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The driver-oscillator portion of <he assembly (upper
left) excites the projector (center) through the
driver amplifier (upper right). The tell-tale echo,
picked up by the projector, is fed into the receiver-
indicator portion of the unit at upper left.
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AMPEREH
ONE SOURCE-ALL TYPES

Is it a special development for new equipment? Or a *‘stand-

ard” tube for replacements? A quarter century of creative
research, precision manufacture and helpful service has given
Amperex a unique position in the power tube field. This
means a backlog of experience and forward-looking view-
point which naturally translate themselves into tube perform-

ance, reliability and economy. Consult us — no obligation.

Write for: Catalog; Technical Rating and Data Sheets
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MAKING TuBgs 15 EASY.-

HYTRON «now-HOw MAKES EASY THE APPARENTLY EASY

TUTERELY to apply an insulating coating to tungsten
g heater wire—that should be easy. To say the
illustrated heater-wire coating machine simplifies the
job appears a paradox. Why, the machine looks like a
product of Rube Goldberg’s fertile mind!

Imagine, however, the complexity of producing a thin
but perfect insulating coating—a dielectric with a
resistance of tens of megohms—yet capable of operating
at over 1500° Kelvin! Chemical purity of the coating
must be rigidly controlled. Application must be in
thin multiple layers to achieve uniform adhesion and
density. Thickness must be exact for correct stacking
of the folded heater when inserted into the cathode
sleeve. Just the right degree of hardness must be

maintained to provide stiffness without brittleness.

A complex precision machine actually does simplify
the job. Fundamentally its compact mechanism un-
spools and spools the wire. Guided by threading pulleys,
the wire passes eighteen times through coating cups
and drying oven via a cross-over figure-8 path. Speed
and oven temperature are finely regulated. An ingenious
electromagnetic device smoothly maintains proper wire
tension. Completely coated wire is wound by a spooling
head in a basket-weave pattern.

The know-how of this Hytron coating operation is
hidden away within the cathode sleeve. Trouble-free
tube performance, however, gives you concrete proof
of the know-how Hytron constantly strives to expand.

SPECIALISTS IN RADIO RECEIVING TUBES SINCE i921

> WARC -

MAIN OFFICE: SALEM, MASSACHUSETTS
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Strict quality control, new manufacturing techniques, and
improved materials — the basis of the excellent war-time
records of G-E d-c capacitors — are now incorporated in
a new line of Pyranol capacitors designed to meet rigorous
commercial requirements.

This new line makes possible a broad selection of sizes,
ratings and mounting arrangements, with characteristics
which permit operation over a wide temperature range
(from 85C to —55C), at altitudes up to 7,500 feet. Sizes
and shapes range from “bathtub” and small rectangular
case styles to large, welded steel-case designs. Capacitance
ratings are offered from .01 muf to 100 muf, and voltage
ratings from 100 to 100,000 volts. Write Transformer
Division, General-Electric Co., Pittsfield, Mass.

Formex* magnet wiré¢, available in all standard wire sizes,
puts more turns and more copper in a given coil cross-
section area than fibrous-covered wire does, particularly
if square or rectangular Formex wire is used. It’s a
natural where coil shapes require acute angle bends.
Higher winding speeds are practical without increasing
rejects; time-saving steps are possible that you wouldn’t
dare use with ordinary magnet wire. In most sizes, first
cost of Formex is less than fibrous-covered wire, and only
slightly greater than enameled. Check Bulletin GEA-3911.
SReg. U.S. Pat. Of.
$ _'7—"!‘—1'?-\
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G-E manually-operated Switchettes are outstanding for
the long life and lightning-fast snap action packed into
an unusually small, lightweight case. The Size 1
Switchette weighs only 9 grams, and Is approximately
134 in. by % in. by Y in. Size 1 Switchettes are available
in ratings up to 10 amperes at 24 volts d-c, or 230 volts
a-c, and in ten diflerent contact arrangements. Size 2
Switchettes are rated 25 amperes at 24 volts d-c, (230
volts a-c), and are available in three contact arrange-
ments: single circuit, normally open; single circuit,
normally closed; and two circuit. Totally enclosed, with
screw terminals, size 2 Switchettes measure about 2 by
13 by 1 inch, and weigh approximately 2 ounces. Write
for Bulletin GEA-3818C (Size 1) or GEA-4259 (Size 2).

with 4,000 possdbilities

There’s a standard SB-1 switch for most of the ordinary
control and transfer jobs. Where the number or arrange-
ment of circuits is unusual, special switches can be made
from standard SB-1 cams, contacts, fingers, and other
parts, giving great flexibility of application. Precision-
built parts make even a 40-stage tandem switch easy
to operate.

Already more than 4,000 different arrangements of
circuits and sequences have been made by varying con-
tacts and.cam arrangements. Others can be made to
meet your specifications, Write for Bulletin GEA-1631E.

Y -
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SMALL DC METERS

General Electric Type DO-58 d-¢c meters are 4 by 41,
inches. Voltmeters are available registering from 0 to 1
volt, to 0 to 750 volts in self-contained models, and up
to 30 kv with external resistors. Accuracy is to within 2
per cent of full scale value. The d-¢ ammeters, milliam-
meters and microammeters cover a range from 0 to 50
amperes, to 0 to 50 microamperes. Cased in black
Textolite with a deep cover, these meters are offered in
front-illuminated and rear-illuminated types, with lanco
type, pointer-tip standard, and knife-edge and pear-
shaped tips optional. These flush-mounted instruments
are also available in alternating-current, a-c¢ rectifier and
rf types. Write for Bulletin GEA-4272.

INDUSTRIAL RELAY does @ loz of jabe

This sturdy, compact industrial voltage relay has a lot
of uses, such as controlling pilot circuits in response to
remote control switches or thermostats, or for direct con-
trol of small motors driving cooling blowers. It may be
used as a fractional-horsepower motor starter, or in con-
junction with magnetic switches controlling larger ap-
paratus. Rated 10 amperes, continuous, with make-or-

SPLIT-CYCLE CONTROL
of keavy cwvrenls

"Thyratron Type FG-95 tubes are designed for rapid con-
trol applications where available grid power is very
small, where it is necessary to actuate the grid from a
high-impedahce source, and where tube temperature can
be maintained at a relatively constant level. This tube’s
negative grid characteristics mean lower overall power
requirements for heavy-duty control work. Peak voltage,
1000 v, peak current 15 amp, average current 2.5 amp.
Surge current (for design only) 200 amp for 0.1 second.

Among the applications of Thyratron tubes are re-
sistance welding control, motor control, lighting control,
rectification, and power supply for photoelectric relays.
Write for Bulletin ETI-125. (For general data on Thyra-
trons, ask for ETI-116). General Electric Co., Electronics
Division, Syracuse, N.Y.

DANGER

— HIGF
VOLTAGE

DURABLE NAMEPLATES

with beauty bulll-in
General Electric laminated plastic nameplates are tough,
durable, and resistant to impact. They are available
stamped, engraved, or printed, in a variety of color com-
binations. Their appearance is exceptional — both satin
and mirror finishes are offered with surfaces that need
neither buffing nor polishing. The hard, smooth surfaces
of G-E plastic nameplates are easily cleaned. They do
an outstanding job for a wide range. of diversified appli-

cations. For further information, write General Electric
Co., Plastics Division, Pittsfield, Mass.

'-------.--------..-------.-

GENERAL ELECTRIC COMPANY, Sec. 642-12

break rating of 45 amperes on normally open poles, 20 [ ] Apparatus Department, Schenectady 5, N. Y.
amperes on normalily closed poles, at either 110 v or 220 v B Bilaw sard e
a-c. Three contact arrangements — double-pole, double- ] ) | ]
throw; double-polc, single-throw; and single-pole, single- [ ......GEA-1631E (SB-1 Switches) ......GEA.3818C (Switchettes—Size 1)
throw — are available in either open or enclosed models, g GEA-3911 (Formex) <. GEA-4259 (Switchettes—Size 2)
Write for Bulletin GEA-4668. #  ....GEA-4272 (Small D-C Meters) ... GEA-4668 (Industrial Relay)

: NOTE: More data available in Sweets’ File for Product Designers

B Name.

8 Compony

B Address

' City. State
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Meeting the severe operating conditions
encountered in military, aircraft, police,
broadcast, P-A and other equipment...

HYVOL

@ These drawn-containér units are designed for appli-
cations requiring compact, extra-quality capacitors.
Aerovox Type 30 capacitors are specified for equipment
that must undergo severe-service operating conditions,
more particularly in military, aircraft, police, broadcast,
public-address, and other classes of communications
equipment, as well as in electronic assemblies operat-
ing hour after hour. These “bathtubs” are standard
capacitors in Government radio and electronic equip-
ment.

Type 30 is Hyvol impregnated and filled. Type 30M is
mineral-oil impregnated and filled. One-piece drawn

a ..

melal case with soldered bottom plate. Terminals are
constructed with the Aerovox-originated “double-rub-
ber” bakelite insulators permanently riveted to the
case, making a sturdy, absolutely immersion-proof as-
sembly. Terminals on side, top, bottom or ends to suit
mounting and wiring requirements.

In 400, 600 and 1000 v. D.C.W. Choice of capaci-
tances. Single, dual and triple sections.

e Write for descriptive literature and listings.

INDIVIDUALLY TESTED

AEROVOX CORPORATION, NEW BEDFORDO, MASS., U.S.A. s SALES OFFICES IN ALL PRINCIPAL CITIES

Export: 13 E. 40 ST., NEW YORX 16, N. Y. - Cable: ‘ARLAB" - |In Canada: AEROVOX CANAOA LTO., HAMILTON, ONT.

4A
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For a good many years we at AmerTran have

enjoyed the confidence and cooperation of
Federal's staff—a relationship which has enabled

g’gasic':s' TYrul’rl:s ?oi':)eotouw;nc"' 4 us to furnish transformer and reactor units which
.B. ew York, 50, watts.,

. fully meet the strict specifications of Faderal’s
O.W.L “Tokyo Broadcas*”’ sta‘ions, y .

Pacific Coast, 200,000 watts. s AL requirements. Those units include filament, plate
C.B.S. short wave transmitiers, New " and audio transformers for many important
York area. &4 installations in commercial and government
L.T.T. short wave transmifters, Long ) enterprise.

island, N. Y.~—and scores of others.

: AmerTran Transformers are “built-in"’ compo-
Left—50,0C0

watt nents in the best known electronic assemblies
e AmerTron : . .
 Modulatios ’ now in operation. They are designed and manu-
- Transformew,

tohe 51 factured in a modern plant devoted exclusively

to transformers and allied products. You may
feel free to use the entire facilities of the

AmerTran organization.

AMERICAN TRANSFORMER COMPANY
178 Emmet Street Newark 5, N. J.

Proceedings of the I.R.E. and Waves and Electrons September, 1946 SA
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CALIBRATED
SCALES

Provide a convenient means for
making calibrated and quantita-
tive measurements with a cath-
ode-ray oscillograph. Types 216
are available in 3-inch and 5-inch
rectangular coordinate scales cal-
ibrated in inches and tenths of
inch; also in 5-inch polar coordi-
nate scales. 5-inch logarithmic
scales -are also available for di-
rect-reading of logarithmic dec-
rements or Q measurements.

COLOR FILTERS

Increase contrast and relieve
eye-strain by filtering out all but
the desired light. Available in
the 5-inch size for use with blue,
green or amber 'screens, Made of
plexiglass which fits between the
calibrated scale and the face of
the cathode-ray tube.

VIBRATION PICKUPS

Types VP-§ and DP-1 convert vir
brations into electrical potentials
which can be applied to the in-
put circuit of the oscillograph.
The response of the VP-5 is pro-
portional to velocity; that of the
DP-1 is proportional to displace-
ment. The DP-1 is especially
suited fo low-frequency work.

i- ' Cathode=-Ray Equipment...

VIEWING
HOOD

Use our Type 276 rubber view-
ing hood to shield the eyes and
the tube screen when observing
oscillographic patterns under un-
favorable ambient light condi-
tions. It fits any oscillograph
equipped with a $-inch cathode-
ray tube.

CRYSTAL
MICROPHONE

The Type 277, of unusually high
impedance, is specially designed
for direct connection to cathode-
ray oscillograph input circuits.
The directional response is prac-
tically circular in both horizontal
and vertical planes at all audio
frequencies.

CONSTANT-VOLTAGE
TRANSFORMER

A “must” where irregularity of
supply voltage interferes with
the performance of oscillograph-
ic ‘'equipment. The Type 283 is
designed for operation from 60-
cycle, single-phase alternating
current. It delivers a constant
secondary-output potential of 115
volts, at loads up to 250 volt-am-
peres, for input-potential varia.
tions from 95 to 125 volts.

© ALLEN B. DU MONT LABORATORIES, INC.
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STANDARD AND
HIGH-FREQUENCY TYPES

A pioneer in Iron Core production, Stackpole can supply prac-
tically any desired type from 100 cycles to upward of 175 megacy-
cles and in an infinite variety of shapes. sizes and characteristics.
Also available are High-Resistivity Cores showing a resistance of
practical infinity; Insulated Cores wherein the screws are kept out
of the coil field and “"Q” consequently increased: Iron Cores for
choke coils; and Side-Molded Iron Cores featuring uniform perme-
ability with respect to linearity. Write for details and samples
of any type.

for higher "Q’” STACKPOLE
SCREW-TYPE MOLDED CORES

These Stackpole developments are proving highly popular for
circu.ts where small assemblies are the order of the day, and
whers "Q" must be kept at an absolute minimum. The cores them-
selves are threaded. thus eliminating the conventional brass core
screw. Tubes can be threaded to fit cores if desired. More eco-
nomizal. however, is the use of a wire C-spring clip placed (ob-
iainable from usual sources of supply) in a slot in an unthreaded
tube. Stackpole Screw-Type Cores are ideal for the design of I-F
and dual I-F Transformers for AM and FM.

IRON SLEEVE TYPES
... for better coils in less space

By use of Stackpole Sleeve Cores. much smaller cans of any

material may be used to provide “Q” that is equal to, or better
LOOK FOR THE than, that of conventional cores and cans. Thus they facilitate
:’T:Ec':gl: MIN- an exceptionally high order of tuning unit efficiency in greatly
b our uswwn"e'o' reduced size. .Ccms ar? not always necessary — and, where they
the highest in are, inexpensive aluminum containers may often be used.
molded materials
quality.

STACKPOLE CARBON CO., Electronic Components Division, ST. MARYS, PA.

Proceedin the 1. R.E. and Waves and Electrons September, 1946 7A



REVERE TUBE
FOR
ELECTRONIC

=3 P == - . 'xL-:s&;zsﬁe_- _
Listen to Exploring the Unknown on the Mutual! Network every Sunday evening 9 to 9:30 p. m., EDST.

Proceedings of the LR.E. and Waves and Electrons September, 1946



SPREADERS AND STRAIN INSULATORS

-

bl

_LEAD - IN INSULATORS 8l SQUARE STANDOFF INSU.ATORS
s I

FEED - THRU INSULA"ORS

=

_CYLINDRICAL STANDOFF INSULATORS ~ CONNCAL STANDOFF INSULATORS

IMMEDIATE DELIVERY FROM STOCK

ON MOST SIZES AND TYPES OF STANDARD INSULATORS

These insulators are the types most frequently used in radio and other high
frequency applications, They are made of AlSiMag 196. They are in keeping
with the trend toward standardization and interchangeability. American Lava
Corporation has worked for more than a year toward building stotks to the
point where its pre-war service om these standard insulators could be
resumed. Now volume deliveries can be made immediately on almost the
entire range of these standard insulators. Write for Bulletin 143 which gives
complete data.
AlSiMag technical ceramics made to customer's specifications are our 2;“,'12":;4.‘3,;1'12‘.":;?;'Ji".’.a?,“;f

principal products. Our engineering staff will be glad to review and make ard insulators available from
recommendations on your designs. i el 4

AUSIMAG AMERICAN LAVA CORPORATION

CHATTANOOGA 5, TENNESSEE
44TH YEAR OF CERAMIC LEADERSHIP

ENGINEERING SERVICE OFFICES:
ST. LOUIS, Mo., 1125 Washingtan Ave., Tel: Garfleld 4959 @ NEWARK, N. )., 671 Braad Street, Tel: Mitchel 2-815%
CAMBRIDGE, Mass., 388 Brattle St., Tel: Kirkland 4498 ® CHICAGO, 9 S. Clintan St, Tel: Central 1721

SAN FRANCISCO, 163 Second St., Tel: Douglas 2464 ® LOS ANGELES, 324 N. San Pedro St., Tel: Mutual 9076



Weslern Eleclric
728B LOUDSPEAKER

The first time you hear this revolutionary
Western Electric loudspeaker in action,
you'll get an entirely new conception of
sound reproduction. It delivers speech and
music with such“presence,” such emotional quality,

TECHNICAL DATA that you’'ll find it hard to believe you’re listening

G u nd!
FREQUENCY RANGE: 60 to 10,000 cycles. i 0 P oduced sou
IMPEDANCE: 4 ohms. !’ New design features, developed by Bell Labora-
EFFICIENCY: At a distauce of 100 feet on axis, the 5'{ ' 3 R .
7288 will produce a level of 81 db above 1018 watt i tories scientists, make the 728B ideal for broadcast
per sq. em. at 30 watts, This level is on a basis of a : : . .
o e eriuy & rarife, Tain 560 0" 8 studios and sound systems where high quality re-
2500 e.p.s. 3] 4 .
COVERAGE ANGLE: 50 degrees. f production is a “must”.
POWER CAPACITY: 30 watts continuous. N 9 g 9 9
DIMENSIONS: Diameter 12.11/32"; depth 47, ! For complete technical details and information
WEIGHT: Approximately 18 pound i on delivery, talk to your Graybar Broadcast Equip-
BAFFLE HOLE DIAMETER: 11”. i ] ]
MOUNTING: An euclosure of approximately 2% ment Representative—or write Graybar Electric
cubic feet of space is required.

Company, 420 Lexington Ave., New York 17, N.Y.
w——— QUALITY COUNTS ==—
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For Ground-to-Plane Communication

'S pepgrars RADIO TRANSMITTER jg,

Adopted by United Air Lines

Major air lines like United know the vital importance of
dependability in maintaining radio contact with their
planes. That's why the unsurpassed reliability of Federal
equipment —backed by more than 30 years of experience
in radio and electronics — means so much for airline service.
Federal’s new ground-station transmitter is general-purpose
equipment—adaptable to a wide range of operating require-
ments. It is available in combinations of power supplies,
modulators, r-f units and auxiliaries to provide the frequen-
cies, emissions and types of operation desired.

Write today for bulletin A054, giving descriptive and per-
formance “specs.”

DATA: ' : : . ]
a
Frequency Range Power Output, and Type of Emission Y
(HF) 2to20Mc...... 500 watts, Telephone and Telegraph 1 { {
(VHF) 108 to 140 Mc. . . 200 watts, Telephone W
)

(LF) 200 to 540 Kcs . . 400 watts

Frequency Control—Low temperature-coefficient crystals for
all operating frequencies. Facilities can be supplied for switch-
ing in either of two crystals for adjacent-channel operation.

Frequency Response —300 to 4000 cycles, plus or minus 3 db
with reference to response at 1000 cycles.

Distortion — Less than 10% at 95% modulation.

Remote Control—Transmitter on-off, channel selection, push-
to-talk, and keying may be performed over telephone circuits
by remote control equipment. |

Primory Power —220 volts, 50/60 cycles, single phase.

Proceedings of the I.R.E. and Waves and Electrons September, 1946 11A



MICA CAPACITORS...

Standard and Special Types to Meet Practically Any Requirement

THE full advantages of up-to-the-minute engineering are
incorporated in the war proven line of Sprague Mica
Capacitors covering molded, molded-case potted and ceramic-
case potted types for almost any need. If one of the many

standard types does not meet your requirements Sprague engi-
neers will welcome the opportunity to cooperate in the
design of special types for out-of-the-ordinary uses.

WRITE FOR CATALOG 30

Contains data on all standard Sprague Mica
Capacitors and outlines the many special
types that can be engineered and pro-
duced as required.

SPRAGUE ELECTRIC COMPANY

NORTH ADAMS, MASS.

12a Proceedings of the L.LR.B. and Waves and Electrons September, 1946



ELECTRON TUBES FOR ALL
RADIO TRANSMITTING AND
INDUSTRIAL PURPOSES

MACHLETT LABORATORIES, Incorporated, one of the country’s

earliest producers of electron tubes, and today the world’s
largest supplier of tubes for X-ray purposes, brings to the radio
and industrial fields its half century of electron tube experience.
The tubes illustrated are typical examples of the Machlett line of
radio transmitting and industrial tubes.

Machlett’s comprehensive background of leadership in the design
and production of X-ray tubes places it in a most effective position
to meet the increasingly stringent requirements of modern electron
tube manufacture. The production methods used in the manufac-
ture of quality X-ray tubes are, more than ever before, essential
to meet the constantly increasing requirements for higher power,
higher frequencies and higher voltages in practically all fields of
electron tube application. Processes essential to assure quality,
performance and long useful life at voltages of 50 KV and higher,
precision assembly of parts for the accurate control of electron
stream, complete and permanent outgassing of the assembled tube
and its individual parts have long been characteristic of X-ray tube
manufacture and inherent in Machlett's design and productive
operation. These skills and techniques developed for, and long
used in its X-ray activities, now find unique additional value in
their application to electron tubes for radio and industrial purposes.

The Machlett background of almost 50 years of continuous
electron tube production, modern, laboratory-like manufacturing
facilities, and up-to-the-minute experience assures the user that he
will receive tubes engineered and processed for a long life of
trouble-free operation.

For complete information write our nearest representative, or
the factory at Springdale, Connecticut.

MACHLETY LABORATORIES, INC,, Springdale, Connecticut

Proceedings of the I.R.E. and Waves and Electrons September, 1946
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Model 2432
Signal Generator
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FM AND TELEVISION BAND COVERAGE ON STRONG HARMONICS
STRONG FUNDAMENTALS TO 50 (MC)

Another member of the Triplett Square Line of
matched units this signal generator embodies
features normally found only in “custom priced"”
laboratory models.

FREQUENCY COVERAGE—Continuous and overlapping 75
KC to 50 MC. Six bands. All fundamentals. TURRET
TYPE COIL ASSEMBLY —Six-position turret type coil switch-
ing with complete shielding. Coil assembly rotates in-
side a copper-plated steel shield. ATTENUATION—Indi-
vidually shielded and adjustable, by fine and course

controls, to zero for all practical purposes. STABILITY—~
Greatly increased by use of air trimmer capacitors,
electron coupled oscillator circuit, and permeability
adjusted coils. INTERNAL MODULATION—Approximately
30% at 400 cycles. POWER SUPPLY — 115 Volts, 50-60
cycles A.C, Voltage regulated for increased oscillator
stability. CASE—Heavy metal with tan and brown ham-
mered enamel finish.

There are many other features in this beautiful
model of equal interest to the man who takes
pride in his work.

ELECTRICAL INSTRUMENT CO. srurrron, onro

Proceedings of the I.R.E. and Woves and Electrons
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Of course
I'm using
a TUNG-SOL Miniature Power
Amplifier in this circuit. You can get
them now for a wide range of radio
receiver applications. They all have
high efficiency beam construction and
provide for maximum Class A. power
output ranging from 14 to 415 watts.
You’ll find that miniatures generally
give even better performance than the
big ones.

Take the TUNG-SOL SOBS for ex-
ample. It’s designed as the miniature
tube equivalent of type S50L6GT. It's
outstanding for its power sensitivity
and adaptability to AC/DC circuits.
In the 50B5 this high performance
standard has been maintained with a
volume displacement of less than 30%

: i o
X 'Q'l'%
‘ S o o2
TUNG-SOL LAMP
Sales

syl
{ {
£ 1/ 0\ 7
A~ /
N
J/-‘_"‘-\ \“‘ :' \
Y Q

of the S0L6GT. With the same internal
dissipation, the bulb operating tem-
peratures are higher in the smaller
envelope but, several type SOBS tubes
may be safely operated in an enclosed
cabinet with an ambient temperature
as high as 150° centigrade.

Small physical size of the S0B5 and
ability to perform in “transformer-
less” circuits permits unusual applica-
tions. Power outputs as high as 1.9
watts afford ample volume for inter-
communication systems. Its ability
to deliver 130 milliamperes of peak
plate current with 5.25 rms. volts
signal may suggest use
as a trigger tube or to
operate control relays.

. /m/))lmfko Dhsoussions alosit Minidlone Tudbes-

Either as a tetrode or triode, its trans-
conductance of 7500 umhos means
high circuit efficiency. Even though it
is designed as a Class A power ampli-
fier, the SOBS may be adaptable to
certain oscillator applications at low
and medium frequencies.

If you want the real low down on
this or other unusual applications,
write to the TUNG-SOL Commercial
Engineering Department. You see
those fellows are only interested in
tubes. They aren’t set builders. Your
consultations with them are held in
strictest confidence.

= 3
TUNG-SOL |
petirarlovre-tostod
ELECTRON TUBES |
WORKS INC., NEWARK 4, NEW JERSEY

Offices: Atlanta ¢ Chicago ¢ Dallas ¢ Denver « Detroit « Los Angeles ¢« New York

Also Manufacturers of Miniature Incandescent Lamps, All-Glass Sealed Beam Headlight Lamps and Current Intermittors

Proceedings of the I.R.BE. and Waves and Electrons
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ANNOUNCED only a few short months ago,
the Raytheon 250 Watt AM transmitter has
already won its way into the forefront of
small station broadcasting. Presented as a

transmitter of unsurpassed
design, unsurpassed styling
and unsurpassed engineering
excellence, it has proved its
claims on all three points.
Visitors exclaim over its strik-

More and More

Excellonce in Electhronics

] S

Stations
by Rayrheon

Here’'s the AM Transmitter that small-station owners are turning
to...for its dependable, simpler circuits...its advanced design

...its modern, “dress-up’’ beauty!

HERE’S WHAT THE SMALL

...Study these RAYTHEON features
before you choose any transmitter,
for replacement or new installation.

Simplified, More Efficient Circuits —A high
level modulation system eliminates necessity of
complicated and critical adjustment of linear
amplifiers and minimizes harmonic distortion.

Increased Operating Efficiency — The use of
the most modern improved components which
are operated at well below their maximum
capacity together with simplified circuit design
greatly increases overall operating efficiency.

Greater Dependability —Due to the use of
Triode type tubes, feedback failure will not
cause a complete breakdown and the signal
quality will still be good. Cooled by natural
convective air currents, it is not subject to dam-
age or fire caused by a blower failure.

Simple, Speedy and Accurate Tuning —All

operational controls are centralized on the
front panel; every circuit is completely metered

the air.

RAYTHEON MANUFACTURING COMPANY

Broadcast Equipment Division, 7517 No. Clark Street, Chicago 26, Wlinois
DEVOTED TO RESEARCH AND MANUFACTURE FOR THE BROADCASTING

ing, modern beauty . . . beauty that gives a
“show-place” air to any station. Station own-
ers are delighted with its dependable per-
formance . . . its silent operation . . . and the
high fidelity signal it puts on

Before you select a 250 Watt
transmitter, be sure you pos-
sess all the facts. Write or wire
for our specification bulletin.

INDUSTRY

STATION NEEDS!

and instantly checked. A clutch-equipped low-
speed motor makes micrometer adjustment of
the two tuned stages very easy.

No Buffer Stage Tuning —The use of a Video
type amplifier in cthe buffer stage eliminates
this complicated tuning.

Silent Operation — Natural air cooling means
no blower noise, permits microphones in same
room with transmitter.

Low Audio Distortion — Triode type tubes used
in the audio stages have inherently lower dis-
tortion level. Specially designed audio trans-
formers reduce audio distortion still further.

Easy Servicing —Vertical chassis, symmetrical
mechanical layout and complete accessibility
through double rear doors and hinged side
panels make the RA-250 a favorite.

Easily Meets All F.C.C. Requirements—All
electrical characteristics are well within the
F.C.C. requirements. Noise level is —60 db
below 1009 modulation. Frequency response
*1 db from 30 to 10,000 cycles per second.
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Crystal detector-1946

ENLARGED
8 TIMES

model

o | - ONE InCH

Remember the crystal detector in the first radios — hunting
for the right spot with a cat’s whisker? For years the detector
lay discarded in favor of the vacuum tube. But when micro-
waves came, and with them the need to convert minute
energy to amplifiable frequencies, a Bell Laboratories’ scien-
tist thought back to the old crystal.

Silicon of controlled composition, he discovered, excelled
asamicrowavedetector. Unlike the old-style natural crystals,
it was predictable in performance, stable in service, From
1934 to Pearl Harbor, the Laboratories developed silicon
units to serve microwave research wherever needed.

BELL TELEPHONE

Then Radar arrived. The silicon crystal came into its
own, and found application in long-distance microwave
Radar. Working with American and British colleagues, the
Laboratories rapidly perfected a unit which the Western
Electric Company produced in thousands. It became the

standard microwave detector.

Crystal detectors are destined to play a big role in electric
circuits of the future. They will have an important part in
Bell System microwave radio relay systems. In various
forms, they may reappear in radio sets. Here again Bell
Laboratories’ research has furthered the communication art.

LABORATORIES

EXPLORING AND INVENTING, DEVISING AND PERFECTING FOR CONTINUED ECONOMIES AND IMPROVEMENTS IN TELEPHONE SERVICE



OTHER OUTSTANDING
-hp- INSTRUMENTS

-hp- MODEL 205AG
AUDIO SIGNAL GENERATOR

Frequency range — 20 ¢ps to 20 ke

Power output—35 watts

Output impedance — 50, 200, 500, ond
5000 ohms, all ct

-hp- MODEL 2001
SPREAD SCALE AUDIO OSCILLATOR

Frequency range — 6 c¢ps to 6 ke
Hoir-line tuning, no porallox

Effective scale length nearly eight feet

Proceedings of the I.R.B. and Waves and Blectrons
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-hp- system of hand calibration

guarantees accuracy of AF oscillators

The calibration of every -hp- Resistance
Tuned Oscillator is guaranteed accurate
to within 2%—a guarantee that is pos-
sible only because of the high inherent
stability of these instruments. To exploit
this stability to the utmost, each -hp
oscillator is hand-calibrated using an ex-
tremely accurate technique,

The frequency source used in this
procedure is the Model 100B Secondary
Frequency Standard. This provides fre-
quencies of 100 cps, 1000 cps, and
10,000 cps, accurate to within 0.001%.
By frequent comparison with U. S. Bu-
reau of Standards Station WWV this
accuracy isincreased to within 0.00029.

The output of the oscillator under

oscilloscope. Using Lissajous figures of
high order a large number of calibration
points are established over the entire fre-
quency range; the Model 2001 Spread-
Scale Audio Oscillator, for example, has
a total of 277 calibration points.

Individual hand-calibration is but
one of the many precautions taken to
insure the dependability and accuracy of
-hp- oscillators. Rugged mechanical
design maintains the calibration. Care-
ful layout minimizes temperature effects.
Unique circuitarrangementsassure high
stability.

Ten models are available, covering the
frequency-range from 2 cps to 200 kc,
and with various power outputs and im-

testis compared with these standard , pedance terminations. Write today for

frequencies by means of a cathode-ray // full technical information.
9 y YA

)

/
/N

HEWLETT-PACKARD COMPANY

12000 PAGE MILL ROAD, PALO ALTO, CALIFORNIA, U.S.A.

Avdio Frequency Oscillators
Noise and Distortion Analyzers

Square Wave Generators

September, 1946

Signal Generators
Wave Analyzers
Frequency Standards

Yacvum Tube Voltmeters
Frequency Meters

Attenvators Electronic Tachometers
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SEPT. Prepared by SYLYANIA ELECTRIC PRODUCTS INC., Emporium, Pa. 1946

MODERN SET DESIGN SEEN GREATLY INFLUENGED
BY NEW SYLVANIA ELECTRIC T-3 TUBE

Commercial Version of Proximity Fuze Tube

Is Tiny, Rugged, Has Long Life

Radio equipment manufacturers are view-
ing with marked interest the radical re-
ductions in size and weight now made
Compact, “table-top”’ possible in many types of electronic equip-
television receivers are ment through the use of the sensationally
made possible by the small Sylvania vacuum tube, T-3.

use of the T-3. .

The commercial version of the former
proximity fuze transceiver tube is noted for
exceptional ruggedness...long life...ideal
suitability for high frequency operation.

Some of the design possibilities opened
by the T-3 are shown here. Of course, its
potentialities are not limited to

these fields. ' % !
Write Sylvania Electric Products | $@%

Inc., Emporium, Pa.

Weight-saving fea-
tures of T-3 will be
of special valuve in
air-borne equipment.

Lighter and smaller

equipment for mator

boats and yachts can
be made.

The T-3 tube is shown here
in its actual size.

SYLVANIAN ELECTRIC

Emporium, Pa.
MAKERS OF RADIO TUBES; CATHODE RAY TUBES; ELECTRONIC DEVICES; FLUORESCENT LAMPS, FIXTURES, WIRING DEVICES; ELECTRIC LIGHT BULBS
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This new book gives you the complete
picture story of the operating advan-
tages built into Westinghouse transmit-
ters and the way operators approved
them. Ask for your copy of B-3829.

Proceedings of the 1.R.E. and Waves and Electrons
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Here’s the answer to many of your
hopes . . . an FM transmitter packed
with the features you want most, as
revealed by an extensive survey
among station owners and operators
throughout the country.

In this survey, 969, wanted a
roomy transmitter one with
complete, fast and easy accessibility.
This important feature shows up in
many ways in the Westinghouse FM
transmitters:

Example: you can service any tube
quickly from easily-opened front
panels.

Example: high-voltage rectifier tubes
can be checked visually, any time,
through glass panels.

Example: oscillator-driver-audio and
center frequency control units
are built on standard relay rack
chassis and equipped with plug-in

Westi

PLANTS IN 25 CITIES . . .

September, 1946
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connectors for easy removal.

Making your job easy is a keynote
of the entire Westinghouse FM de-
sign. Meters and indicating instru-
ments are at eye level. All overload
protection is fuseless. And to place
the transmitter in operation it is only
necessary to connect the sudio input,
r.f. transmission line and input power
supply.

This improved design is the product
of another vital fact: the unmatched
experience of Westinghouse engineers
in actual station operation of five FM
and six AM stations. Get the facts
today from your nearest Westinghouse
office. Westinghouse Electric Corpo-
ration, P. O. Box 868, Pittsburgh 30,
Pennsylvania. J-02082-A

nghouse

OFFICES EVERYWHERE

21a



Hobbery ut the watertront —detected and observed in total darkness through the amazing infrared ray “‘snoopcrscope.”

“Snooperscope”-sees af night

Crime detection is one of the many uses
for this uncanny telescope that can dis-
tinguish objects more than a quarter of
a mile away in a complete blackout.

The sniperscope and snooperscope are
two wartime developments of RCA Lab-
oratories in co-operation with the U. S.
Army which are now being converted to
civilian, industrial and police uses.

These instruments were made possible
through a tiny image tube less than two
inches in diameter and less than five
inches long. Adapted to various military
equipment, these telescopes provided the
Army with some of its best night-fighting

#Victrolo T. M. Reg. U. S. Pot. OF.
22A

with invisible light!

devices. A helmet-mounted binocular em-
ploying these image tubes enabled scout
cars to speed over roads at 40 to 50 miles
an hour without lights.

The same engineering skill that pro-
duced the snooperscope is reflected in
every RCA and RCA Victor product—
whether it is a Victrola* radio-phono-
graph, made exclusively by RCA Victor,
or a television receiver, or a radio tube.
If it’s an RCA, it is one of the finest in-
struments of its kind science has achieved.

Radio Cerporation of America, RCA Build-
ing, Radio City, New York 20. Listen to The
RCA Vietor Show, Sundays, 2:00 P. M.,
Eastern Daylight Time, over NBC Network.

Proceedings of the I.LR.B. and Waves and Electrons
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The “Sniperscope.” Here our infrared
telescope is mounted on a carbine.
The combination was aptly called a
“sniperscope” for it enabled a soldier
in total darkness to hit a target the size
of a man at 75 yards. Thirty per cent
of the Japanese casualties during the
first three weeks of the Okinawa cam-
paign were attributed by the Army to
this amazing sniperscope.

m RADIO CORPORATION of AMERICA

\ =
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-~/ PRESS WIRELESS

This variable Tape Puller has been
designed for use with the Press Wire-
less Ink Tape Recorders. They are
built as separate equipment fully en-
closed. The Tape Puller has a speed
that is continuously variable from S to 1,000 words-per-
minute. Drive mechanism is extremely smooth in operation.
No gears or clutch need be changed to cover operating
range. Unique coupling system affords long life to the
rotating members. Under light or no load a minimum of
pressure is exerted on the friction drive. As the load in-
creases, the friction automatically increases to compensate.

o Operation from 115 volt, 50/60 cycles, A.C. ¢ Power
switch: D.P.S.T. to permit cross connection of the
STAND-BY switch of the Recorder ¢ Terminals: An
A.C. female and male outlet are located on the rear
of the unit ¢ Power cord: Six-foot A.C. cord with a fe-
male connector at one end and a male connector on
the other end ® Modern finish: Smooth, grey enamel
o Dimensions: 10 inches high, 7% inches wide, 12%
inches deep (in cabinet).

FEATURES

September, 1946

Recording slohéovernent

e Simply, yet expertly engineered, the
M Model ITR-2 more than meets all re-
quirements of high-speed recording.
This automatic ink tape recorder can
% rapidlytranscribe code signals at rates
up to 1,000 word per minute. A slender, hollow stylus,
actuated by the incoming tone signal, from a receiver or
land-line, records the message in the form of inked square
wave pulses on a narrow paper tape. Used in conjunction
with the Variable Tape Puller, VIP-11, the ITR-2 forms
a Press Wireless Recording team that is a “must” for any
automatic receiving assembly.

¢ Simplicity of controls and ease of adjustment
e Power requirements: 115 volts 50/60 cycles, A.C.
150 watts e Terminals INPUT? A.C. female and male
outlets located on rear of unit ¢ Power cord: Six-foot
A.C. cord with a female connector at one end and a
male connector at the other end ¢ Cabinet mounting
e Modern finish: Smooth, grey enamel ¢ Dimensions:
10 inches high, 15 inches wide, 12 inches deep.

=
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' PRESS WIRELESS MANUFACTURING CORP.

Executive offices: 1475 Broadway, New York 18, N.Y. Cable Address: PRESSRAD NEWYORK
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BULLETIN NUNBER 160

BULLETIN 150...

Contains twelve terse, factual-laden
pages of valuable data on the

standard line of Superior Electric
voltage control equipment. All information has
been brought up to date wherever design,

electrical or mechanical features have been improved
to meet more exacting requirements.

Apparatus described in this bulletin includes all
types of POWERSTAT variable transformers,
SECO Automatic Voltage Regulators and VOLTBOX a-c
power supplies. Operating and electrical
characteristics are clearly shown by charts
and schematic diagrams. Every design engineer,
laboratory technician, and purchasing agent needs
the product information contained in Bulletin 150

Write Dept. ER for your copy today.
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A.R.C.
showing

ARC.

RC. Directional co
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The ever-increasing importance of
microwave transmission in the field of
electronic navigation, communication,
and industrial controls turns the spot-
light on the A.R.C. line of equipment
and accessories to serve this field.

The A.R.C. 24,000 megacycle atten-
uator with its unique “split-plate” con-
struction typifies the quality of A.R.C.
design and manufacture. This design
(patent pending) permits the machin-

Proceedings of the 1.R.E. and Waves and Electrons
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ir.g of the wave-channel to an accuracy
impossible to achieve through other
methods of construction, while the
jointure of the plates themselves is so
precise as to leave no possibility of
leakage and loss.

A complete line of A.R.C. Micro-
wave Accessories is available. For full
details on these and other A.R.C.
Fadio and Electronic Component
FParts, write:

NOW AVAILABLE: free,
illustrated catalog of
A.R.C. Radio and Elec-
tronic Component Parts
and Accessories.

AIRCRAFT RADIO CORPORATION

BOONTON, NEW JERSEY
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THE NEW

4 Bands =540 kc. 1o 32 Mc.

The Model S-38 meets the demand for a truly competent communications
receiver in the low price field. Styled in the post-war Hallicrafters pattern
and incorporating many of the features found in more expensive models,
the S-38 offers performance and appearance far above anything hereto-
fore available in its class. Four tuning bands, CW pitch control adjust-
able from the front panel, automatic noise limiter, self-contained PM
dynamic speaker and “Airodized” steel grille, all mark the S-38 as the
new leader among inexpensive communications receivers.

1. Overall frequency range—
540 kilocycles to 32 mega-
cycles in 4 bands.
Band 1—540 to 1650 kc.
Band 2—1.65 to 5 Mc.
Band 3—s5 to 14.5 Mc.
Band 4—13.5 to 32 Mc.
Adequate overlap is provided
at the ends of all bands.

2. Main tuning dial accurately
calibrated,

FEATURES

3. Separate electrical band
spread dial.

4. Beat frequency oscillator,
pitch adjustable from front
panel,

5. AM/CW switch. Alsoturns
on automatic volume control
in AM position,

6. Standby/receive switch.
7. Automatic noise limiter.

8. Maximum audio output—
1.6 watts.

9. Internal PM  dynamic
speaker mounted in top.
10. Controls arranged for
maximum ease of operation,
11. 105-125 volt AC/DC op-
eration. Resistor line cord for
210-250 volt operation avail
able.

12. Speaker/phones switch.

PrgL L3

CONTROLS: SPEAKER/PHONES, AM/CW, NOISE
LIMITER, TUNING, CW PITCH, BAND SELEC.
TOR, VOLUME, BAND SPREAD, RECEIVE/
STANDBY.

EXTERNAL CONNECTIONS: Antenra terminals for
doublet or single wire antenna. Ground terminal.
Tip jacks for headphones.

PHYSICAL CHARACTERISTICS: Housed in a sturdy
steel cabinet. Speaker grille in top is of airodized
steel. Chassis cadmium plated.

SIX TUBES: 1—12SA7 converter; 1--12SK7 IF ampli-
fier; 1—-128Q7 second detector, AVC, first audio am-
plifier; 1—128Q7 beat frequency oscillator, automatic
noise limiter; 1-35L6GT second audio amplificr;
1-35Z5GT rectifier.

OPERATING DATA: The Model S-38 is designed to
operate on 105-125 volts AC or DC. A special exter.
nal resistance line cord can be supplied for operation
on 210 to 250 volts AC or DC. Power consumption
on 117 volts is 29 watts.

hallicrafters ranio

THE HALLICRAFTERS CO., MANUFACTURERS OF RADIO
AND ELECTRONIC EQUIPMENT, CHICAGO 16, U. S. A,

Proceedings of the I.R.E. and Waves and Elcctrons
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DE MORNAY - BUDD
STANDARD TEST EQUIPMENT

For Precision Measurements in the Microwave Field

The complete line of De Mornay * Budd standard
test equipment covers the frequency range from
4,000 mcs. to 27,000 mcs. It provides all R. F.
waveguide units necessary for delicate, precision
test work requiring extremely high accuracy in
attenuation measurements, impedance measure-
ments, impedance matching, calibration of di-
rectional couplers, VSWR frequency measure-
ments, etc.

To eliminate guesswork, each item of this
De Mornay * Budd test equipment is individually
tested and, where necessary, calibrated, and
each piece is tagged with its electrical character-
istics. All test equipment is supplied with inner
and outer surfaces gold plated unless otherwise
specified.

Our greatly expanded microwave research
facilities are at your disposal for consultation.

The three test set-ups illustrated above .include:

Tube Mount

Flap Attenuvatar
Frequency Meter
Calibrated Attenvator
Tee

Stub Tuner

Tunable Dummy Load

Standing Wave Detector

Type “N” Standing Wave Detector
Directional Coupler

High Power Dummy Load

Cut-Off Attenuvator

Stands, etc.

EQUIPMENT
FOR
97% OF ALL
RADAR SETS

DE MORNAY °* BUDD INC., 475 GRAND CONCOURSE, NEW YORK 51, NEW YORK. CABLE ADDR®SS ‘'‘DEMBUD,” N. Y.

Proceedings of the I.R.E. and Waves and Electrons September, 1946
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FINCH FACSIMILE TELEFAX MEANS

IGTURES and WRITING

FINCH FACSIMILE TELEFAX GIVES — to government, private business, public
utilities and individual homes — a means of high-speed communication never
before equalled for convenience, flexibility and dependability.

The two-way Telefaxer shown above — and now in production and use
commercially — transmits and/or receives, by radio, 2760 square inches of
pictures and text per hour or about 30,000 words — without one error! The
speed by telephone reaches 918 square inches per hour. Definition is high and
accuracy absolute.

The strong Finch patents assure to Finch customers the maximum of
service, quality and protection. Write for full particulars.

FINCH TELECOMMUNICATIONS, INC. . PASSAIC, N. J.
Address All Correspondence to Sales Office: 10 E. 40 St., New York 16, N. Y.
Mfrs. also of the Finch Rocket Antenna for FM stations

—fiooh T e Prninile |
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88-A
RECORDING
AMPLIFIER

PRESTO 88-A amplifier has three calibrated
frequency response curves...one flat from 30
to 17,000...two with rising high frequency
characteristics complement either the NBC
“Orthacoustic” playback system or standard
high fidelity transcription playback equipment.

HE FIRST recording amplifier capable of standardizing frequency
Tresponse of instantaneous recordings so that they will comple-
ment the characteristics of high fidelity reproducing equipment now
used in most broadcasting stations.

Instantaneous recordings made with the 88-A amplifier and the
Presto 1-C cutting head equal the response of tk.2 finest commercial
recordings and reproduce uniformly a range from 50 to 9,000 cps.

Ample reserve power makes it possible to

obtain complete groove modulation at
all cutting pitches without distor-
tion. Delivery 30 days after order.

RECORDING CORPORATION
242 West 55th Street, New York 19, N. Y.
WALTER P. DOWNS, LTD., in Canada

WORLD’S LARGEST MANUFACTURER OF INSTANTANEOUS SOUND RECORDING EQUIPMENT

Proceedings of the I.LR.E. and Waves and Electrons September, 1946 294
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Vitreous Enameled Rheostats

Available in 10 sizes, rang-
ing from 25 to0 1000 watts,in a
wide range of resistances. Ce-
ramic parts insulate the shaft
and mounting. The resistance
winding is permanently locked
in vitreous enamel. The metal-
graphite brush provides un-
matched smoothness of action.
Engineered and constructed
for long, trouble-free life.

A popular switch for use with
tapped transformers in power
supply units. Compact, de-
pendable, and convenient to
operate. Available in ratings of
10,15,25,50, and 100 amperes,
A.C. Contacts are of the silver-
to-silver, non-shorting type.
Switch shaft is insulated by a
strong ceramic hub. The heavy,
one-piece ceramic body is un-
affected by arcing.

For use in the plate circuits
of diathermy oscillators and
amateur, aviation, police, and
commercial short wave trans-
mitters. Consists of a single
layer winding on a steatite
core, rigidly held in place, in-
sulated and protected by a
moisture-proof coating. Rated
at 1 ampere.

Non-Inductive Resistors

Used as dummy antennas
for radio transmitters, load re-
sistors in high frequency cir-
cuits, and terminating resistors
for radio antennas. Available
in vitreous-enamel type wound
on a tubular ceramic core and
in hermetically sealed-in-glass
type mounted on a 4-prong
steatite tube base. Sizes from
50 to 250 watts.

Parasitic Suppressor

Designed for the suppres-
sion of unwanted ultra-high
frequency parasitic oscillations
due to incidental resonance be-
tween tube plate and grid cir-
cuits of push-pull and parallel
operated transmitting ampli-
fiers. Consists of a 50-ohm vit-
reous enameled non-inductive
resistor which supports a choke
of 0.3 microhenries and .003
ohms d-c resistance.

Wire Wound Resistors

Ohmite offers a complete line
of dependable resistors wound
on a ceramic tube and pro-
tected by vitreous enamel.
Ratings from 10 to 200 watts.
Available in the fixed type
for general use, and in the
“Dividohm” type with adjust-
able lugs for use as a multi-tap
resistor or voltage divider.

OHMITE MANUFACTURING CO., 4861 Flournoy St., Chicago 44, U. S. A.

Write on Company Let terhead for

Catalog and Engineering Manual No. 40.
Provides 96 pages of useful data on the
selection and application of rheostat

resistors, tap switches, chokes, attenu- i s
ators, and other equipment. - .""i

RHEOSTATS RESISTORS TAP SWITCHES CHOKES
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WITH THE MS-924

Eliminate multiple audio outputs from
receivers — eliminate separate inter-
phone amplifiers. Flight engineered to
Bendix Radio’s rigid performance requirements,
the M S-92A is a new type of audio selector jack
box having an attenuation network which reduces
coupling betweenamultiplicity of selected receivers.

It permits simultaneous reception of a variety of
receivers by a number of crew members without
interference due to audio coupling between the
receivers—multiple audio outputs from each
receiver no longer required.

Desired signals from the attenuation network
are returned to original level by use of an amplifier
inside the box. This amplifier, which also serves
as interphone amplifier, uses a type 28D7 tube
with filament and plates operating entirely from
28 v.d.c. A front panel masking plate may be
engraved per customer’s order, permitting un-
limited flexibility in use of the jack box with any
desired complement of receiving or transmitting
equipment. The MS-92A Jack Box is fully ap-
proved by the CAA for scheduled air carrier
aircraft installation.

BENDIX RADIO DIVISION ® TOWSON 4, MARYLAND
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Featuring types for
welding and motor control, power
conversion, and other industrial
electronic applications

RCA now has over 200* standard tube types that
meet practically all modern industrial design re-
quirements. In addition to a complete line of power
amplifiers and high-current rectifiers, the family of
industrial types includes Ignitrons for welding con-
trol and power conversion, and Thyratrons suitable
for such applications as Ignitron firing, high-power
relay circuits, motor control, and virtually all grid-
control rectifier applications.

Because of the inherent ruggedness, top quality,
and long service life of these RCA Industrial Elec-
tron Tubes, they can be counted on to deliver
outstanding performance value.

RCA tube application engineers are ready to
co-operate with you in the adaptation of these or
other RCA tube types to your equipment designs.
Data sheets on the tube types you are interested in
will be sent on request. For further information
write RCA, Commercial Engineering, Section D-18-1,
Harrison, New Jersey.

*Exclusive of types for broadcast reception.
TUBE DEPARTMENT

NARRISON, N. J.
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RCA-5551
Ignitron

RCA IGNITRONS

Max. Dimensions Inches

Max. Anode Ratings*

RCA-5552

Ignitron

Approx. KVA Correspond-
Type Size Length Radius Demand A:::.AAV""’.
5550 (A) 1o 134 300 12.1
5551 (B) 1314 2% 600 30.2
5552 (©) 1434 3% 1200 75.6
5553 (D) 20 41144 2400 192,

RCA-5560
Thyratron

RCA THYRATRONS

RCA-3D22
Thyratron

THE FOUNTAINHEAD OF

MODERN TUBE DEVELOPMENT IS RCA

Max. Dimbnsions Inches Max. Anode Ratings
Cathode Peak Inv. Av.
Type Volts Length Diam, Volts Amp.
Triodes
3C23 2.5 6% 2% 1250 [
5539 L] 7% 3 1000 2.5
676 3 [NEA 3 Y% 2500 64
Tetrodes
2D2) 6.3 214 3% 1300 0.t
2050 6.3 414 1%e 1300 0.1
D22 6.3 4% 2% 1300 % 4 4
672 3 834 2% 1500 2.5
5560 3 7it%4e 214 1000 2.5
105 3 1114 213 ¢* 2500 6.4
172 3 103 2%* 2000 6.4
*Maximum radius
RCA PRINCETON LABORATORIES t’:?{ O
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The tragic courses and consequences of World Wars I and I1, and the natural
dread o% the still more devastating results of a possible World War I11, have

| prompted the following constructive guest editorial from the chief consulting
engineer of the Hazeltine Electronics Corporation, who is as well a member
of the I.R.E. Board of Editors. It is commended to the thoughtful attention
of forward-looking engineers. The Editor.

Gossamer
KNOX McILWAIN

The gossamer of patriotism holds a nation together. The gossamer of a powerless royalty
holds the British Empire together. Perhaps gossamer can bind the world together.

The book “Gossamer” (G. A. Birmingham pseudonym, James Owen Hannay author, George
H. Doran Co., publisher, 1915) describes the plight of Carl Ascher, a German-born international
banker with offices in London at the start of World \Var 1. Every time he patriotically tried to
return home some minor detail of his business held him. Finally he realized that his proper
loyalty was to his international financial empire, rather than to his country.

There may be a good lesson here for professional men in general and for radio engineers in
particular, since they are to a large extent responsible for the shrunken size of the world. Per-
haps we can weave a web of gossamer over the nations. All strong-arm methods of binding the
nations into “one world” do not seem to be working very well. Professional diplomacy has not
in 6000 years discovered the technique of preventing war. And the influences of religion have
not solved the problem even between those countries who belong to the same church.

Could a thousand webs of gossamer between two nations so involve them in each other's af-
fairs that, even when professional diplomacy’s failure evoked the will to war, they could not
break out of the web? Webs of business, webs of religion, webs of culture, and webs of friend-
ship and understanding. If we engineers do not desire to be the street cleaners for what little is
left after the third World War, it seems at least worth trying.

But what can the individual engineer do? Usually he doesn’t speak many languages and has
few friends in foreign lands. Consequently alone he can do little. But as a group there may be
some web he can help weave.

Looking over the list of committees in The Institute of Radio Engineers, I find few
devoted to international co-operation. It is true that at a higher level of international organiza-
tion many of our members have worked toward international standardization of technical mat-
ters. But why not work at a lower level toward increased international understanding and
friendship?

If an added committee were appointed what could it do? At the start much of its work would
have to be exploratory. The first thing to do would be to make up a list of counterparts of the
I.LR.E. in all other nations, including Germany and Japan, with their officers. The second would
be to try to get each of them to appoint similar committees. This very exchange of professions
of friendship on a low level, cutting through the protocol and formality of governmental rela-
tionship, would of itself be worth while. An exchange of publications would of course be insti-
tuted and possibly a series of international reprintings. For instance let each society pick one
paper cach year to be translated and reprinted by every co-operating technical society in the
world. International joint meetings over the short waves, such as that held with the Institution
of Electrical Engineers last February could be held on a world-wide scale. As the work pro-
gressed other strands of the web would be developed. The main thing is to break down the barriers
of reserve and suspicion and establish even a tentative contact.

If our offers of friendship are refused, or even disallowed by government authority, then at
least we shall be put on guard as to which governments fear to allow international friendships
to their people. Furthermore we shall have initiated an attempt to make the professional man
a force for social good, instead of just talking about it.

o
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Universal Optimum-Response Curves for Arbitrarily

*
Coupled Resonators
PAUL I. RICHARDS{, ASSOCIATE, LR.E.

I. INTRODUCTION

N MANY radio-engineering applications it is de-
]:[ sired to provide a network having a narrow pass

band and very high rejection near by. In lumped-
constant work it has been found that a useful solution
to this problem is the familiar coupled circuit. Two
resonant circuits are generally used, and occasionally
three. Similar problems arise at very-high frequencies,
where transmission-line or even wave-guide networks
must be used. This paper provides a general analysis
of this type of circuit.

It is shown that, to a first approximation, the opti-
mum response obtainable has a universal form which
depends solely on the number of resonant circuits, and
not on the type of circuits or of coupling.

The problem of construction of such circuits is thus
greatly simplified. The engineer can immediately select
from the curves given here (Figs. 3, 4, 5) the minimum
number of tuned circuits which he can use in view of
the specifications given him. He can then be sure that
other factors are perfectly arbitrary. Hence, he may
select the type of resonators and coupling to be used
entirely from considerations of ease of manufacture,

II. STATEMENT OF THE PROBLEM AND RESTRICTIONS

The type of circuit analyzed is shown in Fig. 1. The
A are coupling elements, and the B; resonant circuits.
The B; take one of the forms shown in Fig. 2, but the
resonators of any one circuit need not be of the same
type. In addition, the B; may be any of the wave-guide
counterparts of Fig. 2(a), (b), (c). It is well known
that lengths of wave guide behave in essentially the
same manner as transmission lines. The effects of me-
chanically necessary discontinuities may be much
greater, but these can be lumped in with the coupling
nets 4.

The reactive parts of the generator and load im-
pedances are included in 4, and A4, respectively. The
form of the 4; is restricted only in that they must not
be resonant near the center frequency either alone or
in any combination. Thus, the 4; may be loops, probes,
irises, etc., as well as the many familiar coupling nets
of lumped-constant circuits. It might at first seem that
the usual mutual-inductance coupling cannot be placed
in the form of Fig. 1. Recall, however, that a trans-
former can be replaced (insofar as its behavior as a
2-terminal-pair net is concerned) by an equivalent T

Fig. 1—Schematic coupled-circuit network.

ease of calculation or of empirical adjustment, stability,
cost, procurements, etc.

Another paper' discusses the analysis of such cir-
cuits under coupling conditions other than “optimum.”
In that discussion, a general method of analysis is
presented and then applied to the cases of 1, 2, and 3
tuned circuits. The result is a set of universal curves
for such configurations under varying conditions of
coupling. The analysis of the present paper shows that,
although a specific circuit is analyzed by Spangenberg,
the results are truly universal. Conversely, his results
form a valuable complement to those of the present
paper, inasmuch as they are extremely useful in em-
pirical adjustments and preliminary calculations of the
various couplings.

* Decimal classification: R142. Original manuscript received by the
the Institute, March 14, 1946. This paper is based on work done for
the Office of Scientific Research and Development under Contract
No. OEMsr-411 with the President and Fellows of Harvard College.

t Harvard University, Cambridge, Mass.

! Karl R. Spangenberg, “The universal characteristics of triple-

ressonant-circuit band-pass filters,” Proc. I.R.E,, this issue, pp. 629~
635.

or 7 of inductances. Thus, the center inductance be-
comes the coupling element 4, and the end inductances
become part of the tuned circuits B; and By,i.

Restrictions

(1) All elements (except R, and R;) are considered to
be lossless.

In the case of transmission-line and wave-guide cir-
cuits this is an excellent approximation, since “copper”
losses are almost always entirely negligible compared
to the end loadings R, and R;. With lumped constants,
the same approximation holds if the transmitted power
is much greater than the dissipated power (i.e., loaded
Q<Kunloaded Q).

(2) Coupling circuits are not resonant near the center
frequency either individually or in any combination.

This restriction is necessary to insure that we may
properly speak of only n resonant circuits being included
in our network.

(3) All resonant circuits achieve their resonance at a
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point near the center of the pass band (but not neces-
sarily within the pass band).

(4) The desired bandwidth Af is very much smaller
than the center frequency f.

\/III. REsuLTS

We must first define what we shall mean by optimum
response. The electrical specifications for the design of
this type of circuit usually state that the loss in the

Ao

N>

—0 )=

— | —»
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match. Hence, results in terms of insertion loss would
have less meaning than those in terms of mismatch loss.
Mismatch loss M is defined as the decibel loss in load
power referred to the maximum power available from
the generator. Thus, conditions of perfect match
through the network correspond to A =0.

The primary result of this analysis is the fact that
the optimum available response depends solely on the
number of tuned circuits included in the net; it is inde-
N

L ,

O

(a) (b)

(c) (d) (e)

Fig. 2—Typical resonator elements.

pass band shall be less than some given value, and that
the off-band rejection is to be as high as possible. We
shall adopt the satisfaction of these requirements as
our definition of optimum response. Thus, we shall
allow the dips in the pass band to attain the value of
the maximum allowable loss, since such a condition
gives greater off-band rejection, as we shall see.

It is to be noted that the generator and load im-
pedances of Fig. 1 are not necessarily a conjugate

pendent of the type of coupling or the form of the
resonators. The couplings may all be dissimilar, as may
be the resonators; no conditions of symmetry are im-
posed. It is further shown that for each such circuit,
there are more than a sufficient number of parameters
available to obtain this optimum response.

Despite possible asymmetry of the original circuit,
the optimum response is entirely symmetric in fre-
quency within the narrow bands considered.

120 T i
l i 0'3/1—’//
1o | ' T
=ANY FREQUEN '
Af-TOTAL EANDWIDTH " ‘ ’
80 // | N
: = e |
x 60 —— —— ///
u; ’ /
g | /
i / |
E yo b—F~— - I
& nel [
x
| "
/
20 —"' // — “+ — 4
i— ;{LLowsn P.:{. L0SS-3db| (SEE ncu}zs 5) !
0} 2 y 8 8 10 12 1 16 18 20
St
X =
Af

Fig. 3—Universal optimum-response curves for 1, 2, and 3 arbitrarily coupled resonators.



626

The quantitative results of this analysis are contained
in Figs. 3, 4, and 5. Of these, Fig. 3 gives the optimum
response for 1, 2, and 3 resonators under the assump-
tion that the allowable pass-band loss M, is 3 decibels.

MISMATCH LOSS, M, db
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September

Fig. 4 contains the same information for 4, 5, and 6
tuned circuits. Fig. 5 is a curve which enables one to
correct the data of Figs. 3 and 4 if the allowed pass-band
loss is not 3 decibels. To use these correction curves,

!
_____——-—-r-—---'
nNe§ /
200 PR
/
N I
150 !
I—
/ = |
100 4”//‘ . l | |
/ .
} f,=CENTER FREQUENCY
| f =ANY FREQUENCY
| | Af-TOTAL BANDW!DTH
50 | i | |
| |
LLOWED P.§. LOSS-3d{ (SEE FIGURE 5)
6 8

—4h
0
0 4

2 y 10 12 14 18 18 20
f"'fo |
af
Fig. 4—Universal optimum-response curves for 4, 5, and 6 arbitrarily coupled resonators.
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Fig. 5—Universal correction curves.
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first read from Fig. 3 or 4 the rejection that would be
attained if M, were 3 decibels. Next, find on Fig. §
the point corresponding to this uncorrected loss (Mj)
and the actual value of A,. Interpolation between the
plotted contours then gives a value of AM. Add this to
the uncorrected M; to get the actual rejection. Note
that the contours rapidly approach straight lines as Af
becomes large. The value of M, for these contours at
M;=20 decibels is, in all cases, within 0.05 decibel of its
value at M = ». Hence, for M > 20 decibels, the curves
may be used with negligible errors at M =20.

These curves give only the behavior outside the pass
band. Within the pass band, there are n—1 “dips” of
height of M,. This is illustrated for n=4 by the solid
curve of Fig. 6.

R O -— I-d

(M=Mo)

\
Il
N 7N SN A
/ \ ' \ ' \ / .
J R I} \ ’ \ / \
’ A ! vy N ! \
’ \ II \‘ 1 \ 7 \‘
'
24 \./ N/ 8
’
] / \
~Z(x)

Fig. 6—Optimum Z(x) and bounds for p(x).

For frequencies outside the range of Figs. 3 and 4,
the following asymptotic formula for M may be used
with very little error:

M =~ (2n — 1)6.021 4 20n logio| | + 10 logio d (1)

where
x=(f—f)/Af
d = (antilog1M,/10) —1
fo=center frequency
- f=any frequency
Af = total bandwidth
M,=allowed loss in pass band
M =mismatch loss
n =number of tuned circuits.

It will be noted that (1) may be written

M =~ (12.04 + 20 logio | x| ) decibels per resonant
circuit, less (6.021 + logio d) decibels. (1a)

The formula from which Figs. 3,4,and 5 were obtained
is

M = 10 logio (1 + d(Tn(2x))?). (2)

X 1 JZo(m — 6)

In (2), Ta(x) is the Tchebycheff polynomial of degree
n. These functions are defined by (9), (10), and (11) of
this paper.2

I1V. ANALYSIS—INTRODUCTION OF THE RESTRICTIONS

We utilize, at this point, some of the techniques of
matrix algebra. The neceded concepts have been de-
veloped in a previous paper.?

If G is the over-all matrix for the circuit of Fig. 1,
we have

Ay X By X A3 X By X Ay X - - -
X A, 3)

where the 4; and B; are the matrices for the circuits
which they represent. Now the B; have a special prop-
erty. For all of the circuits of Fig. 2, the matrices con-
tain terms which are zero at their resonant frequency;
i.c., at a point near the center frequency. Also, to a first
approximation over the narrow bands considered, the
variation with frequency of these terms is very nearly
linear. Thus, for instance, the matrix for Fig. 2(a) is

cosf | jZ,sinf
j sin 6
J cos 6
Zo

where 6 is the radian electrical length of the line. Near
# = this matrix is approximately

il
Z,

1

If we now introduce the parameter x=(f—f.)/Af, de-
fined in (1), we may say that the above matrix is of the
form 1 jlax 4 b)

(jex + d) 1
where b and d are small since the line resonates near the
center frequency. (Otherwise the approximation of
lincar variation with frequency would not hold.) Sim-
ilar arguments hold for the other circuits of Fig. 2.

Now the 4; do not have this property; they are non-
resonant (alone or in any combination) and hence do
not contain terms that become small or infinite or
change sign. Thus, over the narrow frequency band
considered, we may assume as a first approximation
that only the x in the B; varies with frequency, and that
all other terms are “constant.” This assumption in
turn, along with (3), leads to the conclusion that we
may consider each term in the matrix G as a polynomial
of degree n in x with “constant” coefficients.

2 An excellent discussion of the properties of Th(x), along with a
list of explicit expressions for n=1- - - 10, is given by van der Pol
and Weijers, “Fine structure of triode characteristics,” Physica, vol.
1, pp. 481-496; 1934, As will be seen in (9), we follow the notation
of van der Pol and Weijers. Some writers prefer to use T, for T,,/2%"!
which has 1 for the leading coefficient.

3 Paul I. Richards, “Applications of matrix algebra to filter the-
ory,” Proc. I.R.E., vol. 34, pp. 145P-150P; March, 1946.
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We now introduce the mismatch-loss formula. (Mis-
match loss =decibel loss in load power referred to maxi-
mum power available from the generator.) It has been
shown? that the mismatch loss is given by

| AR, + DR, + B + CR,R,|*

M = 10 lo 4

4 iR.R, 4)
A|B

where G=—|—. Moreover, Z,=R,, Z;=R,, since X,
C|D

and X; have been lumped in with 4, and 4,. That this
procedure has no effect on the value of M can be seen
from the physical definition and is easily demonstrated
mathematically; this would not be true of the insertion
loss. Because the net is lossless, we know that 4 and D
are real, and B and C are pure imaginary. This fact,
coupled with the relation AD—BC=1, enables us to

put (4) in the form
1
M=1010g[1+Z{A —_— = D1/——}
1 B'
Fol——-on RoR:} 1 ®
4 \/RoRl
where B’ =B/j, C' = C/j are both real.
Since 4, B’, €, and D can be considered as poly-

nomials of degree # in x with real, “constant” coeffi-
cients, we may write

M =101log (1 4+ 2) ’ (6)

where Z is a polynomial of degree 2n in x with real, “con-
stant” coefficients.

V. DEDUCTION OF THE OpTIMUM FORM

We now investigate the possibility of adjusting the
coefficients in Z (i.e., adjusting the couplings A4;, etc.)
so as to produce optimum response. Optimum response
has been defined as the curve combining greatest off-
band rejection with the stipulation that M shall be no
greater than some M, throughout the pass-band
(—3=x=<%). It will be seen later that it makes no
difference where in the stop band we attempt to maxi-
mize the rejection.

Let us note two properties of Z. First, Z is never
negative; it is defined as the sum of two squares of real
numbers. This situation corresponds to the physical
fact that M, being referred to the maximum power
available from the generator, cannot be less than zero.
Secondly, M =0 when Z=0, and M=M, when Z=d
(see equation (1) ). Moreover, M and Z always increase
or decrease together (i.e., M is a monotonic function of
Z). Thus, our criteria for optimum response may be
stated as follows: Z must be as great as possible for
|x| >4 and must satisfy 0<Z<d for |x| <}. (In addi-
tion, Z20 always.)

We shall now show that optimum response corre-
ponds to the form of Z illustrated (for n=4) by the solid
curve in Fig. 6, and that there exists no more than one
polynomial which gives this form. (Here Z has its largest
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possible number of extrema (27— 1); the maxima lie on
Z=d, the minima on Z=0; when x=+4, Z=d.) Let
us assume, on the contrary, that this is not the optimum
form. Then we would be able to change the coefficients
of Z(x) in such a manner as to produce a new poly-
nomial Z(x), which would be more nearly the optimum
form. This change can be expressed as the addition of
another polynomial p(x) (of degree<2n) to Z(x) so

that _
Z(x) = Z(x) + p(=). (M

Now Z(x) must be 20 by definition of M as previously
noted. This gives p(x) = —Z(x). Moreover, we require
Z(x)<d in |x| <4, so that p(x) Sd~Z(x) in |x| =3.
These two boundaries for p(x) are sketched with dashed
lines in Fig. 6. Further, p(x), being a polynomial, can-
not have zero slope at more than a finite number of
points. It will be seen that if p is to lie within the
bounds specified, it must have the same number of
extrema as Z(x), namely 2n—1. In addition, if Z(x) is
to be an “improvement” over Z(x), we must have
p(x) >0 at some point outside the pass band. This, it
will be seen, requires that p(x) have an additional mini-
mum over the number already assigned to it. This
brings the number of extrema to 2n. Hence, p(x) must
be of degree=2n+-1, which is impossible with only n
tuned circuits. Thus, the form of Z given is the optimum.
This same argument shows that there exists no more
than one polynomial which gives this form.

Moreover, the optimum form is attainable. We have
only 2n+1 coefficients to adjust; against these we have
n+1 coupling coefficients, the n resonant frequencies
of the tuned circuits, and another parameter for each of
the n tuned circuits, namely the ratio L/C for the
lumped form or the characteristic impedance of the
wave-gujde or transmission-line sections. Thus, we have
3n+1 parameters and only 2n+-1 conditions.

Having shown that there exists no more than one
optimum polynomial, we need only exhibit such a func-
tion in order to be sure of having the required solution.
Such a polynomial is given by

Z(x) = d(Ta(2x))* (8)

where T'a(x) is the Tchebycheff polynomial of degree #.
Although T, is an algebraic polynomial, it is best de-
fined by transcendental functions, namely,

T.(2x) = cos (n arc=cos 2x). 9)

As is well known, these polynomials are even or odd
functions of x according as # is even or odd. Thus, Z(x)
as given by (8) will be symmetric about x=0.

It may be seen that (8) satisfies the requirements
for optimum Z(x). First, for lxl =<4, equation (9) shows
that T,.(2x) oscillates the required number of times
between +1 and —1, so that Z oscillates between zero
and d and equalsd atx=+%. For lxl > %, equation (9)
may be written

T.(2x) = (ﬁ)ncosh (n arc-cosh 2x) (10)




1946

and thus Z will increase continually as |x| increases
above }. Thus (8) is the required solution.
The curves of Figs. 3 and 4 were plotted by the use

n—4

n(n — 3)_
—_—lx

2128

of (2). The symmetry of Z(x) about x=0 allows the
plotting of only one half of the response curve. The
correction curves, Fig. 5, are universal because of the
appearance of d as an external factor in (8) and were cal-
culated in the following manner: For M,=3 decibels,
d=1, and for any other value of M,, the magnitude of
Z(x) and hence M can casily be computed from that for
d=1.
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The Tchebycheff polynomials for integral values of
n are given by the following series, which is understood
to contain only positive powers of x:

."(” 5).(” 9= 1) 8 — .. > . (11)
4128

Notice that the leading term of Z(x) as given by (8},
(11) is 42"~dx?", Hence, an asymptotic formula for the
loss far off the pass band is given by (1).

That the optimum available response depends solely
on the number of tuned circuits now follows from the
fact that we have used no other information in setting
up our analysis and are thus free to vary other factors
at will.

The Universal Characteristics of Triple-Resonant-

Circuit Band-Pass Filters’
KARL R. SPANGENBERGT, SENIOR MEMBER, LR.E.

Summary—The universal insertion-loss versus frequency char-
acteristics of a band-pass filter composed of one, two, or three loss-
less resonant circuits in a loosely coupled cascade connection be-
tween a source and a load impedance are given. The effects of load
and source coupling and of intermesh coupling upon pass-band in-
sertion-loss variations and upon band width are discussed.

I. Basic EQuivALENT CIRCUITS

TYPE of band-pass filter having many uses is
A shown in Fig. 1. In parts (a), (b), and (c), re-

spectively, are shown filters with one, two, and
three resonant circuits. The purpose of this note is to
give the universal characteristics of the three-resonant-
circuit case. For completeness the curves for two and
one resonant circuits are also given, though the responses
for slightly different types of these circuits are known.

Assumptions

1. The generator and load impedances are resistive
and equal. (The case of unequal input and output re-
sistances is treated in Appendix I.) The impedance of
the first mesh is accordingly

Zy = R+ jwoL, (1)

where L, is the inductance of the coupling loop.
2. Input and output couplings are equal. The coeffi-
cient of coupling is defined by the equation

K=t =2 2

For notation, see Fig. 1.

* Decimal classification: R386.1 XR143.2. Original manuscript
received by the Institute, January 16, 1946; revised manuscript re-
ceived, February 27, 1946. The work reported in this paper was done
at the Radio Research Laboratory under contract with the Office of
Scientific Research and Development, National Defense Research
Committee, Division 15.

t Formerly, Radio Research Laboratory, Harvard University,
Cambridge, Massachusetts; now, Stanford University, California.

3. Intermesh couplings in the three-mesh case are
equal. The coefficient of coupling is

Kb S —8 —=>09 (3)
4. Resonant circuits are lossless and the net react-
ance Z; is linear with frequency in the vicinity of reson-

ance; i.e.,

Z; = jwLy +

1 .
oC = 2]L2(0) - wo) (4)

1wCs
or

Zy = 25LoAw. (3)

Yin KX X
t
@ £3E T 3E 3
4 4] Z

ONE RESOMANT CIRCUIT

R

TWO RESONANT CIRCUITS

S

THREE RESOMANT CIRCU(ITS

NV
<
-

out
¢

MWW

Fig. 1—Band-pass filters consisting of one, two, and three
resonant circuits.

5. Bandwidths (reciprocal Q’s) are small enough so
that the reactance of coupling loops does not vary ap-
preciably in the vicinity of the pass band.
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II. UNIVERSAL INSERTION-LOss VERSUS FREQUENCY
CHARACTERISTICS OF A SINGLE-RESONANT-
CirculT FILTER

For the circuit of Fig. 1(a), the relative inscrtion-loss
versus frequency characteristics are as shown in Fig. 2.
These curves are well known in other forms and so are
not given in great detail.

ITI. UNIVERSAL INSERTION-LOSS VERSUs FREQUENCY
CHARACTERISTICS OF A DOUBLE-RESONANT-
CirculT FILTER

For the circuit of Fig. 1(b), the relative insertion-loss
versus frequency characteristics are as shown in Fig. 3.
Since these curves are available in numerous equivalent
forms, they are not given in detail. '

For the case of coupling greater than critical, the in-
sertion loss at the peaks will be nearly zero.

IV. UNIVERSAL INSERTION-LOss VERSUS FREQUENCY
CHARACTERISTICS OF A TRIPLE-RESONANT-
CirculT FILTER

For the circuit of Fig. 1(c), the relative insertion-loss
versus frequency characteristics are as shown! in Fig. 4.
The insertion loss at the midband frequency is zero. In
the analysis of the triple-resonant-circuit case, it has
been assumed that (X,2/Z;) is small compared with 1.
This is reasonable because

Xe< X1 < Zy.

V. METHOD OF ANALYSIS

The insertion-loss characteristics given in the previ-
ous sections were obtained by solving the mesh equa-
tions and obtaining an expression for insertion loss from
them. The expression for n resonant meshes is of the

form
I, Kwnt!
= (6)

Via B (w — w)(w — wg) -+ - (0= wy)

where w;, ws, * - -, w, are the complex roots of the de-
terminant of the mesh equations. Since the maximum
output voltage with direct connection of input and out-
put is Voue= Vin/2, the insertion loss Lqs, is

2I,.R
Lgy, = 20 logie (7
Or mn
Las
_—= lOglo 2K Rwnt! — logm lw - wll
20
—logxolw—wzl---—log,olw—w,,|. (8)

This equation is of exactly the same form as the expres-
sion for the potential due to » equally charged infinite
parallel wires located at points w;, ws, - * + ws in the
complex plane.? If the roots of the determinant of the

! The curves of Fig. 4 show the response only in the immediate
vicinity of the pass band. The response outside of the pass band has
been evaluated by Paul I. Richards, ‘‘Universal Optimum-Response

Curves for Arbitrarily Coupled Resonators,”” Proc. I.R.E. this issue,
pp. 624-629.
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mesh equation w;, ws, * * + w, can be determined, a
plot of the electrostatic field can be constructed by
graphical means. Every contour of constant potential
then corresponds to a contour of constant insertion loss.
Values of insertion loss have physical significance only
along the real frequency axis, and the relative insertion-
loss versus frequency curve thus looks like the potential
profile along the X axis in the complex impedance
plane. The location of the axis of real frequency relative
to the roots of the determinant of the mesh equations is
determined by the coupling between meshes and by the
terminating impedances. When a curve of relative in-
sertion loss versus frequency is obtained, it is necessary
only to determine the absolute insertion loss at one point
on the curve to obtain the true curve of insertion loss
versus frequency.

To summarize: Use is made of the fact that the poten-
tial versus distance curve in the vicinity of # equally
charged parallel wires of infinite length corresponds to
the curve of insertion loss versus frequency of a circuit
containing 7 identical resonant circuits when the wires
are located at positions corresponding to the complex
roots of the determinant of the mesh equations.

This method will now be illustrated for filters contain-
ing one, two, and three resonant circuits.

VI. ANALYSIS OF A SINGLE-RESONANT-CIRCUIT FILTER
The mesh equations of the circuit of Fig. 1(a) are

Vi=9iZ,+12,+0

0=Ilza+Izzz+IaZa (9)
0=0 + IZ,+ I,
The determinant of this set of equations is
Z, Zs O
D= |2, Z, Z, (10)
0 Z. Z)

which has the value

D = lezz bl 2ZIZ.,’. (11)

The following approximations for the self and mutual
impedances are made throughout the remainder of this

paper:

Zy =R+ jX1= R+ jwl, (12)
Zy = jwLs + s 2 27L,Aw (13)
Zs = joM ;22 juweM, (14)
Zy = juM =2 jwM
where
Aw = w — wg
wp = resonant frequency of resonant meshes. (15)

t W, W. Hansen and O. C. Lundstrom, “Electrolytic tank im-
pedance-function determination,” Proc. I.R.E., vol. 33, pp. 528~
534; August, 1945.
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The determinant of (11) has a single root of value,

AR
Awy = L, (16)
which reduces to
By = FX0 | RE (17)
AR EAL

The real part of this root corresponds to a slight shift
in the resonant frequency of the filter from the resonant
frequency of the resonant mesh alone, and is not of any
great importance or significance.

The imaginary part of this root results from the finite
loss of the equivalent resonant circuit due to the termi-
nating resistors and, together with the coupling factor,
determines the equivalent Q of the filter. The location
of the root in the complex-impedance plane and the con-
tours of constant relative insertion loss are shown in

\\

/ N

\

\

fh\* AOOT OF 1MPEDANCE DETERMINANY

2
3.3;13,. K#
2 L‘\ n AX]S OF REAL FREQUENCY
-~ cAw iw. AW 7

/

/
7

Fig. 5—Location of the root of the impedance determinant for the
single-resonant-circuit filter together with contours of constant
insertion loss in the complex-frequency plane.

Fig. 5. The contours of constant insertion loss (poten-
tial) are circles about the root and are so chosen that
the change in the value of insertion loss between adjacent
circles is 2 dectbels.

The method of constructing a curve of relative inser-
tion loss versus frequency is shown in Fig. 6. The uni-
versal curves of Fig. 2 were obtained by this method.

The insertion loss at the resonant frequency of the
filter is obtained by substituting the real part of the root
(11) in the expression for insertion loss, which for this
case is

2Z.2R
Ly = 20 logo m . (18)
This reduces to
— Lay = 20 log,o (—ZL = ]ﬁ>_2i . (19
R R/ |z

This expression has an absolute value of unity and so
the insertion loss is zero at the resonant frequency of
the filter. This is, of course, an approximation based
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upon the assumption that the resonator losses are negli-
gible compared to the power transmitted to the load. This
approximation breaks down when the couplings to the
resonant circuit are very low.

VII. ANALYsIs OF A DoUBLE-RESONANT-CIRCUIT
FILTER

The mesh equations of the circuit of Fig. 1(b) are -
Vi=hzZ,+1,Z.+0 +0
0=51Z,+ 12+ IsZ,+ 0

(20)
0=0 +1Zy+ IsZ,+ 1.Z,
0=0 +0 +1IZ,+ 2.
The determinant of this set of equations is
Z, Z. 0 0 |
D= Za Zy Zp, O ‘ 1)
0 Z, Z, Z,
0 0 Z. Z,
which has the value
D = Z3Zy) — Z,(22,2.%) + (Za — Z2Zd).  (22)
This expression has two roots of value
Bwyy = ! (Z"2 - z,,) : (23)
2jL.\ Z,
In terms of coupling coefficients, this is
wo R 2

The location of the two roots in the complex-imped-
ance plane is shown in Fig. 7. It is of interest to note
that the factor Z,2/Z;, which occurred in the case of the
single-resonant-circuit filter, also appears for the double-
resonant-circuit filter. It is also reassuring to note that

Wokp
o 2 o
KaZra g, Yoo _ 1 %M
7] ‘
i/ 2 2 AXIS OF REAL FREQUEMCY
«— — avw ~ Wy OF FILTER +av—

Fig. 7—Location of the roots of the impedance determinant for the
double-resonant-circuit filter in the complex-frequency plane.

the roots are spaced by a distance woks, a result which
confirms the approximate rule that the band width of a
two-mesh-circuit response is approximately equal to the
coefficient of coupling when the circuits are over-
coupled.

Contours of constant insertion loss in the complex-
frequency plane are obtained by combining two single-
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Fig. 8—Contours of constant insertion loss in the complex-impedance
plane for the case of the double-resonant-circuit filter.

root plots as given in Fig. 5. The result of the combina-
tion yields the plot of Fig. 8, which is the same as the
equipotential plot for the case of two equally charged
infinite parallel wires.

The universal insertion-loss-frequency curves of Fig.
3 were obtained from Fig. 8 by the same construction as
that illustrated in Fig. 6.

The insertion loss on the real-frequency axis opposite
one of the roots—i.e., at one of the two response peaks
when the circuits are overcoupled—is found by inserting
the real part of Aw, into the expression for the insertion
loss, which in this case is*

2RZ 27,
Lay = 20 logyo . (25)
This substitution yields the equation
Xz
— Lay = 20 logm —lTZTl—z - ]Zl
X2 /1 — X272 j2X.Z, ] .
= A-> . (26)
RX,\ |Z,]* | Z, |2
Critical coupling exists when
o0 1y 5 o
X [PAR

as may be seen from the condition that the second
derivative of the insertion loss is zero at mid-frequency.
Reference to (26) shows that for couplings slightly
greater than critical the first term of the logarithm
dominates, and, since this has an absolute value of
unity, the insertion loss at the response peaks is nearly
zero.

VIII. ANALYSIS OF THE TRIPLE-RESONANT-
Circuit FILTER

The mesh equations of the circuit of Fig. 1(c) are:

Vi=IiZy+ 1.2, +0 +0 +0
0=05IZs+ 12, +1Z,+0 +0
0=0 +IZvy+TIZ:+1Zv+0 (28)
0=0 +0 +I5LZy+1IZ:+1Z
0=0 +0 +0 +IZ.+ I
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The determinant of this set of equations is
Z, Zo 0 0 O
| Z. Zs Zy 0 0

D=0 2, Z Z 0 (29)
10 0 Zy Z, Za
o 0 0 Z. Z,
This determinant has the value
D = 7Z:%Z?) + Z.X(— 2Z2:\Z.Y)
+ Zo(Zat — 22\247) + 22,2720 (30)

This is a cubic equation in frequency and as such has
three roots. Exact solution of such an equation is diffi-
cult, in general, but was achieved in this case. Examina-
tion of (30) plus physical considerations show that one
root is located near Aw=0. This root may be found by
neglecting the first two terms and setting the last two
equal to zero. The value obtained is

N k2 X,? k2 RiX,
Wy = —— ——— @ —_— W
T2 Tar T 2 Jap”

on the basis of the assumption that X.<KZ,.
By a fortunate circumstance, Aw, turns out to be an
exact root and (31) is equivalent to

Zy = 227,

(31)

(32)

This same factor Z,2/Z, appeared in the one- and two-
circuit cases. Therefore, the other two roots may be

found by dividing (30) by the factor (Z:—Z./Z)),
which yields the reduced quadratic equation
22,
Zt— 2 272 =0, (33)
Z,
The roots of this quadratic are
782 _ Zst
Zy = + 422 1+ 34
tS g TV 82,2, (34)
or approximately

ZZ,

on the assumption that (Z./Z))? is sn. .!l compared to 1.
In terms of the coupling coefficients the roots are

k A RX] k02 Xlz

—_— 36
FE AR PA TR &

Awls__]

_wo

\/2

The location of these roots is shown in Fig. 9. It is not
possible to make a universal field plot for the three-
resonant-circuit case since the insertion-loss response
depends upon the relative value of the coupling coeffi-
cients. The insertion-loss-frequency curves may, how-
ever, be obtained by combining the plots of Figs. 8 and
5 and taking profile values along the real-frequency axis.
The curves of Fig. 3 were obtained in this fashion.
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IX. SUMMARY OF RESULTs
A. Single-Resonant-Circuit Filter

1. Insertion loss at resonance is zero.
2. Sharpness of resonance decreases as either k.2 or
the factor RXy/|Z,|? increases.

B. Double-Resonant-Circuit Filter

1. Bandwidth has a primary dependence upon &,
inner coupling.

2. Size of insertion-loss-frequency dips in overcoupled
case decreases as the factor (k.,’/k,,)(RXJ]Z;I’) in-
creases.

3. Flattest pass-band response is obtained for
(kc’/kb)(RXl/IZII2)=O.5 (critical coupling).

4. Insertion loss is approximately zero at the peaks in
the overcoupled case.

iRy,
22,12
s/ '
2
ool X 28x ¥,
2y /2

AX1S OF REAL FREQUENCY

d

S
Xp¥
- O — T
|
“«— -2V ™~ W, OF FILTER

‘LN —>

Fig. 9—Location of the roots of the impedance determinant for the
triple-resonant-circuit filter in the complex-impedance plane.

C. Triple-Resonant-Circuit Filter

1. Bandwidth has a primary dependence upon inner
coupling k.

2. Size of the insertion-loss-frequency dips decreases
as the factor (k.,2/2\/§k,,)(RX,/]Z,|2) increascs.

3. Flattest pass-band response is obtained for
ka?/2+/2ky RX1/| Z,|?220.2.

4. The bandwidth of a three-resonant-circuit filter is
approximately 40 per cent greater than that of a two-
resonant-circuit filter with the same outer and inner
coupling.

5. For the same bandwidth and for a condition of
critical coupling, the inner coupling in the three-reso-
nant-circuit filter will be 30 per cent less and the outer
coupling 12 per cent less than the corresponding cou-
pling in the two-resonant-circuit filter.

6. The performance of a triple-resonant-circuit filter
with unlike terminal impedances is approximately the
same as that of a filter with equal terminal impedances
of value equal to the algebraic mean of the unlike jm-
pedances; i.e.,

le + lel
1S = (37)
(See Appendix 1.)

7. In a filter in which the coupling is obtained by
shunt reactances, as in the variations shown in Fig. 10,
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all of the foregoing analysis and comments apply pro-
vided the coupling coefficients are defined in terms of

Yin 4
r § E 1, E X, E ', Ex, r Yout
Zi 1, 1, 2, 7 :
Yin | I | | i
¢ IETANE RE TNRE N T
z; 2 2, b 7, f
Yin
§'0I’ LS| l—é—/ﬂ\-l I—g"ra\-‘ |—_L_, —
f T* Xp % T ‘ R Yout
4y 2, 2, 7, z T
Yin )
§‘0—g‘ S lj:‘ | I—I"n\-{ )—E— —
t X, T T % , 3" Yout
Zy , ) 7, 7 T

Fig. 10—Other resonant-circuit filters which may be analyzed
by the method of this article.

reactances by the formulas

X,?
ket = (38)
X1 X.
and v
b
ky= — 39)
b X,

where X, and X, are the total reactances of meshes 1
and 2 of the same sign as X, and X,.
APPENDIX |
CasE OF UNEQUAL INPUT AND OUTPUT RESISTANCES

For the circuit of Fig. 11 in which the input and out-
put resistances are unequal, the determinant of the net-
work is

Zy Z, 0 0
Za Z2 Zy 0
D= |0 Z, Z, Z, O (40)
0 0 2, 2, Z,
0o o o0 Z, z)”
: ke Xb % Xa
36 3 3 3E 3
2 Z 2 7, 7
Fig. 11—Triple-resonant-circuit filter with unequal input
and output impedances.
This expands to
D = 2.%2,/2\") — Z2,22.2(Z\ + Z\")
+ ZoZo* — 22122 + (Z) + Z))Z 222 (41)

By comparing (41) with (30), it is seen that Z, in (30)
is replaced by the algebraic and geometric means of Z,’
and Z,” in (41). When Z,’ and Z,"”" are not too different,
the geometric and algebraic means are nearly equal and
the conclusions of paragraph C-6 of Section 1X, follow
at once.
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Simplifications in the Consideration of Mutual Effects
Between Half-Wave Dipoles in Collinear

and Parallel Orientations
KOSMO J. AFFANASIEVY, MEMBER, L.R.E.

Summary—This paper presents a simplified approach for deter-
mining the absolute values of mutual impedance between half-wave
dipoles in parallel and collinear orientations. The author feels justi-
fied in making simplifying assumptions because of two reasons,
namely: (1) The results under this method are in close agreement
with those under more exact methods; (2) under an exact method,
the process of determining the absolute values of mutual impedance
is quite complicated and time consuming.

INTRODUCTION

perfectly conducting common ground, it becomes
necessary to consider the mutual effects existing not
only between the two physical antennas but between
each of the antennas and their images. Such a system,
in effect, becomes a rather complicated radiating system
with its elements variously interacting upon each other.
For example, when in such a system the two antennas
are at the same height and are placed end to end with a
given separation, the mutual effects existing in the sys-
tem are due to the following orientations of the antennas
and their images with respect to each other: (a) collinear,
(due to the two physical antennas); (b) parallel (antenna
1 and its image); (c) parallel (antenna 2 and its image);
(d) parallel at a given stagger distance (antenna 1 and
the image of antenna 2); and (e) parallel at a similar
stagger distance (antenna 2 and the image of antenna 1).
If we assume one of the antennas (1) to be a trans-
mitting antenna and the other (2) as a receiving an-
tenna, the question may arise as to what is the decou-
pling or attenuation in the radiated power, or what is
the resultant electric force in the vicinity of antenna 2
due to the existence of the mutual interactions.

I[N A system made up of two antennas placed above a

ForMULA BY CARTER VERSUS SIMPLIFIED EXPRESSION

A general solution of the problem is extremely com-
plicated, but when confined to half-wave dipoles it can
be greatly simplified. Fortunately, the actual case under
consideration consisted of two half-wave dipoles. The
operating wavelengths were of the order of 3 meters
down to 1.5 meters. The separation between the dipoles
often was in excess of 30 wavelengths.

Carter! has derived curves of the absolute values of

* Decimal classification: R231.3%XR129. Original manuscript re-
ceived by the Institute, August 6, 1945; revised manuscript received,
December 2, 1945.

t Formerly, Airborne Instruments Laboratory, Columbia Uni-
versity, New York, N. Y.; now, Federal Communications Commis-
sion, Washington, D, C,

t' P, S. Carter, “Circuit relations in radiating system and applica-
tion to antenna problems,” Proc. I.R.E., vol. 20, pp. 1004-1041;
June, 1932.

mutual impedance as a function of spacing for separa
tions of up to 7 wavelengths in the case of parallel half-
wave dipoles, where the corresponding ends of the
dipoles were on a common perpendicular line; and for
scparations of up to 3 wavelengths in the case of collin-
ear half-wave dipoles. Since in our case the separation
was greater than 7 wavelengths and often in excess of
30 wavelengths, it was necessary to determine the val-
ues of the mutual impedance for the separations and
orientations involved. Attempts to use the known meth-
ods and formulas'~* for determining the mutual imped-
ance were found to be very laborious. For example, the
expression by Carter® for the mutual impedance of
collinear half-wave dipoles consists of fourteen terms, and
his expression for the parallel nonstaggered case consists
of six terms. These expressions involve Si(x) and Ci(x)
functions, that is, sine and cosine integrals. In this con-
nection, it was surprising to find that the tables of
Si(x) and Ci(x) functions are not readily available for
the values of x greater than 25 or, if available, the suc-
cessive steps in x were such that these tables proved
unsuitable for our purpose. Of course, for large separa-
tions the evaluation of sine and cosine integrals is
fairly simple by the use of the asymptotic expansions,
but considering the number of terms involved in the ex-
pressions mentioned and the number of different an-
tenna separations involved in our case, it seemed en-
tirely too laborious to pursue the method. The need for
some simpler approach was obvious.

The expressions for the mutual impedance which were
developed, as a result, are quite simple and are free of
Si(x) and Ci(x) functions. The expression for the collin-
ear case simplifies to six terms and that for the parallel
case simplifies to a single term. These expressions are
based on certain simplifying assumptions, but the
amount of error introduced is less than 10 per cent even
at one-wavelength separation and it decreases to a neg-
ligible value at larger separations. (This can be seen
from Figs. 4 and 5, which give a comparison of the mu-
tual impedance by Carter versus that calculated on the
basis of our simplified expressions.)

MutuaL EFFecTts THAT Must BE CONSIDERED
Before proceeding with our development, it will be

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

3 A. A. Pistolkors, “The radiation resistance of beam antennas,”
Proc. I.LR.E., vol. 17, pp. 562, 579; March, 1929.

4F. E. Terman, “Radio Engineers’ Handbook,” McGraw-Hill
Book Company, New York, N. Y., 1943, pp. 776-781.

8 Equations (60) and (50) of footnote reference 1.
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shown that of the five mutual effects enumerated at the
outset, actually only three effects must be considered.
For example, the current in antenna 2 is a function of
the following mutual impedances: (a) between collinear
antennas (antennas 1 and 2); (b) between nonstaggered
parallel antennas (antenna 1 and its image); and (c) be-
tween staggered parallel antennas (antenna 1 and the
image of antenna 2).

Vl 1 V/a 2
e

T 777 7777 777777777777 77777777777777777 7

Y 3 =

e

Fig. 1

Referring to Fig. 1, let V; be the impressed voltage in
antenna 1 and Vy, be the induced voltage in antenna 2
due to current I, in antenna 1. Then we can write

Vi=2Zulh+ Zuls+ Z1ody + 214, (1)
Vie = Zalv + Zosls + Zaol s + ZadI . (2)
But
Ij=—1y; In= =1y Zos=214; Zow= 2,

Zu=Zpn=2, or self-impedance of either antenna.
Then (1) and (2) become

Vi=IZs = Z13) + 1s(Z12 — Z14) (3)

Vie = INZ1s — Z14) + (2, — Zy3). (4)

If the receiving antenna (antenna 2) is short-circuited,

(4) becomes
0=1(Zw—2u)+ 1.2, — Zy). (%)

Eliminating I, from (3) and (5) and solving for I, we

have
Vl(Zl2 - Zl‘)

t T (=210t~ (2. — Zy)?

(6)

From (6), the impedances that must be considered in
a system such as shown in Fig. 1 consists of (a) the self-
impedance or characteristic impedance of either of the
dipoles; (b) the mutual impedance of nonstaggered
parallel dipoles; (c) the mutual impedance of collinear
dipoles; and (d) the mutual impedance of parallel
dipoles in echelon.

MuTtuAL IMPEDANCE FOR COLLINEAR HALF-WAVE
Di1POLEs—A SIMPLIFIED EXPRESSION

In Fig. 2, let wire 1 be a transmitting antenna and
wire 2 be a receiving antenna. In general, the mutual
impedance for such wires, situated in any orientation
with respect to each other, is the ratio of the voltage
V12 induced in antenna 2 to the current I, in antenna 1,
or Ziz= —(Vi/I1). The negative sign follows, of course,
from the concept of self-impedance. That is, for an-
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tenna 1 alone, self-impedance is Z,;=(V,/I,). But the
induced voltage Vy is equal and opposite to V3, so that
Zn=—(Vu/I,). Assuming a sine-wave distribution of
the current in antenna 2 due to the electric force pro-
duced along it by current I, in antenna 1, the voltage
induced in antenna 2 is

1
V]g = f Eu sin ﬁydy
0

and the mutual impedance becomes

1 p!
Zyp= — —f E,, sin Bydy (7
IJy

where Ey is the component of the field intensity parallel
to antenna 2 due to current I, in antenna 1. As shown
by Carter,® this component is given by

e—ip" c_ipﬂ
(= 1) — ]
4] 141
where n=the number of half waves on the antenna,
B=2m/\, and A =wavelength.

E,, = j3011|: (8)

r A Y,
No.4 6?
£ %

3

Fig. 2

=

For the case of a collinear system the distance p in
Fig. 2 is zero, so that rn=2-+4(//2) and rs=3— (I/2). Fora
half-wave dipole #=1, so that (8) becomes

e BUHUD  gmiB(s—112)
1

E,= —]'30]1 ] T ]
z+7 B
j30]1e""‘ l - I T
= _T z—7 e— 1811 +(z+7>elﬂ ! S (9)
P
4

Remembering that e~%*=cos Bx_j sin Bx, e/**=cos Bx
+j sin Bx, and (8!/2) =(7w/2) when I=(\/2), expression
(9) reduces to

30714le— b+

Eu =3 (10)

8- —

4

By substituting (10) and since from Fig. 2, e=h+y, ex-
pression (7) becomes
! e~ gin Byd
Zis = — 30lc=ith —_}’_}’; .

"ty - L
2 4

¢ Equation (10), p. 1009, of footnote reference 1.
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Expressing sin By = (1/27)(e/fv— ¢~ 78v),

151 L 1 — ¢ 2fy
L2 = — —— e Bk SR l; d}'
7 d
h4 32— —
(h+ ¥ h
151 i L dv
= — —— g8y — R
j IJy l
) h+42y) — —
(h+ ) :
1 ! dy
l
(h+ y) +7
1 e"'ziﬂvd\v
- t,.z_ (11)
0
h+4)— —
() =7

Considering the first two terms of (11),

ol e
p I Jy l
2

(h+y) —— (h+ y) +

Lo (o3
] og y 2/,
} !

(3]

]
—
Q

a9

|

|

|

Integrating the third term of (11) by parts,

! e2i8y €28y !
.‘__i_dy= — —

2 2

— 2i8(h + y)? — —
i8(h + ) A

0

- o'f[m]dy.

For >, the term involving f (1/A4®) can be neglected,

and (11) becomes
l 2

Zya 2 15¢= 8% { j log | —— 31-———l -
(+3) (-3)
l e~2m! 1
iz (h+l\2—l—2_h’—l—2}.
4 4

Let the separation be defined as S=(k/\), and since
e i8h=¢g-i2*S=cos 275 —j sin 2xS, and since for half-
-wave dipoles I=(\/2),
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45 4 1)?
Zy~ 15{ sin 27 log [—(*ﬂ* ]
(4S + 3)(4S — 1)

= icos 2xS [—1—— = = 1 - -]}
s 4S)2—1 @S+2)2-1
(4S + 1)2 :|
(4S + 3)(aS — 1)

2 1 1
~ sin 2%S 12
Es [(45)2—1 (4s+2)2—1]} (12)

MuTUAL IMPEDANCE FOR PARALLEL
HALF-WAVE DIiPOLES

+ le{ cos 2xS log [

In the case of parallel half-wave dipoles, expressions
for the mutual impedance that do not involve Si(x) and
Ci(x) functions can be developed, but such expressions
become extremely complicated. Therefore, for our case,
the values of mutual impedance of parallel half-wave
dipoles at a stagger distance of 4\ were calculated using
the expression by Carter and evaluating Si(x) and Ci(x)
by the asymptotic expansions whenever needed.

In the case of parallel half-wave dipoles without stag-
ger (Fig. 3) the simplifying assumption as in the collinear
case was that the separation between the antennas is
large in relation to the length of dipole. The assumption
was consistent with the actual arrangement involved in
the study. The error introduced by the assumption is
of the order of 10 per cent even at a separation as small
as one wavelength, and it becomes negligible at larger
separations.

No.{

-

;

0.2

.._z-g_.l

Fig. 3

The voltage Visinduced in antenna 2 due to current I,
in antenna 1 may be taken as the product of the compo-
nent of the field intensity parallel to antenna 2 and its
effective height, or

Viz = Epzhs. (13)
But
601, A
| Exa| >~ and ks = —), so that
D T
|V | 601\ (14)
e xD
Vi 60
Zy| = |—| >—1 15
| 21| 2 o (15)
D
where S=—-.
A
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DEcCoOUuPLING

Zm= —_ but
Il le Zl

Taking the characteristic impedance of a half-wave
dipole to be 72 ohms,

Vi
Iy~ = ’
so that
Zye — 72V ’

Vi

from which
Va2
Vi . 72

-~

72
| Z1a |

z
Db ~ 20 log (- 7‘2’—> = 20 log (16)

RESULTS

The absolute values of the mutual impedance for
half-wave dipoles are shown in Figs. 4, 5, and 6. As
previously discussed, Fig. 4 is for the collinear case and
the antenna separations of up to 4 wavelengths; Fig. 5

| -g:{’ »i:]\’ N
’ : i
4 | ) i S !
T /J* 5’,‘i;...‘,7.~.i.’.,.,.£r T T
H qEENEENRREEN
,:-—-, Bauionn’roislon T ‘
| #y or

arter - 14

-

—} +—

I
¢ 1.0 L5 0 2.5 39 35 4.0
Antenna spacing (mid-pent to mid-peint) in Wavelongths

Fig. 4—Mutual impedance of collinear half-wave dipoles. Absolute
values by Carter versus those by approximate method.

is for the parallel nonstaggered case and the antenna
separations of up to 7 wavelengths. Fig. 6 is for all the
three orientations and for the antenna separations ef up
to 32 wavelengths. Finally, Fig. 7 shows decoupling
versus spacing of up to 32 wavelengths. As one would
expect, the curve of decoupling for the parallel half-
wave dipoles placed at a stagger distance of }A falls
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between the curves for the other two cases; namely, the
collinear and parallel nonstaggered case. It will be noted

T T T T I T
T
+4q_ il l : _1> 1. 1 _‘,J 4+
4; 11 t - —_— ——
T
i ] B I I N B
35 8 T T B A |
4—{» +—4 —+ 1 1 —
30 {1 i S T _ ]
| . ,Eujrve'%f,L Carter ]
EZ’ A ! I 3t I
S| X0 1Curve§b;:i;n)7iﬂe&' 1|
o eaplession | | ]
| peanresten
- + 1 T+_L+ S - —]
5 -—Iy—\ i SN N S T U T N S
. ) I S B B B
m_.‘_*_—_l,_.-,‘ i +<_.-ﬁ,-__ ]
|| Vi _....T_r__.,-___* |
3 -{‘ 1 —TTT T
. | % [ Tt
[ [
. st

z 3 4
Antenna Spacing in Wavelengths

Fig. 5S—Mutual impedance of nonstaggered parallel half-wave di-
pole;.od:\bsolute values by Carter versus those by simplified
met 0

that these decoupling curves are straight lines on semi-
log paper. The straight-line curve for the parallel-stag-
gered case is quite close to the straight-line curve for
the collinear case. The slope of the straight line for the

T T 1 l
a3 + ! % t 1 9
! 4+ AL
o . ";,7 | | s
T non-.n‘u”vd“ |
|
(37 Cd{'".['f - . . 7
8] — 1 (3
m/h/:twd at 3
Ew 5"?"‘ g ;""' § - 1¢ 3
Q 4 Il 3
: | .
Yazd = S o
3 3
o 1 3
S >
aa.l‘ . 4
g
Sesg | L]
ood | 2

- 1 ] 1

3 o i3 26 25
Mid-point to mid-point Spacing in Wavelengths

Fig. 6-—Mutual impedance of half-wave dipoles in various
orientations by simplified method.

parallel-staggered case is such that at zero separation it
must become zero, the mutual impedance and, there-
fore, decoupling becoming constant; at a very large
separation the parallel-staggered case approaches the
collinear case.
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A Variation on the Gain Formula for Feedback
Amplifiers for a
Certain Driving-Impedance Configuration’
THOMAS W. WINTERNITZ}, ASSOCIATE, LR.E.

Summary—An expression for the gain of a feedback amplifier, in
which the source impedance is the only significant impedance across
which the feedback voltage is developed, is derived. As examples of
the use of this expression, it is then applied to three common circuits
in order to obtain their response to a Heaviside unit step-voltage
input.

HE ANALYTICAL treatment of feedback ampli-
T fiers in which the driving impedance, whether it

be the resistance of the source or an impedance
intentionally added in series with the input, constitutes
a part of the feedback network, requires certain modifi-
cations of the conventional relation G=4/(1 —A4b).

In particular, the present analysis applies to the
specific case in which the source impedance driving the
feedback circuit is the only significant impedance
across which the feedback voltage is developed. Circuits
of this description have the form shown in Fig. 1.

Zs

AMAAA
YW

Z,
A

£, € €, = AE zZ.
— o =

Fig. 1—Amplifier general circuit.

With the voltage-sign conventions of Fig. 1, and 4
being given the required sign to indicate whatever
phase inversion there may be in the amplifier, we may
write

Ey = AE (1)
E = E\ + (Ey— E)b
where
b=2o/(Z;+ Zo)
then
Eo = A(E:1 + (Eo — E1)b)
and
G = BBy = LT (2)
1 —.14b

This last relation defines the voltage gain for the
circuit described above; and, since it is such a simple
expression, it can be applied readily to the solution of
circuits which fall in this category.

Before applying (2) to the solution of specific prob-
lems, consider the expression for 4, of (1), in terms of

* Decimal classification: R363.23. Original manuscript received
by the Institute, October 15, 1945; revised manuscript received,
January 9, 1946.

t Formerly, Bell Telephone Laboratories, New York, N. Y.; now,
Cruft Laboratory, Harvard University, Cambridge, Massachusetts.

the configuration of the circuit of Fig. 1. To find the volt-
age E, due to a voltage E applied, the pertinent circuit
may be redrawn as in Fig. 2.

Fig. 2—Equivalent circuit for determination of 4.

In this figure, the generator supplies a constant cur-
rent equal to GoE. G, is the total transconductance of
the enclosed circuit and Z; is the impedance, as viewed
across the output terminals of the network with ex-
ternal connections removed and the generator open-
circuited. It is assumed that there is a net phase reversal
of 180 degrees between E and GnE, so that the feed-
back is negative. E, is given by a superposition of the
voltage across Z, due to E with the generator open-
circuited, and the voltage due to G,E with the input
terminals short-circuited.

Thus
ZJZ, %
4 e = = ||E B
Z)+ 2%, Z/)+ 7
IN 7.2,
AL S
z) 7+ 7,

where Z.' is the parallel combination of Z, and Z; or
Z)=2.2:/(Z1+Z)).

It is interesting to note that the feedback impedance
enters this expression in two distinct ways; namely, as
a shunt on the load, as indicated by the term, in the
form of parallel impedances, and as a modification of
the transfer admittance through the subtractive term
inside the parenthesis.

Let us consider the application of these relations (2)
and (3) to the three examples which follow.

Example 1: Integrating Amplifier

Consider the circuit of Fig. 3.
From equation (3),

ZL'/PC
d=- (Gm - PG) ZLT+ I/Pc
1
= — (Gn/c — p) Py 1Zde
R ?

R+ 1/pc  p+ 1/Re

where p is the familiar Heaviside operator of operational
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calculus. By substituting these relations in the gain

expression (2) above, we have
1 1/Rc

p+1/Z.¢ p+1/Re

—Eo/Ex=(Gn/c—p)

?

14+(Gm/c—

,+( /e=#) p+1/Z.'c p+1/Re
R
RO+GnZL)+2Z1’

—(p—GCm

w  —=Gal)
PY R4 Gz )12

The associated time function is

— Ey/E, =GuZ/(1 — ) — Z1 ace
where
1

T RO FGoz) + 200

This relation shows that the response of the integrating
amplifier to a step function is given by the difference of

<
=

AW
3¢}

=
r

MAR
WYY

Fig. 3—Integrating amplifier.

two terms, the first of which is in the form of an ex-
ponential rise (1-—e7*) having the time constant 1/a
and amplified by the factor GnZL’; the second term is
in the exponential form (e~*t) with the same time con-
stant but multiplied by the factor Z/ac.

Example 2: Differentiating Amplifier
Consider the circuit of Fig. 4.

ER

s 2z,
£,
-

Fig. 4—Differentiating amplifier.

In this case, since the impedance Z; is a pure resistance,
and since in the usual case this is large compared with
Z.', we will assume the feedback resistance to be large
with respect to Z.' so that its bridging effect may be
neglected. If in a particular case this approximation is
not justified, recourse may be made to the exact expres-
sion for 4 as given by (3) above.

In Fig. 4, in practice, a blocking capacitor whose value
is chosen so as to allow its effect to be negligible is
usually inserted in series with R. Similarly, the grid is
normally returned to ground through a grid leak re-
sistor, and in accordance with the initial assumption
of the analysis the resistor must be sufficiently large
so that it is not a significant element across which feed-
back voltage is developed.
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With the above assumptions, we have

A= —-GZ!

. 1/pc _ L 1 .

R+1/pc  Rc  p+ 1/Rc

Then

— EJE = G»ZL'?/(P als I/Rf)A

1 +G".Zz,'i

p+1/Re

GnZL'p

p+ /Re(1 + GuZy)
and the associated time function is
- EO/EI == GmZL,e_(l""GuzL:)‘/Bc'

This relation shows that the response of the differ-
entiating circuit (Fig. 3) to a step function is an ex-
ponential wave amplified by the factor G.Z.’ but hav-
ing the time constant Rc¢/(1+Gn.Z.).

Example 3: Magnetic-Sweep Driving Stage
Consider the circuit of Fig. 5.

......
vvvvv

Re
AMAAL
VWYY

AAAAA
YWW
(o

#T-
Fig. 5—Magnetic-sweep driving stage.

With the same approximation as in the above cases and
making the further restriction that |Z:|>>|Z.|, we
have

A =—GuZs
B Ro R p
Ro+ R+ 1/pc R+ Ry 1
(Ro + R)c
Then
Gz (1— Ko P —)
Ro+R p+1/(Ro+R)c
—Eo/E,= 2 , -
1HGn2e 2 ¥R 241/ (Rt R)e
(672505 p+1/Re

T R+ R(14GnZz) p+1/(R+Ro(14GnZD))c
The associated time function is

GwZLR
_EO/E1=___;"ZL____
R+Ro(14+GnZ1)

. l:e_m+ R+Ro(1+GnZ1)

R

(1-c]
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where
- 1
" (R+Ro(14GnZ1))c
Ro(14-GnZ 1) ))
—E/E,=G 1—et 4
e "JL( e <R+Ro(1+c,.zL) &

which is a wave of the type shown in Fig. 6. It rises
abruptly and then follows an exponential wave in in-
creasing to its final magnitude. This is the type of wave
required to drive a linear current through a combina-
tion of resistance and inductance in series if the time
constant (R+Ro(14+GmnZr))c is long, compared with
the required length of sweep so that the exponential
rise may be approximated by a linear rise. To show this,

-2 -

RemZ
ReRe(1 o GmT)

Fig. 6—Sweep-circuit output-voltage wave form.

consider a load consisting of R, and L in series, as
shown in Fig. 7. The required condition is that i =K/p
where

the total deflection current

the total sweep time
E, = i(R, + Lp)
= KL + KR/p.
The associated time function is Eo = KL + KRyt which

should match (4) (approximating e by 1+4x).
From (4)
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Ro(1 +GnZ1)
R+ Ro(1 +GnZ1)

— Eo/JE = GuZy, (1 —

4
(1- (R + Ro(1 + o"zL))c))
. R
= G [R + Ro(1 + GuZ1)
Ro(1 + G,..ZL) ]

[R + Ro(1 + GuZ1 %

Fig. 7-—Simple equivalent circuit of a magnetic deflection yoke.

Thus, the conditions that must be met by the values
of L and R, of the magnetic-sweep inductor are

1

for —— 12 < 0.1
2[R + Ro(1 + GoZy) J2e?
(neglected term in the series expansion)
R4,
L= —————
K[R + Ro(1 + Ao)]
gy o AR+ 1
T K[R + Ro(l + )%
or
R + Ro(1 + 4
L/R, = o 0)

Ro(l + Ao)

where Ao =GnZ 1 =gain of the amplifier without feed-
back.

Special Aspects of Balanced Shielded Loops’

L. L. LIBBY{, SENIOR MEMBER, LR.E.

Summary—The theory of operation of the balanced shielded
loop antenna is reviewed. A method of analysis of this type of antenna
is described, wherein transmission-line principles are utilized to ac-
count for the distributed nature of the loop constants for loops whose
perimeters are of the order of one-quarter wavelength. It is shown
that the loop conductor within the shield may be treated as a coaxial
transmission line having uniformly distributed constants, and that
the outer surface of the shield may be treated as a balanced two-
conductor transmission line having nonuniform constants. A method
is described whereby the relatively cumbersome equations of the
latter type of transmission line may bé avoided by the use of an
‘‘equivalent” line having uniform characteristic impedance. A sample
calculation is included to illustrate the utility of this method of
analysis.

* Decimal classification: R125.3. Original manuscript received by
the Institute, September 17, 1945; revised manuscript received,
November 20, 1945.

\T{Federal Telecommunication Laboratories, Inc., New York,

INTRODUCTION

HE BALANCED shielded loop antenna is widely
T used in specialized types of radio equipments, e.g.,

direction finders, homing devices, etc. Its behavior
at low frequencies is generally understood and has been
covered quite completely in numerous texts on radio and
communications. However, the high-frequency behavior
of the loop requires further analysis, some of the fea-
tures of which will be covered in this paper.

The basic principles underlying the operation of this
type of antenna are fundamentally the same as those for
any other type of antenna. This means that the loop
antenna operates so as to satisfy Maxwell’s equations
at each and every infinitesimal point in space, whether
this be a point on the loop shield surface, within the
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shield conducting material, or anywhere in the dielectric
medium surrounding the loop antenna. Strictly speak-
ing, then, the complete electromagnetic field, including
all retardation effects, must be considered in analyzing
the behavior of the loop antenna at high frequencies.
However, it is often possible to take advantage of the
analytical simplifications afforded by the use of conven-
tional circuit theory, as will be shown.

In the discussion which follows the analysis will be
restricted to the case of a single-turn, balanced, shielded
loop wherein an inner conductor is positioned within a

Fig. 1—Single-turn balanced shielded loop antenna.

shielding tube of highly conductive nonferrous material
such as copper, aluminum, or brass. The conductivity is
considered great enough so that the so-called “depth of
penetration” of current and field is less than 10 per cent
of the wall thickness of the tubing, thus ruling out any
interaction between current on the outside of the shield
and current on the inside of the shield. This restriction
represents the usual case for shielded loops. A further
restriction is made in that the half-perimeter (P/2) of
the loop shield is not to exceed a length equal to one
fourth of the free-space wavelength (i.e., 90 electrical
degrees) of the highest frequency under consideration,
thus ruling out cases where the loop-shield current may
undergo a reversal of phase and hence complicate the
analysis. Such a loop antenna is shown diagrammati-
cally in Fig. 1, wherein the inner conductor 4 BCD is
contained within the outer shield EFG. Although this
loop is pictured as being circular, the analysis applies
equally to other commonly encountered shapes such as
square, diamond, and rectangular with long axis verti-
cal. The rectangular loop with long axis horizontal tends
to act like a folded-dipole antenna, and, therefore, will
not be considered in this discussion.
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In accordance with the theory of symmetrical bal-
anced circuits, the vertical axis N— N’ of the loop is the
line of infersection between a virtual infinite equipoten-
tial plane and the plane of the loop. This virtual infinite
plane is, of course, perpendicular to the plane of the
loop. Thus, the balanced loop behaves the same as any
other balanced or “push-pull” system, and it is possible
to consider any point whose physical position coincides
with the virtual equipotential plane to be at reference
ground potential. (An implication contained in the
above statement is that the axes of physical symmetry
and electrical symmetry of the loop are the same.)
Therefore, points F and I and the point on the inner
conductor midway between points B and C may all be
considered to be at reference ground potential. The half-
perimeter of the loop is represented by P/2, this dis-
tance being measured along the center line of the shield
tubing.

Basic PrRINCIPLES OF OPERATION

The shielded loop receives energy from a vertically
polarized, horizontally propagated electromagnetic wave
by the following process:

The propagated field induces electromotive forces on
the outside surface of the shield, along each of its legs,
but induces none on the inside surface of the shield nor
on the inner conductor, since the depth of penetration
of the field is much less than the thickness of the shield
material.! This fact, incidentally, permits us to treat
phenomena on the outside surface of the shield inde-
pendently from phenomena on the inside surface of the
shield. Thus, for example, points E and G on the edge of
the loop shield (Fig. 1) may be considered to be asso-
ciated only with currents and impedances on the outside

E E'
i ; It
Zgr Ze'g Ve's
B R . S,
emf F Veo Zgc Vac
M@ ocoooosd) {oo
Zrg Zcg' Vee'
C | v
G G’

Fig. 2—Equivalent circuit of shield and gap impedances.

surface of the loop shield, whereas points E’ and G’
(actually the same points as E and G) may be consid-
ered to be associated only with currents and impedances
on the inside surface of the loop shield. It should be
noted that this inside surface of the shield and the inner

' S. A. Schelkunoff, “Electromagnetic Waves,” D. Van Nostrand
Company, Inc., New York, N. Y., 1943, Chapter 4, page 89.
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conductor of the loop form a coaxial transmission line,
a fact which will be made use of later in the analysis.

The electromotive forces induced along the outside
surface of the loop-shield legs cause current to flow
thereon and produce a resultant voltage Veg across the
shield gap EG (or E'G’). This gap voltage is thus im-
pressed across the points E’'B, BC, and CG' in series, so
that the resultant voltages appearing across these in-
dividual points (E’B, BC, and CG’) will be proportional
to the impedances existing between them. This may be
understood by referring to Fig. 2, which shows the
equivalent circuit of the loop-shield and gap imped-
ances. This method of analysis has been presented in a
previous paper.?

EvaLuaTioN oF LoorP IMPEDANCES

It is obvious that for small gaps the impedance be-
tween points B and C is negligibly small, since it is com-
posed of the inductive reactance of but a very short
length of connecting wire. As a consequence, the loop-
shield-gap voltage can be considered as being impressed
only across impedances Zg'g and Zcg- in series, resulting
in voltages Vg-» and Vegr. These voltages will be equal
if the corresponding impedances are equal. The imped-
ances will be equal if the two coaxial transmission lines,
formed by the two legs of the loop shield surrounding
the inner conductor, are equal in Z, in electrical length,
and in terminating impedances Z y and Zyp.

Fig. 3—Maodified equivalent circuit showing coaxial lines.

Thus, referring to Fig. 3, we can see that the evalua-
tion of the impedances Zg:-5 and Z¢g: is resolved into the
comparatively simple problem of solving the well-known
equation for the input impedance of a transmission line
of known termination. One convenient form of this is

— M

where Z,=the characteristic impedance of the coaxial
line formed by the loop conductor within
the shield,
§ =electrical length of the line in degrees, and
p =the reflection factor.
The reflection factor p is given in turn by the equation

VAR A
=
Zr+2Zo

2 N. Marchand, “Complex transmission linc network analysis,”
Elec. Comm., vol. 22, pp. 124-129; no. 2, 1944,

p (2)
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where Z; is the terminating impedance of the line, rep-
resented by the impedances Z4x and Zyp in the illus-
tration.

As a further simplification of the analysis, it is con-
venient to make use of the fact that the magnitude and
phase angle of the impedance of any two-terminal net-
work is unaffected by the order of connection of the
terminals of this network into any circuit. This allows
us to substitute Fig. 4 for Fig. 3, wherein terminals B
and C of the coaxial transmission lines have been inter-
changed respectively with terminals E’ and G’. This
interchanging of terminals, applying as it does only to

Fig. 4—Simplification of transmission-line connections.

phenomena associated with the inner surface of the loop
shield, in no way affects the action of the outer surface
of the shield with respect to the impedances Zgr and
Zre. It allows us to treat the two coaxial sections as two
halves of a conventional balanced transmission-line sys-
tem in which the shields are connected together, rather
than separated.

The evaluation of the impedances Zgr and Zpg of the
outside surface of the loop shield is comparatively
simple at the lower radio frequencies (i.e., at frequencies
where P/2 is less than 10 electrical degrees) since the
current along the length of the shield is then substan-
tially constant in amplitude and phase. This allows us
to calculate the inductance of the outer shield, and also
the radiation resistance, using standard formulas. The
inductance for the case of a circular loop carrying cur-
rent of constant amplitude and phase is given to a close
approximation by the expression (referring to Fig. 1)

8D
L = 0.01595D (2.303 logio — 2) microhenry, (3)

where D and d are in inches, and the radiation resistance
for this same case is given by the approximate expres-
sion
2
R = 31,000 o ohms, 4)

where 4 is the area enclosed by the loop-shield center-
line in square meters and X is the wave length in meters.

Examination of (4) shows that the radiation resist-
ances of the loop shields considered above are of the
order of 0.002 ohm or less, and as such are negligible
compared to the corresponding inductive reactances.
The impedances Zgr and Zpg are thus substantially
pure inductive reactances at low radio frequencies, and
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the equivalent circuit in Fig. 4 becomes that shown in
Fig. S.

The value of L referred to in this figure is that calcu-
lated from (3), and the electromotive force of the gen-

erator shown is obtained from the expression
electromotive force = £,E volts,

(5)

where € is the field strength of the received wave in volts
per meter, and &, is the so-called effective height of the

E
joy
omf F
D
jok L
6 [ nd

Fig. 5—Low-frequency condition corresponding to Fig. 4.

o
v

loop shield in meters, it being assumed above that the
horizontal direction of propagation of the wave is in the
plane of the loop.

The effective height &, is given in turn by the follow-
ing equation for a single-turn loop,

h, = 2xA /),

where 4 and X are the same as for (4).

For the higher radio frequencies the evaluation of the
impedances Zgr and Zpg and of the total induced elec-
tromotive force becomes a somewhat more difficult
problem than for the low-frequency case, since the cur-
rent distribution along the shield can no longer be
considered uniform. The current distribution is closely
sinusoidal, having a maximum value at the base of the
loop shield and dropping off in each leg as the gap posi-
tion is approached. As a consequence, the loop shield
tends to behave like a section of balanced transmission
line, but not of uniform characteristic impedance. This
nonuniformity of characteristic impedance is obviously
a result of the fact that the current in each element of
length of one leg of the loop shield is not fixed in distance
and/or direction with respect to the oppositely flowing
current element in the other leg of the loop shield. Be-
cause of this, relations which apply for uniform trans-
mission lines do not apply in their regular sense for volt-
ages, currents, and impedances involved on the outside
surface of the loop shield. A quantitative analysis of the
induced electromotive-force relationships is beyond the
scope of this paper; but an analysis of impedance values
is given below which should aid in establishing a picture
of what takes place.

Referring to Fig. 6, the loop shield may be considered
to comprise a two-conductor balanced transmission line
of nonuniform characteristic impedance wherein each
leg of the loop shield is a conductor of this transmission
line, and the spacing S: between conductors is a function
of the distance x from the gap, as is the angle ¢, between

(6)
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the conductors (and between their currents I, and I.")
at this point. It is evident from the figure that the ter-
minating impedance of this nonuniform transmission
line is zero, since at the point where the distance x
becomes equal to the diameter of the loop the two con-
ductors join to form a short circuit, and the shield cur-
rent I becomes a maximum. In attempting to obtain the
solution for the input impedance of such a transmission
line, one usually encounters some rather cumbersome
mathematical expressions which tend to make this work
laborious. As a consequence, the writer has developed
an approximate expression, verified empirically for a
number of different cases, which greatly simplifies the
problem of evaluating the above impedances. This em-
pirical relation may be obtained from the following
considerations.

Fig. 6—Loop shield considered as a nonuniform transmission line.

The loop-shield configurations discussed above may
be reduced to an equivalent uniform transmission-line
section by postulating that:

(1) the length of this transmission line section be equal
to the half-perimeter (P/2) of the loop shield;

(2) the conductors of this transmission line be of the
same cross-sectional dimensions as the legs of the loop
shield;

(3) the mean spacing between these conductors be
such that the mean area of this equivalent transmission-
line section be equal to the mean area of the loop shield;
and

(4) the transmission-line section be perfectly short-
circuited at its far end.

By applying these rules we get the transmission-line
configuration shown in Fig. 7 as the equivalent of the
loop-shield configuration of Fig. 6, and it is now possible
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to calculate the characteristic impedance of this trans-

mission-line section by using the well-known relation
(referring to Fig. 7)

25
Zy = 276 lOglo 7 . (7)

N
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Fig. 7—Transmission-line section equivalent to the
loop shield of Fig. 6.

This effective characteristic impedance of the loop
shield we shall designate as Zy to distinguish it from the
characteristic impedance of the “inner” transmission
line referred to in (1), which we shall now designate as
Zoi.

INFINITE PLANE

(PERFECT SHORT
CIRCUIT)
Zoj
C € B g/
emf :} Zo0
G C—————
Zoi
l-——— % le————- 8

Fig. 8—High-frequency condition corresponding to Fig. 4 and incor-
porating the equivalent transmission-line section for the loop
shield.

We may now draw the equivalent transmission-line
network, Fig. 8, which is applicable to our problem for
the high-frequency condition. This problem has now
been reduced to the relatively simple case of a composite
transmission-line system, the solution for the voltages,
currents, and impedances of which may be obtained in
the usual manner.

As a matter of note, the transmission-line network of
Fig. 8 may be employed for the low-frequency solution
also, since the relationships and equivalences established
therein do not depend on frequency. Thus, calculating
the inductance of the loop shield by means of the well-
known equation for the input impedance of a section of
short-circuited lossless transmission line,
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Zin = jZo tan 6, (8)
we get for the inductance
Z“v 1

L =—=—2Z,tan 6, henry (9)
](J) w

and we find that this gives a value for the loop-shield
inductance which is within a few per cent of that given
by (3), thereby helping to verify the validity of the
“equivalent transmission-line” method of analyzing
loop-shield impedances.

NUMERICAL EXAMPLE

An example of how the above principles for evaluating
the loop impedance components may be applied in find-
ing the resonant frequency of a typical shielded-loop
structure is given below.

Referring to Fig. 1, suppose that the following values
are chosen:

mean loop diameter D =12 inches,

outside diameter of shield tubing d =1 inch,

inside diameter of shield tubing ¢’ =0.9 inch,
diameter of inner conductor d’’ =0.064 inch, and
loop load impedances Z,y =Zgp= » (i.e., open cir-
cuit).

Solving for the spacing S of the equivalent transmis-
sion-line section (Fig. 7), we get

S=——=—""=— = 6 inches.

P/2 (10)

The characteristic impedance of this section is then
28
Zy = 276 lng; = 276 logyo 12 = 298 ohms. (11)

The characteristic impedance of each inner coaxial
line is

dl
Zoi = 138 log,o—d7 = 138 logyo 14 = 158 ohms. (12)
The half-perimeter P/2 is given by
P/2 = x(D/2) = 6x = 18.9 inches = 0.48 meter, (13)

so that the corresponding electrical angle in degrees is,
(assuming air dielectric throughout),
o (0.48)(360) 173

= ————— = — degrees.
x e

\ (14)

Since both the outside transmission-line section and
the inside transmission-line section are equal in electrical
length for this case, we may write

6o = 0; = 8. (15)

The total electrical length of the transmission-line
network, 87, would then be the sum of 6, and 6; if the
characteristic impedance Z,, were equal to twice the
characteristic impedance Zy;. Since such is not the case,
we must obtain the equivalent electrical length 6 of
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the outside transmission line with respect to the inner
transmission lines. This is obtained by equating the
impedance to the left of BC (Fig. 8) in terms of Zy to the
same impedance in terms of twice Zy;, whereby,

jZoo tan 6 = ZjZo.' tan 6., (16)

which then yields

Zoo tan O, 298 173
feq = arctan ———— = arctan <— tan — ), (17)
0i 316 A

and then 87 may be obtained from

173 173

Or = 0; + 6eq = —)‘--{- arctan <0.944 tan )\ ) (18)

To obtain the lowest frequency at which this trans-
mission-line network goes through resonance, i.e., the
frequency at which the reactive component of the im-
pedance across terminals 4 and D becomes zero, we set
0r equal to 90 degrees and solve for A\. This is done by
first transforming (18) to

-~ -~

7
tan 67 — tan T = 0.944 tan

173\?

+ 0.944 tan 67\ tan —-)-“— o (19)

Then, dividing through by tan 87 to get rid of some

undesirable infinities, and setting 07 equal to 90 degrecs,
this expression reduces to
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173 // i 1.030 (20)
tan — = —— = 1.0
A 0.944
whereby
173 173
= = —— = 3.78 meters, (21)
arctan 1.030  45.85
so that the resonant frequency is
300
= — = 79.4 megacycles. (22)

Actual measurements of the resonant frequencies of
shiclded-loop structures similar to the one calculated
above indicate that the calculations give values accurate
within 5 per cent. This again helps to verify the validity
of the “equivalent-transmission-line” method of analyz-
ing loop-shield impedances.

CONCLUSIONS

It is to be congluded that the balanced shielded loop
antenna may be analyzed by the use of conventional
transmission-line theory; and if the simplifications intro-
duced in this paper are utilized, the amount of labor in
making such an analysis is greatly reduced.

The method of analysis may be extended to include
cases wherein certain compensating impedances are in-
troduced between points B and C and across points E
and G (Fig. 1) of the loop, it then being necessary
merely to include these impedances at the appropriate
points in Fig. 2.

Equalized Delay Lines’

HEINZ E. KALLMANNT, SENIOR MEMBER, LR.E.

Summary—An improved design of signal delay lines is discussed
in which phase distortion is held within the narrow limits required.
The decrease of time delay at higher frequencies due to decrease of
effective inductivity is compensated by a rise in effective capacitance
due to distributed bridge capacities. In some high-impedance lines
the natural coil capacitance will suffice for this compensation; in other
cases a controlled amount of bridge capacitance is introduced by
means of floating patches of metal foil along the coiled conductor, in-
sulated from it, from each other, and from ground. Echoes, due to mis-

BRrIEF PREFACE ON THE EFFECTS OF AMPLITUDE
AND PHASE DiSTORTION

ELAY lines are now widely used to delay steep-
fronted pulses and other wide-band signals for
periods of the order of one microsecond. Equal-
ized delay lines are especially designed for low signal
distortion; they are, for example, used in self-triggering

* Decimal classification R282.1 XR117.11. Original manuscript
received by the Institute, January 7, 1946; revised manuscript re-
ceived, March 5, 1946. This paper is based on work done for the Office
of Scientific Research and Development under contract OEMsr-262
wi{h the Radiation Laboratory, Massachusetts Institute of Tech-
nology.

t Formerly, Radiation Laboratory, Massachusetts Institute of
Technology; now, consulting engineer, New York, N. Y.

match of the lines at high frequencies, may be suppressed by dividing
the winding into sections, each too short to yield an echo component
within the transmitted frequency range. The design of typical de-
lay lines for 400, 1000, and 3000 ohms impedance is discussed and
their delay, attenuation, and impedance characteristics are shown. A
delay line with lumped iron-dust cores is described. A practical design
is presented for the lumped-parameter low-pass filter m=1.27, as
used for delay lines with very low impedance and for very high
voltages.

oscilloscopes to delay, with negligible distortion, the
signal front until the sweep is under way.

For fair transient response, both the amplitude and
phase characteristics of a system must be fair over an
adequate frequency range. Examples! of the relation be-
tween the amplitude and phase characteristics and the
transient response are shown in Figs. 1A, 1B, and 1C,
where various combinations of amplitude and phase
characteristics are plotted on the left and the resulting
distortions of a square pulse are shown on the right. A
pulse may be considered as composed of two unit steps
which are of opposite sign and follow each other with a

1 H. E. Kallmann, R. E. Spencer, and C. P. Singer, “Transient
response,” Proc. I.R.E., vol. 33, pp. 169-195; March, 1945.
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separation equal to the pulse length. Except in nonlinear
devices such as rectifiers, both unit steps undergo the
same distortion independently, though this is less evi-
dent in the case of shorter pulses where two trains of
oscillations are adding up to produce a single “pulse re-
sponse.”

T-Ty, MSEC N
e 'f—ﬂ“
Jl - IMSEC —:X

16an
‘ \aie .
°L? '{"{r}’ - o T

10!

A Amplitude distortion only.

o—+—w

B Amplitude and phase distortion. C Phase distortion only.

Fig. 1—Correlation of amplitude and phase response with
pulse distortion.

A transient may suffer two types of distortion. One
type, due to urequal attenuation of its component waves,
leaves it always symmetrical around the middle. In
a symmetrical transient, of which the unit step is an
example, the point of inflection of all component sine
waves coincides with the middle of the transition, and
no change of their relative amplitudes due to pure am-
plitude distortion can spoil this symmetry. The other
type of distortion is caused by uneven time delay within
the transmitted frequency range. This results in asym-
metrical distortion of the transient; a rounded start and
oscillatory tail result if the higher harmonics arrive late
and the opposite occurs if they are early.

Two examples of pure amplitude distortion are shown
in Fig. 1A. Both amplitude responses drop to 0.707 at
the frequency of 1 megacycle, but differ in the shape of
their cutoff. The steeper the cutoff in proportion to the
transmitted bandwidth, the more the corresponding
transient tends to oscillatory recoil and overshoot.

Filter networks of conventional type distort both am-
plitude and phase. Fig. 1B shows the performance of the
“series peaking, coil” L =0.64 R?C, corresponding to a
symmetrical bandpass in carrier amplification with 1.1
times critical coupling. The amplitude response drops to
0.707 at 1 megacycle and the phase at 1 megacycle is
about 20 degrees late. Both types of distortion do about
equal harm to the pulse response which shows the ex-
pected moderate asyinmetry.

Pure phase distortion is rare and its effect is, there-
fore, generally underestimated. One can, however, state
with comparable inaccuracy that to an amplitude “cut-
off” of 3-decibel attenuation there corresponds a phase
“cutoff” at the frequency which is 4 radian out of step
with the midband frequency of the transient. Fig. 1C
shows the distortion of a square 1-microsecond pulse in
a system which has no amplitude distortion, but whose
phase distortion rises to —90 degrees at 1 megacycle.
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The limitation to }-radian phase distortion imposes
rather close tolerances upon the delay characteristics of
signal delay lines. For example, if frequencies up to 5
megacycles are to be delayed by 1 microsecond, then a
maximum deviation of § radian at 5§ megacycles equals
an error in time of 0.016 microsecond; i.e., 1.6 per cent.
Corresponding tolerance limits of the time delay for
other frequency ranges are plotted in Fig. 2, from

?Y.-Y, s =4
|

LT OF PHASE
2 | |OISTORTION Y% RADIANS
[ 1%-7]- §¢
. ) -
™

Fig. 2—Limits of delay distortion for }-radian phase distortion,

(To—T)=~1/(4nf) =0.08/f. The limits are quite close
for appreciable delays of wide bands, but methods have
been developed to isochronize delay lines to any desired
degree within manufacturing tolerances without the
need for external correcting sections.

CAUSE AND CoNTROL OF DELAY DisTORTION

An analysis of equalized delay lines may be lucid but
not simple; nor does it lend itself to an adequate mathe-
matical treatment.

Simple delay lines®? consist of a single-layer coil of
insulated wire wound around a core of insulating ma-
terial over, or covered by, grounded conductors not
forming a closed turn. The delay of a signal is accom-
plished by storage in the magnetic field of the coil and
in the electrostatic field between coil and ground, and
should thus only depend on the two reactive parameters,
the inductance and the ground capacitance per unit
length. However, these two parameters also comprise
the mutual inductance between any two parts of the
line and the capacitance between them; both effects
vary with frequency and may vary periodically along
the line.

The delay Ty at low frequencies agrees in all types of
lines with (1).

To = /L, (the terms being in seconds, henries, and
(1)

where L, is the inductance of the coiled conductor at
low frequencies and C, its capacitance to ground; the
capacitance C, is independent of frequency and may
thus be measured at audio frequencies where the dis-
tributed inductance can be ignored.

farads, respectively)

t H, E. Kallmann, “Transversal filters,” Proc. [.R.E., vol. 28,
pp. 302-310; July, 1940.

2 J. H. Rubel, H. E. Stevens, R. E. Troell, “Design of delay lines,”
General Electric Co. Report, October 25, 1943. Note that the design
of these lines was later (1945) modified so as to equalize their delay.
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The inductance of a Jine at low frequencies is best
computed from information in Fig. 3. The value of
Nagoaka's correction factor k approaches unity for long
coils such as continuously wound delay lines. The in-
ductance of a delay line wound in sections exceeds by
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Fig. 3—Inductance of single-layer solenoid as function of i/d.

less than 2 per cent the sum of the inductances of the
sections if they are separated by gaps equal to, or ex-
ceeding, the diameter d.

The effective inductance L of a delay line decreases
with higher frequencies where the wavelengths along
the line become comparable to, or shorter than, the
length of the line. Currents in different turns along a
delay line, while still magnetically linked, are less and
less in phase with each other the higher their frequency;
thus, they add less and less to each other's magnetic
field. The decay of inductance with frequency f thus
depends on d/! and on the delay T It has been computed
by L. H. Poritsky and Mrs. M. H. Blewett}; the curve
in Fig. 4 is plotted from their result and shows L/L,as a
function of fTd/l. If there are no capacitances other
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Fig. 4—Decrease of inductance in delay lines with higher frequencies.

than those to ground, the decrease of time delay with
frequency can be computed from the curve of Fig. 4 and
from (1). The resulting curve of T/T, as a function of
fTod/l is plotted in Fig. 5. Its agreement with observa-
tions is excellent, if all capacities other than those to
ground are negligible. This applies, for example, to lines
manufactured® by the General Electric Company in
which a grounded braid of insulated copper wires fits
closely around the coiled conductor, thereby suppressing
all capacitances other than those between neighboring
turns. Lines of this design are made relatively long and
thin so as to keep phase distortion low; this approach

¢ T. P. Blewett, R. V. Langmuir, R. B. Nelson, and J. H. Rubel,
“Delay lines,” General Electric Co. Report, p. 11 ff., May 31, 1934.

Proceedings of the I.R.E. and Waves and Electrons

September

increases both the space requirements and the length of
wire required for a given delay, and hence the attenua-
tion.

A simple means of equalizing the time-delay charac-
teristic has been found in a capacitance which effectively
increases with higher frequencies. How this is achieved

v,
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TIME DELAY OF DELAY LINES
WITHOUT EQUALIZING CAPACITIES
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Fig. 5—Decrease of time delay in delay lines with higher frequencies.

may be understood from the observations plotted in
Fig. 6. A continuous coil of No. 28 enameled wire was
close wound on an insulator of $-inch diameter and
16-inch length, over a paper-insulated strip of copper
foil 0.001 inchX0.160 inch X 16 inch. Its time delay is
plotted as N=0 in Fig. 6; it drops steadily from 0.78
microsecond at low frequencies to 0.616 microsecond at
16 megacycles, at a somewhat less rapid rate than cal-
culated from Fig. 5. Another strip of copper foil was
then mounted along the outside of the coil and held in
place with sticky tape. Connecting it to the inner cop-
per strip and to ground just doubled the ground capaci-
tance; the initial time delay was thus increased by /2
to 1.1 microsecond, dropping steadily to 0.764 micro-
second at 16 megacycles. One of the two strips was then
disconnected from ground, but left in place; a different

e _.AV‘

Fig. 6—Delay characteristic of a delay line modé&l with 0; 1; 2; 4;
8; 16 equalizing patches.

type of curve was then observed. The new curve started
at To=0.78 microsecond, as must be expected, since at
very low frequencies there is no phase difference between
any two turns of a low-loss line and thus no alternating
current flows in any bridge circuit formed by the ca-
pacitances from any turn via the floating strip to an-
other turn. However, at very high frequencies, when
f&K1/T, the time-delay response must be the same as if
the floating strip were grounded, because the strip then
will be capacitively coupled equally to turns at all
phases, so that all couplings will cancel in their effect
upon the potential of the strip. At high frequencies the
floating strip thus reacts with the coil exactly as if
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grounded. Similar cancellations should also take place
at certain lower frequencies, such as f=1/T; 2/T; etc.
These are seen near f=0.9 megacycle and f=1.8 mega-
cycle in the curve for N=1.

It is reasonable to expect, and it is confirmed by the
curve for N=2 in Fig. 6, that the delay at very low and
very high frequencies is unaffected if the floating copper
strip is cut into two equal pieces, each extending over
one half of the line. The curve for N =2 resembles the
curve for N =1, except that the peaks at lower frequen-
cies must occur at twice the former frequency when
f=2/T; 4/T; etc. If the floating copper strip is divided
into three or four equal lengths, then the peaks will oc-
cur at proportionally higher frequencies. Continued
subdivision of the floating copper strip leads, however,
to a different type of curve. The delay at very low fre-
quencies is still that of the unpatched line, but rises
steadily with increase of frequency to a peak just below
the frequency

f» = N/2T (2)

where T is the total delay at that frequency and N the
number of equal floating patches along the line. The
delay drops sharply after f,, and then recovers to follow
the curve of a line with all patches grounded. This type
of response is observed on the model with 8 and with 16
equal floating patches. It will be noted that the delay
response for these higher numbers of patches has its
peak at a frequency when each patch extends over about
one-half wavelength on the line. This fact together with
the changed shape of the peak indicates that the phe-
nomenon is different from that observed for N =4, when
the patches were one whole wavelength long at the
first peak. The change-over is rather sudden as shown
in Fig. 7.
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NUMBLR|OF PATGHES ¥
)

ol
-] L] ©

—

Fig. 7—Wavelength per patch, at peak delay,
of patched delay-line model.

It is the smooth rise to the peak of the time-delay
characteristic that is made use of for the equalization
of delay lines. The desired isochronism—or some other
desired time-delay characteristics suitable for compensa-
tion of phase distortion originating elsewhere in a sys-
tem—is achieved by the choice of two parameters, the
length and the width of each patch; periodic change of
their size may offer a third. The number of patches
is always so large that (2) applies. The characteristic is
generally smooth over a frequency range to at least
0.8f,. Thus the lowest number of patches required for
the equalization up to 0.8f, is

N = 2Tf,. A3)

There is no harm in choosing a larger number of patches,
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provided that they can be made proportionally wider.
The width of the patches, the thickness, and the dielec-
tric constant of the insulation between them and the
coiled conductor, all serve to control the amount of
bridge capacitance. The delay characteristic at higher
frequencies is lifted as these bridge capacitances are
increased; thus isochronism is adjusted by the width,
or thickness of insulation, of the patches. This is illus-
trated in Fig. 8 for a line with T,=0.90 microsecond.
Before equalization its response dropped steadily to
0.82 microsecond at 16 megacycles; the use of 24
patches, each 0.10 inch wide and 1 inch long, yielded
too much compensation over too narrow a frequency
range, with f,=10.8 megacycles. Another curve shows

USEC OELAY

T T™a8 Patcp, manhowen

Fig. 8—Adjustment of equalizing patches for constant delay.

the result after each patch was cut in two, so that
there were 48 patches, 0.10 inchX0.50 inch; the peak
frequency f» has now moved outside the observed range,
presumably to 25 megacycles, while the equalization is
now nearly correct, rising to 0.93 microsecond at 16
megacycles. By a slight reduction of patch width, the
delay characteristic is adjusted to just equal delay of
0.90 microsecond at 0 and at 16 megacycles, with a drop
of less than 1 per cent in between. If necessary, this
curvature can be equalized further by adding another
row of about 14 slim patches which contribute a slight
lift with a peak frequency near 8 megacycles.

It was noted that in these models the delay charac-
teristics even before patching did not drop as much as
would be expected from calculations. This discrepancy
can be attributed to the natural coil capacitance. This
capacitance C; may be found from the coil inductance
and from the frequency at which it resonates without
external capacitance. It is best estimated from

CL = dv (4)

where the terms are in micromicrofarads and inches, re-
spectively. Accordingly, the effect of natural bridge
capacitance in delay lines is found to increase with their
diameter. Most of the bridge capacitance resides on the
outside of these long, slim coils; if, therefore, a substan-
tial part of their outside is covered by grounded con-
ductors, such as the metal braid of the General Electric
Company’s type of lines, then all but neighboring turns
are effectively screened from each other and equaliza-
tion due to natural coil capacitance is suppressed, as
indicated in Fig. 9.
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The higher the impedance of a line with given coil
diameter, the less ground capacitance per turn is re-
quired. The natural coil capacitance, however, is not re-
reduced, so that narrower, and finally no, equalizing
patches are required as the line impedance is increased.

Another means of influencing the delay characteristic
of a line is to divide its windings into sections. The loss
of inductance results in less delay per length, and thus
less drop in the delay characteristic. That this is not the
whole story is shown by the lower curve in Fig. 9, repre-
senting a coil wound in spaced sections with natural
coil capacitance suppressed by a cover of braid. The
sections show a conspicuous cutoff frequency at which
the delay rises to a peak. Delay lines which are wound in
sections and have floating patches have certain special
merits; several examples of such lines will be discussed.

20 W
WINOING ™ SECTIONS,
each bg.ie
N0 GO
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Fig. 9—Comparison of computed and observed delay characteristics,
on continuous and section-wound delay lines.

MEASUREMENT OF DELAY CHARACTERISTICS

The delay characteristic of lines is measured by com-
paring the phase of sine waves at the input with their
phase at the output in order to determine those fre-
quencies at which the phases are exactly equal or op-
posite. This is done by feeding the input and the output
voltage of the line to the two pairs of deflecting plates
of a cathode-ray tube and adjusting the frequency of
the sine wave fed to the line so that the Lissajou’s ellipse
reduces to a diagonal line. A suitable source of sine
waves is a continuously variable signal generator cali-
brated to better than 0.5 per cent over a range up to,
perhaps, 30 megacycles and yielding about 2 volts root-
mean-square with moderate harmonic content. Its out-
put may be amplified in a single stage and then fed to
the line. The line is best terminated on both ends with
its characteristic impedance, but mismatches as large
as two to one are harmless. The 3-inch cathode-ray-tube
indicator is run, to be the more sensitive, at the lowest
practicable anode voltage, such as 300 volts for type
3BP1. The circuit used is shown in Fig. 10. Strong
harmonics and overload of the amplifier will curve the
diagonals without impairing the measurements, and if
the harmonics suffer a different time delay the diagonal
lines will grow into slim figures of eight due to the second
harmonic, with more nodes for higher harmonics; the
correct frequency is that observed when the lobes are
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equal, and it can be found with little difficulty. The de-
lay characteristic is then measured by tuning the signal
generator from the lowest to higher frequencies and not-
ing the frequencies fi, f2, f3, - - -, f. at which the ellipses
reduce to diagonal lines. The delay at the frequency f, is
then

Ty = n/(2f). (5)
== +300V
»om% 1000, (’,><‘-\~.
10000 a \\ \_,*‘
5000 %00 38P4
> a
5000 §>.| a
LINE UNOER TEST O0WF 4
CALIBRATED —ocly 47|
510 GEN.
ii3oms S22
5 6AGT _[  ena
v 3 =
ma
1L 5= = a
four] ! 'I‘

- ) > - Ny
"ém a
-tov

Fig. 10—Circuit for measurement of time-delay characteristics.

If the readings are marked as odd 7 and even n, accord-
ing to the slant of the diagonal, the proper value of n
will be identified without missing a point. A fair curve
can then be drawn through the points thus found, such
as the one in Fig. 11 drawn through the points marked .

m SEC DELAY

a, T ':%,
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e & e
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Fig. 11—Plot of time-delay characteristics from observed data.

It is important that coupling capacitances between
the input and the output of the line be kept very small.
The circuit of Fig. 10 should be built to meet this re-
quirement and the deflecting electrodes of the cathode-
ray tube connected as marked in Fig. 10. Even a few
micromicrofarads coupling capacitance will yield read-
ings as marked with circles in Fig. 11. It will be noted
that the even points are hardly affected, but that the
delay at all the odd points is increased. The reason is
that, at even points, input and output are in phase and
there is no potential difference between them except
that due to attenuation; at odd points, they are of op-
posite phase and the coupling capacitance acts as bridge
capacitance.

The points obtained by this method are spaced closely
enough for most measurements. For the measurement
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of fine structure such as in Fig. 6, two auxiliary devices
are useful. One is a relatively large, well-calibrated delay
line simply matched in series with the unknown. Read-
ings of the total delay are then spaced more closely in
proportion to the increased total delay, and the un-
known delay is found by subtracting that of the known
delay line from the total. The other refinement is the
inscertion of a calibrated variable delay line. This not
only permits delay measurements at any prescribed fre-
quency but also readings spaced as closely as may be
desired.

A variable delay line may be any sufficiently rugged
line whose characteristic delay is very flat, either
through conservative design or by means of equaliza-
tion, and which is provided with a slider movable over
a bare path along the coil. A much-used unit whose
characteristic was quite flat well beyond 20 megacycles,
for any position of the contact, was wound with Ameri-

Fig. 12—Variable delay line.

can Wire Gauge No. 30 Formex wire with a pitch of
0.011 inch on 25 inches of Saran tubing, a flexible plastic,
of 0.30-inch diameter. The grounded conductor is a
copper foil 0.001X0.090 inch under 0.001-inch waxed
paper, yielding C, =480 micromicrofarads. The imped-
ance Zg is 1000 ohms, with which value the far end is
permanently terminated; the largest available delay is
0.435 microsecond. The line is bent to a circle of 9-inch
diameter around the bearing of the contact arm and
resembles a large wire-wound potentiometer, as shown
in Fig. 12, It is calibrated in steps of 0.01 microsecond
which are reliable to 0.002 microsccond. The calibration
is remarkably insensitive to the load at the contact even
if that is comparable to Z. The unit is best used at the
output of the unknown delay line, taking the place of its
load resistor and with its moving contact loaded only
by the cathode-ray-tube deflecting plate. Several read-
ings at any given frequency can be found over the range
of the variable delay line, permitting several overlapping
and mutually checking plots each with closely spaced
points,
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MEASUREMENT OF TRANSMISSION Loss

The outlined method of delay equalization can easily
be carried to frequencies so high that transmission losses
remain the sole factor limiting applications of delay
lines.

Except for resonances at the cutoff frequency of
lumped-parameter lines or the corresponding peak fre-
quency in patch-equalized lines, the attenuation is due
to the same losses as in any other transmission line;
these are resistive losses, enhanced by skin effect, in the
conductor and dielectric losses in the insulation.

Fig. 13—Circuit for measurement of attenuation in delay lines.

The transmission losses of delay lines are measured
by comparing the amplitude of sine waves at their out-
put with that at their input by means of the circuit
shown in Fig. 13. With a signal generator serving as
source, the amplitudes are compared by means of a
single vacuum-tube voltmeter. When switched, its input
capacitance of 6 micromicrofarads is replaced by a dum-
my capacitor of equal value.

The ratio of output voltage to input voltage thus
found is strongly oscillatory because of the reflections
due to nusmatch at the termination, even if the line is
terminated with its nominal impedance and if reactive
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Fig. 14—Typical output- versus input-voltage characteristic
of a delay line.

loads are kept to a minimum. A typical plot is shown in
Fig. 14. Barring the use of a wobbled signal generator
to eliminate the oscillation, a fair average must be drawn
through the curve, as shown by the dotted line. Trans-
mission loss in decibels is computed from this. The pro-
cedure was checked by measuring the transmission
losses of several similar lines separately and of all in
series. The sum of their losses was found equal to the
loss measured over all.

It will be noted that the losses begin to rise at rela-
tively low frequencies and continue to rise with increas-
ing steepness. It was found that only a small fraction
of these losses arise within the conductors. The attenua-
tion 4 of a delay line of the impedance Z due to the
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resistance R of its conductor is given by

4 4.35R
db 7

(6)
Increase due to skin effect in the resistance of wires was
computed on the basis of Butterworth's theory.® The
resistances of coiled wires, as measured with a Q meter,
agree well with the computed values. The attenuation
in delay lines is however, much larger than can be ac-
counted for by skin effect.

A considerable variety of experiments has removed
all doubt that most of the losses observed at higher

b ATTENUATION
Jof-IN Lmes 233000

14} MEASURED WITH FORMEX INSULATION

a1

Fig. 15—Attenuation in delay lines with Formex, and with low-loss

wire insulation. .

frequencies arise in the insulation of the wire. The poly-
vinylacetal coating of the Formex wire, although better
than others, is known to have a loss factor above 0.02.
Attenuation improved when coils were pitch wound of
thin Formex wires with a substantial air gap between
the wire and a grounded metal shell. Lines pitch wound
with bare silver wire 0.003 inch on smooth or grooved
polystyrene rod were unsatisfactory both when dry And
when coated with low-loss coil dope. Much the best re-
sults were obtained with silver wire® hand coated with a
low-loss insulation by drawing the wire through a
benzene solution? of three-fourths polystyrene and one-
fourth polyisobutylene; since the mixture was not co-
polymerized, the coating was very uneven and tended
to form flakes. No two lines wound with this wire on
polystyrene rod gave equal results. The attenuation char-
acteristic of the line likely to have the least number of
short-circuited turns is shown as a broken line in Fig. 15;
it is typical in that it rises much less at higher frequen-
cies than any obtained with Formex wire.

Since delay cannot be had without attenuation, at
least equal attenuation over the desired frequency range
is desirable. Since the rise in wire resistance starts at
the higher frequencies the thinner the wire, choice of
No. 40 American Wire Gauge or even thinner gauge

$ S. Butterworth, “Effective resistance of inductance coils at
radio frequency,” Exper. Wireless and Wireless Eng., vol. 3, pp. 203~
210, April, 1926; pp. 309316, May, 1926; pp. 417-424, July, 1926;
PpP. 48;)—492, August, 1926.

¢ Resistive losses in silver are hardly smaller than in copper, but
fine wires of coin silver are much stronger than those of copper, yet
cost little extra.

7 Prepared by L.. G. Wesson, Massachusetts Institute of Tech-
nology Laboratory for Insulation Research.
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would help equalize attenuation, provided such wires
with low-loss insulation were available. Though they are
not manufactured at present, they were anticipated in
designing most of the delay lines described here. Since
delay equalization can be had without any drawback
elsewhere, it was extended in all cases well beyond the
range of reasonably low attenuation.

MEASUREMENT AND MATCHING OF INPUT IMPEDANCE

The input impedance Z, at very low frequencies has
in all cases been found to agree with the value computed
from

Zy = To/C, (terms in ohms, seconds, and farads, respec-
(7

taking Ty from the measurement of time delay and C,
as measured at audio frequencies.
From

tively)

Z = +/L/C ohms, henries, farads (8)

one should expect that the impedance of equalized delay
lines falls steadily with increasing frequencies since L
falls and C effectively increases. This has not been ob-
served in any case.

The impedance characteristic of delay lines can be
measured by comparison with a nearly nonreactive
calibrated resistor, as shown in the circuit in Fig. 16. A
signal generator with moderate harmonic content serves
as a source of sine waves; its impedance increased by
the resistor R; may be at least equal to Z. The input
impedance Z; of the delay line is measured by substitut-
ing for it a calibrated, partly variable resistor R and
varying it until the readings of the vacuum-tube volt-
meter (noted necessarily calibrated) are equal for both.

G \

Fig. 16—Circuit for measurement of input impedance of delay lines,

The line under test is terminated with a load resistance
R: equal to its expected impedance. Even when every
avoidable load capacitance is excluded, the input
impedance Z; will be found to oscillate strongly with a
period Af=1/(2T) due to mismatch. These oscillations
increase noticeably with every single micromicrofarad
additional load capacity. The impedance Z of the line is
found from a fair average through the plot of Z;by means
of

Z = ~/RiZ:. %)
(A typical example will be‘found in Fig. 21D for a line

of about 0.35 microsecond delay, matched correctly at
low frequencies.) The input impedance of all lines was
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found to rise, slowly at first, then steeply, to a peak near
the cutoff frequency of the system. From all indications,
the input impedance of lines appears to be nonreactive
and not to vary so much as to require terminating sec-
tions.

Nevertheless, mismatch trouble is experienced. It is
caused by the load, rather than the line, and is the
more serious the higher the impedance level. Mismatch
causes echoes, small pips following a transient, spaced
in time twice the length of the delay line, as shown in
Fig. 17. The pips are composed of parts of the high-
frequency components of the transient which are re-
flected twice, once at the end and again at the front of
the line. They vanish if the high-frequency components
are much attenuated either in, or outside of, the line.
They grow more conspicuous when the load of the line

[ 3 B

v T
Fig. 17—Pulse with echo pips, due to mismatch at higher frequencies.

has a reactive component, as is usually the case when
stray and electrode capacitances are present. Such load
capacitances may be “coiled out” by insertion of a series
inductance so as to complete a half section of a low-pass
filter. An example of this practice is shown in Fig. 18
where a delay line of 3000 ohms impedance 1s 1nserted
between the plate of a 6AG7 amplifier tube and a 3BP1
cathode-ray tube, both presenting about 11 micromicro-
farads capacity. In that case, small coils each of about
50 microhenries inductance were inserted in series with
each end of the delay line. The improvement was dis-
tinct, though the value of the inductances was not criti-
cal.

B2y souM 2 » 3000 A S0uM
Wuput?
30 uH
4 30000
30004

Fig. 18—Inductances in series with a delay line, adjusted to
compensate for source and load capacities.

Another serious mismatch occurs already within the
line, just before its end. In this region the inductance per
unit length of the line changes because each turn is
coupled to fewer and fewer others. This decrease of in-
ductance may be compensated for by a corresponding
decrease of capacitance: for example, flaring of the
grounded braid cover at the ends has been suggested.?
Insertion of conical pieces of iron-dust core may also be
considered for manufactured lines. Another at least
temporary solution has been found in the simple ex-
pedient of cutting the line into small pieces. Thus, the
line is wound in many equal sections each of which pro-
duces an end echo, but the sections are so short that the
echoes form a ripple of invisibly high frequency. If,
for example, each section has a delay of 0.025 micro-
second, then the echo ripple would correspond to 20
megacycles and its harmonics, none of which could be
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noticed in a line with, for instance, a 16-megacycle cut-
off frequency. Designs of such lines will be given; they
are used in oscilloscopes for:’_signal delay at high-
impedance levels.

Faults in the manufacture of delay lines, such as
contact between two patches or uneven distribution of
ground capacitance, may show up as anomalous humps
in the time-delay characteristic. They are certain to show
up conspicuously. in the transient response as echoes
from the place of the fault. Touching a point of the
line will also give an echo pip because of the locally
increased ground capacitance. As one’s finger moves
along the line the echo pip will move along the transient
response and ride on the fault echo when the faulty
place is touched.

SoME TypicAL EQuALIZED DELAY LINES

Delay lines, both wound continuously and in sections,
can be made with much higher impedance than can be

. mesiim:timmii\

Fig. 19A—Patch-equalized delay line with 400 ohms impedance.
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Fig. 19B—Delay.
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Fig. 19C—Attenuation.

properly matched; useful models were made up to 4000
ohms impedance.

A lower limit to attainable impedance is set by the
operating voltage, the dielectric constant of the in-
sulator, and the space available, since it is necessary to
attach more and more distributed ground capacitance
to less and less inductance. Barring special dielectrics and
thick or multiple wires or tape,! the lowest practicable
impedance is of the order of 300 ohms.

Various designs are illustrated in Figs. 19, 20, 21, and
22. Fig. 19A shows the construction of a continuously
wound delay line designed for a moderate frequency
range. Its delay is 1 microsecond for about 10 inches; its
impedance is 400 ohms. An insulating core of %-inch
diameter is covered with a conducting layer (by copper
plating, or with thin soft copper foil cemented with self-
curing rubber) cut into four full-length strips separated
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by gaps of about 1/32-inch width. Three of the strips
are grounded. The fourth is cut up into a row of float-
ing patches, each 31/32 inch long and spaced with

® 40 HF FORMEX

BAKEUTE

Fig. 20A—Patch-equalized delay line with grounded-braid cover,
impedance 1000 ohms.
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Fig. 20

Fig. 20D—Impedance.

1/32-inch gaps.® The complete core is given a thin
coating of low-loss dielectric and then wound with No.
36 HF Formex wire. The resulting time-delay char-
acteristic will then be found equalized to better than 1
per cent nearly up to the frequency f, =4.5 megacycle,
as shown in Fig. 19B. A symmetrical transient response
results whose shape is entirely due to attenuation (Fig.
19C); losses rise to 10 decibels per microsecond before
any phase distortion sets in. The upturn of the delay
characteristic at lowest frequencies is uncertain; it is,
in any case, harmless since it corresponds to a phase shift
well below 1 degree.

Another design of a continuously wound line, shown
in Fig. 20A, is a modification of the Formex-braid-
covered lines manufactured by the General Electric
Company. The introduction of patches permits making
them thicker and thus shorter, and with somewhat less
attenuation for a given delay. This line is wound on a
tube of insulating material with }-inch outer diameter.
The patches on this core are each 0.001-inch thick by
0.345-inch wide, spaced 7/16 inch from center to center
with about 0.02-inch gaps between them; they are cov-
ered with one-layer of ceresin-wax-impregnated 0.001-
inch condenser paper, not shown in Fig. 20A. The line is
close wound with No. 40 HF Formex and covered
with a tight-fitting braid of 195-strand Formex-insu-
lated 0.005-inch copper wire. The delay for a 10-inch
length is then one microsecond, with an impedance of

® Such cores are commercially available from Corning Glass

Works; they are made of Pyrex glass rod or heavy tube with grounded
and floating strips of burnt-on silver.
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about 1150 ohms. The delay characteristic of several
models 10 1/16 inch long is plotted in Fig. 20B. Ground
capacitance, delay, and impedance varied slightly
since finished braid was drawn over the windings and
tightened by hand. Faults such as that exhibited by
No. 3 may thus be excused. The transmission loss of
such a line is plotted in Fig. 20C and its impedance
characteristic in Fig. 20D.

Lines of higher impedance are (barring the use of
wire thinner than American Wire Gauge No. 40) wound
on thicker cores and thus need more equalization. The
required capacitances are, however, small and easily
accommodated. Formex wire, rolled flat to about 1/3
of its diameter, makes good grounded or floating con-
ductors. Fig. 21A shows a signal delay line wound in
sections, }/d =1.6. Each section yields a delay of about
0.038 microsecond at an impedance of 1000 ohms. The
line is wound on bakelite tubing of 3/8-inch outer
diameter and 1/32-inch wall thickness, with 85 close-
wound turns No. 34 HF Formex wire per section and

e ) <P —
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Fig. 2I1A—Equalized, section-wound delay line,impedance1000 ohms.
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Fig. 21B—Delay. Fig. 21C—Attenuation.
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Fig. 21D—Impedance.
Fig. 21

with the sections spaced 1 inch from center to center.
The capacitance to ground is 39 micromicrofarads per
section and is provided in this example by four strips
of No. 20 HF Formex wire rolled to 0.010 inch and
placed between core and coil. In addition there are in-
serted three strips of No. 34 HF Formex wire rolled to
0.0025 inch. After winding, these latter strips are cut
between each two coils so as to form the floating bridge
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capacitances. It is both reasonable and very con-
venient to make the number of equalizing patches equal
to that of the sections. The width and exact location of
the cut between the coils is, of course, quite immaterial.
The delay response of 10 sections is plotted in Fig. 21B;
the response of an unpatched line is included for com-
parison. The transmission loss of such lines is plotted in
Fig. 21C, and the input impedance and the character-
istic impedance of a very similar line of 0.35 micro-
second are plotted in Fig. 21D.

Another signal-delay line wound in sections is illus-
trated in Fig, 22A. This one is designed for a delay of
about 0.05 microsecond per section at an impedance of
3000 ohms. The line is wound on bakelite tubing of 3/8-
inch outer diameter and 1/32-inch wall thickness, with
164 close-wound turns of No. 40 HF Formex per section
and with 10 sections spaced 1 inch from center to
center. The ground capacitance of 14.5 micromicro-
farads per section was provided by inserting three
grounded strips under the winding, each a No. 36 HF
Formex wire rolled flat to 0.003 inch. Winding of fine
wire by hand does not yield closely predictable ground
capacitance. Those of various models differ, resulting in
impedances from 2600 to 3100 ohms and delays from
0.43 to 0.51 microsecond, as shown in Fig. 22B. Ca-
pacitances may also be uneven within a line, as in line
No. 5, and may cause a hump in the delay character-
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Fig. 22A—Section-wound delay line, impedance 3000 ohms.
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Fig. 22B—Delay. Fig. 22C—Attenuation.

Fig. 22

istic. There is no visible equalizing capacitance pro-
vided with these lines, since the distributed coil capaci-
tances happen to be of the right value for the 3000-ohm
model. The delay of line No. 9 drops, since the greater
delay time of 0.051 microsecond per section needs more
equalization; similar models for higher impedances have
too much natural coil capacitance, which results in
steadily rising delay characteristics. The transmission-
loss characteristic of the line for 3000 ohms is plotted
in Fig. 22C; the input impedance, as far as observed,
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resembles that of Fig. 21D, but oscillates too much for
a reliable plot when the usual test setup is used.
Only one model of a delay line with iron cores was
made. Development of such lines appears promising
since inductance in a given space can be increased with-
out the use of too thin*wire. This type of line also offers
a means of breaking the line into sections and yet re-
taining a continuous winding. Fig. 23A shows the con-
struction of the line built around a few iron-dust cores
which were readily available. The cores® were short

Fig. 23A—Equalized delay line with iron-powder cores.

s USEC DELAY

“WITH 20 PATCHES
38" wioe & ATTENUATION H‘l R
25/32° LONG

Fig. 23B—Delay. Fig. 23C—Attenuation.

Fig. 23

tubes with 1/4-inch outer diameter, 1/8-inch inner
diameter, 1/2 inch long, described as having moderate
permeability and very low losses. The core of the line
was built by aligning 20 such iron cores on 1/8-inch
diameter rod of insulating material, with a tubular
spacer of insulating material 5/16 inch long between
each two iron cores. The whole was held together by a
layer of thin paper tape. The ground capacitance was
provided by two strips of copper foil 0.001 inch by 0.23
inch under a layer of ceresin-waxed paper 0.001 inch
thick (not shown in Fig. 23A). On this was close wound a
continuous coil of American Wire Gauge No. 40 HF
Formex wire, 16-1/4 inch long. *The delay character-
istic of this line started at 3.7 microseconds and dropped
to 3.2 microseconds at 2 megacycles, as plotted in Fig.
23B. Twenty patches of copper foil, 0.001 inch by 3/8
inch wide by 25/32 inch long, were then placed on the
outside of the line, held with sticky tape and spaced
13/16 inch from center to center, each patch located
over one iron core as shown in Fig. 23A. This equaliza-
tion nearly leveled the delay characteristic over a range
of more than 2 megacycles (Fig. 23B); the reduction in
delay to 3.65 microseconds was due to some loss of
ground capacitance in loose turns. This line has an
impedance of 1400 ohms and its losses are considerable,
as shown in Fig. 23C. The transient response after 3.65
microseconds delay rises from 0.10 to 0.90 in about
one third of a microsecond.

? Stackpole SK 18.
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LumpPED-PARAMETER Low-Pass FILTERS

For very low impedances and for very high voltages it
is more convenient to provide lumped ground capaci-
tances instead of distributing them along the winding.
It has long been the practice to improve upon the delay
characteristic of the ordinary series-inductance shunt-
capacitance low-pass filter by the use of m-derived sec-
tions with a value of m=1.27. The time delay of an

m-derived filter is given as a function of the frequency
w/wy by (10)

2m
T = —— = = = y
V1 = (w/wy)?[1 — (1 — m?)(w/wo)?]

and is plotted for various values of m in Fig. 24. The
choice of m=1.27 is arrived at by arbitrarily equating
the delay at w =0 with that at one half the cutoff fre-
quency wo; but it can also be seen from Fig. 24 that

(10)

Fig. 24—Delay characteristics of m-derived low-pass filters,
computed for values of m>1.

this happens to offer the flattest possible delay char-
acteristic up to about 0.55 we. As shown in Fig. 24, each
m-derived filter section is built with one inductance L,
on each side of each capacitor C), and those pairs of
inductances are coupled with a mutual inductance M,
whereby

C1 = 2mC = 2.54C
m? 1
L="tl o
2m (11)
M, m—1
T T 0.237.
]4 m2+ 1

Delay equalization depends critically on the coupling
between the two coils L,. Apparently the most con-
venient way to control it is to wind both coils as a con-
tinuous, close-wound or pitch-wound, single coil with
a tap at the center, and to choose its core diameter,
wire gauge, and thickness of insulation so that the
coupling between the two halves is then correct. It can
be shown that all that this design requires is to make
the ratio of the length to the diameter of the whole coil
equal to 1.55. In a proper coil the total inductance is
2mL =2L,+2M,=4m?*/(m?*+1) L, =2.46L,. The total in-
ductance is thus 1.23 times larger than the sum of the
halves L,. The choice depends only on the coefficients
k, which can be found from Fig. 3 by searching for a pair
of values & and k, such that k,=1.23%; when the cor-
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responding values lo/d =2l,/d. There is only one such
pair of values, that of k,=0.62 and %,=0.77, with
ly/d=1.55.

The simplified prescription then requires the choice
of an average coil diameter and pitch such that the
desired total inductance 2.46 L is obtained with a coil

LOW PASS FILTER, f, 18 MC, ms1.27

—

Fig. 25A—Delay network, designed for m =1.27: coil.

» lllmf no!nn_uuc .
T
.‘MO DELAY, 24 SECTIONS

- i

Fig. 25B—Delay. Fig. 25C—Attenuation.
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Fig. 25D—Impedance.
Fig. 25

DANCE OF 8 SECTIONS,
AT FAR £NO

1.55 times longer than its average diameter d. They
are found by satisfying both (12) and (13).

0.77 X 10~° x?n%d
1.55

= 5 X 10~? n%d, henries, centimeters

246L, =

(12)
(13)

Satisfactory coils for delay filters were wound, as illus-
trated in Fig. 25A, on cores from 3/16 inch to 1 inch,

7Co
%,“ z

> e —— @] —

I = nw.

2541, T,

2.34c0

Fig. 26-—Terminating half section, m=0.7, for delay network.

for impedances from 70 ohms to over 1000 ohms, and for
voltages up to 25,000 volts. Capacitances were not only
selected to tolerances of +1 per cent, but preferably
placed in the order of their value so as to minimize im-
pedance changes between adjacent sections. Results
measured on a typical filter of 24 sections, m =1.27, are
plotted in Fig. 25. The impedance is 1000 ohms, the
nominal cutoff frequency 16 megacycles, and the delay
per section 0.25 microsecond. In this, as in all similar
cases, it was noted that the delay characteristic stays
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flat over a somewhat larger frequency range than
computed from (10), as shown in Fig. 25B. The at-
tenuation, Fig. 25C, in such a filter with mica or ceramic
capacitors is much lower than in delay lines, because
of the greatly reduced dielectric losses. The input im-
pedance, shown for a piece of line without input termina-
tion in Fig. 25D, is very flat, rising slowly above 0.5ws.
Conventional methods of termination can be used for
further improvements. Most satisfactory results were
obtained with an m-derived half section as shown in Fig.
26. The best choice, according to the plot of Fig. 27,
would be the familiar value m =0.6, but a choice of
m=0.7 yielded slightly better results as well as simpli-
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fied production, since both coils of the half section were
then equal.

\zg R

MPEDANCE OF Ve

a M-DERIVED LOW PASS FILTERS _~
e sl

-

s n,,

Fig. 27—Impedance characteristics of m-derived low-pass filters.

Note on a Reflection-Coefficient Meter
NATHANIEL 1. KORMANY, SENIOR MEMBER, L.R.E.

Summary—Sufficient conditions have been established under
which a certain general type of circuit can be used to measure reflec-
tion coefficients. Several techniques are suggested for adjusting this
type of reflection-coefficient meter.

HERE HAS been considerable interest recently
T in devices which are sensitive to one or the other

of the two traveling waves on a transmission line
or wave guide. Such a device, if it is used to sample one
of the traveling waves on the line or to initiate a wave
traveling in one direction, is known as a wave selector;
if the device is used to determine the reflection coeffi-
cient of a line termination, it is known as a reflectometer.
Some devices which have desirable characteristics for
use as reflectometers are so complex that it is difficult to
state the conditions under which they are true reflectom-
eters; i.e., the conditions under which the indication
is proportional to some function of the reflection coefhi-
cient of the load.

It is the purpose of this note to develop the conditions
which a true reflectometer must satisfy. First, however,
it might be well to elucidate the term “reflection coefhi-
cient.” If a uniform dissipationless transmission line is
terminated in a critical value of impedance known as the
characteristic impedance, the electrical behavior of the
line may be described in terms of a single wave traveling
toward the termination. If it is terminated in an im-
pedance whose value is other than the characteristic
impedance, the electrical behavior of the line may be
described in terms of two traveling waves, one traveling
toward the termination and the other traveling away
from the termination. These two waves are known as the
forward and backward waves, respectively. The ratio
of the amplitude of the backward-traveling wave to that
of the forward-traveling wave is known as the reflection

* Decimal classification: R290XR117.1. Original manuscript re-
ceived by the Institute, November 16, 1945; revised manuscript

received, March 11, 1946.
t Radio Corporation of America, Camden, New Jersey.

coefficient, and depends only upon the impedance of the
termination and the characteristic impedance. The re-
flection coefficient is given by the following equation:

Zy— 2,

=2 = 1
" Zot Zs M

Although the reflection-coefficient concept probably
first arose in connection with transmission lines and
transmission-line-like networks, (1) may be used as the
definition of the reflection coefficient of Z, with respect

v

Fig. 1

to Z, entirely apart from any connection with transmis-
sion-line considerations. In this note we will take the
point of view that a reflection-coefficient meter is a de-
vice which measures the reflection coefficient as it is
defined in (1); the fact that transmission lines or wave
guides may be involved in the construction or use of
the reflection-coefficient meter does not affect the line
of reasoning.

Consider the diagram shown in Fig. 1. N is a linear,
passive, bilateral network which is to be used as a re-
flectometer, e is a generator which energizes the system,
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Z is the impedance whose reflection coefficient is to be
measured, and V is the meter whose deflection is to indi-
cate the value of the reflection coefficient.

Assume that there is a value of Z, which will cause
the current through the meter V to be zero; denote this
value of Z. as Z,. Now consider that Z; is made up of
two impedances in series, Zo and Z,—Z,. This is de-
picted in Fig. 2. The current in the load is denoted as I.

v
1 =
. Z,
e N 2,-2,
Fig. 2

By the compensation theorem! Z.,—Z, may be re-
placed by a generator e, (see Fig. 3).

er = (Zo — Z1)I,. (2)

By the use of Thevenin's theorem,! I, can be found
by replacing the network N, the meter V, and the gen-
erator ¢ by an equivalent generator with an internal
voltage proportional to e, and an internal series imped-
ance Z,. The current I is, therefore,

ae

=— 3
Z.+ZL ()

I,
where a is a constant of proportionality.

Now, by the superposition theorem,! the current
flowing through the indicator V can be considered to be
the sum of the current caused by e and the current
caused by e;. But Z, was so chosen that the current
through the meter V due to e is zero. Therefore, the
current through the meter is only that caused by the
generator e,. Since N is linear, bilateral, and passive, the
current through the meter will be proportional to e;, and
is given by the expression

Iv = bCL (4)

where b is a transfer admittance whose exact value is
unimportant for the purposes of this note. By (2) and
(3) we may write (4) as follows:

Zy— 2,
ZO+ZL

If we put in the condition that Z,=2Z,, we are im-

I, = bIL(Zo - ZL) = abe (5)

! T. E. Shea, “Transmission Networks and Wave Filters,” D. Van
Nostrand Company, New York, N. Y., 1929, chapter 2.
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plicitly specifying that Z, shall be a physically realizable
impedance (because Z, is physical) and we can write

Zo— 2,
e—-
Zo+ 2.

Since (Zo—Z1)/(Zo+Z1)) is by definition a reflection
coefficient, it is now apparent that the current in the
meter will be proportional to the reflection coefficient
of Z, with respect to Z,.

When Z, is a pure resistance, there is a neat way of
determining whether Z, =Z,. This is done by making Z,
a pure reactance whose magnitude we can vary. When
Zy is a pure resistance and Z is a pure reactance, it is
not difficult to show that only if Z, =Z, will the magni-
tude of I, (as given in (5)) not change as the magnitude
of the purely reactive Z, is changed. In particular, when
the leads to Z, are a transmission line or a wave guide,
we may test our reflectometer by sliding a short circuit
along this line and noting whether the meter reading
varies.

If the network N is such that a null is obtained when
Z. is replaced by Z,, it will be found possible, in many
cases, to make adjustments in the network N so that
Z.,=Zy without aﬁécting the null. For instance, imped-
ances placed in series or shunt with the generator e cr

v
Iy
I
Z,
e N
€L
Fig. 3

the meter V may be varied without affecting the null
balance.

Summarizing, in a configuration of the type shown in
Fig. 1, the current in the meter V will be proportional
to the reflection coefficient of Z, with respect to Z, if

(1) N is a linear, bilateral, passive network;

(2) Zois a physically realizable impedance;

(3) upon replacing Z, by Z, the current through the
meter V becomes zero;

(4) the impedance looking back from the terminals to
which Z is attached equals Z,.

These conditions have been shown to be sufficient,
but they have not been shown to be necessary. It is pos-
sible for N to be nonlinear, unilateral, and nonpassive
to some extent not investigated in this paper, and still
have the system act as a true reflection-coefficient meter.
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Note on a Parallel-T Resistance-Capacitance Network®
ALFRED WOLF}

Summary—Formulas are developed for the performance of
a four-terminal parallel-T resistance-capacitance network which
serves for the elimination of a given frequency. It is shown that an
unsymmetric form of the network is advantageous when a high de-
gree of frequency discrimination is desired.

HE FOUR-TERMINAL network shown in Fig. 1
has many applications in low-frequency measur-
ing apparatus and oscillators. In the following, the
network will be referred to as a filter; it is generally in-
serted between a low-impedance source and a high-
impedance receiver for the purpose of eliminating sig-
nals of some given frequency. A special type of this
filter, with x =y=1, has been described in the litera-
ture!2but no general theory has been available heretofore.

o
0

»
(4]

o
o

Fig. 1—Resistance-capacitance filter circuit.

Assume that the input voltage is E, and the output is
e when the filter is terminated by an infinite impedance
on its output side. The condition that the response of
the filter ¢/E be zero at some frequency is given by the
equation

VETEN 291y,
XoYo = : (1)
%) + %2 b1 + ¥y,

and, when (1) is satisfied, which is assumed throughout
the following analysis,

e 1 @
E | 4
1 —v?
where f=frequency, j=+1/—1,
4 %) 1
) /‘/xo(xx + %) - (22)
2y1y2 erCR
————
A=|:x’+4xf+.ﬂ:|/‘/ yiy: (2b)
4y, 2y xo( 2y + x2)

* Decimal classification: R143.2 Original manuscript received by
the Institute, January 11, 1945; revised manuscript received, March
t Geophysical Research Corporation, Tulsa, Oklahoma,

1 H. H. Scott, “A new type of selective circuit and some applica-
tions,” Proc. I.R.E., vol. 26, pp. 226-236; February, 1938.

* W. N. Tuttle, “Bridged-T and parallel-T null circuits for meas-
urements at radio frequencies,” Proc. I.R.E., vol. 28, pp. 23-30;
January, 1940.

It follows easily that the vector diagram of the filter
is a circle of unit diameter in the complex e/E-plane,
tangent to the imaginary axis at the origin. The fre-
quency of infinite attenuation f, is obtained from the
condition v=1, and is given by
wom T w1
2y1y2 2xCR
In the neighborhood of f., the response of the filter is
given by
[
L

Jo = 3)

| e ‘ 1

\E| 24 |f,
which shows that the smaller the value of 4, the steeper
the response characteristic of the filter at f,.

To derive the conditions to be satisfied by xqg, « « « , ¥z
in order that A be a minimum, the following procedure
will be adopted: the parameters x;, x2, y1, y2 are first re-
garded as given constants; this leaves only xo, ¥, as
variables in (2b), which variables must also satisfy (1);
by differentiation,

2y,x 2x ’
X = s vo = _SEDr (5)
Y+ oy x + %2
are obtained as minimum conditions; substituting (5)
in (2b), the expression

4= 1/(11 + 22) (31 + 52)
412)'2

’ (4)

(5a)

is obtained; the latter is sufficiently simple to make it
possible to determine without further calculation the
conditions to be satisfied by x,, x2, ¥, ¥2 to make 4 a
minimum,

It is seen that a symmetrical network (x;=x2, y1=1y2)
leads necessarily to the minimum value 4 =1; the latter
is also attained in the usual design (x=y=1).

In the more general case of an unsymmetric network,
the value of 4 can be made smaller than unity by choos-
ing x2>x1, ¥2:>¥1. The limiting value of the minimum
of A, as given by (5a), is clearly % obtained when
x7>>x1, y2>>y1.

A convenient design equation for the unsymmetric
network may be stated as follows

2flCR=1, mi=y=1 x=y=Fk (6a)
2k (6b)
e
from which
1+ k
A= . 6¢
2k (6c)

The assumption k=35 gives 4 =0.6, a considerable im-
provement in discrimination over the symmetrical form
of the filter.
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Correspondence on both technical and
nontechnical subjects from readers of
the PROCEEDINGS oF THE I.R.E. and
WAVES AND ELECTRONS is invited, sub-
ject to the following conditions: All
rights are reserved by the Institute.
Statements in letters are expressly un-
derstocd to be the individual opinion of
the writer, and endorsement or recog-
nition by the I.R.E. is not implied by
publication. All letters are to be sub-
mitted as typewritten, double-spaced,
original copies. Any illustrations are to
be submitted as inked drawings. Cap-
tions are to be supplied for all illustra-
tions.

Note on Critical Damping

The behavior of the ballistic galvanome-
ter or the d'Arsonval-type ammeter is de-
scribed by the differential equation

a2
dss

M =the moment of inertia of the rotating
parts of the instrument

p =the resistance factor, due to viscosity of
the air, friction of the bearings, and
molecular friction resulting from
strain in the torque springs (or fibers)

k =the restoring torque factor due to de-
flection from equilibrium position;

6 =the angular deflection

do
M +pz+k0=T, 6))]

3—:’(=w) = the angular velocity

& dw .

w\ =7 =the angular acceleration of
the rotating members

T =the externally applied torque.

This torque is supplied by the interaction
of current in the moving coil and the mag-
netic field of the stationary pole pieces. Its
value depends on the current I, the mag-
netic field strength or flux density B, and
also on the number of turns in and the
geometry of the moving coil. In some instru-
ments B varies with the deflection angle ¢;
but in this discussion it is assumed that B
is constant and independant of 6. The num-
ber of turns N and the geometry of the coil
is fixed; so that by use of a suitable constant
the expression for the torque is

T = ql. )

Equating (1) and (2) gives the relation
between the mechanical parameters of the
instrument and the current being measured.
If a constant direct current is passed through
the moving coil and the coil has finally come
to rest, d6/dt and d*/d¢* will both be zero in
(1), and so (1) and (2) taken together give

k0 =al or 6=al/k; 3)

that is, the deflection is proportional to the
current, as is well known. If now the circuit
supplying current to the coil is opened, I in
(2) will be zero, and hence the right-hand
member of (1). The moving element will
then perhaps return to its original rest posi-
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tion. If it were physically possible to reduce
p in (1) to zero; that is, if all friction and
resistance in the instrument could be elim-
inated; the system would never come to rest,
but would oscillate back and forth forever
with a frequency

_ VK

2r

and an amplitude equal to the original de-
flection from its no-current rest position.
This is an idealism; for p is ever present,
even though it may be made small. Because
of this, the moving element oscillates with a
proportionately decreasing amplitude and a
slower frequency given by
)
4 xV M 4M3

until finally it comes to virtual rest.

If p has a larger value the amplitudes of
oscillation decrease in greater ratio, and as
can be seen from (4), the frequency decreases
as p increases. Increasing p sufficiently re-
sults in the frequency becoming zero. The
moving element approaches its rest position
exponentially without oscillation under this
condition, which is defined as critical damp-
ing. If p is made larger than this critical
value, the system still approaches its rest
position exponentially, but at a slower rate.

In most instruments of the type, the
mechanical resistance is kept to a low value.
In some cases damping is introduced me-
chanically, but it is usual to introduce it
electrically. The action is as follows:

Suppose a current is flowing through the
meter coil, and then this current is suddenly
reduced to zero without opening the coil
circuit, thus leaving the impedance of the
external circuit still connected to the meter.
The moving element will return to its no-
current rest position as before, but its be-

@)

havior will be modified by the fact that-

the right-hand member of (1) is not now
zero. Assuming, for simplicity, that the in-
ductance of the moving coil is small enough
to be neglected and that the reactive ele-
ments of the external circuits are negligible
compared to its resistance, then the motion
of the moving coil through the magnetic
flux will induce a voltage in the coil circuit
and cause a current to flow. The value of
this induced voltage depends on the rate at
which the flux lines are cut by the moving
coil and is proportional to this rate. The
functional relation is

do
E=—hz O]

where & is a positive constant. Now the rate
of cutting flux is the same as the rate of
change in the deflection angle 6, and the
current in the circuit is given by I=E/R,
R being the total resistance of the coil and
the external circuit. Combining these with
(5) gives
k do

I= —_———

"R &

If this value of I is substituted in (2), the
value of the torque is now

T=—E££) (6)

September

and combining this with (1) gives

da% do
By transposing and combining like terms,
(7) becomes

da% ah\ do
MF+(‘,+7€-)§;+”=O

or
a%
ds?

in which p’ =p+ah/R. This equation is simi-
lar to (1) for the case in which T=0 as
discussed above. Thus it is seen that the
change in behavior is due to an increase in
the effective damping factor p. Increasing
R lowers the damping factor and decreasing
R increases it. If p’ is substituted for p in
(4), it is seen that the damping of the system
is effectively controlled by varying R.

Finally, the behavior of the system in
the case where current is supplied to the
instrument from an external source, there
being originally no current flow, is exactly
the same as just outlined if the deflection
angle @ is now thought of as being measured
from the rest position of the system with
this current flowing.

An example of the application of the
above principle is the Ayrton shunt. Sup-
pose it is desired to change the sensitivity
of a shunt-type direct-current ammeter
without altering the damping characteristic
of the instrument. Fig. 1 represents the

M +p’§-+k0=0 (7a)

_Il._>

Fig. 1

electrical circuit of such a meter in which
Rm is the resistance of the coil circuit and
R, is the shunt resistance. By redesigning the
input circuit as follows, the above desidera-
tum is achieved.

Fig. 2

Let Fig. 2 represent the altered circuit
in which R, is the same as in Fig. 1, R,’ is
the new value of the shunt resistance, and
R, is the value of resistance to be inserted
in series with the coil circuit. From Fig. 1

I
- oy Iy - 2=g

Ra+ R, In
is the given current ratio. Let R.+R,=R.
Thisis the value which controls the damping
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factor of the instrument as it appears in
(7). From Fig. 2

__ R I
Ra+ Ry + RS In'

where 7 is the factor by which the sensitivity
is to be decreased. Then specifying that
Rn+R:+R/’=R have the same value as
before,

Rm+Rc= RM+R8+RI"or R:=RJ—RJ'-

From these relations it follows that R/R,=¢a
for the case of Fig. 1 and that R/R,’ =b for
the case of Fig. 2. Combining these two equa-
tions by division

, b R,
R =— =g, or finally R,/ = —:
R,/ a ”

Thus it is seen that a shunt of given
value may be tapped to give resistance ra-
tios that are the same as the line-current-
to-meter-current ratios, and the damping
characteristics of the meter are not changed.

NELsoN THOMPSON
1 Myrtle Place
Uphams Corner 25, Mass.
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Node-Pair Method of Circuit
Analysis

I wish to make a plea for greater use of
the node-pair viewpoint in electronics. It is
encouraging that a number of recent text-
books and journal articles have appeared in
which the node-pair method of circuit an-
alysis is presented.!"* However, most engi-
neers with whom I have talked still seem to
have the impression that there really is but
little distinction of importance between the
mesh and node-pair methods of circuit
analysis, and that the method that one
should use depends largely upon ‘‘which
school one is from’! Now, I cannot agree
with this impression at all. Despite ‘“which
school one is from,”” there are certain points
which indicate that the node-pair view-
point deserves much more serious attention
than it has received in the past. These points
are as follows:

(1) Theanalysisof any physical problem
involves the establishment of a system of
co-ordinates. Ordinarily, certain co-ordinate
systems will yield the simplest formulation
of the problem. Such co-ordinate systems
will be called the most “natural” systems,
and the viewpoints associated with those
co-ordinate systems will be called the “na-
tural” viewpoints of the problem. Electrical
networks may be analyzed in terms of mesh
co-ordinates or node-pair co-ordinates.
These two types of co-ordinate systems are,
in a sense, independent of each other,and a
given network may be analyzed in terms of

1 Gabriel Kron, “Tensor Analysis of Networks,”
John Wiley and Sons, New York, N. Y., 1939.

2 Electrical Engineering Staff, Massachusetts In-
stitute of Technology, *Electric Circuits,” John Wiley
and Sons. New York, N. V., 1940, pp. 121-164, 391-
398, and 420-430.

8 Murray F. Gardner and John L. Barnes, “Tran-
sientsin Linear Systems,” John Wiley and Sons, New
York, N. Y., 1942, p. 38 ¢f sequens.

¢ F. B, Llewellyn and L. C. Peterson, “Vacuum-
t}ﬂbe netw:zka.' Proc. LR.E., vol. 32, pp. 144-166;

¢ Myril B. Reed, “Node equations,” Proc. I.R.E.,
vol. 32, pp. 355-359; June, 1944.

¢ John W. Miles, “Junction analysis in vacuum-
tube circuits,” Proc. I.R.E., vol. 32, pp. 617-620;
October, 1944.
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either. For a given electrical network, how-
ever, one type will usually-be more “natural”
than the other.

(2) The mesh viewpoint is the most
natural for circuits that are predominantly
magnetic in nature, whereas the node-pair
viewpoint is the most natural for circuits
that are predominantly electric in character.
From this it follows that magnetic devices
such as transformers, direct-current gen-
erators, alternators, and the like are best
analyzed in terms of mesh quantities. Elec-

tronic devices such as vacuum tubes are

best analyzed in terms of node-pair quan-
tities.

(3) The measurements of current and
voltage in a network are usually made at
solder points or terminals (i.e., nodes). It is
of utmost significance that the node-pair
viewpoint is in terms of precisely those cur-
rents and voltages that would be measured
by clip-leads connected to the circuit at
these points. The mesh viewpoint, on the
other hand, is in terms of “internal” quan-
tities that have no such simple significance.
Thus, whereas the node-pair analysis is
always in terms of these “clip-lead” quan-
tities, it is possible in a mesh analysis that
some of the mesh currents may be purely
hypothetical and not directly measurable
anywhere in the circuit. In other words,
since our measurements are usually in terms
of voltages and currents at various nodes in
the circuit instead of in terms of magnetic
flux linkages with, or total voltage around,
a given closed path, we see that the node-pair
guantities are the most natural and consistent
with those already used in everyday measure-
menls.

(4) There exists an “admittance con-
cept” which is distinct from, although fully
as important as, the “impedance concept.”
The average engineering student is led to
believe that an admittance is a quantity
defined as the reciprocal of an impedance
solely asan aid in “combining impedances in
parallel.” I cannot agree with this naive
concept. It is unfortunate that the beginning
engineering student is not taught the rudi-
mentary working knowledge of matrix alge-
bra so that he would be able to think in
terms of several variables at once. He would
then see that his mesh equations e=z-%and
node-pair equations I=Y-E give rise to
impedance values s and admittance values
Y which only in the simplest case of a single-
element circuit may be said to have a re-
ciprocal relation to each other. (Since dif-
ferent currents and voltages are involved, it
should be noted that in general e>E, i1,
so that Y#z71) )

To measure the ¥’s, one need only fasten
clip leads to the various nodes in the circuit.
Then, with all other node pairs short-cir-
cuited by means of these clip leads, a unit
voltage is applied across a particular node
pair. The value of the current impressed
through the clip lead to give a unit voltage
across the particular node pair is then
numerically equal to the self-admittance of
that node-pair, and the short-circuit currents
in each of the clip leads that short-circuit
the other node pairs are numerically equal
to the various transadmittances between the
particular node pair in question and each of
the others. Thus, the admittance concept
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implies currents flowing into various nodes
as a result of a voltage acting at some one
node in the circuit, all other node voltages
being zero.

To measure the 2's, one must produce
open circuits by unsoldering (figuratively, at
least) connections in all of the meshes except
one. A voltage of sufficient strength to pro-
duce unit current is then impressed in that
particular mesh. As a result of this unit cur-
rent, voltages will appear across the open
circuits temporarily introduced in each of
the other meshes. The self-impedance of
that particular mesh is then numerically
cqual to the applied voltage, and the mutual
impedances of that particular mesh with the
other meshes are numerically equal to the
voltages appearing across the open circuits
in the other meshes. Thus, the impedance
concept implies voltages coupled into vari-
ous meshes as a result of a current flowing
in some one mesh, all other mesh currents
being zero. (In some complicated circuits,
it may be impossible to open-circuit a given
mesh without simultaneously open-circuit-
ing an adjoining mesh. The analogous difh-
culty in the node-pair analysis can never
occur.)

(5) The choice of whether the mesh or
node-pair viewpoints is the more natural for
a given circuit depends, in part, upon whether
current or voltage, respectively, is the more
independent co-ordinate. In magnetic de-
vices the magnetic fields are ideally linearly
related to the currents, and voltages are
induced because of the variation of each of
these currents. Before these voltages can be
concisely defined, a closed path or mesh
must be established; hence, the mesh (or
impedance) viewpoint is the natural one for
magnetic devices where voltages are a conse-
quence of the currents acting in the circuit.

On the other hand, an electron tube con-
sists of various electrodes (nodes), and the
charges induced thereon are linearly related
to the relative potentials of the various
nodes. The flow of charge (i.e., nodal cur-
rent) into each of these electrodes is expres-
sible in terms of the voltages between the
electrodes. Hence, the node-pair (or admit-
tance) viewpoint is the natural one for such
devices where the currents are a consequence
of the electric fields and voltages acting in
the circuit.

In the argument just presented, one
might object that I have tried to declare that
“the chicken came before the egg,” and that
so long as there exists a relation between
current and voltage, one can always express
the inverse relation. Unfortunately, this is
not always so. Let us consider, for example,
a triode tube. In general, there will exist (for
small signals, at least) a linear relation be-
tween the grid and plate currents, I, and
I,, and the grid and plate voltages, E, and
E,. We might express this relation as either
e=z-tor I=Y" E, where
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and

and the elements have the meaning dis-
cussed in part 4 above.

Let us now consider what happens in a
negative-grid tube. Since the grid current is
then always zero, we may still write the ad-
mittance equations as

E
g ?
I
g l 0 0
Y =
P I Em 1/ry

where the elements have been replaced by
their conventional symbols. The impedance
equations, on the other hand, become inde-
terminate because one of the currents is
zero. Thus, it is apparent that voltage is
“more independent” than current in elec-
tronic devices.

(6) Electronic engineers today are suf-
fering from an “impedance hangover.” This
hangover was acquired, innocently enough
and through no fault of their own, because
historically the development of magnetic
(or mesh) devices preceded the develop-
ment of electric (or nodal) devices. How else
can we explain the befuddled terminology
which leads the engineer to speak of the
various fransconductances of an electronic
device and then to use the term “plate re-
sistance” in the same breath, when what he
really means is the reciprocal of the “plate
conductance”? How else can we explain the
fact that the “General Radio Experimenter”
found it advisable to publish an explana-
tory article on series and parallel compon-
ents? How else can we explain the observ-
able fact that equations which may be ex-
pressed with beautiful simplicity in terms
of admittances are still written in terms of
impedances, despite their more complicated
form? (As an interesting example of this
latter situation, it will be found that the
delta-to-wye transformation formulas ex-
pressed in terms of impedances are identical
to the wye-to-delta formulas expressed in
terms of admittances. Hence, only one type
of formula need be remembered instead of
two.)

(7) The importance of the node-pair
viewpoint is not limited to electronic cir-
cuits alone. It may often be used to good ad-
vantage in any analysis wherein the current
and voltage relations at discrete terminals
are desired. As an illustration, the so-called
“short-circuit impedances” of power trans-
formers and alternators are closely related,
to the admittance concept as described
above. As a matter of fact, the power-dis-
tribution engineer has found that the node-
pair viewpoint lends itself beautifully toward
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calculating fault currents and load voltages
in a large power-distribution grid.

WiLLiaM H. HuGGins

Communications Laboratory

Cambridge Field Station

= Air Matériel Command

Elimination of Interference-Type
Fading at Microwave Frequencies
with Spaced Antennas

Severe fading resulting from interference
between the .direct and ground-reflected
waves has been observed at microwave fre-
quencies on point-to-point communication
circuits over both land and sea line-of-sight
paths.! The observed fading is caused by
tropospheric effects which produce changes
in the path-length difference between the

Expanded Height Scale

September

lies between two adjacent lobes. It has been
shown that this type of fading can be over-
come effectively by the use of a “comple-
mentary diversity” reception system! in
which two receiving antennas are spaced
vertically half a lobe apart, so that, as the
lobe pattern shifts up and down, either one
or both of the antennas will be in a region
where strong signals can be received. Con-
nection of the antennas to two receivers with
common automatic-volume-control and out-
put circuits provided a diversity receiving
system which derives its output from the
antenna in the region of highest field inten-
sity. The voltage outputs of the two anten-
nas were observed to be complementary, as
the lobes wobbled up and down, in that
weak signals in one antenna always occurred
at a time when strong signals were being re-

RECEIVING ANTENNA

Fading occurs as the Lobes

orift past the Antenna.

Fig. 1—Contours of constant field intensity (lobe pattern)
formed by reflections from a smooth surface.

Fig. 2—Elimination of ground-reflected wave with spaced antennas.
(Note: Only three lobes of the spaced-antenna pattern are shown
and the parabola directivity pattern is not shown.)

direct wave and the ground-reflected wave.
One way to visualize this type of fading is to
think of the lobe pattern of Fig. 1, formed by
interference between the direct and ground-
reflected waves, as wobbling up and down
over a period of time. If the contours of the
pattern shown in Fig. 1 represent minimum
usable field intensities, reception will be pos-
sible with a single receiving antenna only
when the receiving antenna is within one of
the lobes, but not possible when the antenna

! Thomas J. Carroll, *Complementary Diversity
Reception on Microwaves,” Propagation Report No.
2, in connection with “Comparative Tests of Radio

Relay Equipment, ” Radio Propagation Section, Office
of the Chief Signal Officer, Washington, D. C.

ceived on the other antenna. Tests of this
arrangement indicated that it provided ap-
parently complete protection against fading
caused by ground reflections.

Another way to eliminate this type of
fading is to confine the radiated energy in a
narrow beam in the vertical plane, so that
only a very small fraction of the energy is
radiated toward the ground. Experiments
carried out by the Bell Telephone Labora-
tories® with antennas having a beam width

! W. M. Sharpless, “Measurements of the Angle of
Arrival of Microwavesin the X Band,” Bell Telephone
Ln“boratoriu Report MM-44-160-249; November 7,
1944.
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between half-power points of less than one-
half degree in the vertical plane showed that
a marked improvement in fading could be
realized by this method of discrimination
against ground reflections.

With antennas of moderate directivity it
is possible to obtain some discrimination
against the ground-reflected wave by tilting
the antenna up so that the power radiated
along the path of the direct wave is greater
than that radiated along the path of the
ground-reflected wave.! This method is, in
general, limited to sites where the angle be-
tween the paths taken by the direct and
ground-reflected waves is comparable to or
larger than half the beam width of the an-
tenna between half-power points. It is im-
portant to note that the usual practice of
adjusting the vertical tilt of the antenna for
maximum signal strength is the worst condi-
tion for experiencing deep interference fades.

Further study of the problem indicates
that it should be possible to reduce or elim-
inate the ground-reflected wave by the use
of two spaced antennas transmitting simul-
taneously or receiving simultaneously. The
principle of the method is illustrated in Fig.
2. In its simplest form, two similar antennas
(which may be either directional or nondi-
rectional) equidistant from the antenna at
the remote terminal, are driven in phase, and
are spaced vertically so that the first null in
the pattern due to their spacing is pointed
along the path taken by the ground-reflected
wave,

In the usual case where the distance D
between terminals is very much larger than
either terminal height, the required spacing
between the two antennas, expressed in
quarter wavelengths, is simply D/H for
transmission over a plane earth (as shown
in Fig. 2), where H is the height of the an-
tenna at the opposite terminal. The above
relation applies also for the actual curved
earth, provided H is taken as the height of
the remote antenna above the plane tangent
to the earth at the point of reflection.! It is
interesting to note that this spacing is just
the ‘half-lobe spacing required for ‘‘comple-
mentary diversity reception.” For minimum

Contributors to
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separation, the spaced antennas for both
transmission and reception should be in-
stalled at the lower terminal. This spaced-
antenna method is strictly applicable only
for point-to-point circuits. The success of
this method depends upon the smallness of
variations in the path-length differences be-
tween the two adjacent direct paths and
between the two adjacent ground-reflected
paths, as compared to the variations in the
path-length differences between the pair of
direct paths and the pair of ground-reflected
paths,

Spaced antennas may also have applica-
tions in television broadcasting or television
relay circuits for the elimination of ghosts as
well as fading. In this use, the spacing be-
tween the receiving antennas would be ad-
justed in either the horizontal or vertical
plane, or both, so as to direct a null toward
the building or other object causing the mul-
tipath distortion. It is believed that, in many
cases, the use of spaced antennas will be a
more effective means of eliminating tele-
vision ghosts than a single antenna of mod-
erate directivity.

Ross BATEMAN

Radio Propagation Section

Office of the Chief Signal Officer

The Pentagon, Washington 25, D. C.

Specification of Receiver Sensitivity
and Transmitter Power Output at
Ultra-High Frequencies

A plea is made that the sensitivity of
ultra-high-frequency receivers be specified in
terms of decibels below one watt, and that
it be measured by a signal generator cali-
brated for power delivered to a matched
load. This is contrary to the practice in the
radio industry in that there the signal gen-
erator is calibrated in terms of its open-
circuit voltage.

The reasons for this plea are as follows:
At ultra-high frequencies it is not possible
to express correctly an absolute value for a
voltage or current unless the distribution of

the Proceedings
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the standing waves on the transmission line,
which is in general not Accurately known, is
defined. It would seem, therefore, more ad-
visable to work in terms of power and im-
pedance rather than voltage and impedance,
since these are the quantities which are
actually measured. An advantage is that
power is invariant under all impedance
transformations assuming matched or ap-
proximately matched conditions. Further-
more, measurements of receiver sensitivity
in terms of power have a firm physical basis
in that the limit to the receiver sensitivity
is the thermal noise and the absolute sensi-
tivity of a receiver is usually specified in
terms of a power necessary to produce a
signal at the output equal to this noise.

Radar engineers have an additional rea-
son for thinking in terms of power. They
think of the transmitter, feeders, transmit-
ting antenna, aerial path, receiving antenna,
feeders, and receiver as forming a continuous
chain, and the over-all performance is most
easily handled in terms of the powers and
attenuations expressed in decibels.

Also, manufacturing experience has been
gained in determining the sensitivities of
receivers in the centimeter range, and these
are always specified in terms of power. It is
expected that the primary standard of power
measurement at ultra-high frequencies may
ultimately be a thermistor bridge. Hence, it
will be more convenient, though not neces-
sary, to express receiver sensitivity in terms
of power; i.e., decibels below one watt. If
sensitivities are expressed in volts, whether
open-circuit or terminated, calculations are
necessary to refer back to the power as a
standard. In so doing, errors may be intro-
duced by changes in impedance.

Finally, in the case of radar and beacon
systems it would seem desirable to express
transmitter output in decibels above one
watt to make the procedure consistent
throughout.

LEONARD S. SCHWARTZ

Security Systems Section

Office of Research and Inventions
Naval Research Laboratory
Washington 20, D. C.

of the I.R.E.

Ko0sMO J. AFFANASIEV

Kosmo J. Affanasiev (M'45) was born
in Russia. He was graduated from the Rus-
sian Midshipmen’s College (Naval Acad-
emy) in 1919, and the State University at
Vladivostok in 1922. He received the B.Sc.
degree in electrical engineering in 1932, and
the M.Sc. degree in electrical engineering in
1935, from the University of Wisconsin.

In 1923 Mr. Affanasiev became associ-
ated with the Pacific Telephone and Tele-
graph Company, and in 1927 he transferred
to the International Telephone and Tele-
graph Corporation, where he remained until
1929. While at the University of Wisconsin,
he assisted in one of the early experimental
works dealing with high-frequency induc-
tion and dielectric heating. From 1932 to
1934 he was employed by the Wisconsin
State Public Service Commission as assist-
ant electrical engineer and telephone engi-
neer. He was a member of the special
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NATHANIEL 1. KORMAN
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investigation engineering staff of the Fed-
eral Communications Commission from
1935 to 1938, and from 1939 to 1943 served
as specnal studies engineer for the Pennsyl-
vania Water and Power Company in Balti-
more, Maryland.

Mr. Affanasiev joined the scientific staff
of the Airborne Instruments Laboratory of
Columbia University in 1943, later becom-
ing a project engineer, and remaining with
the Laboratory until it was discontinued in
1945. He then became a consulting engineer
for the Federal Communications Commis-
sion, and was appointed principal engineer
later in the same year.

He is a member of the American Insti-
tute of Electrical Engineers, and the Na-
tional Roster of Scientific and Technical
Personnel, and is a licensed professional
engineer in the states of Maryland and New
Yorlk.
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Nathaniel 1. Korman (S'38-A'39-
SM'45) was born in Providence, Rhode Is-
land, on February 23, 1916. He received the
B.S. degree from Worcester Polytechnic In-
stitute in 1937. Working at Massachusetts
Institute of Technology under a Charles A.
Coffin Fellowship, he received the M.S. de-
gree in electrical engineering in 1938, That
same year he became a student engineer
with the RCA Manufacturing Company.
Mr. Korman is now with the Government
Radiation Engineering department of this
company. He is a member of Sigma Xi.
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Thomas W. Winternitz (S'39—A’41)
was born in 1916, at Baltimore, Maryland.
He received the B.S. degree from the Uni-
versity of Chicagoin 1938, and the M.S. de-
gree from Harvard University in 1940. From
1940 to 1942 he was employed by the West-
ern Electric Company in Chicago, Illinois,
in the equipment engineering department,
and later as test engineer on radar apparatus.
In 1942 he was transferred to the Bell Tele-
phone Laboratoriesin New York City where
he worked on radar and associated projects
as a member of the technical staff. Since
September, 1945, Mr. Winternitz has been
at Cruft Laboratory of Harvard University
on a half-time teaching fellowship workmg
for the Sc.D. degree.

L. L. Libby (S'36-A'41-SM’46) was
born at Hartford, Connecticut, on Janu-
ary 26, 1914. He received the B.S. and
M.S. degrees in electrical engineering from
the Worcester Polytechnic Institute in 1935
and 1936, respectively. During the summers
of 1934 and 1935 he served as radio trans-
mitter operator and as assistant to the
chief engineer of WTAG, Worcester, Mas-
sachusetts.

From 1936 to 1938, he was employed as
a radio-tube design engineer for RCA
Radiotron, and from 1938 to 1941 he served
in the radio receiving-tube division of Tung-
Sol Lamp Works in a similar capacity.

He joined the Federal Telegraph Com-
pany in 1941, in its radio-receiver labora-
tory. He was project engineer in the direc-
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KARL R. SPANGENBERG
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tion-finder division from 1942 to 1944, then
transferring to the laboratories division in
the capacity of senior engineer. He is now a
section head with the Federal Telecommuni-
cation Laboratonw, in charge of develop-
ment of microwave radio-link equipment
for pulse-t:me modulation multiplex sys-
tems. He is a member of Sigma Xi.

For a photograph and biographical
sketch of Paul I. Richards, see the March,
1946, issue of the PROCEEDINGS OF THE
I.LR.E. AND WAVEs AND ELEcCTRONS; for
Heinz E. Kallmann, see the June, 1946,
issue.
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Karl R. Spangenberg (A’34-SM'45) was
born at Cleveland, Ohio, on April 9, 1910.
He received the B.S. degree in electrical en-
gineering in 1932, and the M.S. degree in
electrical engineering in 1933, both from
Case School of Applied Science; and the
Ph.D. degree from Ohio State University in
1937.

Since 1937 Dr. Spangenberg has been a
member of the faculty of the electrical engi-
neering department of Stanford University,
as associate professor of electrical engineer-
ing. During the war he was granted a leave
of absence from Stanford University to serve
as consultant to the Signal Corps and to
work at the Radio Research Laboratory for
a period of a year and a half,
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Institute News and Radio Notes

1946 National
Electronics Conference

Electronic physicists, engineers, de-
signers, production men and others engaged
in the electronic industry will be interested
in the comprehensive program planned for
the 1946 National Electronics Conference to
be held at the Edgewater Beach Hotel, in
Chicago, on October 3, 4, and §.

Continuing the aims set down in 1944
at the time of the first National Electronics
Conference, the purpose of the Conference is
to serve as “a national forum on electronic
research, development, and application.”
The Conference is planned to provide: (1)
technical meetings for the presentation of
original papers covering latest developments
in electronics and applications of electronic
apparatus; (2) forums for the review and
correlation of recent progress in the many
branches of the field; (3) symposia for the
interchange of ideas, methods of approach,
and technique of scientists, electronic en-
gineers, and others working in different fields
of application.

Dealing with new developments in com-
munications, television, instrumentation,
industrial electronics, and theoretical re-
search, approximately 60 papers will be
offered at the Conference this fall, which is
open to all persons having a genuine and
sincere interest in electronic development.

The National Electronics Conference is
sponsored by the Illinois Institute of Tech-
nology, Northwestern University, and the
University of Illinois, together with the
Chicago sections of The Institute of Radio
Engineers and the American Institute of
Electrical Engineers. Dr. J. E. Hobson, Ar-
mour Research Foundation, is chairman of
the Board of Directors of the Conference,
and Mr. W. O. Swinyard, Hazeltine Re-
search, Inc., is the president.

Adding interest to this year’s Conference
will be a display of manufacturers’ exhibits.
These exhibits will consist of educational
approaches to various electronic subjects
and demonstrate recently developed elec-
tronic equipment. The exhibitors are
manufacturers of electronic equipment in
communications, power, television, instru-
mentation, industrial processes and controls,
and transportation. Other displays will
present recent applications of electronics in
medicine and related fields.

All Conference activities will be held at
the Edgewater Beach Hotel. Arrangements
have been made to accommodate approxi-
mately 650 persons at this hotel, and its
management has agreed to make accommo-
dations for all in excess of this number at
near-by hotels. Single rooms are $4.40, and
double rooms $6.60 for two persons.

Since a large attendance is anticipated,
those planning to attend the Conference are
asked to make advance registration by mail
prior to September 19. No registration can be
accepted after this date. Advance remittance
of $14.00 will cover all Conference activities,
including copy of the Proceedings, and
should be sent to Mr. E. H. Schulz, Secre-

tary, Technology Center, Chicago 16, Illi-
nois. No advance registration will be con-
sidered without remittance.

Every effort has been made to develop a
program of outstanding technical excellence
with papers presented by authorities in their
respective fields. Several sessions will run
concurrently, but the program has been
planned to minimize, if not eliminate, over-
lapping of papers on related topics. Follow-
ing is a listing of principal speakers together
with the various panels, including the papers
and their authors.

PRINCIPAL SPEAKERS

Dr. E. U. Condon, Director, National
Bureau of Standards, “Electronics and
the Future”

Dr. Frederick L. Hovde, president, Purdue
University. Subject to be announced
later

Dr. C. G. Suits, vice-president, General
Electric Company, “Physics of Today
Becomes the Engineering of Tomorrow”

Dr. J. O. Perrine, assistant vice-president,
Bell Telephone Laboratories, “Radar and
Microwaves”

CONFERENCE PROGRAM
TELEVISION-A

“Color Television—Latest State of the
Art,” by P. C. Goldmark, Columbia
Broadcasting System

“Westinghouse  Color-Television  Studio
Equipment,” by D. L. Balthis, Westing-
house Electric Corporation

“Television Transmitter for Black.and-
White and Color Television,” by N.Young,
Federal Telecommunication Laboratories

TEeLEvISION-B

“Stratovision System of Communication,”
C. E. Nobles, Westinghouse Electric
Corporation, and W. K. Ebel, Glenn L.
Martin Company.

“The Electrostatic Image Dnssector, by
H. Salinger, Farnsworth Television and
Radio Corporation

“The Use of Powdered Iron in Television
Deflecting Circuits,” by A. W. Friend,
Radio Corporation of America

“Television Equipment for Guided Mis-
siles,” by C. J. Marshall, Wright Field,
Ohio, and Leonhard Katz, Raytheon
Manufacturing Company

ANTENNAS AND WAVE PROPAGATION-A

“Problems in Wide-Band Antenna Design,”
by A. G. Kandoian, Federal Telecom-
munication Laboratories

4Slot Radiators,” by Andrew Alford, Con-
sulting Engineer

“Results of Field Tests on Ultra-Hngh-
Frequency (490-Megacycle) Color-Tele-
vision Transmissions in the New York
Metropolitan Area,” by W. B. Lodge,
Columbia Broadcasting System

ANTENNAS AND WAVE PrROPAGATION-B

“Radio Propagation at Frequencies Above
30 Megacycles,” by K. Bullington, Bell
Telephone Laboratories

“Interference  Between  Very-High-Fre-
quency Radio Communication Circuits,”
by W. R. Young, Jr., Bell Telephone
Laboratories

“Aircraft-Antenna Pattern-Measuring Sys-
tem,” by Otto Schmitt, Airborne Instru-
ments Laboratory

“Improvements in 75-Megacycle Aircraft
Marker Systems,” by Bruce Mont-
gomery, Northwest Airlines

MICROWAVE GENERATORS

“Continuous-Wave Ultra-High-Frequency
Power at the 50-Kilowatt Level,” by
W. G. Dow, University of Michigan

“Microwave Frequency Stability,” by A. E.
Harrison, Sperry Gyroscope Company

“An All-Metal Tunable Squirrel-Cage Mag-
netron,” by F. H. Crawford, Williams
College

“Design of Wide-Range Coaxial-Cavity
Oscillators Using Reflex-Klystron Tubes,”
by J. W. Kearney, Airborne Instruments
Laboratory

AIR-NAVIGATION SYSTEMS

“Automatic Radio Flight Control,” by
F. L. Moseley, Collins Radio Company
“Navaglobe—Long-Range Aerial Naviga-
tion System,” by P. R. Adams and R. I.
Colin, Federal Telecommunication Lab-
oratories

“Teleran—Air Navigation and Traffic Con-
trol by Means of Television and Radar,”
by D. H. Ewing and R. W. K. Smith,
Radio Corporation of America

RADIO-RELAY SYSTEMS

“A Microwave Relay Communication Sys-
tem,” by G. G. Gerlach, Radio Corpora-
tion of America

“Pulse-Time Multiplex Broadcasting of the
Ultra-High Frequencies,” by D. D. Grieg
and A. G. Kandoian, Federal Telecom-
munication Laboratories

“The Cyclophon—A Multipurpose Beam-
Switching Tube,” by J. J. Glauber, D. D.
Grieg, and S. Moskowitz, Federal Tele-
communication Laboratories

FREQUENCY MODULATION

“A Permeability-Tuned 100-Megacycle Am-
plifier of Specialized Coil Design,” by
Z. Benin, Zenith Radio

“Very-High-Frequency Tuner Design,” by
G. Wallin and C. W. Dymond, Galvin
Manufacturing Company

“Front-End Design of Frequency-Modula-
tion Receivers,” by C. R. Miner, General
Electric Company

“A Smgle-Stage Frequency-Modulation De-
tector,” by W. E. Bradley, Philco Radio
and Television Corporation
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“Frequency Modulation of High-Frequency SECTIONS
Power Oscillators,” by William R.
Rambo, Airborne Instruments Labora- Chairman
tories
ATLANTA
September 20
MosILE Rap1o COMMUNICATION
. . .| H.L. Spencer BALTIMORE
A panel on selective-calling systems in Associated Consultants
mobile radio communication will be in- [ 18 E. Lexington
cluded. Baltimore 2, Md.
“Signal Systems for Improving Railroad Glenn Browning BoSTON

Safety,” by K. W. Jarvis, Consulting
Engineer

INFRARED AND MICROWAVE
COMMUNICATION SYSTEMS

“Reflex Oscillators for Radar Systems,” by
J. O. McNally and W. G. Shepherd, Bell
Telephone Laboratories

“Modulation of Infrared Systems for Sig-
naling Purposes,” by W. S. Huxford,
Northwestern University

“Photo Detectors for Ultraviolet, Visible,
and Infrared Light,” by R. J. Cashman,
Northwestern University

RECORDING AND FACSIMILE

“Review of Facsimile Developments,” by
H. F. Burkhard, Camp Coles Signal
Laboratory

“The Reduction of Background Noise in the
Reproduction of Music from Records,”
by H. H. Scott, Technology Instrument
Corporation

“Recent Developments in Magnetic Re-
cording,” by R. B. Vaile, Jr., Armour
Research Foundation

THEORETICAL DEVELOPMENTS

“Bunching Conditions for’ Electron Beams
with Space Charge,” by L. Brillouin,
Cruft Laboratory, Harvard University

“Generalized Boundary Conditions in Elec-
tromagnetic Problems,” by S. A. Schel-
kunoff, Bell Telephone Laboratories

“Conformal Transformations in Orthogonal
Reference Systems,” by C. S. Roys, Illi-
nois Institute of Technology

INDUSTRIAL APPLICATIONS
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Meetings of
Technical Committees
LR.E.

ELECcTRON TUBES
Power-Output High-Vacuum Tubes

Date.............. June 21, 1946
Place.............. McGraw-Hill Building
New York, N. Y.
Chairman..........I. E. Mouromtseff
Present

I. E. Mouromtseff, Chairman

T. A. Elder H. C. Mendenhall
C. E. Fay E. E. Spitzer

R. W. Grantham C. M. Wheeler

R. B. Jacques A. K. Wing

The following Test Methods were dis-
cussed and approved for submission to the
Committee on Electron Tubes: 5.0 Residual
Gas and Insulation Tests; 6.0 Grid-Emission
Current Tests; 12.3 Operating Tests for
High-Vacuum Diodes; and 12.4 Radio-
Frequency Operating Tests of Power-
Output High-Vacuum Tubes. This material
must be approved by the Committee on
Electron Tubes and the Committee on
Standards before it will be presented to the
Board of Directors for approval as a
Standard of the I.R.E.

TELEvISION

Test Methods
Date.............. June 14, 1946
Place.............. McGraw-Hill Building

New York, N. Y.
Chairman.......... Gerrard Mountjoy
Acting Chairman. ..B. Shmurak
Present
B. Shmurak, Acting Chairman

H. G. Boyle W. Lukas
R. B. Jacques R. Mautner
I. E. Lempert J. Minter

H. J. Tyzzer

Various test methods were presented by
members of the committee. Tests for
“Measurement of Linearity of a Television
Receiver,” “Test Methods for the Fre-
quency-Modulation Portion of a Television
Receiver,” “Measurement Procedure for
Susceptibility of Impulse Interference of

Television Receivers,” and “Methods and

Means of Establishing the Sensitivity of the
Picture Section of a Television Receiver,”
were discussed at length and corrected.
These tests were then accepted by the com-
mittee as a whole and are to be sent to the
Standards Committee for further action.

Subscription Prices

Effective with the January, 1947, issue
of the PROCEEDINGS OF THE I.R.E. AND
WAVEs aAND ELECTRONS, the price of indi-
vidual nonmember subscriptions will be
$12.00 per year; subscriptions from Ii-
braries and colleges, $9.00 net; subscriptions
from agencies, $9.00 net. In each case, there
will be an additional charge of $1.00 per
year for postage to persons and organiza-
tions not residing within the United States
and Canada.

Proceedings of the I.R.E. and Waves and Electrons

Books

High Vacuum Technique (Sec-
ond Edition, Revised), by ]J.
Yarwood

Published (1945) by John Wiley & Sons,
Inc., 440 Fourth Avenue, New York 16,
New York. 140 pages+4-page index+xi
pages. 91 illustrations. 6X9% inches. Price,
$2.75.

This book is designed primarily for those
who will have to design and use vacuum
systems. To this end, emphasis is placed on
the actual performance of the many types
of equipment used in such systems.

The book covers the field rather well and
contains a large amount of very useful spe-
cific information. Of particular value is the
data included in the chapter on Properties
of Materials.

In a few instances the text may be a
little confusing to technicians who merely
want specific recommendations for a process
or type of equipment. These few instances
arise from the inclusion of a brief discussion
of several ways of performing a task, leav-
ing the reader to choose one. This, however,
cannot be considered a serious drawback.

On the whole, the book is a good one and
one from which a vacuum technician will
receive much help.

E. D. MCARTHUR
General Electric Co.
Schenectady, N. Y.

Quartz Crystals for Electrical
pircuits, by Raymond A. Heis-
ing

Published (1946) by D. Van Nostrand
Company, Inc., 250 Fourth Ave., New York,
N. Y. 554 pages+9-page index+vii pages.
367 illustrations. 6}X9% inches. Price,
$6.50.

During the past few years a series of
articles on the development and manufac-
ture of quartz plates by members of the Bell
Telephone Laboratories Technical Staff has
appeared in the Bell System Technical
Journal and other publications. These
papers, together with a historical introduc-
tion to the subject, are now assembled in
book form. They are reproduced practically
without change, although Chapter VIII
(Principles of Mounting Quartz Plates) has
a new appendix, on “Location of Mass on
Supporting Wire.” In addition, four new
chapters, which hitherto have only been
privately circulated, are included. They are
Chapter IX (Sawing, Grinding, and Lap-
ping), Chapter X (Adjusting to Frequency),
Chapter XI (Metal Electrodes Deposited
on Quartz Crystals by the Evaporation
Process), and Chapter XVI (The Wire-
Mounted Crystal Unit).

The book offers the most complete and
authoritative account of modern methods in
quartz technique that has yet appeared. In
its field it is incomparably more extensive
and up-to-date than the well-known books by

September

Vigoureux and Scheibe®), although less
comprehensive in the general treatment of
quartz and its applications. Since it is de-
voted to the procedures in one institution,
it makes but scant reference to work that
has been done elsewhere.

The investigator with modest equipment
will find that most of the methods of pre-
paring and testing quartz plates are beyond
his means. Nevertheless he can profit greatly
from the descriptions of the various cuts and
their uses. For those concerned with preci-
sion methods or large-scale production—
and there are many—this is a “must” book.

In the passages on piezo oscillatorsthe
references to the important contribution of
J. M. Miller seem hardly adequate. Con-
siderable space is given to Lord Kelvin's
theory of piezoelectricity, without mention
of the more modern treatment by Born.

Readers of the book may become con-
fused over the signs of the angles for the
“—18°" and “45°" cuts. It should be
pointed out that these algebraic signs were
adopted by the Bell Laboratories before the
ILREE. conventions respecting angles of
orientation (mentioned on p. 62) had been
adopted. According to the latter convention
the two cuts would be called “+18°” and
“—5°” The earlier convention of the Bell
Laboratories is seen, for example, in Figure
(1.9), where angles are represented as posi-
tive when laid off clockwise from the Z
axis, whereas according to the I.R.E. con-
vention clockwise angles are negative.

The book is clearly written, well printed,
and with illustrations of highest excellence.
Mr. Heising has rendered a valuable service
by making the information available to a
large circle of readers.

W. G. Capy

Wesleyan University

Middletown, Conn.

* P. Vigoureux *Quartz Oscillators and Their Ap-

plications,” London, 1939; A. Scheibe, “Piezoelek-
trizitit des Quarzes,” Dresden and Leipzig, 1938.

Mechanische Eigenschaften
quasi-elastischer istroper
Kérper, by Friedrich Popert

Published (1946) by A. G. Gebr. Lee-
mann and Co., Stockerstrasse 64, Ziirich 2,
Switzerland. 105 pages. 31 illustrations.
64 X 8% inches. Price, Fr. 8.

This book is a theoretical and experi-
mental study of certain problems arising in
the development of a new method for tele-
vision projection at the Elektrotechnische
Hochshule in Ziirich. It has to do with the
elastic and viscous properties of solids and
liquids. Those who are concerned with the
theory of viscosity, plasticity, relaxation
times, and motions in viscous media will
find much of interest here.

The experiments described have to do
mainly with gelatine and oppanol. While ap-
parently rigorous and thorough in its field,
this is distinctly a book for specialists.

WALTER G. Capy
Wesleyan University
Middletown, Conn.
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KENNETH ]J. GARDNER
Secretary-Treasurer

Kenneth J. Gardner (M'45) was
born April 7, 1907, in Rochester,
New York, and was graduated from
Mechanics Institute (now Roch-
ester Institute of Technology) in
1929.

Mr. Gardner started his radio
career as an operator and announcer
for WHAM in 1925 and continued
as an operator until 1929, when
he was made control supervisor.
In 1932 he was promoted to assist-
ant technical supervisor, and in
1940 he became technical super-
visor of station WHAM and later
also of WHFM when that fre-
quency-modulation station went on
the air.

Mr. Gardner is a member of
the Rochester Engineering Society,
Rochester Amateur Radio Associa-
tion, Radio Communication Com-
mittee of Rochester Red Cross, and
has served on the Radio Technical
Planning Board and on the Execu-
tive Committee of the Rochester
Section of The Institute of Radio
Engineers.

CoNAN A. PriIEsT
Vice-Chairman

Conan A. Priest (A'24-MN'38-
SM'43) was born in Solon, Maine,
August 11, 1900. He received the
B.S. degree in electrical engineering
from the University of Maine in
1922, and the professional degree of
electrical engineer in 1925.

Mr. Priest entered the General
Electric test course in 1922, trans-

ferred to the transmitter engineer-
ing division in 1923, and was ap-
pointed section leader of high-power
transmitters in 1924. He repre-
sented the International General
Electric Company and the Radio
Corporation of America in transmit-
ter sales in Japan during 1927-1928.
Upon his return to General Electric
in 1928, he was made assistant to
the engineer in charge of the trans-
mitter division, appointed design-
ing engineer of the same division in
1930, and engineer in 1936.

With the formation of the elec-
tronics department in 1943, Mr.
Priest was made manager of the
transmitter division and transferred
with the division to Syracuse, New
York.

ARTHUR E. NEwLON
Chairman

Arthur E. Newlon (A’38-SM’'44)
was born November 15, 1911, in
New Lexington, Ohio, and was grad-
uated from The Ohio State Univer-
sity in 1933 with the degree of
bachelor of electrical engineering.
He joined the United States Coast
and Geodetic Survey in that year as
assistant scientific aide and served
in the capacity of geodetic computer
until 1935.

During 1935 and 1936 Mr. New-
lon worked as an engineer on carrier-
current problems, particularly band-
pass filters, for the Muzak Corpora-
tion of Ohio. In 1936 he went with
the RCA license division laboratory
(now the industry service division
of RCA Laboratories).

Mr. Newlon left RCA in 1941 to
join the research department of
Stromberg-Carlson where he is pres-
ently employed, and is chiefly con-
cerned with television. During the
war he was engaged on radar and
other war projects.

He served on the National Tele-
vision System and Radio Technical
Planning Board television commit-
tees, and is serving on several com-
mittees of the Radio Manufacturers
Association at present. Formerly he
was secretary-treasurer of the Roch-
ester Section.
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Engineering proceeds from the simplicity of its early days to the sometimes
amazing complexity of its present practices. And important new branches of |
engineering spring into being to make their contributions to human welfare.
There has thus arisen the significant and rapidly developing field of electronic
engineering, the future of which is here considered by the vice-president in
charge of engineering of the Westinghouse Electric Corporation. The Edslor.

— S - —— e )

The Future of Electronic Engineering
M. W. SMITH

Before the war the electronics engineer was engaged not only in the development and refine-
ment of electronic equipment for communications but also in the development and application
of electronic devices for the solution of many industrial problems. Progress in this latter field was
slow at first as the engineer felt his way but became increasingly more rapid as the record of
successful work was built up. The story of the development of electronic devices for use in such
industrial fields as air-cleaning, rotor-balancing, control of all forms of electric machinery, heat-
ing, and countless others, is too well known to warrant repetition here. It is significant, however,
to note that most of these industrial devices have been made employing electronics devices
which originally were developed for communication purposes.

Now we find ourselves on the threshold of a new era. As secrecy regulations are removed we
see striking evidence of the extent to which technical methods and devices have been so suc-
cessfully applied to military uses. I was particularly impressed by this fact as I listened to several
papers presented in New York at the January Midwinter Convention of the American Institute
of Electrical Engineers, describing the construction and performance of some of the most im-
portant radar and communications equipment used so effectively during the war. Undoubtedly
the electronics engineer will now begin to find new industrial applications of these war-inspired
devices. The direction which some of these developments will take is already indicated, as in
the application of radar in the fields of navigation and the promotion of safety in all forms of
transportation, the application of radar principles to television, the application of microwave
devices to the relaying problems such as is made in stratovision, and other similar more or less
obvious ways. However, it is the development of devices yet unborn which holds such great
promise for the electronics engineer of the future. Here the possibilities seem limitless in view of
the many problems yet unsolved and the many new devices so recently developed which may
apply to the solution of them. Indeed one may say with confidence that we are now on the
threshold of a new era in which there is no presently visible limit to the field for the electronics
engineer.

%
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Naval Airborne Radar’

LLOYD V. BERKNER{, SENIOR MEMBER, LR.E.

Summary—The extension of radar to airborne applications is a
natural evolution of its surface development. Aircraft radar fills a
most important gap in aeronautics—that of providing actual contact
with the earth’s surface under all conditions of altitude, weather,
and visibility. The airplane also serves as an elevated and highly
mobile platform which is readily adaptable to a multitude of radar
applications. Starting from scratch in 1938, airborne-radar develop-
ments have reached an advanced technological position in 1945. Re-
quirements in the early months of the war were fulfilled by meter-
wave radar using lobe-switching techniques. The development of
microwave radar gave enormous impetus to airborne applications
and produced advanced types for air-to-air interception, high- and
low-altitude bombing, reconnaissance, submarine search, and many
specialized applications. The sharp beam produced by microwave
radiation with relatively small antennas makes microwave techniques
particularly adaptable to aircraft use and provides a vastly improved
display permitting installation with low aerodynamic drag. Several
types of airborne radar are briefly described and illustrated. Funda-
mental problems of design are reviewed. Related problems such as
size, weight, and performance at high altitude are considered and
solutions are discussed. Several types of display particularly suited
to aircraft use, such as PPI, B, O, and G are illustrated. Utilization,
applications, and advantages of auxiliary devices, such as computers,
beacons, delay circuits, etc., are discussed. Solutions to systems
problems introduced by use of a multiplicity of electronic gear within
the aircraft are reviewed. The limitations and advantages of airborne
radar as a solution to future aircraft problems are briefly considered.

I. FuncTiONs AND EVOLUTION OF AIRBORNE RADAR

ELDOM does a new art move from a purely experi-

mental phase to a decisive, large-scale operational

stage in an interval measured only in months. But
this has occurred with airborne radar, which during the
war grew from an elementary concept to a highly de-
veloped, complex,.and effective weapon. Two great na-
tions teamed together, the close collaboration of our
best commercial and governmental laboratories and the
Office of Scientific Research and Development, the
combined efforts of our best scientists and engineers,
and the intelligent planning and utilization of the armed
services brought this new and decisive weapon to effec-
tiveness in an incredibly short space of time. To those
participating in it the development was more of ro-
mance than a job, for again and again the implements
produced have brought to a dead stop a new tactic upon
which the enemy had placed complete reliance.

The vitalizing reason is that airborne radar gives the
airplane those functions whose absence earlier proved
the principal deficiencies of airborne vehicles. The abil-
ity of airborne radar to “see” by direct electromagnetic
contact with the ground under all conditions of weather
and darkness, and at ranges far beyond the limits of
perception of the human eye, establishes it as indis-
pensable to modern aviation (Fig. 1).

_* Decimal classification: R537XR565. Original manuscript re-
ceived by the Institute, February 25, 1946. Presented, 1946 Winter
Technical Meeting, New York, N. Y., January 25, 1946.

t Formerly, Bureau of Aeronautics, United States Navy; now,
Carnegie Institution of Washington, Washington, D. C

For example, in air reconnaissance, airborne radar is
essential. It is sometimes estimated that the pilot is
limited to less than 8 miles visibility during more than
65 per cent of his flight operations. Airborne radar pro-
vides “vision” to the reconnaissance plane 100 per cent
of the time, and at ranges that extend to the horizon
(Fig. 2). It can detect objects such as life rafts and peri-
scopes at ranges many times that of the eye.

Similarly, in navigation airborne radar can determine
exact location through precise determination of bearing
and distance from selected objects or radar beacons on
the earth’s surface anywhere within horizon range.
Salient surface geographical features such as coastlines,
bays, rivers, lakes, mountains, etc., can be recognized
readily from a map-like presentation (Fig. 3). Absolute
altitude over terrain can be provided by means of radar.
Information is available for precise computation of
wind drift, ground speed, course to be flown, and any
other parameter which is required to define the position
and motion of the aircraft with respect to the earth. In
making contact with objectives for purposes of landing
or attack, the precision of the information supplied by
radar can be as great as necessary. The provision of
continuous and exact range as well as angular informa-
tion permits exact and simplified solutions to problems
of bombing, fire control, and landing (Figs. 4 and $).

Moreover, as radar aids the aircraft, so does the air-
craft augment the usefulness of radar for many special
purposes. The aircraft supplies an elevated platform
which greatly extends the horizon range and conse-
quent range of detection of objects close to, or on, the
earth’s surface (Fig. 6). This can eliminate the other-
wise serious restriction to low-angle coverage of even the
highest-powered radar (Fig. 7). Since this elevated plat-
form is highly mobile, the search coverage is many times
the range of the radar taken by itself.

To make the greatest use of these general values
which airborne radar offers, special design is, of course,
necessary. The principal purposes which must thus be
met are:

(1) search and reconnaissance

(2) navigation and beaconry

(3) attack, torpedoing, rocketing, and bombing

(4) intercept

(5) fire control

(6) identification of friend or foe

(7) radar relay.

These categories are not, of course, rigid. Search and
reconnaissance radar can provide a certain measure of
navigation and beaconry, particularly when supplied
with ground speed, drift, distance, and course comput-
ers. On the other hand, aircraft requiring only naviga-
tion and beaconry facilities do not require the power,
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weight, and refinements of a search or reconnaissance tack. Smaller attack aircraft, however, cannot carry or
radar. Similarly, certain types of attack computers can operate more complex search radars and must depend
be provided to the scarch radar to permit accurate at- upon more refined attack radars, leaving the initial

Fig. 1—Superimposed map on airborne-scope photograph. Parts or all of nine states are visible. Note general
contour and coastline, which closely follow inapping contours. Aircraft at 20,000 feet.

Fig. 2—Detection of ships. A convoy at 40 miles on 100-mile scale, showing individual ships on expanded 20- to 40-mile display.



1946

Fig. 3—Washington, D. C., and Virginia, showing Potomac
and Anacostia Rivers, bridges, etc.

search and comntact reports to the reconnaissance types.
High-altitude-bombing radar equipment is similar to
search radar in many respects. Nevertheless, the high-
altitude bomber is most interested in the area immedi-
ately beneath it. The search plane is usually most con-
cerned with targets at greater distances. Experience
shows that the endeavor to combine these functions
leads to reduction of the ultimate performance for each
purpose, and therefore design of separate equipments
for each function is often more effective and economical.

The principal classifications of airborne radar must
often be further subdivided to achieve a peak of per-
formance. Search-radar characteristics for short-range
detection of small objects obscured by unwanted echoes
are quite distinct from those required for long-range de-
tection. Therefore, two different types of search radar
are necessary where peak performance at both long and
short ranges is essential. For example, detection of the
submarine “schnorkel” through heavy sea return (un-
wanted echoes from waves) is so important that no com-
promise can be permitted in providing a maximum of

Fig. 4—Precise mapping of New York City and vicinity from airborne
radar. Note Central Park, bridges, streets, shipping, etc.

Berkner: Naval Airborne Radar
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Fig. 5—Approaching Bedford Airfield for a landing, 2.5-mile
sweep. Shadows are due to extended landing gear.

performance. Yet the circuitry and characteristics for
peak long-range performance require either compromise
in short-range characteristics or duplication of circuit

Fig. 6—Six type SNB-2 aircraft in close formation at 250 feet as
seen from aircraft at 10,000 feet, range 90 miles. Arrow indicates
low-flying aircraft.

Fig. 7—Gain in maximum possible radar range and
coverage with elevated antenna.

elements to an extent imprudently affecting weight,
complexity, maintenance, and reliability. Such cases re-
quire distinct and separate designs.

The fundamental science embodied in our present-
day applications was demonstrated when, in 1888,
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Hertz succeeded in generating electromagnetic waves
by methods predicted by the Maxwellian equations,
and obtained reflection of these waves from flat sur-
faces. The development of modern radar concepts dates
to 1925, when Breit and Tuve, employing the now
widely used pulse methods, and Appleton, using con-
tinuous-wave methods, independently ranged on the
ionosphere. For the next few years the development of
radar was the extension of the ionospheric experiments.
Here were developed certain fundamentals such as
transmission and reception on a single antenna, pulse-
forming techniques, and frequency-locking systems. The
classic experiments of Taylor and Young at the Naval
Research Laboratory, followed by Watson-Watt and
his associates at Slough in the early 1930’s, introduced
radar ranging against discrete objects, and by the late
1930’s, surface radar had moved from the purely experi-
mental stage to that of elementary utilization.

These early techniques, however, involved heavy and
cumbersome gear, so that airborne radar remained a
matter for the imagination until 1938, when world
events made it clear that the airplane must have better
cyes, a better sense of touch, and a bettcr brain to meet
the real and impending threat of a potential enemy’s
superior air force, his navy, and his submarines. At first,
working independently in the face of this peril, Great
Britain and the United States had developed elemen-
tary airborne radar scts, developments which fixed the
pattern for the future and provided for requirements
during the early years of the war. Then the two nations
joined their resources, exchanging information freely,
and the golden age of airborne radar had arrived, with
_the design effort built around that fabulous but efficient
producer of microwaves, the magnetron. To facilitate
understanding of the special problems of design and de-
velopment which are considered later, we will trace the
growth of the art as exemplified by airborne radar of
the Navy during the past seven years.

At the outset, radar development had visualized the
use of very short waves to permit employment of small,
high-gain antennas and to avoid ionospheric reflection.
It was not until the winter of 1937 and 1938, however,
that practical generation of substantial power levels,
and achievement of high sensitivity with small com-
ponents at frequencies above 150 megacycles, permitted
consideration of airborne radar with antennas of any
practical size. Development of airborne systems started
along parallel lines about this time in Great Britain and
the United States. The British development was under-
taken in the neighborhood of 200 megacycles, and was
initially directed toward a fighter-intercept type of air-
borne radar to fit requirements of the British network of
early-warning and ground-control-interception stations.
The United States development, undertaken by the
Naval Research Laboratory, utilized frequencies in the
neighborhood of 500 megacycles and visualized first an
altimeter and later a naval airborne search radar to fit
carrier-based aircraft requirements.
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The British program, under the immediate threat of
impending military operations, advanced rapidly, not
only to the complete production development of the
airborne intercept radar, Al Mk 1V, on about 200 mega-
cycles, but also to the derived development, about 1940,
of the excellent ASV Mk II search radar, on about 175
megacycles. As the submarine threat appeared and
United States military operations became a distinct pos-
sibility, arrangement for exchange of technical informa-
tion with the British led the United States Navy to
adopt the ASV Mk II for antisubmarine warfare
(ASW) operations, with installation of British-produced
equipment starting in 1941. Late in 1941, a Canadian
model of the British equipment known as ASVC aug-
mented the supply and, in March, 1942, American
Philco-produced models of this equipment, designated
ASE (Army SCR-521), gave an adequate supply for im-
mediate ASW operations.

Fig. 8—The ASB radar in a formation of Avenger (TBM-3) aircraft
on a combat mission approaching the coast of Indo-China. An-
tenna controls are at the 10-degree position. Ships are indicated
at 11 miles, 5 degrees starboard; 2;)0 miles, 30 degrees port; 43
miles (arrow), 5 degrees starboard.

The ASE search radar installed in patrol 