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MICROWAVE RADIO-RELAY STATION

The shielded-lens antennas at the Jackie Jones Mountain, N.Y., station AbStraCts and Re{erences
on the New York-Boston radio-relay system, face the Long Lines Building in
New York City; the other two antennas are directed toward the Birch Hill TaBLE oF CoNTENTS FoLLows PAGE 32A
N.Y. station, 35 miles away. The station equipment is shown in the right-hand
illustration.
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CG VARIMATCH OUTPUTS FOR P. A

Universol wnits designed to motch ony tubes within the roted output
pawer, to line or voice ¢oil. Output impedonce 500, 200, 50, 14, 8, 5,
3, 1.5 ohms. Primory impedonce 3009, 5000, 4000, 7000, 8000, 10,000,
14,000 ohms.

List
Watts Typical Tubes Price

12 42, 43, 45, 47, 2.3, 8A6, 6F6, 25L6 $ 9.00
30 42, 45, 2A3, 6L6, 6V6, 6133 14.00
60 46's, 50°s, 300A°s, 61.6'3, 801, BO7 20.00

B00's, BOl's, B07's, 4-6L6's, B45's 29.00
300 211, 242A°s, 203A°s, 838's, 4-845°'s, ZB-120's 50.00

(G VARIMATCH LINE
TO VOICE COIL TRANSFORMERS

The UTC VARIMATCH line to voice coil tronsformers will motch any
voice coll or graup of voice coils to a 500 ohm line. More than 50
voice coil combinotions con be obtoined, os follows:
2, .4, .5, .62, 1,28, 1.5, 2, 2.5, 3, 3.3, 3.8, 4, 4.5,
5, 5.5, 6, 625, 6.6, 7, 7.5, 8, 9,10, 11, 12, 14, 15,
16, 18, 20, 25, 28, 30, 31, 40, 47, 50, 63, 69, 75.
Audio Primary
Watts Impedance
15 500 ohms
40 500 ohms
75 500 ohms

Secondary List
Impedance Price

.2t0 75 ohms ) $ 8.00
.2 to 75 ohms 11.50

2 to 75 ohms ¥ 17.50

CG VARIMATCH MODULATION UNITS

Will match any modulofor tubes to ony RF lood.

Primory impedonces from 500 to 20,000 ohms
Secondory impedances from 30,000 to 300 ohms

Max. Max

Type Audio Class C

No.  Watts Input Typical Modulator Tubes
CVYM-0 12 30, 49, 79, 6A6, 53, 2A3, 8BS
CYM-§ 30 60 8V6e, 6B5, 2A3, 42, 46, 6L6, 210
cym-2 80 801, 6L6. 809, 4-46, T-20, 1608
CvM-3 125 800, 807, 845, TZ-20, RK-30, 35-T
CVM.-4 300 50-T, 203A, 805, 838, T-55, ZB-120
CVM-.5 800 805, HF-300, 204A. HK-354, 250TH

o

U.T.C. Commercial Grade components
employ rugged, drawn steel cases
for units from 1” diameter to 300

VA rating . . . vertical mounting,
permanent mold, aluminum castings
for power components up to 15 KVA,
Units are conservatively designed

. + « vacuum impregnated . . . sealed
with special sealing compound to
insure dependability under
continuous commercial service.

A few of the large number of
standard C.G. units are described
below. In addition to catalogued units,
special C.G. units are supplied to
customer’s specifications.

INPUT, INTERSTAGE, MIXING AND

LOW LEVEL OUTPUT TRANSFORMERS

(200 ohm windings ore balanced ond con be used for 250 ohms)

Primary
Impedance

CG
Type

No
131

132
133
134
135

235

Application
1 plate to 1 grid
1 plate to 2 grids

2 plates to 2 grids

Line to 1 grid
hum-bucking

Line to 2 grids
hum-bucking

Line to ] or 2 grids
hum-bucking; mul
tipte alloy shielded
for low hum pickup

Kingle plate and low
impedance mike or
line to 1 or 2 grids
Hum-bucking

PP 6CS, 56, similar
triodes to AB 45's
2A3's, 6L8's, etc.
PP 6C5, 56, simllar
triodes to fixed blus
L6’

PP 43, 243, similar
tubes to flxed bias
2 or 4 618"
Mixing

Triode plate to line

PP triode plates to
line

EXPORT DIVISION: 13 EAST 40th STREET, NEW YORK 16, N. Y.,

g

Ohms
15,000
15,000

30,000 ' W P

., 300

50
ohms

15,000, 50, 200

30,000 P 1o P

30,000 P to P

3000 P to P

50, 200, 500

15,000
15,000

Sectondary
Impedance
Ohms

135,000 centertapped
3:1 ratio overall

80,000 overall
1.6:1 ratio overall
80,000

120,000 overall

80,000 overall

80,000 overall

000 overall
1 ratio overall

7,500 overall
5:1 ratio overall

1.250 overall

5:1 rutio oversll

50, 200, 500
50, 200, 500

0
150 VARICK STREET ® NEW YORK 13, N. Y.

CABLES: ‘'ARLAB"

For full detaills on this line, write for Catalog PS-408.

List
Price

$ 9.50

10.00

12.50

12.50

13.50

17.50
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The solution of filter
network problems, has
been greatly simplified
through the use of
toroidal coils wound on
molybdenum permalloy
cores. Design engineers

JE |

The most available types
now being supplied are
TYPE IND. RANGE
TC-1 Any Ind.upto 7 HYS
TC-2 Any Ind. upto 20 HYS
TC-3 Any Ind. up to 350 MHYS

have learned to depend
upon them since dis-
covering that only these
toroids possess all the
necessary qualities of a
good high ““Q”’ coil.

Be sure to state desired
inductance.

¥C-3

1C-2 4

——

[T

FREQUENCY — CYCLES
100 200 500 ™ ™M M 0Mm 20M

50M 100Mm

Our toroid filters have become a

» by-word in every phase of elec-

tronics where only the best results

are acceptable. Toroidal coils

wound on MOLYBDENUM PERM-

¥ ALLOY DUST CORES are the

primary basis for our success in

producing filters unexcelled in per-

formance. We are producing toroi-

dal coil filters which consistently

demonstrate the value of toroidal

coils. These filters cannot be

matched in stability, accuracy and

sharpness by filters made with the
usual laminated type of coil.
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ALL INQUIRIES WILL BE PROMPTLY HANDLED
WRITE FOR OUR CATALOGUE
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THIS IS THE REPRODUCER OF THE
FIRST ORTHOPHONIC PHONOGRAPH

When the Orthophonic phono-
graph, developed In Bell Tele-
phone Laboratories, was intro-
duced in 1925, it represented an
outstandingadvanceoves previous

stical and eleetro-acous-

tical systems, it represented
practical application of a basically
new design tool—the equivalent

circuit.

THIS 1S THE SAME REPRODUCER WITH
IS MECHANICAL PARTS REPRESENTED
BY ELECTRICAL COMPONENTS

the equivalent
circuit came
into being

'

2 PART 3 PARY 4
DILPHRAGM AN ACOUSTIC LOAD
AIR CHAMSER

alent. The effect of chang-
ing the mechanical speci-
fications of any part of the
phonograph could be pre-
dicted simply by changing
the value of the correspond-
ing electrical component,
in accordance with the
mathematics of electrical

networks.

Instead of time-consuming
cut - and - try methods —
involving experiments with
mechanical parts of differ-
ent sizes and sl-\apes—Bell
engineers tackled the de-
sign of the Orthophonic
phonogrnph by represent:
ing each of its mechanical
parts by an electrical equiv-

THIS IS THE CONCEPT OF
THE #EQUIVALENT CIRCUIT/

system to mechanical vibra-

tions.

As a design tool, the equiv-

he corresponding alent circuit is particularly
“system. The re- valuable in predicting

ectrical performance of trans-
7 ducers, in which electrical

energy i8 transformed into
~ mechanical (and vice versa)-

An equivalent circuit is an
‘electrical system in which
Ve ~ each part is equivalent to &

-

b

R i Lt

“2sk)

'I;he close analogy between elements in
electrical and vibrating mechanical s
tems has long been recognized. Induz::
ance cor-re.sponds to mass; capacitance
to elasticity; electrical resistance t
mechanical resistance, etc. °

But it remained for the engi
Bell Telephone Laboratori:sgl:‘(;3 e;:tzf
E::);e_ tthese facts into a practical design
equwalznc::c:g:uze almd utilize the
: m

but between s_ystemesl:e i
. On.ce the ﬁ.mdamental idea of the

equivalent circuit” was applied, it
qunck.ly proved its merits as a practi’call
effectnve. tool of transducer design. Em ’
p}oyed in the design of the rt;vol ;
tionary Orthophonic phonograph tll:.
equivalent circuit technique late; bee
Same a standard procedure in tran ¢
ucer design. ”

" (')I;‘l;eoti'ottl\lcept of the equivalent circuit
ey Telma;lny advances originating
i elephone Laboratories that
ve contributed materially to pro
ress in communications equipmel}:t. ¢

BELL TELEPHONE LABORATORIES

. . '
|
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it means
better quality .
in Western Electric
equipment

In designing Western Electric microphones, crys-
tal filters and recording and reproducing equip-
ment, Bell Laboratories applies its long experience
and thorough knowledge in the use of equivalent
circuits.

The results are twofold: product designs that
mean greater dependability and improved per-
formance, and precise manufacturing information
that gives better control of quality during pro-
duction.

The use of equivalent circuits is another example
of the thorough research and careful manufacture
which typify all Western Electric products—for
radio broadcasting, radio communications, sound
distribution and industrial uses.

= QUALITY COUNTS —

OTHER WESTERN ELECTRIC EQUIPMENT IN WHICH
THE EQUIVALENT CIRCUIT IS A USEFUL DESIGN TOOL

LOUDSPEAKERS CRYSTALS REPRODUCERS
Finest in the Western Electric line This new line of crystals for oscillator The 9A, specially r ded for
is the dual-unit 757A—handling 30 control ranges from 1.2 KC to 50 MC. vertical cuts, and the 9B,used to best
watts, giving uniform response from All are engineered for improved ac- advantage on lateral cuts, have low
60 to 15,000 cycles, having a 90 de- curacy and stability. distortion and provide maximum
gree coverage angle. elimination of record noise.

Western Elecfric O i

orMCEs e 98 PRINCIPAL cImes

Manufacturing unit of the Bell System and the
nation’s largeslprmlm'er of communications equipment. Electric Company. IN CANADA AND NEW

FOUNDLAND —Northern Electric Co., Lid

DISTRIBUTORS: N U 5 A.— Graybar

PROCEBEDINGS OF THE I.R.E. April, 1948 3a



A MINIMUM OF OPERATIONS
MADE THESE CONNECTORS

HESE electrical connectors are but a few out of the
hundreds of types being made today out of Revere
copper and copper alloy tube, strip and rod.

Soldering lugs are made of Revere seamless tube, and
are finished by simple stamping and punching. Solderless
connectors are manufactured of tube, strip, bar and rod.
The easy workability of the metal, plus the fact that it is
supplied in forms requiring a2 minimum of operations,
make Revere a favorite source of supply.

Other Revere products for electrical purposes include:
Electrolytic and silver bearing copper commutator bar and
segments; O.F H.C,, silver bearing, and electrolytic cop-
per for armatures and rotors of micromotors and fractional
h-p motors; Specially Prepared Switch Copper for switches,
bus bars and similar applications; Extruded copper shapes
for contacts, contact arms, solderless connectors, etc.,

4A

Free Cutting Rod for parts machined to close tolerances;
Tubular rivet wire.

The Revere Technical Advisory Service will gladly work
with you in studying your requirements and determining
the Revere mill products that lend themselves to the most
economical manufacture and best service.

REVERE

COPPER AND BRASS INCORPORATED
Founded by Paul Revere in 1801
230 Park Avenue, New York 17, New York
Millss Baltimore, Md.; Chicago, Ill.; Detrost, Mich.; New Bedford, Mass.;
Rome, N. Y.—Sales Qffices in Principal Cities, Distributors Everywbere

PROCEEDINGS OF THE I.R.E. April, 1948



ﬁacts are stubborn things . . . EI-Menco Capacitors are backed
by impressive facts . . . proven performance, dependable quality

« « . earned as components in the world’s finest radio and elec-

tronic equipment.

You can’t discount the reputation of leadership El-Menco has
built with the most renowned manufacturers. If you want your
product to win preference through perfection . .. use El-Menco

Capacitors . . . improve its performance.

THE ELECTRO MOTIVE MFG. CO., Inc.

Willimantic, Connecticut

MANUFACTURERS

Qurk silver mica department is now producing
silvered mica films for all electronic applica-
tions, Send us your specifications.

Write on Firm
Letterhead for
Catalog and
Samples.

Send for samples and complete specifications.
Foreign Radio and Electronic Manufacturers
communicate direct with our Export Depart-
ment at Willimantic, Conn,, for information.

JOBBERS AND DISTRIBUTORS

ARCO ELECTRONICS

135 Liberty St.
Is Sole Agent for El-Menco Products in United States and Canada.
MOLDED MICA l][[ MICA TRIMMER

New York, N. Y.

CAPACITORS

PROCEEDINGS OF THE IL.R.E. April, 1948
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For every evil
under the sun,

There is a remedy that 2nables you to guarantee that your electrical products will not
or there is none.

Old Eng. Prov.

For mdio noise, the remedy is Filterizing by Tobe . . . a complete service

interfere with radio reception. Filterizing by Tobe covers these three
important aspects of every radio noise problem:

RF. Circuit Design — Engineers with many years experience, thoroly versed in measurement
techniques, and using the latest instruments, determine the radio noise output and r-f character-

istics of your product and specify the correct circuit elements to stop radio interference over the

desired frequency range.

Electrical Design — The filterizing circuit is checked for effect upon performance of the apparatus being

Filterized and all components are selected so that normal performance is obtained after Filterizing;

voltage drop, temperature rise, phase relationships — all are held within required limits.

Mechanical Design — The arrangement of circuit elements is co-ordinated with existing space limitations
——

so that radio noise is quelled without need for extensive re-design of the apparatus.

These three design factors, embodied in every Tobe Filterette, are based on exact, scientific knowledge
and, when applied by Tobe engineers, enable you to guarantee radio silence for your electrical apparatus.
This guarantee, shown by the FILTERIZED label, helps build sales for your product. Ask us for details.

TOBE DEUTSCHMANN CORPORATION @ NORWOOD, MASSACHUSETTS

ORIGINATORS OF FILTERETTES
6A

.THE ACCEPTED CURE FOR RADIO NOISE

PROCEEDINGS OF THE LR.E. April, 1948



VOLTAGE RANGE:
3,000,000 to 1

READINGS:

Jdmvito 300 v

FREQUENCIES:

20 cps to 2 mc

MODEL 5%3,;

400C

“voLrs 08
b it 0. .ON 0

i
™~ 2 ’”@
go 7

+

+30
«oﬁ
2

+50

THE NEW -hp- 400C
VACUUM TUBE VOLTMETER

Increased sensitivity. Wider range. Easy-to-read

linear scale. Space-saving, time-saving versatility!

Those are but a few of the many advantages

of the new -hp- 400C Vacuum Tube Voltmeter.

30 times more sensitive than the -hp- 400A
voltmeter, the new -bp- 400C accurately
determines voltages from .1 mv to 300 v.
Its measuring range is broad and new —
3,000,000 to 1. And with it you can make
split-hair measurements all the way from
20 ¢ps to 2 mc!

The big, clearly-calibrated linear scale
reads directly in RMS volts or db based on
1 mw into 600 ohms. Generous overlap
makes possible more readings at mid or
maximum scale, where accuracy is highest.
A new output terminal lets you use the
-bp- 400C as a wide-band stabilized ampli-
fier, for increasing gain of oscilloscopes,
recorders and measuring devices. As a
voltmeter, the new instrument has still
wider applicability — for direct hum or
noise readings, transmitter and receiver
voltages, audio, carrier or supersonic vol-
tages, power gain or network response.

Naturally the new -hp- 400C includes the
familiar advantages of the -hp- 400A volt-

is £3% full scale to 100 kc. High input
impedance of 1 megohm means circuits un-
der test are not disturbed. And the rugged
meter movement is built to safely with-
stand occasional overloads 100 times
normal.

In every respect, the convenient, durable
-bp- 400C is the ideal new voltmeter for
precision work in laboratory, plant or re-
pair shop. Complete details are available
at no obligation. Write today!

Hewlett -Packard Company

1556D Page Mill Road ® Palo Alto, Calif.

-

CHECK THESE
SPECIFICATIONS

VOLTAGE RANGES:

12 ronges. Full-scole readings.

001 v 00 v 100 v
.003 v .300 v 300 v
010 v 1.00 v 100. v
.030 v 3.00 v 300. v

FREQUENCY RANGE: 20 cps to 2 mc

ACCURACY:

+ 3% full scole 20 cps to 100 ke
+ 5%, full scole 100 ke to 2 me

INPUT IMPEDANCE:

1 megohm shunted by 15 vuf, on .01 v
to 300 v ronges.

1 megohm shunted by 25 uuf, on
,001 v to .003 v ronges.

METER SCALE:

3” linear. Voitoge ronges reloted by 10 db steps.
Db colibroted —12 to -+2 db. Zero level 1
mw into 600 ohms.

OUTPUT CIRCUIT:

Moximum 0.5 v full scole. Internol impedonce
1000 ohms.

POWER SUPPLY:
115 v, 50/60 cps, 45 wotts.

CABINET SIZE:
8” high. 7Y2” wide. 9~ deep.

— . ——

Power Supplies Electronic Tachometers

Frequency Standards

Amplifiers Frequency Meters

meter. Range switch is calibrated in 10 db
intervals providing direct readings from
—70 dbm to + 52 dbm. Overall accuracy

UHF Signal Generators  Square Wave Generators  Audio Frequency Oscillators  Attenuators

Audio Signal Generators Noise and Distortion Analyzers Wave Analyzers Vacuum Tube Voltmeters

PROCEEDINGS OF THE LR.E. April, 1948 7A



|

|

evidence of SPR

New Phenolic-Molded Sprague
Tubular Capacitors Produced in
Decade Ranges and Color-Coded!

With the recent introduction of its
sensational new molded tubular ca-
pacitors, Sprague now announces
standardized capacities, and color-
coding for ready identification of
these new units. For example, start-
ing with the number 1, the next num-
bers in the 209, tolerance decade are
1.5,2.2,3.3,4.7,6.8 and on back to 10.

Established decade ranges and
color-coding have proved their ef-
ficiency and acceptability in the re-
sistor industry over a period of years.

THE FIRST TRULY PRACTICAL PHE

Highly heat- and moisture-resistant * Non-
inflammable °* Conservatively rated for
—40°C. to 85°C. operation * Small in size
Completely insulated * Mechanically rugged
Moderately priced.

SPRAGUE MOLDED TUBUL

Funny Numbers?

« « » perhaps, but they are more

AGUE LEADERSHIP!

Now, for the first time, this same
practice will allow capacitor manu-
facturers the many advantages of
standardized production—advan.
tages which we feel will be cumula.
tive through the years.

In the firm conviction that these
steps toward standardization will
prove mutually beneficial, Sprague
Electric Company solicits your co-
operation and invites your inquiries
for information, samples and applica-
tion data concerning the new
SPRAGUE MOLDED TUBULAR
CAPACITORS. WRITE FOR ENGI-
NEERING BULLETIN NO. 210 A.

NOLIC-MOLDED PAPER TUBULAR!

AR CAPACITOR COLOR CODE

) Black | Brown Red | Orange] Yellow | Green | Blue | Violet | Gray | White
15t Stgnine 0 1 2 3  |§F
‘o Significant p B i
BAND 28 R 4 > 6 7 8 9
/ and Té: Signacant| 0 1 > 3 1 5 7
AN Significan 2 5 6 8 9
S AAIAND] S | Number | | ] "] :
ard Decimal 3 =
_——1BAND Multipller ] | 10 | mn_J» 1000 | 10.000 | 100.000
4th
N— BA,_?:I!_»_ +20% 1 430% | 409 | 59 +10%
e 1111
\_lmxn RESERVED FOR ARMED SERVICES
\ e8| o3, [stenibeant] o 1 I IRETI [ 5 N e A |
N\ ==Y i@g s umber 11 ——
Nuilp |52 |signibeant| o | 1 [ 2| s | 4 5 | 7|} g
. oy gnifican 5 6 9
BAND € umber 2

SPRAGUE ELECTRIC COMPANY North Adams, Mass.

CAPACITORS

®Trademark reg. U. S. Pat. Off,

SPRAGUE

*KOOLOHM

RESISTORS

PIONEERS OF ELECTRIC AND ELECTRONIC PROGRESS

PROCEEDINGS OF THE I.RE April, 1948



WILCOX. ... First Choice

OF THE

TRANS WORLD

A 1 R L1 NE

J64A
Transmitter

\-\\, /,' »3
TWA EQUIPS GROUND STATIONS WITH
NEW WILCOX VHF RECEIVERS AND TRANSMITTERS

New Bired Preguency Equinment Offers New
ﬂWe AQealured in the 115-136 Me. Band

o Selectivity Permits 100 Kc. Adjacent Channel Operation
e Co-Axial Transmission Line Relay Allows Common Antenna
¢ 005, Frequency Stability Without Temperature Control
e New Noise Limiter Means Better Reception 305A

Receiver

* Design Simplicity Simplifies Service

Write Today For Complete Information on the
WILCOX 305A Receiver and 364A Transmitter

MEANS
W I l- C 0 X Dependable Communication

WILCOX ELECTRIC COMPANY e Kansas City |, Missouri

PROCEEDINGS OF THE I.R.E. April, 1948 9Aa



i ELECTRONICS
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@ Whatever your transformer needs
—power units like these, or special
designs for deflection yokes, hori-
zontal or vertical sweeps, or oscil-
lators—General Electric can supply
them . . . and quickly. G.E. offers
its facilities and engineering

WE SHIP THESE »

“know-how” to television manu-
facturers in tailoring these trans-
formers to their requirements. Just
tell us your specifications and we
will meet them to your complete
satisfaction. Power-supply trans-
formers are available now in core-

and-coil and enclosed-case styles as
standard units designed for tele-
vision applications. Units for other
uses are tailor-made from standard
parts. Ask your G-E representative
for more information; you’ll be
pleased with the prices and ship-
ments he will offer you.

NEW PYRANOL CAPACITORS

SAVE SPACE, WEIGHT, MONE

- -

If you have been using 600-volt d-c
capacitors on circuits rated 400
volts or less, you're in for a sub-
stantial saving in weight, size and
cost by specifying General Elec-

tric’s new 400-volt Pyranol units.
Compared with 600-volt ratings,
these new, standard, 400-volt ca-
pacitors will save you from 24 to
51 per cent in volume, 23 to 33 per
cent in weight, and approximately
10 per cent in cost. They are avail-
able in 2-, 4-) 6-, 8- and 10-muf
ratings with solder-lug or screw-
thread terminals optional on the
four larger sizes; the 2-muf size
comes with solder-lug terminals
only.

New developments, such as sili-
cones and new paper, are continu-
ally improving the quality of G-E
capacitors. They also permit our
engineers to handle your new re-
quirements to your complete satis-
faction. Write for quotation on any

capacitor needs, or check Bulletin
GEA-2621 for more information
on the new d-c¢ line described
above.

NEW,
SMALLER
SELENIUM
RECTIFIER

This new General Electric selenium
rectifier, less than one inch long
and one inch square, is available
now for receiver and other elec-

10a
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tronic applications. It costs little
and mounts in places where a rec-
tifier tube and socket won’t fit. Tests
prove that this new selenium rec-
tifier will outlast several 117-volt
rectifier tubes. Installation is easier
too—only two soldering opera-
tions and a minimum of mounting
hardware are required.

These rectifiers have an excep-
tionally high inverse-peak rating,
and the inverse current is extremely
low even with peak voltages up to
350 volts. At rated current output,
the forward drop is five volts or
less. Ratings are based on ambients
of 50 to 60 C. Check Bulletin 21-
127 for more information on this
and other General Electric radio
rectifiers.

NEW MACHINABLE PLASTIC
FOR UHF INSULATION

A new arrival in the plastics in-
sulator field is G-E No. 1422, which
offers characteristics of advantage
in the manufacture of ultra-high-
frequency equipment, television,
FM, radar, and radio sets, and many
other electronic applications. Pos-

nector beads from G-E No. 1422 on
automatic and semi-automatic
screw machines. As a low-loss di-
electric in the hands of the electric-
equipment designer, it affords an
excellent low-cost means of pro-
ducing experimental models and
small production quantitiesthrough
the use of standard machine shop
tools. Check coupon for technical
report.

HANDLES 12 CIRCUITS
SIMULTANEOUSLY

This new telephone-type relay is
capable of handling as many as 12
circuits in a wide variety of contact
combinations. Designed for multi-
purpose use in industrial electronic
apparatus, communications and
signaling equipment, these devices
have service lives measured in mil-
lions of operations. Working from
five basic contact arrangements,
combinations can be stacked to
satisfy intricate circuit switching
requirements. Silver, palladium, or
tungsten contacts can be supplied;
the choice depends on rating and
life specifications.

More than 500 different coils are
available, with ratings ranging

T TIMELY HIGHLIGHTS
ON G-E COMPONENTS

3 // Voooooooo
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from 1 to 250 volts, and 0.1 to
26,000 ohms. This varied selection
of coil ratings makes it possible to
match closely the coil voltage and
resistance with the rating of the
energizing circuits. Check Bulletin
GEA-4859 for full details.

GANERALIS, FLECTRIC
AR

TO MEASURE
TUBE LIFE

——

Now available for immediate deliv-
ery, General Electric Type KT
time meters are ideal for inclusion
in transmitters and other electronic
equipment where knowledge of
tube “on time” is important. They
can record operating time in hours,
tenths of hours, or minutes, and are
built in four forms: round or square
for panel mounting, portable with
attached base, or for conduit mount-
ing. Those designed for panel
mounting are housed in small Tex-
tolite cases that harmonize with
other panel devices.

Telechron motor drive assures
an accurate record of tube opera-
tion over a long period of time.
They can also be used on electronic
production tools, such as resistance
welders, to keep an accurate record
of machine operating time. Re-
searchers use them for measuring
time intervals, verifying circuit op-
eration, and life testing. Bulletins
GEA-3299 and GEA-1574 have full
details.

GENERAL ELECTRIC COMPANY, Section H642-16 R

sessing a dielectric constant of 2.5 Apparatus Department, Schenectady 5, N. Y.

to 2.6 with a power factor of .0006
to .0009 at 3000 mc, G-E No. 1422
exhibits unusual heat resistance and

r
= Please send me:
I
excellent machinability. |
I
|
|
|
I
-

0 GEA-2621 400-v D-¢ Capacitors

} Type KT Time Meter

[0 21-127 Selenium Rectifler
[0 GEA-3299 [0 GEA-4859 Telephone-type Relay
[0 GEA-1574 ] Report on G-E No. 1422 Plastic

Indicative of its machmablllty 18 NOTE: More data available in Sweets’ File for Product Designers.

the industrial production of r-f con-
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How Beltone uses Centralab’s
“Printed Electronic Circuit’ to design
and manufacture the

“world’s smallest hearing aid”

PROBLEM: SOLUTION: RESULT:

How to overcome size and weight lim-
itations of ordinary electronic compo-
nents and design a smaller, lighter
Beltone hearing aid.

Using Centralab’s *“‘Printed Electronic
Circuit'’, 45 parts, including capacitors
and resistors, have been combined
into one compact chassis.

The new, vastly improved 1948 Bel-
tone Hearing Aid—smaller and lighter
with improved performance and im-
portant production savings,

Models courtesy of Beltone Hearing Aid Co., Chicago

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

FOR USE where miniature size is of the utmost importance, nothing
has ever been offered to manufacturers of electronic e uipment
which combines ruggedness, dependability and resistance tolumidity
and moisture in such a small unit package. That's what engineers of
the Beltone Hearing Aid Co., Chicago, say about CRL's Printed
Electronic Circuit, and that’s what you will say when you have seen
and tested this amazing new electronic development.

Integral ceramic construction: Each Printed Electronic Circuit is an
integral assembly of "'Hi-Kap™ capacitors and resistors closely bonded
to a steatite ceramic plate and mutually connected by means of me-
tallic silver paths “printed” on the base plate. All leads are always the
same length, each plate is an exact duplicate of the original or “‘master”.

This outstanding new hearing aid development, illustrated above,
was the product of close cooperation between Centralab and Beltone
engineers, Working with your engineers, Centralab may be able to fit
its Printed Electronic Circuit to your specific needs. Write for complete
information, or get in touch with your nearest Centralab Representative.

LOOK TO &nab IN 19481
RS

Division of GLOBE-UNION INC., Milwaukee

ACTUAL SIZE

REAR VIEW of Beltone PEC unit is shown
above. Note ceramic disc cagacitors, “printed”
silver leads and resistors (black paths). See

below for schematic diagram of entire Printed
Electronic Circuit.

12a PROCEEDINGS OF THE I.R.E. April, 1948
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CONSTANT VOLTAGE

with low harmonic distortion

TYPE CVH, an important newcomer in a famous line
—a SoLA CoNSTANT VOLTAGE Transformer designed for
use with equipment that requires a source of undis-
torted voltage. These new transformers, available in
250, 500 and 1,000 VA capacities, provide all of the
voltage stabilizing characteristics of the standard SoLa
Constant Voltage Transformer, with less than 3% har-
monic distortion of the output voltage wave.

Since the output voltage wave is essentially sinusoidal,
these transformers may be used for the most exacting
applications such as general laboratory work, instru-
ment calibration, precision electronic equipment or
other equipment having elements which are sensitive to

SOLA

Conitonit Votnge

TRANSFORMERS

power frequencies harmonically related to the funda-
mental.

As in all SoLa Constant Voltage Transformers the
regulation is automatic and instantaneous. There are
no moving parts, no manual adjustments and every
unit is self-protecting against short circuit.

Type CVH represents -
an outstanding ad- |

vance in automatic
voltage regulation
and an important
contribution to pre-
cise electronic equip-
ment.

WRITE FOR THESE BULLETINS

XCVH-136—complete electrical and
mechanical characteristics of the
new Type CVH Constant Voltage
Transformers. ’

CV.102 — complete engineering |
handbook and catalog of standard |
Constant Voltage Transformers |
available for remedial or built-in

applications, i

Transformers fors Constant Voltage ¢ Cald Cathode Lighting * Airpart Lighting * Series Lighting < Fluorescent Lighting * Luminous Tube Signs
O Bumer Ignition + X-Ray « Pawer  Controls + Signal Systems + etc. < SOLA ELECTRIC COMPANY, 4633 W. 16th Street, Chicago 50, lllinels

Monufactured under license by: ENDURANCE ELECTRIC CO., Concord West, N. S. W., Australia ¢ ADVANCE COMPONENTS LTD., Walthamstow, E., England

UCOA RADIO S.A., Buenos Aires, Argentina o

PROCEEDINGS OF THE LR.E. April, 1948
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e ‘ 4 ...AT 2,600 MEGACYCLES?

v

BALL BEARING
CARRIAGE SUPPORT

SHOCK-PROOF
FRICTION DRIVE

BROADBAND TUNING

CRYSTAL AND
BOLOMETER DETECTION

SLOPE ELIMINATED
BY ELECTRICAL LEVELLING

LOW REFLECTION
CONNECTORS

CALIBRATED PROBE
POSITION MEASURED
TO OUTPUT COUPLING

Each product is designed, manufac-
tured, and tested with the precision
necessary to meet the exacting
requirements of the microwave re-
search engineer. An illustrated cata-
log may be obtained by writing Dept.
R4 on company letterhead.

..AT 26,000
MEGACYCLES?

SLOTTED |
SEC

3 \ s
A3 I
*
v
3
v

TIONS

AND

PRD Slotted Sections and Probes are now available
for determining with maximum precision the phase
and magnitude of impedances at microwave frequen-
cies. These units are precision fabricated devices for
use in exploring the standing wave patterns of r-f fields

in microwave transmission lines,

The instruments shown are only two of an extended
series of coaxial and waveguide slotted sections spe-
cifically designed for precise impedance measurement
over the microwave spectrum from 1,000 to 40,000
megacycles per second. PRD offers a full complement
of microwave measurement and test equipment includ-
ing Attenuators, Frequency Meters and Standards,
Tuners, Matched Loads, Directional Couplers, Sig-
nal Generators and Standing Wave Amplifiers.

66 COURT ST, BROOKLYN 2, N.Y. | .S RESEARCH
| " & DEVELOPMENT COMPANY, Inc.

14a PROCEEDINGS OF THE IL.R.E. April, 1948



MECHANICAL ACCURALY

E(ISIIIII ELECTRONICS

Shown above is a view of the Sherron electro-

THE SHERRON mechanical laboratory. Here you will see the finest
ELECTRO-MECHANICAL
LABORATORY SERVES IN THE
FABRICATION OF MECHANICAL atus is a precision instrument. Lathes, jig bores,

COMPONENTS FOR:

modern tools. Every machine, every piece of appar-

shapers, heat treating equipment, locators, millers

— v .

« Mechanical Equipment for they're all here. Yes, and the entire gamut of
Elactronoptics standards, gauges, mechanical measuring instru-

p PR ments . . . We allow no margin for error in any
* Special Precision Wave
Guides detail of the electronic equipment we make. As a

result, the Sherron electro-mechanical laboratory
¢ Computers
performs a vital function in our complete and co-
* Vacuum Tube Structures ordinated service to manufacturers . . . Why not

consult our electro-mechanical engineering group

e Precision Tuning Units
. on your “precision electronics’’ problems?

o s ? L o \
* Precision Drive Mechanisms :1"’”0" R

1 "Q-*

':; SIIEIIIIOII ELECTRONILS COMPANY

* Servo Mechanisms
Division of Sherron Metallic Corporation

1201 FLUSHING AVE. «- BROOKLYN 6, NEW YORK

PROCEEDINGS OF THE I.R.E. April, 1948 15a



ere 19 a difference.

. on all counts.

PYROVAC

better vacuum tube anode . .
LIFE . . . Tubes with tantalum plates formerly giving

3000 hours of service, now, with Pyrovac plates operate in
a 400 percent increase.

excess of 15,000 hours . . .

OVERLOADS . . . With Pyrovac plate, 65 watt
tubes have dissipated 900 watts—a 1280 percent momen-
tary overload—without indication that the eventual life
of the tubes or their characteristics were affected. In
normal service these tubes are still going strong. Excessive
plate dissipation due to tuning procedure and circuit
failure normally won't mean the loss of your tube,

MECHANICAL CHARACTERISTICS
Pyrovac is easily welded, enabling rugged shock-resistant
mounting. It is & "black body" radiator and possesses ex-
cellent characteristics as an electrical conductor.

COSTS . .. Pyrovac plates in Eimac tubes cost you
no more, yet since they enable longer life you actually

get more for your vacuum-tube-dollar.

PROVEN IN SERVICE. . . Pyrovac is the result

of millions of hours of life tests. The universal acceptance

of the 4-125A and the 4.250A in all fields of electronic
endeavor can, ‘in part, be attributed to Pyrovac for con-

tributing overload resistance, life, and a general ability

to “‘take it."”
¢ i 78
o g0 KEh o
AOUGH; Inc.

B'i'u%, California

s

193 San %/ ’

Export Agents: Frazpps
.
Wi

24

P #
sen 3?7%'%3’2/5“ Francisco, Calif.

16a

the new Eimac plate material makes a

TYpEs
TETR 00fs
4654
41254

42504
44004

"'0004
TRI0D €5
25T
3C24
sr
isrg
5TH
5TL
toory
1007
152ty
1521¢
250TH
2507,
304TH
3047¢
50TH
45071
75071t
10007
1soor
20007

PROCEEDINGS OF THE LR.E.

PLATE
Dissipy TioN

watty

65
25
250
400
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450
50
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1500
2000
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Typicol insulators produced by Alsimag
ot very low cost

IN SOME INSTANCES

TRADE MARK REGISTERED US PATENT DFFICE

INSULATORS ARE

owesy 117 cost

Some types of insulators can be produced by Alsimag at
very low cost. Our files show many instances where Alsimag
insulators are used simply because they are the lowest cost
insulators that will do the job.

This comes as a surprise to many engineers and purchas-
ing agents, They know that Alsimag materials are expensive,
that Alsimag parts have dimensional accuracy and uniformity
which facilitates assembly, that Alsimag has great mechanical
strength, permanent rigidity, that it will not char or form
electrical conduction paths and that it has a far greater
dielectric efficiency than most insulating materials. There-
fore it is natural that they would think that Alsimag compo-
nents would be more expensive ... However, in some instances,
the greater cost of the Alsimag materials is more than offset

by praduction savings. Certain sizes and designs, usually zmall
and relatively simple shapes, are produced in quantity on
automatic production equipment at such low production cost
that tke final price is highly competitive. Many materials com-
monly regarded as ‘‘cheap’’ are actually more expensive in
first cost because those cheap materials do not lend them-
selves to economical manufacturing processes.

This advertisement is not an announcement of *‘bargain
prices. The Alsimag price structure remains unchanged. It is
simply a statement of fact and an invitation to submit your
insulator problems to Alsimag for cost and design analysis.
You may be surprised to find Alsimag production efficiency
enables you to buy superior insulators at a price competitive
with materials which you have always thought of as *cheap.”’

AMERICAN LAVA CORPORATION

4 6 T H

Y £ A R

C £ R A M | L E A D E RS H I P

CHATTANOOGA 5, TENNESSE

SALES OFFICES: ST. LOUIS, MO., R. H. Geiser, Tel: Gaifield 4959 « CAMBRIDGE, MASS,, ). F. Morse, Tel: Kikland 4498 « NEWARK, N_ ) §. H. Mills, Tet: Mitchell 2-8159 « PHILADELPHIA
S. ). McDowell, Tel: Stevenson 4-2823 * CHICAGO, W. E. Glasby, Tel. Central 1721 « SAN FRANCISCO, f S. Hurst, Tel: Douglas 2464 « LOS ANGELES, L. W. Thompson, Tel. Mutual 9076



Keep DISTORTION. out of the picture
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Photograph, courtesy of RCA Service Company,
Inc., a Radio Corporation of America Subsidiary

Distortion of the television image can be reduced more effectively
if your wave trap is cored with a G. A. & F. Carbonyl Iron Powder.

The inherent characteristics of G. A. & F. Carbonyl Iron Powders
enable your core maker to produce cores with negligible tempera-
ture drift and excellent magnetic stability. Such cores in well de-
signed coils give incomparable fidelity to your TV and RF circuits.

WHEN USED at radio frequency, G. A. & F. Carbonyl Iron
Powders are superior in all important coefficients of sta-
bility (magnetic and temperature) and loss (eddy current and
residual).

In comparison with air-cored coils, G. A. & F. Carbonyl Iron
Powder -cored coils permit considerable savings in volume,
weight and wire-length, along with great increases in inductance
and Q value.

Ask your core manufacturer for information about G. A. & F.

Carbonyl Iron Powders. Or write direct to: Antara Products,
444 Madison Avenue, New York 22, N. Y. pept. 43

G. A. & F. CARBONYL IRON POWDERS

*® An Antara* Product of General Aniline & Film Corporation

18a PROCEEDINGS OF THE I.R.E. April, 1948



DEFLECTION YOKE SHELLS

1945

*» Trade Mark Registered

PROCEEDINGS OF THE I.R.E.

Inside

Diameter  Length

S-1 3 284¢"
S.4 2% 374"
Q-3 3" 2314,
Q-4 3” 21144
Q-5 3~ 21140
S-6 2% 3he”
DEFLECTION YOKE CORES

COSMALITE* TUBES
for Veleviscon deflection yokes

@ These spirally laminated paper base, Other Cosmalite Types include
Phenolic Tubes are obtainable in sizes and
with punching and notching that meet
cach customer’s individual needs.
Quality performance at prices that appeal. SLF Cosmalite for Permeability Tuners.
* *
Spirally wound kraft and fish paper Coil Forms and Condenser Tubes.

Inquiries given specialized attention.

Ce e

#96 Cosmalite for coil forms in all
standard broadcast receiving sets.

7 CLEVELAND CONTAINER ;]

6201 BARBERTON AVE. CLEVELAND 2, OHIO
» All-Fibre Cans - Cambination Metal and Papes Cans
» Spirally Waund Tubes and Cares far all Purpases
« Plastic and Combmohon Paper and Ploshc Items

PRODUCTION PLANTS alse ll Plymouth, Wise. Olllnhuu N.Y. Chicage,lil., nnmn Rich., Jamezburg, NJ.
PLASTICS DIVISION at Piymoath, Wisc. o ABRASIVE DIVISION at Cleveland, Ohio

SALES OFFICES : Room 5632, Grond Cew dg., New Yorh 17, .., also 647 Mais St. Hartasrd, Cane,

CAMADIAN PLANT : The Ci satainer Canada, Ltd., Prescott, Ontarie

April, 1948 19a



Afier Six Years on the Shelf =

—These Mallory Capacitors : /\@

ol L9273 van
Wiy, o oy
Met Every Specification! . L trinsr 7oy

4” B — S ———
Sv, U4 -
oo 0 e Y

i

The proved long shelf life
of Mallory Capacitors is
a plus value to the man
responsible for Inventory

When you buy capacitors it’s a relief to know that, should your production
program change, the stock on hand may be held without becoming useless
through deterioration. Mallory Capacitors have proved on many occasions

that they can take long periods of storage without loss of efficiency.

We recently tested capacitors for several customers* who had shelved them
for up to six years. All proved ready to use without re-aging. None took more
than seven minutes to reach the leakage limit of new units. All character-

istics were within the limits of new-unit inspection.

Such quality is added protection for the man who specifies Mallory Capacitors.
Such quality is invariably built into Mallory Approved Precision Products.

*Names on request.

Yours for the asking! BUY MALLORY ASSURED QUALITY AT REGULAR PRICE LEVELS

Everything you want to know
MA I. Lo YCAPACITORS

about Mallory electrolytic
(ELECTROLYTIC, OIL and WAX)

capacitors — types, sizes, elec-
trical characteristics — even
data on test measurements
and mounting hardware!

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

20A PROCEEDINGS OF THE I.R.E. April, 1948
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The Voice of America gives to other nations a full
and fair picture of American life, aims and policies,
plus factual news of the world and the United States.

‘Broadcast in twenty-three languages, these pee-
grams blanket Europe, Latin America and the Far
East, with a potential radio audience of more thaa
150,000,000 persons.

Of cthe thirty-two hours of daily broadcast, ap-
proximately one-fourth of the time is devoted to

%yz/c’z /. ..

: . o o —
et o il

"m’

news, one-half to additional comment and informa-
tional programs, and the remainder to music and
entertainment.

A substantial part of these daily programs is re-
corded and, due to the excellent quality of these
transcriptions, such recorded portions cannot be
diistinguished from the /ive transmissions.

Today, as from the beginning, the recorded parts
of these broadcasts are on AUDIODISCS.

AUDIO DEVICES, INC., 444 NMadison Avenue, New York 22, N.Y.

Export Department: Rocke International Corp., 15 E. 40th Street, New York 16, N. Y.
Audiodiscs are manufactured in the U.S.A. under exclusive license from PYRAL, S.A.R.L., Paris

Apred, 1948
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You can *«X
Reduce Costs |
- You can Improve

Performance with

PERMANENT

Where's the manufacturer these days who doesn’t
need all the competitive and cost advantages he can

o 4 get? Maybe you have new electrical or mechanical

/ equipment in mind—designs or re-designs that

B should employ permanent magnets for best results.
"AG" ETs Maybe you have existing applications that perma-
nent magnets will do better—save you time and

money in production, and step up the efficiency of

- : - your product.

5 In either case, let Arnold’s engineering service
help you to find the answers to your magnet prob-
lems. Arnold offers you a fully complete line of per-
manent magnet materials, produced under 1009,
quality-control in any size or shape you require,
and supplied in any stage from rough shapes to

! finish-ground and tested units, ready for final

s RS Vi assembly. Write direct, or to any Allegheny Ludlum

b iy, Loy g, e branch office.
o % B4 w % /
! L ! WaD 1295

THE ARNOL)D ENGINEERING CO.

PR

AL Subsidiary of ALLEGHENY LUDLUM STEEL CORPORATION

\fo‘@/ 147 East Ontario Street, Chicago 11, lllinois

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

22A PROCEEDINGS OF THE I.R.E. April, 1948
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the CONTROLLER answers
typical regulation problems

Ql An AC requirement. Can you stabilize
the output of a transformer?

TRANSFOAMER, »
PRIMARY LEADS

CONT ROLLEi]
INCOMING LINE

u- Can you selectively regulate a number
of DC voltages and currents?

Answe L_ & '?,I

u— (53 T ANTTT
: 2 T A 1 PV Be S
1 I = I L s 2 {1+
; tl 1 ]
: T" {4
— r J
5
=
k.T‘4

Q. Can the CONTROLLER stabilize a gen-
~erator fleld to regulate its output?

ANSWER

RECTIFIER CIRCUIT

LINE | CONTROLLER \l

% GENERATOR :
f oureur

~_":-_‘-!7~>‘ . —— e TapT eIy

. . .

—_ e, = = st BN s
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SORENSEN

& COMPANY INC. o

The AC output of the CONTROL-

LER will swing between 85-145 §
VAC, AUTOMATICALLY adjust-

ing the output of your unit
against line and load variations.
By referencing this output back
to the CONTROLLER you get

output regulation.

TECHNICAL SPECIFICATIONS

—of AC, DC or RF outputs in any
one circuit, selectively stabilized
over wide ranges of line and load

with the new @ SORENSEN
ELECTRONIC CONTROLLER

The controlled circuit must make available at least one watt of power

to the CONTROLLER.

Input voltage range:

Load range:
Regulation accuracy:

95-125 volts AC
(50 or 60 cycles)

200 to 2000 VA
0.5% at the controlled point

Wflte today for more information on the new CONTROLLER. Arrange
to have a Sorensen Engineer analyze voltage regulation requirements
in your plant. He can select a Sorensen unit or suggest a special

design to fit your unusual application.

Represented in all principal domestic and foreign cities.

L comrany The FlRSHme gt standard ELECTRONIC Voltage Regulators”‘:‘

-‘“ E‘:r. .‘n s .‘b ?

P . ) A 4

':v'?j.r‘\._ .:‘ : 3 g ",‘l- "
STAMFORD CONNECTICUT
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WHAT IT IS...
@ Two separate, completely independent,
electron guns.

® Individual circuits for intensity, focus,
and X-, Y- and Z.axis modulations.

® Independent, identical linear time bases
for each beam. Choice of driven or contin-
uous sweeps, or combinations thereof.

@ Provision for applying common linear time
base signal to the horizontal plates of both
guns,

® Automatic beam control.

® Balanced-output deflection amplifiers for
each deflection system.

® Built-in voltage calibrator applicable to
either Y-axis amplifier at any time.

o Position and sensitivity equalizing cir.
cuits for X-axis.

® Provision for use of an oscillograph-rec-
ord camera such as Du Mont Types 271-A or
314,

® Operation at total acceleration potential
of 4500 volts.

o Brilliant traces.

WHAT IT DOES...
Only the dual-beam oscillograph
can simullaneously...

v Compare the complete signal and an ex-
panded portion thereof.

¢ Enable observation of transient voltage
and current (see accompanying oscillogram).

¢ Measure explosion time and rate of
change of pressure.

¥ Show velocity and acceleration,

v Show velocity and pressure changes on
engine valves.

¢ Compare speed and vibration.

¢ Compare voltages and currents in multi-
phase circuits.

¢ Compare adjustment of push-pull and
other symmetrical circuits.

¢ Compare electrocardiograms picked up
from two different points,

¥ Compare input and output signals of
amplifiers.

¢ Offer two channel recordings, with Type
314 Oscillograph-record Camera.

¢ Compare related periodic phenomena on
different sweep frequencies.

SPECIFICATIONS.,.,

Type SSP. Cathode-ray Tube,

Sweep-{frequency range: 2 to 30,000 saw-
tooth cps.

Sweep recurrence: single or continuous,

Y-axis amplifier response: {lat to dc., down
3db at 200 kc,

X-axis amplifier response: {lat to dc., down
3db at 150 ke,

Deflection: for all amplifiers 1 v. dc./in.
approx.
Power: 115/230 v., 50-60 cps., 300 watts,

3 amp. {use.
Size: 171" x 2254 x 2214’"; wt. 125 lbs,
Housing: Cabinet or relay rack.

aMON

ALLEN B. DUMONT LABORATORIES,

SAW
[NV Y

® The introduction of the Type 279
Dual-beam Cathode-ray Oscillo-
graph makes available for the first
time a really dual instrument with
separate and wholly independent
electron guns. The circuits associ-
ated with each gun are also distinct
and separate. For the first time, sep-
arate time bases are provided for
each beam with provision for apply-
ing one time base to both guns, if so
desired. For the first time, an oscil-
lograph is offered which alone can

perform the applications listed.

Now it is possible to superimpose
two complete traces without a cum-
bersome and costly optical system
or by the use of time-sharing de-
vices. And with the P2 screen, the
light output is more than sufficient
for visual observation or for photo-
graphic recording of high-speed
transients.

Other advanced features are the
built-in calibrator and the ability to
respond to direct-current signals.

# Descriptive literature on request.

@ ALLEN B, DU MONT LABORATORIES, INC,

Cacision Clochonics &

INC., PASSAIC, NEW JERSEY * CABLE ADDRESS: ALBEEDU, PASSAIC, N. J.,

WH

U. 5. A,
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W COMPONENTS
oo DEPENDABILITY

- - R S
The dependability of Hi-Q components contained bl

in your finished product will enhance your reputa-
tion as a manufacturer of quality equipment. The
dependability of Hi-Q components is the result of
meeting exacting specifications which insure their
conformance to your requirements...temperature
coefficients within recommended tolerances, insu-

lation resistances to minimum standards, capaci-
ties as specified. Hi-Q dependability results from
the use of highest quality materials and from con-
stant surveillance throughout processing...your
assurance of efficient, dependable service. Write for
detailed information and engineering specifications.

STAND-OFF CONDENSERS

erial §g £,
of quoli d 'O’era:nuhed
olity ;s i ce.
) N Voys manufac, or ent;,
H1-Q stand-off condensers insure the complete depend- ion i . rols, re
ability of all your by-pass work. Stud hook-up provides
exceptional rigidity and positive ground connection.
These sturdy components permit easy access to tube bt N The g
terminals and are available in all capacities.

CUStomepy:
Perfo,,
Monce,

allesy
® spo 8ic VALy

; com

savin, o

*c e Ncreqg, ugr ::cﬁo" s
ofits,

L] the
feduce

—

J&

FRANKLINVILLE, N. Y.

Plants: FRANKLINVILLE, N, Y. —JESSUP, PA,
Sales Offices: NEW YORK, PHILADELPHIA, DETROIT, CHICAGO, LOS ANGELES
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Synthetic Sagopiro
e oapnhire, Ruby, gng Spinel

EVERY DESIGN ENGINEER

SHOULD HAVE A COPY | -

D ——
Lo ...
T e L AR
Fabyg
ating 1., /mu/m x

If you are concerned with material specifications, you’ll find ideas
on solving wear problems in this 28-page booklet—because LinpE
Synthetic Sapphire is a material for key parts on which successful
operation of a whole machine or instrument can depend.

This booklet describes the sucessful uses of this material, the colors,

forms, and grades available; and gives a complete properties chart. It’s
full of pertinent illustrations—a picture-caption story of fabricating

SEND FOR
YOURS TODAY!
techniques, including LINDE’s time-saving developments.

You’ll want this new booklet — send for it on your business letter -

head. Ask for Booklet 4-1. You will incur no obligation.

o
W 1S A TRADE-MARK OF THE LINDE AIR PRODUCTS COMPANY
THE LINDE AIR PRODUCTS COMPANY

THE WORD
Unit of Union Carbide and Carbon Corporation

30 E. 42nd St., New York 17, N. Y. [[[48 Offices in Other Principal Cities
In Canada: DOMINION OXYGEN COMPANY, LIMITED, Toronto

April, 1948

PROCEEDINGS OF THE LR.E.



PROCEEDINGS OF THE I.R.E.

SELECT from the

Many B.iley crystai units are first pro-
duced on a custom-built basis for special
application. Quite often these designs con-
tain outstanding features that are desir-
able in many applications and when this
aoccurs the unit is included in our catalog
sisting. Our Bulletin 36 contains 22 stand-
ard crystal units, zll widely used in com-
mercial and govermmental applications.

Blilev engineers a-e constantly utilizing

April, 1948

titey

CRYSTALS

our many years of specialized experi¥ence
to salve new frequency control problzems.
If you have a frequency control apglica-
tion, whether standard or specializec, we
can probably come up with the righ: an-
swer. Remember to specify Bliley TECH-
NIQUALITY crystals for greater accura-
cy, stability, quality, and advance design.

WRITE FOR YOUR COPY OF BULLETIN 36
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See why ead¥rs i

TELEVISIO!

choose

MYCALEX 410

insvliation

In television seeing is believing . . . and big name makers of televi-
sion sets are demonstrating by superior performance that MYCALEX
410 molded insulation contributes importantly to faithful televi- . Specify MYCALEX 410 for:
sion reception. i 1. low dielectric loss
Stability in a television circuit is an absolute essential. In the sta- € 2. High dielectric strength
tion selector switch used in receivers of a leading manufacturer, the 3 3. High are resistance
MYCALEX 410 molded parts (shown here) are used instead of infe- 4. Stability over wide humidity and
rior insulation in order to avoid drift in the natural frequency of the temperature changes
tuned circuits. The extremely low losses of MYCALEX at television 5. Resistance to high temperatures
frequencies and the stability of its properties over extremes in tem- 6. Mechanical precision
perature and humidity result in dependability of performance which 7. Mechanical strength
would otherwise be unattainable. 8. Metal inserts molded in place
Whether in television, FM or other high frequency circuits, the 9. Minimum service expense
mest difficult insulating problems are being solved by MYCALEX 410 10. Cooperation of MYCALEX

engineering staff

molded insulation...exclusive formulation and product of MYCALEX
CORPORATION OF AMERICA. Our engineering staff is at your service.

MYCALEX CORP. OF AMERICA Gai====

“Owners of ‘'MYCALEX' Patents”
Plant and General Offices, CLIFTON, N. J. Executive Offices, 30 POCKEFELLER PLAZA, NEW YORK 20, N. Y.,
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MODEL 260
VOLT-OHM-MILLIAMMETER

20,000 Ohms per Volt D.C.
1,000 Ohms per Volt A.C.
Volts, AC. and D.C.: 2.5, 10, 50,

250, 1000, 5000.

Milliomperes, D.C.: 10, 100, 500.
Microamperes, D.C.: 100.
Amperes, D.C.: 10.

Decibels (5ranges): —10t0 52D.B.

Ohms: 0-2000 (12 ohms center).
0-200,000 (1200 ohms center).
0-20 megohms (120,000 ohms

center).
Model 260—Size 5%"” x 7” x 3%”
$38.95

Model 260 in Roll Top Safety Case
—Size 5%" x 9" x 4%”. $43.75

Both complete with tes! leads ond
32-page Operator's Manual*

ASK YOUR JOBBER

For what it buys in sensitivity, precision¥#8d useful ranges, the price of Model 260
has always purchased value far beyond that of even remotely similar test instruments. Today this
famous volt-ohm-milliammeter is a finer instrument than ever, with added ranges and with a
new sub-assembly construction unmatched anywhere in strength and functional design.
The price is the same. That means, of ccurse, that your investment today buys
even more in utility and the staying accuracy that distinguish this most popular
high-sensitivity set tester in the world.
*No other maket of test instruments provides anythin'g to approach the
v completeness of the pocket-size 32-page Operator’s Manual that accompanies

Simpson Model 260. Illustrated with 12 circuit and schematic
diagrams. Printed on tough map paper to withstand constant usage.

i1 ” INA "/ SIMPSON ELECTRIC COMPANY e 52005218 W. Kinzie Street, Chicago 44, 1il,

- = ’ 1n Conado, Bach-Simpson Ltd., Landan, Ont,
INSTRUMENTS THAT Y ACCURATE
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CARBON and GRAPHITE SPECIALTIES

Carbon and Graphite have been termed “the most flexible of
Mother Nature’s materials”. . . and for more than two decades,
Stackpole has been proving the accuracy of this statement as
applied to engineering problems involving friction, temperature,
arcing, corrosion, shaft sealing and other related factors.
Stackpole will be glad to work with you and your organization
on any specific problem which carbon, graphite or powdered
metal specialties might help solve.

STACKPOLE CARBON COMPANY . ST. MARYS, PA.

Far more than being a mere catalog, the Stackpole
CARBON SPECIALTIES BOOK contains a wealth
of detailed information that should prove invaluable
in helping you evaluate the unique possibilities of
carbon, graphite, and powdered metal materials in
solving a wide range of engineering and production
problems. Write for your copy today using your
company letterhead. Ask for Booklet No. 40.
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0 NORMALLY CLOSED SIS 1 RORMALLY (1OSED 22 1 a0tMAUY QOSEDLS 3 RORMALLY (10SED ¢ WORMALLY (10560

onnaas 2 ContACTS 2 conmacrs 22 contacrs o2 (ONACTS

Change from
Normally Open
to Normallg
Closed contacts
simply by shift-
ing connections.

BULLETIN 700 UNIVERSAL RELAYS have two banks of contacts
for quick changes from Normally Open to Normally Closed con-
tacts . . . or vice versa. Available in 10-ampere rating with 2, 4,
6, and 8 poles; double break, silver alloy contacts need no main-
tenance. No pins, pivots, bearings, or hinges to bind or stick.

A-B TIMING RELAYS A-B LIMIT SWITCHES

for Radio Transmitter Cabinet Doors

BULLETIN 848 TIMING RELAYS
are ideal for any service requiring
an adjustable, delayed action re-
lay. Have Normally Open or Nor-
mally Closed contacts.

Magnetic solenoid core is re-

strained from rising by the piston
in fluid dashpot. Adjustable valve in piston regu-

1

lates time required to pull piston through fluid seal S:{:j"":: VLI.IH:I': 5'::"’0 :";z:‘ rous::'i;')?pe""l'.‘";
. m

and trip the contacts, which open or close with solder lugs or N.O. or N. C. switch. Setting

quick, snap action. Ideal for transmitter plate serewilesminie cosscs ISHOC USSRl

Folfcigeicantrol Limit switches serve many electronic applications. Those

shown above may be used for safety interlocks on transmitter
cabinets. They serve as pilot controls for actuating Allen-
Bradley 702 Heavy Duty Contactors which will disconnect all
electrical apparatus in the cabinet if the doors are opened.

A-B HEAVY DUTY CONTACTORS

Limit switches are also used for electrical sequence switch-
ing; restricting machine motions; starting, stopping, and re-
versing motors, etc. The Allen-Bradley line of limit switches
fills a 70-page catalog. Let us send you a copy.

BULLETIN 702 SOLENOID CONTACTORS for
heavy duty ratings up to 300 amperes. Arranged
for 2- or 3-wire remote control with push buttons
or avtomatic pilot devices. Allen-Bradley Company

Enclosing cabinets for all service conditions. 114 W. Greenfield Ave., Milwaukee 4, Wis.

Double break, silver alloy
contacts require no main-
tenance. Solenoid mechan-
ism is simple and trouble

N Quality
free. These Allen-Bradley R

solenoid contactors can be IW N)
furnished in a variety of en- ®
closures to meet any service
requirement. Write for Bul-

letin 702, today.

‘\.‘tA

-
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Representative RCA types standardized for future equipment designs

Tubes for today
and tomorrow

ERE ARE power tubes, phototubes, and c-r tubes to serve
H the major requirements of equipment manufacturers
for a long time to come. The tubes listed are those you can
depend on now, and for your future designs.

These RCA types are especially recommended because
their wide-spread application permits production to be con-
centrated on fewer types. Such longer manufacturing runs
reduce costs—lead to improved quality and greater uni-
formity. Resultant benefits are shared alike by the equipment
manufacturer and his customers.

RCA Application Engineers are ready to suggest suitable
tube types for your design requirements. For further infor-
mation write RCA, Commercial Engineering, Section DR-42,
Harrison, N. ).

THE FOUNTAINHEAD OF MODERN TUBE DEVELOPMENT IS RCA

TUBE DEPARTMENT

HARRISON., N. J.

32a

Preferred List of RCA Non-Receiving Types

CATHODE-RAY TUBES AND CAMERA TUBES

Kinescopes Camera Types Oscillograph Monoscope
(Projection) 5527 Types 2F21
5TP4 2P23 2BP1
5655 3KP1
(Directly Viewed) 1850-A 5UP1
7DP4
7JP4
10BP4
PHOTOTUBES
Gas Types 1P41 21 927 930
Vacuum Types 922 929
Multiplier 931-A
GAS TUBES
Thyratrons 2071 3D22 884 2050
Ignitrons 5550 5551 5552 5553 5563
Rectifiers 3825 673 816 857-B B66-A 869-B
8008
Voltage Regulators 0A2 0C3/VR105 0D3/VR150

POWER AMPLIFIERS AND OSCILLATORS

TRIODES
(Air-Cooled) (Forced-Air-Cooled)
81 6C24
812 7C24
826 9C22
833-A 9C25
8000 889R-A
8005 892-R
8025-A 5588
5592
TETRODES BEAM TUBES
{Air-Cooled) (Water-Cooled)  (Air-Cooled)
4-125A/4D21 8D21 2E24
2E26
807
813
815
829-B
832-A

(Water-Cooled)
9C21
9C27

889-A
892

PENTODES
(Air-Cooled)
802
828

The world’s most modern tube plant .

RCA, Lancaster, Pa.
b ¥
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Julius A. Stratton
Director, 1948-1950

Julius A. Stratton was born in Seattle, Washington,
on May 18, 1901. He attended the University of Wash-
ington from 1919 to 1920, when he came east and enrolled
at the Massachusetts Institute of Technology. There he
received the B.S. degree in electrical engineering in
1923. That same year he left for Europe, where he
studied at the Universities of Grenoble and Toulouse.
In 1925 he received the S.M. degree in electrical engi-
neering from the Massachusetts Institute of Technology.

Returning to Europe, he obtained the degree of Sc.D
in mathematical physics at the Technische Hochschule
in Zurich, Switzerland, in 1927. In 1928 he did post-
graduate work at the University of Munich.

On his return home once again, Dr. Stratton became
assistant professor of electrical engineering at M.IL.T.
He was later made associate professor, and in 1940 be-
came professor of physics at that institution, in which
capacity he has remained to date.

From 1940 to 1945 he was a staff member of the
M.I.T. Radiation Laboratory of the National Defense
Research Council, and in 1945 he became director of
the Research Laboratory of Electronics at the Massa-

chusetts Institute of Technology. During World War 11
he was associated with the Office of the Secretary of
War as expert consultant. Since 1946 he has served on
the Research Development Board as chairman of the
Committee on Electronics.

Dr. Stratton is a Fellow of the American Academy
of Arts and Sciences and of the American Physical
Society, and is a director of the Armed Forces Com-
munication Association. He became a member of the
Institute of Radio Engineers in 1942, a Senior Member
in 1943, and a Fellow of the Institute in 1945, “in
recognition of his contribution as a teacher and author,
adept in the field of fundamental research, who has
applied his knowledge to improve radio communica-
tions.” His contribution to the affairs of The Institute of
Radio Engineers has always been one of active service.
He was on the Annual Review Committee in 1945 and
1946, on the Education Committee in 1945, on the
Radio Wave Propagation and Utilization Committee in
1945, 1946, and 1947, on the Standards Committee in
1945 and 1946, on the Board of Editors in 1946 and
1947, and on the Membership Committee in 1947,
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Hammond Vinton Hayes
Quaust 28, 1860— March 22, 1947

Scientist, Pioneer, and Benefactor

On the 21st of August, 1947, in routine
formality, the will of Hammond Vinton
Hayes was allowed for probate in Boston.
It named Harvard University and the
Massachusetts Institute of Technology co-
equally as residuary legatees. The wish of
the benefactor was that the income from
the funds be used to encourage young
scholars in advanced work in the fields of
electrical communications and electronics.

Hayes died on March 22, 1947, at his
home, 48 Beacon Street, Boston, the city

Edward L. Bowles

in which he had lived most of his life. So
selfless was he, so inconspicuously did he
go about his work, that few of the present
generation knew of his existence, Even
fewer were aware of his varied scientific
achievements and his profound influence 1
on the early technological development of
the telephone art. This influence alone is of
such historical significance that notice of
the Hayes contribution is of importance. A
glimpse of the telephone scene at the time
of his entrance upon it is material to an

understanding of this contribution. The Bell
System, whose annual gross income today is
nearly two billion dollars, was embryonic at
this time.

It was on December 7, 1885, that Hayes
joined the American Bell Telephone Com-
pany as head of the Mechanical Department.
He had been graduated by Harvard Uni-
versity in 1883. Subsequently he had studied
electrical engineering at the Massachusetts
Institute of Technology and science at
Harvard, where he was granted a Master’s
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degree and the second Doctor’s degree in
Physics to be awarded by the University,
His entry into the employ of the Bell Com-
pany was auspicious, not only because of
his inheritance and unusual training, but
because of the formative state of the electri-
cal communication art.

At the time Hayes joined the organiza-
tion it had been ten years since Bell electri-
cally transmitted and reproduced the
“twanging” of a spring. Within a year he
had followed the discovery with the trans-
mission of articulate speech. Gardiner G.
Hubbard and Thomas Saunders, visionary
entrepreneurs, had given initial financial
and management impetus to the Bell idea of
telephony. The concept of the microphone,
as demonstrated by Professor David E.
Hughes and discovered independently by
Thomas A. Edison and Emile Berliner, had
been adapted in carbon form by Henry
Hunnings, Francis Blake, Jr., and others.
Hughes had demonstrated the phenomenon
of amplification by this means—the modula-
tion of a local (battery) energy source—
and thus opened up vast possibilities in com-
munication. The Western Union organiza-
tion in the fall of 1876 had turned down the
proffer of Bell's telephone invention, later to
realize its shortsightedness and entreat
Edison to help with the development of a
competitive patent position in the field.
Only six years before Hayes joined the Bell
interests they had overcome the Western
Union threat by an adroit settlement in
which Western Union was paid handsome
tribute to keep out of the telephone business
for seventeen years. Other inventors, in-
cluding Stephen Gray, Daniel Drawbaugh,
and Amos Dolbear, were asserting their
interests. Crucial and protracted patent
litigation was in process, and James ]J.
Storrow had begun his distinguished legal
work which later was to characterize him
as savior of the Bell interests, when in March,
1888, the U. S. Supreme Court handed down
its dramatic (4 to 3) decision sustaining the
Bell interests.

Five years before Hayes' employment, an
iron wire line between Boston and Provi-
dence was put into operation. The preceding
vear, a hard-drawn copper wire line between
Boston and New York had been opened.
Authorizations had been effected to extend
long-distance facilities to Philadelphia and
Washington and from New York to Albany.
Hubbard had determined on the idea of
leasing telephone instruments, and the con-
cept of a federation of operating companies
was in the making by the precedental in-
corporation of a New England Telephone
Company. The concept of a parent company
controlling links interconnecting local op-
erating companies was generating, as evi-
denced by the establishment of the Ameri-
can Telephone and Telegraph Company in
February, 1885, for the purpose of installing
and operating long-distance lines.

In this first decade of Bell history the
vicissitudes of finance and management,
the uncertainties of competition and patent
position had already conjured up some seven
patterns of organization and reorganizations.
There had been a wealth of empirical ex-
perimentation and invention and negligible
scientific analysis. The telephone was as yet
a local-battery magneto ringing device. Had
this initial Bell management been fully
aware of the technical obstacles ahead, it
would have been far less courageous. As
matters stood upon Hayes' entry, the Bell
operations were approaching a stage where
real technical obstacles were beginning to
assert themselves and seriously threaten
company survival. Because of the growing
complexity of the scientific and technologi-
cal problems, considering Bell's charac-
teristics, perhaps the greatest contribution
he made to the telephone art was to have
retired as an active contributor some years
before. Fortunate it was for the organization
that a man of Hayes' background and
qualities was available to formulate and help
to solve the manifold problems, which by his
scientific acumen he was well prepared to
comprehend.

Hayes was faced with two principal tasks,
one the acute job of improving the immedi-
ate apparatus and techniques, and the other
the responsibility for planning ahead to
anticipate the difficulties of the future,
difficulties sure to come with the growing
demand for better local service and greater
long-distance capabilities. Dovetailed into
these complementary challenges was the
ever-recurring job of working with Storrow,
Professor Charles R. Cross, and others on
pressing and vital patent litigation con-
stantly threatening the companies’ position.

One of the first problems confronting
Hayes was the complex development of
better transmitters. By the early nineties,
progress had been made through the de-
velopment of the solid-back granular-carbon
device by Anthony C. White. Impressed by
the difficulties and limitations of the local-
battery subscriber set, Hayes gave much
of his attention directly to the amelioration
of this problem. Current practice was to
utilize Fuller cells for the long-distance
transmitters. In Hayes' words, wagons used
in the replacement of these batteries became
so weakened by the corrosive effect of the
bichromate electrolyte that often they fell
apart in the streets, leaving a somewhat
colored impress and distressing corruption
upon the byways of Boston. By 1888 Hayes
was ready to make an experimental in-
stallation of a central-office battery system
in the offices of the American Bell Telephone
Company in Boston. The next step was a
common-battery switchboard in Lexington,
Massachusetts, in 1892. Based on a study of
the detail difficulties brought out in these in-
stallations, victory over the opposition was
finally won after the installation of a com-

plete common-battery system in Phila-
delphia in 1895. The Haves patent No.
474,323, issued in May, 1892, is eloquent
evidence of his grasp of the problem. The
two-winding “induction coil” shown therein
is to be found in modern embodiment as the
“repeating coil” in every central-office cord
circuit.

One of the most vexing problems was
that of protecting telephone apparatus from
destructive outside disturbances, such as
lightning, and crosses with other electric
power circuits now coming into practice.
Not only was a sure-fire method an impera-
tive need, but there must be a standard
practice in the operating organizations. By
1891 Hayes and his assistants had developed
the protective combination of special tubu-
lar fuse, carbon gap, and heat coil, an effec-
tive ensemble today. The heat coil to short
the control-office terminal of a line, thus
obviating the passage of damaging “sneak
currents” through the delicate apparatus,
was a direct contribution by Hayes. His
analysis and direction of this problem was
further evidence of his comprehension of
the importance of systems engineering and
standard practices.

The technical difficulties of long-distance
transmission asserted themselves early. The
introduction of hard-drawn copper wire
made it possible to reach as far west as
Chicago in 1894. Denver proved too much.
The sheer weight of copper, cross talk from
unbalance, and the variability of open-wire
transmission presented discouraging prob-
lems. Underlying the application of cables
and long open-wire lines was the problem of
complex attenuation which affected not only
the amplitude of a signal but independently
its intelligibility. With overhead plant forced
under ground by public reaction, and in the
interest of safety, recourse to cables was es-
sential, yet here the problem of transmis-
sion was acute. Hayes, conscious of the need
for fundamental study of the theoretical
limitations and potentialities of transmis-
sion, put George A. Campbell to work on
this problem.

I quote from the Annual Report, Me-
chanical Department, dated December 31,
1898, by Hayes: “With Mr. Campbell’s as-
sistance | confidently expect during the
coming year to be able to report progress in
the design of Long Distance cables....”

The result was a brilliant achievement—
the specific way in which to load cables and
open-wire lines so as to give relatively uni-
form transmission over a band of the voice-
frequency spectrum sufficiently broad for
good articulation. Although in the ensuing
patent interference Pupin was adjudged the
inventor, this legal technicality does not
alter the stature of Campbell’s superb in-
tellectual and practical achievement. Un-
fortunately, in the subsequent confusion
between legal and intellectual credit, coupled
with other factors, it appears to have been
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well-nigh mandatory that henceforth Hayes
and others give general credit to Pupin.
This dichotomy between intellectual recog-
nition and legal credit was a tragedy. Hayes
and Campbell both must have suffered
severely from the blow. It is to their great
credit that it did not affect their enthusiasm
for the telephone art.

This outline of Hayes' contribution to
telephony would not be complete without
reference to the work carried out on re-
peaters. The early application by Edison of
the microphone as a relay was developed by
several men under Hayes' direction. The
most notable detail work on the mechanical
repeater was done by Shreve, These me-
chanical devices were first applied to a long-
distance circuit in 1904 between New York
and Chicago, and in 1907 between Boston
and Chicago. Although the line from the
East to Denver, 1911, and Salt Lake City,
1913, made use of loading and not repeaters,
the coast-to-coast circuit of 1915 was tested
interchangeably with mechanical and audion
amplifiers. By this time the pioncer work
of the Hayes group on repeaters, including
the classical analysis by Campbell of gain
limitation in repeater circuits, was ripe for
substitution of the improved DeForest
amplifier tube in place of the carbon-button
cartridge. The introduction of this repeater
technique was to open a golden era of long-
distance potentialities.

These systematic developments, punc-
tuated by the studies of J. S. Stone and the
experiments of G. W. Pickard in 1902 in the
field of radio telephony, eloquently bespeak
Hayes’' spirit of exploration. This phi-
losophy is so well expressed in a paper read
by him shortly after the turn of the century,
from which I quote: “ . .. until we are able
to offer commercially telephone service
across the continent, from the Atlantic to
the Pacific Coasts, we, the engineers, will
not feel that the problem has been solved.
In fact, I think it not unlikely that when
this range of long-distance transmission
has been reached we will still feel it incumb-
ent upon us to find some way of communicat-
ing telephonically across the Atlantic
Ocean.” Little did he know he was presaging
the Arlington-Paris-Honolulu tests of 1915.

Hayes became chief engineer of the
American Telephone and Telegraph Com-
pany in January 1905. This organization in
1899 had taken over all assets of the Ameri-
can Bell Telephone Company and was at
that time made the central organization of
the Bell System. Early in 1907 Theodore N.
Vail was brought back once more to head
this parent company. Vail, conditioned by
some business failures as well as success in
the intervening period, attributed the fail-
ures to poor advice by engineers. He had
doubt that engineers could be of any real
help to the Bell System. Impressed with J.
J. Carty, Vail had predetermined to have
him as his chief engineer. Vail informed

Hayes he was not satisfied with the condition
of the engineering work, it was costing far
too much. The company, Vail observed, was
burdened with debt in a very bad way. Sum-
marily Vail announced to Hayes that forth-
with he was turning over to Carty the duties
of chief engineer (Hayes diary).

Hayes was offered a pitifully small re-
tainer, and there was humiliation in the
bargain. This all happened in the late spring
and summer of 1907. To Hayes, an aristo-
cratic gentleman and a scholar, this episode
was never condoned. To him there was an
impersonal brutality to the act he could not
forget. His interest in telephony, however,
never wavered despite the shock. His spirit
is summed up in a sentence from a letter
from Campbell: “In August, 1907, you could
not have been more enthusiastic about the
future of the Bell System had you had the
vacuum-tube amplifier up your sleeve.”

In his twenty-two years Hayes had seen
the Bell System through a most trying
period. He had brought it technical vigor
and had set a high standard in research and
engineering. His influence on the future of
telephony was to be felt through such dis-
ciples as O. B. Blackwell, G. A. Campbell,
F. ]J. Chesterman, E. H. Colpitts, F. |B.
Jewett, E. C. Molina, W. L!Richards, G.'K.
Thompson, H. S. Warren, and many more of
his staff of some two hundred and fifty.
The modest group gathered under his
scholarly leadership and inspired by his high
principles was to continue on and, in the
course of evolution, become the Bell Tele-
phone Laboratories of today, an organization
which may look with pride on its Boston in-
heritance. Walter O. Pennell’s statement to
Hayes at this juncture was therefore signifi-
cantly prophetic: “Your name will always be
associated with the modern telephone
system.”

In the period 1907 to 1924 Hayes prac-
ticed as a consulting engineer. One of his
larger clients was the National Telephone
Company of Great Britain, for which he ap-
peared as an expert in the evaluation of
plant assets. The issue was the price the
government should pay for the property in
the course of the nationalization of com-
munications. Based on his evaluation ex-
perience he published two volumes: Public
Utilities, Their Cost New and Depreciation,
1913; and Public Utilities, Their Fair Pres-
ent Value and Return, 1915,

Another client was the Submarine Signal
Company, of which he became chief engineer
in 1922 and president in 1925. Here he was
active in the development of much classified
underwater sound equipment for the U. S.
Navy, and the Fathometer, which has come
to take an indispensable place in modern
navigation.

Upon his retirement from the Submarine
Signal Company in 1930 Hayes established
his own laboratory where, up to hisdeath, he
continued his scientific work. Early in his

carcer he had become interested in Bell's
photophone experiments. In 1900 in col-
laboration with Ernest R. Cram he de-
veloped a system of “radiophony” compris-
ing a modulated-arc transmitter in combina-
tion with a radiant-cnergy receiver. His dis-
covery of the speaking arc was basic. One of
the detectors in this system was derived from
a device originally used by Bell—charred
cork particles confined in a vessel coupled
stethoscope-like to the ear upon which the
modulated radiant energy impinged. Upon
his retirement Hayes went back to this idea,
refining and developing it as a modern sensi-
tive detector of radiant energy. His principal
application of it was to the transmission of
radiant energy through fog. His “baby,” as
he termed his carbonized-fluff detector, and
his work on transmission through fog are
described in the Review of Scientific Instru-
ments, Journal of Applied Physics, and the
Journal of The Optical Society of America.

The following impression of him may be
of some interest:

“] saw Mr. Hayes only once, when he
was an old gentleman of eighty-five. But I
had read several letters of his, in his beauti-
fully clear and precise handwriting, and he
was very like the picture 1 had formed of
him. B
» , “He was tall'and spare and very fastii-
ous. Iis clothes, his collar and his boots, not
shoes, obviously made to mcasure, and a
little old-fashioned in style. His eyes were
still a clear and tranquil blue, his white
moustache a little too long, his hands long,
thin and precise.

“He had a charming, grave courtesy,
formal, dignified, ard yet very friendly. His
eyes had a quiet twinkle in them. But he
gave the very definite impression of being a
lonely man in hisold age, and he admitted as
much.

“He could have lived in just one place, on
Beacon Street, facing the Common. He
looked down on its crowds through lavender-
paned windows, the rooms behind him filled
with the lovely furniture which had been in
his family for generations.

“He lived, in his old age, in the years
long behind him; because for him they had
been comfortable and happy years of busy
accomplishment, and their standards were
right and so much finer than those of 1945.”

His devotion to scicnce, his meticulous-
ness as a worker, and his quiet aristocratic
manner are worthy bases for emulation.
\With his ideals it is natural that he should
have held steadfastly to the principle that
higher education is one of our great national
assets. That he should have dedicated his
modest fortune to this end, when govern-
ment subsidy to educational institutions is of
a magnitude greatly to overshadow private
grants, is further testimonial to his faith in
the principle that the security of higher edu-
cation rests in control and support by the
individual.
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Noise-Suppression Characteristics of
Pulse-Time Modulation®
SIDNEY MOSKOWITZ{, MEMBER, I.R.E., AND DONALD D. GRIEGY, SENIOR MEMBER, IL.R.E.

Summary—An experimental investigation of the noise-suppres-
sion characteristics of pulse-time modulation is outlined. Impulse
noise and thermal-agitation or fluctuation noise are treated. The
effects of these types of noise and the improvements obtained
through the use of limiters, differentiators, and multivibrators are
presented graphically.

INTRODUCTION
COMN.IUNICATION SYSTEMS utilizing pulse-

time modulation and the general properties of

this type of modulation have been described in
the technical literature.'* Briefly, in this method,
instantaneous samples of the modulating wave vary the
time of occurrence of a pulse subcarrier. Thus, a par-
ticular value or sample of the modulating signal is rep-
resented by the displacement of the pulse in time with
respect to a synchronizing pulse or time reference, and
the frequency of the modulating signal is given by the
rate of change of pulse displacement.

One of the important characteristics of pulse-time
modulation is its noise-reducing properties. The noise
can be of two distinct types: impulse noise, and thermal-
agitation or fluctuation noise. The first may be short
impulses caused by electrical disturbances or they may
originate in neighboring systems. Thermal-agitation
and other noises that have a similar spectral distribution
such as “shot” noise are usually contributed by the
first few stages of the receiving equipment and, to a
lesser degree, by the transmitter if “jitter” exists.®? In
general, thermal-noise effects are most important be-
cause they determine the lower limit of sensitivity and,
hence, such transmission parameters as bandwidth and
power.

* Decimal classification: R148.6. Original manuscript received by
the Institute, April 30, 1947; revised manuscript received, September
15, 1947. Presented, 1947 I.R.E. National Convention, March 6,
1947, New York, N. Y.

. ;l’( Federal Telecommunication Laboratories, Inc., New York,

L E. M. Deloraine and E. Labin, “Pulse-time modulation,” Elec.
Commun., vol. 22, no. 2, pp. 91-98; 1944.

2 D. D. Grieg and A. M. Levine, “Pulse-time-modulated multi-
plex radio relay system—Terminal equipment,” Elec. Commun., vol.
23, pp. 159-178; June, 1946.

3 F. F. Roberts and J. C. Simmonds, “Multichannel communica-
tion system,” Wireless Eng., vol. 22, p. 538; November, 1945.

¢ R. E. Lacey, “Two multichannel microwave relay equipments
for the United States Army communication network,” Proc. I.R.E.,
vol. 35, pp. 65-70; January, 1947,

¢ B. Trevor, O. E. Dow, and W. D. Houghton, “Pulse-time divi-
sion radio relay,” RCA Rev., vol. 7, pp. 561-575; December, 1946,

¢ H. T. Frniis, “Noise figures of radio receivers,” Proc. I.R.E.,
vol. 32, pp. 419422; July, 1944,

7 C. W. Hansell, “Radio-relay-systems development by the Radio
Corporation of America,” Proc. I.R.E., vol. 33, pp. 156-168; March,
1945,

In a pulse-time system in which the transmitted in-
telligence is derived from the timing of a pulse edge,
noise may displace the pulse edge from the value cor-
responding to the modulating signal. Noise impulses
also may modulate other characteristics of the signal
pulses such as amplitude, width, and slope of the pulse
edges, but are ultimately translated into pulse-time dis-
placement. The optimum signal-to-noise ratio is realized
when all effects of noise, other than time displacement,
are eliminated by suppression devices in the receiver.

The method by which noise distorts the signal pulses
and causes a distortion of the pulse edge timing is shown
in Fig. 1. It should be noted that only d.c. or “video”
pulses are treated; they are considered independently of
the method of transmission. Where amplitude modula-
tion of an r.f. carrier is utilized, noise-reduction prop-
erties are the same as at video frequencies. Where
frequency modulation of the carrier is by means of time-
modulated pulses (frequency-shift keying), the video-
frequency relationships with respect to noise are like-
wise similar, but reduced by the ratio of the improve-
ment factor attributable to f.m. transmission.

Fig. 1—S and N are signal and noise impulses. Output noise =a’b’.
(S/N) output=D/a’h’, where D=modulation displacement.
ab=bd=G.a'b'[fab=4a'b"/G=(N/S) input. (S/N) output =(S/N)
input D/G.

A gate limiter will remove noise amplitude modula-
tion as well as noise occurring between pulses. The fol-
lowing discussion assumes an idealized pulse that builds
up to maximum amplitude and decays in a time de-
termined by the transmission bandwidth. Under these
conditions, both the noise and signal pulses can be rep-
resented approximately by triangular shapes. -

The time displacement of the pulse edge caused by a
noise impulse is shown in Fig. 1 as a’b’. A narrow gate
limiter is set at the pulse amplitude corresponding to
the peak of the noise. Hence, as shown, the signal-to-
noise ratio at the threshold level represented by time
modulation is improved over that obtained at the re-
ceiver input by the factor D/G, where D is the modula-
tion displacement and G is the build-up time. It is well
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known that the frequency band necessary to support a
pulse build-up time G is inversely proportional to G.
Therefore, the signal-to-noise improvement ratio is di-
rectly proportional to the frequency bandwidth of the
receiver, provided the transmitted bandwidth is equal
to or greater than the receiver bandwidth.

It should be pointed out that it is not possible to de-
rive in a simple manner the exact constants of propor-
tionality. In practice, purely triangular pulses are not
common, nor is the pulse edge truly linear. Further-
more, it is necessary to know the relation between the
equivalent noise peak (N) and the r.m.s. noise voltage.

It is interesting to note that the input signal-to-noise
ratio in a time-modulation system in which the fre-
quency band is optimum for a given pulse width is con-
stant with respect to the frequency band, and depends
only on the average power. Corresponding to the in-
crease in noise amplitude with increasing bandwidth,
the pulse amplitude will be increased in the same pro-
portion, because the narrower pulse for the same aver-
age power will represent greater peak power. Thus, for a
given average power, the improvement in signal-to-noise
ratio that can be realized with time-modulated pulses is
proportional to the frequency band, as is the case with
frequency modulation, but, unlike frequency modula-
tion, the improvement ratio continues to increase with
increasing bandwidth.

This analysis of pulse-time modulation is based on a
demodulation system in which the pulse edge defines the
pulse timing. It is possible for the leading and trailing
edges of the pulse to be distorted in opposite directions
by noise pulses. A further gain of approximately 3 db in
signal-to-noise ratio may be obtained by utilizing the
center of the pulse for demodulation. This gain is real-
ized, however, at the expense of system complication.
For example, a system may be visualized whereby both
pulse edges are demodulated and the outputs added to
reinforce the modulating signal, but partially cancel
noise.

Many types of noise pulses, which run the gamut of
all shapes and variations in time consistent with the
bandwidth of the receiver, might be imagined. As far as
their interfering effects are concerned, only those edges
of noise pulses that actually coincide in time with the
signal pulse edge will cause an a.f. noise output.

I. NoisE TEsTs

The types of noise suppressors described in this paper
that have been used in pulse-time-modulation receivers
are gate limiters, differentiators, and multivibrators.
Tests were conducted wherein a train of time-modu-
lated pulses was transmitted to a pulse-time demodu-
lator over a wire link in which the noise-suppression cir-
cuit under test was inserted.

A block diagram of the apparatus is shown in Fig. 2.
The wide-band fluctuation noise contained frequency
components from 30 c.p.s. to 1.5 Mc. The noise gener-
ated in a resistor was amplified by an 11-Mc. i.f. am-
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plifier having a bandpass characteristic of +2.5 Mec.
The band of noise at the intermediate frequency was

LINEAR
MIXER w

PuLSE SHAPING
GENERATOR [~ wy Tivisraton

FLUCTUATION-

NOISE WIDE-BAND

GENERATOR
1.3-MEGACYCLE e
BANDWIDTH
NOISE
SUPPRESSOR
PULSE-TINE FILTER AuDI0- ?g:::
pescou. aton [ 00-3000[*FLLIEN ™) LYER

Fig. 2—Block diagram of pulse-time-modulation noise-test setup.

transposed to video frequency and the bandwidth lim-
ited to 1.5 Mc. by an adjustable output filter.

In carrying out the noise tests, provision was made
for substituting a pulse-interfering source for the fluc-
tuation-noise generator. The pulse-interference source
consisted of a combination multivibrator, differentiator,
and shaper circuit. This device generated pulses of a
constant width and with a repetition rate continuously
variable from 250 to 1000 pulses per second. The ampli-
tude of this interfering signal was continuously adjusta-
ble without destroying the pulse shape.

The double-gate limiter, shown in Fig. 3, consisted of
two pentodes having individually adjustable grid-bias
controls to determine the position of the upper and
lower levels of limiting.

CLIPPER | CLIPPER 2

COUPLING
STAGE

Fig. 3—Double-gate limiter used as protection against interference.

A resistance-capacitance type of differentiator was
used in conjunction with a limiter, so that the leading
edge of the signal pulse could be selected and demodu-
lated. The multivibrator was of conventional type, as
may be seen from Fig. 4. Input and output coupling
stages isolate the multivibrator from external effects. In
addition to variable time constants, an input attenuator
was provided to control the amplitude of the synchroniz-
ing signal supplied to the multivibrator. This input at-
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tenuator was constructed so that neither the input pulse
shape, output pulse shape, nor the multivibrator time
constant was affected during manipulation.

COUPLING
COUPLING HE—] “snace
STAGE

VA~

PULSE

PULSE
INPUT

OuTPUT

[0

Fig. 4—>Multivibrator used as protection against interference.

The characteristics of the pulse-time transmission
system were as follows:

Pulse repetition rate (p.p.s.) 12,000
Pulse period (ps.) 83
Modulation displacement (us.) +8

Pulse build-up time (us.) 0.75

Pulse decay time (ps.) 1.5

Pulse width at base (us.) 2.5

Audio modulation frequency (c.p.s.) 400
Demodulator audio-frequency pass band (c.p.s.) 100 to 3000

Oscillographic comparison was made of the input
pulse signals and interfering noise. For this measure-
ment the horizontal sweep voltage usually was re-
moved from the deflecting plates, and the magnitude of
the vertical traces compared.

Peak values of noise were measured in this manner
for convenience. A comparison measurement by means
of a thermocouple was made to determine the ratio of
the peak value of noise as measured by the oscilloscope
to the r.m.s. value, and this ratio was found to be 3.5.

II. FrLuctuAaTIiON NOISE

In the first test on fluctuation noise, the output signal-
to-noise ratio was compared to that at the demodulator
input without noise-suppression devices. The results
are shown graphically in curve A of Fig. 5. The input
signal-to-noise ratio is given in terms of peak ampli-
tude, because of the oscillographic method of measure-
ment. Thus, 6 db here corresponds to a noise peak equal
to one-half the modulation pulse peak.

The output signal-to-noise ratio is shown to be pro-
portional to the input ratio with no improvement. Un-
der these conditions, the output signal contains noise
for two main reasons. First, noise is introduced directly
as amplitude modulation in the demodulator. Secondly,
some noise is introduced as time modulation because of
the inherent nonlinearity of the demodulator. It is ob-
vious that, in a multichannel system, where only se-
lected groups of pulses are applied to the demodulator,
some improvement would be obtained because a large
portion of the pulse-repetition period would be blanked
out. Thus, only noise appearing within the time allotted
to one channel would affect the output signal. The sys-
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tem used here may be compared to a multiplexed system
by extrapolating the results obtained. The output signal
is proportional to the modulation displacement, so that,
for a maximum modulation displacement of +40 us., an
output signal-to-noise ratio 5 times greater would be
obtained. In the multichannel pulse system, the same
signal-to-noise conditions for maximum individual chan-
nel displacement would be obtained, since the noise
power is less per channel by the ratio of channel time to
base pulse period. (This example holds, of course, only
for the same pulse peak power for both systems.)
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Fig. 5—Output signal-to-noise power ratio plotted against input

signal-to-noise peak-amplitude ratio for fluctuation noise and a

ass band of 1.5 Mc. Curve A is with no protection. Curve B is

or a double-gate limiter. Curve C is for two double-gate limiters

separated by a differentiator. Curve D is for three double-gate
limiters and two differentiators alternately connected.

Curve B of Fig. 5 illustrates the results of using a
double-gate limiter to remove a.m. noise. It can be seen
that no critical threshold occurs, although the output
signal-to-noise ratio begins to increase more rapidly
when a 2:1 ratio is obtained at the input. There is a gain
of about 12 db over the ratio obtained in the preceding
test. The slight effect of the limiter is accounted for by
the presence of width-modulation noise, which may be
removed by a differentiator and second double-gate lim-
iter. The action of such devices is shown by curve C of
Fig. 5. A definite threshold level is obtained, above which
noise suppression is considerable. By further differentia-
tion and limiting, the improvement above the threshold
is further increased as illustrated by curve D.

The function of successive stages of differentiation
may be accomplished by a multivibrator that is syn-
chronized by the signal pulses. The multivibrator fur-
nishes a pulse whose leading edge corresponds in time
to the leading edge of the synchronizing pulse, and
whose trailing edge is a function only of the multivibra-
tor time constants, Only the leading edge is selected for
demodulation. In addition, the limiting effect is ob-
tained by the triggering action of the multivibrator. The
results obtained with this device are shown in Fig. 6,
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whence it can be seen that superior improvement is ob-
tained at and above the threshold level.
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Fig. 6—Conditions similar to Fig. 5, but with a
double-gate limiter and multivibrator.

Further tests were made in which a stage of differ-
entiation was added to the multivibrator. No significant
further improvement was noted, showing that the mul-
tivibrator entirely removed the width-modulation noise.

It can be concluded from the foregoing tests that the
maximum signal-to-noise ratio improvement can be ob-
tained from a pulse-time-modulation system either by
including successive stages of limiting and differentia-
tion, or by incorporating these functions in a multivi-
brator. In this manner, the reduction of output noise by
the elimination of all noise modulations, except that of
edge timing, is accomplished.

To determine the noise improvement of pulse-time
modulation as a function of the bandwidth utilized, a
test was made wherein the video-frequency and noise
bandwidths were simultaneously varied, and the output
signal-to-noise ratios at the threshold were measured.
The resulting curve, Fig. 7, shows that the threshold
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BANDWIDTH IN MEGAGYGLES
Fig. 7—Signal-to-noise ratio plotted against bandwidth for thermal-
agitation noise and signal-pulse displacement of +8 ps.

RATIO AT THRESHOLD

OUTPUT SIGNAL-TO-NOISE PEAK-VOLTAGE

signal-to-noise ratio is proportional to the bandwidth
utilized. From this curve, the empirical constant of pro-
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portionality between input and output signal-to-noise
ratio may be obtained, since

output peak S/N = input peak S/N (KDF,)

where K is a constant, D is the modulation displace-
ment, and F, is the video-frequency bandwidth. The
value of K can be determined from Fig. 7 to be equal to
7.5.

Since the optimum a.f. bandwidth, equal to 0.5 the
pulse-repetition rate, was not used in these tests, the
above equation may be corrected by a factor of 1/4/2.
Thus, for the optimum system, we have

output peak S/N = input peak S/N 5.3 DF,.

Furthermore, the maximum modulation displacement
is equal to 1/2f,, where f, is the pulse-repetition rate,
and since f, may equal twice the highest modulation fre-
quency f,, we may then conclude that

a

Fy
output peak S/N = input peak S/N 1.3f— .

This equation defines the signal-to-noise improve-
ment for the optimum pulse-time-modulation system.
The result may be applied to a multiplexed system by
assuming the highest modulation frequency to be the
value for one channel multiplied by the number of chan-
nels in the system.

I11. ImpuLSE NoISE

Under some conditions, the suppression of impulse
noise may be of interest. A study, similar to the forego-
ing for fluctuation noise, has been made in which the
impulse-noise-suppression characteristics of pulse-time
modulation have been measured. The noise source for
the previous tests was replaced by a generator of pulses
whose repetition rate was variable. Fig. 8 illustrates the
results obtained without any suppression devices. The
output interference varies almost directly with input
interference. However, the lower-repetition-frequency
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pulses cause less interference than those at higher rates.
The pulses being of constant width, doubling the pulse
frequency increases the noise power by 3 db, accounting
for the variation shown on the curves. All pulses react
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Fig. 9—Conditions similar to Fig. 8, but with double-gate limiter.

on the demodulator, and their fundamental and some
higher harmonics are within the pass band of the a.f.
system. As a result, there is very little, if any, improve-
ment in this unprotected system.
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Fig. 10—Conditions similar to Fig. 8, but with two double-gate
limiters separated by a differentiator. Noise pulses are at a rate
of 500 p.p.s.
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By incorporating a double-gate limiter, a 6-db im-
provement is obtained as shown in Fig. 9. When the
signal-to-interfering-pulse ratio is above the 2:1 thresh-
old, only those pulses that occur at the same time as the
signal pulses can cause interference. This effect takes
place at the beat frequency of the two sets of pulses,
causing a distortion of the signal in the same manner as
the fluctuation noise, but with a more limited frequency
spectrum. Below the threshold, the signal and interfer-
ing pulses are limited to the same amplitude, so that the
output signal-to-noise ratio is constant.

By adding a differentiating circuit and a second stage
of limiting, a sharply defined threshold is obtained. The
results of a test using this suppression device are shown
in Fig. 10. The steep threshold indicates that the sup-
pression is more complete than that obtained with fluc-
tuation noise.

IV. ConcLusION

The described tests and results have illustrated the
signal-noise capabilities of a pulse-time-modulation
system. In addition, the effectiveness of limiters, dif-
ferentiators, and multivibrators in realizing optimum
noise improvement for both thermal and agitation noise
and impulse interference has been demonstrated. In ad-
dition to normal pulse displacement, noise may result
from variations in pulse amplitude, width, and edge
slope.

The various devices tested have proved effective
in reducing such noise. The uses of these devices are,
therefore, indicated to take maximum advantage of the
bandwidths utilized for the system. A communication
system operating in this manner may then be designed
for minimum transmitter power necessary to produce a
conservative output signal-to-noise ratio.

Magnetoionic Multiple Refraction at High Latitudes’

S. L. SEATONY, SENIOR MEMBER, LR.E.

Summary—Experimental ionospheric soundings examined by
Scott and Davies are cited, with a short discussion of the interpreta-
tion these authors offer for multiple refraction at high latitudes. The
theory of magnetoionic multiple refraction of Appleton and Builder
is discussed with especial regard to effects to be expected in high
geomagnetic latitudes. Experimental evidence is offered to show that
the ¢‘Z2” component of Scott and Davies is probably the longitudinal
ordinary ray predicted by Appleton and Builder and by Taylor when
collisional friction is appreciable. On the basis of certain assumptions,
the collisional frequency near Fairbanks, Alaska, is calculated as
about 4(10)* at 300 km. height.

* Decimal classification R113.613. Original manuscript received
by the Institute, July 21, 1947. . .

t The Geophysical Observatory, University of Alaska, College,
Alaska.

fine structure of the ionosphere in high northern

latitudes and have shown that three wave com-
ponents, corresponding to ordinary ray, extraordinary
ray, and a third which they designate the Z com-
ponent, are frequently returned at vertical incidence
from the ionosphere. Determinations were made by
means of ionospheric soundings, and the three com-
ponents were interpreted as resulting from magnetoionic

RECENTLY Scott and Davies! have discussed the

1 Joint Meeting, The International Scientific Radio Union, and
American Section, The Institute of Radio Engineers, paper No. 25,
Washington, D. C., May 6, 1947.
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multiple refraction. The theories of Appleton® and of
Appleton and Builder® were applied to explain the oc-
currence of multiple refraction. Scott and Davies are,
however, uncertain concerning their Z component, but
believe it to be the longitudinal ordinary ray described
by Appleton and Builder. Discussion of the correspond-
ing longitudinal extraordinary ray was neglected.

It is the purpose of this note first to examine the
theories of Appleton and Builder with especial regard to
high geomagnetic latitudes; secondly, to compare the
theoretical and experimental results; and finally, to
discuss these comparisons.

Appleton and Builder have shown that the relation
between wave components of electromagnetic waves
returned at vertical incidence from the ionosphere de-
pends principally upon:

(a) The natural frequency of gyration of free elec-
trons in the earth’s magnetic field

He
JH = (1)
2wme
where
H =the magnetic field strength in gauss
¢ =the charge of the electron in e.s.u.
m = the electron mass in grams
¢ =the velocity of light in vacuo.
(b) Upon a critical ratio
2P.v/Pr® (2)

where

P =the natural angular frequency of gyration of free
electrons about the longitudinal component of the
magnetic field

Pr=the natural angular frequency of gyration of free
electrons about the transverse component of the mag-
netic field

v =the frequency of collision of free electrons with
neutral air particles.

(N.B. Direction is taken for P, and Pr with re-
spect to the vertical for normal-incidence ionospheric
soundings.)

It has been shown by Appleton and Builder that for
the ionosphere the condition that the square of the re-
fractive index equals zero, and reflection takes place, is
reached when, approximately,

m
N =3/2— 3)
€
or when
N =3/2 :—m (f? £ ffu) 4)

1 E. V. Appleton, “Wireless studies of the ionosphere,” Inst. Elec.
Eng., vol. 71, pp. 642-650; October, 1932.

3E. V. Appleton and Geoffrey Builder, “The ionosphere as a
doubly refracting medium,” Proc.” Phys. Soc., vol. 45, pp. 208-220;
March 1, 1933.
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where

f=the exploring wave frequency

N =the free electron concentration.
If f is a penetration frequency, then N represents a
maximum of electron concentration.

For propagation at any angle with respect to the
earth’s magnetic field, if the ratio

?.PLV/P7'2 > 1,

then propagation is of the longitudinal type, and
m
N =3/2_ez_(f2+ff") ()
for the ordinary ray, and
. m
N = 3/27(f2—ff11) (6)

for the extraordinary ray.

This condition also exists for propagation along the
direction of the earth’s magnetic field for values of the
ratio

2P/ Prr KL 1.

However, for propagation at any angle with respect to
the earth’'s magnetic field, if

2Pw/prt K 1,

then propagation is of the transverse type, and
™
N=322p 0
e
for the ordinary ray, and
m
N =3/2 ) (f* = ffn) (8)

for the extraordinary ray.

It has been tacitly assumed up to this point that v is
small, and consequently that friction is negligible. If,
however, v is appreciable, (8) takes the form

N = 3/21:— (f * ffn). 9)

Thus, for propagation at any angle to the earth’s mag-
netic field, three wave components should be returned
from the ionosphere when appreciable friction exists.
However, from many temperate-latitude ionospheric
soundings, only two components are found. These cor-
respond to those of (7) and (8).

It is to be noted that (6), extraordinary-ray longi-
tudinal transmission, is identical with (8), transverse
extra-ordinary ray. It is also to be noted that (5), longi-
tudinal ordinary ray, is identical with (9) with the
upper sign, i.e., second extraordinary ray, transverse
propagation. The wave component of (7), transverse
ordinary ray, is thus unique in that it represents only
one possibility.
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Appleton and Builder, in discussing polarization of
the returned wave components, point out that for true
longitudinal propagation the wave components are
circularly polarized; the component of (5) being of the
left-handed sense of rotation, while that of (6) is of the
right-handed sense of rotation, all for the northern
hemisphere. In the case of the transverse type of
propagation the component of (7) is, in general,
elliptically polarized with the left-handed sense of rota-
tion, while the rays of (8), and (9) with upper sign,
which are the extraordinary rays, are elliptically polar-
ized with right-handed sense of rotation, all again for
the northern hemisphere. Now, in the usual manner of
ionospheric sounding in temperate latitudes, as noted
above, only two wave components are found to be re-
turned from the ionosphere. They have been identified
by polarization measurements to be the ordinary ray
and first extraordinary ray of the transverse mode of
propagation.

If a constant value of NV is supposed to exist, as is the
case generally, then the frequency separation between
these two components may be found by equating (7)
and (8) thus:

Sofn

G =G

(10)

where

Sfs=the penetration frequency of the extraordinary
ray

Sf2=the penetration frequency of the ordinary ray

fu =the gyrofrequency.

Experimentally, the relationship of (10) has been veri-
fied to a rough approximation. It has been assumed that
friction is negligible.

In longitudinal propagation it can be predicted by
equating (5) and (6) that the frequency separation of
the refracted wave components will be

(fa= 1) =fu (11)

where

fi=the penetration frequency of the extraordinary
ray
Jfi=the penetration frequency of the ordinary ray.

A similar separation, i.e., fu, will occur for transverse
propagation, with large values of friction, between the
first and second extraordinary rays.

Now Scott and Davies find in high geomagnetic lati-
tudes three components returned from the ionosphere.
In view of the ambiguities noted above, the question
clearly arises as to what are these three components.

With very small, or at least with negligible, friction,
the change-over from the transverse to the longitudinal
mode of propagation as the direction of wave travel
approaches the direction of the earth’s magnetic field
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has been shown by Taylor! to be discontinuous. Under
these conditions, one would never expect to see three
components simultaneously returned from the iono-
sphere. This does not agree with the experimental
results,

However, it has been shown by Appleton, Appleton
and Builder, Taylor, and others, that the extraordinary
ray is more highly absorbed than is the ordinary ray.
This conclusion is confirmed by ionospheric measure-
ments. Furthermore, the second extraordinary ray in
transverse propagation, to be expected under conditions
of appreciable friction, is not only highly absorbed but
encounters a barrier, so that even under conditions in
which friction is not negligible this second extraordinary
ray might fail to appear.

Since Scott and Davies observe three components at
a location where vertical incidence soundings do not
exactly coincide with vertical direction of the earth’s
magnetic field, the work of Taylor may be drawn upon,
wherein it is shown that, when friction is appreciable,
the transition from transverse to longitudinal propaga-
tion is a continuous function. Thus there is reason to
believe that collisional friction is not negligible.

Under these conditions the three components ob-
served by Scott and Davies may be explained as follows:

(a) The highest penetration frequency observed in
the experimental soundings is the transverse extra-
ordinary ray, the longitudinal extraordinary ray, or
both.

(b) The next lower penetration frequency is unique
and can only be the transverse ordinary ray.

(c) The lowest penctration frequency is very apt to
be the longitudinal ordinary ray, but could be the second
transverse extraordinary ray.

There appears to be no difficulty with the two higher
penetration frequencies, and little doubt about the
lowest penetration frequency. If polarization measure-
ments were made on this lowest penetration frequency,
the ambiguity could be resolved at once. However,
polarization measurements are somewhat difficult to
make.

There is, fortunately, another way in which a deci-
sion can be reached. The dispersion equations, as inter-
preted by Booker and Berkner® and by Martyn and
Munroe® in examination of the Lorentz polarization cor-
rection in the ionosphere, show that at the gyrofre-
quency the extraordinary ray alone is retarded. One
should, therefore, if the foregoing conclusions are cor-
rect, expect that at night, when the electron concentra-
tion is small and hence the penetration frequencies low,

4 M. Taylor, “The Appleton-Hartree formula and dispersion
curves for the propagation of electromagnetic waves through an
ionized medium in the presence of an external magnetic field,” Proc.
Phys. Soc., vol. 45, p. 245, 1933; and vol. 46, p. 408, 1934.

$ H. G. Booker and L. V. Berkner, “An ionospheric investigation
concerning the Lorentz polarization correction,” Terr., Mag., vol. 43,
pp. 427-450; December, 1938.

¢ D. F. Martyn and G. H. Munro, “The Lorentz polarization cor-
rection in the ionosphere,” Terr. Mag., vol. 44, pp. 1-6; March, 1939,
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an experimental condition might exist such that the
lowest penetration frequency will fall near the gyrofre-
quency. No unusual retardation would be expected for
this third component as it crosses over the gyrofre-
quency if it is the longitudinal ordinary ray, but one
would expect to find a retardation if it is the second
extraordinary ray of the transverse mode of propaga-
tion.

Through the courtesy of the College Geophysical
Observatory, University of Alaska, 64° north latitude

(near Fairbanks, Alaska), Fig. 1 is presented showing

Al
)
}
1%

;

{
4

Fig. 1—Experimental evidence of magnetoionic multiple refraction.

three wave components simultancously returned from
the ionosphere at the above-noted location. The slant-
ing line to the left in the figure is the calculated gyro-
frequency versus height based upon the inverse cube
rate of decrecase of the earth’s magnetic field; it is noted
as fy in the figure. Abscissae are in terms of frequency,
increasing to the right. Ordinates are height increasing
upwards. The penetration frequency for the F layer at
the extreme right, marked f3, is that of the longitudinal
extraordinary ray, the transverse extraordinary ray, or
both. The center penetration frequency, marked fs, is
that of the transverse ordinary ray. There can be little
doubt from close examination of the figure that the re-
tardation marked f;, carries through across the instru-
mental recovery time and joins the penetration fre-
quency fs, and that the penetration frequency fi joins
the main bulk of the echo pattern. Thus, fi must be the
longitudinal ordinary component and f3, the extra-
ordinary ray retardation as the gyrofrequency is ap-
proached.

Fig. 2 is a line drawing of the situation developed
after study of several of the best examples available
experimentally. It is to be noted that, while multiple
refraction of the wave into threce components is quite
common near Fairbanks, Alaska, it is only under almost
perfect experimental conditions that clear-cut examples
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useful for this type of discussion present themselves.
It is worth while to point out, in connection with the
Appleton and Builder critical ratio

ZPLV/Prz, (12)

that as the magnetic poles are approached Py becomes
large while Pr decreases, becoming zero just at the pole.
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Fig. 2—Interpretation of situation shown in Fig. 1.

Thus the critical values of » becomes smaller as the
magnetic poles are approached. There seems little doubt
that somewhere in high geomagnetic latitudes the
critical value of » coincides with the actual value of » for
the atmosphere.

If (12) is set equal to unity, then the critical value of
collisional frequency may be expressed as

(13)

Fig. 3—Critical collisional frequency for various values
of magnetic field.

At Fairbanks, Alaska, from experimental values of the
earth’s magnetic field,”

7 Annual Report of the Director, Dept. Terr. Mag., Carnegie
Institution of Washington Year Book, p. 49, December 14, 1945.
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ve = 4.42(10)* at sea level
and
ve = 3.54(10)* at 300 km.

The change in v, with height is, of course, a function of
the change in the earth’s magnetic field strength with
altitude. Inclination of the magnetic field at Fairbanks,
Alaska, is a little greater than 77° with respect to the
horizontal.

For convenience in other calculations of this sort,
values of ». for various values of longitudinal field
strength A, and transverse field strength Hr have
been arranged in Fig. 3.

George,® on the basis of certain assumptions concern-
ing composition, dissociation, and temperature dis-
tribution in the atmosphere, has calculated the colli-
sional frequency of electrons. He finds among other
values that:

1.08(10)" at 80-km. height
1.38(10) at 100-km. height
2.71(10)® at 200-km. height
1.02(10)? at 300-km. height.

It appears, therefore, that v >», below about 160 km.
on the basis of George’s calculations. With other tem-

v v owow
[

*E. F. George, “Electronic collisional frequency in the upper
atmosphere,” Proc. I.R.E., vol. 35, pp. 249-252; March, 1947.
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perature distributions® and somewhat different values
of dissociation, » 2. in the neighborhood of 300 km. for
the geomagnetic latitude of Fairbanks, Alaska, can
easily be found.

In fact, since it is at about this geographical location
that the longitudinal mode of propagation first appears,
it could be argued on the basis of the calculated
value of v, that the collisional frequency of electrons
with neutral air particles at the 300-km. level must be
near 4(10)4,

It is curious to note that locations on the earth
where the collisional frequency first approaches critical
values for wave propagation are also those regions
where great magnetic disturbances occur, where the
aurora polaris is seen with greatest frequency and in-
tensity, and where exceptionally great absorption of
radio wave energy takes place.
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Solar Noise Observations on 10.7 Centimeters”
A. E. COVINGTONt

Summary--Daily observations of the 10.7-¢cm. solar radiation
show a 27-day recurrent peak which has a strong correlation with
the appearance of sunspots. In the absence of large spots the equiva-
lent temperature of the sun is 7.9 X10¢°K. Sudden bursts of solar
noise show a sharp rise lasting one or two minutes and a gradual
decline to pre-storm value or to a somewhat higher value. Average
burst duration is ten minutes.

frequency' energy, or “noise,” from the sun has been
detected and studied by many observers. The
early experiments of Southworth! on three wavelengths
in the microwave region showed that the magnitude of
the solar radiation at a wavelength of 10 cm. is 2.9 times
greater than the thermal radiation expected from the

J:[N THE PAST five years the emission of radio-

* Decimal classification: R113.411. Original manuscript received
by the Institute, August 18, 1947. Presented, Joint Meetings of the
International Scientific Radio Union, American Section, and The
Institute of Radio Engineers, Washington, D. C., May, 1947, (Paper
No. 45), and October, 1947, (Paper No. 10),

t National Research Council of Canada, Ottawa, Canada.

1 G. C. Southworth, “Microwave radiation from the sun.” Jour.
Frank. Inst., vol. 239, pp. 285-97; April, 1945. Errata, 241, March,
1946.

sun at a temperature of 6000°K., the observed optical
temperature. Later observations by Appleton and Hey?
on the solar noise spectrum revealed that the emission
reaches a peak many thousands of times the sun's
optical temperature at a wavelength of 4.7 meters. In
this region the radio noise varies gradually with the
solar rotation due to the appearance and disappearance
of sunspots, and impulsively with the appearance of
bright chromospheric eruptions. For a further discus-
sion of the many recent papers, reference should be
made to a review by Reber and Greenstein .3

Similar intense bursts of radio noise occurring during
radio fadeouts were also noticed during the years of the
last sunspot maximum. Appleton® has remarked that

*E. V. Appleton and J. S. Hey, “Solar radio noise,” Phil. Mag.,
vol. 37, p. 73; February, 1946.

* G. Reber and J. L. Greenstein, “Radio frequency investigations
% 4a7stronomical interest,” Observatory, vol. 67, pp. 15-26; February,

¢0. P. Ferrell, “Noise during radio fade-outs,”
Atmos. Elect., vol. 51, p: 449; 1946.

S E. V. Appleton, “Departure of long wave solar radiation from
black body intensity,” Nature, vol. 156, November 3, 1945,

Terr. Magn.
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these are associated with the solar emission of a radia-
tion in excess of the optical black-body temperature of
6000°K.

The solar noise observations at the National Research
Council of Canada at Ottawa have been limited to the
average value of the radiation at 10.6 and 10.8 cm.,
contained in bandwidths of 4.5 Mc. Since microwave
receivers have a large noise factor, a modulation method
similar to that developed by Dicke® for use in the 1-cm.
region has been used to increase the sensitivity. In this
system, a superheterodyne receiver is alternatively con-
nected to the antenna and to an equivalent resistance
kept at a fixed temperature; thus, the received energy
is modulated to an extent determined by the tempera-
ture difference between the radiation resistance of the
antenna and the reference resistance. The modulated
noise voltage is converted to an intermediate frequency
of 30 Mc., amplified, and then demodulated by a diode
rectifier. The modulation frequency is again amplified,
and finally synchronously converted to d.c. for regis-
tration by a pen recorder. The response time, about 7
seconds, is determined by a low-pass filter in the meter
circuit. Since thermal radiation can be detected readily,
the receiver is termed a radiometer. A calibration is
made by measuring the thermal emission from a re-
sistance which is substituted for the antenna and is
heated to a temperature about 200°C. higher than the
fixed reference resistance.

The antenna, a 4-foot parabolic reflector with a dipole
placed at the focus, is mounted and motor-driven so
that the sun can be followed. The dipole axis is parallel
to the solar axis of rotation. However, a few observa-
tions have shown that there is little temperature varia-
tion as the dipole is rotated through 180°.

Since the cone of acceptance of the antenna is about
6° to the half-power points, all of the energy from the
sun as well as from some of the surrounding space will
be received. Calculation of the temperature of the radia-
tion resistance is made by means of the equation:

Tune = — f T(66)G(04)d2 (1)
ant 41!'

where

Tane = the temperature of the antenna radiation re-
sistance
T(6, ¢) =the temperature in direction 6, ¢
G(0, ¢) =the gain in direction 6, ¢.

When the antenna gain is low, the integration can be
taken over two regions, one containing the sun and
one the background. Both of these quantities have
been studied.

The present method of observations partially elim-
inates the background temperature by measuring the
temperature difference between the sun plus back-

¢ R. H. Dicke, “The measurement of thermal radiation at micro-
wave frequencies,” Rev. Sci. Instr., vol. 17, pp. 268-275; July, 1946.
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ground and the zenith background. This quantity is the
abscissa in the accompanying graphs of solar noise. If
one neglects the absorption in the earth’s atmosphere
and assumes that the source of radiation is small in
comparison with the antenna beamwidth and at a
uniform temperature, then the temperature of the
radiation resistance, as given by an integration over the
sun’s disk, can be written:

TsunGOQn
Tone = ———— (2)
4r

where

Twn=the equivalent temperature of the sun
Go=700+35 per cent, the maximum antenna gain
Q,=6.8 X 1078 rad? the solid angle of the sun.

Preliminary observations of the radiation from the
sky show that the equivalent temperature of the zenith
is about S0°K., and at times fluctuations in sky noise
have been observed. Some have been correlated with
geomagnetic disturbances.” In a study of solar noise
with a low-gain antenna, it will be necessary to record
the background temperature in order to distinguish be-
tween variations of solar noise and variations of sky
noise. Recently, for most of the observations, two
radiometers have been in operation, one continuously
pointing towards the sun and one pointing towards the
zenith. Although this method does not allow the same
background to be watched, a similar disturbance has
been recorded on both radiometers, thus showing the
nonsolar origin of a particular type of noise. Dis-
turbances recorded only on the set which is following
the sun are regarded as fluctuations of solar noise. Ap-
pleton and Hey? and Reber® have on single occasions
observed other radio noise which appears to be of non-
solar origin.

Measurements of the solar radio temperature were
started on July 26, 1946, one day after the appear-
ance of the flare in the large sunspot which was then
centrally located. With the disappearance of this group
eight days later, the antenna temperature difference
between sun and background decreased from S500°K.
to 250°K. (absolute value uncertain). This is recorded,
since many observations were made on the sunspot
group.®~1? During the early part of 1947, more extensive
and continuous measurements show that, in addition to
a component showing daily variations, there are sudden
bursts of solar noise.

7 A. E. Covington, “Microwave sky noise,” Terr. Magn. Aimos.
Elect., vol. 52, pp. 339-341; September, 1947.

8 G. Reber, “Solar radiation at 480 mc/sec.,” Nature, vol. 158,
p. 945, December 28, 1946.

* A. C. B. Lovell and C. J. Banwell, “Abnormal solar radiation on
72 megacvcles,” Nature, vol. 158, pp. §17-518; October 12, 1946.

10 D, F. Martyn, “Polarization of solar radio frequency emis-
sions,” Nature, vol. 158, p. 308; August 31, 1946.

1 E, V. Appleton and J. S. Hey, “Circular polarization of solar
radio noise,” Nature, vol. 158, p. 339; September 7, 1946.

12 M. Ryle and D. D Vonberg, “Solar radiation at 175 mc/s.,”
Nature, vol. 158, pp. 339-340; September 7, 1946.
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In Fig. 1, the daily intensity of solar radiation, an
average value of a few hours of observations obtained
about noon is plotted as curve A. The American rela-
tive sunspot number® is plotted as curve B and will serve
as one measure of the solar activity. Although the
amplitudes of the two curves are different, both show
the effect of the 27-day period of solar rotation. In the
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Fig. 1—Curve A: Daily variations of solar noise.
Curve B: American relative sunspot numbers,
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absence of large sunspots, the lowest measured an-
tenna temperature is about 300°K. Using (2), the
equivalent black body temperature for the visible solar
disk is 7.9X10*°K. Although the temperature measure-
ments of the radiometer can be made to an accuracy of
+1 per cent, occasional operational errors could intro-
duce another error of the order of +5 per cent. In addi-
tion, any error in the measurements of the antenna gain
will show in the absolute level of solar noise.
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Fig. 2—Solar noise bursts and sudden ionospheric disturbances.

In Fig. 2, examples of sudden bursts of solar noise
are plotted together with the 10-Mec. field-strength re-
cording of WWYV taken at Ottawa. These records show
the close association of the sharp leading edges of a burst
of solar noise and of a sudden ionospheric disturbance,
the two events occurring within an interval of +2

1 “Tonospheric Data,” Central Radio Propagation Laboratory,
Washington, D..C,
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minutes. This discrepancy arises from a combination of
observational errors and of uncertainty in estimating
the beginning of the storm. The solar noise increases to
a maximum within 1 or 2 minutes and gradually returns
to pre-storm value before the recovery of the ionosphere.
Some exceptions have been observed where the solar
noise after the storm has remained at a higher value
than before. This may be one indication of the manner
in which the value of the daily solar noise can change.

Some exceptional storms have been recorded. On
April 15, 1947, the radiometer was focused on the sun
at 14257 G.M.T. A small 7-minute burst of 120°K.
amplitude appeared at 1518 G.M.T., and was suc-
ceeded by a second large 9-minute burst at 16"18™ and a
third at 1726™. During this last burst the antenna was
directed towards the sun through a process of maximiz-
ing on the solar noise. The measured temperature of the
radiation resistance was about 12,000°K., the highest
that has been observed. When the radiometer was closed
down at 21*20™ G.M.T., the activity was still present.
On this day, a solar limb flare and associated radio fade-
out were reported.™ On May 21, two bursts of noise were
recorded on the radiometer following the sun; the first
one of 40°K. amplitude occurred at 15*29= G.M.T., and
the second one of 650°K. at 18420™. On the radiometer
pointing towards the zenith, only one burst of 125°K.
amplitude was received at 15"29m G.M.T. These ob-
servations indicate that the first burst of noise occurred
over a wide expanse of the sky and was probably asso-
ciated with an ionospheric storm of a type different
from those associated with solar flares. On May 30, a
1-minute burst of solar noise of 57°K. amplitude was
associated with a sudden ionospheric disturbance. This
is the shortest storm observed.

In the 250 hours of observations taken during the
three-month period of March, April, and May, 1947,
twenty bursts of solar noise and twenty sudden iono-
spheric disturbances'® were recorded. During these dis-
turbances, the radiations from the zenith remained
constant. The results of comparing the times of com-
mencement of the two types of storms are shown in
Table 1. A correlation is obtained if the leading edges
of the storms occur within a 4-minute period. A

TABLE ]

(S.N.B. =solar noise bursts; S.I.D. =sudden
ionospheric disturbances)

Number of associated S.N.B. and S.I.D. 1
Number of doubtfully associated S.N.B. and S.1.D.
Number of separate S.N.B.

Number of separate S.1.D.

Number of background disturbances

NN NP

few solar noise disturbances showed a gradual rise and
decline in intensity, and consequently could not be asso-
ciated exactly with the ionospheric disturbances.

4 E. T. Pierce, “Solar limb flare and associated radio fade-out,”
April 15, 1947,” Nature, vol. 160, p. 59; July 12, 1947,



1948

With the exception of the long storm of April 15, the
average solar storm has a duration of 10 minutes and
an amplitude of 120°K.

With the present low-gain antenna, a detailed account
cannot be made of the sources of the solar radiations.
However, sonie idea of a distribution was obtained from
measurements taken during a partial eclipse of the sun
on November 23, 1946.1% On this day the measured
temperature of the radiation resistance was 460°K. A
sudden. 9 per cent decrcase of the solar noise occurred
three minutes before the first contact. The spectro-
heliograms taken on November 24 and 25 by the Mount

18 A, E. Covington, “Microwave solar noise observations during
the partial eclipse of November 23, 1946,” Nature, vol. 159, pp. 405~
406; March 22, 1947,
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Wilson Observatory show an extensive band of prom-
inences on the northern hemisphere, extending off the
western limb just at the point of contact. It seems likely
that a prominence existed on the day of the eclipse, so
that the initial reduction of noise occurred when it was
being obscured. The associated equivalent temperature
of the prominence is of the order of 2 X107°K. A further
25 per cent reduction was associated with the passage
of the moon across a central region (2.2 per cent of the
sun’s projected surface) which contained a large sun-
spot. From the data obtained, an equivalent tempera-
ture of 1.5 X 10%°K. was calculated for this area. A sharp
fall and rise in the noise occurred with the covering and
uncovering of the penumbra of the well-formed leading
spot of the group.

An Analysis of the Intermodulation Method
of Distortion Measurement’

W. J. WARREN, SENIOR MEMBER, L.R.E.,

Summary—Part A of this paper is an analysis of the intermodula-
tion method of distortion measurement. Results obtained by its use
are compared with those obtained by the harmonic-measurement
method. Predicted values for the intermodulation distortion and
harmonic distortion are given for several typical transfer character-
istics. For single-ended and push-pull characteristics, which are rep-
resentable by simple power series, general equations are derived
for intermodulation and harmeonic distortion. With the aid of equa-
tions for the former, the effects of the ratio of signal amplitudes used
in intermodulation testing are studied. These equations also permit
derivation of relatively fixed ratios of per cent intermodulation dis-
tortion to per cent harmonic distortion for an intermodulation test
method, which is described. Predicted values for distortion and their

ANnD W. R. HEWLETTY, FELLOW, L.R.E.

ratios are supported by test results. Curves expressing the actual
distortion ratios, plotted against harmonic distortion, summarize
the results of this analysis. These curves are useful for correlating
the results of the two methods of test. Possible meter types, usable
for metering the carrier- and intermodulation-frequency com-
ponents in the intermodulation test method, are reviewed. The
choice of meter type is found to affect the readings obtained for
these components, and hence will affect the per cent intermodula-
tion distortion. In Part B, simple equations are given for approximate
predetermination of per cent intermodulation distortion from three or
five points on the transfer characteristic. For more accurate predic-
tion, tables are given for calculation of the prominent intermodula-
tion components from eleven points on the transfer characteristics.

INTRODUCTION

HE INTERMODULATION METHOD of dis-
tortion measurement'—3 has been receiving in-
creasing attention in the last few years. Instru-
ments have been developed for application of this
method. The question: “How will results obtained by
the intermodulation method compare with those of har-
monic measurement?” has been asked frequently. To
provide an answer to this question, the intermodulation
method is analyzed in this paper, and results are pre-

* Decimal classification: R225.12 X R148.18. Original manuscript
received by the Institute, June 10, 1947; revised manuscript received
October 8, 1947. Presented, National Electronics Conference,
November, 1947, Chicago, [ll.

t Hewlett-I’ackard Co., ’alo Alto, Calif.

t D. C. Espley, “Harmonic production and cross modulation in
thermionic values with resistive loads,” Proc. I.R.E., vol. 22, pp.
781-791; June, 1934.

2 John K. Hilliard, “Distortion measurements by the intermodula-
tion method,” Proc. I.R.E., vol. 29, pp. 614-620; December, 1941.

3 H. H. Scott, “Audible audio distortion,” Electronics, vol. 18, p.
126; January, 1945.

sented comparing the two methods. The comparisons
will hold for test conditions for which both methods are
applicable.

The analysis is based on the fact that the same non-
linearity of the transfer characteristic of a network that
causes harmonic distortion also causes intermodulation
distortion. The extent to which the transfer characteris-
tic is nonlinear may vary with frequency, as in disk re-
production. This paper assumes that the transfer char-
acteristic is substantially independent of frequency.
Then, the sameness of the underlying factors causing
distortion leads to the development of relatively fixed
ratios for per cent intermodulation to per cent har-
monic distortion. For the intermodulation test method
described below, this ratio is about 3.2 to 1 for a single-
ended amplifier and about 3.8 to 1 for a balanced push-
pull amplifier.

Several methods have been proposed for intermodu-
lation testing, and, to differing extents, most of these
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are in use.!=® This paper will confine itself to an analysis
of one of the generally accepted methods.5 Similar analy-
ses can be made for each method; giving rise to specific
numeric relations, as illustrated above, for each
method. A block diagram of the intermodulation test
method being treated is shown in Fig. 1, and the prin-
ciple of operation is described below.

For brevity, harmonic distortion will hereafter be
written HD and intermodulation distortion will be writ-
ten IM.

The signal frequencies used in I M testing are chosen
so fi (Fig. 1) is higher than f,, and their actual values are
selected with regard to the frequencies at which per-
formance of the test unit is to be examined, and with re-
gard to the frequency characteristics of the filters used.
Typical values for the /3 method being treated are 40,
60, and 100 cycles for f,, and 1000, 7000, and 12,000
cycles for fi. Present practice makes the high-frequency
signal (V) 12 db lower than the low-frequency signal
Vs. The effect of this voltage ratio upon the quantitative
results obtained is discussed in a subsequent section.

The IM apparatus is calibrated by introducing two
signals at X-X"', or Y-V, in Fig. 1; one of frequency f,’
and of magnitude V,’, and the other of frequency f,’ and
magnitude V. These voltages and frequencies are so
selected that V' =10VV, fi’ —f,' is in the pass band of the
low-pass filter, while both f,’ and f,’ are greater than the
cutoff frequency of the high-pass filter. The envelope of
the composite signal, V,’+ V,/, will be nearly sinusoidal
and of amplitude B,’ with apparent carrier level nearly
equal to V,'.® The results of detection and metering will
give a reading on the output meter M’ proportional to
Vi, and a reading on the carrier meter M, proportional
to V.. Since the amplitude ratio By to V,’is 0.1, the ra-
tio of output-meter to carrier-meter readings is, by defi-
nition, 10 per cent intermodulation. In actual practice,
an amplifier with adiustable gain is used ahead of the
carrier meter M. to set this meter to a 100 per cent mark.
This permits calibration of the output meter A’ di-
rectly in per cent ITM.

PART A—ANALYSIS OF INTERMODULATION METHOD
AND COMPARISON WITH HARMONIC-
DisToRTION METHOD

Scope of Analysis

For quantitative comparison of the TM and HD tech-
niques and to evaluate the effects of metering practice
in the former, the following cases have been treated:

I. Transfer characteristic readily representable by a
power series.

I1. Transfer characteristic having an abrupt slope

¢ N. C. Pickering, “Measuring audio intermodulation,” Elec-
tronic Ind., vol. S, pp. 55-58; June, 1946.

§ John K. Hilliard, “The use of intermodulation tests in designing
and selecting high quality audio channels,” Altec-Lansing Corp.,
Hollywood, Cali?., issue no. 2, May, 1946.

¢F. E. Terman, “Radio Engineer’s Handbook,” McGraw-Hill
Publishing Co., New York, N. Y., 1943; p. 567.
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change, for which case the power series becomes too
lengthy for convenient treatment.

II1. Transfer characteristic representable by a por-
tion of a sine wave.

The analysis and comparisons assume that:

1. The transfer characteristic is independent of fre-
quency. Many applications of the test methods consid-
ered will satisfy this assumption wholly or reasonably
well. An exception, disk reproduction, was previously
cited. :

2. The same total peak driving voltage is used for both
methods of test. The device under test will thereby be
working between the same limits of input voltage and
output current. If the same total output power is used
as a basis of comparison, the peak driving voltage, with
a signal of two or more frequencies, would be larger than
the peak single-frequency voltage by an amount depend-
ing upon the ratio of signal-voltage amplitudes.

In their respective cases, per cent harmonic distortion
and per cent intermodulation distortion are respectively
evaluated according to the definitions:

per cent r.m.s. I1D

v/ 2. (harmonic output voltages, or currents)?

%100 (1)
fundamental output voltage, or current

and

per cent rm.s. IM

v/ 2 (sum and difference frequency voltages in output)?

fundamental output voltage of one of the signals
X 100. @

In (1) a sine-wave signal voltage is assumed, and in (2)
the two signals are both assumed sinusoidal. Unless spe-
cifically noted otherwise, in this paper per cent D and
per cent IM will denote the r.m.s. values.

Case (I-a). Power Series for Single-Ended Transfer Char-
acteristic: The transfer characteristic of a nonlinear net-
work or amplifier may be represented by a power series
in which the output current may be expressed as a func-
tion of increasing powers of input voltage. Thus

i= 0+ a1e + a.e* + aze¥ + - - - + a,e” 3)
and

e = Ao+ A sina + B sin b; “4)

then, considering only terms up toand including the Sth-
power term,

i=d.c. component+4 { a1+ 2a:4,+ 305(4e?+3424+3 B?)
+4a,(Ag*+ 23404+ §A40B) +Sas(Ao+§A4 242
+34,2B243A4?B*4+3B4+ 344} sin e

3
_A’{%+% Aotay(34024+342+§B87)
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+505(A03+%A0A2+§.40B2)} cos 2a

—A3{ a3+ ad g+ 5a5(3A02+1 B2+ P5.4%) | sin 3a
+%A‘{a4+5a5Ao} cos 4a+5asA° sin Sa

+ B{ai+2a:40+3a3(402+ 1 B2+1.4?)
+4a4(Aoa+%AoBz+§AoA2)+5¢15(‘4o‘+§/10232
+342424-342B* 434443 B4} sin b

+ AB{as+3asA0+3a4(2402+342+3B?)
+5a5(24°+ 34042+ 34,8} [cos (b—a)—cos (b+a)]
FA2B{3as+3aido+Sas(34,2+34°

+3B?)} [sin (b—2a)+sin (b+24)]
?A“B{%ar*-%asAo} [cos (b—3a) —cos (b+3a)]
+ PS5asA4B[sin (b—4a)+sin (b+4a)]

s {%’+§aaAo+a4(3Ao2+§Bz+gA2)

+Sar5(Ao’+%AoB2+-§AoA2)} cos 2b

+:4B%{3a;4+ 30440+ 5a5(§ 402+ 342

+3BY)] [sin (2b6—a)—sin (2b+4a)]
+A42B%(3a,+YPasd,) [cos (2b—2a)+cos (2b+24) ]
—3asA3B?[sin (2b—3a)—sin (2b+3a)]

+ B9 {af+a4.-lo+ Sas(34et+ %A’+1‘aB’)} sin 3

FAB {%-}—gam o} [cos (3b—a) —cos (3b+a)]

+$as42B3[sin (3b—2a)+sin (3b+2a)]

+ 4 B4(as+5asd0) cos 4b
— 5asA B4[sin (4b—a) —sin (4b+a)]
+ 405 B5 sin 5b. (5)

Equation (5) reduces to the output current for IID
measurement upon setting B=0.

Terms involving f, and its harmonics are grouped
with corresponding sideband terms in (5). The high-
pass filter (Fig. 1) removes all low-frequency terms, so

SIGNAL Of s *
SOURCE f cur-orr-h;nu fCUT-OFF3MfaL
fa_ o H lo____ of-&-f5 [ B T
< TEST HI-PASS OE* LO-Pass )
x unir [ ] Prer | TECTOR FILTER M
™ = lo ot—to o of—to of
SIGNAL canmeR
SOURCE GAnmies
fb_ 04 fa fy - fa fb,3fa, b ,2¢b, 30‘. fa, 2
4‘ z«f N; b : - ‘etc!
. ete.
sz ov Kail
:t 22&. A TM=1,23 - -DEPENDING UPON THE

LOWEST ORDER SIDE-BANO THAT
IS TO PASS THAT WI-PASS FILTER

Fig. 1—Block diagram for intermodulation test method treated in
this papcr for calibration, f., fs are connected into X-X’ or

that, if fy > 9f,, then all of the sidebands and carrier com-
ponents will appear at the detector input, and all har-
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monics of f, will be suppressed. The term of frequency f,
will predominate and the carrier-level meter, M., which
is an average-reading meter, will indicate substantially
only the amplitude of this term.

Carrier and sideband term magnitudes in (5) are seen
to depend upon the signal amplitudes 4 and B. For an
assigned peak driving voltage and given quiescent
status of an amplifier, the per cent A will hence de-
pend upon the ratio A/B. The exact nature of this de-
pendence is partially discernible for the case of a trans-
fer characteristic given by

(6)

With the origin for the characteristic taken at the op-
erating point, i.e., ap=0 and 4,=0, the signal for 1M
testing will be e=A4 sin a+ B sin b, and for HD testing
it will be e=A" sin a. Applying the defining equations
(1) and (2), there follows:

1 = ae + a.e® + aze® + aet.

per cent TM
{ [%'*'%(M(A’-}—B’)]-}—ﬁaf 12+4a4244} 1/2
a1+3a3(242+ B?)

X100, (72)

and

per cent /1D

! [aY4 2 [AY4 2 AYS B ¥}
A arkadd) e ol )P
2 a1+2a3(A")?
If A+B=A’ for the same total peak driving voltage,
A/B=4, and the usual insignificance of the squared
values of a; and a, as compared to a,® and a,?® is ac-
knowledged, then

8 A'(as + aA")?)
a + a.’s(A')2
A'(a2 + a(47)?)
2 a1+ 3as(A)?

When a; and a4 are set equal to zero, (7b) and (8b) check
those developed by Frayne and Scoville.” Equation (7a)
indicates that, to a first approximation, the per cent I.|f
will vary directly with the larger signal amplitude A.
Maintaining the peak drive A +B constant, it follows
that, as A /B is increased, the per cent I M will approach
a maximum. Comparison of (7b) and (8b) shows that,
for the conditions imposed, 4.e., A/B =4, the theoretical
ratio of per cent IM to per cent FID is practically con-
stant at 3.2. A summary of the values of this ratio for
several types of transfer characteristics is given in Fig.
15.

To check the above theory, a triode-connected 6V6
amplifier working into a 7500-ohm resistive load was
tested. The dynamic characteristic for the chosen oper-
ating conditions was:

per cent I M = X 100 (7b)

'—‘Cll

per cent I1D = X 100. (8b)

7 J. G. Frayne and R. R. Scoville, “Analysxs and measurements of
distortion in variable-density recording,” Jour. Soc. Mot. Pic. Eng.,
vol. 32, p. 648; June, 1939.
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i = 60 4 1.2423¢ + 0.0102¢2 4 0.972 X 10~

= 60(1 + 0.5383x + 0.1149x% 4+ 0.0285x%) ®

where 7 isin milliamperes, and x =¢/26; i.e., x is the frac-
tion of the maximum peak drive of 26 volts. The coefh-
cients in the equation, of the form of (3), were reduced
from experimental data.

The effect of the ratio A/B of signal voltages upon
the per cent IAf and correlation between theoretical
and experimental values is shown in Fig. 2. For a fixed

10| -PEAK GRIVES i vOLTS
(CONSTRNTT

4" ogtasunTd 1
£oICrE0

% INTERAMOOUL ATION
- -

+

[ 2 3 . L] .

RATIO OF LOW FREQ. TO HIGH
FREQ. VOLTASES

Fig. 2—Per cent intermodulation as a function of the ratio of signal
amplitudes. Single-ended 6V6 amplifier; 7500-ohm load; bias
voltage, 26 volts; plate-supply voltage, 610 volts.

ratio A/B =4, the predicted and measured values for
per cent IID and per cent I} agree well, as shown in
Fig. 3. The agreement between per cent I M values ob-
tained with an average-reading meter used for the out-
put meter M’ (Fig. 1) and those computed from data
obtained with a harmonic analyzer at the output-meter
position justifies the use of the former for measurement
of the r.m.s. value of the complex output voltage.

OMEASURED VALUES, FULL-WAVE AVER. NETER
XAMS % IN FROW WY’UY HARNONIC DATA
8 FRON INPUT TO oﬂ!CYOI

A'uolcto u*s:; T

% INTERMOOULATION & NARMONIC DISTORTION
»

B S T e S S
© 8 10 16 20 @ 30 36

PEZAK ORIVE VOLTS

Fig. 3—Per cent intermodulation and harmonic distortion of the
single-ended 6V6 amplifier of Fig. 2 as a function of signal
voltage.

If the output meter A/’ is a full-wave, peak-reading
meter, then the per cent I, for the same conditions
applying to (7a), will become:
per cent peak IM

[a2 + fasd + a,(44% + BY)]

= ———— X 100.
a1+ $a,(24? + BY)

The arithmetic summation of the sideband components
is correct because of their relative phase relationships,

(10a)
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as shown in Fig. 12, Relative magnitudes of the several
components are such that, for all practical cases, the
resultant peak is time-coincident with the peak of the
fundamental. For 4 +B =4/, i.e., the same peak driv-
ing voltage for IM and IID testing, and A/B=4, (10a)
becomes

per cent peak M
o Lo2 + 3oad’ + ga(47)?]

= 100.
5 a + I%aa(A 02 X

In like manner, measurement of harmonic distortion by
a full-wave peak-reading meter will give

(10b)

per cent peak HD
A' [a2 + 203A + %04(/1') ]
2 a, + az(A ,)2

Comparison of (10b) and (11) reveals that the ratio of
peak per cent I M to peak per cent IID will again remain
practically constant at 3.2.

Case (I-b). Power Series for Push-Pull Transfer Char-
acteristic: All terms involving ao, 4, a3, and a4 in (5)
vanish for the perfectly balanced push-pull amplifier.
The effect of signal voltage ratio A/B upon per cent
IM and per cent HD is partially discernible upon apply-
ing the defining equations (1) and (2) to the applicable
form of (5). There results:

X 100, (11)

per cent IM
347 {loat§as(242+ BY) "+ (f5as4 )2} 2

T2 al-{- 2a3(24%+ BY) +3£a5(24%B*+ 3B+ 44
X100

(12a)
and

per cent HD

A0 oo a4 Qogaryype
4 a1+ ‘(13(.4,) 05(.4')4

For given operating conditions and constant peak sig-
nal voltage, (12a) indicates that per cent I M will vary
roughly as the square of the larger signal amplitude 4.
Typical push-pull characteristics will often have a nega-
tive value for the coefficient a;. This tends to make the
variation of per cent IM with signal ratio to be some-
what more rapid than as A% For A/B=4 and A+B
=A’', and neglecting the usually small terms, (12a) and
(13a) become

(13a)

[as + #3as(4)?]

er cent IM"’—(A')2 -~ X 100 (12b
> a4+ ay(A’)? )
and
+ A’
per cent HD =~ — ( ')2»[—0-’—§a—‘( il X 100,  (13b)

a1 + 3as(4')?
resulting in a ratio of IM to HD which is practically
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3.84. The effect of a negative a; is to make this ratio in-
crease with peak-signal level 4’. If the terms involving
gs in the numerator and a; in the denominator are
neglected, then (12b) and (13b) agree with those given
by Frayne and Scoville” for the cubic characteristic.

If the output meters M’ and M, are full-wave peak-
reading meters, then the per cent IAf and I1D become,
respectively, by the method of analysis used with (10)
and (11),

per cent peak IM

24 0 A47)2 ’
=) — skt ) — X 100 (14)
25 a1 + Ppas(4)? + 373605(/1,)4
and
per cent peak IID
! [as + §as(4")?]
= —(4)?— X 100. 15
+ N 1)+ dasa) (15)

It is seen that the ratio of per cent peak IA[ to per cent
peak IID will be nearly constant at 3.84.

The absence of even-harmonic carrier-frequency
terms eliminates the detector turnover effect discussed
in connection with Fig. 13. Even-order harmonics of the
principal output low frequency 2f, may, however, pre-
vail at the meter A,

For experimental verification, a push-pull 6L6 ampli-
fier was tested. The dynamic characteristic for the 8000-
ohm plate-to-plate load was representable by

1= 2.567¢ — 0.1207 X 1073%® — 0.66 X 10~ 7¢®
97.546(1 — 0.0679x® — 0.0332x%), (16)

where 7 is in ma. and x =¢/38; i.e., x is the fraction of the
maximum peak driving volts. The predicted per cent
I MM variation with signal ratioc 4/B and the measured

© WEASURED
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ll' PEAX DMIVE VOLTS. 20vF |
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RATIO OF LOW FREQUENCY TO
HIGH FREQUENCY VOLTAGES

Fig. 4—Per cent intermodulation as a function of the ratio of signal
amplitudes, Push-pull 6L6 amplifier; 8000-ohm plate-to-plate
load; plate-supply voltage, 400 volts; bias voltage, 37 volts.

results are shown in Fig. 4. For the signal ratio A/B =4,
the measured and predicted per cent IM and per cent
IID values, as a function of drive, are shown in Fig. 5.
The measured results were independent of the direction
of connection of. the half-wave peak detector used.
Though not shown, the fesults for per cent I}, ob-
tained with a peak-reading output meter M’, depended
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upon the direction of its connection because of the even-
harmonic content of the low-frequency output.

O MEAS VALUES, FULL WAVE AVER WETER
,,', & AMS YALUE % [N, FROM NWARM. DATA
APREDICTED AWS % 1w
QPAEOICTED AMS % H.0.
LOW FREQ VOLYS , o
WIGH FAEQ. VOLTS
—————

a
o

é

+—+—+

% INTEAMODULATION & MARMONIC DISTORTION
» - °
-5 ‘|>_
4

— — L L
3 0 L] L1 £] o » 40
PEAK ORIVE YOLTS

Fig. 5—Per cent intermodulation and harmonic distortion of the
push-pull 6L6 amplifier of Fig. 4 as a function of signal voltage.

Case (II-a). Single-Ended, Sharp-Cutoff Characteristic:
To simulate certain types of amplifier characteristics,
such as that of an amplifier overdriven from a high-
impedance source, or an amplifier having negative feed-
back that is driven beyond cutoff, the e-i characteristic
shown in Fig. 6 was investigated. Insomuch as adequate

- -

ywwfx-v
P

7
i

44
% OVERDAIVE MC-ILG' £ x100

Fig. 6—Single-ended, sharp-cutoff characteristic with a
two-frequency input signal.

representation by a power series requires too many
terms, a different method of analysis was used. The
steps in the approximate analysis were as follows:

1. For an arbitrary ratio f,/fy and signal ratio
A/B =4, the number of peaks “clipped” and the ampli-
tude of each was determined for an assigned amount of
overdrive. (See Fig. 6 for dcfinition of overdrive.)

2. The total area under the clipped peaks was evalu-
ated from their relative amplitudes and time-axis spans.
(See Fig. 7(b).)

3. The half sine wave of Fig. 7(c) was so propor-
tioned that its duration 6, was equal to that clipped from
the composite envelope, and its height so selected that
the area under it was equal to that of the clipped peaks.

4. The reading of a full-wave average-reading meter,
on which the wave of paragraph 3 is impressed, was
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evaluated. This meter reading, compared to that of the
same meter with only the carrier impressed, is the inter-
modulation distortion.

5. In actual testing, the carrier-level meter M, has
the wave of Fig. 7(a) impressed upon it. The reading

e 7 RADIANS ON LOW FREQUENCY gal

e~

7 g f
Z. | (a)
H]
)
ii . - _
) OUTPUT FROM Hi- PASS FILTER
4
A+B)-C
- 2 A A A, (e - (b)
TYPICAL AREAS currln
| —1_[—
| H
OUTPUT FROM LO-PASS FILTER FOLLOWING DE TECTOR (c)

Fig. 7—Wave shapes applying to the analysxs of the output current
of the charactensuc of Fig. 6

of M, will be less than if the carrier alone were im-
pressed. For an average-reading meter, as used in the
test arrangement for checking this analysis, the reading
of M. will be less, substantially, by the amount of the
total areas clipped; i.e., by the amount corresponding to
the area calculated in 2. The intermodulation distortion
of paragraph 4 was corrected for this “carrier loss” to
permit ready comparison with measured values.

6. For calculating the per cent HD, the procedure of
steps 2 and 3 was repeated for the area clipped from
the single signal wave. The fundamental frequency
component of this wave was calculated and subtracted.
The reading of an average-type meter, having the re-
maining wave impressed upon it, was determined and
compared with the reading of the meter with the “un-
clipped” signal applied.

For a specific value of overdrive, the clipped areas of
Fig. 7(b) were resolved by Fourier analysis and the re-

|
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Fig. 8—Spectrum of h.f. components as found from Fourier analysis
of the intermodulation products in the output of the character-
istic of Fig. 6.

sults of the above approximate analysis were checked.
The Fourier analysis gave rise to carrier and sideband
terms as shown in the spectrum of Fig. 8(a). This spec-
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trum was experimentally checked with the results as
shown in Fig. 8(b). It is seen that careful consideration
must be given to the frequency response of the I M test
apparatus to properly include all prominent distortion
components.

Fig. 9 shows the calculated and the measured values
for IM and HD of the single-ended, sharp-cutoff char-
acteristic. An average-type detector and an average-
reading output meter were used, in keeping with the
method of analysis. The predicted I3 values are shown
only with correction for carrier loss. The agreement
with measured values is good. If the rectification char-
acteristics of the detector and output meter are of the
peak type, the T A results will depend upon carrier har-
monic content and upon harmonics in the output volt-
age, as discussed below.
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Fig. 9—Per cent intermodulation and harmonic distortion for a
single-ended, sharp-cutoff characteristic as a function of over-
drive.

Case (11-b). Double-Ended, Sharp-Cutoff Characteristic:
Examination of the relative phase relationships of side-
band components in the deficiency spectrum of Fig.
8(a) reveals that, for the push-pull, sharp-cutoff char-

- 2
T

% INTERMOOULATION 8 MARMONIC DISTORTION
&

0 20
% OVERODRIVE

Fig. 10—Per cent intermodulation and harmonic distortion for a
push-pull, sharp-cutoff characteristic as a function of overdrive.

acteristic, certain carrier and sideband terms will can-
cel, while others will add. Tﬁking these effects into ac-
count, it was possible to predict per cent I M values from
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TABLE I

4-10-1 SIGNAL RATIO CASE; MULTIPLYING COEFFICIENTS FOR EVALUATING INTERMODULATION PRODUCTS
FROM ELEVEN EQUIDISTANT ORDINATES ON REsIsTIVE LoAD LINE

Intermodulation Products

Signal Ratio, Vo/Vy=4

Common . A
Frequency yz- o0 o Current Ordinate Multipliers
SRS g g i i in o i i i i iy
fo 1/3780 207 528 —585 480 —462 0 462 —480 585 —528 —207
2fs 1/7560 207 114 —1227 2292 —3234 3696 —3234 2292 —1227 114 207
Coefhicients found for following sum- and difference-frequency terms will be amplitudes of each sideband
fotfe 1/420 23 44 —44  —16 21 —56 21 -16 —44 44 23
fot2fa  1/5040 243 352 —915 320 —518 0 518 —320 915  —352  —243
HhEdf. 1724 1 0 -3 0 2 0 2 0 —3 0 1
ft4fa 17720 23 -3 —51 64 38 0 -38 —64 51 32 -23
Sot5fa 1/45 1 -3 1 4 -2 =2 -2 4 1 -3 1

the area and deficicncy spectrum data of the single-
ended case. The effects of “carrier loss” were similarly
taken into account. Predicted and measured results for
IM and IID agreed, as shown in Fig. 10. An average-
type detector was used, and the output meter M’ was a
full-wave average-reading meter. A supplementary ex-
perimental check showed that a peak-type detector was
not subject to turnover effect, but that a half-wave
peak-type output meter was so subject. These effects are
in agreement with the analysis presented under the
section on Metering Practice below.

Case (III). Push-Pull Sine-Form Characteristic: This
case, seemingly of no more than academic interest, is
presented here in summary form. The results of this
analysis were found useful for correlation and a check of
other analyses, as described in the next paragraph.

Fig. 11—Push-pull sine-form transfer characteristic.

If the transfer characteristic can be represented by a
portion of a sine wave, as shown in Fig. 11, the analysis
shows that, considering only the prominent sideband
and harmonic terms,

2J2(A)

per cent TM = X 100, 17
Jo(4)
and
Ji(A")
per cent HD =2 — X 100 (18)
Ji(4")

where Jo, Ji, etc., are Bessel functions of the first kind
on the respective arguments, and A and A’ have the
same meaning asin Case (I). The theoretical ratioof IM
to IID values is practically 4 for A/B=4 and for peak-
signal levels not exceeding e=w/2. No experimental

data were obtained for this case. The results serve to
check those for the push-pull Case (I-b) when these re-
sults are expressed as the ratio of per cent I M to per cent
IID as done in Fig. 15. IM values computed for the
push-pull sine-form characteristic, using the coefficients
listed in Tables I and II, were identical with those ob-
tained from a more exact form of (17). This serves to
check the method using these coefficients.

Effects of Metering Practice

In the intermodulation test arrangement, Fig. 1, the
carrier-level meter M, and output meter A{’ are gener-
ally d.c. meters used with a suitable rectifier. Each such
meter-rectifier arrangement may be of the full-wave or
half-wave average type, or of full-wave or half-wave
peak-reading type. In general, the voltages impressed
on the meter-rectifier arrangement are of complex wave
form, and the readings obtained for the respective quan-
tities will be affected by the behavior of the metering
arrangement with such voltages impressed. This sec-
tion summarizes analytical and experimental observa-
tions pertinent to this problem. The behavior of the full-
wave and half-wave average types is the same; hence,
these are referred to only as a single type in what fol-
lows.

TABLE 11

1-to-1 SIGNAL-RaTIO CAsiE; MULTIPLYING COEFFICIENTS FOR
EVALUATING INTERMODULATION PropUCTS FROM ELEVEN EQUI-
DISTANT ORDINATES ON RESISTIVE LoAD LINE

Signal Ratio,

Com-  Intermodulation
Fre- mon Products Vo/Voe=2/2=1
quency Mul- Current Ordinate Multipliers
tiplier ‘i+4 1.4.3 1.4.1 ‘i+1 %0 i1 1 13 14
Jo 1/18 1 & 2 1 0 -1 -2 -3 -1
1724 1 2 -2 -2 2 -2 -2 2 1
S 173 1 0 -4 4 0 —4 4 0 -1

Coefficients found for following sum- and difference-frequency
terms will be amplitudes of each sideband

fotfs 1/18 1 2 1 -2 -4 =2 1 2 1
fot2fe 1/24 1 1 -2 -3 0 3 2 -1 -1
fot3fe 1/36 1 -1 =2 1 2 1 =2 -1 1
fotd4fe 1772 1 =3 2 1 0 -1 -2 3 -1

The relative phase relationships of the carrier com-
ponents of voltage input to the detector in Fig. 1 are
correctly given by (5). Expressed graphically, they are
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as shown in Fig. 12. Certain of the harmonic compo-
nents may have reversed phase if any of the coefficients

FUND.
2ND

smy/\/y
W

Fig. 12—Relative phase relationships of the carrier frequency and its
harmonic terms from interpretation of (5). These same phase
relationships apply to the 1f. components in the modulation
envelopes.

as, as, etc., in (3) are negative. In general, however, the
following observations pertinent to detector and meter-
ing practice in IM testing apply:

(a) The reading of the carrier-level meter M, in the
presence of a modulated carrier will depend upon its
rectification characteristic. Thus, if the rectifier is (1)
of the average type, the meter reading is unaffected by
the presence of modulation and is substantially inde-
pendent of the harmonic content of the signal. The area
under a half cycle of a composite wave containing funda-
mental and 20 per cent second harmonic, with relative
phase relationship as shown in Fig. 12, is hardly 2 per
cent greater than the area under the fundamental alone.
No turnover effect will be obtained; i.e., reversing the
connections to the terminals of the meter-rectifier ar-
rangement will not change the reading of the meter.

If the rectifier is (2) of the half-wave peak type, the
meter reading will be affected by modulation and by
harmonic content (magnitudes and phase relations)
of the carrier. This is illustrated in Fig. 13(c), which

()

Fig. 13—Composite envelope (a), of the fundamental carrier (b) and
its second harmonic (c), each of the later amplitude-modulated
with the fundamental low-frequency signal.

shows the composite wave resulting from fundamental
and second-harmonic carrier terms each with sideband
terms corresponding to modulation at the low frequency
of the test signal. This figure also indicates that turn-
over effect will prevail.
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If the rectifier is (3) of the full-wave peak type, the
meter reading will be affected by modulation and by
harmonics of the carrier. There will be no turnover ef-
fect.

(b) The output of the detector will depend upon its
rectification characteristic in the following ways. If the
detector is (1) of the average, or “area,” type, the
presence of harmonics of the carrier frequency will have
practically no effect on its L.f. output components. The
r.m.s. summation of the sum and difference components,
having frequencies fo+ f, and 2f,+ f, in this instance,
for a case such as developed in Fig. 13 will be almost
correctly represented by the L.f. output of the average-
type detector.

If the rectifier is (2) of the half-wave peak type, the
output will be markedly affected by the direction of
connection of the detector when harmonics of the carrier
frequency combine as illustrated in Fig. 13(c) to make
for different modulation-envelope amplitudes on oppo-
site half cycles of the composite voltage.

If the rectifier is (3) of the full-wave peak type, the
output will be affected by harmonics of the carrier fre-
quency, but it will not be subject to turnover effect.

(c) The reading of the output meter M’ will also be
directly affected by its rectification characteristics. If
the rectifier is (1) of the average type, the reading of M’
will be unaffected by the direction of connection of the
rectifier, and the reading will represent the r.m.s. sum of
the L.f. components of a complex output voltage with
good accuracy.

If the rectifier is (2) of the half-wave peak type, the
reading of M’ will be subject to turnover and it will be
affected by the harmonic content (magnitudes and
phase relations) of the output.

If the rectifier is (3) of the full-wave peak type, the
reading of M’ will be affected by the harmonic content
(magnitudes and phase relations) of the output but will
not be subject to turnover.

In summary, it follows that, depending upon their
respective rectification characteristics:

(a) The carrier-meter reading may be affected by
harmonics of the carrier and by the presence of modula-
tion; (b) the detector output may be affected by har-
monics of the carrier; and (c) the output-meter reading
may be affected by harmonics of the 1.f. (modulating)
signal.

Fig. 14 shows results revealing the effect of detector
and output-meter A’ turnover on the per cent IM.
These results are for the 6V6 amplifier previously
treated. The tube was operated under conditions that
give rise to a more prominent cubic term than indicated
by (6). The solid-line curves of Fig. 14 are all for the
same test-circuit conditions excepting for the output
meter A" which is connected to read the average value,
or positive or negative peaks. The prominent second
harmonic present in the voltage being measured by the
peak-type meter M’ gives rise to the markedly different
results for positive and negative peaks. The agreement
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between per cent IM, calculated from low-frequency
component voltages as measured with a harmonic
analyzer, and from the full-wave average-reading meter,
follows from the relative freedom of the latter from
wave-form errors.

Comparison of the two center curves in Fig. 14 re-
veals the effect of relative phase relationship of the
fundamental and second harmonic of the carrier fre-

LOW FREQ VOLTS &
o| FIGR FRE voLTS 81" 4

6v6 AMPLIFIER

% INTERMODUL AT ION
v & v e N O
T

Y]

0 15 20 25 0 3
PEAR DRIVE VOLTS

o
“

tM DETECTOR FORWARD
X RS XPM FROM HARMONIC ANALY2ER DATA
0 FULL-WAVE AVER, ME TER READINGS
A PEAR METER, METER RECTIFIER FORWARD
v " : v " REVERSED
IM DETECTOR REVERSED
+RMS xiM FROM HARMONIC ANALYZER DATA
OFULL-wAVE AVER, METER READINGS

Fig. 14—Per cent intermodulation as a function of signal voltage,
showing how the results are affected by direction of connection
of the detector and by direction of connection and type of output
meter used.

quency with respective first-order sidebands, as illus-
trated in Fig. 13. Using a half-wave peak detector to
rectify the composite wave of Fig. 13(c) gives rise to a
larger low-frequency component for one direction of
connection of the detector than for the other. The
carrier-level reading was made ahead of the detector,
and a full-wave average-type meter was used. The
carrier-level reading then will be independent of the
direction of connection of the detector. This serves to
illustrate the effect of the type and manner of connec-
tion of the detector upon per cent IM in the test ar-
rangement considered. The effect of the detector was
checked by noting that the magnitude of the f, term, as
measured with the harmonic analyzer, changed with
the change in detector connection.

PART B—PREDICTION OF INTERMODULATION
DisTORTION

I. Approximate Prediction Equations

For amplifiers working into a resistance load, the
intermodulation distortion can be predicted with the
aid of equations essentially similar to those expressing
harmonic distortion in terms of selected ordinates on the
tube load line. Both predictions are subject to the same
reservations with regard to accuracy. Using Terman’s®
method for prediction of harmonic distortion, together

8 See p. 380 of footnote reference 7.
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with the previously derived theoretical ratios of 1M to
D for the signal ratio A/B =4, there follows:
For the single-ended amplifier, assuming only second-

harmonic distortion:
Imlx + Imin - 215

max —

percent IM = 1.6 X 100. (19)

For the push-pull amplifier, assuming only third-

harmonic distortion:

Imlx -

ILnin — V22— 1
per cent M = 3.84 o mn Y o)
— Inin+ V21, — I)

max

X 100 (20)

where the tube plate-current values are
I..x at positive peak of total signal voltage
I.in at negative peak of total signal voltage
I, at 0.707 times positive peak of total signal voltage
I; at 0.707 times negative peak of total signal voltage
I, at zero signal,

I1. Coefficients for Prediction from Eleven Points on
Transfer Characteristic

Bloch? has prepared a table of multiplying factors for
calculation of the amplitudes of the sideband terms
from the current values on the tube load line. The tabu-
lation is limited to a signal ratio amplitude (4/B) not
greater than 3. Use of this method yields the actual cur-
rent amplitudes of the sideband terms. Extension of the
work of Espley! to enable calculation of harmonics up
to the 8th from nine equally spaced ordinates made it
possible to extend the tables of Bloch to the case of sig-
nal ratio=4. The fundamental and second-harmonic
carrier terms and all prominent sideband terms can be
calculated by use of Table I. The eleven current values,
designated as %45, %44 %0 - - 4_4, %_g are taken
from the load line for corresponding, equal intervals of
the total peak-signal voltage. Each current value is
multiplied by the factor listed, and the sum of such
products, with due regard to sign, is formed and multi-
plied by the common multiplier. The result will be the
amplitude, in current units, of the corresponding carrier
or sideband term. As an example, the following are the
results for the triode-connected 6V6 of Case I-a; signal
ratio A/B =4, 20 volts peak drive, and 26 volts bias:

Instantaneous grid voltage Plate-current (ma.)

-6 53.0
-10 48.7
—14 41.6
—18 40.7
—22 36.9
—26 33.2
—30 29.5
—34 25.9
-38 22.4
—42 18.9
—46 1I5MS]

% A. Bloch, “Modulation products; calculation from equidistant
ordinates,” Wireless Eng., vol. 23, pp. 227-230; August, 1946.

1 D, C. Espley, “The calculation of harmonic production in
thermionic valves with resistive loads,” Proc. 1.R.E., vol. 21, pp.
1439-1446; October, 1933.
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Use of the tabulated multipliers yields:

Current of frequency f,=3.755 ma.

Current of frequencies fy +f,=0.170 ma.

Current of frequencies f, + 2f,=0.021 ma.

Current of frequency 2f,=0.039 ma.

Per cent ITM=2(2X0.170/3.755) X100=09.1 per cent.
When testing the performance of amplifiers at the higher
frequencies, it is sometimes found desirable to use a sig-
nal ratio of 1. Table II gives the multipliers for prede-
termining the carrier frequency and sideband terms for
this signal ratio.

CONCLUSIONS

I. If the transfer characteristic of a network is sub-
stantially independent of frequency, it is possible to
evaluate the intermodulation and harmonic distortion

INTERMOOULATION SIGNAL RATIO= 411

PUSH- PULL SINE ‘W]
o _cuamacTemsTG
| T NORMAL PUSH-PULL CHARACTERISTIC

z§ NORMAL SINGLE-ENQED CHARACTERISTIC
3 | n

SINGLEENDED SHARP CUT-OFF.
CHARACTERISTIC

SHPULL
SHARP CUT-OFF
CHARACTERISTIC

1

. [ SR N I

o £} S 73 0 23
PERCENT HARMONIC DISTORTION

Fig. 15—Ratio of intermodulation to harmonic distortion as a func-
tion of the latter for some typical transfer characteristics. The
intermodulation test method for which these results apply is
described in the text of this paper.

due to the nonlinearity of the characteristic. Relatively
simple equations are derived for per cent IAf and per

PROCEEDINGS OF THE LRE.

April

cent JID for transfer characteristics expressible in sim-
ple analytic form.

For a given intermodulation test method, therefore,
the specified operating conditions can be introduced
to uniquely evaluate this distortion. It becomes pos-
sible, then, to express the ratio of the two distortion
percentages. This has been done for certain typical
transfer characteristics and for an intermodulation test
method as described, and the ratios have been found to
be relatively constant. Fig. 15 summarizes these ratios
for the cases covered by this study.

II. The presently accepted value of 4:1 for ratio of
signal amplitudes in intermodulation testing is a good
compromise, making for operating conditions that give
a high IM percentage and still have reasonable values
of carrier and sideband voltages for detection and meas-
urement.

III. The type of carrier-level meter, detector, and
output meter used in the intermodulation testing ap-
paratus will each, and in combination, affect the results
obtained.

The analysis above indicates that the intermodula-
tion-measurement technique will best satisfy the defin-
ing equation if an average-type detector is used and if
the carrier-level and output meters are of the average-
reading type. This practice will also help eliminate dif-
ferences that may appear in IM results obtained with
apparatus of different manufacture in which different
amounts of phase shift are introduced between the
fundamental and harmonics. Such phase shift differ-
ences will have a direct bearing upon the output of a
peak-type detector as well as upon the readings of peak-
type meters.

IV. Intermodulation-distortion percentage values are
readily predictable from transfer characteristic or load-
line data by the use of tabulated multiplying coefficients
that can be used to calculate the magnitudes of the
usually prominent intermodulation terms.

Automatic Volume Control as a Feedback Problem®
B. M. OLIVERY{, MEMBER, ILR.E.

Summary.—Feedback amplifier theory is shown to be applicable
to the usual a.v.c. system. Expressions are derived for the loop gain
in terms of the design requirements and the gain-control character-
istic of the controlled amplifier. Using these expressions, the design
of an a.v.c. system is quite straightforward, and its characteristics,
such as regulation and effect on desired modulation, are readily
predictable.

* Decimal classification: R361.201 X R139.2. Original manuscript
received by the Institute, July 8, 1946; revised manuscript received,
October 8, 1947.

t Bell Telephone Laboratories, Inc., New York, N. Y.

I. INTRODUCTION
&_ SIMPLE FEEDBACK amplifier has these essen-

tial features:
(1) There is an input.

(2) There is an output.

(3) There is a transmission path (called the 8 circuit)
which develops a measure of the output.

(4) There is a means for comparing this measure of
the output with the input, i.e., means for developing a
“net” or “error” signal which is the algebraic sum of the
input and the measure of the output.
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(5) There is an amplifier (called the u circuit) which
develops the output from this “net” or “error” signal.
Whenever all of these features are present in any linear
system,' be it a thermostat, or a regulated power supply, or
an automatic-tracking radar, we may properly call that
system an analog of a feedback amplifier, and profit by the
analogy. The following analysis of an automatic-volume-
control (a.v.c.) system is presented, not only for its own
sake, but also with the hope of stimulating this point
of view in the reader.

II. FEEpBACK NATURE OF A TypicaL A.V.C. SysTEM

In Fig. 1 are shown in block schematic form an r.f.
amplifier whose gain depends on the potential 7 of a
control lead, an envelope detector to monitor the out-
put amplitude of this amplifier, a low-pass filter in the
output of the detector, and a d.c. amplifier which de-
velops the control voltage V proportional to the amount
by which the output of the low-pass filter exceeds a
“threshold” voltage E. Together, these units comprise
a typical a.v.c. circuit.

CONTROLLED AMPLIFIER

RADIQ FREQ. DF AMPL. &, mﬂlblo FREQ.OF AMPL, &5

DUTPUT"

D-C AMPLIFIER

/

‘iNpyT®

Fig. 1—A typical a.v.c. system.

But now let us replace the constant threshold or refer-
ence voltage E by an audio-frequency input, and let us
call the variable-gain amplifier a modulator. The cir-
cuit might now be called “a block schematic of a radio
transmitter with envelope fecedback.” There is an in-
put (the voltage E), there is an output (the radio fre-
quency of amplitude ez), there is a transmission path
(the envelope detector and low-pass filter) which de-
velops a measure of the output (8es), there is a means
for developing the algebraic sum of E and Be; (this is
the net input to the d.c. amplifier), and finally, there is
an amplifier (the d.c. amplifier and the r.f. modulator)
for producing an output proportional to this net input.
All of the circuit between the comparison point and the
output is called, in feedback amplifier terminology, the
“u” circuit, while the transmission path which develops
at the comparison point a measure of the output is
called the “B” circuit.? Considering envelope quantities

! Even a large class of nonlinear systems may be treated as linear
systems, provided only that all characteristics are continuous around
the operating point. An a.v.c. system is an example of this.

? [n many a.v.c. circuits the output of the envelope detector is
taken as the useful output of the system. The envelope detector then
properly is part of the “u” circuit.
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only in the r.f. portion of the circuit, and denoting the
transmission of the “u” circuit by g, and the transmis-
sion of the “B” circuit by B, it is evident that

es = p(E + Bey) )]
I
= E. 2
(2] 1= up ( )
So long as ]uﬁl»l,
! E (3)
e = — — L,
‘ B

and the output is independent of g, so that disturbances
in the u circuit are suppressed. The degree of this sup-
pression may be obtained by differentiating (2) with
respect to u and dividing the result by (2) itself. Thus

d
W% g
(1 — up)?
(182 1 d}l

= — £}
e 1—pB p &

dez =

and any variations in the u circuit are suppressed by the
factor 1/1 —ug.

In a radio transmitter the principal p-circuit varia-
tions might be the nonlinearity of the modulator, and
luBI would be made much larger than unity over the
entire modulation-frequency spectrum. In the a.v.c.
case the principal u-circuit variation is fluctuations in
the received r.f. signal strength; i.e., variations in the
amplitude of e;. So long as luBI))l these variations will
be suppressed, and an output amplitude e; equal to
(1/B)E (and thercfore constant) will be developed.
Obviously, Iuﬁ[ must be less than unity over the range
of desired modulation frequencies in ¢, or these modula-
tions also would be suppressed in the output.

The importance of the input or reference voltage is
apparent, since, if E were zero, any output which might
appear would be duec to the failure of the circuit to
regulate completely. In many a.v.c. systems (called
“undelayed” systems)? the input voltage E is zero. That
this type of system performs satisfactorily in many
applications arises from the fact that the loop gain is low
for small received-signal amplitudes, as will be shown
later. The “failure to regulate” is thus quite large for
low signal inputs, and the regulation does not become
good until an appreciable (and usable) output has d-e
veloped.

From the feedback viewpoint, then, an a.v.c. circuit
is a d.c. amplifier-modulator with negative-envelope
feedback, whose input is a constant voltage and whose
average output amplitude therefore is constant so long
as the loop gain is high.

3 A.v.c. systems incorporating a reference input or threshold often
are called “delayed” systems. The term is perhaps an unfortunate
one, since it connotes a time delay rather than an amplitude thresh-
old.




468

I11. Loopr GAIN

Let the control lead in Fig. 1 be broken at the point
marked “X,” and let each side of the break be ter-
minated in the impedance normally presented by the
other side. An incremental voltage AV,.(w) applied to
point A will cause a return voltage at B, AVy(w). Let
the loop transmission* u8 be defined as

AV b(w)

#ﬂ(w) - AV—»O AV (w)

()

e; is assumed constant at the value &. Except for the
restriction to infinitesimally small inputs, this is the
usual definition of loop transmission. Since the a.v.c.
loop transmits d.c., it is convenient first to evaluate the
loop transmission at d.c., by considering AV, to be a
d.c. increment in the control voltage. Thus,

. AV,
lim

pB(0) = A T

’

and

#B(w) = up(0)¥ (w) (6)

where Y(w) is the transmission versus frequency char-
acteristic around the loop normalized to unity at d.c.,
ie., Y(0)=1. (¥(w) will ordinarily be simply the trans-
mission characteristic of the low-pass filter in the g8 cir-
cuit, but may in some cases contain contributions from
other sources, such as band limitation in the d.c. and
r.f. amplifiers.)

If e, is constant at the value & and V is constant, the
output will be a constant value &. M(V) is defined as
the envelope transmission of the amplifier under these
conditions; that is,

= M(V)ér ()

Suppose now V is increased from V to V+AV,. The
output amplitude &; will increase by an amount

Aéz =3 él[M(V + AVa) - M(V)]

Dividing both sides by AV, and taking the limit as
AV,—0,

Aé,y M
im = El[—] . (8)
AV,,—'O AV¢ dV V_V
But, by definition of u; and 8,
AV = p1(0)8(0)Aé,. 9)
Combining (8) and (9),
_dM
#B(0) = #1(0)5(0)61 ;I—/— (10)

Obviously, the loop transmission depends upon the re-
ceived r.f. signal amplitude &, and is zero in the absence

4 The term “gain,” in its present usage, is the transmnssnon ratio
expressed in logarithmic units. Thus the “loop gain” in db may be
taken as 20 logio|u8].
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of any received signal. While this fact is of importance
in the design of an a.v.c. system, it is not peculiar to
this type of circuit. The loop transmission in a radio
transmitter with negative-envelope feedback vanishes
if the carrier input to the modulator is removed. The
loop transmission in a feedback amplifier is zero if the
plate supply fails. From the fecdback viewpoint, the
received signal in an a.v.c. system is simply a power
source in the u circuit.

Remembering that & =2é&/A(V), (10) may be '
written:

1 dM
WB(0) = 1m(0)B(0)es (—— ——) (11)

M dV
The quantity 1:(0)B(0) may now be expressed in terms
of the static regulation requirements of the a.v.c. sys-
tem. The following action will ordinarily be expected:

1. If the received signal amplitude is so weak that
with the maximum gain of the r.f. amplifier the output
is less than a desired minimum value, no gain reduction
should be produced by the a.v.c.

2. If the received signal has the maximum expected
amplitude, the output amplitude should not exceed a
certain permissible value, and with this value of output
the a.v.c. circuit must produce the required gain reduc-
tion in the r.f. amplifier.

Let

emin=minimum desired value of &,
emax = Maximum persmissible value of &,
Vmax =control voltage required to produce maximum
required gain reduction in r.f. amplifier.
Condition (1) requires‘ that, for &, =enin, V=0. Now,

= 1:(0)[8(0)é: + E]. (12)

(The 4 sign is chosen if the two inputs to the d.c.
amplifier are added; the — sign if they are subtracted,
as in a differential amplifier.) Therefore, by condition

(1)1

E = $ ﬂ(o)emin- (13)
Substituting this in (12),
V = 11(0)8(0) [é2 — emin]. (14)
anx
#1(0)8(0) = (15)
€max — €min

Equation (15) gives the amplification necessary in the
a.v.c. path in order to meet the static regulation re-
quirements, while (13) gives the input or reference volt-
age required. If these conditions are met, the loop trans-
mission may be found by substituting (14) and then
(15) into (11). Thus,

5 Obviously, if the potential required on the control lead to pro-
duce maximum gain is not zero, but has some value, Vo, then V'in all
the following equations may be replaced by V'— Vo. V is taken to be
the change in control-lead potential from the maximum-gain condi-
tion.
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1 dM
#B8(0) = [V + 11(0)8(0)émin] YT
uB(0) =| v + __Ym“ i d_M. (16)
Emax M dV
€min a
Or, at any frequency,
w=[v e My
€max M 4dv
€min a

The foregoing implies that M(V) is a continuous, mono-
tonic function, i.e., that dM/dV is never infinite and
does not reverse in sign over the operating range. Not
only is this usually true, but often

1 dM
M dv

increase as | V| increases. In this case, the maximum
loop transmission occurs when V= V.4, and is given by

1 V daM

Cemin M AV
1 —

Y(). (18)

I-"Bm ax — | —

€min

€max VeV

The less the permissible db variation in é;, and hence
the more closely €.0x/€mia is required to approach unity,
the greater will be the required loop gain. For an “unde-
layed” system, e,in =0, and (17) reduces to

(19)

Hence, the loop gain in an “undelayed” system depends
entirely on the control characteristic of the r.f. ampli-
fier and the operating control voltage, and is inde-
pendent of the amplification in the a.v.c. circuit. More
about this later.

It is useful to note in connection with the expressions
for loop transmission that

1 dM d

= log, M.
Mav 4V

If G=20logi M
= r.f. amplifier gain in db,
then
1 dM log, 10 dG

dG
= 0.11514 — . (20)
av
dG/dV is readily found by measuring the slope of the
gain-control characteristic. For example, suppose the
amplifier whose gain-control characteristic is shown in
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Fig. 6 were used. Suppose further that it is never neces-
sary to reduce the gain of the amplifier below 0 db, and
that the output should be held between 10 and 12 volts.
Then

emin = 10 volts
emax = 12 volts
Viax = — 6.1 volts.

dG/dV increases as | V| increases, and at V= Viex,
dG/dV =33 db/volt. So

and, from (18),

- 139

1
#Bmax(0) = — 0 (—6.1)(3.8) =

12
42.8 db.

It should be noted that the loop gain is by no means
nearly equal to the r.f.-amplifier gain reduction. Both
of these quantities increase with increasing r.f. inputs,
but it is not unusual to have a gain reduction of over 80
db with less than 40-db loop gain.

1V. ErrecT oF A.V.C. oN MODULATION

The a.v.c. circuit is expected to suppress certain
modulations in the received-signal amplitude without
affecting others. To be able to design such a system in-
telligently, we nced to know quantitatively what its

effect will be on any received modulation.
By definition of M(V),

€2
é1 =
M(V)
Differentiating,
M aM
— & —— — &
dél (182 . (182
dé; M2 M
But
dM dM dV
= = 1 (0)8(0) —
2w #1(0)8( )
So
1 (0)B(0)¢ o
— 7 Ip—
dé, H Yav
déy M

But, from (10),

e
m(O)B(O)exl—ﬁ; = pB(0).
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Substituting,
de, 1 — uB(0)
e, M
- __ M a
11— 4B(0)
dé, 1 dé,

(21)

Thus an incremental change in the d.c. amplitude of the
received signal is suppressed in the output by the factor
1/1—uB(0). This is entirely in accord with feedback
theory, and could have been been predicted from (4)
since u is proportional to é.

If the input modulation is an incremental voltage
Aei(w), a similar analysis shows that

where
my =Aey(w)/é =input modulation index
mg=Aey(w)/é; =output modulation index

Yo(w) =normal modulation versus frequency char-
acteristic of the r.f. amplifier.

Letting

Ym(w) =m:/my=modulation versus frequency char-
acteristic with a.v.c.,

we may write
Y o (w)
1 — pB(w)

These equations hold in their linear form provided
the input modulation index is so small or the frequency
so high that only a small variation in the r.f. amplifier
gain occurs during the cycle. Otherwise, harmonic dis-
tortion of the received modulation is produced.

Va(w) is simply the selectivity characteristic of the
r.f. amplifier centered about d.c. rather than the carrier
frequency, and normalized to unity at d.c., i.e., ¥,(0) =1.
Without a.v.c., the modulation transmission character-
istic is that of a simple low-pass filter having flat trans-
mission in the low-frequency region. The situation is
very different with a.v.c. At high frequencies uf<«1
and Ya(w)=Y,.(w), so that the high-frequency-modula-
tion transmission is unaffected. At d.c. and very low
frequencies, however, u8>1 and Y,(w)<KV.(w). The
transmission of low-frequency modulation is therefore
reduced by the a.v.c. (the reduction at d.c. is the de-
sired regulation) and a low-frequency cutoff is intro-
duced. This cutoff is near the frequency of gain cross-
over® of the a.v.c. loop and therefore at a much higher
frequency than the nominal cutoff of the low-pass filter
in the a.v.c. circuit.

V(w) = (22)

¢ This is the frequency for which |ug| =1.
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Two typical loop-gain characteristics and the result-
ing low-frequency suppression are shown in Fig. 2. A
loop gain of 40 db at d.c. has been assumed. The curves
marked (1) are for the case of a simple low-pass filter
in the 8 circuit, such as might be obtained with a single
series-resistance, shunt-chapacitance structure. The
curves marked (2) are for a somewhat sharper filter
characteristic.”
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Fig. 2—Low-frequency suppression caused by a.v.c. action.

The loop gain in both cases is roughly the same up to
about 2 c.p.s., and therefore both circuits provide equal
suppression of modulation below this frequency. (Like-
wise, the recovery times of the two circuits for large in-
put-signal changes will be nearly equal.) However, the
gain crossover in case 1 is at 100 c.p.s., while that in
case 2 is at 25 c.p.s. In each case the modulation trans-
mission is down 3 db at the frequency of gain crossover.
Thus the sharper cutoff extends the low-frequency-
modulation transmission from 100 c.p.s. down to 25
c.p.s. Alternatively, the sharper cutoff characteristic
could be raised in frequency to provide faster a.v.c.
action for roughly the same low-frequency degradation
as in case 1.

Obviously, the sharper the filter cutoff, the more
closely the gain crossover frequency approaches the
filter cutoff frequency; i.e., a smaller frequency interval
is consumed in dropping the a.v.c. loop gain. However,
stability requirements and the permissible low-fre-
quency gain enhancement definitely limit the sharpness
of cutoff which can be used. This will be discussed later.

Since Y.(w) as given by (22) is an admittance char-
acteristic in complex form, the expression can be used to
determine the transient response A4 (¢) of the system to
an incremental step in received-signal amplitude. If, as
is usually the case, the bandwidth of the amplifier is
much wider than that of the a.v.c. system, the terms in
A(#) contributed by Y.(w) will affect only the initial
part of the total transient. In studying the effect of

7 The broken lines in the figure represent the asymptotic slopes of
the sections between the critical frequencies determined by the poles
and zeros.
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a.v.c. upon the system response, therefore, it is usually
permissible to replace Y,(w) by unity.
Assuming that uB( ) =0, it follows that

A(0) =1

1
1 — uB(0)
Thus a step-function increase of, say, 1 per cent in the
received amplitude would produce an initial 1 per cent
increase in the output amplitude, but this increase in
output would ultimately decrease to 1/1—uB(0) per
cent.?

The form of the transient between initial and final
values is, of course, determined by the particular form
of uB(w). In general, the time of recovery for a small
step is closely associated with the frequency of gain
crossover.

If a large step in received signal amplitude occurs,
the loop may be broken momentarily either by amplifier
overload or failure of the output to exceed énin, depend-
ing on the direction of the step. During this time the
control voltage will change the new value in a manner
which is given by the transient response of the a.v.c.
path to a fixed step input.

A(w) =

V. STABILITY CONSIDERATIONS

Equation (22) contains the factor 1 —ug8 in the de-
nominator. For the system to be stable, all the roots of
the equation 1—uB=0 must have negative real parts,
for otherwise the transmission by the system of a
modulation in the form of some exponentially increasing
sinusoid would be infinite. Even with an unmodulated
received signal, such a modulation would appear in the
output and grow until limited by system nonlinearity.

Nyquist® has shown that, if a polar plot is made of the
magnitude and phase of uB as a function of (real) fre-
quency (from w=—® to w=+ «), and the resulting
curve does not enclose the point 1|0, then 1 —u8=0 has
no roots with positive real parts, and the system is
stable. This is known as Nyquist's criterion, and the
figure used is called a Nyquist diagram.

Fig. 3 is a Nyquist diagram of a stable a.v.c. loop.
The polar plot of uB is shown for three conditions of
gain as might be caused by different input-signal
strengths.’® As the loop gain changes, the diagram
simply expands or contracts radially. The magnitude of
1P changes, but the phase does not. Clearly, to be stable
under all conditions, the diagram cannot have any con-
volutions which, under the maximum loop-gain condi-
tion, cross the real axis beyond the point 1[0, for at
certain values of reduced gain these convolutions would
enclose the point 1[0, and the system would become
unstable.

8 Since uB(0) is negative, 1 —uB(0) >1.

% H. Nyquist, “Regeneration theory,” Bell Sys. Tech. Jour., vol.
11, p. 126; January, 1932.

10 uf is shown here for positive frequencies only. The locus for
negative frequencies is the image about the real axis.
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At zero frequency the phase of ufB is 180°. The phase
of V(w) reduces the total phase of uB, and must there-
fore never be greater (in absolute value) than 180° at
any frequency for which Iuﬂl >1 (or, in other words,
up to the maximum expected frequency of gain cross-
over). Mathematically, the system would be stable if
the phase of uf at gain crossover were greater than zero

Fig. 3—Nyquist diagram of a stable a.v.c. system,

by an arbitrarily small amount. If, however, this phase
margin is very small, then at the frequency of gain
crossover the quantity 1—ufB is also very small, and
serious enhancement of modulation frequencies in this
region occurs. This is equivalent to saying that the
system transient response becomes highly oscillatory.
Practically, then, it is desirable to maintain a phase
margin of 45° to 60°.

In order that unexpected increases in loop gain do not
destroy the phase margin (at the new gain crossover), it
is further desirable that the loop gain be some —10 or
—20 db (under design conditions) at the frequency at
which the phase shift becomes 180° (“phase crossover”).
This is known as gain margin.

The problem of shaping the cutoff characteristic of a
feedback system has been extensively treated in the
literature!*? and will not be discussed in detail here.
Briefly, however, the situation is this: In any physical
network there is an irreducible minimum amount of
phase shift associated with a given amplitude versus
frequency characteristic. The phase shift at any fre-
quency is a weighted average of the slope of the gain
versus log frequency characteristic about the given fre-
quency. Thus the requirement that the phase shift be
appreciably less than 180° limits the rate at which the
loop gain may be reduced with frequency (over long
intervals), usually to about 9 db per octave.

In certain applications the a.v.c. loop may not be
closed continuously, but only periodically for small
time intervals. This alters somewhat the conditions for
stability. Appendix I contains a brief discussion of this
case.

1 H, W. Bode, “Relations between attenuation and phase in feed-
il)gi(l)( amplifier design,” Bell Sys. Tech. Jour., vol. 19, p. 421; July,

12 H., W. Bode, “Network Analysis and Feedback Amplifier De-
sign,” D. Van Nostrand & Co., New York, N. Y., 1945,




472

VI. CoxpITIONS FOR ZERO GAIN ENHANCEMENT

In order that the a.v.c. action may never increase the
modulation transmission at any frequency, | l—yBI
must be greater or equal to unity at all frequencies. On
a Nyquist diagram, then, g8 must stay outside a unit
circle drawn around the point 1|0. (See Fig. 4.) If a is

the phase margin, this requires that

| u8|
2

(23)

a = cos™!

EXAMPLE OF
PERMISSIBLE
HP LocuUs

AY
Y122y upl2-21pplcos @

Fig. 4—Condition for zero gain enhancement.

In particular, as |uB| —0 at high frequencies, a—90°.
This is the phase margin associated with a 6-db/octave
gain slope. Thus, for zero gain enhancement, the loop
gain must not fall faster than 6 db/octave at high fre-
quencies. This may seem strange, but it is an annoying
fact encountered in long transmission circuits having
many a.v.c. circuits in tandem.

VII. VARIATION IN MODULATION TRANSMISSION WITH
VARIATION IN A.V.C. Loop GAIN

Remembering that uf can vary anywhere from zero to
a design maximum value, depending on received signal
strength, it is clear from (22) that, to avoid variations
in the transmission of modulation, (uB)msx must be
much less than unity over the range of modulation fre-
quencies for which distortionless transmission is desired.

Fig. 5—Phase shift of 1 —ug.

Although the phase of uf does not change as the loop
gain varies, the phase of the quantity 1 —u8 may change
a great deal. Fig. 5 shows a portion of a typical loop-
gain characteristic under two conditions of gain dif-
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fering by 6 db. The phase of u8 at any frequency is the
same in the two cases, but the phase of the vector
1 —uB is different by an angle 6.

There is one frequency, w,, for which the phase of
1 —uB does not change with changes in lyﬁl. This is
the frequency of phase crossover.’® As |uB| varies, this
point on the characteristic merely slides along the real
axis, and the quantity 1 —ug has zero phase and changes
in magnitude only. This fact may be used to advantage
in certain cases where a severe requirement exists on
the permissible variation in phase shift at a particular
modulation frequency.

VIII. REcuLAaTION CURVES

The static performance of an a.v.c. system is often
shown as the regulation curve of steady-state output-
signal amplitude against received-signal amplitude.
These curves may easily be drawn if the control char-
acteristic of the amplifier, and the d.c. transmission of

GAIN

CONTROL VOLTAGE {Vv)

Fig. 6—Typical amplifier control characteristic.

the a.v.c. circuit 4;(0)B8(0), are known. For each output
amplitude &;, one may compute the control voltage pro-
duced. From the control characteristic, the correspond-
ing amplifier gain is found. The received amplitude &, is
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Fig. 7—A.v.c. regulation characteristics.

# The same effect occurs at any frequency for which the phase
of pBis nw radians n=0,1,2, 3, - - -
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then the assumed output divided by the existing ampli-
fication.

Fig. 6 shows a typical amplifier control characteristic.
Assuming 11(0)8(0) =1, the two solid regulation curves
of Fig. 7 were drawn, one for en;a =0 (zero threshold)
and the other for emin =10 volts.

The effect of adding amplification in the a.v.c. path
is shown by the dotted curves for u;(0)8(0) =10. In the
zero-threshold case, the entire output is simply re-
duced by a factor of 10, and the regulation (in db) is
unimproved. For the 10-volt-threshold case, only the
amount by which the output amplitude exceeds the
threshold is reduced by a factor of 10, and the regulation
is greatly improved.

There is a unique relation between these regulation
curves and the d.c. loop gain. From (19),

dé,
R
&, 1— uB(0)
E
If y=log é,
x =log &

then dy=dé,/é. and dx =dé&/¢;. When the regulation
curve is drawn, as shown, on log paper, then the slope
S at any point P is given by

From which it follows that

WB(0) = 1 — é— : (24)

If the slope is unity, u8(0) =0, as in the 10-volt-threshold
case below 10 volts output amplitude. If the slope is
very small, then uB(0) is large and negative.

In the zero-threshold case, the slope of the regulation
curve was nowhere affected by increasing u;(0)8(0) from
1 to 10. Thus the loop gain was unchanged, as pre-
dicted by (19).

APPENDIX [

Sometimes, when the signal being transmitted by the
r.f. amplifier is of a periodic nature (or contains a certain
component which recurs periodically), it is desirable to
employ signal selection or “gating” means in the 8 cir-
cuit. The action is then to hold the amplitude of this
selected signal constant in the output, regardless of the
amplitude of signals which occur during other parts of
the cycle. If this selected component is known to con-
tain no desired modulation, as, for example, the line-
frequency synchronizing pulse in a television signal,
then the bandwidth of the a.v.c. system can be made
quite wide to give very fast action, but without sup-
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pressing the desired modulation between the pulses.!4

The gating action is equivalent to a switch in the 8
circuit (prior to the low-pass filter) which is closed only
for the selected interval in each cycle. If

f»=repetition frequency of sampling

w, =27f,

T,=1/f, =repetition period

T, =duration of selected interval
6=T,/T,="“duty cycle,”

then the d.c. transmission of the 8 circuit will be de-
creased by the factor & over what it would be with con-
tinuous closure. To make up for this, increased ampli-
fication could be used, but as §—0 this becomes in-
creasingly difficult. What is often done is to sample the
output amplitude during the selected interval and then
to store or hold this amplitude until the next sample.
Each sample is thus stretched into a rectangle of dura-
tion T,. If 8K, this is equivalent to passing the
samples through a filter'® whose transmission is

wT,

sin
T T,
8 wT,

2

The d.c. transmission is thus restored, but the loop
characteristic ¥(w) now contains the factor

wT,
2

sin
e—i(uT,I!)‘
wT,

2

Regardless of how the d.c. transmission of the loop is
achieved, (16) will still be valid.

The stability considerations for the loop are different
with intermittent closure. If <1, it can be shown that
the loop will be stable if uB(0) Y, (w) satisfies Nyquist's
criterion, where

koo

Vo) = 3 V(o — kop).
kes—x0

Since Y,(w) is periodic, it suffices to examine the sta-
bility over the interval —(w,/2) <w<(w,/2). This is
usually a lot of work and is unjustified unless extremely
fast operation is required, for in general the loop will be
stable if gain crossover occurs well below the frequency
f»/2. (At f,/2, the pulse stretcher alone will introduce a
phase shift of —90°.)

4 In television, for example, thereceived signal between synchro-
nizing pulses contains a “d.c.” component which depends on average
picture brightness. If gating were not employed in the a.v.c. circuit
this information would be suppressed, and furthermore the amplitude
of the synchronizing pulses in the output would then vary instead.

% The response opsuch a filter to an impulse of duration 87, is
a rectangle of the same height but of duration T, after the impulse,
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A Flat-Response Single-Tuned I. F. Amplifier®

E. H. B. BARTELINKY, SENIOR MEMBER, LR.E., J]. KAHNKE]}, ASSOCIATE, L.R.E., AND
R. L. WATTERSS, ASSOCIATE, LR.E.

Summary—An intermediate-frequency amplifier, providing dou-
ble-tuned response using single-tuned circuits with negative feed-
back, is described. Particular attention is centered on the problems
arising in the case where relatively narrow pass bands are wanted.

GENERAL

N THE COURSE of some special work on radar
I[ systems, the authors found it desirable to have “flat-

topped” intermediate-frequency amplifiers, mainly
because they will allow some deviation in transmitter
and local-oscillator frequencies without affecting the
amplifier gain. Such amplifiers should be useful in many
other applications.

At the time work on this project was started, there
were no amplifiers readily available which combined the
desired “flat-top” response with the compactness re-
quired. During a visit to the Radiation Laboratory at
the Massachusetts Institute of Technology, the authors
learned from L. A. Turner about the use of negative
feedback to obtain such a response from single-tuned
circuits. The application at the Radiation Laboratory
had been for rather wide pass bands, 10 Mc. and higher,
while in the case under discussion a much narrower pass-
band was needed.

The idea of using negative feedback to control the
response curve has been known for some time. Wheeler!
pointed out the effects of negative feedback on response.
Feedback methods for the wide-band case were used by
H. N. Beveridge and A. J. Ferguson and their co-work-
ers in the National Research Council of Canada, and by
E. Feenberg and W. W. Hansen in this country. These
feedback applications contemplated “chain” feedback in
which every stage was so equipped. In such cases, ap-
preciable care has to be taken in the termination of the
amplifier because reflected waves, similar to those in
transmission lines and filters,can occur. Additional prob-
lems arise if gain control is desired, as is the case in most
applications.

H. J. Lipkin, of the Radiation Laboratory, had pro-
posed and used a different type of single-tuned feedback
amplifier for the same wide pass bands (10 Mc. or more).
In this amplificr, every stage of “feedback” amplifica-
tion is separated from the next by a stage of “normal”
amplification. This makes the amplifier unidirectional
and climinates all reflected-wave problems. In addition,
gain control can easily be applied to the “normal”

* Decimal classification: R363.13. Original manuscript received
by the Institute, December 24, 1946; revised manuscript received,
September 18, 1947,

t General Telephone Service Corporation, New York 4. N. Y.

} Engineering Research Associates, Inc., St. Paul 4, Minn.

‘§{Research Laboratory, General Electric Company, Schenectady,

“1TH. A, Wheeler, “Wide-band amplifiers for television,” Proc.
LR.E,, vol. 27, pp. 429-438; July, 1939,

stages. This type of feedback amplifier, which is by far
the more desirable for a number of applications, is dis-
cussed in this paper.

It was found that, if the same techniques are used for
narrow-band amplifiers (4 Mec. or less) as for wide-band
amplifiers (10 Mc. or more), some particular problems
arise. Initially, a direct plate-to-plate feedback resistor
was mounted in an existing intermediate-frequency am-
plifier as shown in Fig. 1. A very large amount of spuri-
ous feedback was encountered. While it proved possible

B@ e
/ ) { i\
[ %R $ ez
| 2 . <
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Fig. 1—Circuit diagram of the i.f. amplifier with high-
impedance feedback.

to neutralize this spurious feedback and obtain the de-
sired response curves, the resulting amplifier was highly
unstable so far as the shape of the response curve was
concerned. Part of this trouble was traced to the fact
that decouplings, chiefly in screens and filaments, which
are sufficient for the original purpose, are inadequate to
produce stable response curves in the feedback ampli-
fier. Even after these troubles were eliminated in a spe-
cially designed amplifier, it was observed that the direct
plate-to-plate feedback method still resulted in exces-
sive instability in the response curves.

To overcome this, a new method of applying the feed-
back was used which permits the use of low-impedance
elements in the feedback circuit. The response curves of
this arrangement proved to be highly stable. A new am-
plifier, designed to have the same physical dimensions
as the existing single-tuned unit and in which particu-
lar care was given to decoupling and shielding, resulted
in a very stable unit. The gain can be controlled by
varying screen or control-grid voltages of the “straight”
amplifier stages.

The following contains an analysis of the basic circuit
showing the analogy of its response with that of the
double-tuned intermediate-frequency stage, the analysis
of the low-impedance feedback circuit, and a report on
the development and behavior of the final unit.



1948

ANALYSIS OF THE Basic CirculT

The basic circuit is shown in Fig. 1. Simple reasoning
shows that flat-topped and double-humped response
curves may be expected from this circuit. The first ap-
proach is as follows: It is well known that any two
coupled tuned circuits will produce “flat” and “double-
humped” responses under suitable coupling conditions.
The only exception is the case where the coupling is a
pure unidirectional network like a tube. This case will
have a response equal to the product of the single-tuned
circuit responses. By inserting the feedback resistor Rp
in Fig. 1, the bidirectional coupling and thus the ability
to product flat and double-humped responses has been
restored.

The other way of reasoning is this: For large values
of uB the standard negative feedback equation

_ LB &
1—us 8

approaches e, =(1/8)e,. For a purely resistive feedback
system this will give a gain which is independent of fre-
quency. In the actual circuit of Fig. 1, however, the
transfer constant of the feedback voltage is a maximum
at the resonance frequency of the first plate circuit, i.e.,
more feedback exists at this frequency, and a dip in the
response curve may be expected at this point.

Using the symbols appearing in Fig. 1, the following
equations can be obtained:

€p

th= i, + i1 + ir (1)

i = ips + i1, — ip )

i1 = gmi€g (3)

iz = gma€gr 4)
1R = inZn (5
ipaRpe = ireZ72 (6)
imRp1 — 1p2Ry2 = ipRp @)
€2 = — 1, Rp. (8)

These must be solved for the eight unknowns:
ily iply iTlv i2v ip?v iT2) il’y €g2.

After some manipulation, (1) to (8) yield

gmeq = Aripy — Baripe 9)
0 = Asips — Braip (10)
where R R
b rl
A=1+i+—> 1
’ ( Zr, ' Re (1
Rp2 Rp2
A =(1+—+—> (12)
’ Zrs  Re
Rp2
By = ?: (13)
1
Biz = — (1 — gmeR5). (14)
Rr
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Combining the preceding with

€p2 = 1p2R g, (15)
the gain G becomes
B, By
G= — o Ryp—————— = — gn Rps — (16)
0 pzA;Ag — BBy Sriftor N
where
N = AlAz —_ B12B21. (163.)

All the frequency-dependent terms are concentrated
in N. Substitution of (11), (12), (13), and (14) in (16a)

gives
Rpl Rpl Rp2 Rp2
N = (1+-—+——>(1+——+——>
Rp Zn Ry Zr
R.R,.
+ (GmaRr — 1) 7ot e 17
Introducing
. 1
(f + ]wL) R
iwe
Zr = T
r + j(wL = —)
we
- (18)
G L¢
w = (1 + 5)0-‘0
woL Xo
r = — = ——
r r
and assuming w. =wa=uw,, then
. 1
D
Zr = o0 . (19)
L+ 2750 14+ 48/2
AR

Equation (19) is exact and not restricted to the case
where the pass band is a small fraction of the carrier. If
Qr is large, the complex term in the numerator can be
neglected. For the subsequent calculations a new varia-
ble e is introduced, defined by

1438/2 1/w w
eﬂ__d_@_g.

20
146 2 \wo w (20)

For small frequency deviations, € approaches §. Sub-
stitution of (20) in (19) under the assumption Qr<1 re-
sults in

1 1+ 2jeQr
Zr XoQr
Neglecting the complex term in the numerator of (19)

results in a small shift in the resonance frequency as
compared to the value wo=1/+/LC. Assuming Qr1 = Qrs

1)
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=(Qr, resonance will be obtained at a deviation §'
=1/2Q7* instead of 6§=0. This effect shifts the response
curve but does not affect its shape.

Introducing the symbols

[ Xo1 (X (

!i R—N=Qp1 ’ 'R—::=sz Gr=gm2Rr

R, R, 0 X01Xo2
— —= =]

Ry R T R (@)

1 | 1
(1+al)Qp1+6T—l=P1 '[(1+az)sz+Q_T;=Pz
K= (Gr—1)Qr?
equation (17) simplifies to
. o
N = ((pr + 2je)(p2 + 2je) + K?). (23)
00 -

This form is identical to the one for the double-tuned
intermediate-frequency-transformer response. Thus the
well-known criteria for critical coupling, attenuation,
bandwidth, etc., can be applied directly to this case.
Notably, “critical coupling” is obtained when

2 2
K?= K, = # 5 (29)
The bandwidth at the 1/2-power point is given by
€0.707 = 1/2/prp2 + Kz\/g_-i- viFg (24a)
where
K? — K,?
£= p1p2 + K?
If pr=pa=2p, (24) reduces to Ky=p, and (24a) to
c0.001 = 1/20/ (K2 — Kot) + v2(K* + Ko').  (24b)

For KzKo,
€p.707 = 0707Ko = 0707P

= 0.707 {(1 + R”) 50, O } (24
= V. R’, RP+Z ’ C)

and this same value holds in the region near critical
coupling.

Equation (23) also determines the location ¢, of the
peaks which occur at

em = 1/20/K% = K42 (24d)

Introducing (23) in (16), the gain becomes:

ay
gmlRpl'gmszz (1 - )
gmszl

G=— S . (25)

— [(p1 + 2je) (P2 + 2je) + K?]

QplQp2
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For the bandwidth in the particular region used, R, is
approximately 7000 ohms; Rp is approximately 15,000
ohms, resulting in a1=7/15; gnR, =70, which will give
a1/gm2 Rp1=1/150. It is clear that this term may be
neglected. The gain at resonance is

_ gmiRp1gmeR 52 .
14 (a1 + a2) + Gr — Nanee

In this case, where Gp is in the order of 150, (26) may
be rewritten:

Go

(26)

m1Rp1gmaR
Go = - j;,”‘g’ 7 — @7)
1 P2 pli\ p2
14+ = 4 gmR
Ry Emalip Ry

Low-IMPEDANCE FEEDBACK CIRCUIT

Experiments on the direct plate-to-plate feedback cir-
cuit, applied to the existing intermediate-frequency am-
plifier, showed that the values of Ry necessary to obtain
the required bandpass, i.e., 1 to 5 Mc., were of the same
order of magnitude as the impedance of the path
through the stray capacitance in and around the feed-
back network. In particular, the original modification of
this unit, constructed for 2.5-Mc. bandwidth, had a
feedback resistor of 15,000 ohms. The capacitance across
the resistor alone was of the order of 3 micromicrofarad
or approximately 10,000 ohms at about 30 Mc., where
the amplifier was operated.

The effects of the spurious capacitances in the feed-
back network were eliminated by converting from a high-
voltage, low-current to a low-voltage, high-current sys-
tem. This is done by inserting the feedback at points of
lower potential, as shown in Fig. 2. The feedback resis-
tor was reduced to 3000 ohms and the tap was located
approximately in the middle of the plate load resistor.
The bandwidth of 2.5 Mc. remained the same, while the
gain increased by a factor of 1.6 over the gain of a simi-
lar single-tuned amplifier having the same bandwidth.

8" P el I e

7 N
/ 2 \
I 3hRei RF! MRe2 1
\ AMAMA- J
I S
» e ’
h = ' =
3B | | .t
T Y nls N tre
Syt

v "‘
YW
=
=
|o
®
2
®
-]
~
]|
p= |
=
4 }—INI
-
o ~
e o
»
hed
~

Fig. 2—Circuit diagram of the i.f. amplifier with
low-impedance feedback.

ANALYSEs OF THE NEw CIRrRcUIT

As can be seen from comparison of Figs. 1 and 2, the
two circuits are identical except for the part circled by
the dotted line. This part forms a four-terminal network
and can, therefore, be changed by pi-tee equivalent
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transformations. As the components are pure resistors,
this equivalence is independent of frequency.

Fig. 3(a) to (c) shows the steps which will transform
the new circuit into the old one.

—
Ry, - ~Ra2
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Fig. 3—Transformations to equivalent feedback network.

These transformations result in

— 1 P
Rpl = ‘
(RL + Rp?) Rpe(ueRr + Re)
1 P
Rye = : : (28)
Rr 4+ Rpr Rp(uRy + Rp')
_ 1 P
Rp .
RL 4+ Rer Rn?
where
RL = )\lRpl + )\2Rp2
Rm2 = )\1Rp1')\2Rp2
P = (RpRp(mRy + Re)) (2R + Re)  (29)

+ Rpi(miRL + Rp)Rn?
+ R,o(u2Rr + Rp)Rm.
Considerable simplification results if plate load resistors

and tapping ratios are equal. In practice, this case will
be the most common.

Introducing
A=A = A
B = pe = p
1l—A=ypu (29a)
R,
a = R—F,)
then (29) simplifies to
1 4 2auh + 2al?
PT TP ¥ 2an)
1+ 20‘#)\)2(1 + —)\2> &)
_ 14 2auX
Re = Re :

A2(1 4+ 2\a)

Under all conditions, u\ <1/4, while usually a <1/2.
In order to get appreciable reduction of the effect of
spurious capacitances, it is necessary that A<1/2.
Under these conditions, [2a\ <1/2

2auN <1/4.

477

In an actual example, the following values were used:

R, = 1750
AR, = 750
Rp. = 3000.
Introducing these values,
R,=R
7 ? (30a)
Rr = TRp:.

Thus the plate load has not been changed, but the ef-
fect of the feedback resistor equals that of one 7 times
larger in the original scheme.

Tests of the amplifier with the low-impedance feed-
back circuit showed that the high-frequency side of the
response curve peaked up considerably over the low-
frequency side. The feedback network is an H type of
structure. Each of the components in the structure has
resistance plus a small inherent capacitance of its own,
and if the RC products are not balanced around the cir-
cuit, the network will be frequency-dependent. Addition
of a balancing capacitance from plate to plate would cure
this, but it may introduce appreciable lead capacitances
which are hard to control. Inspection of the circuit will
show that the same result may be obtained by a capaci-
tance inserted between the grid and the plate of the last
tube of the pair. To balance capacitances all around the
loop stably, a small variable capacitor of about 1.2-mi-
cromicrofarad maximum capacitance was added at this
point. By adjusting this capacitor, it was possible to
produce a double-humped response curve having equal

Fig. 4—Band-pass characteristics of the i.f. amplifier.

peaks. Reduction of the capacitance brought up the
high-frequency side, while too much capacitance brought
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up the low-frequency side. Further increase of the re-
sponse toward the low-frequency side produced oscilla-
tion. When the size of the capacitance is adjusted prop-
erly, it is possible to line the amplifier up at any fre-
quency over the range of the tuning coils and preserve
the double-hump response curve.

A typical response curve of one of the amplifiers is
shown in Fig. 4. The bandwidth between the tops of the
two slight peaks is 2.3 Mc. The bandwidth at 0.707
down is 4.8 Mc. The measured voltage gain to and in-
cluding a diode detector (from r.m.s. to d.c.) was 20,000
for two feedback pairs. The gain of a pair of stages was
approximately 200.

ADJUSTMENT PROCEDURE

As can be scen (for instance, from (24b) and (22)), the
bandwidth increases and decreases with the factor
K?=Qr*(Gm2Rr—1). One can, therefore, reduce the
bandwidth by reducing the gain of the second tube to
where a sharp response is obtained. In this condition it
is very easy to tune the different stages of the amplifier
to the same frequency.

If the particular shape of the response curve is not
important, this provides a means for changing the band-
width of an amplifier by a d.c. control.

If it is desired to keep a flat response curve, the pass
band of the amplifier can be changed over smaller ranges
merely by changing the feedback resistors and readjust-
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ing the second-stage gain to critical coupling. Larger
changes in bandwidth will, in general, call for a new set
of loading resistors.

It will be seen that the degree of coupling between the
stages can be reduced to zero. This occurs if K =0 or
GmRp=1. This condition corresponds to a balance be-
tween forward and reverse transmission through the
system, i.e., no over-all gain at all;it occurs at a gain set-
ting for which G = I/Rp

This opens the possibility of using the amplifier as a
disconnect switch by making Gme=1/Rp at such times
as suppression of the output voltage is desired.

Another interesting effect results from these condi-
tions. As the mutual conductance of the second tube is
further reduced, the phase or “polarity” of the gain re-
verses, and the output amplitude begins to increase
again. (The influence of small values of K on the term N
in (23) may be neglected.) For the extreme case, Gz =0,
the arrangement presents two tuned circuits in the
plate of tube No. 1 coupled by resistor Rpand having an
over-all gain at resonance of gniR,: (R,2/Rp. If two of
such pairs are used, fed by voltages 90° apart, and if
their outputs are fed into a common circuit (for in-
stance, through two cathode followers), it is possible, by
proper control of the two second screen voltages, to ob-
tain a voltage which can be phase-shifted by any de-
sired amount with respect to the phase of the input volt-
age.

The Radiation Resistance of an Antenna
in an Infinite Array or Waveguide®
HAROLD A. WHEELERY, FELLOW, LR.E.

Summary—The electromagnetic field in front of an infinite flat
array of antennas can be subdivided into wave channels, each in-
cluding one of the antennas. Each channel behaves like a hypotheti-
cal waveguide similar to a transmission line made of two conductors
in the form of parallel strips. A simple derivation then leads to the
radiation resistance of each antenna and to some limitations on the
antenna spacing. In the usual flat array of half-wave dipoles, each
allotted a half-wave-square area, and backed by a plane reflector at
a quarter-wave distance, the radiation resistance of each dipole is
480/7 =153 ohms. In a finite array, this derivation is a fair approxi-
mation for all antennas except those too close to the edge. This
derivation also verifies the known formula for the directive gain of
a large flat array in terms of its area. The same viewpoint leads to
the radiation resistance of an antenna in a rectangular waveguide,
which has previously been derived by more complicated methods.

I. INTRODUCTION

N THE SCIENCE of radio antennas, one of the
most fundamental and useful concepts is the radia-
tion resistance of a thin conductor of a certain

* Decimal classification: R144 XR125.1. Original manuscript re-
ceived by the Institute, May 16, 1947. Presented, 1948 1.R.E. Na-
tional Convention, New York, N. Y., March 24, 1948.

t Consulting Radio Physicist, Great Neck, L. I., N. Y.

length and configuration. The classic example is the half-
wave dipole in free space, whose radiation resistance is
73.13 ohms. Its exact value was difficult of computation
because it involved the spherical electromagnetic wave
with all its complexities.

In combining several elementary antennas into a di-
rective array, it has been customary to compute the self
and mutual impedances associated with radiation, and
to obtain therefrom the radiation resistance of each an-
tenna with respect to its own current. With a greater
number of antennas in an array, this procedure involves
a number of components proportional to the square of
the number of antennas. However, the interactions of
the more distant elements usually becomes negligible for
practical approximations.

This circumstance suggests the possibility of attack-
ing the problem by assuming an array of infinite dimen-
sions as an approximation to a finite array of a large
number of elements. It devolves that many cases of the
infinite array yield extremely simple solutions for the
radiation resistance of the component antennas, and
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values which are known to be nearly correct in practical
cases of finite arrays.

The simplicity of the solution for the infinite flat ar-
ray resides in its radiation of a plane wave, the most sim-
ple case of a wave in space. This condition is closely ap-
proximated in the vicinity of a finite flat array, so it de-
termines approximately the radiation resistance of all
antennas except those too close to the edges. It leads to
simple formulas of practical value, as well as some
theorems of general interest and significance.

The infinite flat array is solved by 'comparison with a
hypothetical case of the ordinary transmission line,
which also transmits a plane wave. An antenna in the
array is compared with the same antenna radiating into
this transmission line. The entire array is compared with
many such antennas radiating into contiguous channels
in space.

The same method is applicable to a reflector made of
a plane conductor or another flat array.

An application of special interest, which has appeared
in the literature, is the computation of the resistance of
an antenna radiating in a rectangular waveguide. This
is the simplest practical example of radiation of plane
waves in a confined channel of space. It is compared
with the oblique radiation from a particular kind of flat
array.

If the antenna elements in a certain pattern are
spaced beyond certain limits, the array (or the corre-
sponding waveguide) radiates beams in several direc-
tions (or modes), so the resistance of each antenna has
a corresponding number of components. The present
treatment is limited to the cases of only one component
of radiation resistance, and to the requisites for these
cases.

These concepts offer a simple proof of the directive
gain of a flat array in terms of its area, regardless of its
shape and of the details of the component antennas.

I1. SymBoLs
Rationalized m.k.s. units.

A =nab=area of flat array (meters ?)
a=width of rectangular cross section (meters)

a’=al/N =cffective width of rectangular wave-

guide (meters)

b=height of rectangular cross section (meters)
h=effective height of antenna (meters)

I=\/2m =radianlength in free space (meters)

N =2rml=wavelength in free space (meters)

N =effective wavelength along waveguide (me-

ters)

Ac=cutoff wavelength of waveguide (meters)
e=electric permittivity (farads/meter)
u=magnetic permeability (henrics/meter)

R =radiation resistance (ohms)

R;=radiation resistance of

(ohms)
R,=total radiation resistance of array (ohms)

isotropic antenna
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R, =377 =wave resistance of square cross section in
free space (ohms)
p =power ratio of directive gain of array
p1=power ratio of directive gain of one dipole
n =integral number
n =large number of dipoles in array.

I1I. AN ELEMENTARY ANTENNA IN A IIYPOTHETICAL
RECTANGULAR TrANSMISSION LINE OR WAVEGUIDE

The simplest example of the propagation of electro-
magnetic waves is the case of plane waves along a trans-
mission line comprising a pair of parallel conductive
strips separated by a dielectric of rectangular cross sec-
tion.! Fig. 1(a) shows one end of such a line. The sim-
plest configuration of a plane wave is approximated be-
tween the strips if their separation is much less than
their width.

Fig. 1—A hypothetical rectangular waveguide supporting the
TEM mode. (a) Waveguide of small height and antenna of equal
height. (b) Waveguide of substantial height and antenna of lesser
effective height. (c) Equivalent transformer coupling the antenna
with the waveguide.

The idealized boundaries of the rectangular line can-
not be realized, but are defined for theoretical purposes.
The upper and lower surfaces have infinite electric per-
mittivity and zero magnetic permeability, which are
approximated by a conductor at frequencies so high
that the skin effect precludes penetration of the mag-
netic flux to an appreciable depth in the conductor. The
side surfaces have zero permittivity and infinite per-
meability, which cannot be approximated by known
materials. The intervening space has nominal values of

1 See Bibliography, references 4, pp. 93-100, 182, and 5, p. 243.
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permittivity e and permeability u, of either free space or
a wave-propagation material.

These conditions define a hypothetical waveguide
capable of propagating simple plane waves of the trans-

~ verse electromagnetic mode (TEM or TEg or TMy).

There is no cutoff wavelength, all wavelengths being
propagated at the same velocity to the extent that all
materials are assumed to have uniform properties non-
selective as to wavelengths.

The wave impedance of such a line is the pure resist-
ance

R = Rb/a. (1)

The transverse dimensions of the line are the width a
and the height b. The plane-wave impedance of the
wave medium for a channel of square cross section is

R, = \/ife )

which, in free space, has approximately the value 1207
(or, more closely, 376.7) ohms. The present treatment is
limited to free space henceforward.

If the transverse dimensions of the rectangular line
of Fig. 1(a) are much smaller than the radianlength of
the waves, its wave impedance may be realized as a ter-
minal impedance. For example, it may be connected
with a coaxial line as shown. If a/b=10, it matches a
line of 37.7 ohms wave impedance.

The vertical center wire of the coaxial line in Fig.
1(a) may be regarded as a vertical antenna radiating
into a waveguide. Since the antenna is much shorter
than the radianlength, it has uniform current over its
length. Therefore, its effective length or height is equal
to its actual length b. Its radiation resistance is R, the
wave impedance of the rectangular line.?

If any configuration of antenna is located in the end
plane of the rectangular line, its coupling with the line
is proportional to its effective length & in the direction
of the electric field (vertical). This is understood if a
plane wave is being received from the line by the an-
tenna; the induced voltage is proportional to the effec-
tive height. In fact, that is really the basis for the defini-
tion of effective height. By the law of reciprocity, the
same rule applies to the coupling of transmission from
the antenna to the line.

Fig. 1(b) shows a vertical dipole antenna in the end
plane of the hypothetical line. It has a certain effective
length k. It is assumed that the wave medium exists
only within the line and not beyond the end, so the an-
tenna radiates only into the line.

The power radiated from the antenna through the

? The terms “effective height” or “effective length” are here used
synonymously with their classic meaning. In the strict sense, they
are applicable only to an antenna whose current distribution is de-
termined by its localized reactance, independent of resistance and
of mutual impedance with surrounding objects. This is true of a thin
wire, whether resonant or not, and approximately true of moderately
thick conductors. These terms require specification of the direction
to which the effective length is referred and of the reference direction
of wave transmission or reception.
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line determines the radiation resistance of the antenna,
by definition of the latter:

b/ h\?
R = R, —<7> = R,k*/ab = 377k*/ab  ohms. (3)
a

This respresents only the power radiated in the simple
plane wave (TEM), which is the only mode of vertical
polarization if both of the transverse dimensions are less
than one wavelength, as will be shown.

A series-resonant antenna in the end plane of the rec-
tangular line has an impedance equal to its radiation
resistance, free of reactance. At its wavelength of reso-
nance, it may be regarded as an ideal transformer
coupling the antenna terminals to the line. This is illus-
trated in Fig. 1(c), the voltage ratio of the transformer
being %:b.

The simplicity of this treatment is emphasized by a
comparison with the simplest other formula for radia-
tion resistance, namely, that of a small dipole (shorter
than the radianlength) in free space:®

2 1 h\?

R=— —R, (-) = 20(h/)?  ohms. (4)
3 4r l

The essential dimensions here are the effective length &
and the radianlength /. The denominator 4 is the area
of a sphere of unit radius, as usually appears in spherical
problems. The factor 2/3 is the fraction of the spherical
area filled by the doughnut pattern of radiation. No
simple and exact formula exists for a larger antenna in
free space, even if its effective length is known.

IV. THE SAME CONCEPT APPLIED TO AN INFINITE FLAT
ARRAY

While not all of the boundary conditions of the rec-
tangular waveguide of Fig. 1 can be realized by physical
boundaries, they can all be approximated by locating an
array of like antennas in the positions of the images of
the given antenna reflected in the hypothetical bound-
aries. The images in the four boundary planes form a
flat array which has infinite width and height.

Fig. 2 shows the plan and rear elevation views, (a)
and (b), of an arca of this infinite flat array. Only the
space in front of the array is considered here, to cor-
respond with the waveguide of Fig. 1 extending in only
one direction from the antenna. While this leaves a non-
physical boundary (of zero permittivity and infinite
permeability) behind the array, it is the next step in the
logical development of the subject.

The array is made of many elements like Fig. 1(b),
similarly oriented and displaced in two dimensions. The
horizontal and vertical displacements are equal to the
width a and the height b of the hypothetical rectangular
waveguide in front of each element. If the antenna in
Fig. 1(b) were asymmetrical about either or both of the
transverse centerlines of the end of the waveguide, the

3 See Bibliography, references 3 and 5, pp. 133-134.
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adjacent antennas in the array would be mirror images
of each other.
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Fig. 2—An infinite flat array at the boundary of half-
infinite space. (a) Plan. (b) Elevation.

Since an infinite array as described meets all the
boundary conditions of the hypothetical waveguide,
the derived radiation resistance of an antenna in the end
plane of the waveguide is equal to that of the same an-
tenna in the plane of the array.

In a practical flat array of a finite number of anten-
nas in each dimension, those antennas which are sepa-
rated from the edges of the array by several intervening
antennas usually have approximately the radiation re-
sistance computed for an infinite array. It is a fact of
theory and experience that the radiation impedance of
an antenna in an array is influenced mainly by the
nearby other antennas. The only exceptions to this rule
occur in the cases of critical spacing on the borderline
of another mode of radiation, as will be described.

The propagation of a plane wave directly forward
from the infinite flat array of Fig. 2 requires that the
radiation from every antenna be in phase with that of
every other in the wave front. This is inherent 1n a
wave front parallel to the array, which is the transverse
electromagnetic (TEM) mode of propagation (also
termed TEq or TMg). Other modes are possible, as in
the usual waveguides, if the displacement of adjacent
columns or rows is sufficiently great. The present treat-
ment is simplified by ruling out the other modes, so it is
merely necessary to establish the conditions under
which they are not radiated.

The simplest case is an antenna which radiates only
with vertical polarization. The hypothetical image
planes are so defined in Fig. 1 that all images are simi-
larly oriented and therefore radiate with the same po-
larity. In this case, other wave fronts are possible only
in directions such that the path difference of adjacent
columns or rows is an integral multiple of one wave-
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length. Only the one mode of radiation is possible if the
area alloted to each antenna is less than one wavelength
in width and in height.

The general case is any shape of antenna located in
the plane of its allotted rectangular area. It may radi-
ate with a component of horizontal polarization. The
specified image planes have the property of reversing the
polarity of this component. Oblique wave fronts are
therefore possible in such directions that the path dif-
ference of adjacent columns or rows is an odd-integral
multiple of one-half wavelength. Even in this general
case, only the wave front parallel to the array is possi-
ble if the area allotted to each antenna is less than one-
half wavelength in width and in height.

In the simplest practical case, a flat array radiates
equally forward and backward, as shown in Fig. 3(a)
which is the same as connecting two transmission lines
like Fig. 1 in parallel. Therefore, the radiation resistance
is one-half as great, because the same voltage radiates
twice the power. From another point of view, the two
lines require current to flow in the space on both sides
of the antenna, instead of only one side, so twice the
current radiates twice the power. Either derivation leads
to a radiation resistance one-half as great. Separate for-
mulas will not be given, because this case with forward
and backward radiation is not the usual case.
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Fig. 3—The flat array with front and back radiation or reflection,
and the equivalent transmission lines. (a) Front and back radia-
tion. (b) Plane reflector for same resistance. (c) Plane reflector
for double resistance. (d) Array reflector.

A special case of Fig. 3(a) is of particular interest. It
is an array of vertical dipoles, each allotted a half-wave-
square area as is customary in flat arrays. From (3), ra-
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diation resistance of each dipole is expressed for this
case:

a=1b=\/2:
1 2\ 1 E\?
o a2
2 A 272 l

60/ h\?

= —(—) = 19.1(k/1)? ohms. (5)

x \1l

Comparing with (4) for a small dipole in free space, the

only difference is between the coefficients 19.1 and 20.
If half-wave dipoles are used in this special case,

their effective length is 2 /7 of their actual length or two

radianlengths, leading to the following value of radia-

tion resistance in the array:

a=b=\2;h=N7n=2:R=240/7 = 76.4 ohms. (6)

Thisis very close to the value of 73.13 ohms for the same
dipole in free space.

In practice, a flat array is provided with a reflector to
concentrate all the radiation in the forward direction.
Fig. 3(b) shows a type of reflector which is sometimes
used, and which has the peculiar property of leaving
the radiation resistance of the individual antennas the
same as if no reflector were used. This type of re-
flector is a plane conductor (or equivalent grid of
parallel vertical wires) located behind the array at a
distance of % wavelength, as shown in Fig 3(b). Since
the reflected wave has a total path difference of %
wavelength, it adds to the direct wave in quadrature,
radiating twice the power forward and none backward.
Therefore the radiation resistance is the same as in
Fig. 3(a), or { as great as in Figs. 1 and 2.

The same result may be derived from the circuit view-
point. The transmission line of Fig. 1(a) hasits terminals
shunted by another line of } wavelength, on short
circuit, corresponding to the space between the an-
tenna and the reflector. This is known to have a shunt
reactance equal to the wave resistance of the line. Re-
ducing these equal parallel components of impedance
to equal series components, the reactance and re-
sistance are both multiplied by %. Therefore this re-
flector leaves the radiation resistance the same as if
there were no reflector, but adds an equal value of re-
actance (which may be tuned out). The reactance is
inductive if the reflector is at a distance of 3 +n/4 wave-
lengths, or capacitive if 3+4#n/2 wavelengths, n being
any integral number,

The reflector § wavelength behind the array has some
advantages and disadvantages relative to the usual
reflector 1 wavelength behind, yet to be analyzed. The
} type minimizes interaction between adjacent an-
tennas, as indicated by their radiation resistance being
approximately the same as when isolated in free space.
Therefore the distance between adjacent antennas is
not critical, and antennas near the edge of the array
behave nearly like those near the center. On the other
hand, the distance between each antenna and the re-
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flector is critical as affecting both resistance and re-
actance of each antenna. The reduction of the radia-
tion resistance narrows the bandwidth of resonance of
a dipole, which is not itself desirable but in some cases
may facilitate the connection with the associated lines.

A plane conductor used as a reflector at a distance of
1 wavelength behind the array is shown in Fig. 3(c),
with its equivalent transmission line. This reflector
effectively “tunes out” the space behind the array,
leaving only the forward radiation as in Fig. 2. There-
fore each antenna has the same radiation resistance as
in Figs. 1 and 2. This is the simplest reflector; it gives
each antenna the greatest possible value of radiation
resistance, and thus makes available the greatest band-
width of resonance.

In the arrangement of Fig. 3(c), a half-wave dipole,
alloted a half-wave square area, has a radiation re-
sistance, computed by (3),

R = 480/r = 152.8  ohms. (7

Therelations inherent in the infinite flat array make it
possible to obtain complete reflection from such an
array. This contrasts with the simple case of an iso-
lated single dipole antenna and a near-by resonant
dipole reflector giving only partial reflection. Fig. 3(d)
shows a radiating array backed by a reflecting array of
resonant dipoles, which will be explained after a di-
gression on the theory.

A pair of resonant antennas, displaced along a trans-
mission line like Fig. 1, is shown in Fig. 4. The
boundary conditions permit radiation from each an-
tenna in both directions along the line but preclude any
other radiation. Dissipation in the antenna conductors
is neglected in this discussion, and also can be in many
practical applications. From the circuit viewpoint shown
in Fig. 1, it is possible for a resonant circuit across the
line to present effectively a short circuit, and thereby
to cause complete reflection. This is based on the
concept that the circuit itself has no dissipation, al-
though associated with the radiation resistance pre-
sented by the line.

|
] B —

Fig. 4—The coupling between two antennas along the
hypothetical waveguide.

A resonant antenna in a line, as the reflector in Fig. 4,
has the same properties in a more general sense.

In Fig. 1, it is also possible for a resonant antenna to
be matched to a load resistor and thereby to absorb all
the power in a wave traveling along the line toward the
antenna end. In this case, the radiation resistance is
effectively equal to the generator resistance presented
by the line and transformed by the antenna. If the radia-
tion resistance of the antenna is matched to the load
resistance, the maximum power is transferred from the
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wave to the load, and that is all the power of the wave.
This is complete absorption.

If a single antenna is located in a uniform line ex-
tending in both directions, the antenna cannot absorb
all the power of a wave traveling along the line. From
the circuit viewpoint this is apparent, because the in-
coming line is already matched to the outgoing line and
the interposition of a load can only destroy the match.
At best, the load can be matched to % the line re-
sistance (both directions in parallel) and then receives
only } the available power of the wave, reflecting 1
back to the source and permitting the other } to
proceed along the line.

It is concluded that a reflector is necessary if an
antenna array is to receive all the available power of
an incident wave in space, as exemplified by the line
in Fig. 4. The retlector may be an array of resonant
antennas reasonably free of conductor dissipation. The
receiving antenna can then abstract all of the available
power by coupling to the standing wave in front of the
reflector array in such a way as to match the resulting
radiation resistance of the antenna to the load re-
sistance. By reciprocity, a transmitting antenna array
can likewise radiate all the transmitter power in one
direction in space.

Returning to Fig. 3(d), each antenna in the reflecting
array behaves as a resonant trap which blocks the area
allotted to it, as indicated by the equivalent circuit in
this figure. The reflecting array is shown % wavelength
behind the radiating array, in which case it behaves like
Fig. 3(c) for the wavelength of resonance. For other
wavelengths, the reflection becomes incomplete in a
degree proportional to the departure from the wave-
length of resonance.

In cither the radiating array or the reflecting array,
if made of a number of antennas of given size and shape,
wideband operation is promoted by closer spacing
which increases the radiation resistance of each an-
tenna, and thereby proportionately increases its band-
width of resonance.

V. EXAMPLES OF THE FLAT ARRAY

The preceding theory is directed to arrays of antennas
in image relationship with respect to hypothetical per-
pendicular boundary planes. The resulting formylas for
the radiation resistance are more generally applicable,
since they are based on the concept of the power in a
plane wave, and how much of that power need be sup-
plied by each antenna.

Equation (3) is valid in the more general sense if each
antenna is allotted an area ab of any shape, subject to
some restrictions on the pattern of the array. It is re-
quired that the shape and environment of each antenna
be like that of every other, or a mirror image thereof, to
insure that every antenna contributes its share of the
wave power, namely, the power through its allotted
area. It is also required that the spacing of the antennas
be within the limits outlined above, to insure radiation
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in only the one mode. These limits may be 1 wavelength
between centers of adjacent columns or rows, or in spe-
cial cases may be 1 wavelength.

With reference to Figs. 5 and 6, some examples are to
be described which illustrate image and nonimage rela-
tionships, as well as the permissible spacing. The normal
spacing is chosen arbitrarily as the least which is likely
to be used, while the maximum spacing is that beyond
which another mode of radiation occurs. Each antenna
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Fig. 5—Arrays of half-wave dipoles in image relations, with reflector.
(a) Vertical antennas, normal spacing. (b) Same, maximum spac-
ing. (c) Diagonal antennas, normal spacing. (d) Same, maximum
spacing.

is a simple half-wave dipole, whose effective length is 2
radianlengths if vertical or v/2 radianlengths if tilted
by } right angle (45 degrees). In all cases, the antennas
are so oriented and excited that the radiated wave has
vertical polarization. The radiation resistance of each
antenna is noted in Fig. 5 and is the same in Fig. 6.
Each array is backed by a plane reflector at a distance of
1 wavelength for maximum radiation resistance.

Fig. 5 shows examples in which the component an-
tennas of each array are in image relation. The ordinary
case, Fig. 5(a), has vertical half-wave dipoles in half-
wave-square areas.

The same pattern with maximum spacing, Fig. 5(b),
has one-wave-square areas. The inequality signs
(<or>) denote noninclusive limits. In this case, a <A\,
because the next mode in the side directions is radiated
(strongly) at a XA. However, b X\ is permissible be-
cause the lack of vertical radiation from the dipoles
prevents the next mode in the vertical direction; it
occurs, tilted toward the front, if 6>\,

Another type of radiator is the zigzag wire, made of
diagonal half-wave dipoles connected at adjacent ends.
The effective height of each dipole is reduced in the
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ratio 1/4/2. The horizontal effective lengths cancel out
by reason of opposite directions of currents in the
horizontal components of length.

With the normal spacing in Fig. 5(c), the square
allotted to each antenna is also reduced in the ratio
1/4/2 from Fig. 5(a). Therefore the radiation resistance
is the same as Fig. 5(a). In this type of radiator, retain-
ing the zigzag connection, the spacing in Fig. 5(d) is in-
creased to one wavelength in only the vertical direc-
tion, reducing the radiation resistance in the ratio
1/+/8 from Fig. 5(c).

The patterns shown in Fig. 6 correspond in some de-
gree to those of Fig. 5, but depart from the image rela-
tion among the component antennas. They still meet
the requirements of the present theory, and offer addi-
tional freedom of design.

The vertical dipoles of Fig. 6(a) in normal spacing
have the same radiation resistance as Fig. 5(a), but each
is allotted a diamond-shaped area. This pattern has the
advantage of separating the ends of the dipoles, if center
feed is used. The maximum spacing in Fig. 6(b) allots
a diagonal one-wave-square area to each dipole, giving
the same radiation resistance as Fig. 5(b).

Fig. 6(c) and (d) correspond to Fig. 5(c) and (d) in all
respects except a shift in alternate rows, giving the same
radiation resistance but more separation in the nearest
points of adjacent rows.

A

/A
\
) |
/

(@) (\

N/
A

Fig. 6—Arrays of half-wave dipoles in nonimage relations, with re-
flector. (a) Vertical antennas, normal spacing. (b) Same, maxi-

mum spacing. (c) Diagonal antennas, normal spacing. (d) Same,

maximum spacing.

A remarkable effect is observed in Figs. 5(b) and
6(b), as examples of vertical dipoles with maximum
spacing. In spite of the reflector, each dipole has about
% as much resistance as if isolated in space (3 as much if
the reflector were removed). This means that the total
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interaction of each dipole with all the rest causes a great
decrease of its resistance as the spacing is widened, up
to the point where the next mode causes an abrupt in-
crease. In the case of vertical dipoles, an approach to the
critical spacing of columns causes a large change of the
radiation reactance of each dipole, anticipating the
abrupt increase of radiation resistance (to an infinite
value) at the critical displacement. For these reasons,
and for wideband operation, the normal spacing is
usually used in preference to greater spacing.

VI. THE DIRECTIVE GAIN OF A FLAT ARRAY

The present derivation of radiation resistance yields
directly a simple expression for the directive gain of a
flat array made of many antennas. All of the antennas
are alike in structure and environment, and carry the
same current. The array is so large that its least lateral
dimension is many wavelengths, but otherwise there is
no restriction on the shape. There is a reflector behind
the array, which is assumed at a distance of } wave-
length, but other distances would yield the same result.

The directive gain is expressed relative to a hypo-
thetical isotropic antenna, that is, one which radiates
equal power in all directions over the sphere.* The radia-
tion resistance of an isotropic antenna of effective length
h ist

1 h\?
R; = Z— R, (7‘) . 30(}1/1)2 ohms. (8)

s

The large number (n) of antennas have a total radia-
tion resistance, based on (3),

R. = nR,h*/ab. 9

The total effective length of the antennas in the array is
2nk, which is that of one antenna multiplied by the
total number of antennas and their images in the re-
flector. Unit current in the array develops by radia-
tion in the center of its beam a certain value of field in-
tensity at a certain distance which is sufficiently great
that any two antennas in the array have less than one
radianlength path difference.

The same value of field intensity at the same distance
would be developed by an isotropic antenna carrying 2n
units of current. The power radiated thereby is the
apparent power of the array in the direction of its beam.

The power ratio of the directive gain of the array is
the ratio of the apparent power to the actual power:

4an’h?/1? 4

(2n)?R;
=T R, 4mnk*fab  w*

(10)

in which the total area of the array is 4 =nab. The
denominator w2 is the area of a circle whose radius is
one radianlength. Therefore the power ratio of directive

4 See Bibliography, references 4, pp. 215-216, 243-245; 5, pp.
335-336; and 7.
s See Bibliography, reference 3.
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gain is the ratio of the area of the array to that of the
radian circle.®

The result is what would be expected from knowledge
of the effective area of antennas in the interception of
power from a plane wave. An antenna delivers to a
matched load the amount of power which would other-
wise flow through its effective area. The effective area of
an isotropic antenna is the area of a radian circle, while
that of a large array with its reflector is its actual area
Therefore the directive gain is the ratio of these two
areas.

A special case of interest is the usual array made of
half-wave dipoles, each allotted a half-wave-square
area. The gain of each dipole is

p1 = 120/73 = 1.64. (11)
The area and relative gain of the array are
A =n(A\/2) = nr¥?:  p/p1 = nx/1.64 = 1.91n. (12)

If small dipoles were assumed instead of half-wave
dipoles, the corresponding ratios would be

pr=3/2: p/pr = 2nx/3 = 2.10n. (13)

These results confirm the simple rule that the power
ratio of an ordinary array over a single dipole is ap-
proximately equal to twice the number of dipoles,
which is the total number of the dipoles and their
images in the reflector.

VII. THE OBLIQUE FLAT ARRAY AND
THE RECTANGULAR WAVEGUIDE

The real rectangular waveguide, unlike the hypo-
thetical one of Fig. 1, is bounded by conductors on all
four sides so it cannot transmit the simple plane wave
(TEM mode). The theory of the real waveguide is here
included in its relation to the flat array, but more briefly
because it has received more attention in the literature.
Slater has clearly taught the array of images presented
by an antenna in a rectangular waveguide, and the
radiation resistance of a small dipole antenna therein.”

Fig. 7 is a plan view of one row of images of a vertical
dipole in a rectangular waveguide of the shape of Fig. 1,
but having conductive walls on all sides and extending
in both directions. The conductive walls cause alternat-
ing polarity of the image dipoles in each row so there is
no radiation with a wave front parallel to the array
(TEM mode). The possible modes of radiation require
a path difference between adjacent dipoles equal to an
odd-integral multiple of ¥ wavelength for combination
in the same phase. Any resulting wave fronts form an
oblique angle with the array, as shown. Only the
dominant (TE,,) mode is here considered, with } wave-
length path difference.

¢ See Bibliography, references 4, pp.215-216, 260-264; and 5, pp.
360, 365. .

7 See Bibliography, references 4, pp. 280-304; and 5, pp. 494~
496.
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In the plane of the array of images, the area allotted
to each dipole is the area ab of the waveguide cross
section. In the plane of the wave front, the effective
smaller area a’b is the projection of the waveguide area.

A A
U }
et -1
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-~ I---\@;:-E + l
-1 N
a' L"@T'I

Fig. 7—Oblique array.

While the images in each row have alternating
polarity, those in each column have the same polarity.
Therefore each wave front is vertical and forms with the
array an oblique horizontal angle. In this situation, each
mode of radiation causes a pair of wave fronts, because
the alternating polarity in each row causes the same
amount of radiation toward either end of the row.

The effective area and the pair of wave fronts are the
two factors which modify the radiation resistance in the
oblique (TE;,) mode as compared with that of Fig. 1
(TEM).

Only the one most interesting and useful case will be
treated in detail. It is a vertical dipole in the rectangular
waveguide, backed by an end reflector at such a
distance as to radiate maximum power forward in the
guide. The plan view of the image pattern in this case
is shown in Fig. 8. The geometry of the waveguide, the
reflector, and the dipole location are so proportioned to
the wavelength that the array of images behind the re-
flector radiate in the same phase as the array in front,
in contributing to both of the oblique wave fronts. The
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Fig. 8—Double array formed by images in end of rec-
tangular waveguide.

dimensions involved are the wavelength in free space
(\), the cutoff wavelength (A;) which is twice the width
a of the waveguide, and the wavelength (A\’) along
the waveguide. A distance of % this last wavelength
separates the dipole from the end reflector, a conduc-
tive plane like the walls of the waveguide.

Fig. 9 shows two right triangles, either of which gives
the relation among the three wavelengths defined, as
determined in Figs. 7 and 8.
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By a modification of (3), the radiation resistance of
the dipole in the waveguide of Fig. 8 is?

2 h2 )\l
R =2R, — = 240r — —
a'b ab
754 h?

ms. (14

=—————— —oh
V1 — (AMA)E ab
The modifications comprise the factor 2 (for the pair of
wave fronts) and the effective area a’b.

A
_g)\— A /A

2al

/A

2a= N, /A
Fig. 9—Right triangles relating the wavelengths associated with a
rectangular waveguide, TE;o mode.

It is also possible to derive the same value of radia-
tion resistance by comparing the hypothetical wave-
guide of Fig. 1 with the real waveguide whose end
cross section is shown in Fig. 10.? In the TE;, mode
under consideration, the average density of electric
energy over the cross section is one-half that in the
center and varies from a maximum in the center to zero
at both sides. Therefore the effective width, based on a
uniform electric field (like Fig. 1) equal to the maximum
value, is only } the actual width as shown by the
dotted lines. Also, the longitudinal phase velocity of

I
\ \{l\\ b

| /" ™~
|,/

A

d

|

9

a
Fig. 10—Effective cross section of a rectangular wave-

guide, TE;q mode.
propagation of energy in the real waveguide is
greater in the ratio A’/N\. These two factors applied to
(3) give the same formula (14) for a dipole in a wave-
guide.

The simplest antenna in a waveguide is a quarter-
wave dipole connected with a coaxial line. Fig. 11
shows examples of such an antenna in rectangular wave-
guides of various relative sizes and shapes. In each
case, only one mode (TE,) is possible. The dipole is
backed by a reflector at a distance of } the wavelength
along the waveguide. Its effective length % is 2/x of
its actual length, or one radianlength /.

A quarter-wave dipole, located in a waveguide as
described, has the radiation resistance

60 A2 N’ AN/
=—  — — = 19.1 — ohms (15)
x ab \ ab
in which
AN = /T = (VN2 (16)

In terms of the cutoff wavelength A,

8 See Bibliography, reference 4, pp. 296-298.
% See Bibliography, reference 5, p. 319,
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120 AN’ A

T b\

MA
8.2-;- m ohms. (17)

In practice, it is customary to choose A/\. between 3}
and 1 (not too close to either) and &/\ less than % (not
too close). The latter may also be between 2 and 1 (not
too close to either).

The diagrams of Fig. 11 have dimensions noted in
wavelengths, and below each the radiation resistance in
ohms. The examples of each column have the same
width and cutoff frequency, but differ in height.

5/6
/ \/vZ
5/8
3 3
=2 ) 5
] 4 ||
Iif II ]
108/ = 34.4 ohms 160/ = 50.9 256/n=8I1.5
3 3 LR
i2 l s 12
I — i
2l6/m=68.8 320/ =102 384/ =122
S i S
I 8 y 16
I L L
324/ =103 480/m =153 S12/m=163

(a) MA = 3/5 ORRYSNA (€) MAc=4/5

Fig. 11—Examples of a quarter-wave antenna in the reflector end
of a rectangular waveguide TE,, mode.

The largest square example is the only one in which
the dipole has about the same resistance as it has in
free space over a plane (35.56 ohms). In all other cases
it has greater resistance, up to more than 4 times as
great, caused by the reflector and walls of the wave-
guide.

The resistance of the dipole may be decreased to
match the coaxial line by decreasing its height and
restoring resonance by capacitive loading at the open
end. This loading may be provided by a disk or a cross
wire (T shape).

VIII. ConcLusIiON

The rectangular transmission line or hypothetical
waveguide transmitting the transverse electromagnetic
(TEM) mode is a concept which leads to a simple
and exact solution for the radiation resistance of an
antenna in an infinite flat array. It is a fair approxima-
tion in a large finite flat array. It also provides a deriva-
tion for the directive gain of such arrays.

The same concept leads to the radiation resistance of
an antenna in a rectangular waveguide with closed
conductive boundaries, which has previously been de-
rived by other methods consistent with the viewpoint
presented herein.
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Coupled Antennas’

C. T. TAI{, STUDENT, I.R.E.

Summary—The integral equation governing the current distribu-
tion on two coupled antennas has been solved. The method used is
an improvement on the work originally [formulated by King and
Harrison. As a result of this improvement, the general solution
pertaining to the antenna problem reduces to the conventional one
obtained from transmission-line theory, when the two antisym-
metrically driven antennas are closely coupled to each other.
Numerical values of the self- and mutual impedances based upon
the present work have been computed. The result is compared with
those obtained by Carter based upon the so-called e.m.f. method,
assuming a sinusoidal distribution of the currents.

INTRODUCTION

HE PROBLEM of finding the current distribu-
tion and impedance characteristic of a center-
driven antenna is, in general, a problem of how to

find a solution of the three-dimensional vector wave
equation that satisfies the specified boundary condi-
tions. Unless the body of the antenna as a whole can be
well defined by one appropriate co-ordinate in some co-
ordinate system—as, for example, a prolate spheroid'—
no general method? is so far available in the sense that
the solution would satisfy the boundary condition at
every part of the body, including, for instance, the end
surfaces of a cylindrical antenna or those of a biconical
antenna.

Hallén’s vector potential method?® in dealing with the
cylindrical antenna is a very satisfactory one because

* Decimal classification: R125.1. Original manuscript received by
the Institute, May 21, 1947, The research reported in this document
was made possible through support extended Cruft Laboratory,
Harvard University, jointly by the United States Navy, Office of
Naval Research, and the United States Army Signal Corps, under
ONR Contract N5ori-76, T.O.I.

t Cruft Laboratory, Harvard University, Cambridge, Mass.

1], A. Stratton and L. J. Chu, “Steady-state solutions of electro-
magnetic field problems,” Jour. Appl. Phys., vol. 12, p. 230; March,
1941,

t J. Aharoni, “Antennae,” Oxford University Press, Oxford Eng-
land, 1946.

3 E. Hallén, “Theoretical investigations into the transmitting and

receiving qualities of antennae,” Nova Acta Uppsala, vol. 77, pp.
1—44; November, 1938,

the end effect in such a formulation is negligible,* while
mathematically it permits reduction of the analysis into
a one-dimensional form. Moreover, this method is es-
pecially appropriate for handling the problem of cou-
pled antennas.

The present work is an improvement on the method
originally formulated by King and Harrison.® The im-
provement is twofold. In the first place, a proper distri-
bution function has been chosen in expanding the inte-
gral equation as was done in the case of a single antenna,®
and secondly, the term corresponding to the contribu-
tion of the vector potential by the second antenna is
treated as part of the main integral instead of as a cor-
rection term. Results derived from the present method
show that, in the case of two coupled antennas driven
antisymmetrically, the solution reduces exactly to the
conventional one obtained from transmission-line
theory, when the two antennas are sufficiently close to
satisfy the conditions of line theory.

GENERAL EQUATIONS

The general formulation of the problem has been dis-
cussed in detail.®! Two coupled antennas of identical size
are considered in this paper. To simplify the discussion,
the internal or surface impedance of the antennas is also
assumed to be negligible. With the arrangement shown
in Fig. 1, the z component of the vector potential at the
surface of each of the two antennas (viz., A, and 45,,)
satisfy the following differential equations:

0241,
022

¢ L. Brillouin, “The antenna problem,” Quart. Appl. Math., vol.
1, pp. 201-204; October, 1943.

¢ R. King and Charles W. Harrison, Jr., “Mutual and self-im-
pedance for coupled antennas,” Jour. Appl. Phys., vol. 15, pp. 481-
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Fig. 1—Two coupled antennas.
The following notation is used:
o = 4w X 1077 henry/meter
w
B=—
4
rn = \F(ZV - Zl)——2 a? (3)
Tz = \//zzz' - 21)E 'FF
T2z = N\ >(22 —z 2)? + o
a1 = N\ (21' v — ) :*‘

where a is the radius, and & is the half length of each an-
tenna.

vs + vafliove

Vio h Voo = Vg n

2

Fig. 2—Schematic diagram to illustrate the theorem of superposition
as applied to two coupled antennas.
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By means of the superposition theorem, the solution
for two antennas driven by two given voltages Vo and
Vi always can be obtained from the solutions for sym-
metrically and antisymmetrically driven pairs by writ-
ing Vie=(V.+V.), Vaa=(V.—V,). Therefore, (1), (2),
(3), and (4) may be specialized to these two cases with-
out loss in generality. The superposition theorem and
the notation are illustrated graphically in Fig. 2.

SYMMETRICALLY DRIVEN IDENTICAL ANTENNAS

For two identical antennas driven symmetrically, one
has

I = Iy A= Ag.. (6)

With (6), (1) and (3) or (2) and (4) reduce to the follow-
ing form:

Ly (7
: = /
922 )
Mo h e~ iBru A e~ Bra
Az = I:, dz + I,' dZI. (8)
4r J ) ™ drd L4V
The solution of (7) is
A,=——](C1cosﬁz+%V,sinﬁ|z|) 9
4

where one of the two arbitrary constants of the general
solution has been determined to satisfy the discontinuity
of the scalar potential V, at the driving point of each an-
tenna. The second constant C, is to be determined later
when the boundary condition that the current must
vanish at the ends of the antenna is imposed. Equating
(8) and (9), one obtains the integral equation of I,:

h e iBr e 182
f I. ( + )dz'
—h m 712

—jér . .
== (Cicos Bz + 3V, sin 8| z])

<

(10)

where

#o

R. = = 1207 ohms.

€0
The two integrals in (8) have been combined to form one

integral in (10) in order to emphasize the fact that the
kernel of the integral equation is

e~ B e~ 18ra

(11)
L4V 712
It is at this point where the new method diverges from
the old one, in which the integral due to the distant ac-
tion of the second antenna was treated as a correction
term, while the function e~###1/r,, alone was regarded as
the kernel of the integral =2quation. Equation (10) has
the same form as that encountered in the problem of a
single antenna except that the kernel of the integral
equation involves two terms. A method of solving an



1948 Tai: Coupled Antennas 489
equation of this type has been discussed in detail,® and A g inz
will not be repeated here. The final expression of the Ss(2) =f sin 8| 2 | dz’ (17)
first-order solution for I,, is - /]
1
e | 2| )+ {Go(B) [Frat Pro]4+Fos [Gi(R)+Q1(B) | — Fo() [GroQ1:] —Go. [Fi(h)+ Pr(R) |}
pa=ttef o T _— S E— )
R.Y,» 1
Fu(h)+\l, [Fi(h)+Py(B)]
ab
where the constant ¥, and various functions are defined h eg-#m
. E.(z) = dz’;
as follows: &
F = g G =5 \ b p—iBr12
o(z) =cos Bz o(2) =sin ﬂ] z| | Eye) = f e i (18)
Fo.=F(2)—Fo(h); Go:=Go(2) —Go(h) —h T12

A e~ Brun
Fll=\l’abF01_ FO:’ dz'
—h ™ I
=W ,3(cos Bz —cos Bk) —C.(z)+ E.(z) cos Bk
h e Bru l|
G1:=VarGo:— Gosr dz’ |
— r
h 1 L (13)

=Wu(sin B8] z| —sin Bk) —Sa(2)+ Ea(2) sin 8k |
Fu=Fi2)=F:(h);  G1.=G:\(z)—G:(k) '

h ¢ B2

P](Z)= —_ Fo,'

dz’' = — Cy(2)+ Es(2) cos Bk

712

—h
h e 18n2
Qi(z)=— f Gox — dz2' = —Sy(z)+ Ex(z) sin Bk
—h

712

P,=Pi(e)=Pi(h);  Qu=01(2)—0:(h)
[Ca(z)+Cjb(‘z)] sin Bh— [S.(2) +SAb(z)] cos Bh

ol singG—l2))

(14)

k3

f | was(0) | for Bhs—

‘I’abi
\I[ b(l ‘ f()t ﬂhZ

The functions Ci(z), Cu(z), Sa(2), Ss(3), Ea(z), and
Ey(z) are defined by the following definite integrals:

(15)

e Bru

h
C.(2) =f cos Bz’ dz’;
Y

m

in B( |l+1
Irsmﬂ(z— z|) 9

{Go(h) [Fr' =P ]+ Fo, [Gy' (B —Q(B) | = Fo(R) [Gr' = Q1" 1—=Go. [Fy' () — Pr () ] }

with

ra =V (@ — 2)? + b2

It is to be noted that the functions Fy(z), Go(2), P:(2)
and Q,(2) are the same as previously defined,# while the
functions F)(z) and Gi(z) can also be expressed in terms
of similar functions elsewhere defined.®? Consequently,
(12) can be rearranged to contain these old functions in
order to facilitate the numerical evaluation of (12).
This modified form of (12) is given in the appendix,
where the relations between the new functions and the
old ones are outlined.

=G -2+ ek

ANTISYMMETRICALLY DRIVEN IDENTICAL
ANTENNAS

For two identical antennas driven antisymmetrically,
one has
= — I,

All = - AQ:- (19)

The integral equation in I, becomes

h e jBri1 e iBri2 ,
I, - dz
h ™ 712

— 74
=———(CycosBz+ 4V,sinB|z]).
R, (O B P |z]) (20)
Asa result of the change of sign in the kernel, every func-
tion involving b reverses its sign, whereas those involv-
ing a do not. The final expression of the first-order solu-
tion for I,, follows:

¥,

!
b

j27I'Va bl
o Rc‘I’abl
Fo(h)+
h h e~ Bz
C(z) = f cos Bz’ dz’ (16)
—h —h 712
h e~ iBrn
Sa(2) =f sin 8 2’ | dz’;
—h 711

[Fy' (k)= Py(h) ]

The functions Fy(2), Go(z), P1(z), and Q:i(z) remain the
same as before. The functions Fy’(2) and G,’(z), however,
appear in place of Fi(z) and Gi(z), since Vg is replaced
by ¥4, which is given by

Yo (2 =JC,(z) —Cb@] sin Bh— [Sa(2) —Ss(2) ] cos Bh

sin B(h— | 2])

(22)
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| 2.,/(0) | for ﬂh§%

W, = (23)
v '<h—l\->’ for Bh2— .
o 4 =2

The symmetrical and antisymmetrical impedances are
obtained by setting 2=0 in (12) and (21), and finding
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substituting in (30) and (31). The resultant current on
antenna 2 is the difference (I,,— I,,) obtained from (12)
and (21).

CLosELY COUPLED ANTENNAS

Two antennas are said to be closely coupled if the
separation b between the two satisfies the following con-
dition:

the ratio V,/I,, and V,/Iy, respectively. This gives B 2 o
_ —jRYa cos Sk + \I/l.,b [Fi(h) + Pi(h)] ] "
e T e -
sin 81 + o {[F1(0) + P.(0)] sin Bk — [G:(0) + Q1(0)] cos Bk + [Gi(h) + Ql(h)]}_J
— ab
F to, -
—jRY cos Bl + o [Fy'(k) = Pu(B)]
T | 1 (25)
LSil’l ﬂh + 7 b, { [Fl'(o) - PI(O)] sin ﬂh — [Gl'(O) - QI(O)] cos ﬂh + [Gll(h) _ Ql(h)]}

For two identical antennas driven by two arbitrary volt-
ages Vio and Vi, the relation between the input cur-
rents and the exciting voltages are

Vie = IeZu + I20Z12 (26)
Vi = InZn1 + IeZ12 27
where the self-impedance, Z1; and the mutual impedance

Zyz are defined by (26) and (27) and are related to Z, and
Z, according to the following equations:

Z.+Za Z‘_Za

11 = 2 ]

(28)

12 =

If the second antenna is a parasitic antenna loaded at

center with an impedance Z., one replaces Vi by

—Z1I5. The input impedance for Vi, is then
VAT 22Z2.+ Z.+ Z.)Z.

Zu+Zn 2.+ 2.+ 2,

The values of V, and V,in terms of Z,, Z,, Z1, and Vi
are given below,

Z,',. = Zu (29)

Without loss of generality, the discussion will again be
carried on in two separate cases; namely, the sym-
metrical and the antisymmetrical.

Case 1. Symmetrically Driven Antennas

If one defines ¥,(2) and ¥,(2) according to the follow-
ing equations,

Calz) sin Bh — Sa(z) cos Bk

Vo(z) = — sin_ﬂ(h‘——l—le_ (33)
_ Cb(z) sin-ﬁh_— Sb(z_)ﬁos ﬂh
Tile) = sin B(h — | z]) ’ (34)
then (14) can be written into
V,5(z) = Va(z) + ¥u(a). (35)

For a? and b*<h?, the formulas of Ca.(2), Cs(2), S.(2), and
Sy(z) tabulated in Appendix II can be used in (33) and
(34). It can easily be verified that

™
| 20,00) — Q. + Q| = | 2:(0) + 2. — 2| for Bk < 5
Vap = (36)
A A T
’2\I/a(h—-—->—9.,+ﬂb =2\I/b(h——>+9.,-—95 for Bh = —
4 4 2
Z2,Z2.+2 H
Ve = [Ezz -(F % +L;’)7] 0 G M 2 2h
slea ] a)& L Qa=21n_; 9b=21n._. (37)
ZdZs+2Z1) a b
(5 SC T PR
22,2+ @, + Zo)Z1 The parameter @, was first introduced by Hallén in his

The resultant current in antenna 1 is then the sum
(I,.+1,s) obtained from (12) and (21) with V, and V,

study of the integral equation for a single antenna. The
function ¥, was introduced by King and Middleton in
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their recent work on the same problem. Equation (36) is
very useful to determine the numerical values of ¥, as
it is possible to make use of data already computed by
the authors mentioned above.

Case 2. Antisymmetrically Driven Antennas

Two closely coupled antennas driverl antisym-
metrically are equivalent to two open-end sections of
two-wire line in series with each other and two genera-
tors V.. Using the same formulas for C.(2), Ci(2), etc.,
(23) in this case reduces simply to

b
Vo) =Q— Qp=21In—-

(38)
a
The solution of I,, then reduces ultimately to
j2aV. sinB(h —|z|)
'RV cos Bk
Ve sinB(h— |z
_ Bk —[2]) o
Riine cos Bk

with

Rn“ = 120 In -é- o
a

Terms corresponding to higher orders than the first are
identically vanishing. It is recalled that the term Ryjne is
precisely the characteristic impedance of the parallel-
wire line subjected to the condition that %>a? Equa-
tion (39) therefore coincides with the solution derived
from the line theory.” The proximity effect is, of course,
neglected at the very beginning, where the rotational
symmetry of the current distribution was assumed in
deriving the formula of 4 for the vector potential on the
surface of the conductors. This effect can be taken into
consideration by substituting the effective spacing

(1 0/1-(3))

for b in the original equations for the antisymmetrical
case.®

EXTENSION TO #-COUPLED ANTENNAS

The method of analysis of two coupled antennas can
be extended to n-coupled antennas provided that the
simultaneous integral equations can be reduced to the
same type described above. This sets up a limit to the
geometrical configuration of the antennas as well as the
way of excitation. For three identical coupled antennas
arranged at the corners of an equilateral triangle, the
problem can be solved completely no matter how the
antennas are excited. By the method of symmetrical

7 R. King, “Transmission-line theory and its application,” Jour.
Appl. Phys., vol. 14, p. 577; November, 1943,

¢ R. King, “Electromagnetic Engineering,” McGraw-Hill Book
Co., New York, N. Y., vol. 1, p. 468; 194S.
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components, three voltages of arbitrary magnitudes and
phases can be decomposed into three sequences of volt-
ages as shown schematically in Fig. 3. Each sequence is

’ 2,
™ Vs *Va Va +Va pPVa Vo pPVa

k4
\'73 = \") n + PVa + PV::

Fig. 3—Three different types of excitation occurring in the
problem of three coupled antennas.

then analogous to the symmetrical or antisymmetrical
component treated previously. For the zero sequence,
the integral equation corresponding to (10) is

A e B e~ iBriz ,
I, dz
-1 711 T2

+ 2

—jér

(C1 cos Bz + 1V, sin 8| z]). (40)

14

The integral equation corresponding to the positive or
negative sequence is

Palist

h e i e~ Bry
f I, < + p? )dz'
—h [ #}] s 713

+p

—jir

(Clcosﬁz+%V¢sin6|z|)

(41)

where p is the phase factor ¢/®*/® which satisfies the
equation

t+p+p=0 (42)

By means of (42) and the relation rip =r13, (41) can be
reduced to

h e—Bru e~ B2
f I,r< — )dz'
—h 1 T2
—Jjir .
= (Ci1cos Bz + LVasinBlz|)---

[

(43)

which is identical with (20). The method of evaluating
(40) and (43) is the same as described before, and will
not be repeated.

When the three antennas are closely coupled and ex-
cited by a sequence of voltages of equal amplitude but of
a phase difference of ¢/@*/® (that is, by a positive se-
quence or a negative sequence), the system forms a three-
phase transmission line. Accordingly, we may expect
that a certain type of transmission-line equation can be
derived from the equations of the potentials. The deriva-
tion of these line equations and a detailed analysis of
them will be treated in a separate paper to be published
later, where the general problem of n-phase transmission
line and of two-phase multiple-wire transmission line
will be discussed.
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Numerical Computations

In order to give a quantitative discussion concerning
the impedances, or, more essentially, the current distri-
bution of two coupled antennas, it is necessary to know
the nature of several functions that occur in the expres-
sions for current and impedances. To illustrate the char-

PROCEEDINGS OF THE LR.E.
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computed corresponding to two distinct values of an-
tenna length, namely, k=X/4 and k=)\/2.

For h=M\/4, it can be shown, by substituting (13),
(14), and (15) into (12), that the expression of I, can be
reduced to the following form:

_j2nV, [Kicosfz+K,sin|z| —Ca(z) ~Cu(2)] (44)

acteristic of these functions, two sets of curves havebeen ~* R.¥, [Fi(h)—Pi(k)]
20
./_—\
/ 1 \
P n:20
Vi /4 10 A Fig. 4—The G func-
tion, h=X/4
e ! :
é / \ " \\\ Re Gg(3)
N | ] . SN YY)
% .
by
025  -020  -0.8 -0.0 -0.5 0 008 0.10 0.5 020 02
'Im Cal3)
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/__6\
g T

% =001

// 004 J
// / \\\ Fig. S—The o)
/ Re Cp(3) A LSt
2 A by
Z |
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where K, and K, are two complex constants defined as
follows:
K, =2V, 4 E.(k) + Eo(k) — Sa(h) — Se(k)
K,y = Ca(h) + Co(h).

It is obvious that the first-order solution for the cur-
rents on antennas may be considered as a superposition
of two sinusoidal functions and two nonsinusoidal func-

(45)
(46)
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tions, Cs;(z) and Cy(z). The latter can be computed in
terms of some sine integrals and cosine integrals. The
formulas are given in Appendixes I and II. Figs. 4 and 5
show two typical sets of curves for different values of a
and b. The value of the imaginary part of C4(2) or Cy(s)
is practically independent of a or b. There is an over-all
change of about 1 per cent when a/k changes from 10—
to 101,

20

Fig. 6—The S,(2) func-
tion, h=XA/2.

N\ /=

Re 50(,)

[z

AN

/\{\ \ Re 5.,(3)

Fig. 7—The Su(z) func-

L &
N\ N\

tion, h=\/2,
z
0.5 -0.4 -0.3 0.2 =01 (o] Ql Q2 0.3 04 0.5
\\ | //
\\ i //
— - =" 1Im Sp(3)
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For h=X\/2, (12) reduces to

I,

R.Y,

where Ky’ and K, are two constants defined as follows:

j2=V, [Kl’ sin 8] 2|~ K’ cos Bz —

PROCEEDINGS OF THE IR.E.

——————————— | (47)

Si(z)—S b(z)]
- ‘I’,+F1(h)+P1(ll)

Ky =2V, + Eq(h) + Eo(h) + Co(h) + Ci(k) (48)
K = S,(b) 4+ Su(h).
The fractions Sa(z) and Sy(z) for h=\/2 are shown in

Figs. 6 and 7. The parameters ¥, and ¥, for different val-
ues of a and b are plotted in Figs. 8 and 9.

30
25
=20
20 ~—_ Y Ya
><
/ Vg
|
15 \ 5. Y
><\ ———
/ ¥a
10 - 9,
\ Y,
e cll a——
/ \vo
] /
/ >
PN
Q.1 0.2 0.3 0.9 0.5 0.6 0.7 0.8 0.9 1.0
25
20 \ i
Ne= 20‘ { v,
D e I
15 - Yo
>‘ : -
10 S \C
/Q\ IO‘ v,
—— t
5 - i
/ :
'i‘ —f—
0. 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 11

April

Fig. 8—The parameters
¥, and ¥, h=)\/4.

Fig. 9—The parameters
¥, and ¥, h=\/2.
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To describe the current distribution on two coupled antisymmetrical cases separately. In fact, these two
antennas, it is convenient to treat the symmetrical and cases may be regarded as two extreme conditions with

1= SINGLE ANTENNA, N=!5
T = TWO COUPLED ANTENNAS SYMMETRICALLY

DRIVEN, =15, $20.01
IT=SINUSOIDAL DISTRIBUTION (LINE CURRENT)

0.25

N\

# ‘; 0.20 AN
Y 4 B(3) \ 6 }?\

Fig. 10—First-order cur-
rent distribution for A \ l

h=\/4.
l'lI/J 1 I 0.15 I “
/ }
, } 4
/| > \
0.10
/ / { \ \
"1 \
// 0.5 \
/
=10 -7.5 -5 -2.5 o] 25 5 1.5 10
(10-3 MHOS)

I = SINGLE ANTENNA, 0 =13
I = TWO COUPLED ANTENNAS SYMMETRICALLY DRIVEN

a=18, +:00i
1T = SINUSOIDAL DISTRIBUTION (LINE CURRENT) 05
//
= ] 0.4
/
A = 2
Fig. 11—First-order cur- e
rent di}s:trib/ution for /
=\/2.
/7, 03
m/ I I I\\I
\ \
\\< o 0.2
~ T B();)\ G(3)
=~ . ~\ 0.l
- — ~ \
~ ~§
S—
bt ] -12.5 =10 7.5 -5 -2.5 o] 2.5 te)

(10"* MHOS)
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the characteristics of an isolated antenna lying between
them; thus, suppose one starts with two closely coupled
antennas, driven antisymmetrically by two equal and
opposite voltages. The system is then equivalent to a
two-wire line. The current is known to be sinusoidal, or
very close to sinusoidal, if the attenuation along the line
is small. By separating these two lines, the currents
gradually depart from the sinusoidal distribution. As the
wires are further separated so that their separation is
infinite, the distribution approaches that of an isolated
antenna. Suppose that one of the exciting voltages now
has its polarity reversed, and that the two antennas are
then brought close together. The current distribution
would then change from that of an isolated antenna to
what would appear on two symmetrically driven anten-
nas. The whole cycle therefore represents a complete
picture involved in the problem of two coupled anten-
nas.

The above reasoning suggests that, to study the cur-
rent distribution on two coupled antennas, the simplest
way is to compare three types of distribution cor-
responding to (a) two closely coupled antisymmetrically
driven antennas (line current), (b) isolated antenna, and
(c) two closely coupled symmetrically driven antennas.
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o) 0.2 0.9 3 08 10

0.
b/Ao

Fig. 12—Symmetrical and antisymmetrical resistances. Boh ==/2.
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The curves representing these three cases are shown in
Figs. 10 and 11, where G(z) and B(z) are two real func-
tions defined according to the following equation:

I, = V[G(z) + jB(z)]. (50)
In drawing the line current, it has been assumed that
the attenuation is small but not identically zero. For
two copper wires with 2=15 and /X =0.01, the magni-
tude of B(0), i.e., the amplitude of the cosine function in
Fig. 10, will be equal to about 0.78, or 78 times as great
as the one drawn there.

Because of the importance of the knowledge about
impedance in the design of an antenna system, the sym-
metrical and antisymmetrical impedances of two cou-
pled antennas have been computed for the case h=\/4
and £=\/2. The self and mutual impedances as de-
fined by (28) have also been evaluated. These curves are
shown in Figs. 12, 13, 14, 15, 16, 17, and 18. It is inter-
esting to compare the numerical result obtained here for
the mutual impedance between the half-wave dipoles
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| ! }
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Fig. 13—Symmetrical and antisymmetrical reactances. Sok =x/2.
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with that of Carter® and Brown,'® who computed this
coefficient by assuming a sinusoidal distribution of cur-
rent on the two dipoles and obtained the result from a
quite different approach. The curves are shown in Fig.
19. It is significant that the curve computed based upon
the present theory oscillates up and down around that of
Carter's.

CONCLUSION

The difference between the newly proposed method of
solving the problem of coupled antennas and the older
method lies in an improved mathematical approach to
the solution of the integral equation. The verification by
the present method of results obtained from line theory
for closely spaced antisymmetrically driven wires is a
significant confirmation of the validity of the new
method. An extension of this method leads us to a rigor-
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Fig. 14—Symmetrical and antisymmetrical resistances. Soh =.

9 P. S. Carter, “Circuit relations in radiating systems and applica-
tions to antenna problems,” Proc. I.R.E., vol. 20, pp. 1004-1042;
June, 1932.

10 G. H. Brown, “Directional antennas,” Proc. I.R.E., vol. 25,
pp. 78-145; January, 1937.
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ous formulation of the problem of the n-phase transmis-
sion line and that of the single-phase multiwire trans-
mission line. The analysis is useful to compute the input
impedance of many antenna systems, including the
folded dipole, triple-folded dipole, H antenna, and the
corner-reflector antenna.

ACKNOWLEDGMENT

The writer wishes to acknowledge his indebtedness to
Ronold King for suggesting this problem and supervis-
ing this work.

OHMS
40,000

30,000

1(1- 20

2000 =

1800 \\ = S #
N I - ¢
\ %o, ,( T 10-15
) ¢ 1

1000
900

-
8
(.
1
y
4

>(=10

i
1
[l
60

\V

o [eX4 o4 06 o8

10 b/Ao

Fig. 15—Symmetrical and antisymmetrical reactances. Bok =r.

APPENDIX |
General Formulas for C,(3), S.(z) and E.(2)

The following notations are used in these formulas:

pe=rh-+tz;, m=h—z }
Ro=vpltah Ri=plta’ Ro=vizta | (51)

sin u

. z CoOsSp Z
CiX= f du; SiX= f du
w© M 0 M




OHMS

20,000

15,000

10,000

9000 1
8000

7000 |\

6000 {—

R
5000 H—

4000 \

l‘/

3000 |\

2000

1500

1000

800

900 P"—=

700

600
500

400

T T~

r — RSI |1
~N / = }.Q

=10 —

800

200

150

1005

02

04 06 08

Fig. 17—Self-impedance. Bk ==.

1.0 b/Ao

Yt | =

02 04 06 08 10 b/Axo

Fig. 18—Mutual impedance. Soh =7.

86¥

AT HHI 40 SONITHID0dd

1243y



1948

Ca(z) =1 cos Bz [CiB(Ra+u2) +CiB(R1+ 1)
—CiB(Ry— po) — CiB(Ry— 1) — jSiB(Ro+p2)
—jSiB(R 1+ 1)+ SiB(R2— ua)+7SiB(R— u1) | (52)
43 sin Bz[SiB(Ra+-p2) —SiB(Ri+ 1)
+SiB(Ry~— pa2) — SiB(R1— p1) +jCiB(Ra+p2)
—JCiB(R. A1) +jCiB(Ry— uz) — jCiB(R1— 1) ]
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Cuv X= f (1222~ Y2 cos (w241 ?du; v=Ba  (55)
0

Suv X=f (1*4v*)"12 sin (1®4v*)Y2%u; v=Ba. (56)
0

The formulas for Cu(3), Sy(z), Es(z) will be the same as
(52), (53), and (54), except that b is substituted for a.
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Sa(z) =% cos Bz[SiB(Ra+ p2) +SiB(R1+ p1)
+SiB(Ry— p2) +SiB(R1— py) — 2SiB(Ro+2)
—28iB(Ro—2)+jCiB(Ry+uz) + jCIB(R1+ u1)
+jCiB(Ry— pz) +jCiB(R1— p1)
—j2CiB(Ro+2) ~ j2CiB(Ro~12) ]

—1 sin Bz[CiB(Ro+ pz) —CiB(R1+m1)
—CiB(Ry— pg) +CiB(Ry— p1) — 2CiB(Ro+2)
+2CiB(Ry—2) — jSiB(Ra+p2) +SiB(R1+ 1)
+jSiB(Ry—p2) — jSiB(R1~ p1)
+528iB(Ro+32) —j2SiB(Ro~2) ]

Eq(2) = Cuv Buz+ Cuv Bur—7 Suv Buz—j Suv Bu;

(53)

(54)

where the integrals Cuv X and Suv X are defined as fol-
lows:

ArPENDIX 11

Approximate formulas of Ca(2), Sa(2), and Ea(3) subjected
to the condition a®*<Kh*:

Cu(z)=—1 cos Bz[Ci2B8(h+2)+Ci28(h—2)
+jSi28(h+2)+jSi2B(h—2)]
+1 sin Bz[Si28(h+z) —Si28(h—3)
—jCi28(h+:2)+jCi28(h—1z)]

h+z h—z
' +sinh‘l ]

a a

(57)

+cos Bz Iisinh‘1

Sa(z) =1 cos Bz[Si2B(h+z)+SiB(h—2z)~— 25728z
—jCi28(h+2) — jCi2B(h—2)+25Ci2Bz]
+1 sin Bz[Ci2B(h+3) —Ci28(h—2z)—2Ci2Bz

(58)
+7Si28(i+2) — jSi2(h—z) — 2§Si2Bz]
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. . h . h—z
—sin Bz | sinh™! —sinh-!
a a
. 4
—2 sinh™! —]
a

E.(z) = —Cif(h+2)—Cif(h—z) —jSiB(h+1) — jSiB(h— 1)

h—
EET S
a a

h
+sinh-!?

(59)
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(2—%) sin g(h— l z )h—12|)+\plb— {Go(h) [FigstPrs)+Foi[Gin(h) +Qi(h) ) — Fo(h) [Gm.+Gn]—Go.[FxH(h)+Pl(h)]} l

April

reference 6, are related to the functions Fi(z) and G;(2)

defined in this paper by the following equations:
Fi(z) = (Yus — Q)Fus + F1u(2)
Gl(Z) = (‘I’ab e Qa)GO: +'G1H(Z).

It is to be noted that Fy(k) = Fiu(h), Gi(k) =Giu(k) as

F,. and G, are equal to zero when z=~h. By substituting

(60) and (61) into (12), one obtains the following equa-
tion for I,,, where only the first-order terms are retained:

(60)
(61)

Lu= ;;’,' . 62)
“ Folh) 3= [Fuh) +Pi(h) ]
For Z,, one obtains the following expression:
1
h Fiu(h)+ Py(h
iR cos +\I/ b[ (k) 4+ Py(h))
[ — " (63)

2n [2 9] g
Y o0 Yo

where Ci X is defined as

/1 — cos u
()
0 u

AprPENDIX III

1., and Z,, in (12) and (24), are expressed in terms of
Sfunctions previously defined.
The functions Fi5(2) and Gix(2), defined in footnote

{ [F12(0)+ P1(0)] sin Bk — [G1#(0)+Q1(0)] cos Bh+Grn(k)+Q1(h) }

where the following notations were used in the previous

papers:
Fin(h) = +jas!

Py(h)=CV+4jCi1!
F11(0) sin Bh—G1u(0) cos Bh+Gi(k) =B 4B
P,(0) sin BA—(Q1(0) cos ﬂh+Ql(h)=D1’+le”}
In case of antisymmetrically driven antennas, one

changes ¥q into ¥q and reverses all the signs of P and
Q functions in (62) and (63).

. (64)
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Fig. 19—Mutual impedance of two half-wave dipoles (comparison with Carter's computation).
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Correspondence

Continuous Tropospheric Soundings
by Radar*

The original tropospheric sounding ex-
periments, which were conducted on medi-
um frequencies (1.6 to 17.3 Mc.),'* from
1935 to 1940 produced positive results,
some of which were difficult to interpret in
terms of simple theory. Additional tests
were made on 2.398 Mc., during 1942, under
more nearly idealized conditions.

During 1946 and 1947, experiments were
conducted on 2800 Mc. (10.7-cm. wave-
length). The scattering of microwaves by
raindrops, snowflakes, and ice particles pro-
duced the well-known precipitate echoes. In
addition, when a sufficient concentration of
energy was employed, it was found possible
to monitor continuously the boundaries be-
tween air masses of differing dielectric prop-
erties. A modified microwave early-warning
(MEW) radar system of the AN/CPS-1
type was operated with a 2.0-microsecond
pulse, 6 X10% watts peak pulse power output
and a vertically beamed transmitting and
receiving antenna, which provided a power
gain (G:=G,) of 15,300 times with respect
to an isotopic radiator,

On many occasions the low-frequency
waves produced detectable reflections from
a complete boundary layer between air
masses. The microwave system, in contrast,
appeared to yield detectable reflections in
most cases from smaller mixing region
boundaries.

Theoretical treatments, which involve
solutions of wave equations with variable co-
efficients and of specialized integral equa-
tions, indicate the orders of magnitude
of detectable meteorological phenomena.
Particular attention has been given to the
frequencies 2.398, 110, and 2800 Mc.

The theory indicates that on 2.398 Mc.
most of the observed low-level echoes are
produced by normal and abnormal di-
electric-gradient effects. Like the observed
echo patterns, the mathematical analysis
yields wave-interference patterns which
have total time durations corresponding
to a continuous range of echoes from the
minimum observable range up to perhaps
two to eight kilometers, Theory and experi-
ment also indicate the detectability of echoes
from discrete boundaries wherein the dielec-
tric constant changes by a sufficient amount
within a transition layer, which is usually
less than one wavelength thick. In order to
comply with the theory, the boundary layer

* Received by the Institute, November 14, 1947,
An abbreviated version, *Meteorological soundings by
radar,” was presented, joint meeting of the American
Geophysical Union and the American Meteorological
Society, Cambridge, Mass., September 19, 1947. The
research reported in this document was made possible,
in large part, through support extended Cruft Labora-
tory, Harvard University, jointly by the Navy De-
partment, Office of Naval Research, and the Signal
%?[IP%) IU S. Army, under ONR Contract NS5Ori-

"1 R. C. Colwell and A. W. Friend, “The D-region

?;;gle ionosphere,” Nature, vol. 137, p. 782; May 9,
t A. W. Friend and R. C. Colwell, “The heights of
the reflecting regions in the troposphere,” Proc.
LR.E., vol. 27, pp. 626-634; October, 1939.

Y A. W, Friend, “Developments in meteorological
sounding by radio wave echoes,” Jour. Aeron. Sci.,
vol. 7, pp. 347-352; June, 1940.

¢A. W, Friend, “Further comparisons of mete-
orological sounding by radio waves with radiosonde
data,” Bull. Amer. Met. Soc.. vol. 22, pp. 59-61;
February, 1941,
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Fig. 1—RAOB and radio echo plots (June 23, 1942),

thicknesses must be less than those usually
measured by the present radiosonde equip-
ment, as reported via the coded teletype
RAOB transmissions. The coarseness of the
RAOB data and the present methods of
measurement and recording should probably
produce an effect of this nature.

Fig. 1 illustrates a comparison between
RAOB and radio echo data on 2.398
Mc., on June 23, 1942. The Coyle’s Field,
N. J., location was chosen for its absolute
freedom from medium-frequency “ground-
clutter” effects, and for its proximity (14
miles) to the Lakehurst radiosonde site.
The reflection pattern below 2.0 km. is
an excellent example of the confused effect
produced by the interference of the echo
waves reflected from the almost continuous
dielectric gradient (v) produced by the steep
lapse rate of the dielectric constant (¢,'). The
top of the lower layer of moist airis denoted
by the peak of dielectric gradient (y), com-
puted from the RAOB data, and likewise by
the radio echo, from about 2.5 km.

The work on continuous sounding with
2800 Mc. radar equipment began with ex-
plorations of the usefulness of the SCR-
584 system. It was found that, by modifica-
tion and careful adjustment, all echoes via
the antenna side-lobe radiation could be sup-
pressed, when the antenna was beamed
within several degrees of the vertical direc-
tion,

A recording camera of the type used for
ionosphere recording was fitted to the plan-
position-indicator (PPI) system. A repre-
sentative record of precipitate echoes is
shown in Fig. 2. A variable gain-sweep at-
tachment was used to operate the receiver at
a high gain leve! for 15 seconds, and with ex-
ponentially decreasing gain for alternate 15-
second intervals, This allowed the possibility
of distinguishing between echoes of dif-
fering signal strength. The freezing isotherm
was approximately traced by the top of the
dark line at about 12,000 feet. A very faint
echo from 25,000 to 30,000 feet was traced
as it extended from the top of the shower
clouds. These clouds were only faintly visible
to the eye by the grazing-incidence reflection
of the light of the setting sun. The moisture
which remained in the air at a low altitude

after the rainfall had ceased was recorded as
a dark band up to 8000 feet. Another faint
dark band, between 8000 and 16,000 feet,
appeared at about 1848 E.S.T. Clouds ap-
peared within this altitude range about forty
minutes later.

Upon certain occasions when the sky was
completely clear, numerous momentary
echoes were observed by means of the same
SCR-584 radar system. The AN/CPS-1 (or
MEW) system employed by the Air Forces
Watson Laboratory, Cambridge Field Sta-
tion, group at the Bedford, Mass., airfield
was found to show very large numbers ?f
spot or “dot” echoes apparently moving in
streamline fashion (with the wind) upon the
PPI indicator. These echoes seemed to ap-
pear in most instances on clear, warm days.
As many as perhaps 200,000 of these echoes
were sometimes noted within a 20-mile ra-
dius, according to Lawrence Mansur of
Watson Laboratories.

It seemed evident that these echoes were
the same as those observed at vertical inci-
dence with the SCR-584. A special verti-
cally beamed antenna was erected for use
with the modified AN/CPS-1 system. No
attempt was made to eliminate the side-lobe
echoes (from fixed objects) during these ex-
ploratory tests, Initial results indicate that
many quite interesting and useful record.s
may be derived from this radar when it is
used as a vertical-beam sounding system.

A record made on September 9, 1947,
with unlimited visibility and ceiling, and no
visible clouds, indicates a stratum of pro-
fuse dot echoes at about 4.755 km. (15,600
feet), above the trace produced by a side-
lobe echo (from a near-by hill), as shown in
Fig. 3. When the receiver gain was reduced,
it was apparent that most of the medium-
strength echoes were from a relatively lim-
ited range of altitude. Most of the echoes of
greater strength appeared to be from either
slightly higher or slightly lower levels. There
were also broken traces at 4.00 km. (13,120
feet), 3.27 km. (10,730 feet), and 1.10 km.
(3,609 feet). More diffuse and continuous
traces were recorded during the maximum-
gain period at levels of 6.08 km. (19,950
feet), 9.09 km. (29,820 feet), and 9.40 km.
(30,840 feet).
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Comparison with the radiosonde data of
Fig. 4 indicates that the main line of re-
corded dot echoes corresponded with the top
of a moist stratum of air. It may be possible
that the strongest dot echoes represent ma-
jor excursions of air across the boundary in-
terface to higher or lower levels. The main
line of dots may be produced by reflections
from portions of the more usual mixing sur-
face between the two masses of air. The
lower-level reflections are apparently from
lower-level mixing regions or from very thin
strata of dust or moisture particles, or mix-
tures thereof. The three higher, continuous
and slightly more diffuse, reflection regions
at 6.08, 9.08, and 9.40 km. (19,950, 29,820,
and 30,840 feet) appear to be from other thin
strata of scattering particles.

An earlier recording made on August 20,
1947, is shown in Fig. 5. Dot echoes from an
air-mass boundary are shown in contrast
with scattering echoes from stratus, alto-
stratus, and cirrus clouds.

Other records have indicated thunder-
head echoes from as high as 14.4 km. (47.250
feet). High, thin broken clouds at 7 to 10 km.
(22,970 to 32,810 feet) may produce quite
dense traces upon the record. Clouds which
are invisible, except for causing a slightly
hazy sky, may produce weak, solid, detect-
able echo traces. As many as six separate
layers of apparent alto-stratus have been re-
corded on a clear day when no distinct
clouds were visible to the eye. The sky
seemed to be slightly hazy.

It appears that thin, hazy, solid traces
denote strata of scattering particles of dust
or precipitate and that the dot echoes are
produced by correctly oriented surfaces of
dielectric transition, which may occur at
random within air-mass-boundary transition
layers. These two types of echoes are very
easily distinguished.

When precipitate falls through the freez-
ing-isotherm surface, the water produced
upon the melting surfaces of the large frozen
particles appears to produce a stronger re-
flection which causes a stronger trace to be
indicated just below that surface. Precipi-
tate, of particle sizes which approximate
those which normally fall toward the ground,
usually produces echoes which are very much
stronger than those from thin clouds at high
levels. A gain-sweep attachment has been
used to produce a record which contains
plots of echo amplitude versus height.

It is believed that the so-called dot
echoes add new and important information
to that already available from ordinary ra-
dar systems, A very high concentration of
energy in a vertical beam allows many im-
portant tropospheric strata to be recorded
as functions of time, The vertical beam im-
proves the contrast, and the photographic
recording process may decrease the mini-
mum detectable signal level by more than
10 decibels. Theory indicates that the modi-
fied AN/CPS-1 radar may be used with an
A-type indicator to detect a normally ori-
ented dielectric transition boundary layer
of 1-inch thickness at 9.8-km. range, when
the temperature changes by 0.3°C., and the
water vapor mixing ratio changes by 0.2
grams per kilogram, at 500 millibars total
pressure. If the layer intercepts a fraction
of the entire beam of radiation (0.8°X3.0°
for the AN/CPS-1), the range becomes less,
Photographic recording from an intensity-
modulated cathode-ray indicator, which
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Fig. 2—Light frontal shower with large raindrops, vertical beam radar sounding on

A=10cm. with variable gain sweep, modified SCR-584 radar.

July 31, 1947, Eastern Standard Time.
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Fig. 3—Vertical beam radar sounding on 2800 Mc. on a perfectly clear day, modified
AN/CPS-1 radar, Bedford Airfield, Mass., September 9, 1947, Eastern Standard
Time. Weather, cloudless, visibility and ceiling unlimited; surface wind, S.E. 5 m.p.h.

may have a long-time-constant
screen, may increase the detectability
by at least one order of magnitude.

It is possible that tracking of
dot echo patterns or the timing of
their movement and observation of
their directions of movement may
lead to new data concerning winds
aloft. The recording procedures
yield an immediately available
method for the continuous plotting
of air-mass boundaries and the
heights and magnitudes of various
strata and clouds aloft, during all
types of weather conditions. It is
believed that these data should
prove to be of considerable value to
aerologists, meteorologist, and air-
craft pilots. A more detailed account
of these theories and experiments is
now being prepared for publication.

These results stem from original
experiments begun at West Virginia
University in 1935 and continued
at Harvard University intermit-
tently since 1939,

The experiments of 1942 were ar-
ranged with J. A. Stratton under a
Radiation Laboratory contract at
the Massachusetts Institute of Tech-
nology in co-operation with Harvard
University. The more recent work
with microwaves has been done un-
der a contract by the Office of Naval
Research with Harvard University
and with the co-operation of the
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Cambridge Field Station of the Watson Labora-
tory of the Air Force. The author was also aided
by support provided by the Radio Corporation
of America. Attention is called to the independent
experiments conducted on 9000 Mc. at very
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short vertical ranges by H. T. Friis and
other staff members of the Bell Telephone
Laboratories, as reported in an earlier issue
of THE PROCEEDINGS OF THE I.R.E.}

It is regretted that these results could
not have been provided during the recent
war emergency. Numerous efforts were made
to continue the work, but the general idea
that these results were theoretically impossi-

8 H. T. Friis, *Radar reflections from the tower
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ble of attainment was predominant at that
time. It is sincerely hoped that it may be
possible to apply these developments in the
public interest in the very near future.

It was most gratifying to learn® after this
letter had been prepared, that personnel of
the Evans Signal Laboratories, Belmar,
N. J., have been observing the same type of
echo on frequencies nearly the same as those

¢ William B. Gould, “Radar reflections from the
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used by the Bell Telephone Laboratories, be-
cause a considerable effort has been ex-
pended since 1941 in attempting to interest
the Signal Corps in performing vertical-
beam tropospheric-sounding experiments. It
is hoped that, with the return to peacetime
conditions and the expansion of research in
the services, this work may be extended to
the applicational phase,
ALBERT W. FRIEND
Radio Corporation of America
RCA Laboratories Division

atmosphere,” Proc. L.R.E., vol. 35, pp. 494—495; lower atmosphere,” Proc. I.R.E., vol. 35, p. 1105; .

May, 1947, October, 1947. Princeton, N. J.
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E. H. B. Bartelink (A'29-M'37-SM'43)
was born at Zutphen, Netherlands, on June
13, 190