sensitivity requiring about 50
foot-candles but has good depth of focus even with the
lens at full aperture. The CPS emitron has still better
sensitivity, requiring about 10 foot-candles, and also has
good depth of focus at full aperture. Under reasonable
illumination the lens can be stopped down and great
depth of focus obtained. Even at much lower illumina-
tion a reasonable picture can be obtained, for though the
signal-to-noise ratio becomes worse, the picture is not
vitiated by uncontrollable and variable shading. It
makes possible direct transmissions from locations
where extra lighting is impracticable or impossible, g
theatres, public functions, and the like.
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2. Picture Definition

All three tubes are very good for 405-line pictures,
but the super-emitron is somewhat better than the emi-
tron, and the CPS emitron is the best of the three. The
limiting resolutions obtainable are as follows:

Emitron 800 lines
Super-emitron 1,000 lines
CPS emitron 1,250 lines.

The definition of the latter is more uniform over the
whole picture than either of the other tubes.

3. Picture Geometry

The emitron is excellent, the super-emitron is the
worst, being prone to spiral distortion, while the CPS
emitron is about as good as the emitron.

4. Background

All tubes can be made with very clean backgrounds
and there is little to choose between them in this respect,
although extreme care is necessary in manufacture.

5. Color Response

The response of the emitron to colors is very close to
the response of the human eye with a little more re-
sponse to the red and infrared than is desirable. How-
ever, very light make-up 1s all that is necessary. The
super-emitron and CPS emitron have the same response
and are rather less sensitive to red than the eye. They
have no response to the infrared. There is little to choose
between the tubes on this score.

6. Spurious Signals

Strong and variable spurious signals are produced by
the emitron and super-emitron which require continual
correction. The bad effects due to them are seldom
completely eliminated and they become serious at low
light levels. The CPS emitron has no spurious signals
that affect the viewer.

7. Stability to Light Variations

The emitron and super-emitron are completely stable
to light, though to get the best results the amount of
light falling on the photosurface must be adjusted. The
CPS emitron is fairly stable and will cope with most
light variations met with in practice. To get the best
results, the amount of light falling on the mosaic must
be kept within a range of 4 to 1 by adjustment of the
iris diaphragm. Excessive light can destabilize the mo-
saic and put the tube out of operation for a few seconds.

8. Picture Tone Gradation

The emitron and super-emitron give low contrast pic-
tures which are a good average compromise for most
cases. However, their contrast is fixed and nothing can
be done to alter it, since there is no fixed black level in
the picture signal. For this reason also, the general level
of a transmitted picture depends on the manual adjust-

ment of an operator, who may not even see the actual
scene being televised. It is therefore quite arbitrary.
Furthermore, the uncorrected shading results in some
fogging of the dark areas of the picture. The CPS emi-
tron gives very true blacks and, whatever the distribu-
tion of light and shade in the picture, the reproduction is
accurate. The gradation between black and white is ex-
cellent and is not vitiated by uncorrected shading. The
signal output is proportional to light input which gives
too high a contrast law for general use. However, since
the black level is fixed, control can be applied success-
fully, and the contrast of the transmitted picture can be
adjusted to optimum.

9. Effect on Definition of Movement in the Picture

Emitron pictures of normal movement remain very
sharp, equivalent to an exposure time of 1/250 second,
but very rapidly moving objects appear as a succession
of separate images which sometimes leads to curious
results. The super-emitron gives pictures which are not
so sharp, some blurring being noticeable in cases of rapid
movement equivalent to an exposure time of, say, 17100
second. The CPS emitron gives pictures at best corre-
sponding to the equivalent of 1/25 second exposure, and
so some loss of definition of rapidly moving objects is
noticeable.

10. Life

The emitron has a relatively short life of around 100
hours. The super-emitron has a long life—probably be-
tween 500 and 1,000 hours. The CPS Emitron has not
yet had sufficient use to be certain on this point but
some tubes have already done 200 to 300 hours of opera-
tion without any serious deterioration occurring, so |
believe the prospect for a long life is goed.

You will see from this brief summary that there is as
yet no perfect television pickup tube. I leave it to you
to give marks and to add up the score. In the end the
question of what is, and what is not, a good television
picture is to some extent subjective, and people are in-
fluenced by what they have become accustomed to.
The only final test is a long series of broadcasts ranging
over a wide variety of subjects. The virtues and vices
of the emitron and super-emitron are well known. The
CPS emitron has had, as yet, only one serious test—the
Olympic events from the Empire Pool at Wemblev. It
is generally agreed, I think, that it survived this severe
test with flying colors.
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Who

HE QUESTION, “who is the true in-
Tventor," is often asked about many

modern inventions and, perhaps more
often, about those cases which have already
became past history. At first, this rather
ideological question seems to be superfluous,
if not ridiculous. Indeed, is it not the duty
of the law, before a patent can be granted, to
find out the whole truth about the inven-
tion? Or to restore the truth, if some error
has crept into the original procedure? Large
sums of money are sometimes spent on law
suits in an effort to establish the “true”
inventor.

And yet, one can hardly think of a single
important invention for which the full
credit would be unequivocally given by vox
populi—and off the record, even by experts
—to a single person, or to the same person.
Moreover, the favored person is by far not
always the official patentee. A good illustra-
tion of this apparently strange phenomenon
is the case of radio.

Up to the most recent time, the average
American and Western European, if asked,
who invented radio, would unhesitatingly
answer: “Of course, Guglieimo Marconi.”
However. to the confusion of many during
the last few recent years, the idea was re-
peatedly advanced by the Soviet press and
radio that the true inventor of radio was not
Marconi but a Russian professor, Alexandre
Popov.! The evidence given in support of
this claim has apparently not been heeded by
the Westerners, as to the great majority
Marconi still remains the inventor of radio;
yet some people begin to wonder if it was
really so. This controversy was conspicu-
ously reflected in the fact that the fiftieth
anniversary of radio was solemnly observed
in Moscow on May 7, 1945, while the West-
ern world celebrated it by an International
Marconi Radio Congress in the fail of
1947.

Those, who are acquainted with the
history of scientific events preceding the
advent of radio, know that Marconi and
Popov are not the only names connected
with it. Nearly a dozen other names of
renown have been suggested by various
authors, each one favoring his own hero as
being the most important contributor in
originating radio.

Such lack of consensus amounting to an
ideological controversy is not new in the
history of science and engineering. Thus, for
example, in 1676, bitter arguments were ex-
changed between Leibnitz and Newton and
their friends as to who was the true inventor
of calculus, the basis of modern mathe-

* Declmal classlfication: R.015. Original manu-
script received by the Institute, December 27, 1949,

Upsala College, East Orange, N. J.

A. S, Popov, 1859-1905. Professor of Physics in
Nnvg Torg: o School, Cronstadt, 1884-1901, and in
St. Pexersbourg Electrical Institute (also, its elected
President), 19011905,

PROCEEDINGS OF THE I.R.E.

609

Is the True Inventor?®

E. MOUROMTSEFF{, FELLOW, IRE

“Some men are born great,

Some achieve greatness, and

Some have greatness thrust upon them.”
Shakespeare (“Twelfth Night”)

matics.? The arguments continued for many
years and were accompanied by outright
accusations of plagiarism. But even now
the case remains unsettled.

About the middle of the nineteenth cen-
tury, the discovery of the classical law of
Conservation of Energy aroused a heated
discussion among the supporters of ‘James
Prescott Joule, of Hermann Helmholtz and
of Robert Mayer. Yet, even now, there is
no full accord on the subject among scien-
tific authors.?

Many more examples to the same point
could be quoted from the history of science.
It is enough to compare textbooks by differ-
ent authors and books published in different
countries in order to see a flagrant lack
of agreement in evaluating the merits” of
various contributors to scientific advance-
ment.

If, then, lack of harmonious judgment is
a common occurrence in the domain of pure
science, where untainted truth should be
paramount, can one wonder that there is no
general agreement in regard to those in-
ventions which arouse the curiosity and
admiration of thegeneral public who do not
know their true history. Steamboats, electro-
magnetic telegraph, telephone, electric light,
movies, radio, radio broadcasting, television,
radar, and others,—practically all inven-
tions of the industrial age have a muitiplicity
of names attached to each of them. Many of
them have the “true inventors” in several
countries with memorial plaques adorning
the walls of their birthplace. Some countries
count two or more “true inventors” of the
same device within their own boundaries. In
fact, there is hardly a single invention with a
single “true” inventor. What is the cause of
this confusion?

The main fallacy of all such contro-
versies, scientific or otherwise, undoubtedly
lies in the attempt of the disputing parties
to offer an absolute answer. Indeed, under
the term “true” inventor or discoverer one
tacitly understands a benefactor of human-
ity such that, had he not been born, the
particular invention or discovery would
have never seen daylight. Yet, the whole
history of science, pure and applied, clearly
shows that there are no such indispensable
men. The very fact that several names are
usually attached to many significant dis-
coveries proves the incorrectness of such an
assumption. Of course, in each case, the
relative importance and merits of individual
contributors may and usually do differ in
value,

In an attempt to establish a criterion for

tW. W. R. Ball, “A Short History of Mathe-
matics,” Macmillan and Co., New York, N. Y., pp.
362-367; 1893.
. 8 1. E. Mouromtseff, “Of what value ls history?”
Elec. Eng., vol. 68, pp. 945-948; November, 1949,

ascertaining the true role of different con-
tributors to human progress, we must make
it clear to ourselves as to what factors are
usually involved in making great inventions
and discoveries. This subject is often
touched upon in biographies of great men,
in books on history and philosophy of
science, etc., but usually no definite or uni-
formly general solution is given. First, one
may ask a natural question: Why is it that
from the multitude of students of science
and engineering only an extremely few
succeed in enriching humanity with really
outstanding novel ideas and revolutionary
inventions.

It seems that a satisfactory answer to
this query can be found by postulating the
following working hypothesis. Let us imagine,
as Plato did, that all kinds of general ideas,
when time is ripe, are found, so to say,
“floating in the air.” How they get there is
immaterial to our present thesis. As general
progress marches on, humanity reaches
different levels of intellectual and spiritual
maturity, at which it becomes capable of
assimilating certain ideas heretofore unre-
vealed to it, or revealed and long forgotten.
In this general evolutionary movement a
few individuals, pioneers of the spirit, be-
come attuned earlier than others to some of
these ideas, more readily respond to them
and perceive their manifestation in ob-
servable phenomena, while other people
pass them by without noticing them. His-
tory shows that, in addition to some other
necessary qualities, the condilio sine qua
non (the condition without which the matter
cannot be) for such an ability to perceive
and to discover seems to be a spirit full of
interest and devotion to the subject and the
absence of prejudices. These people become
channels through which humanity as a whole
receives new ideas. They are those who are
born great.

The postulated hypothesis is not mo.e
arbitrary than Newton's force of gravity
jumping over the space separating material
bodies;* or Huyghens' luminiferous ether;® or
relativistic independence of velocity of
light of the observer's motion. Similar to
other practical hypotheses this one permits
a convenient explanation of several observ-
able facts about the subject—discoveries
and inventions.

In the first place, it explains why many a
discovery was often made by several in-
dividuals located in different quarters of the
world and knowing nothing about each
other's work. The postulated phenomenon
is not unlike the reception of a broadcast

¢ Evidence ls available that Newton himself
viewed this Idea absurd and Incompatible with com-
mon sense.
¢ Huyghens' ether was endowed with contradlctory
grtl)gerttel of a perfect elastlc solid and of a perfect
uid,
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message by several independent, properly
tuned receiving stations. Acceptance of this
hypothesis immediately suggests the futility
of looking for a single “true” inventor to the
exclusion of all others. It should also suggest
the fallacy, in many cases, ol mutual ac-
cusation of plagiarism.

Indeed, even the bare fact of an earlier
publication of a new idea by one of the dis-
coverers, or an earlier patent application not
always can be taken as the undisputable
proof of the lack of authenticity with some
other contributor. liven right now, with ali
modern means of exchange of information,
very few individuals, if any, can claim that
they are perfectly well informed about the
recent achievements made in their fields in
forergn countries. A lag of one or two, or even
more years is quite common. Language
barriers naturally augment the difficulties.
As an interesting illustration, the case of
Oliver Lodge can be given. A\s is known, this
eminent British scientist was working in the
same direction as Heinrich Hertz, that is, on
the path to discovery of electromagnetic
waves. In a public lecture in July, 1888,
Oliver Lodge demonstrated to the audience
standing electric waves on wires and in air
he thought, discovered by him. He was
genuinely disappointed when, shortly after,
he learned about the ingenious and more
complete work of Hertz on the same sub-
ject, eight months before his lecture

The postulated hypothesis also makes
comprehensible why in the achievements of
pioneers—the original discoverers, explorers,
great inventors—there always is a pro-
nounced element of what may be called
intuition or inspiration, or simply a mental
jump into unknown and unexplored do-
mains not governed by laws of logic. Logic
comes into the picture later on after the dis-
covery is made, when the discoverer (or the
inventor) himself, or other persons begin to
accumulate new facts and to arrange them
in logical harmony with the previous knowl-
edge into a new theory. One commonly calls
this period of logical activity the development
stage.

A new idea of ten comes to the discoverer
like a flash of lightning, apparently un-
warraated, often in the most inappropriate
circumstances (e.g., Archimedes in the bath
tub). At that moment, the discoverer may
not even be in a position to prove the sound-
ness of his idea, theoretically; he simply
knows it is true; he senses it.

Many an author bears witness to such
spontaneity and absence of logical assured-
ness in the truth of his discovery. Thus, it
took Newton almost twenty years to prove
in detail the soundness of his law of Uni-
versal Gravitation.” It took natural phi-
losophers more than a hundred years 1o
prove the correctness of Huyghens' inspired
idea of undulatory theory of light. Robert
Mayer in his diary plainly states that the
ilea of Conservation of Energy flashed
through his head as lightning when he was

¢ Oliver Lodge, “On the theory of lightning con-
ductors,” Phil,  Mag., vol. XXVI, pp. 217 230,
August, 1888; especially the postscript.

7 William Cecil Dampier Dampier-\Whetham.” A\
History of Science,” Macmillan Co., New York. N. Y.,
pp. 167-168; 1929,
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performing a bleeding operation on a sailor
at Java.®

The idea of inspirational discoveries
versus logical development (ldison’s “in-
spiration vs. perspiration”) is strongly
emphasized by the most outstanding
FFrench mathematician, Henri Poincaré, in
his excellent essay, “Mathematical Crea-
tion.”® It is even said that he often made
public his mathematical discoveries without
their logical proofs and had to supply these
on his friends’ insistence.!®

One may remark that with different
authors the term inspiration used in this
article acquires different names, e.g., in-
tuition, spontaneous revelation, subcon-
scious mind, supersensory perception, hunch,
accident, good luck, and what not. However,
in every case it definitely means the same:
a mental jump into the realm of new ideas,
unaided by logic. The legal domain of logic
is only the past with respect to the ever
moving present™ In the distinctive role of
inspiration versus logic lies also the as-
surance that no inventing machine can ever
be designed to replace the human mind.
Also, in defiance of the popular scientific
illustration of the significance of probability,
humanity will always need for creative
work the Shakespeares, Goethes, and
Tolstoys with their quills, not “the army of
monkeys strumming on typewriters.”?

The dominant role of inspiration in
bringing about novel ideas explains the
known fact that sometimes great contribu-
tions to science, pure and applied, were
made by @mateurs, men with no conven-
tional schooling, or by men trained in an
entirely different art. Enough to mention
Benjamin Thomson of Boston (Count Rum-
ford), Sir Humphry Davy, Faraday, Joule
Robert Mayer,® I’asteur, and pleiads of
great inventors, such as Samuel Morse,
Peter Cooper, Alexander Graham Bell,
George \Westinghouse, Thomas Edison,
Marconi, etc. One cannot feach the art of
great discoveries or great inventions.!3

In this light, logic may even exert an
impeding effect. Indeed, one may observe
that a majority of revolutionary discoveries
even by the greatest scientists were made
preeminently in their prime, or at least
during the first half of their manhood, when
the ingrained habits of logical thinking were
not yet restricting the tlight of their inspira-
tion. .\ shining example of this was New1ton
himself. I’racucally al/l his great ideas were

¢ Wilhelm Ostwald. *Grosse Minner,” Akad
Verlagsgesellschaft m.b.H.. Third and Fourth Ed., P
65; 1910.

* Poincaré says: *The ideas come to me with the
same characteristics of brevity, suddenness and im-
mediate certainty.”

WAV, W, R, Bell, “A Short History of Mathe-
matics.” Macmillan Co., pp. 536-537; 1893; Quota-
tion from Poincaré's biography by Gaston Darboux.
his fellow mathematician.

1 “Heisenberg has recently pointed out that the
principle of uncertainty implies that the past may be
completely deduced from the present. but the future
cannot.” J. G. Crowther, “Men of Science,” W. \W
X\'%non and Co., Inc., New York. N. Y., p. 325;
1936

2 Emil Borel. “Le hasard.” Librairie Félix Alcan,
Paris, Second Ed., p. 164; 1914,

A, S. Eddington. “The Nature of the Physical
World.” Mucmillan Co., New York,N.Y..p. 164; 1929,

B “Rules of discovery. The first rule of discovery is
to have brains and good luck. The second rule of dis-
covery is 1o sit tight and wait till_you get a bright
idea.” (G. Polya. “How to Solve It?® Princeton Uni-
versity Press, p. 158; 1948.)
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conceived by him at the age of 23, when he
retired to his farm, Woolsthorpe, during the
great plague of 1665-1666."* The rest of his
life he was busy with the logical elaboration
of his ideas; often, he did it reluctantly,
urged by his friends and admirers.®

The “odder” a novel idea, the greater
may be its potential value. Thus, Faraday’s
revolutionary concept of “lines of force”
was simply repulsive to the great mathe-
matical physicists of his time. Many of
them used all their mathematical skill to
circumvent Faraday’s explanation of elec-
tromagnetic induction as an effect of lines of
force propagating through space.!’s It took
another genius, james Clark Maxwell, to
grasp and assimilate Faraday’s ideas and to
unfold them into a great logical system
known as “Maxwell’s theory” of electro-
magnetism. Again, when Marconi started
his first experiments on wireless transmission
across the ocean, his intent appeared odd,
even ridiculous to those whose strictly logical
minds could not conceive how radio waves—
in everything but their length similar to light
waves—could go around the earth’s curva-
ture. Therefore, the first news of Marconi's
success (December 14, 1901) was met by
many a good scientist with great scep-
ticism.!7 Logical justification of this un-
predicted phenomenon took almost a quarter
of a century.

Admitting the fact of i/logical inspiration
by no means deprives logic of its great value
in bringing discoveries and inventions down
to earth and in interpreting them to man-
kind at large. just the opposite, if not sub-
stantiated by a subsequent logical analysis
and proper development, any novel idea, no
matter how good, may be rendered futile; if
unheeded, it may go back into oblivion.
Such actually was the fate of the atomic
theory of Lucretius. This also happened to
the amazing ideas of Roger Bacon.® Again
lack of logical support postponed the advent
of bacteriology and its medical implications
by two centuries. Indeed, John Astruc
physician to Louis X1V, speaks with con-
tempt and indignation of the “visionary
imagination” of some of his contemporaries
(he exposes their names) who believed that
various contagious diseases were caused by
“numerous schools of little, nimble, brisk
invisible things of a very prolific nature
which, once admitted (1o the blood), increase
and multiply in abundance . . . and occasion
all symptoms of diseases.”s

In order 10 emphasize the importance of
logical development, we may conjecture, for

“in a memorandum in Newton's handwriting.
preserved at the University of Cambridge, Newton
epeaks reminiscently of his past important work
“. .. All this was in the two plague years of 1665 and
1666. for in those days 1 was in the prime of my age
for invention, and minded Mathematics and Philoso-
Bhy more that any time since. .. . * (Wiiliam Cecil

ampler Dampier-\Vhetham, “A History ol Science,”
Mncmll_l.m Co‘.'.\'cw York, N. ¥V, p. 165; 1929.)

*Wm. Cecil Dampier Dampier-\Whetham, “A
H'lstpry of Science,” The Macmillan Co.. New York,
N. Y., p. 176; 1929.

!¢ James Clark Maxwell, A\ Treatise on Electricity
and Magnetism,” Vol, 11, Third Ed., Oxford Univ
Prcss.‘ London: Humphry Milford, (First Ed.) 1872,
(3rd Ed.). pp. 486-492; 1893,

17 Oliver Lodge, “Talks about Radio,” George H.
Doran Co., New York. N. Y. p. 61, 1925,

" Howard W. Ilaggard, “Devils. Drugs and
2?1?352; Harper and Brothers. New York, N. Y., p
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example, that without Maxwell's supreme
mathematical logic, Faraday's inspirational
ideas of gradual propagation of electromag-
netic disturbances through space and time
could have lapsed into oblivion, or their full
development would have been postponed by
some period of time.

The great logical contributors are those
who achieve greatness through their endeavor,
knowledge, and skill.

It may be remarked that inspiration is
necessary not only for discovery of novel
basic ideas but also is needed at various
stages of their logical development. It is
needed each time the trodden path of logic
comes to a dead end in solving even minor
problems. The apparently simple idea of
drilling a hole may come through inspira-
tion. Thus, rows of holes along the edges of a
movie film conceived by LePrince in 1890,'®
actually saved movies from being a failure
at their very inception.

The outlined hypothesis and its in-
ferences, once accepted, surely can help one
more easily to untangle the existing am-
biguities, discrepancies, and outright errors
in historical information as often given in
texthooks on science, historical essays and
in so-called historical movies. However,
even with the most sincere desire to give
full justice to various contributors to human
progress, it often proves difficult to escape
the influence of certain biases. One of them
is the “legal” bias.

The legal viewpoint is of course involved
through the patents pertaining to the basic
idea under consideration. As already stated,
the legal criteria of the true inventor do not
always coincide with the common under-
standing of justice. To begin with, patent
laws are different in different countries: this
immediately renders the legal truth multi-
faced. Furthermore, from the legal view-
point a bare idea—no matter how brilliant
—cannot be subject to a patent; it should be
embodied in a useful device. Thus, for ex-
ample, the law would refuse to view Sir
William Crookes as the originator of radio,
although he was actually the first to go on
record in 1892%° with the idea of utilizing the
then recently discovered electric waves for
practical communication. On the other

. ¥ Roger Burlington, “Inventors Behind the Inven-
tions,” Harcourt, Brace and Co., New York, N. Y.,
p. 147; 1947,

® Sir William Crookes, “Some possibilities of
clectricity,” Forimightly Rev., vol. 57, pp. 172-181;
February, 1892,

Mouromtseff: Who Is the True Inventor?

hand, if a “legal” inventor, inspired by some
one else’s idea, made it serviceable to man-
kind through his skill and ingenuity, one
must certainly admit that he contributed to
human progress more than he who had con-
ceived a wondrous idea but “hid it under a
bushel.”?.2 The relative merits of all persons
involved should be judged in each individual
case according to the fruits of their deeds,
either directly or by inspiring other people.
No general rule can be given for this.

In addition to the legal bias, the correct
pronouncement about a certain invention
or a certain discovery is not infrequently in-
fluenced by what one may call, “human re-
lation” factors. These are: personal friend-
ship, business connections, commercial and
industrial interests of organizations to which
the inventor belongs or belonged even in the
remote past—all of these tend to exaggerate
his merits unduly and to minimize the
virtues of competitors. In evaluation of in-
dividual inventors and scientists, such one-
sided publicity is to be discounted.

Undoubtedly, the most damaging to
truth in general picture of human progress
seem to be national prejudices. Because of
these, young generations are educated in the
habit of disregarding contribution to prog-
ress by other nationals and of greatly ex-
aggerating the merits of their own lands-
men.? \Why, for example, is the well-known
Boyle's law of isothermal expansion of gases
not called Boyle-Mariotte's law? Mariotte,
a Frenchman, discovered the same law quite
independently of Boyle, although he did it
several years later. Yet, it was Mariotte who
first realized the prime importance of this
law and immediately applied it to the cal-
culation of the distribution of atmospheric
pressure, while the same law, probably con-
sidered unimportant, was not even included
in the first publication of Boyle's work.?

Again, why should the author of a text-
book on physics in the chapter on light con-
vey to the students the idea that velocity of
light was first measured by Michelson? The
names of the previous workers in this realm,

7 A good example of this is represented by the
discovery of “Edison Effect.” After a feeble attempt to
commercialize this phenomenon, Th. Edison com-
pletely forgot about it. 1t took O. W. Richardson, A.
Wehnelt, J. A. Fleming, and Lee DeForest to investi-
gate the phenomenon ecientifically and to put it to
work.2 X

n Clay H. Sharp, “Edison effect and its modern
applications.” Proc. AIEE, vol. 41, p. 69 1922,

B philip Lenard, “Great Men of Science,” Mac-
millan Co., New York, N. Y., pp. 63-64; 1925.
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Roemer, Bradley, Fizeau, and Foucault, are
not even mentioned. Michelson contributed
enough to science not to live on borrowed
glory.

Such “why’s” could be extended over
many pages. There are indeed numberless
cases in which greatness is thrust upon certain
men while it is deliberately taken away from
the others. It is not infrequently thrust upon
those who themselves have already achieved
greatness or were born great. (Edison and
Einstein are good examples.) Why should not
science be completely impartialin the matter
of recognition of the merits of its great men
without regard to their nationalities? Only
mutual respect and justice may some day
become a solid basis of pax per cultura
(peace through culture), the dream of many
scientists. Why should not Alexandre Popov
and Guglielmo Marconi be given justice and
honor, each according to his specific merits,
without trying to disparage the other?

‘The factual material and official records
of the dawn of the “wireless,” historical
literature, also the vast evidence produced
by friends and admirers on both sides—all
corroburate that Marconi and Popov ar-
rived at the solution of practical wireless
communication independently and, broadly
speaking, simultaneously. Both inventors
started their work in this direction during
1895. In that year Marconi developed his
first apparatus and experimented at his
father's farm near Bologna, Ituly. Popov
demonstrated to Russian scientists his
thunderstorm recording station; this later on
became his first radio receiving station. After
further development, both inventors were
able to demonstrate, in 1897, practical com-
munication over distances of several miles,
Marconi in England and Italy, Popov in
Russia. It is hardly possible to establish
with certainty on which particular day either
inventor conceived his final idea of wireless
communication. Is it, however, necessary?
Is it necessary in a matter of such great
cultural importance to apply horse-race logic
in which a split-second may mean a total
gain or a total loss? From all evidence it is
clear that Russia learned about wireless and
obtained it in practical form through the
knowledge and ingenuity of the sedate sci-
entist professor Popov; the Western world
unquestionably received all that through
the energy and ingenuity of the young
Marconi, and his unabatable faith in the
great future of radio.
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A Source of Error in Radio Phase Measuring Systems”

ROSS BATEMANTY, associate, IRe, E. F. FLORMANY,
ASSOCIATE, IRE, AND A. TAITY

Summary—A source of error in radio navigation or distance-
measuring systems involving the measurement of phase is discussed.
Experimental evidence is given showing the effect of certain reradiat-
ing structures on the accyracy of such phase measurements.

SOURCE of error in radio-navigation and dis-
A tance-measuring systems involving measure-
“ ments of phase has been observed during the
course of field calibration of an experimental system de-
signed to measure the phase difference of radio-fre-
quency helds as received at two widely spaced antennas.
As far as is known, this type of error has not previously
been reported in the literature.
Fig. 1 shows a simplified block diagram of the experi-
mental system which consisted of two radio receivers
spaced about 2.4 miles apart and a “local oscillator” anil

o
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Fig. 1—Block diagram of low-frequency phase-
measuring system,

phase-measuring unit located approximately midway
between the two receivers. The audio-frequency beat
voltages obtained at the receivers by the combination
of the signals from the local oscillator and a remote
mobile transmitter were relayed to the phase measuring
unit over vhf FM links. A measurement of the variation
of the phase difference of the fields produced at the two
receivers by the distant mobile transmitter could then
be made conveniently by comparing the phase between
the two audio-frequency beat signals as received over
the vhf link at the central phase-measuring unit.

Referring to Fig. 2, if the mobile transmitter is carried
halfway around the system from P, to P, via any path,
the total change in the indicated phase difference should
be 4rD/\ radians, where D =distance between receiv-
ers, N =wavelength in same units as D.

If the mobile transmitter travels completely around
the system returning to position P,, the total change in
phase difference should be zero.

During several tests on a frequency of 300 ke, it was
found that when the mobile transmitter traversed cer-
tain particular paths in the vicinity of re-radiating

* Decimal classification: R246. Original manuscript received by
the Institute, June 30, 1949; revised manuscript received, November
18, 1949.

t Central Radio Propagation Laboratory, National Bureau of
Standards, Washington, D. C
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Fig. 2—(a) Plan of low-frequency phase-differential measuring sys
tem and path traversed by mobile transmitter around the system.
(b) Phase-differential versus position of mobile transmitter.

structures, such as power lines or telephone lines, the
total indicated phase change differed from the expected
result by 2r N radians, where N is an integer. I'ig. 2(b)
shows a plot of the phase change measured by the sys-
tem as the mobile transmitter traversed the path shown
in Fig. 2(a). For comparison, the calculated change in
phase differential is also plotted for the path shown in
Fig. 2(a). Inspection of these results shows that the
measured differential phase change over the path P; to
P; was approximately 2,390 degrees, while the calcu
lated value was 2,784 degrees; furthermore, a net phase
loss of 720 degrees was encountered in making a com-
plete circuit around the system. It was noted during the
tests that the sections along the path where rapid
changes in phase were observed usually occurred in the
neighborhood of power and telephone lines. Further
tests resulted in the localizing of a relatively small
region in which the mobile transmitter could be carried
around a closed path, with the result that the indicated
phase at the completion of the trip differed by 2w
radians from the value indicated at the start.

Fig. 3 shows a section of the path shown in Fig. 2(a)
and also a plot of the phase differential measured as the
mobile transmitter was carried around this section
(C-B-D). These results show a change of 360 degrees of
phase differential for one traverse of the mobile trans-
mitter around the closed path.

An analysis indicated that this type of error could oc-
cur under certain conditions when the field produced at

EEEE————— |
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one of the receivers by re-radiation from a parasite is of
the same order of magnitude as that produced by the
mobile transmitting antenna. In particular, it was
found, both theoretically and experimentally, that the
phase of the field at a distant receiver would change by
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Fig. 3—Plot of phase-differential measured by system, versus position
of mobile transmitter over path C-B-D.
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Fig. 4—Loci of driven-antenna position in the region of a parasite for
constant phase of the resultant field at a distant receiver.
Note: The driven antenna and the parasite antenna are each { A.

360 degrees if a mobile transmitter employing a i\ ver-
tical antenna was carried around certain closed paths
in the vicinity of a grounded i\ vertical parasite with
its self-reactance approximately tuned out. Fig. 4 pre-
sents curves showing calculated variations in the phase

of the field at a remote receiver produced by a mobile

360d
| Ep| sin {180° 4 0pp — 7} +| En| sin{

¢ = tan™! —_—

o 360d
| Ep| cos {180° 4 6pp — )+ | Ep| cos {—r cos (a — A)}

transmitting antenna and a tuned parasite at a fixed
position relative to the receiver. In determining the ef-
fects of the tuned parasite, the computations of mutual
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impedance for the various spacings between the trans-
mitting and parasite antennas were based on the as-
sumption that infinitely thin conductors were em-
ployed.}?
The calculated curves of Fig. 4 were based on the fol-
lowing derived equations:
360d

ER=[|E,,|@+|E,,|/ . cos{a-A}]

where,

E =Resultant field intensity at the distant re-
ceiver, assuming the parasitic antenna to be
fixed at the origin.

| Ep| =Field intensity amplitude at distant receiver,
produced by radiation from the parasitic an-
tenna.

| Ep| =Field intensity amplitude at distant receiver,
produced by radiation from the mobile
(driven) antenna.

B=180°+0pp—7.
0pp = Phase of mutual impedance between “driven”
antenna and parasitic antenna,
=tan~! Xppr/Ropr.

r = Phase of self-impedance of parasitic antenna,
which is zero in this case, since tuned condi-
tions are assumed for the parasite.

d/\ = Distance from parasitic antenna to driven an-
tenna, wavelengths.

s/\ = Distance from parasitic antenna to distant re-
ceiver, wavelengths.

a=Angle between x axis and a line from the ori-
gin to the driven antenna.

A = Angle between the x axis and a line from the
origin to the distant receiver. This angle was
assumed to be zero for the calculations of
curves in Fig. 4.

Equation (1) is of the form:

Er=|Ecl| /¢ —¥ @
where,
360s
By
cos (a — A)}
— | @)

1 G. H. Brown, “Directional antennas,” Proc. LR.E., vol. 25, pp.
78-145; January, 1937.

12 C. Russell Cox, “Mutual impedance between vertical antennas
?;r;\equal heights,” Proc. I.R.E., vol. 35, pp. 1367-1370; November,
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For a given (fixed) position of the distant receiver, the
angle ¢ is the phase of the resultant field intensity at the
receiver.

From equation (3):

June

transmitter traversed particular closed paths in the vi-
cinity of the parasite. It appears that this type of error
would be encountered in certain types of radio naviga-
tion or radio distance-measuring systems involving

. e i Ep A |
¢ — sin cos ¢ (tan ¢ cos 0pp — sin ODP)‘
Ep

a = cos™!

Since the parasitic antenna and the driven antenna were
cach A/4 and tuned, it follows that:

Ep ZDp

(5)
ILD I\)p

where
}ZDPI =mutual impedance between the parasitic an-
tenna and the driven antenna.
Rp =resistance of parasitic antenna.

Values of ¢ and d /X were assumed and the correspond-
ing values of a were calculated from (4), (5) and the
work cited in footnote reference 2.

I'he set of curves shown in Fig. 4 indicate two points
of singularity, P4, and Pg. \When the transmitting an-
tenna is at either of these singular points, the field in-
tensity at the remote receiver is zero and the phase is
indeterminate. If the transmitting antenna is carried
around a closed path enclosing either one of these singu-
lar points, the resultant phase of the field at the distant
receiver will change 360 degrees for each traverse of the
closed path.

Furthermore, it was determined experimentally that
other combinations of lengths of a mobile transmitter
antenna and a re-radiating parasitic antenna resulted in
a phase discrepancy of 360 degrees, when the mobile

360d
A ad)

measurements of radio-frequency phase if the mobile
transmitter or receiver passed near structures, objects,
or wire systems which act as efficient parasites.

A phase-error effect similar to that discussed ahove
would be encountered in the case where the reflected
signal from an airplane to a radio receiver in a ground-
based vhi phase-measuring system became greater than
the ground-wave signal to the receiver. In this case the
reflected signal would take over or “capture” the phase,
with the result that the indicated phase change could
be very large and caused solelv by the movement of the
airplane. This spurious phase change could either add or
subtract from normal phase reading, depending upon
the movement of the airplane relative to the phase-
measuring system. In general, the net spurious phase
change produced by the movement of the airplane
would not be zero and would depend on the difference
in path lengths for the signal reflected from the aircraft
at the aircraft positions where “capture” began and
ended.

Further experimental and theoretical studies are un
der way for defermining the nature of the conditions
under which errors of this type are encountered, as well
as methods of operation or instrumentation techniques
for avoiding such errors in practical systems.

An Analysis of Some Anomalous Properties
of Equiphase Contours”
GEORGE A. HUFFORDY, ASSOCIATE, IRE

Summary—~If one thinks of the voltage of a radio signal as a func-
tion of the location of some target point, then the phase of this volt-
age is also such a function. One might imagine that since the voltage
exhibits no peculiar properties, neither does the phase; but this is
not true. There are many cases for which the phase becomes a

* Decimal classification: R246. Original manuscript received by
the lndstltute, August 9, 1949; revised manuscript received, NMarch
8, 1950.

t Central Radio Propagation Laboratory, National Bureau of
Standards, Washington, D. C.

multivalued function. This fact is very important in the theory of the
phase measurement type of radio surveying or navigational systems;
for the phase difference between two points depends not only on the
location of the points, but also on the path over which the target is
carried.

INTRODUCTION

NE OF THLE more popular types of radio survey-
@ ing systems is the phase measurement type in
which the phase of a radio-frequency signal is
used to determine the location of a “target point.” This.
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can be done in any of a great many ways; but essentially
the technique consists of erecting an antenna at the tar-
get point and another at some point whose location is
known, and then transmitting a continuous wave be-
tween the two. If the phase of the received voltage can
be measured, an equiphase contour will be determined
along which the target point must lie. With two such
arrangements, two contours will be determined, and the
target point must be located at their intersection.

Unfortunately, measuring the phase of a voltage is
not a simple matter, largely because the term “phase”
is, as it stands, ambiguous. Phase must always be meas-
ured relative to the phase of some reference voltage of
the circuit, and even then it can be defined only to
within an integral number of whole cycles.

In order to resolve these two difficulties, it has been
found necessary to change to some extent the ele-
mentary concept we have just outlined. The first diffi-
culty is generally disposed of by speaking only in terms
of the phase difference between voltages at the two ends
of some established base line; while the second is re-
solved if we are content to carry the target antenna from
some point whose location is known to the point whose
location we wish to find, meanwhile making sure that we
count out the number of whole cycles over which the
phase changes.

Whelpton and Redgment! have described a large
number of such systems that were developed during the
war. This number is so great and the applications so
wide that there seems to be little room for doubt that the
concept of using phase measurements as a position indi-
cator is fundamentally sound.

Recently, however, Bateman, Florman, and Tait?
have reported an experiment which raises some new
questions as to this soundness. Using an experimental
phase measuring system, they found that by carrying
the target antenna between two points by several dif-
ferent paths they got, contrary to all expectations, dif-
ferent phase measurements. These differences seemed
always to be equal to an integral number of whole
cycles.

According to these authors, this phenomenon is
caused by the presence of parasitic reradiators. They
found that such parasites would often set up interference
patterns which contained points where the received
voltage vanished. Encircling such a point in a closed
path gave a total phase change not of zero, but of pre-
cisely one whole cycle.

And as a matter of fact, using their hypothesis to
guide us, it is quite easy to construct examples in which
this anomaly appears. Bateman, Florman, and Tait in
their paper have given one such example. Sandeman?

! R. V. Whelpton end P. G. Redgment, “The development of C.
W. ra(jno navigation aids, with particular reference to long-range
operation,” Jour. IEE, vol. 24, pt, 11 A, pp. 244- 254; 1947.
o R'oss Bateman, E. F. Florman, and A. Tait, “A source of error
in radio phase measuring systems,” ’roc. L.LR.E., this issue.

112, K. Sandeman, “Spiral-phase fields,” Wireless Eng., vol. 26,
pp- 96-105; March, 1949.
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has put the principle to practical use by setting up
spiral-phase fields for azimuth determination.

In Fig. 1 is still another example. Here we have drawn
a set of equiphase contours which appear at the
ground when there is a dipole at R and a second at S,
four wavelengths away. The dipole at S carries half the
current that the one at R does, and the two are 180°
out of phase. Notice how at the five points 4, B, C, D,
and E the contours seem to fold back on each other. If
we measure the phase difference between, say, points R
and P, the result depends very much on how the path
we take interlaces these five points. Three such paths
are shown in Fig. 1 which give this phase difference
variously as 3,060°, 2,340°, and 2,700°.

It thus appears that the phase of a radio signal is not
as has been previously thought, a single-valued function
of position, but must be considered multiple-valued.
‘This paper is written as an introduction to this multiple-
valuedness. In it will be shown when and why equiphase
contours become ambiguous.

THE ANALYSIS IN Two DIMENSIONS

First of all, let us suppose that we are surveying on
some plane surface. A target antenna is placed at a point
P which we can describe by the rectangular co-or-
dinates (x, y). Then at the receiver terminals, whether
they are attached to the target antenna or to some sta-
tionary antenna, we shall find a voltage E(x, ¥) which
will be a function of the point P.

It is the phase of this voltage that we must measure.
Therefore, if we separate E(x, y) into its real and imag-
inary parts,

E(x, y) = u(z, y) + iv(x, ), (1)
the phase ¢(x, y) will be defined as
#(x, y) = tan U8 ) (2)
u(z, y)

We cannot, as we have already seen, measure this
phase directly. But if we proceed from the point (x, y)
to the point (x+dx, y+dy) an infinitesimal distance
away, we can measure the resultant change in phase,

17 d
de = —?dx+—¢dy
Jx dy
o ou iy Ju
“or "oz "o o
L S P SR A M€
u? + ? ut + o?

Continuing along some curve C, our phase measuring
device will add together all the infinitesimal changes of
phase, and the net phase change will be

¢=L““”' (4)

Now if d¢ is a continuous differential throughout the
entire plane, then, of course, this integral is equal sim-
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Fig. 1—Equiphase contours with a contour interval of 45° for an antenna system consisting of a dipole at R and a second dipole at S four
wavelengths away. This latter dipole carries half as much current as the former, and the two are 180° out of phase.

ply to the difference of the values of ¢ at the two end-
points of the curve C, and we run into no difficulties at
all. However, by exaniining (3) we see that d¢ will not
in general be a continuous differential. It will have sin-
gular points wherever both u and v vanish. In the pres-
ence of such points, thercfore, we can expect anomalies.

Although the existence of singularities somewhere in
the plane means that we can no longer evaluate immedi-
ately the integral of (4), it is still possible to make sev-
eral simplifying statements. First, it is shown in many
of the text-books! that if the curve C is closed and do
is continuous at all points within and on C, then the
integral vanishes. From this it can in turn be shown
that if X is some simply connected region within which
d¢ is always continuous, then the integral in (4) is inde-
pendent of the path taken provided only that this path
together with its end points lies wholly within the region
K.

Thus just as in the integration of an analytic function
of a complex variable, we can determine what effect the
path has on the net phase change if only we know what
values the integral assumes when the path is a small
closed loop around each singularity.

Suppose, then, that at some point Q both % and v
vanish. We shall transfer the origin of our co-ordinate

¢ W. F. Osgood, “Advanced Calculus,” Macmillan and Co., New
York, N. Y., pp. 220-231; 1929,

system to the point Q. Then from Taylor's theorem we
know that at any point in the neighborhood of 0

u:x + u,y + 0(r?)
v:x + 2,y + O(r?),

where the subscripts indicate partial derivatives evalu-
ated at Q, and r is the radial distance (x*+y*)V? from Q.
Consider the co-ordinate transformation

u
(5)

v

x = (1,24 1,12 cos § )

y=(u24 v.%)"% sin ¢
The curves of constant p are evidently concentric ellipscs
encircling the origin Q. Since it makes no difference
what particular form we use for the path C so long as
this path encloses the singularity at Qand no other singu
larities, we shall define C to be one of these ellipses. Sub-
stituting (3), (5), and (6) into (4), we find the total
phase change

(“:2 + 0:2)1/2(uy2 +7vy2 l"2

4 14 0(p)lde
_f—'__a__d[w(p) S

(uz4, — v.0,) sin 29

[ . i

(“:? + 0:2)1‘l2(uu2 + vv2)”2
Note that if u.v, —v.u, =0 this expression vanishes; that
1s, we still get zero phase change. To evaluate @ in the
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case where u,9,—v.%,70 we remark that it must be in-
dependent of p. This means that the term in (7) which
contains the function O(p) must be zero when in-
tegrated. For otherwise we could by taking p small
enough always effect an impossible variation in &.
Discarding this term and using the formula

[* dé
J 1+ ksind

2 tan /2 + k

= — - tan™! ——/— — (8)
(1 — k)2 (1 — A2

we can integrate (7), getting finally

® = 2r — bl P + 2, 9)
[(uzvu - vzuu)zlllz
where the sign to be taken is the same as that of the
quantity u.v, — vty
In other words, we have shown that if we encircle an
isolated zero of the voltage E=u+1v, we shall find a
net phase change of +2m, —2w or 0 when the quantity
U0, —vuy iS positive, negative, or zero, respectively.
This quantity u,v,—v.u, which plays such an impor-
tant part in the preceding analysis, is nothing more than
the Jacobian

| ou(@) 3u(Q) |

__'. dx dy | (10)
Q) (@ |’
ox dy

evaluated at the point Q. If we write E* for the complex
conjugate of E, it is not difficult to see that J may be
expressed directly in terms of E by the relation

I ImjaE* aE )

Let us see how this may be applied to the example in
Fig. 1. We are given the voltage

eﬂrrll)\

eiZfrzlk

E(P) = (12)

where 7, is the radial distance PR and r, the distance
PS. At the five points 4, B, C, D, and E, defined by the
relations

7 2nh
(13)

ro=nA n=2134

the voltage will be zero. If we place the origin of our
co-ordinate system at R with the x axis directed along the
line RS, a straightforward differentiation at these five
points will give

JOE* AE\ yr
il PP Gy LA

-
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At the points 4 and B, y is positive; (14) shows that
therefore J is negative. As we circle either of these
points in a positive, counterclockwise direction, we
should find that the phase has decreased by one whole
cycle. Fig. 1 shows that this is indeed true.

Meanwhile at the points C and D where y is negative,
J will be positive. Circling either of these points will
increase the phase by one whole cycle.

But at E we have a different sort of result. For this
time y is zero, so that according to (14) J is also zero.
As we have seen, this means that the integral (7
vanishes and there is no net phase change. This, too, is
borne out by Fig. 1.

THE ANALYSIS IN THREE DIMENSIONS

Perhaps this whole question of equiphase contours
is better pictured in a full three dimensions. To do this
it is merely necessary to define all our quantities as
functions of the point P(x, y, z). Thus we define the
voltage

E(x; y, 2) = u(x, y,2) + w(x, ¥, 2) (15)
and the phase
v(x, ¥, 2)
#(x, y,2) = tan™} ————— (16)
u(x, y, 2)

Then if C is a three-dimensional curve, we have for
the total phase change

d 9 9
<I>=f —fdx+—;¢dy+—(#dz=fv¢-ds 17)
c 0x dy dz c

where ds is the incremental vector directed along C.

Suppose that C is a closed curve bounding some sur-
face S;and suppose that throughout S, V¢ together with
its derivatives is a continuous vector field. Then we can
transform (17) by means of Stokes’ theorem, finding,
since the curl of a gradient is always zero, that

3w fsv X (V$)-nda = 0 (18)

where N is the unit vector normal to the positive side
(which is determined by the direction of ds on the bound-
ary C) of the element of area da.

On the other hand, if there is some point on S for
which E vanishes, then V¢ is not continuous. And, in
fact, by reasoning similar to that we have already used
for a plane surface, it is easily shown that

b=+ 2r (19)

where now the sign is determined by the sign of the
quantity

n-Vu X Vo = Im{n VE* X VE}. (20)

It must be remembered that the gradients are to be
evaluated at the point where E vanishes, while the vec-
tor n is determined by the usual right-hand rule as ap-
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plied to the direction in which the target antenna is car-
ried along the curve C.

Let us examine now the analytic behavior of the set of
points for which E is zero. At such a point we know that
the two equations

w(x, y,2) =0

21
o(x, y,2) =0 @

must be satisfied. But we may also look upon these equa-
tions as a set of two equations in the three unknowns x,
¥, and z. Such a set will define a curve T, if and only if
the Jacobian matrix

du du du
ax 3y oz
dv dv I
oz ay oz |

is of rank two. Saying that this matrix is of rank two is,
moreover, equivalent to saying that

Ve X Vo # 0. (22)

Furthermore, this is precisely the restriction that we
must place on (19) and (20).

r

Nl

\

N—

Fig. 2-—-An example of a path of integration Cinterlinking a curve I'
of zlero voltage. The net phase change along C will be one whole
cycle.

We can interpret these results in the following way.
The net phase change around a closed curve C is one
whole cycle, if and only if there exists within this curve
a curve I' along which the voltage vanishes. This can
only happen if the curves C and T are related as in Fig.
2. If C, instead of intertinking T, goes completely
around this curve then we shall no longer find a net
phase change.

CONCLUSION

Returning to Fig. 1, we recall that the points 4 and C
are determined by the relations

r, = 4)\
re = 2)\.

Actually, of course, these two relations in three dimen-
sions determine an entire circle. The points 4 and C are
only intersections of this circle with the ground plane.
If the circle is interlinked with any closed curve, whether
it be on the ground or not, we will observe a net phase
change of 2r radians.

Similarly the points B and D of Fig. 1 both belong to
a second circle. Interlinking this circle will also produce
a net phase change. But the point E represents a de-
generate case. For here a closed curve has been collapsed
down to the single point E. Since we can no longer inter-
link this degenerate curve, it is not possible to obtain a
net phase change.

Another type of degeneracy is present in the case of
two dipoles of equal amplitude but opposite phase. In
this case, the voltage E vanishes at all points of the plane
of perpendicular bisectors to the line joining the two
dipoles. Still, since (21) will not define a curve but onh
a plane, the vector ZuX Vv is zero, and the phase re-
mains unambiguously defined.

Finally, there is one case of zero voltage which we
have purposely avoided up to now. This is the case of a
single vertical dipole; for the field directly above a di-
pole is zero. Now this set of zeros defines a curve; and
we have said that circling any curve of zero voltage will
produce a net phase change. Obviously, in this case this
is not so. The answer to the paradox lies in the fact that
along this line the gradient VE does not exist. In short.
we cannot write down Taylor’s series in (5), and all our
conclusions from that point on are invalid. \We must, in-
stead, consider this as a special case which has no effect
upon our phase measuring device.

And so we have concluded an examination of what
seems to be all forms of the voltage E which will arise
in practice. We have seen that, except for certain special
cases, the existence of points where the voltage vanishes
implies a multiple-valued phase. If we include within
our list of degenerate cases curves of the type considered
in the last paragraph, we can state this fact more ex-
plicitly: A phase measuring device will provide results
which are independent of the path over which it is car-
ried, il and only if there do not exist nondegenerate
curves on which the received voltage vanishes.
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A Microwave Propagation Test”

J. Z. MILLAR{Y, SENIOR MEMBER, IRE, AND L. A. BYAM, Jr.}

Summary—A description is given of a microwave propagation
test which was conducted over a period of a year with simultaneous
transmission on wavelengths of 16.2, 7.2, 4.7, and 3.1 cm over an
unobstructed 42-mile overland path. Comparative charts depict varia-
tions in daily fading range, illustrate diurnal and seasonal character-
istics of fading, and reveal the marked disparagement between
winter and summer fading. Curves are presented showing relative
field-strength distribution for both winter and summer periods, and
also the distribution of hourly minima. These curves may be useful in
considerations bearing on continuity of service that may be expected
with relation to wavelength and to time of day, winter or summer.

INTRODUCTION

"If YHE OBJECT of this paper is to describe a micro-
(j[ wave propagation test, recently com pleted, and
to present a summary of the results obtained.
The term microwave is generally considered to desig-
nate frequencies of 1,000 Mc and higher (wavelengths of
300 cm and shorter).

DiscussioN

Some of the more important advantages which ob-
tain for radio communication systems operated at
microwave frequencies are virtual freedom from ex-
ternal noise created by electrical and magnetic dis-
turbances, considerable power gain from relatively small
antenna systems, highly directional radiation at low
elevation angles, and complete absence of ionospheric
reflections.

665’ £

400’

200" —

The successful application of microwave techniques
to communication systems requiring a high degree of
circuit continuity and stability involves a reasonable
knowledge and understanding of the behavior of micro-
wave signals under the influence of varying atmospheric
conditions, especially under unfavorable conditions, and
particularly with respect to their relative effects at dif-
ferent wavelengths. The microwave propagation test de-
scribed in this paper was undertaken for the purpose of
investigating such behavior.

To insure that an adequate volume of suitable data
would be obtained, four widely separated frequencies
were selected for the test and the test itsell was con-
tinued for a period of well over a year, beginning in
December, 1946. No attempt was made to provide an
claborate system for recording meteorological data,
since the primary purpose of the test was to study the
effects of, rather than their relation to, variable weather
conditions. It was thought, however, that a qualitative
analysis of a general nature could be made using the
United States Weather Bureau weather map and data
which are published in the New York Times newspaper.

Observations were made on unmodulated carrier sig-
nals transmitted from a specially constructed tower at
Neshanic, N. J., and received atop the Western Union
building at 60 Hudson Street, New York, N. Y., a dis-
tance of 41.7 miles, entirely over land. The intervening

FIRST FRESNEL ZONES

~N
-2
4—-400"'

————— e —— —— —

— 200’

. N

| l | L. l l l N

0 5 10 15 20 25 30 35 40
MILES

Fig. 1—Profile of propagation test path (true earth radius).

* Decimal classification: R423.16. Original manuscript received
by the Institute, August 9, 1949 ; revised manuscript received, Febru-
ary 13, 1950. Presented, 1950 National IRE Convention, New York,
N. Y., March 9, 1950.

t Western Union Telegraph Company, New York, N. Y.

terrain is characterized by a series of hills, as indicated
by the profile in Fig. 1, most of which are densely
wooded. The first Fresnel zone for 3.1 ¢cm and for 16.2
cm, representing the shortest and longest wavelength
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tested, are also shown. The picture of the 100-foot
Neshanic Tower, with the four transmitting antennas
facing New York, is shown in Fig. 2. In Fig. 3 (the prop-
agation tower may be seen in the background, with the
main radio beam telegraph system tower appearing in
the foreground.

For comparative purposes, as explained, four indi-
vidual circuits or channels were set up and operated as
indicated in Table I.

Fig. 3—Neshanic main radio beam tower (left),
and propagation tower (right),

Each of the four transmitters consisted essentially
of a reflex klystron oscillator tube for generating radio-
frequency power, its associated cavity, a matching sec-
tion and wave meter. These components, comprising

TABLE I

Beam Width

h Transmitter Measured at

Channel  Frequency Wavelengt

Power Half-Power
No. Me cm milliwatts  Points
degrees
1 1,850 16.2 137 9.0
2 4,150 72 159 4.7
3 6,325 4.7 13.6 2.6
4 9,550 3.1 7.4 1.9

the “head-end” unit, were inclosed in a temperature
controlled transmitter box. To minimize frequency
drift, particular attention was given to the design and
construction of the regulated power supply and to the
thermostatically controlled oven temperature regula-
tion system. Pictures of the various transmitters are
shown in Fig. 4.

The antenna reflectors were of the parabolic type, 48
inches in diameter and physically identical at both the
transmitting and receiving terminals.

In order that a continuous record of the relarive trans-
mitter power would be obtained, a small portion of the
transmitted energy wasrectified in a crystal and the out-
put fed to a four-point electronic recorder. The recorder
is shown in Fig. 5 mounted below the transmitter con-
trol unit. This control unit permitted adjustment of the
radio-frequency power output, frequency, cavity cur-
rent, and repeller voltage of the transmitting tube with
out opening the ovens.

Each of the four individual receiving installations
consisted essentially of an antenna system, a tempera-
ture-controlled “head-end” receiving unit, mounted in
the immediate vicinity of the anténna, and an inter-
mediate-frequency amplifier unit and recording equip-
ment located about three hundred feet distant. The
recording equipment consisted of four Brown Instru
ment Company strip recorders, one for each channel
which were calibrated so as to provide a continuous
graphical record of variations in signal strength at the
input terminals of the receivers. These recorders w ere
operated at a strip speed of six inches per hour.

Although the strip record proved useful in examining
specific cases of abnormal fading, this record was not in a
form suitable for analyzing fading effects on a statistical
basis. Due to the high recording speed, a 24-hour inter-
val involved a strip 12 feet in length. A more convenient
and useful representation of the essential data was ob-
tained by transferring the maximum, minimum, and
average value of signal strength for each hourly inter-
val from the strip record to weekly charts. Samples of
these charts have been included to illustrate unusual
fading conditions which will be discussed in a later para-
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(b)

Fig. 4—(a) Transmitter for 16.2 cm; (b) transmitter for 7.2 cm;

graph. It should be noted, however that signal strength
is expressed in terms of decibels above or below a fixed
reference level, designated as the normal signal level.
The normal signal level, determined separately for each
channel, represents the average signal strength for pe-
riods during which fading was absent or negligible, i.e.,
periods when transmission was highly stable. Once es-
tablished, the value of the normal signal level was con-
sidered fixed, except that adjustments to this reference
level were made whenever it was found necessary or
desirable to recalibrate the equipment in order to com
pensate for changes, such as tube replacements, affect-
ing either the transmitter power level or receiver per-
formance.

TABLE [I

Free- Received

Wave- Net .
Channe! Frequency Space Carrier
No Me legﬁlth Attenua- Att.ten:ln.?- to-noise
tion db on db - Ratio db

1 1,850 16.2 134 83 26

2 4,150 T2 141 76 34

3 6,325 4.7 145 73 27

4 9,550 3.1 149 09 28

Information relating to path attenuation and re
ceived carrier-to-noise ratio, is shown separatety for
each channel in Table I1.

(d)

(c) transmitter for +.7 cm; (d) transmitter for 3.1 cm.

Fig. 5—Control unit and recorder.
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In each case, the difference between the value shown
for free-space attenuation and that for net attenuation
corresponds to the power gain of the antenna system.
An efficiency of 65 per cent was assumed for each an-
tenna. Carrier-to-noise ratios were calculated on the
basis of a receiver bandwidth of 4 Mc and receiver noise

June

power of approximately 17 db above thermal.

During periods when conditions for reception were
favorable, i.e., periods when fading was entirely absent
or negligible, the received signal approached within -
few db of the calculated value on each channel. The ex-
tent of variations in signal strength is reflected in Fig. 6,
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which shows the daily fading range separately for each
channel from December, 1946, through November,
1947. The daily fading range, as used here, is the ratio
of the maximum signal occurring during a 24-hour pe-
riod to the minimum signal for the same period, ex-
pressed in decibels. As may be observed from the chart,
fading generally was more pronounced during the sum-
mer months and more severe on the higher frequencies.

To provide a comparison of fading ranges at different
wavelengths, and in order to depict inherent seasonal
characteristics of fading, the daily fading ranges were

20

AVERAGE FADING RANGE — DECIBELS

o | 1
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Fig. 8—Seasonal variation in fading at 7.2 em.

averaged by month for each channel and the results
represented graphically in Fig. 7. The general trend of
increasing fading range with frequency is evident. Vari-
ations in fading range may also be observed to follow a
rough seasonal pattern. In order to accentuate the sea-
sonal trend, the average daily fading range is shown
separately for 7.2 cm in Fig. 8.

Fading exhibits not only seasonal characteristics but
diurnal as well. Fig. 9 illustrates diurnal variations in
fading which occurred during the months of February
and July, 1947, on 7.2-cm transmission. lHere, the aver-
age fading range, in decibels, is shown graphically for
cach hour of the day. The fading range for any one hour
represents the ratio of maximum to minimum signal
strength for that hour, expressed in decibels. Fig. 9 re-
veals a marked difference in fading with respect to dif-
ferent periods of the day, i.e., that maximum fading
generally occurred during the night and early morning
hours while minimum fading occurred in the late morn
ing and afternoon, usually between 10 A.M. and 6 p.M.,
local standard time. Although diurnal effects are illus-
trated for only one summer and one winter month and
for only onc wavelength, a similar definite diurnal tend-
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ency was found to exist throughout the year on all four
wavelengths examined. The pronounced difference be-
tween winter and summer fading is again evident.
Diurnal effects are also reflected in Fig. 12, which will
be explained in a later paragraph.

Average fading range data are useful and essential
in dealing with system design problems bearing on fad-
ing tolerance considerations, although such data obvi-
ously are not sufficient. These data, for example, furnish

FEB. 1947

JULY 1947

AVERAGE FADING RANGE - DECIBELS
w

A i ) -} Y N S . | . 1 i
M 2 a 6 8 10 N 2 4 6 8 10 M
EASTERN STANDARD

Fig. 9—Diurnal variation in fading at 7.2 cm during the
months of February and July, 1947.

no information with respect to the relative frequency
of occurrence of abnormal fades or to the duration of
such fades, both of which are important considerations
since they are related to circuit continuity which in turn
cletermines circuit performance.

Relative circuit performance may be gauged fairly
well from distribution curves of instantaneous received
signal levels. For this purpose, distribution curves have
been prepared for the wavelengths employed in the test
and are shown in Figs. 10 and 11. The curves shown in
Fig. 10 represent a period of five months, from June 1,
1947, through October, 1947; the curves shown in Fig.
11 represent a period of three months, from January 1,
1947, through March, 1947. Data on which these curves
are based were obtained by selecting a number of signal
levels and determining the relative time the received
signal was below each level during the periods shown.
The month of October was included in the summer pe-
riod, since fading during that month corresponded very
closely with typical summer fading, as may be seen
from lig. 7.

In using these curves, one should remember that the
reference level represents normal signal strength, as ex-
plained earlier, and that this reference is roughly 2 or 3
db below the free-space value. Also, high accuracy is not




624 PROCEEDINGS OF TIIE I.R.E.

claimed, particularly for those portions of the curves ap-
pearing below the 0.1 per cent level which may he in
error by as much as 20 per cent.

The superior performance of the longer wavelength
circuits is evident in both summer and in winter. A com-
parison of the curves in Fig. 10 with those of Fig. 11 re-
veals several interesting characteristics with respect to
performance at the different wavelengths tested. The
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summer curves are generally similar and the spread is
not very great. This similarity is particularly evident
for the two lower frequency curves, exhibiting a well-
defined mutual relationship which does not appear to
exist for the two higher frequencies. The winter curves
will be scen to indicate a definite normal probability dis-
tribution, at least down to a given signal level. The
spread for the winter curves is more pronounced. Again,
a well-defined relationship occurs between the two
lower-frequency curves. Greater variability in signal

June

strength is evident on all four wavelengths during the
summer period. Summer signal strengths were often
more than 5 db above normal for several liours at a time,
occasionally as high as 10 db for shorter periods on the
two higher frequency channels, whereas during winter
months signal levels greater than 3 or 4 db above nor-
mal were rare and of very short duration. As will be ob-
served, upward swinging of the signal during the sum-
mer season was more pronounced at the shorter wave-
lengths. On the other hand, it was not unusual for the
received signal to drop into the noise region during the
summer months whereas such occasions were compara

tively rare during the winter period, except that for a
few days in January the 3.1-cm signal was abnormally
low. The extreme fading indicated for 3.1 c¢cm is attrib

uted to heavy fog which occurred in January, 1947 and
continued over a period of several days. Most of the
time during this period the signal was in or near the
noise level.

Although the curves in Figs. 10 and 11 furnish a fairly
representative picture as to relative circuit performance
at different wavelengths, in certain applications of
microwave radio transmission, such as commercial tele-
graph operation, information bearing on the frequency
of interruptions in service due to fading conditions, how
ever short they may be, and the approximate time of
the day when such interruptions are most likely to oc-
cur, is particularly instructive. Interruptions in service
will result whenever fading conditions cause the received
signal to vanish or to fall below some nominal critical
signal level. This fact suggested that an examination
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Fig. 12-—Diurnal variations in fading, from January 1, 1947, to
December 31, 1947, as illustrated by the per cent of hourly
periods during which the received ficld fell more than 18 decibels
below normal.

into minimum signal levels, particularly those which
fall below what might be considered as a safe operating
level, should reveal a rough guide for use in determining
the hourly periods during which interruptions in service
are most likely. Accordingly, four arbitrary signal levels,
—6, —12, —18, and —24 db, were selected and the
number of hourly minima falling below each of these
levels was recorded for each of the four wavelengths,
according to the hour of the day and month, for the en-
tire year of 1947. By number of hourly minima is

EEEEEEE————
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Fig. 13—(a) Hourly fading data on 7.2 cm, February 17-23, 1947; (b) data on 3.1 cm, February 17-23, 1947; (c)
data on 7.2 cm, August 10-17, 1947, (d) data on 3.1 cm, August 1017, 1947.

meant the number of hourly periods during any portion
of which the signal fell below the level considered. Since
these data were arranged in tabular form and are ex-
tremely voluminous, they are not included in this paper.
Fig. 12, however, shows the manner in which the hourly
minima were distributed with respect to the —18-db
level for each hour of the day and for each of the four
wavelengths. These curves illustrate the superior per-
formance of the longer wavelengths and again reflects
diurnal effects on all four circuits.

Data were also obtained as to the number of hourly
occasions in which the received signal fell into the noise
region and these data suggest that the number of such
occasions varied roughly as the square of the frequency
during summer months and nearly linear with frequency
during winter months, again excluding the abnormal
period mentioned earlier. Usually, the received signal
was in the noise region for very short intervals of time,
generally a matter of seconds, and when integrated rep-
resented virtually negligible percentage of the total time
considered.

The four charts of Fig. 13 provide an interesting com-
parison of fading effects on transmission at 7.2 and 3.1
cm. These charts are intended to reveal the marked
contrast between unusually favorable conditions which
occurred during an entire week in February and the un-
usually variable conditions encountered during a week
in August.

CONCLUSION

Microwave radio communication systems operating
on wavelengths down to about 5 cm may be expected
to perform in a highly satisfactory manner throughout
the year under properly selected conditions of path
length, path clearance, and transmitter power. Circuit
performance will deteriorate appreciably and progres-
sively at shorter wavelengths and at wavelengths of
about 3 cm and below, shorter path lengths together
with nominal increases in transmitter power are indi-
cated if a high degree of circuit continuity is required.
Fading is observed with greater prevalence during the
summer months, and at nights, as a result of changing
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meteorological conditions. Diversity reception will prove
beneficial in reducing the effects of multipath trans-

mission.
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Magnetic
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Summary—Magnetic cores of fairly rectangular hysteresis loop
material are used as a trigger device. Magnetic fluxes are used in-
stead of electrical currents to indicate the two stable positions of the
trigger. This paper shows how the magnetic flux level may be de-
tected without a mechanical motion. The construction and function-
ing of several types of such magnetic triggers are discussed.

1. INTRODUCTION

7 TARIGGER CIRCUITS have been used extensively

[ during recent vears in various electronic devices.

“* They usually consist of a pair of vacuum tubes
connected in such a way that two stable states of the
system exist. The magnetic triggers to be described be-
low are a result of research in utilizing the funda-
mental hysteretic properties of a ferromagnetic ma-
terial as a trigger device.

Any magnetic material, easily saturated and having
fairly large retentivity properties, can be considered as
a trigger device by itself. Consider the hysteresis loop
shown in Fig. 1. When the material has been under the
influence of a large positive magnetizing force, positive
residual magnetism is retained. The material will remain
at the point I. If it was last subjected to a negative
magnetizing force, the material will remain in the state
of negative magnetization represented by the point 0.
These two states, / and 0, represent the two possible
stable conditions of the magnetic material. They can be
easily reversed by the application of a magnetizing
force of sufficient amplitude in the opposing direction.
In contrast to the vacuum-tube trigger pair, the mag-
netic flux polarity, rather than the voltage level, de-
termines the two stable states. \While dc voltages are
necessary to maintain the dc currents flowing in the
vacuum-tube trigger pair, it is not necessary to have a
magnetizing force to maintain a flux in the magnetic
core material. Thus, a magnetic trigger should be able
to maintain the triggered position without the need of

_* Decimal classification: R282.3X538XR136. Original manu-
script received by the Institute, August 25, 1949; revised manuscript
received, January 18, 1950. The work was undertaken under Contract
W 19-122-AC-24 between Harvard University and the United States
Air Force.

t Computation Laboratory, Harvard University,
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Mass, ambridge
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formulating the test program, designing the test equip-
ment, and in placing the test into operation. To these
men and to members of our Radio Research Division
who participated in operation of the test, the authors
express their sincere appreciation.

Triggers”

ASSOCIATE, IRE

any power. The magnetizing pulse then takes the place

of the triggering pulse. It should be powerful enough to -

oy

= H
o g
POSITIVE
: MAGNETIZING
NEGATIVE toRGE
MAGNETIZING
FORCE
Fig. 1—Hysteresis loop curve of a highly

saturated magnetic material.

Fig. 2—Operating path of the magnetic trigger in B-H diagram.
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drive the magnetic core to saturation. Alternate mag-
netizing pulses of 10 microseconds duration are applied
to a magnetic material. The flux of the material is flip-
flopped between two saturation values. The material
travels around the hysteresis loop while being triggered
and remains at one of the two stable points I and 0
when not being triggered. (See Fig. 2.) Notice that the
points I and 0 are stationary when no magnetizing
pulses are applied.

While it is very easy to detect the ditference of electric
current, it is very difficult to sense the magnetic flux
polarity unless it is changing. Thus, the simple magnetic
trigger will not work statically until means of detecting
the flux polarity are found.

I1. MAGNETIC TRIGGER PPAIR

By the nature of the saturation phenomena of mag-
netic materials, it is possible to determine the polarity
of the residual magnetism by applying a powerful
magnetizing force. Assume that this magnetizing force
is in the negative direction (Fig. 1). Then, if the residual
magnetism is at the point 0, very little flux change re-
sults. When the magnetizing force is discontinued, the
magnetization returns to the point 0. If the residual
magnetism is at point 1, a large change of flux results
along the trace of the hysteresis loop dropping from 1
to a and then returning from a to 0. During the sharp
decrease of flux, a large voltage is induced across the
coils linking the magnetic core. Then, no matter what
polarity the residual magnetism, eventually the mag-
netic core returns to point 0. A large induced voltage
across the secondary coil indicates that the original
state was at point I, while a very small induced voltage
indicates that the original state was at point 0.

A similar magnetic core is now used in addition. Let
us assume that it is at position 0. If the large induced
voltage from the first core is able to drive the second
core from its 0 position to 1, the flux condition of the
first core is transferred to the second core. This has been
demonstrated experimentally.! The connections are as
shown in Fig. 3. The hysteresis curve below each core
represents its magnetic state. When both cores are at 0
position, the first magnetizing pulse, being negative,
changes the flux of core number 1 very little, so that
core number 1 produces very little linking current 7,2 to
change the flux of core number 2. Similarly, the appli-
cation of the second pulse will do the same. Cores num-
ber 1 and number 2 experience small loops oac and o’a’c’,
constituting a stable limit cycle for each core. When
a I is stored in core number 1, the application of the
first magnetizing force changes the flux from I to a,
from where it drops back to 0. This large change of

1 Air Force Contract W19-122-AC-24 Progress Report No. 2,
Harvard Computation Laboratory, sect. 1V, 8; Nov. 10, 1948.
Progress Report No. 4, Harvard Computation Laboratory, sect. vV,
3, May 10, 1948.
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flux induces sufficient voltage in its coil N, to produce
a current 432 which should be able to drive core num-
ber 2 from 0’ to b’ to I'. The differential equation of
the link circuit is

do, dos diys
—-N — Ng—=Ripp+L—- 1
Ca e T T ®
Integrating this,
— N1A¢, — Nodgs = Rindt + Liig. (2)

As the flux of core number 1 changes from position 1
to position a, the flux of core numnber 2 changes from
0’ to b’. Ny and N should be equal if they are sym-
metrical. The current 45, is always positive, and so is A
during this change. It is necessary that

A¢y + A¢, = a negative value. 3

This means that the change of flux from 1 to a should
alwavs be greater than the change of flux from 0 to b.

¢, é,
- *

#1 i2 #2
V
N q]
g ™
LD D
< =
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+ ? %™
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PULSE AG;‘LEITSlEmG
¢| ¢ '
| 2]
e b
H H
a— ¢ a' _J ¢
0 - 0
Fig. 3—Magnetic trigger pair and its operation.

If it is possible to make core number 1 return from 0 to
b to 1 by the application of the second magnetizing
pulse, the stored digit is kept there. This requires the
existence of a stable major hysteresis loop with slight un-
symmetry, which has been available. The operation of
such a magnetic trigger pair is then stable.
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II1. MobpiFIED MAGNETIC TRIGGER PAIR

The above-mentioned unsymmetry in hysteresis loops
can be stable only in a limited region. If A¢, is smaller
than A¢, by a certain amount, the next time A¢, is less
than A¢,, and so on. Gradually, in several cycles, both
cores will end up a position 0, and the stored informa-
tion will be lost. This is the case experimentally when
too much resistance or leakage inductance is present in
the linking circuit.” Also, to produce change of flux as
the frequency of operation is made higher, %, must
necessarily be larger, due to the presence of eddy cur-
rent. This makes the loop more unsymmetrical and con-
sequently more unstable. The trouble can be eliminated
by a modification of the basic circuit. Note that (2) can
be satisfied by using a value of NV, greater than .V,, while
A1 and A¢, are exactly equal and opposite. Under this
condition, stable operation of the trigger pair is possible
without the necessity of having stable unsymmetrical
hysteresis loops. The circuit of Fig. 4 is used. Rectifiers
are necessary in the linking circuit so that when the
first core is driven, the upper link is operative, and when
the second core is driven, the lower link is operative

1.8

¢|
t

1 #2
N, C—'; q A N,
T
T
N, cﬂ) 3 C—'; N,
——a— D CFD
READ -IN q q
colL c=>
D | D
i i
D <=D
) !
FIRST SECOND
MAGNETIZ ING MAGNETIZING
PULSE PULSE

Fig. 4—Modified magnetic trigger pair

In this case, stability of operation can be obtained
more easily at the expense of two extra rectifiers. This
form of trigger pair has been tested to hold information
for an indefinitely long time, and can be triggered back
and forth at a repetition frequency up to 50 kilocycles
per second. The rectifiers used are of selenium type.
Germanium diodes of course can also be used. There,are
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many ways of introducing signals into the trigger pair.
One way is to apply the positive or negative read-in
pulse to the first core at the same instant as the second
magnetizing pulse is applied to the second core.

Fig. 5 shows the flux variation of the first core as the
two magnetizing pulses are alternately applied. The
upper portion represents the condition when a 0 is
stored in the trigger pair, while the lower portion repre-
sents the condition when a I is stored. The oscillogram
shows the operation at a repetition frequency of 5 kilo-
cvcles per second.

Fig. 5—Flux variation of 1the magnetic trigger pair

IV. SINGLE STROKE TRIGGER

The trigger pairs described in the above two sections
use two magnetic cores. The magnetic flux condition of
the first core is transferred to the second core for tem
porary storage by the first magnetizing pulse; then the
state is transferred back by the second magnetizing
pulse. Since there is no other wayv of telling the flux
polarity statically, two transfers must be made. There is
a great advantage in the use of a single core and a single
magnetizing pulse to determine the polarity of the mag-
netic flux, while preserving that flux.

é
f

D READ-IN
¢ [
L D
15
. c <~>
Js
q D ouUTPUT
————— o
CONSTANT ]
CURRENT
MAGNETIZING
PULSE

Fig. 6—Single-stroke magnetic trigger
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The procedure is as follows (Fig. 6): Assume first that
the core is magnetized in the positive direction, or at
the position I. The magnetizing pulse changes the posi-
tion from I to a; this causes a large voltage across the
coil and charges the capacity C. Then the magnetizing
pulse ceases to flow. C is discharged through the coil
which offers very low inductance because it is already
saturated in the direction of the current. During the
discharge of the capacity C, the circuit operation is
very like a parallel resonance of L, C, and R, where R is
high and L very low. The Q of this parallel circuit is
equal to R\/C/L, which is high. The charge on the con-

Fig. 7—Flux, voltage, and current shape of the single-stroke
magnetic trigger during triggering.
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denser C is easily reversed without much damping.
However, when the condenser discharges again, the dis-
charging current flowing in the winding is in such a di
rection as to cause the flux of the core to change from 0
to I again. The coil offers a high inductance, the dis-
charging rate is much slower, and the damping high.
If the values of R, C, and this inductance are such that
damping is closed to critical, the condenser is com-
pletely discharged while the flux returns from 0 to I
again. This situation is very similar to a single-stroke
electrical trigger pair. The polarity of the flux of the
core returns to the original condition automatically a
certain time after the first triggering. This interval is
determined by the discharging time of the condenser.
In Fig. 7 are shown the change of flux ¢ with time as the
magnetizing pulse is applied, the voltage across the
condenser V., the current ¢z through the coil, and the
magnetizing current 4. If originally the core is in the
state 0, the magnetizing pulse does not change the flux
by any appreciable amount. The coil essentially short-
circuits the CR circuit. The condenser is not charged
and everything remains the same as the magnetizing
pulse subsides. The output is very small. The flux
change for this case is shown as the last curve in Fig. 7.

V. CONCLUSION

The above discussions show the general feasibility of
using magnetic cores as triggers. There is every possi-
bility that such a magnetic trigger can take the place of
vacuum-tube trigger pairs for some of their applica-
tions. Binary digits can be stored in such units. A stored
digit can be delivered out or be transferred to another
core. The possibility of transferring binary digits from
core to core directly makes it possible to construct an
information delay line in which a series of binary digits
can be pushed along a series of such cores by magnetiz-
ing pulses at any rate from a very low speed up to about
30 kilocycles per second. This has been described in
another paper.? Exact mathematical treatment of the
subject is still difficult in view of the highly nonlinear
characteristic of the hysteresis loop of the core material
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Feedback in Very-High-Frequency and
Ultra-High-Frequency Oscillators”

F. J. KAMPHOEFNERY, MEMBER, IRE

Summary—This paper ¢overs a study of feedback considerations
in low-power negative-grid triode oscillators for the frequency range
of 100 to 1,000 Mc. Discussion is mainly confined to oscillators using
a single tuned circuit between grid and plate in the modified Colpitts
circuit wherein the feedback is provided by the internal tube capaci-
tances. The optimum feedback conditions are derived, and the
analysis is applied to several typical oscillators.

[. INTRODUCTION

[ YHE COLPITTS circuit, having a single tuned cir-
(Tl cuit between grid and plate, and using the in-
ternal tube capacitances for feedback, is of prac-
tical interest for several reasons. The cathode lead in-
ductance is not a part of the radio-frequency circuit,
and therefore does not affect the feedback. Second, the
plate and grid lead inductances can be lumped with the
external tuned circuit. Third, there is a minimum of
parts, since there is no external radio-frequency path be-
tween plate and cathode or grid and cathode. Finally,
it can be shown that the Colpitts circuit is less subject
to initial transit-time effects than the Hartley or tuned-
plate-tuned-grid types.

A paper by Bell, Gavin, James, and Warren,! in 1946,
pointed out the basic requirements for oscillation in a
triode, and also the necessary feedback conditions. The
present study was initiated in order to extend these re-
sults.

I1. CoNDITIONS FOR OSCILLATION

Fig. 1(a) illustrates the general case of the negative-
grid triode oscillator. Applying linear circuit theory, the
net dynamic grid-plate admittance is:

Gop" =Gop+ {[GoiGoi(Gox + Gpx + G.)
+ BpiGou(Bok + Bn) + Byi(BoiGor
+ BuGoi — BpiGm)] + [(Gox + Gpi + Gm)?
+ (Bov + By + B.)?]}

Boy" = Bop + {[BoxBpi(Box + Boi + Bn)
+ BolGoi(Gox + Gn) + Gou(G g Bpi
t BoiGn = BuGpt)] + [(Gor + Gox + Gm)?
+ (Box + Bpi + Bn)?]). (2)

In the case of the Colpitts circuit with small losses

and short transit time, the admittance presented to the
tuned circuit becomes:

(1

* Decimal classification: R355.912. Original manuscript received
lz)y t{n;slonstitu te, June 5, 1949; revised manuscript received, February,
1, :
t Stanford Research Institute, Stanford, Calif.
! J. Bell, M. R. Gavin, E. G. James, and G. W Warren, “Triodes
for very short waves—oscillators,” Jour. IEE (London), part I11A,
vol. 93, pp. 833-816; 1946.
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The necessary conditions for oscillation are that the
magnitude of the negative conductance presented by
the tube be greater than the positive conductance of
the load, and the susceptance presented by the tube be
equal in magnitude but opposite in sign to that of the
load at the frequency of oscillation.

Yu + TRIODE TRANSAOMITTANCE
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Fig. 1—(a) Basic diagram of a negative-grid triode oscillator
(b) special case of Colpitts oscillator using internal feedback.

Ill. FEEDBACK RELATIONSHIPS

Considering (3), if the grid-plate conductance, G,,”
is to be negative, the term (uw?CyiCpx) must be greater
than w?Cp?, or (Cou/Cpi) <u; this verifies the familiar
low-frequency relationship for the Colpitts circuit. If
the conductance is to be most negative, however, it is not
necessarily true that the ratio Cor/Cpr should be as
small as possible; on the contrary, it will have a certain
optimum value. In order to establish this optimum ratio,
examine the more general equation obtained from (1
by assuming only that transit time is small:




; Gakak(Gak + ka + GM) + (kaBak2 + GakBpk2 Sl GmngBpk) .
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& Gap” =Gy +

! (Gak + ka + (;m)2 + (Bak + Bpk)2

It has been shown' that G,,” can be computed as a func-
tion of B, and B, for a particular tube, and Fig. 2
%hows such computations as a family of curves for the

F4, without losses. It is apparent from the curves that:

1. If (B,./By) <18, then the grid-plate conductance
becomes negative and oscillation is possible. Since
B,i/ By = Cyi/ Cox at any one frequency, this checks the
previously mentioned condition for oscillation in a
Colpitts oscillator, namely (Cok/Coi) <pp (u=Gn/G,
=18).

2. At a given frequency, the most negative grid-plate
conductance is obtained by making both Cu and Cpu
large and equal to each other.

3. If either By or B, must be limited to a small
value, then an optimum ratio of Bg/Bpk (i-e., Coi/Cpt)
can be defined.
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Fig. 2—Dynamic grid-plate conductance of 6F4 as a
function of feedback susceptances.

4. A locus of points can be drawn through the mini-
mum points of the family of constant B, curves; this
defines the optimum grid-cathode susceptance for a
given plate-cathode susceptance. Similarly, an envelope

F3f the family of constant B, curves can be drawn; this
cfines the optimum plate-cathode susceptance for a
iven grid-cathode susceptance.

1 Now in an ultra-high-frequency oscillator, it is not
feasible to increase the feedback capacitances indefi-
nitely; too large a set of feedback capacitances will be

reflected in a large capacitance at the remaining pair
of tube elements, resulting in a low-impedance tank cir-
cuit, and a low self-resonant frequency for the tube; as a
result, a compromise may be necessary.

To compare the 6F4 acorn triode with a fictitious
6F4 having “optimum” feedback capacitances, plot
from (3) the grid-plate conductance as a function of fre-
quency for a 6F4 using interelectrode capacitances for
feedback, and add to the same illustration the optimum
curves as extracted from Fig. 2. This has been done in
Fig. 3. It can be seen that at low frequencies the internal
feedback capacitances of the 6F4 are smaller than those
which would produce the most negative output con-
ductance.
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Fig. 3—A comparison of actual and optimum feedback ratios for 6F4.

At 250 Mc, for example, the conductance can be made
more negative by increasing either Cg or Cp, the change
being much greater if it is C, that is altered. (Notice
that the locus of optimum By for a given value of B,
must be approached along a curve of constant plate-
cathode susceptance—not grid-plate conductance.) In-
creasing both capacitances would make the conductance
still more negative, but would excessively increase the
effective grid-plate capacitance presented to the tuned
circuit. At higher frequencies the situation is a little
different. At 1,000 Mc, for example, Fig. 3 shows that
the grid-plate conductance is again made more negative
if both feedback capacitances are increased or if the
plate-cathode capacitance alone is increased. If the
grid-cathode capacitance is increased without also in-
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creasing the plate-cathode capacitance, however, the
grid-plate conductance then becomes less negative. In
any case, the internal capacitances are large enough in
the 6F4, and of such ratio, that the conditions for oscil-
lation are favorable for the entire ultra-high-frequency
range.

In order to compare this with a tube that would not
oscillate without external feedback, consider the 2C37
co-planar triode with these characteristics:

(%]

5 Cou = 1.40 X 1012 f
Cpe = 0.02 X 1012 /.

k

r, 5,000 ohms

Applyving (3), the dynamic conductance presented to
the load is plotted in Fig. 4, and is seen to be positive
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for the entire frequency range. The tube will therefore
not oscillate in an ultra-high-frequency Colpitts circuit
unless some form of feedback is added. Since it is often
difficult to obtain satisfactory external feedback, a sec-
ond tube type has been made commercially available
which is basically a 2C37 with an artificially increased
plate-cathode capacitance; this is the 2C36, which has
the characteristics:

N 25 C,t
rp, = 5,000 ohms

140 X 1012 f
Cpi = 0.36 X 10 12,

The grid-plate conductance of the 2C36 is also plotted in
Fig. 4, and it can be seen that it requires no additional
external feedback for oscillation.

The dotted curve, showing optimum feedback, is
based on the assumption that the internal plate-cathode

capacitance is adjusted for optimuni feedback. (This is
the practical case, since C,u> C,..) This curve could be
obtained from another family of curves, just as Fig. 3
was taken from Fig. 2, but a less laborious method is
to recall that it is the envelope of the first family of
curves that is desired, and this envelope can be found by
setting (3G,,’"/dB,:) =0 and solving for B,.. If this is
done, using (5) rather than (3) so that the expression is
kept more general by the inclusion of loss terms, the
result 1s

Boi(2G ok + Gn)Bpi? + {2G,4[(G o + Goi + G)?
= Goi(Gox +Gpx +Gn)| + 2B, Gy — Gpi) } By
= {Bul[Gn(G ot + G + G)?
+ 2G G ou(Gyr + G + G.)]
+ Bo¥ (26, +Ga)} = 0. 5)

This is a quadratic equation of the form
B>+ 0B,y +c =10

so that

b = \'b* — dac
B, = Sl
2a

(When practical values are inserted in the solution, the
sign of the second term of the quadratic solution is seen
to be positive.) The computation by this method is still
tedious, but it is much easier than plotting the entire
family of curves.

IV. LEAD INDUCTANCE

The equations of this paper are independent of the
influence of lead inductance as long as the feedback is
internal and the grid and plate lead inductances are con
sidered as part of the external tuned circuit. If it is de-
sired to lump the grid-plate lead inductances with the
tube, this can be done by converting the computed
dynamic admittance of the tube to an impedance form
and adding to it the lead reactance and loss resistance.
The requirement of the external tuned circuit for oscil
lation at a given frequency can then be predicted by the
relationship

Rtube + Rckl
Xtube + Xch 0,

provided that (G,,"”)*<(B,,”)*.

Despite the limitations of electron transit time and
the fact that it is based on a small-signal approach, the
analysis can be of value when applied to the practical
design of low-power very-high-frequency and ultra-
high-frequency oscillators. An example and extension
of this line of attack can be found in a companion paper
by Pettit,” whose help in the formulation of the present
paper is gratefully recognized.

A
)

]

* ]. M. Pettit, “Very-high-fre uency triode oscillator using a series
tuned circuit,” this issue, Proc. -R.E., pp. 633-635.
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Ultra-High-Frequency Triode Oscillator
Using a Series-Tuned Circuit”
J. M. PETTIT{}, SENIOR MEMBER, IRE

Summary—As the conventional triode oscillator is applied to
higher and higher frequencies, one or both of two phenomena finally
prevent oscillation. These phenomena are transit-time effects and
self-resonance of the tube elements. The analysis described in this
paper refers these effects to the resistance and reactance require-
ments of the tube upon the external circuit. In those instances where
a given triode is limited primarily by the reactance effects, due to
large lead inductance, it is shown that the self-resonant frequency of
the tube is not the upper limit of oscillation if one departs from the
conventional parallel-tuned circuit and uses a series-tuned circuit
instead.

AHERE IS ALWAYS an interest in extending the
1[ frequency range of any given triode tube to higher
frequencies. This is especially true in receiver ap-
plications, where, in addition, it is often desired to have
wide tuning range and single control. The customary
oscillator used in this application is the standard Hart-
ley or Colpitts circuit, but at higher frequencies the
modified Colpitts circuit shown in Fig. 1 is employed.
In this latter circuit the feedback is accomplished
through the internal tube capacitances. It has been
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Fig. 1—Ultra-high-frequency oscillator—modified Colpitts circuit

shown by previous authors! that this circuit is one of a
class that is most favorable in reducing transit-time ef-
fects. With conventional small triodes, it provides a
useful oscillator for receiver and signal generator ap-
plications up to frequencies of several hundred mega-
cycles, often using the “butterfly” circuit for the tuned
element, as indicated in Fig. 1.

In order to analyze the requirements of the external
tuned circuit for a given triode tube, it is expedient to
investigate the nature of the two-terminal impedance
looking into the grid-plate terminals, then to compute
the series resistive and reactive components as a func
tion of frequency.? When this is done, results such as
those shown in Fig. 2 are obtained (6F4 triode, connec-

* Decimal classification: R355.912. Original manuscript received
by the Institute, September 12, 1949; revised manuscript received,
January 4, 1950

t Stanford University, Stanford, Calif.

1 J. Bell, M. R. Gavin, E. G. James, and G. W. Warren, “Triodes
for very short waves—oscillators,” Jour. IEE (London), part I11 A,
vol. 93, pp. 833-846; 1946.

? Further details on this approach will be found in a companion
paper, F. J. Kamphoefner, “Feedback in vhf and uhf oscitlators,” in
this issue, Proc. 1.R.E., pp. 630-632

tions to only one pair of grid and plate terminals). Cal-
culated data are presented, together with measurements
made upon a scaled model operating at one tenth of the
frequencies shown. Simple linear theory is utilized, em-
ploying a real and constant transconductance. This
provides, of course, no information as to the magnitude
of the oscillation nor the available power output, but
does define a set of minimum conditions required for
oscillation. The lower curve shows the negative resist-
ance provided by the tube, and it follows that the ex-
ternal circuit must provide a positive resistance equal to
or less than the appropriate negative value at the fre-
quency of interest. Likewise, the reactance of the ex-
ternal circuit must be equal in magnitude to and oppo-
site in sign from the reactance provided by the tube.
This paper is restricted to those applications where
the reactance of the external circuit is the limiting fac-
tor, especially operation in the region near and above the
self-resonant frequency of the tube, which occurs at
about 730 Mc for the example in Fig. 2. It is thus
assumed that transit-time effects have not impaired the
magnitude of the negative resistance presented by the
tube to such an extent that usable external circuits are
too lossy to operate. This situation might be expected
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curves and encircled points are measured, using the frequency-
scaled model.)




634

to prevail in close-spaced triodes mounted in miniature
envelopes, for instance the triode-connected 6AKS,
where lead inductance is large and it, instead of transit
time, will tend to be the limiting factor.

The manner in which the external circuit operates in
conjunction with the tube to provide the proper react-
ance and thus to determine the oscillating frequency is
shown in the calculated curves of Fig. 3. Here the cus-

300 | . _; "‘"‘
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t
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Fig. 3—Reactance of parallel-tuned circuit.

tomary parallel-tuned circuit is indicated, although the
rcactive component plotted is the equivalent series
value. The point of intersection of the reactance re-
quired by the tube and the reactance available from the
circuit determines the operating frequency, shown to be
570 Mc in the example under consideration.? It will be
noted that the resonant frequency of the circuit alone
is actually 667 Mc. The tube acts like a capacitance,
very closely equal to the grid-plate capacitance, and
.thus requires an inductive reactance to produce reso-
nance. Obtaining this from a tuned circuit requires that
the circuit be tuned to a higher frequency than the de-
sired frequency of oscillation of the combined circuit.
It can be plainly seen from Fig. 3 that, no matter how
high the resonant frequency of the external circuit may
be, oscillations cannot occur at a frequency higher than
the sclf-resonant frequency of the tube, namely 730
Mc. At this frequency a short circuit across the grid-
plate terminals would suffice equally well.

Itis noted that the behavior of the reactance required
by the triode in the vicinity of self-resonance resembles
that of a series-tuned circuit. Again considering the
examples shown in the iltustration, if a small induct-
ance and a series capacitance are connected to the grid-
plate terminals as in Fig. 4, the dotted curves in this
figure show the calculated reactance presented by the
series circuit for different values of tuning capacitance.
Once more the intersections of these dotted lines with
the solid lines, representing the reactance required by

3 There is also an intqrsection at approximately 1,000 Nc, but
the lower frequency provides the more favorable resistance condi-
tions.
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Fig. 6—Series-tuned ultra-high-frequency oscillator.

the tube, determine the operating frequencies of the
oscillator circuit. It is seen that with the capacitance
variation shown, a substantial tuning range is covered,
extending from well below to considerably above the
self-resonant frequency of the tube.
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It is indeed feasible to operate such a circuit by add-
ing only a capacitor as the external circuit, using the in- 2
ductance of the leads as the inductive portion of the Z!! '
circuit. This is doubtless familiar to a few readers. The Yy : N .
g 0 0 . Z | ’ |
tuning ranges calculated in this circumstance are shown U ;fl g;j:{‘"—c’,‘ oapt | / \' d
in Fig. 5. Such an oscillator, using the triode for which 92 | e ‘,apladﬂ"['-‘g'foz,.h N Nl f ag
A . . . . [ | N
the previous calculations have been made, is pictured in 4 %{ l ] NN i Z
Fig. 6, with its detailed schematic in Fig. 7. The capaci- i 5<l>o 74 s -
. B ‘ . [ f
tor used was a concentric air trimmer, modified to pro- FREQUENC ~'&Q

vide a split stator and an isolated rotor. The frequency
range is approximately 630 to 900 Mc, with a cor-
responding capacitance variation of 8.1 to 1.5 micro-
microfarads.

For applications in which a large tuning range is de-
sired, both capacitance and inductance variation can be
employed simultaneously. The chart of Fig. 8 shows the
range of possibilities for the 6F4 example.

It will be noted that, from the viewpoint of oscillation
theory, the active part of the circuit, the electron
stream, continues to see a parallel reactance. The ex-
ternal series circuit merely serves to adjust the magni-
tude of the inductive branch paralleled by the grid-
plate capacitance.

Fig. 8—Frequency range of a 6F4 Colpitts oscillator for single series-
tuned circuit with both inductance and capacitance variable.

In conclusion it should be emphasized that the so-
called self-resonant frequency of the tube used in a
triode oscillator need not be a limit on the frequency
coverage if proper choice of the external circuit is made.
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The Theory of a Three-Terminal Capacitor”

ROBERT E. CORBY{

Summary—Theoretical equations are derived for the insertion
loss of a three-terminal capacitor which check the experimental
curves within their precision of measure. The condenser is assumed
to behave like some equivalent transmission line and the line con-

INTRODUCTION

[YHE THEORY OF a three-terminal capacitor de-

r[[ scribed by Allison and Beverly! can be developed

from Maxwell’s equations and transmission line
theory. The insertion loss? of this filter is given as

* Decimal classification: R215. Original manuscript received by
}lie llsggtute, August 22, 1949; revised manuscript received, January

t University of Arizona, Tucson, Ariz.

' W. M. Allison and N. E. Beverly, “New high-frequency capaci-
tor,” Trans. AIEE, vol. 63, p. 915; December, 1944.

3 Alan Watton, Jr., “The duct capacitor,” Proc. I.R.E., vol. 36,
pp. 550-554; April, 1948.

stants of this line determined as a function of frequency. Skin effect
and proximity effect are taken into consideration, and engineering
curves are plotted to make the prediction of the behavior of such a
condenser easy to determine.

P = 20 log (Rio/Z.),

where Ryo is the impedance level of the line (usually
chosen as 10 ohms), and Z, is the impedance of the de-
vice whose loss is desired. From transmission line theory,
the sending end impedance of an open-circuited lineis Zo
coth ! where the characteristic impedance Zo is to a
close approximation,

Zy = (L/C)”’((w’ + kz)/wz)ln'
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where % is the ratio of R/L and the other symbols have
their usual significance. The propagation constant vy can
be divided into its real and imaginary parts @ and jg,
where « and 8 are given as

o’ = (wLC/2)((w* + £9)'? — w)
B = (WLC/2)((w? + kM2 + w).

Substituting these equations back into the expression
for insertion loss, we get

P =20—10log I./C — 5log (w? + k?)/w?
+ 10log (sinh®al + sin?8l)/(sinh? &l + cos?Bl). (1)

In using the above equation, it is convenient to use fre-
quencies associated with the multiples of 1/8 wave-
length. Frequency and wavelength M\ are related from
clementary theory by

1672/\Y(\*C2R? + 1672LC).

DETERMINATION OF THE LINE CONSTANTS

It can easily be shown that the magnetic field is to a
close approximation the same as that which would exist
if the condenser were unrolled. The general skin effect
equation V% =jwuci can be solved in rectangular co-
ordinates from which the expression for the impedance
per unit of length can be determined.? Separating this
impedance into its real and imaginary parts, we can
write for R and L

R = Ro(2m)"'*(sinh (2m)"/2 + sin (2m)1/2)
/(cosh (2m)'12 — cos (2m)1/2)
L 27410 9':sinh (2m)12 — sin (2m)”2] 2mc109

a wV(Zr;z)'-? cos (Zm)'ﬁ w

N ’
cosh (2m)1/2

where

m=owua’/4
o =conductivity of foil
w=angular frequency
Ro=direct current resistance per unit length
w=conductor permeability
¢ =dielectric thickness
a =conductor thickness
w=narrow conductor width.

Both of the above equations can be simplified by defin-
ing two function F, and F, which contain all the hyper-
bolic and trigonometric terms. These can be plotted as
a function of m alone. The final expressions for R and L
written in more useful units are

R = R/,
L = (2r/w)(aF,s + ¢),
where Ry is in ohms/cm, and L is in micromicrohenrys/

cm, a is in mils, w is in inches, and ¢ is in mils.

38. Ramo and |. R, Whinnery, “Fields and Waves in Modern
Radio,” John Wiley and Sons, Inc. New York, N. Y., chap. 6; 1944,
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Fig. 1—Useful curves in predicting the behavior of a condenser.

» (2m)V2[sinh (2m)"/? — sin (2m)V/2) owua’
= ——— - - — = m = — -
! cosh (2m)!/2 — cos (2m)\12 4
P sinh (2m)'/2 — sin (2m)1/2

v

B (Zm-‘,” cosh_(ér;x)"2 — cos (Z_r;z)‘ 2

CONCLUSION

Fig. 1 is a curve showing the functions Fy and F,
From these curves, R and L can be determined, from
which « and B8 can be determined, from which the in
sertion loss can be determined. An examination of (1
shows that as the frequency approaches infinity, the
third and fourth terms approach zero and the insertion
loss becomes

P =34.47 + 10 log K + 20 log w/c

where K is the dielectric constant, w is in inches, and ¢
is in mils.

Measurements were made on many condensers with
different dimensions, conductivities, and dielectrics,
and the above equations were found to be valid up to
frequencies of the order of 50 Mc. At frequencies above
this, the loss in general dropped rapidly with frequency
due in large part to the effect of the external inductance
inherent in the measurement apparatus: Fig. 2 shows a
tvpical check between theory and experiment.
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Maximum Tank Voltage in Class-C Amplifiers’

LEO E. DWORKTY, MEMBER, IRE

Summary—Theoretical considerations are presented to justify
the frequent appearance in class-C amplifiers of radio-frequency
plate voltages which are greater than the dc plate voltage. A method
is developed for predicting the magnitude of this f voltage under any
given set of conditions. This method is then experimentally verified
for a given case.

INTRODUCTION

REQUENTLY, when preliminary adjustment of
Fthe tank circuit of a class-C amplifier is attempted,

or when the specifications on a transmitter require
that the tank be tuned with load disconnected, there is
. a voltage flashover across the tank condenser even
though it was designed with what was believed to be a
large safety factor. This voltage breakdown is due to a
radio-frequency plate voltage which can be many times
the dc plate supply voltage.

The usual procedure in the design of class-C amplifiers
has been to assume a radio-frequency peak plate voltage
which is slightly less than the dc voltage on the plate
of the tube. From this assumed rf voltage the required
plate tank circuit elements are then chosen. Specifically,
the tank circuit condenser is chosen to withstand the
combined voltage stress of the dc and the assumed rf
plate voltages. However, as mentioned above, this has
under certain conditions resulted in a voltage break-
down of the plate tank condenser.

The purpose of this investigation was as follows:

(a) To determine what causes this high rf tank volt-

age.

(b) To determine what factors influence its magni-

tude.

(c) Todevisea method for predicting the value of this

voltage under any given set of conditions.

(d) Toexperimentally check this prediction for a given

case.
The basic circuit of the class-C power amplifier is shown
in Fig. 1. The grid is biased beyond cutoff and driven
by a sine wave generator. The resulting plate current
flow is a pulse which, under steady-state conditions, can
be Fourier analyzed into components consisting of a dc

Fig. 1—Basic circuit of the class-C amplifier.

* Decimal classification: R363.15. Original manuscript received
by the Institute, August 27, 1948; revised manuscript received, De-
cember 22, 1949.

t RCA Institutes, Inc., New York, N. Y.

term and fundamental and harmonics of the grid driving
voltage.

Under normal conditions in a class-C amplifier the
plate circuit consists of a parallel coil and condenser
which is tuned to the same frequency as the grid driving
voltage. The Q of this tank circuit is such that the re-
sulting rf plate voltage is to a very close approximation
a pure sine wave. The magnitude of this rf plate voltage
is equal to the product of the fundamental component
of the plate current pulse by the impedance of the plate
tank circuit at this frequency. The use of the constant
current curves of the tubes is desirable when analyzing
the class-C amplifier since the ac plateand grid voltages
are both sinusoidal.! The path of operations on these
constant current curves becomes an ellipse, or of course
a straight line or circle.

Symbol Definitions

e, =instantaneous plate voltage
Ew=dc plate voltage
E,.=peak value of the rf plate voltage
e.=instantaneous grid voltage
E..=dc grid voltage
E,.=peak value of the rf grid voltage
iy =instantaneous plate current
i, =instantaneous value of the fundamental com-
ponent of plate current
I ,mi = peak value of 1,1
7Z,=|2,| /¥ =plate tank impedance at fundamental
frequency
Z.=impedance of the same plate tank circuit when
it is adjusted to antiresonance
X.=reactance of the plate tank condenser at funda-
mental frequency
r,= plate resistance of the tube
w=amplification factor of the tube
9 =supplement of the phase angle between the rf
grid and plate voltages
T = period of the rf grid voltage
ay = the peak value of the fundamental sine term re-
sulting from the Fourier analysis of 7,
B, = the peak value of the fundamental cosine term
resulting from the Fourier analysis of .

TaNK CIRCUIT ADJUSTED TO ANTIRESONANCE

When the plate tank circuit is tuned to antiresonance
—unity power factor—the fundamental component of
the plate current pulse must be in phase with the ac
tank voltage.

Consider the elliptical path of operation shown in
Fig. 2. Zero time is taken as the instant of maximum

'1. E. Mouromtseff and H. N. Kozanowski, “Analysis of the
operation of vacuum tubes as class-C amplifiers,” Proc. I.R.E., vol.
23, pp. 7152-779; July, 1935.
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tank voltage (minimum plate voltage). The ac plate
voltage varies with time as a cosine wave. After equal
time intervals on the positive and negative side of zero
time the instantaneous plate voltages are equal, but, as
can be seen from Fig. 2, the instantancous plate currents
are not equal. Since the fundamental sine term of the
Fourier analysis of the plate current pulse is given by

2 +T/2
f 1y sin wid!
TJ_rp

it cannot be zero, and therefore the fundamental plate
current cannot be in phase with the tank voltage. How-
ever for the straight line path of operation, line 4-C in
Fig. 2, the plate current pulse has zero axis symmetry,
and therefore the fundamental component of the plate
current is in phase with the tank voltage. Thus when the
tank circuit is tuned to antiresonance, the path of oper-
ation becomes a straight line and the sinusoidal plate
and grid voltages are 180° apart.

}
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Fig. 2—Paths of operation with E,. less than E, (Type 211 tube).

For a given dc plate voltage, dc grid voltage, and rf
grid drive, plate tank impedance at antiresonance an
the tank tuned toantiresonance, there isa fairly simple
trial procedure which will locate the path of operation.
With reference to Fig. 2, the dc plate and grid voltages
locate the point C. The peak rf grid drive then locates
the horizontal line e. = E,,, 4 E.., on which point A must
lie. Point 4 is one extreme point, while point C is the
midpoint of the path of operation. A position is chosen
on thelinee.= E,,.+ E,.. for point 4. Fig. 2 shows three
such choices. The resulting straight line path of opera-
tion permits an accurate determination of the plate
current pulse whose fundamental component can be
determined by a Fourier analysis. The resulting funda-
mental component of plate current multiplied by the
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antiresonant tank impedance should equal the rf tank
voltage which is the horizontal projection of the line
A-C. If the current impedance product does not equal
the horizontal distance between points A4 and C, then a
new point A should be chosen either to the right or left
of the old point A4, depending on whether the current
impedance product is less or greater than the horizontal
distance between points A and C.

A few trial investigations in the manner outlined
permits a very close approximation of the actual path of
operation. That the equilibrium position of point A
found by this method represents a stable position, and
is the only possible position which will satisfy the given
conditions, can be seen from the fact that as point A
moves to the left both the angle of conduction of plate
current and the value of the peak plate current de-
crease. Both of these factors cause a reduction in the
fundamental component of plate current impedance
product. But, as point 4 moves to the left, the increased
horizontal projection of the line 4A-C requires a larger
tank voltage which means a larger current impedance
product. Exactly the reverse of the above occurs as
point A moves to the right. This means that the one
position of point A for which the current impedance
product equals the horizontal projection of the line 4A-C
is a stable equilibrium point, and the line 4-C thus
found must be the path of operation.

The Fourier analysis of the plate current pulse, re-
ferred to above, can be performed either by a point-by
point graphical analysis using the actual constant cur
rent curves of the tube, or by an analytical analysis
which assumes that the constant current curves are
equispaced parallel straight lines.? The second method
is much simpler, since under these conditions the plate
current pulse reduces to a clipped sine wave. The error
introduced by this assumption is generally small. Spe
cial tools such as the “Sarabacher Calculator” greatly
simplify the work when a graphical analvsis is made.?
However, when the plate current pulse is narrow, as was
frequently the case in this study, the “Sarbacher Cal-
culator” gives very inaccurate results. Under these con
ditions an accurate graphical analvsis becomes very
tedious. The analvtical method was therefore used in
this study.

Still referring only to an antiresonant plate tank cir-
cuit, when the dc plate and grid voltages are specified
then point C is specitied. The rf grid drive specifies the
projection on a vertical of the line .{—C. The projection
on a horizontal of the line 4-C equals the rf tank volt-
age and this must equal the current impedance product
resulting from the Fourier analvsis of the plate current
pulse which in turn is specified bv the path of operation
—Iline A-C. These are the only conditions which must
be satisfied for stable equilibrium of the system. Note

! “Applied Electronics,” E. E. Staff of Massachusetts Institute of
Technology.

SR T, Sarbacher, “A mechanical device for calculation of class D
and C amplifier performance,” Electronics, vol. 1; December, 1942,
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that none of the above conditions restrict the horizontal
projection of the line A-C to a value smaller than
the dc plate voltage. When the point A is in the region
of negative plate voltage the plate current is in the form
of a double pulse, for each cycle, as shown in Fig. 3(b).
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Fig. 3—(a) Paths of operation with the plate tank circuit tuned to
antiresonance. (b) Plate current pulse when the path of operation
is the line 4;C. (c) Plate current pulse when the path of operation
is the line AC.

The corresponding path of operation is the line A;C in
Fig. 3(a). Due to the zero axis symmetry of this double
pulse the fundamental component of the plate current is
still in phase with the tank voltage.

With point C fixed and with the projection on the
vertical of the line A—C fixed, as point A moves to the
left the current decreases while the tank voltage in-
creases; hence, the tank impedance must increase. The
very large drop in fundamental plate current which re-
sults when point A just moves to the left of the zero
plate voltage line results in a required large increase in
tank impedance to support this condition. Under most
conditions in practice, these large tank impedances are
not encountered. For example, with two type 211 tubes
in parallel, with a dc plate voltage of 1,000 voits, a grid
bias of 150 volts, and a grid drive of 200 volts, it was
necessary to use a tank impedance of 304,000 ohms in
order to obtain a peak tank voltage of 1,250 volts. The
normal tank impedance under these conditions of bias
and drive would be about 5,000 ohms, and this would
result in a peak tank voltage of about 950 volts. Fig.
3(a) shows the load lines under these conditions. Line
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AC is for the 304,000-ohm tank, and line A-C is for
the 5,000-ohm tank.

The maximum possible tank voltage under the condi-
tions of an antiresonant tank may be found readily. As
the tank impedance increases, the plate current de-
creases, the point 4 moves to the left on the constant
current curves, and the rf tank voltage increases. The
limiting condition occurs when the path of operation
goes through the origin because under this condition
there would be no plate current flow. This limiting path
of operation is given by the line A«C in Fig. 3(a). The
resulting value of tank voltage is given by:

Epm max — Ebb T o E (1)
where E,m mex €quals the maximum possible peak value
of the rf tank voltage under antiresonant conditions. An
infinite tank impedance is necessary to support this con-
dition since the plate current is zero.

Tank CIrRCUIT DETUNED

The condition cited above must be modified some-
what when the plate tank is detuned from antireso-
nance. When the ac plate and grid voltages are 180° out
of phase, the path of operation becomes a straight line,
and therefore the plate current pulse has zero axis sym-
metry which forces the fundamental component of plate
current to be in phase with the tank voltage. This con-
dition is impossible when the tank circuit is detuned
from antiresonance. Therefore, with the detuned plate
tank, the ac plate and grid voltages cannot be 180° out
of phase and thus the path of operation on the constant
current curves becomes an ellipse. The projection on the
horizontal of this ellipse equals twice the peak plate
voltage, while the projection on the vertical equals
twice the peak rf grid drive voltage. The fundamental
component of the plate current pulse multiplied by the
tank circuit impedance must equal the rf plate voltage.
This last condition of course, involves two conditions—
magnitude and phase.

The determination of the path of operation for a given
plate tank circuit and grid drive hecomes much more in-
volved when the tank is detuned than when the tank is
tuned to antiresonance. This is due to the fact that now
two trial guesses must be made before the path of oper-
ation can be located: (1) Magnitude of the peak rf plate
voltage, and (2) the phase angle between the rf plate
and grid voltages. From the assumed path of operation
we can determine the plate current pulse, which can be
Fourier analyzed to give the magnitude of the funda-
mental plate current component and its phase relation-
ship with the rf tank voltage. The ratio of the rf tank
voltage to the fundamental current component is the
tank impedance value required by the assumed path of
operation. If this calculated impedance is not equal to
the given tank impedance, a new path of operation must
be chosen. However, it is difficult to determine whether
the new path of operation should differ from the original
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path by virtue of a different magnitude of rf plate volt-
age, or a different angle between plate and grid voltages,
or a combination of the two. This is because both of
these factors influence both the magnitude and angle of
the calculated impedance. No simple relationship exists
between the angle of the tank impedance and the angle
between the rf grid and plate voltages.

The inverse problem of finding the tank impedance
for a given path of operation may be solved as readily
as was the problem of the antiresonant tank condition.
This problem is discussed further in the next section.

As in the case for the antiresonant tank condition, it
is quite possible to satisfy the conditions for equilibrium
of the elliptical path of operation (tank detuned) with
the rf tank voltage greater than the dc plate voltage.
The paths of operation, and the corresponding current
pulses, in two such cases, are shown in Fig. 4. Also
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Fig. 4—Paths of operation and plate current wave shapes with
Eym > Ey, for different values of phase shift between the rf plate
and grid voltages. (a) Solid line is for 6=30°; dashed line is for
0=10°; dash-dot line is for 6 =0°, (b) 6=0°.(c) 8 =10°. (d) 6 =230°,

shown in Fig. 4 is the path of operation for an anti-
resonant tank with the same value of tank voltage as
for the detuned tank. It can be seen from Fig. 4 that,
for the same rf tank voltage, an elliptical path of opera-
tion makes possible a much larger plate current pulse
than that given by the straight line path of operation.
This increase in plate current reduces the magnitude of
tank impedance necessary to make the rf tank voltage
larger than the dc plate voltage. Further calculations
will demonstrate that this decrease in tank impedance
is larger than the normal decrease in impedance of a
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tank circuit as it is detuned. This means that the re-
quired impedance of the tank at antiresonance is, in
order to produce a certain tank voltage with the tank
detuned, less than the impedance of a tank required to
produce the same tank voltage at antiresonance. This
conclusion is made obvious by Fig. 6(a), where the
straight line path of operation requires an infinite tank
impedance while a finite tank impedance can produce
the elliptical path of operation shown.

CaLrcuLaTioN OF TANK IMPEDANCE

For assumed values of dc plate voltage, dc grid volt-
age, rf grid drive, rf plate voltage, and phase angle be-
tween the rf plate and grid voltages, the calculation of
the tank impedance proceeds as follows:

H we take time, t =0, at the point where the sine wave
rf tank voltage goes through zero with positive slope
then:

e, = Eyp — E,, sin wt (2)
and
¢c = E. + E, sin (! 4 0). (3)
For the tube:
ey + ue.
iy == — (4
Tp

1 o
i == = { [Ebb +/~lE¢e] - \/12 + B, Sin (wl - E’} 5
r

where (Fig. 3)

A =E,, — uE,;, cos 0 (6)
B = pE,;n sin 6 (7

= tan™! . 8

4
e €pm

(5] y' <&

3 ==
HEgm 2212

Fig. 5

This expression for 4, only holds as long as both 7, and
e, are positive. Under any other conditions, 7, =0,

The assumption of a constant u and r, is identical
with the assumption that the constant current curves
are equispaced straight lines. This assumption some-
what modifies the shape of the plate current pulse
mostly in that it assumes that the plate current sud-
denly falls to zero as the plate voltage goes negative.

In order to evaluate the fundamental sine and cosine
terms of 4, we must find the limits of the angle of con-
duction of plate current. For example, in considering

S
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the ellipse in Fig. 4 for which § =30°, plate current flows
from wt=; to wt=¢a. ¢1 is given by the intersection of
the path of operation with the 7,=0 line for the tube.
Therefore in equation (5) set wt=¢,, %=0 and solve for

(3
Evy + uE.

N EYoh ©)

" ¢y = §+ sin™!
# is given by the intersection If the path of operation
with the e;=0 line. Therefore in (2) set w!= ¢, er=0
and solve for ¢2
E.

. ¢p = sin!

(10)

pm

Thus:

1 4
- f iy sin wtd(wt)
T J ¢

1

o) [ Ey + pE,c)(COS ¢2 — COS d’l)

Trp

(1

ay =

VAt 4 B%cos & sin 2¢, — sin 2¢
- 2‘— (“¢2+¢1+'——"22“—-1>

v/ A? + B?sin £

3 (12)

sin? ¢y — sin? ¢1)] .
Similarly:

1
6 - [’Ebb + pE.)(sin ¢2 — sin ¢,)

Trp

VAT + B?sing
— (dn—dn

sin 2¢2 — sin 2¢1>
2

' 2
VA* 4+ B? cos &

5 (13)

(sin® ¢ — sin® d>1)] .

If, as in the case of the ellipse in Fig. 4 for which
#=10°, the plate current is a double pulse per cycle,
then it is also necessary to evaluate ¢; and ¢ and then
the integrals for a, and B, reduce to the above plus
an identical set of integrals between the limits ¢ to ¢
In any case,

ip, = ay Sin wt + B COs w!
, . B
VvVt + 8% sin (wt + tan™! l) (14)
aj
; B
Iomy = Vu* + By /tan y (15)
/ PO ¢ 1
E;n B
Ly = e tan ‘ﬁx . (10)
/p"u Vel + By’ I )

This is the required tank circuit impedance for equilib-
rium of the assumed path of operation.
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For given values of Eyn, Ew, E.., and E,. all values
of 8 are not generally possible. Consider first only posi-
tive values of 8. If

Epm > Ebb

gm

| Ee|

then 8 =0 is clearly impossible. This is the case of the
straight line path of operation shown in Fig. 6(a). As
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Fig. 6—(a) Path of operation with Epm>Ew and 0= £20°. (b) Rf
plate voltage for 8= 120°. (c) Plate current wave shape for
6= +420°. (d) Plate current wave shape for 6 = —20°.

is increased the ellipse “opens up.” The minimum pos-
sible value of @ is that for which the ellipse intersects
the 75=0 curve and thus causes a plate current pulse.
As 0 is increased further, the magnitude and angle of
conduction of the plate current pulse increases. A typical
possible operating condition is shown by the ellipse in
Fig. 6(a) for which 0=20°. The resulting plate current
pulse is shown in Fig. 6(c). The Fourier analysis of this
pulse will show that the fundamental component of
plate current leads the tank voltage, which means that
the tank impedance is capacitive. As can be seen from
Fig. 6, further increases in the value of 6 will shift the
plate current pulse, shown in Fig. 6(c), to the left. This
causes an increase in the capacitive angle of the tank
impedance. The limiting value of 8 occurs when the a
term of the Fourier analysis becomes zero. For this con-
dition the tank becomes a pure capacitive reactance. A
value of 0 larger than this will cause the oy term to be-
come negative, which means that the tank impedance
must have a negative resistance component, which is of
course impossible.
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For a negative value of 8, the elliptical path of opera-
tion is identical with that given for the same positive
value of 0, except that for negative values of 8 the oper-
ating point moves clockwise around the path of opera-
tion instead of counterclockwise as for positive values of
6. Hence the cllipse shown in Fig. 6(a) is also for
6 = —20° The resulting plate current pulse is shown in
Fig. 6(d). The plate current pulse is now identical to
that in Fig. 6(c), except that positive time is in the op-
posite direction.

It can be shown that the magnitude of the tank im-
pedance and the magnitude of the phase angle of the
tank impedance is only a function of the magnitude of
0 and not its polarity. Only the sign of the phase angle
of the tank impedance changes with the sign of 8. Posi-
tive values of 0 result in capacitive reactance .tanks,
while negative values of 8 result in inductive reactance
tanks. The minimum and maximum physically possible
values of 0 for negative 8 are thus identical with those
for positive 0.

D ETERMINATION OF MaAXIMUM TANK VOLTAGE

For given values of Ey, E.., E,n and for a given plate
tank circuit, the method for evaluating the rf plate volt-
age for different conditions of tank circuit tuning is
somewhat analogous to the method of evaluating the rf
plate voltage when the tank is adjusted to antireso-
nance.

Assume a value of E,. and 6. This determines the
path of operation. Calculate the fundamental sine and
cosine terms of the plate current pulse. Calculate the
required tank circuit impedance for this assumed value
of I,, and 0. From the magnitude and phase angle of
this impedance, calculate what the impedance of this
tank would be if it were adjusted to antiresonance. The
following expression for Z, can be used, for this last
calculation, when the tank is tuned by varying the tank
circuit inductance (as was the case in the experimental
work done in this investigation) :

7, + X.siny

cos ¥

z (17)
This formula assumes high-Q and constant coil resist-
ance. The problem of variations in this resistance with
the setting of the tank inductance is handled in the
next section. A similar expression can be derived for
the case where the tank is tuned by varying the tank
circuit condenser.

The above group of calculations is to be repeated for
different assumed values of 6 but for the same assumed
Fre

From this series of calculations we can then plot re-
quired tank impedance at antiresonance versus phase
angle of the tank impedance for constant rf tank voltage
across the detuned tank (Z, versus ¥ for constant E;n).

All of the above is to be repeated for different assumed
values of E,.,..

For two type 211 tubes operating in parallel, with
Iy =1,000 volts, .= —150 volts, E,., =200 volts, and
a plate tank circuit condenser fixed at a reactance value
of 1,000 ohms, the calculated curves of Z, versus ¢ for
values of E,. equal to 1,250, 1,500, 1,750 and 2,000
volts are shown in Fig. 7. The value of Z, is plotted on a
logarithmic scale for convenience in handling its large
magnitude range. The full line curves are for negative
values of ¥ (capacitive tank), while the dashed line
curves are for positive values of ¥ (inductive tank).
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Fig. 7—Magnitude of the plate tank impedance (Z,) versus the angle
of the plate tank impedance (¢) for constant £,... This is for two
211 tubes operating in parallel with: Ky = 1,000 volts, F., 150
volts, E,. =200 volts, X.=1,000 ohms, f=500 kc. These curves
are based on an assumed effective u =12 and rp=1,100 ohms, The
solid lines are for negative ¢ while the dashed lines are for positive
¥. The almost horizontal line is the apparent Z, for the experi-
mental plate tank circuit.

For constant E,,, as ¥ increases from zero the required
Z, decreases. This is due to the fact that as ¥ increases
8 increases and the ellipse “opens up,” which causes an
increase in the fundamental component of plate cur-
rent, which of course reduces the required tank imped-
ance. But for large values of Y (¥ close to 90°) the ratio
of Z,/Z, for the tank circuit becomes very large
(Z,/Z,= = for y=90°). For large ¥ this factor more
than compensates for the reduction in Z,, due to the
increase in plate current and causes the value of Z, to
increase with increasing values of y.

If on this family of curves a horizontal line is drawn
at Z, equal to the antiresonant impedance of the given
plate tank circuit, it is then possible to predict the varia-
tions in the rf plate tank voltage with the plate tank cir-
cuit tuning.

.,
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It is obvious from these curves that increasing the
impedance of the tank circuit will increase the rf plate
voltage.

Since

Z,

— Xt
cos¢x+ R

Z, =

the vertical height between the dashed and full line
curves for the same E,n is due to the X, tan ¢ term.
As the fixed value of X. is increased the two curves
move apart, and the required Z,, to produce a given
tank voltage, is smaller for negative ¥ than for positive
. Therefore the maximum possible tank voltage will
increase when X, is increased, even though the im-
pedance of the actual tank circuit at antiresonance is
kept fixed by decreasing the Q of the circuit as X. is
increased. This maximum tank voltage will occur when
the coil is adjusted to detune the tank capacitively.

Increasing the dc plate voltage or the grid driving
voltage or decreasing the dc grid bias will increase the
plate current pulse and will therefore increase the
maximum possible rf plate voltage for a given tank cir-
cuit. Similarly, of course, increase the p or decreasing
the 7, of the tube will increase the rf tank voltage.

EXPERIMENTAL VERIFICATION

The predicted relationship between the rf plate volt-
age and the plate tank circuit tuning, as obtained above,
lends itself very readily to experimental verification.

In order to minimize construction details, a model
8010 transmitter (manufactured by the Radiomarine
Corporation of America) was modified somewhat to ob-
tain rf tank voltages higher than the dc plate voltage.
This transmitter has an 807 crystal oscillator, an 807
buffer, and two type 211 tubes operating in parallel
as the power output stage. The oscillator was set at a
frequency of 500 kc.

The only essential modification of the transmitter was
the replacement of the plate tank circuit of the final
stage by a very-high-Q tank circuit. This tank circuit
consisted of a fixed 150-upf mica condenser and a
variable coil. The stator of this coil consisted of 48 turns
of #8/16/36 Litz, wound on a form 10.5 inches long
and 7 inches outside diameter. The rotor consisted of 13.5
turns of #8/16/36 Litz, wound on a form 2.75 inches
long and 5.75 inches outside diameter. At 500 kc the Q
of the coil varied from alyout 405 to 320, depending upon
the rotor setting.

Condenser voltage dividers were placed across the
plate tank circuit and the grid input circuit of the final
power amplifier to permit a cathode-ray oscilloscope to
be used to observe the path of operation on the constant
current curves (e, versus e,). In addition, a small re-
sistor (0.43 ohm) was placed in series with the plate
tank circuit to permit a cathode-ray oscilloscope to be
used for observation of the plate current pulse.
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The point of antiresonance of the plate tank circuit
was determined by the scope indication of the path of
operation. As explained previously, this can only be a
straight line when the tank circuit is antiresonant. As
can be seen from the plate current curve in Fig. 9 this
antiresonance setting also resulted in a minimum dc
plate current. This is similar to what occurs in class-C
amplifiers under normal operating conditions (Epm
< Ey). From this setting of the plate tank coil, and the
calibration curves of the coil, it was then possible to
determine the total fixed capacity of the tank circuit
(including stray capacity, output capacity of the power
amplifier, capacity of the plate circuit divider for the
scope, and input capacity to the peak reading voltmeter
in the plate circuit). The calculated fixed capacitive re-
actance in the plate tank circuit was 1,000 ohms, and
Z,=370,000 ohms.

Had the resistance of the coil been constant then a
horizontal line, at Z,=370,000 ohms, drawn on the
Z, versus ¥ curves (for constant E,.) would have per-
mitted a determination ot the variation in tank voltage
with tank tuning. However since the resistance of the
tank coil is not constant and since the Z, versus y curves
were calculated on the basis of a tank coil with constant
resistance, a slight modification of the horizontal line,
referred to above, is necessary. For any settirg of the
tank coil we can find the L and R of the coil. This then
permits us to calculate the ¥ (phase angle) of the tank
impedance and the value of Z, if the coil resistance were
constant at this value. Let us refer to this value of Z, as
the apparent Z, of the tank circuit.

The resulting curve of apparent Z, versus ¢ for the
actual tank circuit is plotted on the Z, versus ¢ (for
constant E,n) curves (Fig. 7). It should be noted that
the apparent Z, versus Y curve for the tank circuit dif-
fers only very slightly from the horizontal straight line
that would have been obtained if the resistance of the
coil were constant.

By interpolation between the Z, versus ¥ (for con-
stant E,.) curves, it is then possible to predict the
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Fig. 8—Rf plate tank voltage versus the angle of the plate tank im-
chance (¢). The solid lines are for negative ¥, while the dashed
lines are for positive . Ew = 1,000 voits.
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variation of tank voltage with tank circuit tuning. The
resulting predicted value of E,.. is plotted versus ¢ in
Fig. 8.

Since the relationship between the setting of the tank
coil and ¢ (the angle of the tank impedance) has al-
ready been calculated, it is possible to plot the predicted
value of tank voltage versus the tank coil dial reading.
This curve is shown in Fig. 9.
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Fig 9—Predicted plate tank voltage (solid line), measured plate tank
voltage (dashed line), and measured dc plate current (dash-dot
line) versus the plate tank coil dial setting (arbitrary units).
£y =1000 volts.

Also in Fig. 9 is plotted the experimentally measured
values of tank voltage versus tank coil dial setting.
From the known relationship between the tank coil dial
setting and , the experimentally measured values of
tank voltage are plotted versus ¥ in Fig. 8.

The predicted tank voltages differ from the measured
values, for most cases, by less than 12 per cent.

In view of the original assumptions (that the con-
stant current curves of the tube are equispaced straight
lines, whereas in reality in the region of low plate cur-
rent the curves are not equispaced, and in the region of
low plate voltage the curves are not straight lines, and
since those two regions contribute a large percentage of
the plate current pulse when the rf plate voltage is
larger than the dc voltage) the agreement between the
predicted and measured tank voltage is extremely good.

The above assumptions regarding the constant cur-
rent curves both result in an assumed plate current
pulse which in general is larger than the actual plate
current pulse, and therefore result in a predicted tank
voltage which is higher than the actual tank voltage.
This of course could have been compensated for more
completely by assuming a higher value of 7, than was
done in these calculations. Or possibly a more accurate
method of attack would have been to approximate each
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constant current curve by two straight lines of different
slope—one for the region of low plate voltage and
another for all remaining values of plate voltage. How-
ever the increased accuracy of this method does not
justify its use in view of the large increase in work it
entails.

It should be noted that at antiresonance the rf tank
voltage goes through a minimum point whereas under
normal operating conditions, with the rf tank voltage
less than the dc plate voltage, the rf tank voltage reaches
a maximum at antiresonance. This justifies the shift to
the left of the minimum point of the Z, versus ¥ curves
as E,, is decreased. With E,,, less than E, the minimum
point of these curves will occur very close to ¢ =0 (tank
circuit at antiresonance).

As can be seen from the curves of tank voltage versus
tank tuning, the maximum peak rf plate voltage was
about 1.8 times the dc plate voltage. When the rf grid
drive was increased from 200 volts to 300 volts the peak
rf tank voltage was experimentally found to be about
2.5 times the dc plate voltage. Higher values of grid
drive or higher values of plate tank impedance will in
general cause the ratio of maximum peak rf tank voltage
to dc plate voltage to be even greater than this value.
Ratios greater than 5 have been obtained experimen
tally.

This study shows that it is inadvisable to operate the
power amplifier at the nominal operating voltages or to
perform the power amplifier tuning operation when the
antenna is disconnected or presenting a very small load
to the power amplifier. Hence there is a lower limit be-
yond which it is inadvisable to reduce the rf power out-
put from a transmitter by reducing the coupling be.
tween the plate tank and the antenna.

Due to the large grid current which flows when the
plate voltage is negative the use of grid leak bias will
limit the rf plate voltage and will greatly reduce the re-
quired voltage rating of the tank condenser.

An alternate method of avoiding the condenser break-
down that this phenomenon produces is to use a protec
tive gap across the plate tank condenser. This method
was suggested by J. F. McDonald and has been used
by him in a number of Radiomarine transmitters.

No data are at present available as to the intfluence of
this large rf tank voltage on the life of the tube.
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A New Wide-Range, High-Frequency Oscillator’

0. HEILT anp J. J. EBERS{, ASSOCIATE, IRF

Summary—A new tube is described which is fundamentally a
Barkhausen oscillator with an electron gun and a cavity resonator.
The tube is inherently inefficient, but is capable of tuning over ex-
tremely wide frequency ranges. For one single tube, for instance, the
wavelength ranges from 4.5 to 12 cm and the output power from 0.1
to 1.0 watt.

energy transformation process. Kinetic energy of

electrons is transformed into electric field energy
of the electromagnetic oscillating circuit. In extending
the range of an oscillator to higher frequencies, there are
- two limitations set by nature: (1) The conductivity of
copper, and (2) the limited emission density of cathodes.
The first limitation can be moved farther out by con-
centrating the electric field in the smallest possible space
and allowing the magnetic field the largest possible
space. The second limitation can be moved farther out
by concentrating the electrons from a large cathode
into a narrow beam. The tube described in this paper
makes use of field concentration as well as electron con-
centration. The field concentration is obtained by mak-
ing use of the fact that electric fields concentrate on
sharp corners, whereas, the electronic concentration is
obtained by use of a highly efficient electron gun.

The electron mechanism used is the same as in the
Barkhausen tube, and is similar to the mechanism of a
reflex klystron. In spite of the low efficiency of this
mechanism, tubes have been built which tune over a
3-to-1 tuning range by varying only the capacity of the
circuit. This variation is possible due to the low res-
onator gap capacitance. The large tuning range, com-
bined with a simple solid construction, makes the tube
useful in spite of its low efficiency.

Fig. 1 shows the electron gun used which increases the
current density by a factor of 230 from the cathode to
the narrowest cross section of the beam. At the side is
shown the distance d between a plane cathode and
anode which give, at the same voltage, the same current
density as the gun, space-charge limitation assumed.
The emitting part of the cathode is an ellipsoid with an
axial ratio of 1:3. The curvature of this surface is lowest
at the center of the cathode where the electrons need
less focusing action, since the distance they have to
travel from the cathode to the narrowest part of the
beam is about 15 per cent longer than the same distance
for an electron coming from the edge of the cathode.
Two beam elements are shown on the drawing, one com-
ing from the center of the cathode, and the other from

SHORT-\VAVE GENERATION in a tube is an
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Fig. 1—Electron gun

the edge. Besides the different lengths and the different
focusing action, the defocusing effect of the space charge
on the center element has to be smaller than on the out-
side element, to make the beam parallel in the right
distance. In an ideal parallel beam all electrons travel in
the same direction. The cathode surface is, therefore,
specifically less loaded in the center. The given dimen-
sions have been found experimentally. The density dis-
tribution in the beam was checked with a thin carbon
sheet as a screen, and the directional distribution of the
electrons was checked in a space-charge free space pro-
duced by ion trapping. The dimensions shown in Fig. 1
were the final result of a long series of experiments.
The dimensions given were in millimeters in the first
model. The cathode area was 4.65 cm?. However, only
the relative dimensions are of importance since the char-
acteristics, such as the increase in current density of 230
and the total space-charge limited current flowing (140
ma at 1,000 volts), are independent of the actual size.
The dimensions used in the tubes described in this paper
are the original size and half size.!

(a) (b)

Fig. 2—Electrode arrangement and potential distributions between
nozzle and repeller in absence of space charge for two extreme
positions of repcller.

! This fun has previously been developed mainly for use in power
klystrons by O. Heil.
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Fig. 2 shows how the concentration of the electric field
is obtained at the point where the electron beam has its
greatest density. The equipotential surfaces surrounding
the conic nozzle are pictured. Their form is mainly de-
termined by the nozzle shape, and depends little on the
position of the tubular tuner electrode. The equipoten-
tial surfaces were taken in an electrolytic trough and
do not take into account the space charge of the beam.
(For space-charge efiect compare Fig. 4.)

Fig. 3shows incurve I the potential plotted along the
axis of Fig. 2(a). This potential shape is of double inter-
est, first, as picturing the ac field and second, as pictur-
ing the dc or repellier field. For the ac or high-frequency
field, the high concentration of the field near the nozzle
and the weak field farther away is important. An elec-
tron going out and coming back through these ficlds ex-
periences a strong ac effect going, that is, the modula-
tion elffect, and a strong ac effect coming back, which is
the working effect. In between, or during the bunching
time, the ac effect is weak. (The same point is mentioned
by Pierce in a comparison between a Barkhausen tube
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Fig. 3—Axial potential distributions in repeller space.

and a reflex klystron.?) The same field, as a dc or repeller
field which has to transform velocity variations into
bunches, has good transforming ability. In Fig. 3 nega-
tive potential is shown positive in order that electrons
can be pictured as balls rolling on the potential curve.
Curve 2 is a parabola; such a potential curve can never
transform velocity variations into bunches because the
time an electron takes to go in and come out of the re-
peller field is independent of its velocity. The electron
makes just half an oscillation of an ideal pendulum. If
the potential distribution deviates from the parabola,
the bunching is stronger the larger the deviation. Curves
below the parabola, like curve 3, give bunching similar
to a linear klystron while the controlling field is rising;
whereas curves above the parabola give bunching similar
to most reflex klystrons® while the controlling field is

2 Discussion on “Reflex oscillators,” by J. R. Pierce (Fel
1945, pp. 112-118); E. U. Condon, A. E. Harrison, W \\('. Hansen.
1. R. Woodyard, and J. R. Pierce., Proc. LR.E, pp. 483-485; July
1945, i
3 An exception is the wide-range tunable

X reflex klystron described
by Ludwig Meyer in an unpublished work. =
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falling. The transformation of velocity variations into
density variations is good because of the strong devia-
tion of curve 1 from the parabola. These considerations
show that the potential distribution obtained in the elec-
trode arrangement of Fig. 2 is favorable for controlling
bunching and working of electrons.

Fig. 4—Potential distribution between nozzle and repeller considering
space charge. Shows effect on returning beam.

Apart from the greater simplicity an tunability of
this tube, there are three more advantages:

1. All the electronic energy which has to be dissi-
pated is produced on one clectrode, the nozzle electrode
which is made of solid copper and conducts the heat
away to the outside envelope of the tube.

2. No secondary emission or multipactor discharge
loads the oscillating cavity, because the dc field holds
all secondaries back on the nozzle and the repeller is
never struck by electrons in normal operation.

3. The tube shows no hvsteresis effects due to elec-
trons returning in the cathode space, because the
nozzle opening is very small and the beam is, by its
own space charge, split into a tubular beam on the re-
turn. (Fountain effect.) Fig. 4 illustrates this. The dis-
tortion of the equipotential surfaces of Fig. 2 by the
beam space charge is shown. The path of the electrons is
indicated.

Fig. S~-~E)5perimental evidence of formation of
ring-shaped returning beam.
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Experimental evidence of this path is given in Fig. S.
The nozzle was covered with soot. The finely divided
carbon glows where it is struck by electrons. The pic-
ture was taken through the repeller tubing and shows
the nozzle opening in the center surrounded by a dark
zone where scarcely any electrons strike the nozzle.
Outside of this dark zone is the ring where most of the
electrons strike. The irregularity in brightness is due to
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Fig. 6—Tube cross section.

variations in the soot. When the tube oscillates, the ring
becomes a little more diffuse. In tuning the tube, the ring
moves up and down on the nozzle. At the high-frequency
end of the tuning range the repeller tube has not suffi-
cient refocusing effect on the electrons, and the ring
spreads over the base of the nozzle. If this point is
reached, the tube ceases to oscillate. The electronic effi-
ciency seems to be higher with the repeller close to the
nozzle, that is, on the long wavelength end of the tuning
range. With the higher capacitive loading of the circuit
at this end, more power is lost in the circuit, and there-
fore the observed power output does not vary much over
the whole tuning range. (It may be mentioned that the
soot used for detecting the electrons did not appreci-
ably increase the cavity losses. The splitting of the elec-
tron beam into a ring is responsible for the fact that no
hysteresis has been observed (see Fig. 13).) There are,
however, some electrons out of the center part of the
beam which return to the cathode space, but their effect
is small because of the relatively long and nonuniform
transit time in the cathode space.

In Fig. 6 is shown a cross section through a sealed-off
model of the tube and in Fig. 7 the external view. The
cavity is made of copper and is brazed into a standard
size radio tube steel envelope. The cathode assembly
consisting of hot and cold parts is screwed to the cavity
and insulated by a mica disk and ceramic insulators.
The mechanism for guiding the repeller tube is screwed

Fig. 7—Tube,

to the other side of the cavity. The repeller, having
negative potential with respect to the cavity, must
move freely without touching the copper block of the
cavity. The motion is guided by two sets of three steel
balls which roll on the inside of a thin-walled tubing.
‘The elasticity of the metal tubing holds the balls tight
onto the repeller and prevents any shaking. The balls
are spaced by a ball container. External motion is
transferred into the vacuum by a lever mechanism
through a short piece of metal bellows. The turning
point of the lever is at the bellows. The total motion of
the repeller for the full tuning range is about 2.5 mm.
The tube shown in Fig. 6 tunes from the 4.2- to 14-cm.
wavelength,
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As the cavity is not perfectly closed, high-frequency
energy may leak out through the narrow gap between
the insulated repeller and the cavity body. This leaking
of energy becomes very large, should there exist a
resonance in the back volume of the tube. In this case,
it can suppress the oscillations. In the tube it is pre-
vented in the following way:

1. The repeller is made of glass or ceramics, and the
end sticking into the cavity is silverplated inside and
outside.

2. The length of the plating is made shorter than
half the shortest wavelength produced so that it cannot
resonate.

3. This silverplating is connected electrically over a
high resistance (about 10,000 ohms) with silverplating
at the other end of the repeller tubing where the re-
peller connection is made. The resistance is made by
coating the inside of the glass or ceramic tubing with
carbon (dag).

The tube shown in Figs. 6 and 7 is the model which
has been brougnt into a sealed-off form. Many other
versions of the tube varying in electrode shape, in
cavity and gun size, and in tuning range and frequency
have been studied. All these studies were made on the
pump, where quick changes are possible and many
variations could be made on the same model. The ex-
perimental method of studying this electron mechanism
is by far the best, since the electron mechanism is rather
complex due to the fact that the electron motion has to
be considered in three-dimensional space. The radial
components of the velocity are of the same importance
as to transit time as longitudinal components, and the
space-charge effects due to the high density beam are
quite considerable. The electron beam and the electric
field configuration, as determined by nozzle and repeller,
have been varied in these experiments. On the electron
beam, the current as well as the convergence of the elec-
trons at the point where they enter the high-frequency
field was varied. The current variation was obtained by
moving the cathode farther away from the accelerating
electrode. This change of the gun does not affect the
quality of the beam appreciably because the beam
formation is mainly determined by cathode shape. To
move the high-frequency field from the parallel section
of the beam into the converging or diverging section,
the nozzle was built longer or shorter without changing
the outside shape. The best efficiency was obtained by
the beam leaving the nozzle parallel and by a spacing of
cathode to nozzle which was slightly greater than
shown in Fig. 1. The output maximum is very flat,
which means the current and the convergence of the
beam are not critical. The motion of the cathode in this
experiment was done continuously with the tube oscil-
lating by a lever mechanism similar to the one used on
the repeller. The varying of the field configuration was
done mainly by variation of the nozzle. In one experi-
ment the field was made less homogeneous by adding a
cylindrical portion on the end of the nozzle. In other
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experiments the nozzle opening was made larger or the
cone angle was varied. All these experiments showed a
decrease in efficiency when deviating from the geometry
given in Figs. 2 and 4. On the other hand, it was
shown that the dimensioning of the nozzle is not very
critical for this low efficient mechanism which is adapt-
able over a very great frequency range. On one tube, the
frequency range produced, with the same exciting unit,
was further extended in addition to the normal repeller
tuning by changing the size of the cavity. The wave-
length varied from 4.75 to 18.8 cm. The actual size of the
gun was the same as in Fig. 1, dimensions given in
millimeters; whereas, the gun used in the tube shown in
Figs. 6 and 7 has half the linear dimensions.

Figs. 8, 9, 10, and 11 present a few characteristics
which were obtained with different models of the tube.

Fig. 8 shows the wavelength versus turns of tuning
mechanism characteristic of one model of the tube. In
this and the following figures, the turns of the tuning
mechanism is a linear measure of the distance between
nozzle and repeller. This model used a full-size gun with
a two-inch diameter cavity. It is seen that one repeller
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Fig. 9—Tuning characteristics, 5 to 10 cm.
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mode covers almost the entire range of the tube. This
tube delivered 200 to 250 milliwatts of radio-frequency
power across the tuning range at an efficiency of ap-
proximately one per cent.

Fig. 9 shows the characteristics of another model
similar to the one whose characteristics are shown in
Fig. 8, with the exception that the cavity diameter
was decreased from two inches to one inch. This tube
will oscillate over the range from five to ten centi-
meters. Two repeller modes are shown: the tube will
oscillate over the entire range without shifting modes,
and the change in repeller voltage is practically linear
with change in repeller position. This tube delivered be-
tween 100 and 200 milliwatts across the tuning range.
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Fig. 10—Tuning characteristics, 4.5 to 12 cm.

The results shown in Fig. 10 were obtained from the
tube shown in Figs. 6 and 7. This tube has a half-size
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Fig. 11—Tuning characteristics, 4.5 to 9 cm.

gun and a cavity which is about one inch in diameter.
It will oscillate over the range from 4.2 to 14 cm. with
an output of 100 to 150 milliwatts. In a sealed-off tube,
however, the range would have to be limited to about
12 cm, because of danger of field emission between nozzle
and repeller. This tube has the disadvantage that no
single repeller mode can be used across the entire range.
For this tube, mode 1 is the 3/4 mode in conventional
reflex klystrons, mode 2 is the 7/4 mode, and so forth.
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Fig. 11 shows the characteristics of a tube similar to
the one shown in Figs. 6 and 7, except that the inside
and outside diameters of the repeller have been in-
creased. The result is a decrease in the tuning range, but
now the whole range can be covered by one repeller
mode. The power output of this tube is comparable with
the tube whose data are given in Fig. 10.

[ Tee280

Fig. 12—Variation of power output with anode voltage.

Fig. 12 is an oscillogram of relative power output
with varying anode voltage for the tube whose char-
acteristics are shown in Fig. 9. The repeller voitage was
adjusted to give maximum output. As is always true,
the anode voltage is not critical.

The lack of hysteresis in power output as repeller
voltage is varied as shown in Fig. 13. The anode was
operated at a constant voltage, and a fixed bias plus
sinusoidal modulation was applied to the repeller. The
picture on the left shows output w ith increasing and de-

Fig. 13—Variation of power output with repeller voltage showing
freedom from hysteresis.
Ea =790 volts direct current
Fp= 110 volts direct current
R =1120 volts alternating current

A=5.3cm.

creasing repeller voltage. The one on the right shows the
two outputs superimposed, The small difference is due
to phase shift in the scope amplifier, and practically no
hysteresis exists.

CONCLUSION

A tube giving a power of 100 to 200 mw and being
tunable from 4.2 to 12 cm has many applications be-
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cause it replaces a series of tubes. It may be used as a
laboratory oscillator, for antenna measurements, or as a
local oscillator in a receiver. The output and tuning
range is achieved with a specific load on the cathode sur-
face of only 40 ma per square centimeter. This assurcs
long tube life and little difficulty in manufacturing.
Moreover, it shows that cathode emission is not a
limitation when scaling the tube to shorter wavelengths.
The other limitation in scaling is the heat dissipation
ability of the nozzle. Experiments in thi¢ direction show
that this limit has not been reached. One of the standard
tubes was operated at 1,100 volts and gave 1 watt
output with an input power of 84 watts. At this load the
tube was run continuously for 24 hours without any
change in behavior. In view of the simple construction
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of the tube, it is therefore believed that scaling to 15,000
Mc is possible.
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The Influence of the Ground on the Calibration and

Use of VHFE Field-Intensity Meters*

NE SOURCE OF error usually pres-

ent in very-high-frequency field-in-

tensity measurements (30 to 300
Mc) results from the effect of the ground be-
neath the receiving antenna on the value of
its radiation impedance. This impedance to-
gether with the load impedance Z. con-
nected to the center terminals determines
the ratio of the terminal voltage to the in-
duced voltage in the antenna, namely, the
voltage-transfer ratio* This in turn aflects the
value of the antenna constant.

Very-high-frequency field. intensity meas-
urements will be generally in crror, there-
fore, if either the receiving antenna height or
ground constants are appreciably different
from those existing when the field intensity
meter was calibrated,

A solution is obtained yielding the ap-
proximate radiation or input impedance Z;
of a horizontal half-wave dipole over plane
homogeneous earth for finite values of dielec-
tric constant ¢, and conductivity ¢. The re-
sult is

Zix 27y + T2y, o

where Zy, is the free-space input impedance,?
Zyz is the mutual impedance® between the
antenna and its image (6= ), and T js the

* Decimal classification: R271. Original manu-
script received by the Institute, June 1, 1949; ab.
stract received, November 18, 1949, This is an ab-
stract of a paper published in the Journal of Research,
Natfonal Bureau of Standards, vol. 44, no. 2, Febru.-
ary, 1950. Copies for sale by the Superintendent of
Documents, U. S, Government Printing Office, Wash-
ington 25, D.C

t Central Radio Propagation Laboratory, Na-
tional Bureau of Standards. Washington 25, D. C.

! “Standards on Radio Wave Propagation, (Meag-
uring Method),” Supplement to Proc. LLR.E., vol. 30,
part 11, p. 1; July, 1942,

' S. A. Schelkunoff, “Electromagnetic Waves,” pp.
441-479, D. Van Nostrand Co., Inc., New York.
N. Y.; 1943,

? P. S, Carter, “Circult relations in radiating 9ys-
tems and applications to antenna problems.” Proc
L.R.E., vol. 20, pp. 1004-1041; June, 1932.
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complex plane-wave reflection coefficient® of
the ground for vertical incidence. The im
pedances are referred to the center terminals
in all cases.

With the antenna input impedance eval-
uated, the measurement error may be dete:-
mined for various values of load impedance
Z, antenna height in wavelengths h,/X, or
ground constants ¢, and o,

If the receiving antenna constant was de-
termined for a sufficient antenna height h,
as to have essentially a “free-space” value,
the resulting percentage difference between
the true and indicated values of field inten-
sity atany other antenna height will be

ZL+ZL
Zr+2Z;

Values of & calculated from (2) are well
supported by actual measurements at one
particular site at a frequency f=100 Mc.

Typical calculated values of this differ-
eénce or measurement error versus height in
wavelengths h,/X are shown in Fig. 1 for val-
ues of the ground constants shown, ¢= =,
&=9, 15, and 30. Low loss dielectrics were
assumed for the latter three cases, i.c.
(0/ew)<K1. This assumption is permissible
for many types of ground over a large por-
tion of the very-high-frequency band.

As shown in Fig. 1, a field-intensity
meter (Z,=73Q) calibrated under free-space
com!itions may indicate values of field in
tensity over average ground (e, = 15) which
are in error by as much as 10 per cent for
values of /,/\ near 0.3, and 7.5 per cent for
values of i1,/ near 0.6. If this error is to be
he!d to values less than § per cent, antenna
heights greater than about 0.65 wavelengths
should be used for field-intensity measure-
ments under these conditions,

- 1) X 100 (per cent). (2)

4 J. A. Stratton, “Electromagnetic Theory,” 493
McGraw-Hill Book Co.. Inc., New York, N°¥. 1o05"

It is somewhat doubtful at present just
what maximum values of measurement error
of this type should he permitted. The error
can obviously be reduced by increasing the
load impedance Z,. For values of the rermi-
nating impedance Zp=73, 150, and 300
ohms, the maximum value of the error calcu-
lated for antenna heights greater than 0.15
wavelengths is 10, 7, and 4 per cent, respec-
tively, and approaches zeroas Z,, approaches
infinity.
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Apparently the usual changes in the
ground constants experienced (due to chang-
ing moisture content) have but little effect
upon the measurement error as presented
here. As seen from Fig. 1, the total variation
from “average ground” conditions (e,=15)
does not exceed 1.5 per cent except for values
of h,/x<0.15.

Since the error is appreciably larger over
perfectly conducting ground (o = ®), it
would seem inadvisable to use or calibrate
very-high-frequency field-intensity meters
over a metallic reflecting plane, unless the
antenna heights were carefully chosen so as
to result in a low value of error,
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A Philips-Type Ionization Gauge for Measuring of

Vacuum From 107 to 10'mm. of Mercury’
ERNEST C. EVANSY, ASSOCIATE, IRE, AND KENNETH E. BURMASTERT, MEMBER, IRE

Summary—A Philips (Penning)-type ionization gauge is de-
sribed which, unlike most former gauges of this type described in
1e literature, is capable of measuring vacuum down to 1077 mm o
{g. Construction and operation details of the gauge are given in addi-
on to its advantages and disadvantages as compared to hot-cathode-
ype ionization gauges.

emphasized the need for a convenient means of
| measuring very low pressures. Among the more
yractical gauges for measuring high vacuum are the
ot-filament and the cold-cathode ionization gauges.
The former type has the obvious disadvantage of burn-
ng out if the vacuum is broken while the gauge is in
speration. The cold-cathode type is not destroyed by
speration at atmospheric pressure, has a greater range
and longer life, outgases less, and gives accurate pres-
sure readings.
The Philips (Penning'?) ionization gauge was selected
as the most promising type for routine use. A Philips-

THE INCREASE in the use of high vacua has

0 050 stainless sleel
discs, silver soldered

type gauge which gave accurate pressure readings be-
tween 10~7 and 10! mm of mercury was then designed
and constructed.? Figs. 1 through 4 show two models of
this gauge adapted for connection to a glass vacuum
system. A permanent Alnico V magnet (illustrated in
Fig. 4) producing a field of 1,700 to 2,100 gauss across a
3/4-inch gap, is used to supply the magnetic field. A po-
tential of 1,800 volts dc is supplied between the metal
envelope, or cathode, and the wire loop, or anode. The
current flowing through the gauge is a function of the
pressure and is measured by the circuit shown in Fig. §.

Operation of the gauge depends upon ionization of the
gas molecules within the gauge. When an electron leaves
one side of the metal envelope, C; in Fig. 1, it is at-
tracted toward the anode loop, and its travel is con-
strained to a helical path of small diameter by the mag-
netic field. This electron passes through the anode loop
into the retarding electric field caused by the opposite
side of the metal envelope C3, and it is then forcea back
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Fig. 1—Philips ion gauge.

_* Decimal classification: 621.375.621. Original manuscript re-
ceived by the Institute, October 19, 1949; revised manuscript re-
ceived, February 8, 1950.

Thlp paper 18 base.d on work petformed for the Atomic Energy
C(_)mm:ssxon by Carbide and Carbon Chemicals Corporation, Oak
Rid e, Tenn.

Carbide anq Carbon Chemicals Corporation, Oak Ridge, ‘Tenn.

1 F. M. Penning, “Method and Device for Measuring Pressures,”

U. S. Patent No. 2,197,079; April 16, 1940.

2F. M. Penning, “Glow discharge at low pressure between coaxial
cylinders in an axial magnetic fueﬁl," Physica, vol. 3, pp. 873-894;
November, 1936; and “New manometer for low gas pressures, espec-
cially between 103 and 10~ mm,” Physica, vol. 4, pp. 71-75; Febru-
ary, 1937.

3 A. O. Nier, “A mass spectrometer for isotope and gas analysis "
Rev. Sci. Instr., vol. 18, pp. 399-400; june, 1947.
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toward the anode at a somewhat slower velocity and
in a helical path of greater diameter. This cycle is re-
peated many times until the path of the electron ex-
tends outward to the anode loop, and the electron is then
captured. During its travel, the electron will strike some
of the molecules of gas which are present in the gauge
and will ionize them. The positive ions will travel to the
cathode plates, Ci and C., while the secondary electrons
will travel to the anode in the same manner as the pri-
mary electron. This current between the anode and the
cathode plates is a function of the kind and number of
molecules of gas present and may be used as a measure
of the pressure.
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Fig. 2—Philips ion gauge

Several units of the gauge described have been sub-
jected to various tests and have been found to give ac-
Curate pressure readings from 10~7 to 10~! mm of mer-
cury. Graphs of the calibration for air are shown in
Figs. 6 through 8. The nonlinearity of the curve for
pressure above 5X 10~ mm is caused by a protective
resistor in series with the gauge. Using a lower value of
resistance would extend the linear region. The gauge is
about six times as sensitive as common hot-filament
ionization gauges. Quantities of these gauges have been Fig. 4—Philips ion gauge and magnet.
assembled without special precautions, and the calibra-
tions of the majority of the units completed are within a
factor of 1.5. Several gauges have been in routine service
continually for more than a year without failure or no-
ticeable change in calibration. As with all ionization ‘o R Foote, “Effect of Different Gases on_Philips Gauges,”

gauges, the calibration depends upon the nature of the g?i:ecbiétgglsas‘:itggiﬁf;uegg %'SC?&x;isﬁgn,ss?)i(i?Of?n. L

S

gas present,* a property which makes the gauge useful
as a leak detector. Spraying a suspected area with ace-
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tone, alcohol, or helium causes a sudden change in the
pressure reading when any of the material enters the
system through a leak. The response of the gauge to
changes in pressure is very rapid. Since the gauge is
operated at room temperature, there is little trouble

from cracking of hydrocarbon compounds or from out-
gassing after the gauge has once been degassed. Usually
a lower pressure can be obtained than is possible with a
hot-filament gauge.

The electronic supply shown in Figs. 5 and 9 contains
a high voltage supply to furnish the potential of 1,800
volts dc and a vacuum-tube voltmeter to measure the
gauge current. Since all the pressure ranges (except the
micron range) are essentially linear, the pressure reading
may be read directly from the meter scale times the
sensitivity factor. The micron scale is nonlinear and
must be added to the meter scale. The two-megohm re-
sistor in series with the gauge is installed both to protect
the supply from being overloaded and to protect the
operator from high-voltage shocks. Provisions are incor-
porated into the circuit for checking the electrical zero
and the sensitivity of the vacuum-tube voltmeter and
the high-voltage potential.

Some additional advantages and disadvantages of the
modified Philips gauge are:5#

1. It replaces both the ordinary ionization gauge and

the thermocouple or pirani gauge in operating
range,

s R, I. Garrod and K. A. Gross, “Combined thermocouple and
cold-cathode vacuum gauge,” Jour. of Sci. Instr., vol. 25, pp. 378~
383; November, 1948,

¢ C. Hayashi, et al, “Several improvements on the ‘Philip's
gauge,'” Rev. of Sci. Instr., vol. 20, pp. 524-526; July, 1949.
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It does not cause thermal ionization of the gas,
which complicates the pressure reading.

It requires no filament emission regulator.

Its rugged and simple construction permits easy
cleaning.

It occasionally fails to strike if turned on when the

pressure is below 10~¢ mm mercury. However, the
gauge may be “struck” by warming to raise the
pressure momentarily and initiate the discharge.
The addition of a “starter” as shown in Fig. 1 will
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enable the gauge to “strike” at pressures down to
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Cathode-Coupled Multivibrator Operation*

KEITH GLEGGfY, STUDENT, IRE

Summary—An approximate analysis of the cathode-coupled
multivibrator is given. The result is an expression for the period of
the output pulse in terms of the circuit elements, rather than voltages
which have to be determined graphically. A series expansion of the
final expression is used to show that the output period is nearly a
linear function of one of the voltages in the circuit, and can be made
more nearly linear by a proper choice of the circuit parameters.

INTRODUCTION

HE CIRCUIT to be analyzed is shown in Fig. 1.
TAn especially fine discussion of this circuit is given

in the literature.! In view of this discussion, no
attempt will be made at a detailed treatment of the cir-
cuit operation. Briefly, however, it will be said that the
circuit operates with 12 normally conducting with
nearly zero grid bias, and with V; cut off. When fed
with a positive triggering spike of sufficient magnitude
on the grid of V), the current switches rapidly from
Va to Vi, by a regenerative action. V) then remains
conducting, with V; cut off, for a length of time de-
termined by the circuit parameters, at the end of which

Ebb

——l
Fig. 1—Cathode-coupled multivibrator.

a spontaneous switching occurs, and V; becomes con-
ducting with Vi cut off as at the start. The circuit re-
mains in this condition until triggered again. The time
during which V, is conducting is the period of the out-
put pulse. This pulse is positive-going on the plate of
V2 and negative-going on both the plate of V; and the
cathodes of Vyand V.

* Decimal classification: R146.2, Original manuscript received by
the Institute, October 13, 1949; revised manuscript received, Feb-
ruary 10, 1950.

1 Canadian Marconi Company, Montreal, Que, Canada.

1 MIT Radar School Staff, “Principles of Radar,” Second Ed., pp.
2-53, McGraw Hill Book Co., New York, N. Y.; 1946.

ANALYSIS OF CIRCUIT

It can be shown, by means of the argument given in
the reference previously cited,! that the period of the
output pulse T is given by the expression

A _ r ’
T = CiRyslIn ( 2Ew — €pnt’ — €en2 ) )
Eos — im' Ry + | ecoz |
where
Ca, R,2, Ry, and Ep are as indicated in Fig. 1
| eco2| =the modulus of the cutoff voltage of V2 when
V1 is conducting
e,m’ = the value of e,. when Vi is conducting
i’ =the plate current of V, whenitis conducting
€cny’ = the value of e..o when Vzis conducting.

The object now is to express the quantity inside the
bracket in terms of the resistances in the circuit. We
start with the quantity ecos.

It is well known that for triodes, the cutoff grid-
cathode voltage is given quite accurately by the plate
supply voltage divided by the amplification factor of
the tube. In the present case therefore, the cutoff volt-
age is given by
. Ew— in'Re
| €co2| = :

(2)
m

No subscript is used on p, since it is assumed in all of this

analysis that V, and V; are similar.

We now obtain an expression for e...’. Since during
the conduction period of V; its grid-cathode voltage is
nearly zero, actually, very slightly positive, we can
treat the plate resistance of the tube as being constant,
and the plate characteristic as passing through the
origin. This gives immediately

’ R"
tend’ = Fopp e 3)
Rp: + Ri + Riz
Further, it is clear that e,.’ is given simply by
e’ = Eop — ip'Rp1. 4)

It only remains to get an expression for 4,1". By taking
advantage of the strong linearity resulting from the
cathode load Ry, it can be shown that 7, is given ap-
proximately by

1
i =L , , -
o ""[R,, + (u+ DR + Rn
R, 7 L _] (5)
(R1 4+ Ry) (R, + pRe+ Ru)d’
Substituting (2), (3), (4) and (5) in (1), we get

+
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<1 4 Ry )
R,4+ (u+ DR: + Rn

T=C2R”21n < . )
v+ 1

= —
R,4+ (u+ 1)R: + Rn

This is the required expression for T and it is in error
by about ten per gent (using published values of u and
R,;) when compared with a graphical method used in
conjunction with (1). We will now make use of this ex-
pression for T to show that for a wide range of condi-
tions T is nearly a linear function of R./R,+ R, (or
e/ Ew), and that by a proper choice of parameters, the
approach to linearity can be improved. This property of
the circuit is well known,'? but a theoretical explanation
has so far not appeared in the literature.

CoNDITION FOR LINEAR OPERATION

After expanding the logarithm of the quotient in (6),
and then making use of the series

2

x3

%
In(1+4 x 2+3 cete, —1<x< 1, (7

we get, on neglecting terms beyond the second order in
R:/Ri+R; and terms less than 1/u:

1 Ry + R,
i Rot(ut DRt Ry

R. 1 R 2
Ryt RutRe 2 <E;¥712+AR}) }

R, s u(Ru+Ry) wRy

Ri+Ro\R,+uR+ R,y R,+uRit R,

R R, R
R+ Ru+R. Ry4+-uRi+ Ry (R,,,+ Ru+R

‘(R.]:R )

1 uRn ) ( uRp

I (Rp+MRL+RII - Rp+#RA+Rn)
R

Rt R,2+*R_k}] '

T=C,R,,2|: : =

{
)|

eyt )
U2 \R,+uR+ Ry,

(8)

Now it is clear from (8) that if we equate the coeffi-
cient of (R2)?/(Ri+R;) to zero, the resulting condition
will be, to the order of approximation involved in (8),
that for a linear relationship between T and Ry/R 4 R,.
When this is done the condition is found to be

2 B. V. Chance, Hughes, et al, “Waveforms.” p. 168, McGraw-
Hill Book Co., New York, N. Y.+ 1949, S

|
|
|
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v

Rp+ Rz + R,

It is interesting to note that careful plots of T as a func-
tion of R;/R,+ R,, for various values of Ry, using rela-
tions (1) and (6) and typical values for 6SN7, show that
the value of Ry satisfying (9) does give a more nearly
linear relation than either R;; =R, or Ru=T,/2. In all
these cases, however, the departure from linearity is not
great, and it is clear that although condition (9) is close
to the ideal condition, deterioration is only very slow
for variations about this condition. This can readily be
understood by examination of relation (8).

An important property of the circuit, namely the
rate at which T increases with respect to Ry/R,+ R,
(or e.mi/Es) when the circuit operates in the vicinity
of (9), is obtained from (8) as

T C:R
— el —-—,:R“ + R,
d( R, ) Ry + uR: + Ry
R+ R,

RuR;

R 2
Rort Rot Re R“(R,,,+ Riz+ R )J (10)
Range of RQ/R]‘*-RQ.

There are two limiting values of R,/R,+ R,. The upper
limit is obtained when R, is macle so large that 7, can
not keep V; cut off, and free-running operation ensues.
The lower limit is reached when Ry/Ri+ R, is made so
small that T in (8) would have to become negative.
This condition has no physical significance, and under
these circumstances the circuit cannot he triggered.

It can be shown that the range of R,/R\+ R, is given
approximately by

1 Rk Rg Rk 1
5 r Ty << — - (1D
2 Rp2+R12+ Rk R|+R2 Rp2+RI2+ Rk
Here, the minimum value assumes that (9) is satisfied,
and bqth limiting values assume that u =20, as is the
case with the tubes usually employed in this circuit.
The mimimum value given in (11); (I'=0), and the
slope given in (10), allow the complete characteristics of

the circuit to be obtained very rapidly as a function of
RQ/R]‘*‘RZ (Or ccnl/Ebb)-

R, uRn e __RL_ - )
"f Ri+ Ry Ry + uRe + Ru Ry + Ri+ R, .
](2 l-le
Ri+ Ry R, + uR. + Ry
Ry
R IR 9) |

| |
||
1

-
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An Impulse Generator-Electronic Switch for Visual
Testing of Wide-Band Networks™

T. R. FINCH}, MEMBER, IRE

Summary—The impulse generator-electronic switch is an in-
strument developed primarily to facilitate the design and production
of radar networks such as delay, pulse-forming, and sweep networks.
The instrument may be used to test any network that can be arranged
to store a d¢ charge. Discharge characteristics of microsecond order,
produced by a reference network and the network under test, are
simultaneously displayed in pictorial form for comparative measure-
ments. The first part of the paper describes representative applica-

 tions and, with the aid of cathode-ray-oscilloscope traces, illustrates
the simplicity of performance; the second part describes the circuit
.functions in detail.

EST FACILITIES designed for pictorial presen-
Ttation of measured data are now in general use

for the rapid evaluation and control of electrical
components and networks. An instrument of this type
has been provided to expedite the development and
manufacture of broad-band delay networks and pulse-
forming networks for radar application. With this instru-
ment, any network that can be arranged to store a
capacitative charge may be tested; the discharge char-

acteristics of a reference network and the network under

test are displayed, in pictorial form, simultaneously,
and instantly compared.

The development of this test circuit, designated the
impulse generator-electronic switch, was directed to-
ward fulfilling two requirements: namely, to reduce the
time required for production testing of wide-band net-
works and to facilitate the development of new networks
by providing a laboratory tool that presents instantane-
ously and visually the network characteristics of inter-
est. Very early in the production of pulse and delay net-
works it became evident that steady-state transmission
measurements took an amount of time beyond reason-
able bounds of available effort. An initial solution was
a method of testing whereby the network’s discharge
characteristic was displayed on a calibrated cathode-
ray-oscilloscope screen. This method was a considerable
improvement over point-by-point steady-state trans-
mission measurements because it tested directly the net-
work performance feature of interest in about one tenth
the time. However, specifying dimensional require-
ments on the visual pulse patterns required concen-
trated testing effort to insure the necessary accuracy of
measurement. A greater time saving under less tedious
testing conditions was realized by comparing directly
the transient characteristics of a standard network with
the network under test. In this direct comparison test,

. * Decimal classification: R371.51 X R143. Original manuscript re-
ceived by the Institute, December 6, 1948; revised manuscript re-
cglvcd. December 22, 1949, Presented, 1949 IRE National Conven-
tion, March 8, 1949, New York, N. Y.

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

only a glance at the test patterns is necessary. If the
two networks are identical, the resulting patterns appear
as a single pattern; if the networks differ there are im-
mediately observable differences between the two pat-
terns.

This impulse generator-electronic switch provides (1)
an impulse generator which energizes the networks un-
der test and discharges these networks through a zero
impedance switch, (2) a start-stop sweep and beam
intensifier synchronized with the impulse generator that
may be directly connected to the horizontal plates and
grid respectively of a cathode-ray oscilloscope, (3) a
wide-band signal delay so that the start-stop sweep cir-
cuit may be actuated a fraction of a microsecond before
the pulse patterns appear, and (4) a switching circuit
which is positively synchronized with the impulse gen-
erator and sweep circuit.

The block diagram, shown in Fig. 1, shows the func-
tional relationship of the circuit components. The char-

GRID
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1 PO WO , T
JLAL INVERTER I ur
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LATOR l OSCILLOSCOPE
1 SCREEN
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/
U~ [AMPLIFIER [0 " | AMPLIFIER A eI A
'_’ps PLATES

Fig. 1—Block diagram.

acteristic pulses developed by the impulse generator are
interlaced by the gated amplifier which is phase locked
to the repetition frequency of the impulse generator.
The synchronized start-stop sweep circuit and beam in-
tensifier provide the time base for the visual indicator.
The impulse generator part of the apparatus, shown in
Fig. 2, charges and discharges the networks under test
(reference and unknown) so that the resultant network
discharge voltage pulses may be compared in detail.
The heart of this circuit is the switch. In order to test
networks ranging in impedance from 1 to 10,000 ohms
and to develop voltages of 1 to 25 volts without inter-
action effects, it is necessary to approach zero imped-
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ance, i.e., for this case, less than 0.05 ohm with current
discharges up to five amperes. Also, the switch must
operate at a sufhiciently high repetition frequency so
that microsecond pulses may be readily visible on second.

screens of commercial oscilloscopes. The relay that was . . i
developed is a reed-type, wick-fed mercury relay de- Fig. 3. The top portion, V1, V2, and V3, is the syn-
signed to operate at 480 closures per second. It is a chronized start-stop sweep circuit. The central part is

PROCEEDINGS OF THE [.R.E. June
Brown and Pollard.! More recently, additional modi-
fications and improvements have resulted in a relay,

currently in use, which operates 1,000 closures per

The schematic for the complete apparatus is shown in

higher speed modification of the relay described by the impulse generator, and the lower portion, V4

through V9, is the switching circuit and gated ampli-|
Rmeas  fiers. A detailed description of the complete circuit will |

] CIRCUIT |
I'NVEME"J' ° be given later. The material of initial interest is the |
— description of the testing of wide-band networks, and |
2“?"’ o J ‘7‘3‘;‘ -2 this is most readily accomplished in pictorial form. The
’ . .
S alE S S S5 :f: necessity for the signal-delay network is shown in Fig. 4.
DC CHARGE O S | I S The network under test is a 1 2-microsecond, 500-ohm
; ‘1 . .
v, Re STANDARD NETWORK | delay network with a bandwidth of 5 Mc. The network
— is connected as a two-terminal network with the output'T
ecel | $TT T e-- - open-circuited and hence operates as a line-type pulse-
at () [) . . .
J F. e . €T, forming network. The width of the discharge pulse
e 5 [] [] ' ] ' . . . .
= J, | & dpridrdigd el 2 butse produced is equal to twice the transmission delay, |
+| g, v M U . . . .
s 2ao~ac | T NETWORK UNDER TS 1 SIGNALS namely one microsecond for this network. Fig. 4(a) il-
lustrates the pulse pattern produced with no signal de-
Ry Rs% STANDARD™  lay. It is observed that the front edge of the pulse is lost .|
b .
= ,
. Lo R ']J. T. L. Brown and C. E. Pollard, “Mercury contact delays,” | |
Fig. 2—Schematic diagram of the impulse generator, Elec. Eng., vol. 66, pp. 1106~1109; November, 1947, R
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Fig. 3—Schematic diagram of the impulse generator-electronic switch.




1950

and accurate time-of-rise (bandwidth) and pulse-
length (delay) measurements are impossible. Fig. 4(b)
shows the resultant pulse with signal delay, and it is
seen that complete measurements may be made.

In Figs. 4(a) and 4(b) it is observed that there is a
base line trace. This is because only one network is con-
nected to the test circuit and, consequently, every other
cycle no pulse voltage is produced. Thus it is always
possible to tell, when comparison tests are being made
by superposition, whether or not both networks under
test are connected to the test circuit.

d
Fig.4 —Comparative test patterns: (a) 1-microsecond pulse, no signal

delay; (b) 1-microsecond pulse, signal delay; (c) comparison of
two 1-microsecond pulses; (d) superposition.

The 1-microsecond pulse patterns shown in Fig. 4(c),
produced by two 1/2-microsecond delay networks, are
adjusted to different voltage amplitudes by gain con-
trols across the load resistors R, and R,. Fig. 4(d) illus-
trates superposition of the patterns, by gain control
adjustment, for direct comparative measurements. It
is noted that the two networks are alike in detailed re-
sponse except for a difference in delay of 0.013 micro-
second. This difference in delay is shown by the differ-
ence in pulse length. The trailing pulse edges are sepa
rated by 0.026 microsecond

The comparative test patterns shown by Fig. § fur-
ther illustrate the use of the circuit for comparative
measurements. The figures are self-explanatory, but a
few additional remarks may be informative. Figs. 5(c)
and 5(d) show the operation of two delay networks of
125-ohm surge impedance operating into 1,000-ohm
loads. Here it is seen that the time delays of the two
networks are not quite the same and each reflection
shows a greater deviation hetween the trailing edges.
This is a method of making a more exact differential
measurement without increasing the sweep speed

The comparative test patterns shown by Fig. 6 illus-

L —————
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(@) (b)

(c) (d)

Fig. 5—Comparative test patterns: (a) 1- and 2-microsecond pulses;
(b) 3- and 5-microsecond pulses; (c) two 2-microsecond pulses,
mismatched load; (d) mismatched load, superposition.

() (b)

© G

() )

Fig. 6- - Troubleshooting a defective network: (a) defect in test nets
work; (b) standard network coil 8-9 shorted; (c) standard network
coil 12-13 shorted; (d) standard network coil 15-16 shorted; (e)
same defect, superposition; (f) trouble clear, good network.
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trate the procedure used for troubleshooting a defective
network. Fig. 6(a) shows a “spike” occurring in the
pattern of the test. network. To facilitate study, the
superimposed patterns are separated and an artificial
defect inserted in the standard network by shorting a
coil. The networks under test in this case are delay
networks of twenty tandem sections, that is, 20 series
coils and 21 shunt condensers. The series coils are desig-
nated starting 1--2 at the test-circuit end to 19-20 at the
open-circuit end. The coil short is progressively moved
along the delay line until, as shown by Fig. 6(d), the
two irregularities occur in the same place. Superposing
the patterns, Fig. 6(e), indicates that the defect is com-
mon to both networks. Thus the position and type of
defect is determined, and it may then be marked and
réturned to the shop for repair. Fig. 6(f) completes the
sequence by showing the repaired network returned and
the trouble cleared.

In transient testing broad-band systems, a figure of
merit is the rate-of-rise response of the system to a unit
step pulse. The pulse response given by Fig. 7 is one way
of illustrating the bandwidth of the impulse generator-
electronic switch. The superimposed pulse voltages
shown are produced by 3-foot lengths of RG65/U
cable. The nominal propagation of this cable, is 0.042
microsecond per foot or 0.126-microsecond delay for
3 feet. Thus the open-circuited 3-foot cable tested as a
two-terminal network produces a pulse of approximately
1/4-microsecond duration. Also, for a 3-foot length of
the cable, the transmission loss is approximately 3 db at
100 Mc. From the transmission loss, the time of rise of
the generated 1/4-microsecond pulse is then estimated
approximately 0.005 micrnsecond. The measured rise
time taken from the pulse pattern of Fig. 7 is 0.037

Fig. 7—One-fourth microsecond; 3 feet of RG65/U cable.

microsecond. Thus the rise time of the generated 1/4-
microsecond pulse has been increased from 0.005 to
0.037 microsecond in transmission through the electronic
switch. Hence a genérated pulse with a rise time in the
order of 0.035 microsecond is transmitted with negli-
gible increase in wave-front rise time. This corresponds
to a bandwidth of approximately 13.5 megacycles.

A bench-top setup of the impulse generator-electronic
switch and associated components is shown by Fig. 8. It
is estimated that over a period of three years of manu-
facturing testing, two of these test circuits saved 30,000
man hours.

PROCEEDINGS OF THE I.R.E.

Fig. 8—Test circuit; table-top setup.

DEescripTioN oF THE CIRCUIT
1. Impulse Generator

The operation of the impulse generator was described
previously, and is shown by Figs. 1 and 2. The only addi-
tional comments that may be informative are that (1)
due to the fact that the relay is not a polarized type,
the contacts operate at a rate of 480 closures per second
when driven from a 240-cycle source, and (2) the closure
of the contacts is approximately 90 degrees out of phase
with the applied 240-cycle voltage. This is important
because the square-wave switching voltage is derived
from the 240-cycle sine wave.

2. Switching Circuit

A. Clipper Amplifiers—V4, V5, V6, V7: The clipper
amplifiers are -conventional. The balanced-to-ground
240-cycle sine wave voltage that operates the relav is
also amplified and clipped to produce two square-wave
voltage waves 180 degrees out of phase with each other
The signal pulses, produced at contact closure, are ab-
solutely phase locked with the square-wave switching
voltages because both are derived from the same 240-
cycle sine wave. A contact closure occurs approxi-
mately centered with each square-wave switching
voltage.

B. Gated Awmplifiers—1'8, 1'9: The signal voltages
developed by the impulse generator are applied to the
control grids of the gated amplifier tubes. Signal switch-
ing is produced by applyving the square-wave voltages
to the respective screen grids. The amplitude of the
square-wave voltages is approximately + 125 volts with
reference to ground, and greater positive screen voltage
is attained by a dc bias of 100 volts. Thus the screen
voltages alternate between +225 and — 23 volts with
respect to ground. In order to regulate the screen poten
tial when high screen currents are required, during the
short interval that the control grids receive the micro-
second positive signal pulses, 0.02 uf condensers are con-
nected between screen grids and ground.

The gated amplifier tubes are normally cathode biased
so that, with no signal voltage, only a small amount of

June
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slate current flows when the screens are 4225 volts.
Nhen the signal pulses appear simultaneously on the
-espective control grids, the screen voltage of one tube
vill be 4225 and the other —25 volts. Thus one tube
:onducts and amplifies, and the other is blocked. This
.ondition alternates at the rate of 240 cycles per second
ind the two amplified signals are interlaced in the com-
non plate circuit.

C. Signal Delay: The start-stop sweep circuit is initi-
ated at the same time that the signal pulses are gen-
srated, that is, when contact closure occurs. Because it
requires approximately 0.2 microsecond to produce the
linear sweep voltage, the important first 0.2 microsecond
of the signal pulses would be lost. The }-microsecond de-
lay network in the common plate circuit of the gated
amplifier tubes stores the signal pulse until actuation of
the sweep circuit is complete. The delay network trans-
mits the signals to be observed with negligible distor-
tion, but what visible deviations that do occur are com-
mon to both signals, i.e., reference-network pulse and
test-network pulse.

3. Sweep Circuil

When the relay contacts close, a rising voltage is
applied to the grid of the inverter (V). This tube is
normally biased beyond cutoff by the negative dc charge
voltage applied across the relay contacts. The closing
of the contacts removes the bias voltage from V,; and
the plate current that flows drops the plate voltage ap-
proximately 275 volts. This negative gate synchronizes
the sweep circuit and the intensifier so that the sweep
and intensity voltages begin at the same time, each
cycle, that the test signals are generated.

The intensity voltage is provided by a 6AC7 tube
(V). Normally, current is lowing through this tube and
the applied negative gate voltage drives the control grid
beyond cutoff voltage and stops the plate current flow.
The positive pulse generated in the plate circuit is ap-
plied, by means of the intensity gain control P, to the
grid of the cathode-ray oscilloscope to control the beam
brightness. For most conditions of operation, the in-
tensity control on the oscilloscope is set so that there is
normally no beam current and, consequently, no visible
spot on the screen. The intensity voltage generated
causes beam current to flow only during the sweep
interval,

The negative gate voltage is also applied to the con-
trol grid of V3, the sweep generating tube. This tube is
normally conducting current, the current flowing
through L. 4, Ly 9, Rig and P, Variable resistor P, con-
trols the amount of current by controlling the cathode
bias voltage applied to the tube. The negative gate, 275
volts, applied to the control grid drives the tube beyond
cutoff very suddenly and current ceases to flow through
the tube. However, the cnergy stored in the coils Lz
and L,_, (approximately 15 henries each and magneti-
cally tight coupled) tends to maintain current flow. The
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magnetic energy stored (3 LI?) discharges into the dis-
tributed capacity of the coil and the external circuits,
and magnetic energy is transferred to electric energy in
the condensers (4 CE?). This results in the plate and
cathode of Vj starting toward oscillation peaks of sev-
eral thousand volts. The cathode makes a negative ex-
cursion tending toward an oscillation peak but when it
reaches a voltage that sets the control grid-to-cathode
voltage again within the conduction region of the tube,
the tube conducts current and the oscillation is damped.
During the interval that the cathode has traversed nega-
tively, the plate has made an equal positive excursion.
Due to the tight magnetic coupling between plate and
cathode coils, the plate circuit oscillation is also
damped after it has reached a positive excursion of 250
volts. The current flowing through the tube restores the
magnetic fields of L,_; and La—z; and after the negative
gate is removed from the control grid, the sweep circuit
restores to normal and is ready for another cycle.

As noted above, the cathnde and plate voltage excur-
sions are opposite in polarity; hence the sweep output
voltage taken between plate and cathode is balanced to
ground with an amplitude of 500 volts. The sweep speed
is controlled by P, which adjusts the current flow and
controls the magnetic energy stored in Ly, and L,_..
In that only the first 10 per cent or less of the sine wave
oscillation is used, the sweep voltage developed is suffi-
ciently linear. This balanced, linear voltage is applied
to the horizontal plates of the oscilloscope and used as a
time base. *

The voltage wave forms of the sweep circuit are
shown by Fig. 9. The duration of the inverter sync
voltage is approximately 20 microseconds.

A—
R ——
[N
(b)

(a)

(©) )

Fig. 9—Start-stop sweep circuit patterns. (a) Sync gate pulse. (b)
Irlncnsiﬁcr pulse. (c) Sweep output—cathode. (d) Sweep output—
plate.
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Intermediate-Frequency Gain Stabilization
. , ‘
with Inverse Feedback
G. FRANKLIN MONTGOMERYt, MEMBER, IRE

Summary—Increased gain stability and gain-bandwidth product
result from the use of inverse feedback in an intermediate-frequency
amplifier. Improvement in gain stability is related to the number of
cascaded stages, the stage gain, and the magnitude of the feedback.
A circuit is described which uses feedback over a pair of cascaded
stages. Generalized selectivity curves for this feedback couple are
shown, and the design procedure is outlined. A description of an ex-

perimental amplifier concludes the paper.
:]I width product result from the use of inverse feed-
back in an intermediate-frequency amplifier. In
addition, the response curve of the amplifier mav be
designed to have a flatter top and steeper skirts than
the curve for an amplifier of cascaded, synchronous,
single-tuned stages without feedback. The improvement
in flatness and gain-bandwidth product has been de-
scribed by previous investigators for the case of feed-
back over a single stage.!* This paper analyzes a method
using feedback over pairs of stages and presents experi
mental confirmation of the design procedure
Formulas introduced in the text arederived in detail

in the appendix, where a complete list of sy,mbol defini
tions appears.

INTRODUCTION
NCREASED GAIN STABILITY and gain-band-

STABILITY

Consider an amplifier of n identical cascaded stages,
each stage having a voltage gain of 4;. The 4, of each
stage may be expected to vary with changes in tube
transconductance due to power supply variations and
tube aging, and with variations in constants of the in-
terstage coupling networks. In the worst possible case
of gain instability, a particular variation in 4, will oc-
cur simultaneously in all stages. We shall examine the
effect of such a simultaneous 4, variation on the over-all
gain 4, by forming the ratio of the percentage variation
in 4, to the corresponding percentage variation in 4;. A
convenient measure of the instability is the limit of this
ratio as either of the variations approaches zero. This
limit is called the instability factor

AA,
. {. A3 dA,
I = lim [
AA1—0 Ady A, ddt,
A,

* Decimal classification: R363.13. Original manuscript received
by the Institute, March 23, 1949; revised manuscript received, Janu-
ary 30, 1950.

t Central Radio Propagation Laboratory, National Burcau of
Standards, Washington, D. C.

'S. N. Van Voorhis, “Microwave Receivers,” McGraw-Hill Book
Co., New York, N. Y., pp. 88-91 and 175-178; 1948.

*E. H. B. Bartelink, ]J. Kahnke, and R. L. Watters, “A flat-
response single-tuned if amplifier,” Proc. [.R.E., vol. 36, p. 474
April, 1948.

and should be as small as possible for good gain stabil-
ity.

If inverse feedback is applied over groups of m stages,
and 8 is the voltage gain of the feedback network, then
the over-all gain of the amplifier is?

,lr"‘ ”m
1, .
[] + 8.1 x'"]

Differentiation of this expression leads to

I 1 n m
I u[ :, 1)
o

which is the general expression for /.

In the particular case where 4, is to equal a constant
assigned value 4,,, we can find the number of stages n
which results in the greatest gain stability. That is, if
the over-all gain is held constant by increasing 7 and 8
simultaneously, the gain stability increases to a maxi-
mum (minimum /) and then decreases. For the maxi-
mum stability condition

n=mln.l,,
; 1 1
o]
€ {;m
ne
I
#,®

where ¢=2.718, and In indicates the logarithm to the
base e.

For a constant A4;, maximum stability is achieved at
the cost of stage gain, since, for this condition

Ln

enim

and each m group has a gain of e. In practice, this de-
gree of gain reduction is much larger than is necessary
for good stability, the usual gain per stage being several
times this value. If, for example, the number of stages
nis 1/k times the number required for maximum stabil-
ity, then I will be greater by the factor e* !/k. This fac-
toris only 1.36 for k=2 and 2.46 for k - 3, so that » may
be considerably reduced without serious reduction of
stability.

Notice from (1) that under any condition of feed
back, if 4. and # are both held constant, it is more ad-
vantageous to increase feedback by increasing m rather
than 8, since (4,Y"/4,) <1. Because of difficulty in de
signing the 8 network, however, m will not usually be
greater than three.

*F. E. Terman, “Radio Engineering ” Ty )
New York, N. Y., p. 248; 1037 1 ne McGraw-Hill Book Co
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It should not be inferred that the use of feedback in-
vitably results in reduced gain per stage. Feedback in-
sreases the gain-bandwidth product by a factor depend-
ent upon the magnitude of feedback and the 8 circuit
sharacteristics. 1 the interstage coupling networks can
be properly madified, feedback will produce in a given
number of stages a gain higher than that of a single-
tuned zero-feedback amplifier while maintaining the
same bandwidth and improving the gain stability. The
price which must be paid for this improved operation is
the use of coupling networks of higher Q than would be
required ordinarily. The amount of feedback which can
be used in practice for a given bandwidth is thus limited
by the obtainable circuit Q's, and this limitation is such
that feedback reduces the gain per stage for bandwidths
which are a small fraction of the center frequency. Rela-
"tively wide-band amplifiers do not suffer this limitation.

For a single-tuned stage with zero feedback, the gain-
bandwidth product is

gm

", = — -
2xC,y

For the feedback couple to be described, the gain-band-
width product, per stage, is

lp =~ 1.711, (2)
in the more useful range of feedback values.

PARTICULAR METHOD

IFig. 1 is the schematic diagram of a cascaded pair of
radio-frequency stages with inverse feedback. Power sup-

—_— = -

Cy  OuTPUT
3

b -

Fig. 1—Schematic diagram of feedback couple.

ply connections are omitted for simplicity. Symbols
necessary to the design of this feedback couple are de-
fined in the following list:

a =normalized voltage gain of feedback couple
Ao =center-frequency voltage gain of couple with
zero feedback '
A.o=center-frequency voltage gain of feedback cou-
ple
B =feedback factor
Ci=plate-load capacitance in farads
C.=feedback capacitance in farads
Cs;=divider capacitance in farads
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C.=divider capacitance in farads

fo=center frequency in cycles per second

Af =bandwidth in cycles per second

g~ = tube transconductance in mhos

N =step-down ratio of tuned output circuit

wo = 2mfo in radians per second

P =design parameter

Q1= Q of tuned circuit consisting of shunt-connected
Ly, Ci, R

Q:= Q of tuned circuit consisting of shunt-connected
Ls, Cs, Ry

Ro = cathode-bias resistance in ohms

R, =cffective plate-load resistance in ohms

Ry =effective fecedback resistance in ohms.

Normalized gain curves for several values of feedback

are given in Fig. 2, where a is plotted against Q\(3f/fo).

o ¥e0
0 1 2 A 5 s

= |

-
v .
—
. e e
=

80 100
ot
fo

Fig. 2—Normalized gain for smooth response.

The curve labeled B=0, plotted to a different horizontal
scale, is the normalized response of the couple with zero
feedback. Note that the curves for appreciable feedback
are more nearly rectangular than the curve for zero feed-
back.

The design procedure, using formulas developed in
the Appendix and information given in the curves, is as
follows:
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Summary—Increased gain stability and gain-bandwidth product
result from the use of inverse feedback in an intermediate-frequency
amplifier. Improvement in gain stability is related to the number of
cascaded stages, the stage gain, and the magnitude of the feedback.
A circuit is described which uses feedback over a pair of cascaded
stages. Generalized selectivity curves for this feedback couple are
shown, and the design procedure is outlined. A description of an ex-
perimental amplifier concludes the paper.

INTRODUCTION

NCREASED GAIN STABILITY and gain-hand-
I[ width product result from the use of inverse feed-

back in an intermediate-frequency amplifier. In
addition, the response curve of the amplifier may be
designed to have a flatter top and steeper skirts than
the curve for an amplifier of cascaded, synchronous,
single-tuned stages without feedback. The improvement
in flatness and gain-bandwidth product has been de-
scribed by previous investigators for the case of feed-
back over a single stage.! This paper analyzes a method
using feedback over pairs of stages and presents experi-
mental confirmation of the design procedure.

Formulas introduced in the text are derived in detail
in the appendix, where a complete list of symbol defini-
tions appears.

STABILITY

Consider an amplifier of n identical cascaded stages,
each stage having a voltage gain of 4,. The 4, of each
stage may be expected to vary with changes in tube
transconductance due to power supply variations and
tube aging, and with variations in constants of the in-
terstage coupling networks. In the worst possible case
of gain instability, a particular variation in A, will oc-
cur simultaneously in all stages. We shall examine the
effect of such a simultaneous 4, variation on the over-all
gain 4, by forming the ratio of the percentage variation
in 4, to the corresponding percentage variation in 4,. A
convenient measure of the instability is the limit of this
ratio as either of the variations approaches zero. This
limit is called the instability factor

AAd,
, An A dot,
I = lim =[
A0 AA] /l,. (1.'1
A,

* Decimal classification: R363.13. Original manuscript received
by the Institute, March 23, 1949, revised manuscript received, Janu-
ary 30, 1950.

t Central Radio Propagation Laboratory, National Bureau of
Standards, Washington, D. C

!'S. N. Van Voorhis, “Microwave Receivers,” McGraw-Hill Book
Co., New York, N. Y., pp. 88-91 and 175-178; 1948.

* E. H. B. Bartelink, J. Kahnke, and R. L. Watters, “A flat-
response single-tuned if amplifier,” Proc. I.R.E., vol. 36, p. 474:
April, 1948.

and should be as small as possible for good gain stabil-
ity.

If inverse feedback is applied over groups of m stages,
and B is the voltage gain of the feedback network, then
the over-all gain of the amplifier is?

‘l]m n/m
1= | .
1+ 81,

Differentiation of this expression leads to

K m
[ ]
1

which is the general expression for /.

In the particular case where A4, is to equal a constant
assigned value 4,,, we can find the number of stages »n
which results in the greatest gain stability. That is, if
the over-all gain is held constant by increasing » and 3
simultaneously, the gain stability increases to a maxi-
mum (minimum /) and then decreases. For the maxi-
mum stability condition

I = (1)

n=mln.l,,
1 1
g = -
e ‘llm
ne
]:
Hm

where e=2.718, and In indicates the logarithm to the
base e.

For a constant .1,, maximum stability is achieved at
the cost of stage gain, since, for this condition

dp, = enim

and each m group has a gain of e. In practice, this de-
gree of gain reduction is much larger than is necessary
for good stability, the usual gain per stage being several
times this value. If, for example, the number of stages
nis 1/k times the number required for maximum stabil-
ity, then I will be greater by the factor e*~!/k. This fac-
torisonly 1.36 for k=2 and 2.46 for k=3, so that n mav
be considerably reduced without serious reduction of
stability.

Notice from (1) that under any condition of feed-
back, if 4, and #n are both held constant, it is more ad-
vantageous to increase feedback by increasing m rather
than B, since (4.'"/A4,) <1. Because of difficulty in de-

signing the B8 network, however, m will not usually be
greater than three. |

YF. E. Terman, “Radio Eng; ing.” -Hi < ‘
New York, N. Y., p. 248; wnf:gmeenng, EESC R
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It should not be inferred that the use of feedback in-
evitably results in reduced gain per stage. Feedback in-
creases the gain-bandwidth product by a factor depend-
ent upon the magnitude of feedback and the 8 circuit
characteristics. If the interstage coupling networks can
be properly modified, feedback will produce in a given
number of stages a gain higher than that of a single-
tuned zero-feedback amplifier while maintaining the
same bandwidth and improving the gain stability. The
price which must be paid for this improved operation is
the use of coupling networks of higher Q than would be
required ordinarily. The amount of feedback which can
be used in practice for a given bandwidth is thus limited
by the obtainable circuit Q’s, and this limitation is such
that feedback reduces the gain per stage for bandwidths
which are a small fraction of the center frequency. Rela-
“tively wide-band amplifiers do not suffer this limitation.

For a single-tuned stage with zero feedback, the gain-
bandwidth product is

Em

I, = .
27C,

For the feedback couple to be described, the gain-band-
width product, per stage, is

Mp =~ 1.711, (2)

in the more useful range of feedback values.

PArRTICULAR METHOD

Fig. 1 is the schematic diagram of a cascaded pair of
radio-frequency stages with inverse feedback. Power sup-

ouTPUT

.C3
L,% <R, t 1l

Cz
Rl

L2

Fig. 1—Schematic diagram of feedback couple.

ply connections are omitted for simplicity. Symbols
necessary to the design of this feedback couple are de-
fined in the following list:

an =normalized voltage gain of feedback couple
A, =center-frequency voltage gain of couple with
zero feedback
A.o=center-frequency voltage gain of feedback cou-
ple
B ={eedback factor
Ci1=plate-load capacitance in farads
C.=feedback capacitance in farads
Cy=divider capacitance in farads
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C,=divider capacitance in farads

fo=center frequency in cycles per second

Af=bandwidth in cycles per second

gm = tube transconductance in mhos

N =step-down ratio of tuned output circuit

wo=27fy in radians per second

P =design parameter

Q1= Q of tuned circuit consisting of shunt-connected
Ly, G, Ry

Q.= Q of tuned circuit consisting of shunt-connected
Ly, Cy R,

Ro =cathode-bias resistance in ohms

R, =effective plate-load resistance in ohms

R, =effective feedback resistance in ohms.

Normalized gain curves for several values of feedback
are given in Fig. 2, where a is plotted against Qi(Af/fo).

Af
Q, - (8=0)
s fo

I ~ N ‘ 1+ H

0 20 40 60 80 100 120 140

Fig. 2—Normalized gain for smooth response.

The curve labeled B =0, plotted to a different horizontal
scale, is the normalized response of the couple with zero
feedback. Note that the curves for appreciable feedback
are more nearly rectangular than the curve for zero feed-
back.

The design procedure, using formulas developed in
the Appendix and information given in the curves, is as
follows:
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Given Af, fo, gm, and Ao

A. Choose value of 1+ B. In Fig. 2 or 3, find
Qi(&f/fo) for a=1/+/2.

Calculate Q,. H Q, is impractically large, choosc a
smaller value of 14 B.

Calculate

B.

C.

ngl

Cl I —
wov/ Aol + B)

. Calculate

O

i,
In Fig. 4, find P and A,/N.

Calculate Ao=(14+B)A.0, and N.
Choose R, from tube data.

. Calculate
A
[ L. 1] R
NB

I. Verify N?R>>R,. If this is not true, choose a
smaller 14 B and redesign.
J. Calculate

R,

©mE

—
—_—

R, =

AoP

v

g =

K. Calculate
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Fig. 3—Normalized gain
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Fig. 4—Design factor chart.
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L. Calculate
NC,
TN-1

’ C4 = NC;

Cs

Generally, the feedback factor B should be chosen
as large as possible in order to obtain maximum stabil-
ity. The improvement in center-frequency gain stability
over a zero-feedback amplifier can be calculated directly
from (1).

For example, if n=4, m=2, A.=10, A,=10?,
I=4(0.1)2=0.04; a two-stage zero-feedback amplifier
with equal gain has I=2. Consequently, an amplifier
consisting of two feedback couples with the given con-

- stants has one-fiftieth the gain variation of a similar

two-stage amplifier with no feedback.

In the appendix, it is shown that the design may be
proportioned to give peaked responses at the extremes
of the pass band. Curves for a slightly peaked response
are given in Fig. 3.

EXPERIMENTAL RESULTS

The electrical arrangement represented by Fig. 1
must be duplicated in practice as closely as possible if
results are to match the predictions of the design. Sev-
eral practices, noted as critical during the course of the
experimental work, should be followed:

1. Ensure adequate by-passing of the “ground” ends
of the tuned plate circuits. This is especially important
in the tapped output circuit. The design formulas are
based on an output impedance at the tap which is usu-
ally a few ohms, and it does not take much reactance in
the by-pass capacitor to modify the output impedance
considerably.

2. By-pass the screen grid of the first stage directly
to the cathode. The formulas for Ro and C; will not be
correct if the screen is by-passed to ground.

3. Install power lead decoupling as in an ordinary
zero-feedback amplifier. Because of the greater gain-
bandwidth product, the gain per stage will be even
larger than for a zero-feedback amplifier. A small
amount of regeneration may work mischief with a care-
fully calculated design.

Tuning the amplifier is greatly facilitated by provid-
ing a switch to break the feedback line to the cathode of
the first stage. The amplifier plate circuits are peaked
in the normal fashion. The feedback is then switched in,
and the feedback tuned circuit is adjusted for maximum
response at the center frequency. If a slight asymmetry
of the response develops, it is usually possible to mini-
mize it by detuning the feedback circuit. A large asym-
metry indicates a design error, regeneration, or inade-

| quate by-passing. A useful final adjustment is the value

of Ro. A bandwidth which is too large can be decreased
by decreasing Ro. If the bandwidth is too small, Ro
should be increased.

In Fig. 5 is shown the gain characteristic of a feedback
couple using two 6SK7 tubes with the following design
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Fig. 5—Response of experimental amplifier.

values: Af=30 kc, fo=450 kc, gn=2,000 micromhos,
and 4.0 =100. The normalized gain curve for 14+ B =10,
taken from Fig. 2, is superimposed for comparison.

The over-all gain and bandwidth agree well with the
given values. The skirts are not quite as narrow as the
normalized gain curve predicts. The lack of agreement
is due to approximations that werc made in the analysis.
In particular, it was assumed that N?R2»> R, and that

A|>| Z,|
lN>gm2-

The latter inequality will not hold as well for frequencies
far removed from resonance as for the center frequency.
To the extent that the approximations are not achieved
in practice, the skirts may be expected to deviate from
the calculated values by small amounts.

The normalized gain curves plotted in Figs. 2 and 3
arc also approximate in that the quantity « is considered
equal to Af/fo, as explained in the appendix. This ap-
proximation was chosen because it allows the normalized
response curves to be plotted as symmetrical character-
istics, facilitating reading of bandwidth values. The
approximation fails for bandwidths which are a large
fraction of the center frequency, and in such cases it is
advisable to plot curves with u equal to its exact value.
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In Fig. 6 is shown the variation in gain of the experi-
mental couple with plate supply voltage. A similar
curve is shown for the same amplifier with zero feed-
back.

1000

EEDBACK

100

VOLTAGE GAIN

ol N
10 100

PLATE SUPPLY VOLTAGE

Fig. 6—Gain variation with supply voltage.

APPENDIX
Complete List of Symbols

a =normalized voltage gain of feedback couple
A =complex voltage gain of couple with zero feed-
back

Ao =center-frequency voltage gain of couple with
zero feedback

A, =voltage gain of single stage

A, =complex voltage gain of feedback couple

A.o =center-frequency voltage gain of feedback couple

A. =voltage gain of cascade amplifier

A .. = voltage gain of cascade amplifier with maximum
stability

B ={eedback factor

B = voltage gain of feedback network

C, =plate-load capacitance in farads

C; =feedback capacitance in farads

(5 =divider capacitance in farads

C, =divider capacitance in farads

e =natural logarithmic base, 2.718

S =f{requency in cycles per second

fo =center frequency in cycles per second

Af =bandwidth in cycles per second

gm =tube transconductance in mhos

I =instability factor

k =reduction factor

L, =plate load inductance in henries

L, =feedback inductance in henries
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m =number of stages in each feedback loop

n =total number of stages

N =step-down ratio of tuned output circuit
w =2mf in radians per second

Wy = 27I’fo

Aw =2m)f

P, P,, P,, P;=design parameters

I, =single-tuned gain-bandwidth product

115 =feedback couple gain-bandwidth product

Q0 =Q of tuned circuit consisting of shunt-connected
Ly, G, R,

Q. = Q of tuned circuit consisting of shunt-connected
LZ- CZ- R‘l

Ry, =cathode-bias resistance in ohms

Ry =effective plate load resistance in ohms

. =effective feedback resistance in ohms

¢ =root of gain-bandwidth equation
w wy

N o=— —
wo [y

¥ =Qw

x. =valueof xata=1/2
Z =parallel-tuned circuit impedance in ohms
Z, =f{eedback-tuned circuit impedance in ochms,

Feedback Couple Anulysis

The complex impedance of a two-pole formed by
shunt-connected inductance L, capacitance C, and re-
sistance R is

R
1 + jQu
where
R
(" = .
wol.
and -
w wo Aw
u = -
wo w wo
In the circuit of Fig. 1
A

A = -

5 ez
voE Q[Ru+z-..

where it is assumed that V2R, R, and each plate resist-

ance i1s much larger than its corresponding load im-
pedance, sou that

Ao
A= .
(T + jQu)?

If it is also assumed that

BRI
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then
A
A = - - -
A Ro
1+ [ o
YN LR+ 2,
which then becomes
do(14jPx)

A= -
101) > o4 .
~ +r(1—2%) |x

i

14+ B—(14+2P)x2+j [2+‘

where
An
B=-- .
\ [1 + R’]
- . RO
NBQ:
140
and x = Qu.
If we let
. [2+ (1 +A,,/N)1']= 7[1 + 21']
e 14+ B L1+ 8
, 1+ 2(1 — Ao/ N)P?
o (1 + B
and
P2
S —
(14 B)?

then the normalized gain

a=|A '[1 +£]
L Ao

becomes
1 + P2x2 172
]
The relative values of the coefficients in this equation
determine the shape of the normalized response.

It can be seen by inspection that, for maximum flat-
ness with no inflection,

| These two conditions give
Ao {4 1
N 2P

and

1+2p
t+B=——Vi+aG+Pi-1 O
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Plots of these two functions are given in Fig. 4. The
equation for a now becomes

1 12
a=| . 4)
4+
(1 4+ B)¥(1 + Px?)
Plots of this function are given in Fig. 2.

It should be noted that responses with almost any
degree of peaking are available with different choices
of the coefficients P, P,, and P;. For any particular set
of these coefficients, it is necessary to derive new expres-
sions for As/N, 1+ B, and a in terms of P. Responses
may be obtained which give three peaks to the usual se-
lectivity curve, or two inflections in the equation for a.
A slightly peaked response with one inflection is ob-
tained by setting

Py=—1/[5(1 + B)2], Pi=r.o

‘The corresponding functions are plotted in Figs. 3 and
4. ;

Gain-Bandwidth Product

It can be shown that

X
g I, \/1'-*-.1_3
where 11, is the gain-bandwidth product for a single-
tuned stage, ITp is the product for the feedback couple,
and x. is the value of x at a=1/2. The ratio x.,/+v/1+B
is approximately 1.7 over the useful range of 14+ B in
Fig. 2, and therefore

g =~ 1.71l,. (2)

It is interesting to examine the limiting value of Ilg
as B and Ao become infinite. Substitution of a=1/2,
x=x, in (4) yields

3= 3
’ [° o+ B)]
where

X2
1+ B

From (3), we note that

lim P*(1 4+ B) = v/5/4 — 1.

B—w

An approximate solution for the real root gives

lim ¢ = 3.279

B—w
and therefore

lim IIp = 1.8111l,.

B—w
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The Application of Direct-Current Resonant-Line-
Type Pulsers to the Measurement of Vacuum-
Tube Static Characteristics”

J. LEFERSON{, ASSOCIATE, IRE

Summary—In order to utilize a power tube efficiently, the static
characteristics of this tube must be known. From these character-
istics, optimum load lines may be determined and circuit components
of the equipment may be defined. The problem of obtaining these
characteristics is usually not a simple one, due to the power-input
limitations put upon a tube. For this reason, characteristic curves
were previously plotted by capacitor-discharge methods or were
calculated mathematically, using low power points as references. This
paper describes a method of obtaining this information, employing
pulse circuits commonly used in radar transmitters.

MEASUREMENT OF STATIC CHARACTERISTICS
For PowEr TuUBEs

| YHHE PROBLEM of measuring static characteris-

V-'l— tics of power tubes is aggravated by the fact that

" these tubes always require positive grid driving
voltage which results in appreciable power to be dissi-
pated by the electrodes. These curves, therefore, cannot
be obtained by ordinary direct-current means as is
common in receiver-type tubes where the grids are
mostly operated at a negative potential.

In a practical case, the ML-354, 50-kw FNI tube, grid
and plate dissipation at the end of a selected load line
may be 65 kw, 14 kw on the grid, and 51 kw on the
anode. This is not the maximum dissipation that would
be encountered by using direct-current means of meas-
urement, as the regions beyond and above the load-line
figures quoted above must be explored. Power dissipa-
tion loads up to 5 times these quantities may be en-
countered.

Previously, capacitor-discharge methods were used
or curves were obtained by calculation from low level
direct-current points.!:?

DEescriptioN oF CIrRcuIT

Fig. 1 shows a simplified circuit of the test setup. The
circuit to the left of line A-4 is a conventional-line-type
pulser using resonant charging. The principal compo-
nents (Fig. 2) consist of a direct-current power supply,
charging choke, pulse-forming network, load resistor
and a 5C22 hydrogen thyratron.?

* Decimal classification: R252. Original manuscript received by
t]hel(;‘;\;titutc, May 12, 1948, revised manuscript received, December

t Machlett Laboratories, Inc., Springdale, Conn

VE. L. Chaffee, “I'he characteristic curves of the triode,” Proc.
LR.E., vol. 30, pp. 383-395; August, 1942.

2 J. Bell, J. W. Davies, and B. S. Gossling, “IHigh power valves
construction, testing and operation,” Jour. I.E.E. (London), vol.
83, PP 188-193; August, 1938.

3 “Pulse Generators,” edited by G. N. Glascoe and J. V. Lebacqz
Radiation Laboratory Series, McGraw-Hill Book Co., New YOrk:
N. Y., pp. 341-354, p. 173, 1948
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Fig. 1—Simplified schematic diagram of pulser.

Most power tubes have fairly low grid input imped
ances. The MI.-354 with 100 ohms has about the high-
est. This input impedance should match the network
impedance to avoid undesirable effects.

Since the pulser is to be used on many types of tubes,
and therefore varying impedances, stability can best be
obtained by using a resistor in parallel with the tube
load. The tube load is, therefore, a small part of the load
impedance for the line pulser resulting in more stable
operation. The addition of the parallel resistor results
in inefficient operation, but in this casc a slightly higher
expenditure of power from the direct-current power
supply is tolerated to obtain added flexibility

Fig. 2—Setup of equipment. The resistors on the side of the rack

comprise the load resistor R. The rectangular can on the top left
is the pulse-forming network, and the two cased meters read plate

voltage applied to the tube under test and deflection voltage on
the synchroscope.




1950

The front of a pulse from line-type pulsers is subject
to oscillation and other distortions due to the large rate
of rise of pulse current, so a fairly long pulse length is
desirable. A range of from two to five microseconds has
been found satisfactory. The pulse-repetition frequency
is kept as low as feasible since average current from the
direct-current power supply rises with the repetition fre-
quency and a high repetition rate is not necessary. The
tube under test is coupled directly to the output of the
pulser to avoid using a pulse transformer. Pulse trans-

.formers require fairly close matching to ensure a satis-
factory pulse and this is not possible if many tube types
are to be measured. There have been occasions when a
higher voltage was desirable, and a pulse transformer
with a ratio of three to one has been inserted across the
load resistor with satisfactory results. For the majority
of the measurements, the pulse transformer is not used.
Direct coupling necessitates reversing both the power
supply and hydrogen thyratron, thereby running the
cathode of the 5C22 at high voltage; but a pulse trans-
former similar to that used in the 584 radar for coupling
to the output stage proves quite satisfactory.
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Fig. 3

The 5C22 may be driven by a synchroscope or any
other frequency source giving approximately 150 volts.
A synchroscope is an oscilloscope constructed so that the
horizontal sweep is triggered by either the trigger source
actuating the pulser (synchronous operation) or by the
signal to be observed (self-synchronous operation).
These are manufactured by several manufacturers,
among them Sylvania Electric Products Inc., James
Millen Manufacturing Company, Inc., and Browning
Laboratories, Inc. Fig. 3 is the schematic of the trigger
source being used at present to trigger a Browning P4
synchroscope which in turn is driving the 5C22 thyra-
tron.

A description of the operation of the pulser follows.
The tube under test is biased to a point where no plate
current will low at the maximum plate voltage to be
used. This bias voltage is applied with a direct-current
power supply and remains constant on the grid. The

Leferson: DC Pulsers for Measurement of Tube Characteristics
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pulser impresses positive voltage pulses between the
grid and cathode at the rate of 300 per second with a
duration of 4 X 10-8 seconds. The amplitude of the pulse
is chosen so as to drive the grid voltage to the point to
be measured. The plate conducts for the same length of
time, 4 microseconds. Plate voltage is applied to the
tube by means of a direct-current power supply charg-
ing a storage capacitor Cy This capacitator must be of
such size that the voltage remains fairly constant during
the time the tube conducts. Proper radio-frequency
chokes are incorporated to isolate the pulse voltage from
the various supplies.

The grid and plate current are read by means of volt-
ages developed across current-viewing resistors. These
resistors must be noninductive in nature since in-
ductance will cause high voltage spikes in accordance
with E=L(di/dt). Sprague Koolohm noninductive re-
sistors are quite satisfactory in this respect, and Fig. 4
shows a method of mounting these resistors to afford
plug-in convenience,

Fig. 4—Construction of current-viewing resistors. Sprague Koolohm
noninductive resistors are satisfactory. The completed unit is
calibrated on a bridge after assembly.

Bias voltage and plate voltage are read by standard
direct-current voltmeters. Grid voltage is read by means
of a capacity divider arranged so as to sample the pulse
voltage going into the grid. Care must be taken in de-
signing this divider so that reasonable deflection is ob-
tained for any voltage range. This can be done by pro-
viding three ratios so that the appropriate one may be
sclected when needed.*

Using a suitable current-viewing resistor, capacity di-
vider, and direct-current meters, an accuracy of +5 per
cent may easily be obtained. By using a little care in
reading the synchroscope, an accuracy of +2 per cent is
possible. As a check, low current points are measured on
a direct-current test set.

¢ See pp. 673677 of footnote reference 3.
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DiscussioN oF RESULTS

The above pulser is used for many tests. By tying to-
gether the plate and grid of a tube and applying the
pulse to these electrodes, peak cathode-emission data
may be obtained. This is a very important characteris-
tic since emission varies with cathode temperature and
tungsten filaments must run +15° C for uniform life.
Routine measurements on production tubes are a check
on standard quality.
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Fig. 5—ML-354 constant current characteristics.

In the experimental tube, cathode emission is very
important, as is exploring the emission to ascertain the
knee of the plate voltage-cathode current curve. These
curves are easily obtained by the pulser method.

Static characteristics are obtained for every condition
of operation with no injury to the tube. Fig. § is the
static characteristic of the 50-kw, 100-Mc FM tube ob-
tained with the above pulser. Since the duty cycle, 300
cycles per second X4 X 10~*seconds equals 0.12 per cent,
instead of 65-kw input to the tube, only 78 watts need
be dissipated for the above-mentioned load-line point.

Primary grid emission, which varies with grid temper-
ature and material, is of concern in connection with tube
characteristics. Since the pulser described does not heat
the grid of the tube under test, the effects of increased

temperature will, therefore, not be apparent in the
curves.

In the standard test for power tubes employed by |
Machlett Laboratories, alternating current is applied |
to the grid, the positive cycles used to heat the grid,
and the negative cycles to measure the primary emis- |
sion. A careful check on data obtained this way reveals |
that primary grid emission in properly designed and proc-
essed power tubes is low enough, up to maximum rated
input, to be ignored when measuring static characteris-
tics.

Effects of secondary grid emission, however, can be
measured. Secondary grid emission is more a function of
grid material and shielding at the ends of the grid itself.
Tests have been made on the effects of enclosing the
“cold” ends of the grid of an ML-846 tube with solid
bands in place of the usual wire. Fig. 6 shows the curves-
of a regular production ML-846 compared with the test
tube and the drastic change in grid current can be noted.
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Fig. 6—ML-846 with special grid.
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Wide-Range Tunable Waveguide Resonators”

W. W. HARMAN{, ASSOCIATE, IRE

Summary—A study is made of the design of broad-band (2:1
tuning range) resonators for use with reflex klystrons of the external
cavity iype. The resonators considered are variations of a general
type consisting of a section of waveguide with movable shorting
plungers at each end and the tube located at the center. They are
divided into two groups: quarter-wave or fundamental mode resona-
tors whose high-frequency limit is set by the physical size of the tube
envelope, and three-quarter-wave resonators which allow operation
up to the electronic limit of the tube. Methods of treating the mode
interference problem are considered for both classes of resonators.

I. INTRODUCTION
THE INVESTIGATION described in this paper is

a small portion of a large program carried on in

various laboratories, largely under Government
sponsorship, toward the development of reflex klystron
oscillators continuously tunable over a frequency range
of the order of two to one.!* The majority of this work
has been with concentric line resonators. Although
waveguide resonators have been built, there has not
appeared a comprehensive study and evaluation of
them. They assume importance because, for operation
at the short wavelength end of the microwave spec-
trum where a high resonant impedance becomes exceed-

Fig. 1-—Typical waveguide resonator with noncontacting shorting
plungers. The narrow slots visible on the top of the shorting
plunger are filled with aquadag to suppress plunger resonances.

* Decimal classification: R119.3. Original manuscript received
by the Institute, March 1, 1949; revised manuscript received, Decem-
ber 27, 1949 Presented 1948 National Electronics Conference, Chi-
cago, Ill., November 4-6, 1948. This work was performed at
Stanford University in connection with joint Office of Naval Research
and Signal Corps contract, and under the generous provisions of an
RCA fellowship in electronics.

t University of Florida, Gainesville, Fla,

1 W, H. Huggins, A.M.C. Special Report No. 185C/4, Army Air
Forces Communications Laboratory, Cambridge Field Station, Cam-
bridge, Mass., 1946.

__ *Radio Research Laboratory Staff, “Very High Frequency
T'echniques,” McGraw-Hill Book Co., Inc., New York, N. Y., chap.
31 and 32; 1947.

ingly important, they are in general superior to concen-
tric-line resonators.?

Fig. 1 shows a typical waveguide resonator, consisting
of a shorted section of rectangular waveguide with the
reflex klystron at the center and two shorting plungers
moved symmetrically on either side of the tube. The
plungers shown are of the noncontacting choke type.
The slots visible on top and bottom are filled with aqua-
dag and have as their purpose the suppression of plunger
resonances.

Oscillation Modes

As a preliminary it is necessary to examine the nature
of the oscillation modes of a waveguide resonator. For
this purpose there is available an excellent tool—the
Kron equivalent network.* Data for Figs. 2, 3, and 4
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Fig. 2—H field configuration for various waveguide resonator modes:
(a) {1, 3} mode in shorted waveguide section; (b) {1, 3] mode in
rectangular waveguide resonator; (c) [3, 1) mode in waveguide
section: (d) [3, 1) mode in rectangular waveguide resonator.

were obtained by simulating the resonator on such a
network board.

In order for a resonant mode of the shorted waveguide
to present a sufficiently high impedance to the tube for
oscillations to occur, the tube must be located in a re-
gion of high electric field. Since only field configurations
having electric fields essentially parallel to the tube axis
need be considered, this is equivalent to saying that the
center of the resonator must be at a center of a 