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For Maximum Stability ...

Permalloy Dust Toroids

The UTC type HQ permalloy dust toroids are ideal
for all audio, carrier and supersonic applications.
HQA coils have Q over 100 at 5,000 cycles . . . HQB
coils Q over 200 at 4,000 cycles . .. HQC coils Q over
200 at 30KC . .. HQD coils Q over 200 at 60 KC. The
toroid dust core provides very low hum pickup ...
excellent stability with voltage change . . . negligible
inductance change with temperature, etc. Precision
adjusted to 1% tolerance.

Inductance
Value

5 mhy.
mhy.
20 mhy.
30 mhy.
50 mhy,
80 mhy.
125 mhy.
200 mhy,
300 mhy.

12.5

mhy.

Type No.
HQA-1
HQA-2
HQA-3
HQA-4
HQA-5
HQA-6
HQA-7
HQA-8B
HQA-9
HQA-10
HQA-11
HQA-12
HQA-13
HQA-14
HQA-15
HQA-16
HQA-17
HQA-18
HQB-1
HQB-2

Net
Price

$7.00
7.00
7.50
7.50
8.00
8.00
9.00
9.00
10.00
10.00
10.00
11.00
11,00
13.00
14.00
15.00
16.00
17.00
16.00
16.00

Inductance
Value

70

Type Na.

120 mhy.

.5
1
2
3.5
7.5
12
18
25
1
2.5
S
10
20
4
1
2.5
S
15

HQB8-3
HQB-4
HQB-5
HQB-6
HQB8-7
HQB-8
HQB-9
HQB-10
HQB-11
HQB-12
HQC-1
HQC-2
HQC-3
HQC-4
HQC-5
HQD-1
HQD-2
HQD-3
HQD-4
HQD-5

Net
Price

$16.00
17.00
17.00
18.00
19.00
20.00
21.00
22.00
23.00
24.00
13.00
13.00
13.00
13.00
13.00
15.00
15.00
15.00
15.00
15.00

For Maximum Flexibility...
The VIC Variable Inductor

The set screw on VIC units permits positive adjust-
ment of inductance to plus 90% minus 50% from
rated value. Revolutionary approach for tuned audio
circuits. Q and L vs. screw adjustment for a typical

coil are illustrated.
Mean
Hys.
vICA1 .0085
ViC-2 013
VIC-3 .02}
ViC-4 .034
VIC-5 .053
VIC-6 .084
vIC-7 A3
ViC-8 2
vic-9 .34
Vic-10 .54

Type

List
Price

$11.00

11.00
11.00
11.00
11.00
11.00
14.00
14.00
14.00
14.00

Type

vIC-11
VIC-12
vIC-13
vIC-14
VIC-15
VIC-16
viC-17
vicC-18
VvIC-19
VvIC-20
vic-21

Mean
Hys.

.85

1.3
2.2
3.4
5.4
8.5
13
n
33
52
83

List
Price

$14.00

14.00
14.00
14.00
16.50
16.50
16.50
16.50
16.50
16.50
17.50

HQB
2%" L x "/.” W. x 2‘/:" H.

UNCASED TOROIDS
{Deduct $1.50
for uncased wunits)

"/.” s % ]‘/a" W. x ]‘/:" H.

Write for catalog PS-408




What we mean by...

RIGID QUALITY CONTROL

A DEFINITION OF SHERRON METHODS IN THE
BUILDING OF CUSTOM MADE ELECTRONICS PROJECTS

HERE IN THE SHERRON electronics laboratory we initiate our

design and development procedures. Every detail of a project’s
embryonic phase is explored by thoroughly seasoned physicists,
engineers and tachnicians. Here the pattern for the finished

product is accurately defined to assure trouble-free performance.

THE SHERR. N electro-mechanical laboratory serves in the fab-
rication of mechanical components for ... computers, vacuum
tube structures, mechanical equipment for electronoptics, spe-
cial precision wave guides, precision tuning units, precision
drive mechanisms, servo mechanisms. Staffed by graduate
mechanical engineers, equipped with the newest precision ma-
chines and tools, this laboratory is invaluable in closing up the

margin for error in the electronic equipment we manufacture.

SHERRON ELECTRONICS COMPA

Division of Sherron Metollic Corporation

RECENT SHERRON
PROJECTS INCLUDE

COMMUNICATIONS

Trans-Receivers for various
uses

Television — FM — AM —
Transmitters

Navigational Devices, includ-
ing Homing Equipment,
Radar, etc.

Micro-wave techniques and
Radio Relay Links

Ample Test Equipment to as-
sure successful operation of
above

ELECTRONIC CONTROL
EQUIPMENT FOR

Drone Aircraft Guided
Missiles

High Gain Amplifiers
Computers and Calculators
Servo Equipment

Velocity Propagation mea-
surement

Test Equipment including In-
strumentation for above

VACUUM TUBE CIRCUIT
DEVELOPMENT

New applications for existing
vacuum tubes
Precision test equipment for
vacuum tubes

CONTROL OF MEASURING
DEVICES

Flow indicators

Sorting, Counting
Measurement of chemical
titrations

Surface strains, stresses, efc.

INSTRUMENTATION

Bridge measurements

Null detectors

Yacuum tube voltmeter-
ammeters

Multi-wave shape generators

TELEVISION

Television Signal Synthesizer
Sync Generators
Monoscope

Shapers — Timers

Wide band oscilloscopes

Air monitors

Field intensity equipment
Television test equipment

1201 FLUSHING AVENUE o BROOKLYN 6, NEW YORK

Proceepings oF THE I.R.E., JTune, 1948, Vol. 36, No. 6. Published month!
79 Street, New York 21, N.Y. Price $2.25 per copy. Subscriptions: United 2
as second class matter, October 26, 1927, at the post office at Menasha, Wisconsin, under the act of
special rate of postage 1s provided for in the act of ebruary 28, 1925, embodied in Paragraph 4, Section 412, P.
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(A) IDEAL AMPLIFIER existing only in theory.
Output exactly duplicates input, except for
amplification.

DISTORTION
VOUTAGE STROOUCED
SIGUAL Y AN FRR

RS
7

Ut

.

(8) AMPLIFIER WITHOUT FEEDBACK. Signal
suffers distortion, shown as separate a-c
voltage accompanying output signal.

FEEDRACK QRN
Y

L. N

(C) AMPLIFIER WITH STABILIZED FEEDBACK.
Sample voltage, containing signal and dis-
tortion in same ratio as in output, is fed
back in opposing phase to input. Distor-
tion portion is amplified in opposition to
distortion arising in amplificr.

LXKE many other major advances in
electronics, the development of sta-
bilized (negative) feedback was a
direct outgrowth of telephone prog-
ress. To produce telephone repeaters
with the necessary gain stability and
low distortion, H. S. Black, of Bell
Telephone Laboratories, took a sample
voltage of the amplifier output and
fed it back into the amplifier in oppos-
ing phase. Before-and-after effects
are shown in simplified form in the
accompanying figures.

How Feedback Reduces Distortion
Signal portion of feedback subtracts
from input signal. (In practice, input
receives additional amplification to
maintain original output voltage.)
Distortion portion, encountering no
opposing voltage in input, is ampli-
fied in opposition to distortion volt-
age arising in amplifier. Hence distor-
tion voltage largely cancels itself out
— output corresponds closely to input.
Noise originating in the amplifier is
reduced in a similar way.

How Feedback Stabilizes Gain

The relations of input, output and gain can be shown as follows:

Voltage Gain Feedback Voltage Net Input Overall
without Feedback Total Input {nagative) {less feedback) Output Gain
1000 10.1 10 A 100 9.9
500 10.2 10 .2 100 9.8

As shown, the gain of the amplifier
stages incorporating feedback can
drop 50 percent, with a drop in over-
all gain of only 1 percent.

Hence gain remains virtually con-
stant, regardless of changes in power
supply or performance of components.

Users of all line and power amplifiers
and all AM transmitters designed by
Bell Laboratories and made by West-
ern Electric benefit by these outstand-
ing advantages of stabilized feedback:
greatly reduced distortion and noise,
virtually constant gain.

BELL TELEPHONE LABORATORIES

o)
World’s largest organization devoted exclusively to research

and development in all phases of electrical communications.




Wm.z stabilized feedback is now
accepted as an indispensable tech-
nique in the communications art, ac-
tual design of a stabilized-feedback
amplifier calls for painstaking mathe-
matical analysis and control of phase
and gain characteristics over a wide
frequency spectrum. Without such
control, feedback may introduce new
faults more objectionable than those
eliminated. The extensive experience
of Bell Laboratories engineers gives
to the users of Western Electric equip-
ment assurance that the outstanding
advantages of feedback will actually
be realized.

Assurance of Quality Performance

As used in all Western Electric Audio
Amplifiers (except one-tube pre-am-
plifiers) properly applied stabilized
feedback insures flatter gain-fre-
quency characteristic and automatic
suppression of noise and distortion
arising from sources within the ampli-
fier. In new loudspeaker amplifiers

(which include the output coil within
the feedback loop ), output impedance
is so low that matching to multiple
loudspeakers is as simple as adding
lamps to a lighting circuit.

Flat Frequency Response

Flat frequency response is maintained
in Western Electric AM Transmitters
by stabilized feedback actuated by the
final radio frequency output. Hence
attenuation of high modulating fre-
quencies is virtually eliminated. No
hum suppression circuits are needed,
because of reduction of noise and dis-
tortion from all sources, including
final amplifiers.

Stabilized feedback, correctly applied,
is just one of the factors in the out-
standing performance of Waestern
Electric Amplifiers and AM Transmit-
ters. For full information on all oper-
ating features, call your local Graybar
Broadcast Representative, or write
Graybar Electric Company, 420 Lex-
ington Avenue, New York 17, N. Y.

Wesrtern Eleciric

Manufacturing unit of the Bell System and the

nation’s largest producer of communications equipment.

Correctly applied

feedback gives you
these advantages

IN AMPLIFIERS

=

Feedback as you want it keeps gain
virtually constant in Western Elec-
tric Audio Amplifiers — cuts noise
and distortion down to a minimum.

IN AM TRANSMITTERS

Feedback designed by Bell Labora-
tories does away with need for
hum suppression circuits — main-
tains flat frequency response.

=QUALITY COUNTS -

DISTRIBUTORS: IN U. 3. A .~ Groybar
Elecrric Company. IN CANADA AND NEW-.
FOUNCLAND==Northerm Electric Co., L1d.
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FOR
TELEVISION, RADIO
AND OTHER
ELECTRONIC APPLICATIONS

LONG IS HALF AN INCH?

EL-MENCO’s answer is illustrated above — The CM1S5 is short on delivery time (unlimited
production) . . . short on limitations (tolerances: +

the new miniature CM15. That half inch of silver

mica capacitor is miles long on performance . . . age- 209, to 19,) . . . short on guess work (6-color coded

long on endurance . . . 2 to 500 mmf. long on range. to Joint Army-Navy Standard Specifications JAN-
C-5 for fixed mica dielectric capacitors).

The long and short of it is this: EL-MENCO’s new miniature
CM15 possesses the value inherent in all EL-MENCO products—

PERFORMANCE * ENDURANCE - RANGE - PRICE * DELIVERY

Werite, on firm lellerhead, for samples and catalog.
THE ELECTRO MOTIVE MFG. CO., Inc.

WILLIMANTIC, CONNECTICUT
JOBBERS AND DISTRIBUTORS

Foreign Rodio and Bectronic Mamufacturers
communicate direct with our Export Department ARCO ELECTRONICS
ot Willimantic, Conn,, for information, 135 Liberty St., New York, N. Y.
is Sole Agent for El-Menco Products in
E n E D o
MICA TRIMMER

MOLDED MICA
CAPACITORS

PROCEEDINGS OF THE L.R.E. June, 1948
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ISOLATION

o..from extraneous radio interference...
for test rooms in laboratory or factory

& ¥
. s

R

Curve A — Heovy-duty fillers; dotted line indicates attenvation beyend
range of ilabl ing '

Cvrve B— Moedivm-duty filters.

Installed where the electric power service passes
through the screen, these Filterettes provide high
attenuation from 150 ke to 400 me, thus permit-
ting operation of sensitive high-frequency test
apparatus in close proximity to electric production
equipment, welding generators, repulsion motors,
and high-frequency induction heating equipment.

e

Goreen Foothh Tl

These units employ non-inductive, mineral-oil
impregnated capacitors; the inductors, of large
cross-section, have low series resistance, lence
voltage drop is negligible. Overload ratings are:
1509, of ampere rating for one hour; 2009, of volt-
age rating for one minute. Since the filters have
no saturable characteristics, performance is uni-
form for all loads up to maximum ratings.

HEAVY OUTY FILTERS
Amperes Volts Volt. Drop Freq. Ronge Weight
. s P.E CIFICATIONS N‘I’:: ‘V:i’uA 100 o-sc‘/)g-c p.ozr Zmﬂ on'ulei;:y:::? 40 lbs.
Mechanical design and assembly conform to [Ns. 7v82-A 100 500 Zvolts | 01510400 | oo
practical electrical installation requirements. | Three Wire o-c/d-c | percircuit | megacycles -
Outer housings are of welded steel; knockouts MEOIUM DUTY FILTERS (Two Wire)
. 110/220 o-c| .5 voits 0.15 10 20
at each end accommodate electrical con- | Ne.1137 [ 20 500dc | percircuit | megocycles | }7 't
duits: heavy, threaded studs facilitate at- No. 1116 | so0 [119/220 a<c| .5 vomms 0151020 | o
tachment of cable lugs. - SOOI I [esutck et | Bms G0y ss ~

TOBE DEUTSCHMANN Corporation [LLLLLTIT MASSACHUSETTS

PROCEEDINGS OF THE L.R.E.

June, 1948



A GREAT

NEW

OSCILLATOR

FOR THE LOW-FREQUENCY FIELD

Now, far the first time in history,
you can make low frequency measure-
ments with all the precision and sta-
bility associated with audio frequency
work. This great new -hp- oscillator
blankets the low-frequency spectrum
from % to 1000 cps. Throughout this
range it provides better wave form,
higher stability and greater measur-
ing accuracy than any comparable in-

SPECIFICATIONS
FREQUENCY RANGE: !/; cps to 1000 cps In
4 ranges
Range Frequency
A Y2-1cps
X1 1-10cps
Xlo 10 - 100 cps
X100 100 - 1000 cps

FREQUENCY DIAL: &' diameter. Reads di-
rectly in cps for two lower ranges. Dial Is
back of panel, illuminated, and is con-
trolled by direct drive as well as a 6 to
| vernier.

ACCURACY OF CALIBRATIONS: +2%

FREQUENCY STABILITY: +5% under normal
temperature conditions (including warm-
up drift). Less than 1% for power volt.
age changes of +10%.

OUTPUT: 10 volts into a 1000 ohm resistive
load over the entire frequency range. In-
ternal impedance approximately 25 ohms
at 10 cps.

FREQUENCY RESPONSE: +| db 10-1000 cps
+2 db 1-1000 cps

DISTORTION: Less than 1%, total distortion
| cps to 1000 cps.

HUM VOLTAGE: Laess than 0.1% of rated out-
put voltage.

PROCEEDINGS OF THE LR.E,

June, 1948

strument ever manufactured for in-
dustrial, field or laboratory use.

Compact, sturdy, easy-to-operate,
this-hp-202B spans the low-frequency
band in 4 ranges. Frequency is read on
a large, illuminated dial, which is con-
trolled by a direct or a 6 to 1 vernier
drive. Frequency stability is within
+5%, including initial warm-up
drift. Output is 10 volts maximum
into a 1000 ohm resistive load.

The rugged practicality, low cost
and unusual versatility of this brand
new -bp- oscillator make it an essen-
tial instrument for any operation in-
volving low frequency work. The -hp-
202B is ready for early shipment.
Write or wire for full information.

HEWLETT-PACKARD COMPANY

1470D Page Mill Road « Polo Alto, Colifornia

Noise and Distortion Analyzers
Avudio Frequency Oscillators
Amplifiers Pawer Supplies

Square Wave Generators

This -hp- 202B gives
maximum speed and
accuracy for these
important tests

Vibration or stability
characteristics of
mechanical systems

Electrical simulation of
mechanical phenomena

Electro-cardiograph and
electro-encephalograph
performance

Vibration checks of aircraft
structural components

Checking geophysical
prospecting equipment

Response of
seismographs

Wave Analyzers
Audio Signal Generators
UHF Signal Generators
Frequency Standards

1470

Frequency Meters
VYacuum Tube Voltmeters
Attenuators
Electronic Tachometers

A



RUGGED

AS A SKYSCRAPER

Mallory Magnesium-Copper Sulfide Rectifier

Solid, compact, built of metal throughout, the Mallory Magnesium-
Copper Sulfide Rectifier is practically immune to damage or abuse.
Even if you accidentally injure one of the radiating plates, the cfliciency
of therectifier is not affected. That’s because all the vital rectifying material
is inside the rectifier—the outside fins are for heat dissipation only.
Then, too, the Mallory Magnesium-Copper Sulfide Rectifier contains no
liquids, bulbs or moving parts. There’s nothing to give trouble or wear
out quickly. Moreover, the rectifier is built to withstand tremendous
current overloads and voltage surges.

No wonder the MCSR outsells all other dry disc types for low voliage,
medium and high current applications! No wonder engineers every-
where say that

MCSR’s ARE THE WORLD’S TOUGHEST RECTIFIERS

CHECK THESE FEATURES
‘} Proved long life

Unaffected by high tem-
peralures

Withstands abuse and acci-
dental short circuits

Self-healing rectifying
junctions

Constant ontput over many
years

Resists harmful aumospheric
conditions

Rugged, all-metal construction

No bulbs, no brushes, no
sparking contacts

P.R. MALLORY & CO. Inc. MAGNESIUM-COPPER
MA YSULHDE RECTIFIER STACKS
lLOR AND POWER SUPPLIES
RECTOPLATER* SUPPLIES —RECTOTRUCK CHARGERS —

RECTOSTARTER* AIRCRAFT POWER SUPPLIES—
RECTOPOWER* SUPPLIES — AUTOMOTIVE BATTERY CHARGERS

*Reg. U. S. Pat. OF.

? P P P P P P P

Millions in use

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

PROCEEDINGS OF THE I.R.E. June, 1948
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GL-9C24 V-h-f Triode

© POWER TO SPARE...two tubes
2'/ynder wraps’’ will put out
more than 10 kw in FM — more
than 5 kw in television.

©® FREQUENCY UP TO 220 MC at
max plate input.

® All the electrical characteristics
of ULTRA-MODERN H-F TUBE
DESIGN.

® Sturdy and COMPACT for close
side-hy-side tube mounting.

® G-E RING SEAL construction
gives generous terminal-contact

aredas.

Tam——
RATINGS
Filament voitage 63 v
Filament current 240 amp

Grid-plate transconductance 11,000 micromhos
Interelectrode capacitances:
Grid-filament
Grid-plate
Plate-filament
Type of cooling water and forced air
Plate ratings per tube, Class B r-f power ampli-
fier (video service, synchronizing peak conditions):

24 micromicrofarads
15.7 micromicrofarads

Max voltage 5,000 v

Max current 2 amp

Max input 10 kw

Max dissipation 5 kw
* Useful power output, typical

operation {at 4,000 v and 1.7

amp, band width 5 mc) 3.4 kw

Plate ratings per tube, Class C r-f power am-
plifier (key-down conditions without modulation):

Max voltage 6,500 v
Max current 2 amp
Max input 12 kw
Max dissipation 5 kw

® Useful power output, typical
operation {at 6,000 v and 1.3
amp) 6.4 kw
*includes power transferred from driver to out-
put of grounded-grid amplifier.

PROCEEDINGS OF THE I.R.E.

0.5 micromicrofarads’

June, 1948

Tomnr’s better pictures, in many
cases, owe a debt for sharpness
and quality to the superior signal
put on the air by General Electric’s
great power triode, GL-9C24. New-
est transmitters with finer video per-
formance, use GL-9C24’s in push-
pull for final output over both low
and high-band channels.

In FM work, too, this tube has
set noteworthy standards. With rat-
ings in frequency and power thatare
ideal for the job—plus a wholly new
design concept which outmodes
earlier v-h-f types—the GL-9C24 is
an example of detailed planning
for efficiency.

When applied in a properly de-
signed grounded-grid amplifier cir-
cuit, no neutralization is necessary.
Lead inductance is extremely low.

External metal parts are silver-
plated, to cut r-f losses and provide
better electrical contact surfaces.
Fernico metal-to-glass seals are used
throughout . . . this tube is long-
lived, sturdy!

If you build transmitters and wish
to benefit from the proved brilliant
performance of Type GL-9C24, your
nearby G-E electronics office gladly
will give you further details.

If you are a station operator or en-
gineer, needing replacement tubes
of any type—FM, television, or AM
—see your local General Electric
tube distributor or dealer for alert
service! Besides showing the way in
tube design, G.E. gets tubes to you
fastest when you need them. Elec-
tronics Department, General Electric
Company, Schenectady 5, N. Y,

GENERAL {3 ELECTRIC

FIRST AND GREATEST NAME

181-G4:8030

IN ELECTRONICS
9a



As electrical constituents go, permanent magnets are rela-
tively new. They made tremendous advances within the past
decade, especially in the communications and aviation
industries, and in the general fields of instruments, controls,
meters and mechanical holding devices.

Many of these uses were problems that just couldn’t be
solved until permanent magnet materials were developed to
do the job—a work of pioneering to which Arnold con-
tributed 2 heavy share. Many other applications were those
where permanent magnets supplanted older materials
because of their inherent ability to save weight, size and
production time, as well as greatly improve the performance
of the equipment.

To these advantages, Arnold Permanent Magnets add
another very important value—standards of quality and
uniformity that are unmatched within the industry. Arnold
Products are 1009, quality-controlled at every step of manu-
facture. What's more, they’re available in all Alnico grades
and other types of magnetic materials, in cast or sintered
forms, and in any shape, size or degree of finish you need.
® Let’s get our engineers together on your magnet applica-
tions or problems.

THE ARNOL]) ENGINEERING CO.
uvbsidiary of
[Z\\_J“L ALLEGHENY I.UDLSI:M STEEL CORPORATION

4,.;9 147 East Ontario Street, Chicago 11, lllinois
Specialists and Leaders in the Design,Engineering and Manufacture of PERMANENT MAGNETS

REE AR R R 5%

PROCEEDINGS OF THE I.R.E. June, 1948
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4 1YPE FREQUENCY METER
(a x %" waveguide)
pigh 0 canity, precise and
pumanen\ calipration;
mode suppuss'mn

Extraneous
@ These non sealed frequency meters will
soon be Y ment a new line ©
\\ermeuca\ly sealed, t€ upevature compen”
sated unité covering he frequenty range
from 500 te 40.000 \uegacyc\es per second
y slandnrized sig:

Also available: frequent
nal sources.

1Ypg A0V —
BIRECTIONAL COUPLER

(V4" x 3" wave uide)
4 (] g

High directivity
Minimum {requency censitivity;
Broadhand operation
o This unit s repr ive of a grouP
of n\ono-d'\rec\ional broadband couplers
covering in four waveguide sizes the fre-
quency 2 ge from 4000 to 10,000 1wesa

cycles per second.

The i
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of the conl lscmed above are re
microwav iplete PRD line of presentative
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PRECISION
1180 SECTION
» 1.D)

Tyee 21
WAYEGUIOE SLo

(04207 % 0.1

Broadband operation; rystal and
nolometet detection; Ball bearing
carriage support

\d Probes

e Similar Slotted Sections 8!
n standard rectangular waveguide and
ible precise

nake poss!
yents over the micro-

e measuren
1000 to 40,000 megd:

TYpE 302
SLIOE SCREW TUNER

¢
/, v v (14" X S wavegu'ule\

Wide 1ange impedance matehing.
Simptified rapid ad]us\mznl:
Broadband operation

1 stand-

o Also available® similar units i
ard waveguide sizes. xed and tunable
younts, dielectri€

TYPE 169 - CALIBRATED
YARIABLE H“N\!HW
waveguide)

Mela\\ind-z\zss attenuating ele-
ment, precise and permmnl (313
ibration; Negligible insertion loss

nations are a

ion lines.

Fixed pads and termi
Lransmissio

for s\andard coaxial

& DEVELOPMENT CO RESEARCH
MPA 66
c
NY, Inc. OURT ST, BROOKLYN 2, N
’ ,Y.
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A QUIET REVOLUTION IN CAPACITOR DESIGN

ACTUAL SIZE
ILLUSTRATION
TYPE 65P

ES

THE SMALL
TUBULAR EVER MA
FACTURED!

4 -
and rated upP to 125 C

MINERAL-

FILLED MOLDING rJ\A'
TERIAL! . - - Provu.!es
unequulled protection

moisture absorp-
qgumsi Yz condi-

un
tion even 50
tions of extreme humidity

PRODUCT NOW

VEN
A PR PRODUCTION!

IN MASS P

Seven Physleal Sizes
Color-Coded and Available in 20%, 10% ond 5% Decade Volues
TABLE OF MAXIMUM NOMINAL CAPACITIES

100V @ | 200V @ | 400V @ | 600V @
Mold Size 125° C. 850 C.+ 85° C. 850 C.

4757 D, x 1-1/16” 5 .01 a .0022
65 P {

" D. x 1-1/16” § .015 4 .0033
*D. x 1-1/16" 5 .033 s .0068

7 D. x 1-1/16" ; . ; —

D

D

4 D
757 D0 x Ve . . d .001
75 P b * D. F3 5 3 s .0015
D .0033

*® glternate rating 150V @ 125° C,

NEW SPRAGUE MOLDED PROKARS

. . . dependable capacitors for sub-miniature assemblies

SUB-MINIATURE PAPER CAPA- These new molded Prokars were designed specifically to

CITORS IN METAL CANS WITH satisfy stringent military requirements. Types G5P & 75P

HERMETIC, GLASS-TO-METAL SEAL are now in mass production and are available in a wide

-~ range of capacities— from .00047 mfd. to .15 mfd!
for the most severe applications Though higher in price than standard units, they easily
®

justify the term “premium” in performance. Rated for
Yes, this little can houses 2 high quality hermeti- __&eno o C g

cally scaled Paper Capacitor! Raced ac 100 volu, 50° C to 125° C operation, these small but rugged
) H 3 1 .5 . i o . . . . .
s Prescatly BaAE MarfectGrld . quantien units are ideally suited for any electrical or electronic
variations of this sub-miniature type can be made . . . . o 0

(0 your specifications. Write for complete informa- application in which size, temperature, humidity and
tion about this and even smaller hermetically sealed

units now in production as shown below, physical stress are dominant considerations.

Write for Engineering Bulletin No. 205 A e i

SPRAGUE ELECTRIC COMPANY,
o NORTH ADAMS, MASS.

EI.ECTRIC A N ELECTRONIC PROGRESS

\\,

E E R S O F
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TEN YEARS OF LEADERSHIP

Ten years ago the first AUDIODISC wes manufactured . . . manufactured
by a patented precision-machine process, which produced the finest recording
disc known. :

During this decade AUDIODISCS have been ratad first in every field of
sound recording . . . radio broadeasting, commercial recording studios,
the phonograph record industry, motion picture studios. educational institu-
tions, home recording, research laboratories and governmental agencies.
In every country throughout the world, AUDIODISCS are regarded as the
true standard of recording quality.

At first the output of AUDIODISCS was measured in tens of ‘housands,
then ir hundreds of thousands and later in millions per year. Today this
highest rate of production is being maintained and the quality is the finest yet
achieved.

AUDIO DEVICES, INC., 444 Madison Avenuve, New York 22, N.Y.

Export Diepartment: Rocke International Corp., 13 E. 40th Sereet, New York 16, N. Y.
Audiodiscs are riauujactured in the U.S.A, under exclusive license from PYRAL, S.A.R.L., Paris

PROCEEDINGS OF THE LR.E Juae, 1948

¢

13a



SYLVANIA
RESEARCH NEWS

JUNE Prepared by SYLVANIA ELECTRIC PRODUCTS INC., Bayside, L. 1. 1948

RIGID PRE-TESTING ASSURES FINE QUALITY OF
TUNGSTEN WIRE USED IN SYLVANIA RADIO TUBES

Developed in the Metallurgical
Research Laboratories of Syl-
vania Electric, the fissure tester
shown quickly reveals possible
flaws in the fine tungsten wire
used for filamentary material.
Tungsten wire that passes the
scrutiny of the fissure tester
and of other rigid studies made
in the Laboratories is free from
such flaws which, though diffi-
cult to detect by ordinary meth-
ods, could cause premature
tube failure. Testing standards
like this assure the perform-
ance standards of Sylvania
Radio Tubes. Sylvania Electric
Products Inc., 500 Fifth Ave.,
New York 18, N. Y.

SYLVANIAN ELECTRIC

MAKERS OF RADIO TUBES; CATHODE RAY TUBES; ELECTRONIC DEVICES; FLUORESCENT LAMPS, FIXTURES, WIRING DEVICES; ELECTRIC LIGHT BULBS

14a PROCEEDINGS OF THE LR.E. Jane, 1948
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CO\)MPONEN'I'S

pecily ,
fov PRECISION. ..

Precision standards are
y set in the laboratory.
/

@ Accurate performance of your product is limited
/by the precision of its component parts. It is only
through selection of precision components that supe-
rior performance can be assured. Hi1-Q Ceramic Capac-
itors, for example, can be held to a minimum tolerance
of .25 MMF. Constant surveillance throughout every
stage of manufacture ... from raw materiaf to finished
product . . . is responsible for this uniformly high
quality of all Hi-Q components. Specify Hi-Q compo-
nents . . . your assurance of precision performance.

-
/

FRANKLINVILLE, N. Y,

Planis: FRANKLINVILLE, N. Y. —JESSOP, PA,
Sales Offices: BOSTON, NEW YORK, PHILADELPHIA, DETROIT, CHICAGO, LOS ANGELES
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HERE ARE GOOD REASONS WHY YOWHOU[D
BUY EIMAC TETRODES

CONSIDER THESE FACTORS . . . contributing to
better tetrode performance . . . they are the result
of extensive research plus the ultimate in vacuum
tube “"know-how’’ and they are your assurance of a
tetrode tops in performance, mechanically and
electrically rugged, stable in operation and with
long life.

BEAM POWER . . . controlled
by electron optics, and
the placement of grids
and plate alone. Elec-
trons are emitted from
the entire length of the
filament and are actually
channeled between the
grid and screen bars. Careful engineering
lowers internal feedback capacitances and
increases screen-grid effectiveness.

SYMMETRY OF DESIGN . . . enables manufac-
ture of a mechanically rugged tetrode, with
self_supporting internal elements. Gassy,
inactive, internal insulators, shields and in-
effective portions of the elements are
eliminated.

Follow the Leaders to °

.A"

*Trademarks req. US Patent Office.

The Power for R-F

16A

PYROVAC® PLATES . . . are incorporated in all
radiation cooled Eimac tetrodes. This new
material contributes a mechanically rugged
plate structure, high resistance to over-
loads, and exceptionally long life. The use
of Pyrovac also enables the elimination of
"getters’’ likely to form troublesome con-
ductive deposits on the inner surfaces of
the glass envelope.

PROCESSED GRIDS . . . by an exclusive Eimac
technique . . . possess a high degree of sta-
bility and desirable non-emitting character-
istics that contributes to over-all circuit
stability.

INPUT-OUTPUT SHIELDING .. PiIE
plus inherent operational
stability enables simplifi-
cation of the associated
circuits. Effectiveness of
the shielding is so com-
plete that mounting pro-
cedures require only that el
the bottom of the base shell be flush with
the top of the deck and grounded.

Further comprehensive data on Eimac tetrodes or
other Eimac vacuum tubes is yours, by writing
direct.

EITEL-McCULLOUGH, INC.

196 San Mateo Avenue, San Bruno, California
EXPORT AGENTS: Frazar & Hansen—30! Clay St.—San Francisco, Calif.

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



American lava preduction
ranges from production of
“impossible’ highly com-
plex shapes with very spe-
cial physical characteristics
to mass production of sim
ple shapes at lowest cos*.

YOU GAIN
by Our
Experience

@ In its 47th year of specialization in custom made technical ceramics,
PROPERTY CHART giving the

physical characteristics of the

American Lava Corporation offers you a combination of research, tech-

nical skill, practical experience and economical manufacture which is

j more frequently used Alsimag
not available from any other source . . . Whatever your problem, If il 3 . e
Technical Ceramic Compositions

involves technical ceramics, this is your best source of information and g
sent without cost on your request.

your best source of supply. Your inquiry will have prompt attention.

4 7 T H Y- AE8 A 'R O F GRNEF REVAC Ml G E A D E R S !

(IELEID A MERICAN LAVA CORPORATION

CHATTANOOGA 5, TENNESSEE

SALES OFFICES : 5T. LOUIS, MO., 1123 Washington Ave., Tel: Garfleld 4959 o CAMBRIDGE, ¥ASS., 38.8 Braftle St., Tel: Kirkland 4498 o PHILADELPHIA. PENNA. 1649 N Broad St., Tel: Stevenson 4.2823
NEWARK, N_J.. 671 Broad St., Tel: Michell 2-8159 » CHICAGO, 9 S. Clinton St., Tel: Centrat 1721 o SAN FRANCISCO, 163 2nd. St., Twl. Douglas 2464 ¢ LOS ANGELES, 324 W. San Pedro St.. Tel: Mutual 9076



P

?’" 15-WATT
Length 3/8 in. Diam. 9/64 in.
1-WATT
y Length 9/16 in. Diam. 7/32 in.
| —

2-WATT
Length 11/16 in. Diam 5/16 in,

|

Length of all leads—1 1/2 inches

18a

ALLEN-BRADLEY
FIXED RESISTORS

Bradleyunit solid-molded, fixed
resistors are not rated on the basis
of the conventional 40C ambient
temperature . . . instead, they are
rated at 70C ambient temperature.
They will operate at full rating for
1000 hours in an ambient tempera-
ture of 70C with a resistance change
of less than 5 per cent.

The %-watt and 2-watt sizes are
available in standard R.M.A. values
from 10 ohms to 22 megohms. The
1-watt size from 2.7 ohms to 22
megohms.

Such "extra” performance guar-
antees dependability for your elec-
tronic equipment.

ALLEK-BR

FIXED & ADJUSTABLE RAD

The Type J Bradleyometer can be built to produce any
resistance-rotation curve because, during manufacture, the
solid-molded, ring-type resistor can be varied in resistance
throughout the circumference of the ring.

It is not a film- or paint-type resistor, The resistor unit is
molded as a one-piece ring with terminals, face plate, and
threaded bushing imbedded in the molded piece. After
molding, the resistor material is no longer affected by
heat, cold, moisture, or age. The contact brush actually
improves with age.

In the Type JW Bradleyometer a resilient, watertight
packing is placed around the shaft to exclude moisture.

Type J Bradleyometers can be supplied in single-,
dual-, or triple-unit construction for rheostat or potenti-
ometer applications. A built-in line switch is an optional
feature on single and dual models. Specifications sent
upon application.

Allen-Bradley Co., 114 W. Greenfield Avenue
Milwaukee 4, Wisconsin

e NS
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How Sentinel Radio uses
two “P. E. C.” units to save space
and simplify production of
table-model radios!

Look closely and you'll sce where Sentinel engineers have ap-
plied Centralab's ‘‘Couplate’ and “Filpec” in this special small
receiver circuit. Result: important savings in production and space,

Chassis courtesy of Sentinel Radio Corp., Evanston, Ill.

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

Y ES, here is a typical illustration of how Centralab’s “Printed
Electronic Circuits, have simplified wiring and assembly by 1)
ACTUAL reducing number of components required and 2) by reducing number
SIZE of leads to be soldered! That's why Sentinel Radio Corp., Evanston,
111, has adopted CRL’s Couplate (printed interstage coupling plate)

and CRL's Filpec (printed electronic circuit filter) — and that’s why
you'll want to see and test these exciting new electronic developments.

's‘l’s‘:gn iiek;olol::; n']‘l‘éft’:a;n‘é‘d“,‘l‘g:‘a":;n W{i‘:;vﬁn’l:s Integral Ceramic Construction: Each Printed Electronic Circuit is
provided with special phenolic coating. 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.

Made with high dielectric Ceramic-X, both
Couplate (above) and Filpec (below) assure

For complete information about Filpec and Couplate as well as
other CRL Printed Electronic Circuits, see your nearest Centralab
Representative, or write direct.

- Centgalab--

Division of GLOBE-UNION INC., Milwaukee

PROCEEDINGS OF THE I.R.E. June, 1948 19a




(Advertisement)

Loborotory set-up for meosuring tone of chime tubes. Lissojous figure on screen of cothode roy oscillo-
scope is being used to determine the frequency {cycles per second) of the chime's fundomentol note.

T 7.

BECAUSE of the importance of the
market for brass tube used in door
chimes,Reveresometimeagoembarked
upon a complete scientific study of the
musical qualities of such tube, to deter-
mine the factots responsible for pleas-
ing tone. Here is a brief report of the
work, which offers an example of the
thoroughness with which Revere at-
tacks problems concerning the appli-
cation of its mill products.

The first step was purely experi-
mental. We proceeded by ear. Over 100
samples of tubes in various alloys,
tempers and gauges were hung up,
scruck, listened to, and preferences
obtained from many people. These
tests indicated not only what was the
best alloy, but also what were the
proper temper and wall thickness

20a

requirements to produce the most
acceptable and desirable tone. But
Revere did not stop there. It was desir-
able to know what made that tone
preferable, what were the factors that
influenced it, and how they could be
controlled. It was felt that only with
such complete information in hand
could Revere be in position to control
chime tube quality accurately, and fill
customers’ orders reliably with a stand-
ard product.

The project then was turned over to
a laboratory physicist who is also a
talented musician. Here began the most
ambitious and lengthy and scientific
part of the work, employing the most
modern electronic apparatus, including
a beat-frequency oscillator and a
cathode ray oscilloscope. These made

PROCEEDINGS OF THE I.R.E.

it possible to dissect the tone produced,
measuring the frequency and intensity
of the fundamental note and its partials
with an accuracy of one cycle per
second. Much new information was
uncovered. For example, the strike tone
so clearly heard when the chime is
struck does not actually exist in the
tube, but is a difference tone between
the 1st and 3rd partials. Hence, for
good tone, those partials must be
equal in intensity and duration.

It requires seven closely-typed pages
just to sum up the work in general
terms; the laboratory records fill a
large volume. The net of it is that
Revere really knows about all there is
to know about chime tube, scientifi-
cally, musically, physically, and, of
course, how to produce it. If you need
such tube, come to Revere.

Perhaps you use brass tube not for
its sound, but for tts corrosion resist-
ance, strength, machinability, the polish
it takes, the ease with which it can be
bent, soldered, brazed, plated. Revere
also knows how to control the factors
influencing such applications, so come
to Revere for brass tube for any pur-
pose.

Revere also makes other types of
tube, including copper water tube,
condenser tube in such alloys as
Admiralty, Muntz, cupro-nickel, tube
in aluminum and magnesium alloys,
lockseam tube in copper alloys and
steel, and electric welded steel tube.
Many of these can be had not only
round, but also square, rectangular,
oval, and in various flutings and special
shapes. The Revere tube line therefore
is complete, and awaits your orders.

The Technical Advisory Service will
gladly collaborate with you in such
matters as selection of alloys, tempers
and gauges, and in fabrication pro-
cesses.

REVERE

COPPER AND BRASS INCORPORATED
Founded by Paul Revere in 1801

230 Park Avenue, New York 17, New York

Mills: Baltimore, Md.; Chicago, lll.; Detroit, Mich.;
New Bedford, Mass.; Rome, N. Y. — Sales Offices in
Principal Cities, Distributors Everywhere.

June, 1948



In several sizes. This size
112" long by %" diameter.

| S Pfe;m//)fy

® Aerovox proudly presents a basic-
ally new capacitor designed and pro-
duced to meet today’s more critical
requirements.

Duranite capacitors are not to be
confused with conventional molded
tubulars encased in usual materials.
Duranite capacitors are entirely new—

Aerolene, the new impregnant: the new
processing methods: the new Duranite
casing—all adding up to an entirely new
concept in the capacitor art.

Note some of Duranite’s extraordi-
nary features herewith presented!
Make comparative tests! You be the
judge!

® Literature on request. Samples available to manufacturers. Let us quote on your needs.

TYPICAL DURANITE FEATURES ...
® Toughest capacitors ever offered. critical
manufacturers and users of radio-electronic
equipment,

® Positive insurance against troublesome
and costly failures in the field.

® Permanent, non-varying, rock-hard cas-
ing. Smooth, clean surface. Drop them: bang
them; scratch them—no damage.

® Pigtail leads firmly imbedded. Won't pull
out or work loose. Wire breaks before it can

EROVOX

capacitors

PROCEEDINGS OF THE IL.R.E.

June, 1948

be loosened.

® Really moisture-proof. Thoroughly and
permanently sealed.

® Withstand high operating temperatures—
no wax ends to melt. Operation from sub-
zero to over 212° F. without damage.

® Temperature coefficient of capacitance
comparable to wax and oil capacitors.

@ Aerolene impregnant eliminales necessity
of stocking and using both wax and oil ca-
pacitors. One impregnant does work of both.

Results in lower inventories and manufac-
turing costs.

® No deterioration in stock. May be stored
in advance of actual use with corresponding
economy and convenience.

® Duranite does not dry out. Does not de-
velop cracks or fissures. Stays tightly sealed.
® Smaller dimensions than usual paper tu.
bulars.

® Standard marking; color-coding - capaci-
tance, tolerance, voltage.

FOR RADIO-ELECTRONIC AND
INDUSTRIAL APPLICATIONS

AEROVOX CORPORATION, NEW BEDFORO, MASS., U.S.A.
SALES OFFICES IN ALL PRINCIPAL CiTiES o Export: 13 E. 40th ST., NEW YORK 16, N. Y,

Cable: ‘ARLAB' o In Canada: AEROVOX CANADA LTD., HamILTON, ONT,



(and how to avoid it)

0 GET negligible temperature drift in your I-F trans-

formers, the electrical characteristics of the cores
have to be virtually constant throughout the entire
use-range of temperature.

But a core can be no more constant—can have no
greater temperature stability—than the powder it’s made

of. That’s why it’s important to have cores made of
G. A. & F. Carbonyl Iron Powders.

These powders, made by G. A. & F.’s exclusive, pat-
ented carbonyl process, have a unique degree of tem-
perature stability, and in direct comparison tests proved
themselves superior to all other magnetic powders.

G. A. & F. Carbonyl lron Powders
for high frequency cores offer these advantages
to the electronics Iindustry:

1. When used at radio frequency, G. A. & F. Carbonyl

PERMEABILITY CHANGE DUE TO TEMPERATURE

(For uncompensated toroid of G. A, & F. Carbonyl Iron Powders)

+1.0
0=
e T —]
-.\\.'\‘.\\4
-1.0
30 50 10 90 110 130 F

(NOTE: Applicable to grades E, TH, and SF)
22a

Iron Powders are generally superior in coefficients of
eddy current loss and residual loss. These low losses
usually make for high Q.

2. G. A. & F. Carbonyl Iron Powders are also superior
in coefficients of magnetic and temperature stability.
3. In comparison with air-cored coils, G. A. & F. Car-
bonyl Iron Powder-cored coils permit considerable
savings in volume, weight, and wire-length, along with
great increases in inductance and Q.

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

Carbonyl Iron Powders. Or write direct to: Antara Prod-
ucts, 444 Madison Avenue, New York 22, N. Y. Dept. 63.

r---------_----—-----—ﬂ
| These unique properties tell why :
: G.A.&F. Carbonyl Iron Powders are superior: I
l PROPERTY ADVANTAGE I
l Spherical structure Facilitates insulation and l
compacting
| Concentric shell structure Low eddy current losses l
1 (some types only) l
l High iron content Exceptional permeability and
compressibility l
l Absence of non-ferrous metals Absence of corresponding l
l disturbing influences l
Relative absenceof internal streax: Low hysteresis loss
l regular crystal structure l
l Spheres of small size Low eddy current losses: usable l
for high frequencies
l Variations of sphere size Extremely close packing '
L---------------------J

G.A.&F. CARBONYL
IRON POWDERS

An Antara® Product of General Aniline & Film Corporation
PROCEEDINGS OF THE [.R.E.
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the CONTROLLER answers
typical regulation problems

Q- An AC requirement. Can you stabilize
the output of a fransformer?

ANSWER

TRANSFORME R
PRIMARY LEADS &
H

LOAD

CONTROLLER

INCOMING LINE

Q- Can you selectively regulate a number
of DC voitages and currents?

ANSWER |
£ -‘.Q: J

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

ANSWER

RECTIFIER CIRCUIT

@)

= LINE CONTROLLER -~
" O

4, i

e ——— -
GENERATOR
ourpur

i3

et
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—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 AC output of the CONTROL-
LER will swing between 85-145
VAC, AUTOMATICALLY adijust-
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

The controlled circuit must make available at least one watt of power
to the CONTROLLER.
95-125 volts AC
(50 or 60 cycles)
200 to 2000 VA
0.5% at the controlled point

Input voltage range:

Load range:
Regulation accuracy:

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 ond foreign cities.

T —
SORENSEN

.

22 The FIRST ling of standard ELECTRONIC Vult;gg RegulgﬁﬁrS;

‘b
6

vM
‘1 :.
R
.

& COMPANY, INC. STAMFORD CONNECTICUT



BENDIX-SCINTILLA

the finest ELECTRICAL CONNECTORS
money can build or buy!

AND THE SECRET IS SCI N F LEX!

Bendix-Scintilla* Electrical Connectors are precision-built to
render peak efficiency day-in and day-out even under difficult
operating conditions. The use of 'Scinflex” dielectric material,
a new Bendix-Scintilla development of outstanding stability,
makes them vibration-proof, moisture-proof, pressure-tight,
and increases flashover and creepage distances. In temperature
extremes, from —67° F. to +300° F., performance is remark-
able. Dielectric strength is never less than 300 volts per mil.

The contacts, made of the finest materials, carry maximum
currents with the lowest voltage drop known to the industry.
Bendix-Scintilla Connectors have fewer parts than any other
connector on the market—an exclusive feature that means
lower maintenance cost and better performance.

*REG. U.8. PAT. OFF,

Write our Sales Department for detailed information.

e Moisture-proof, Pressure-tight ¢ Radio Quiet e Single-piece Inserts
e Vibration-proof e Light Weight ¢ High Arc Resistonce o
Easy A bly and Di: bly e Less parts than any other Connector

Available in all Standard A.N. Contact Configurations

BENDIX

SCINTILLA

News—New Products

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

Laboratory Amplifier with Dy~
namic Noise Suppressor

The Type 210-A laboratory amplifier,
offered by Hermon Hosmer Scott, Inc.,
Dept. IR, 385 Putnam Ave., Cambridge,
Mass., uses the dynamic-band-pass princi-
ple to reach new peaks of performance. In
addition to reproducing phonograph rec-
ords, the amplifier may be used with any
standard tuner, and is designed to provide
quality reproduction of phonograph rec-
ords, f.m., or a.m.

B 7
2

This wnit, supplied with a matched
variable-reluctance pickup cartridge, pro-
vides a complete phonograph system ex-
cept for turntable or record changer and
loudspeaker. The amplifier provides 20
watts output with less than 29, distortion,
and below 8 watts, the distortion is under
4%. The output transformer is arranged to
match speaker impedances between 2 and
500 ohms.

The maximum frequency range of the
amplifier exceeds 20,000 c.p.s. With the dy-
namic noise suppressor the response is flat
to 10,000 c.p.s. and extends to 16,000 c.p.s.
Independent tone controls allow boost or
attenuation at either end of the frequency
range. A whistle filter is provided for a.m.
reception.

Recent Catalogs

* ¢ *On television antenna problems in
apartment houses, hotels, and other mul-
tiple television set buildings, by Amy,
Aceves & King, Inc.,, 11 West 42 St.,
New York 18, N. Y.

**+*On “a new basically improved line
of general speakers” for reproducing
16-mm sound on film. A two-color illus-
trated folder by Altec Lansing Corp., New
York and Hollywood. The new models
are 604B Duplex, 603B Multicell Diacone,
600 B Diacone, and a new edition to the
line, an 8" Diacone.

**+*0On a new line of metered variable
transformers manufactured by Standard
Electrical Products Co., 400 Linden Ave.,
Dayton 4, Ohio. This new group includes
isolated primary transformers with sec-
ondary voltages from 0-140 volts, also
auto-type transformers with the same out-

put voltage.
(Continued on page 554)
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JOHNSON OFFERS

TYPE C & D — sturdily

constructed to give trouble-free
operation under the most se-
vere service, JOHNSON Type C
and D Condensers cost less than
any other quality condensers.
Features include sturdy con-
struction, heavy aluminum
plates .051" thick, Steatite insu-

4 Condenser To Fit Every eed!

lation and center rotor contacts
on all dual models. Both front
and rear shaft extensions permit
ganging.

Available in 52 different models,
single or dual sections, with
spacing varying from .175" to
.500” and maximum capacities
from 50 to 1,000 mmid.

TYPE E & F — Rugged and
compact, JOHNSON Type E and
F Condensers for medium and
low power transmitters have
more capacity per cubic inch
and occupy less panel space for
their rating than any other con-
denser on the market. Features
include Steatite insulation, sta-

tor mounted above to reduce
capacity to ground, front and
rear shaft extensions that per-
mit ganging.

Available in 45 different models,
single or dual sections, spacing
.045” to .125”, and maximum
capacities from 35 to 500 mumid.

TYPE G — The JOHNSON
Type G Condenser is widely
used as a neutralizing condenser
for medium and low power
stages. It's equally famous for
its outstanding performance in
grid and plate tuning at high
and ultra high frequencies.
Features include front and rear

shaft extensions and universal
mounting bracket and locking
nut.

Available only in single sections
with single end plate. Seven
models from which to choose.
Capacities from 3.5 to 52 mmid.
Plate spacing from .045" to .225",

TYPE H — Combining mini-
mum weight with small size,
JOHNSON Type H Condensers
are designed especially to with-
stand heavy vibration. Steatite
end plates prevent any possi-
bility of ‘‘short circuit loops’
and permit panel mounting

with both rotor and stator
insulated from ground. Alumi-
num plates are .020” thick.
End plates are 114" square.

Available in 17 ditferent models,
single or dual sections, spacing
.030” or .080Y, and maximum
capacities from 25 to 100 mmfd.

TYPE J — & midget con-
denser with big condenser char-
acteristics, Type J has wider
spacing than most small types,
yet occupies little more space.
It is ideal for oscillator and low
power stages. Universal type
mounting brackets make pos-
sible a variety of mountings in-

cluding chassis, panel or in-
side tube socket type inductors.
Steatite end plate.

Available only in single sections
with single end plate. Six differ-
ent models with maximum ca-
pacities from 7 to 102 mumid.
Plate spacing is .025".,

MIDGET AIR VARI-
ABLES — Here are three of

the smallest air variables ever
produced.

SINGLE TYPE — Available in
four models: 1.55 to 5.14 mamf{,
1.73 to 8.69 mmf{, 2.15 to 14.58
ramf. and 2.6 to 19.7 mumf{.

DIFFERENTIAL TYPE — Avail-
able in four models: 1.84 to 5.58
ramf, 1.98 to 9.30 mmf{, 2.32 to
14.82 mamf and 2.67 to 19.30 mmf{.
‘BUTTERFLY TYPE — Available
in four models:1.72 to 3.30 mmf{,
2.10 to 5.27 mmf{, 2.72 to 8.50
mmf, and 3.20 to 11.02 mumf.

TYPE N — When space is
limited, yet you need extremely
high voltage rating, fine adjust-
ment with uniform voltage
breakdown rating throughout
the full capacity range, the
JOHNSON Type N Neutralizing

Condenser is the perfect answer.

Available in three different
models. Capacity range in each
type is approx. 1.5 mmid. to
10.5 mmid., peak RF breakdown
ratings at 2 MC ranges from
8,500 with the NI125 to 14,500
for the N375.

‘OHNSONamem?M

June, 1948

E. F. JOHNSON CO.,, WASECA, MINNESOTA
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OHMITE
DUMMY

ANTENNA
RESISTORS

wo new dummy antenna resistors, designed by

Ohmiite, for loading radio transmitters or other
radio frequency sources, now offer improved frequency
characteristics. This results from more effective pro-
portionment of the d-¢ resistance, residual inductance,
and distributed capacitance.

In the new units, residual inductance and distributed
capacitance are kept to a minimum, making the natural
resonant frequency as high as possible. For all practical
purposes, these dummy antenna resistors may be con-
sidered “non-reactive” within their recommended oper-
ating frequency ranges. To make electrical connections,
two types of terminations are provided, depending

F

Rugged new Ohmite units consist of special non-inductively
wound, vitreous-enameled resistors connected in parallel and
mounted inside a sturdy, perforated steel cage.

® IMPROVED FREQUENCY
CHARACTERISTICS

® RUGGED VITREOUS-
ENAMELED CONSTRUCTION

upon whether the unit is intended to be used in con-
junction with a coaxial cable or with a parallel trans-
mission line.

Type D-101, 100-watt unit, is stocked in 52, 73, 300,
400, 500, and 600-ohm values; Type D-251, 250-watt unit,
in 52, 73, 300, and 600 ohms. Tol. == 5%. Get complete
information on the new Ohmite Dummy Antenna Re-
sistors.

WRITE FOR BULLETIN 136 TODAY!

OHMITE MANUFACTURING CO.

4862 Flournoy Street Chicago 44, 1l

58 Righe wit OIHIIMITE

RHEOSTATS -

RESISTORS -

TAP SWITCHES -

CHOKES « ATTENUATORS
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& SEAL-0-f|

PERFORMANC
CERTIFIED BY
MORE THAN 400
MAJOR
INSTALLATIONS

NEW JERSEY

KEYPORT -

‘GraybsR
o R Distibuted
i’[’“ 1800 Gmb?R

uusn,o" E"‘CTA'C co

MPANY

...for AM-FM and TV

Seal-O-Flange Transmission Lines incorporate exclusive
features that have practically revolutionized previous con-
cepts of coaxial line installation and operating efficiency.
They eliminate special sections—anti-creep devices, anchor
sections, differential expansion fittings — completely. Gas-
tight seals are attained without the use of torches or pains-
taking cleaning operations. The only tool required ro
assemble these lines is a pair of small hand wrenches—an
important factor when working on a tower. Seal-O-Flange
performance is time-proven in over 400 major installations
all over the world.

Seal-O-Flange Transmission Lines are sold by RADIO
CORPORATION of AMERICA and GENERAL ELEC-
TRIC COMPANY. They are distributed nationally by
GRAYBAR ELECTRIC CO., and internationally by
WESTREX CORPORATION.




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-
sion reception.

Stability in a television circuit is an absolute essential. In the sta-
tion selector switch used in receivers of a leading manufacturer, the
MYCALEX 410 molded parts (shown here) are used instead of infe-
rior insulation in order to avoid drift in the natural frequency of the
tuned circuits. The extremely low losses of MYCALEX at television
frequencies and the stability of its properties over extremes in tem-
perature and humidity result in dependability of performance which
would otherwise be unattainable.

Whether in television, FM or other high frequency circuits, the
mest difficult insulating problems are being solved by MYCALEX 410
molded insulation...exclusive formulation and product of MYCALEX
CORPORATION OF AMERICA. Ourengineering staff is at your service.

See why_ ecd¥rs

TELEVISIO

CALEX 4

insuvlation

Specify MYCALEX 410 for:

1. low dielectric loss

2. High dielectric strength

32

4. Stability over wide humidity and

. Resistance fo high temperatures

. Minimum service expense
. Cooperation of MYCALEX

High arc resistance

temperature changes

Mechanical precision
Mechanical strength
Metal inserts molded in place

engineering staff

SINCE 19,9

MYCALEX CORP. OF AMERICA ..M

“"Owners of '"MYCALEX' Patents”

Plant and General Offices, CLIFTON, N. J. Executive Offices, 30 POCKEFELLER PLAZA, NEW YORK 20, N. Y, 1
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MARION'S

ONAL’'S NEW NC-183 RECEIVER!

National’s new NC-183 Receiver is designed particularly for discriminating

radio operators . . . men who appreciate quality of performance . . . engineering
skill.

Every demand was made by the National Company that components used in
this brilliant, new receiver be consistent with their established reputation for
building fine communications receivers.

The Marion Electrical Instrument Company designed a special S-Meter for
the NC-183 to answer National’s demand for quality . . . radio operators’
demand for an accurate, dependable means of measuring and logging signals
being received.

This **special” has an unbreakable plexiglass, anti-static coated window and
Marion engineered dial illumination that eliminates the two principal draw-
backs of conventional dial lighting . . .

A transparent lucite cavity for the bulb seals the delicate mechanism from
dust drawn in by thermal currents and prevents insertion of oversized replace-
ment bulbs which often damage the meter movement.

In addition, this *S-Meter” incorporates a special zero set in the back, in
addition to a dust seal and other features available in all Marion Standard

Electrical Indicating Instruments. -
* Let Marion give your product salient selling points . . . through *special”
instruments, tailored to fit the job . . . consistent with your policy of quality.

THE NAME "MARION’ MEANS THE “MOST” IN METERS

Write for complete information.

, MARION ELECTRICAL

4lso
ot INSTRUMENT COMPANY
:::?j;;:g‘:::::uk::-m.l Manchester, New Hampshire

EXPORT OIVISION 458 BROAOWAY NEW YORK 13, U. S. A CABLES MORHANEX

§N CANAOA: THE ASTRAL ELECTRIC COMPANY, SCARBORO BLUFFS, ONTARRIO
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Stackpole iron powder molded cup cores are Stackpole offers a broad range of shapes and

ideally suited to save valuable space and to make types—and, where required, can produce special
important contributions to high “Q" circuits. cup cores to the most exacting specifications.
They are compact, efficient; may be mounted Write for samples. State your specifications and
close to the chassis or any other metal part. probable quantities required.

COMPRESSED POWDERED
1RON co?zg LAMINATED STEEL CORE

TOTAL 1.37 LBS. TOTAL 4.12 LBS.

The laminated steel core coil requires about three times

¢ ¢ Above is a still further refinement of the loading coils shown at left. This
as much space as the newer powdered-iron core coil.

coil may be wound more easily, and at less cost than the toroid type.

.

. | B s |

! . A

The neat, compact unit above is a Western Union carrier filter featuring four Stackpole In Western Union carrier telcgraph
powdered-iron cup-core type inductors. Imagine the space required if only toroid or lam- systems, Stackpole cup cores contrib-
inated core coils, as shown in the first illustration, were available. ute to the performance shown above.
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“Tested and Approved”

in Western Union Radio Beam Equipment!

Made by Stackpole to meet rigid re-
quirements of Western Union design,
Powdered-Iron Cup Cores are a relatively
recentdevelopmen:.Western Union Radio
Beam and Carrier Systems Equipment en-
gineers have taken full advantage of the
many space and labor-saving possibilities
they offer. Since 1942, progressive design
improvements- resulted in the pictures
shown at the left.

Part of a recent Western Union report
reads, “Subsequent research work has re-

sulted in 2 new shell type of core. This
form of core possesses marked advan-
tages in that it permits the use of simple
coils, wound on a plastic spool, in place
of the laboriously wound (toroidal) type
previously necessary. . . . The shell type
powdered-iron cores also provide sub-
stantial improvement in carrier operation
due to improved attenuation character-
istics. These advantages, together with the
reduction in cost, will doubtless resilt in
shell type coils being used extensively.”

Get All the Up-to-Date Information on
Stackpole Cup Cores—Write for Bulletin RC-78B

PROCEEDINGS OF THE I.R.E. June, 1948
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RCA offers Equipment Manufacturers a Nation-wide Service on
Tubes, Parts, and Equipment

HEADQUARTERS GROUP

J. M. SADOWSKY G. R. RIVERS L MARTIN L S. THEES H. S. GWYNNE R. L KELLY G. H. MYERS C. W. TATLOR
C M Manager, Monager Assi to i Applicoti Manoger, Tube Ports

Ports Sales Tube Sales Field Force Manager Engi'mv:ng Customer Service ond Machinery Soles )
|

SALES AND ENGINEERING
FIELD FORCE

8. WALLEY T. 8. PERKINS

J W KIRSCHNER
Application Field Sales Application
Engineering Engineering

st

_"

C. R KLINGER D. R. YODER H. F HAFKER G. D, HANCHETT W. L HOPKINS N, F. MACKENZIE
Field Sales Application Application Application Field Sales Application
Eng 9 Eng! 9 Engineering Engineering

SALES AND ENGINEERING SPECIALISTS

E

J. H. MOSHER ). H. HALGREN W. D LEAHY H. L. WILCOX J. WACHTEL
Field Sales Application Field Sales, Tube Ports ond Application
Engineering Government Machinery Sales

1. S. STARRETT L. T WEAGLE J. T WILSON M. COPAN W H. WARREN

Industrial Tube Ports ond Application Field Sales Application
Speciolist Mochinery Sales Engineering, Television Engineering

® These RCA Tube Department specialists devote all of son, N. J., Lancaster, Pa., and Chicago, Ill.—and sales of-
their time exclusively to the problems and requirements fices at Harrison, Chicago, and Los Angeles. A call to the
of radio and electronic equipment manufacturers. office nearest you will bring prompt service . . . or, write
Whether it be on tubes, parts, or test equipment, they’re  to RCA, Equipment Sales, Section FR52, Harrison, N. J.,
ready to help when and where you want them. for the same prompt attention,

For your convenience, RCA maintains completely
equipped application engineering laboratories at Harri- The Fountainhead of Modern Tube Development is RCA

e

TUBE DEPARTMENT

RADIO CORPORATION of AMERICA

HARRISON. N. J.
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Herbert J. Reich

Director, 1948-1949

Herbert J. Reich, educator and author, was born on
Staten Island, New York, on October 25, 1900. He re-
ceived the M.E. degree in 1924, and the Ph.D. degree in
physics in 1929 from Cornell University.

In 1929 Dr. Reich became associated with the Uni-
versity of Illinois as assistant professor of electrical en-
gineering, and was advanced to the rank of associate
professor in 1936, and professor in 1939. On January 1,
1944, he was granted leave of absence to join the staff
of the Radio Research Laboratory at Harvard Univer-
sity. He was appointed professor of electrical engineer-
ing at Yale University in January of 1946, and has re-
mained in this position to date. '

Dr. Reich specialized in the field of electron tubes and
electron-tube circuits and has published approximately
forty-five papers on these and related subjects in tech-

nical periodicals. He is the author of “Theory and Appli-
cation of Electron Tubes,” “Principlesof Electron Tubes,”
co-author of “Ultra-High-Frequency Techniques,” and
editor of “Very-High-Frequency Techniques.”

He was elected to Associate membership in The
Institute of Radio Engineers in 1926, and transferred
to Member grade in 1941. In 1943 he became a Senior
Member. He has served on numerous committees and
at present is a member of the Board of Editors, the
Electron Tube Committee, and the Education Commit-
tee. During 1944 he was a member of the Board of
Directors. He is also a member of the American Insti-
tute of Electrical Engineers, the American Association
for the Advancement of Science, the American Society
for Engineering Education, and is a Fellow of the Ameri-
can Physical Society.
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[ Between the alternatives of a productive and happy future for mankind

| and the dread prospect of the utter annihilation of painfully won accomplish-
ments of civilization lies onlysthe power of an idea. That idea—international
understanding through good will, intelligent co-operation, and reasonable mu-
tual adjustments—has proved its worth in difficult and contentious fields. It
is clearly set forth and urged for acceptance in the following guest editorial by
Dr. J. H. Dellinger, Chief of the Central Radio Propagation Laboratory of the |
National Bureau of Standards of the United States, capable representative of
his country at many international radio conferences, and a Past-President and
Fellow of The Institute of Radio Engineers.—The Editor.

The Great Opportunity
J. H. DELLINGER

To be sure, the vast field of radio and electronics offers vast opportunity. It is the very symbol of progress. But
there is a unique aspect of its potentialities which has not received sufficient emphasis. That is its opportunity to
contribute to world friendliness, the prerequisite of world peace. This opportunity includes much more than broad-
casting, which has long taken its place as a mighty enlightener and leveler of barriers between nations. High hopes
were entertained twenty-five years ago, when the wonders of broadcasting were revealed, that this would be the means
of achieving world-wide understanding. Its force in that direction is not to be underestimated, but it is not enough. To
help in the present critical fight for world peace, we can offer, besides broadcasting, the special contributions of radio
business and radio science, the physical nature of radio in its world-wide effects, and the very difficulties of control
of radio interference. All of these involve powerful forces toward international collahoration, and we must consciously
use them to that end.

Despite its constant repetition, people do not realize, at this juncture of world affairs, the awful need for real
international understanding. The entire population of the world is now defenseless against destruction should war
come again. There is no alternative: world collaboration has to be achieved. There is no simple and no single way.
Every path must be followed and we must all do whatever we can. When Einstein forsakes his equations to preach this
and this alone, the world should realize its supreme truth. When Haraden Pratt and Arthur Van Dyck forsake their
business duties long enough to see what the atomic bomb can do and come out with the same answer (see what they
said on page 933 of the PRoCEEDINGS OF THE L.R.E., vol. 34, December, 1946), we radio men should stop and think
what we can do about it.

We are privileged to work in a field which does promote international understanding. First of all, radio business
and radio science provide unusually extensive contacts at the international level. With our electronic products we
export not only goods but ideas and all sorts of personal contacts. The many ramifications of these activities likewise
cause us to import the offerings of other countries. In all of this, radio men have the opportunity to display those
principles of fair dealing and mutual respect which are a major ingredient of permanent peace among men.

The physical nature of radio phenomena requires radio scientists, engineers, and business men to think on a world
scale. The establishment and maintenance of long-distance communication, of ship radio service, of navigation aids to
the world’s airways, require common action by men of different nationalities. The vagaries of radio transmission re-
quire world-wide collaboration and utilization of radio propagation data.

Radio simply could not operate without world collaboration in the control of interference. Radio waves recognize
no national or other boundaries. We all use the same transmission medium and we cannot tune in the stations we want
and tune out ,the ones we don’t want without very detailed world agreements on the use of the radio spectrum. The
preparation and revision of these world agreements provide an exceptionally fine demonstration of the possibilities of
whole-hearted international collaboration. I have participated in many of them, from that of Paris in 1921 to the recent
ones of Rio, Moscow, and Atlantic City. I know that men of all nations can work out together the most complicated
and difficult problems, even with national sovereignties deeply affected, in the spirit of true friendliness and with com-
plete success, for I have seen them do it. This process is going on even now: at Geneva, Switzerland, an international
body of engineers and administrators is working the whole of this year to develop a new, improved assignment of the
world's long-distance frequencies.

I may be pardoned for closing on a personal note. I have been especially fortunate in being associated with many
aspects of radio science, engineering, and administration, and in being selected to serve as a representative of the radio
engincering profession in some of them. I have seen the forces of good will at work between radio men of different
nations. I deeply believe that these currents of good will and international friendliness are by no means negligible con-
tributions to the happier world future.
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A Low-Noise Amplifier’

HENRY WALLMANT, ASSOCIATE, I.R.E., ALAN B. MACNEET, ASSOCIATE, LR.E.,
AND C. P. GADSDEN{, MEMBER, LR.E.

Summary—This paper describes an amplifier circuit which yields
very low noise factor, consisting of a grounded-cathode triode fol-
lowed by a grounded-grid triode. The combination is entirely non-
critical and provides the low noise factor of a triode with the high
amplification and stability of a pentode. Noise factors averaging 0.25
db at a carrier frequency of 6 Mc. and 1.35 db at 30 Mc. have been
achieved. Typical circuit details are given.

I. INTRODUCTION

N COMMUNICATIONS systems in which the
]:[ minimum usable signal is determined by receiver

noise, as distinct from noise arising from atmos-
pherics,! jamming, etc., improving receiver noise fac-
tor®? is as valuable as increasing transmitter power. The
amplifying arrangement described in this paper affords
a reduction of about 2 db in the minimum perceptible
signal of certain microwave radar receivers; this is
equivalent to increasing peak power in the associated
transmitters from 1.0 to 1.6 megawatts, at vastly less
cost.

It is well known that the random division of cathode
current between plate and screen in a pentode makes the
shot-noise current of a given pentode about three to five
times that of the same tube connected as a triode with
screen strapped to plate.* This effect is called “partition
noise”; because of it, many suggested arrangements for
obtaining good amplifier noise factor have revolved
around the use of a triode as a first stage.>7

A triode can be employed in three ways; namely, as a
grounded-cathode stage, a grounded-grid stage, or a
grounded-plate stage (cathode-follower). For a given
tube type, these three configurations can be shown to
yield, very closely, the same noise factor. If a single
triode is used to precede a pentode amplifier chain, and
if any triode load resistors necessary for stability are
considered to be part of the triode stage, then all these
arrangements have the disadvantage in wide-band am-

* Decimal classification: R363. Original manuscript received
by the Institute, December 4, 1947. Presented, 1948 I.R.E. National
Convention, March 23, 1948, New York, N. Y.

t Massachusetts Institute of Technology, Cambridge, Mass.

1 Tulane University, New Orleans, La.

VK. G. Jansky, “Minimum noise levels obtained on short-wave
radio receiving systems,” Proc. LLR.E., vol. 25, pp. 1517-1530;
December, 1937.

2 D. O. North, “The absolute sensitivity of radio receivers,”
RCA Rev., vol. 6, pp. 332-344; January, 1942.

3 H. T. Friis, “Noise figures of radio receivers,” Proc. L.LR.E.,
vol. 32, pp. 419-422; July, 1944,

¢ B. J. Thompson, D. O. North, and W. A. Harris, “Fluctuations
in space-charge-limited currents at moderately high frequencies,”
RCA Rev., vols. 4 and 5; January, 1940, to July, 1941,

® M. C. Jones, “Grounded-grid radio-frequency voltage ampli-
fiers,” Proc. LLR.E., vol. 32, pp. 423429; July, 1944.

¢ Milton Dishal, “Theoretical gain and signal-to-noise ratio of the
grounded-grid amplifier at ultra-high frequencies,” Proc. I.R.E.,
vol. 32, pp. 276-284; May, 1944.

G. Cp Sziklai and A. C. Schroeder, “Cathode-coupled wide-band
amplifiers,” Proc. L.R.E,, vol. 33, pp. 701-708; October, 1945,

plifiers (1 Mc. or wider) that the available gain? is low.
The noise factor of the complete amplifier is, conse-
quently, materially affected by the noise factor of the
remainder of the amplifier, in accordance with the rela-
tion®

F,— 1
F12=F1+

(1)
1
where
Fi;=noise factor of entire amplifier
Fy=noise factor of first stage
F, =noise factor of ba'ance of amplifier with source
resistance equal to the output resistance of the
first stage
Gy =available gain of first stage.

This circumstance suggests the desirability of using
a triode as a second stage also, either to make F, small
or, as is done in the circuit described below, to permit
stability to be maintained with a large value of Gi.

Two triodes can be cascaded in nine possible ways.
Theoretical and experimental investigation of these nine
possibilities led us to the one described below as being
the best combination, with regard to noise factor, sta-
bility, and gain.

The arrangement in question was devised by the au-
thors in 1944 at the M.L.T. Radiation Laboratory. It
consists of a grounded-cathode triode first stage, fol-
lowed by a grounded-grid triode second stage. An a.c.
diagram is shown in Fig. 1. The various coils are mid-
band resonant with their associated capacitances.

= €,

Fig. 1—A.c. diagram of cascode low-noise amplifier.

A (2
)

o

The coil L, in parallel with the grid-plate capacitance
Cyp is a neutralizing coil whose purpose is, however, not
to obtain stability but to achieve low noise factor. Even
in amplifiers operating at a midband frequency as high
as 180 Mc., L, can be omitted with complete preserva-
tion of stability, although the noise factor is increased
from 5.5 to 8.0 db.

Search for a concise name for the grounded-cathode,
grounded-grid combination led to the designation “cas-

8 Throughout this paper, gain refers to power ratios, and ampli-
fication to voltage ratios,
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code,” after a somewhat similar arrangement employed
by Hunt and Hickman.®?

The cascode amplifier shown in Fig. 1 provides (a)
the stability and noncriticalness of a pentode, (b) the
amplification and gain of a pentode, and (c) the low
noise factor of the first triode.

It is the two triodes together that have the amplifica-
tion of a single pentode; thus the cost of the improve-
ment in noise factor is one additional tube. It is possi-
ble, however, that a high-quality double triode with
separate cathodes, such as the recently announced type
2C51, may vield the advantages of this circuit with only
one envelope.!?

Conventional pentode amplifier stages follow the
cascode to provide the bulk of the amplifier gain.

The cascode low-noise amplifier was used for wide-
band band-pass amplifiers, and can be applied a fortiori
to narrow-band amplifiers; with this technique, it
should be possible to build 30-Mc. communications re-
ceivers with noise factors of 1.4 db.

It is believed that the low-noise cascode circuit can
also be adapted to low-pass amplifiers.

II. GROUNDED-CATHODE AMPLIFIERS

For use in the subsequent discussion, we now sum-
marize the noise-factor analysis of a grounded-cathode
amplifier stage.*!! The analysis is made for midband fre-
quency, at which the various tube and circuit capaci-
tances are assumed to be resonated out.

Fig. 2—Equivalent circuit for band-center noise-factor analysis
of grounded-cathode stage.

The amplifier can then be analyzed in terms of the
equivalent circuit of Fig. 2, where
k =Maxwell-Boltzmann  constant
joule/°K.)
T =absolute temperature of source resistance (usu-
ally taken as 290°K., “room temperature”)
B =noise bandwidth
R,=transformed source resistance
R,=input resistance due to tube and coupling cir-
cuits
gm=tube mutual transconductance
r, =tube plate resistance

(1.38xX10-%

*F. V. Hunt and R. W. Hickman, “On electronic voltage sta-
bilizers,” Rev. Sci. Instr., vol. 10, pp. 6-21; January, 1941. The low-
noise property that forms the feature of the present circuit is,
however, entirely unconnected with the original use of the cascode as
a d.c. amplifier in a voltage stabilizer.

10 Results obtained in 1944 with the type 7F8 were variable and
disappointing, but this may have been a vicissitude of early 7F8
production.

11 E. W. Herold, “An analysis of the signal-to-noise ratio of ultra-
h;gli-frequency receivers,” RCA Rev., vol. 6, pp. 302-331; January,
1942,
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R =load resistance

1,2=mean-squared thermal-agitation-noise current,
4kTB/R,, of R,

1, =mean-squared grid-noise current

T, =effective absolute temperature of the input load-
ing, defined as 7,2R,/4kB

ia?=mean-squared tube-shot-noise current

1.2 =mean-squared thermal-agitation-noise current,
4kTB/RL of Ry,

1,2=1,2+1%,2=mean-squared plate-circuit noise cur-
rent.

Although the tube in Fig. 2 is shown as a triode, it
can also be a tetrode or pentode, provided all electrodes
other than the control grid and plate are by-passed to
ground over the frequency range to be amplified.

For convenience of notation, it is common in noise-
factor analysis to replace an actual tube with plate-cir-
cuit noise current 7, by a fictitious noiseless tube, having
in series with its signal grid lead a noise voltage

€ = ip/gn (2)

which, when amplified by the tube, produces in its plate
circuit the noise current 7,. It is then possible to define a
purely fictitious resistance R., according to the rela-
tion

Reo = €.2/4kTB, (3)

called the equivalent noise resistance of the grounded-
cathode stage.” As a measure of the noisiness of the tube
and its load resistor, R,, is a schematic substitute for the
plate-noise current 7.

If there is a coupling circuit between the signal source
and the tube grid, R, and 4, are regarded as the source
resistance and the corresponding noise current referred
to the output terminals of the coupling circuit.

The shunt input loading 1/R, is made up of three
components: tube loading due to cathode-lead-induct-
ance feedback, transit-time loading, and loading due to
losses in the input circuit. In noise analyses, the cath-
ode-lead inductance can be considered to be zero or
tuned out by a suitable series capacitor, for it has been
shown'® that if this were not the case the resulting input
loading would have only second-order effect on amplifier
noise factor, because it degenerates tube noise as well as
input noise. Cathode-lead-inductance loading does, how-
ever, affect the input bandwidth.

Tube loading due to transit time is, on the other hand,
of utmost importance in noise-factor considerations be-
cause it is found to have a large noise current associated
with it. For transit angles less than one radian, cor-
responding to frequencies less than about 200 Mc. for a

? The equivalent resistance r,, of the tube itself neglects 7,
and is defined by 7.0=(in/gn)}/42TB (cf. (3)); it is related to
Req by Reg=r.+[1/(g-?RL)], and because the bracketed term is
usually negligible, R,q and 7,4 are usually very closely equal.

1B M. J. O. Strutt and A. Van der Ziel, “Methods for the com-
pensation of the effects of shot noise in tubes and associated circuits,”
Physica, vol. 8, pp. 1-22; January, 1941,
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tube such as the 6AKS, it has been observed!4!% that the
effects of electron-transit time can be represented by a
shunt resistance R, from grid to cathode in parallel with
a noise current 7, such that

(a) the ratio T of 7,2 to 4kB/R, is constant, that is,
independent of frequency, and

(b) T, =~ 5T. @

This representation assumes that transit-time grid noise
is statistically independent of plate noise, or, in any
event, that their effects add in the mean square. For
large transit angles, this assumption is incorrect.'®

By careful design, the third source of input loading,
circuit losses, can be kept small enough to have negligi-
ble effect on amplifier noise factor compared to transit-
time loading, except possibly at very low frequencies
where the noise factor is extremely good in any case.
For example, the transit-time loading for a 6AKS at 30
Mec. is about 15 umho. Because of its high effective
temperature, the effect on noise factor of the transit-
time loading completely dominates that of circuit losses
even if circuit losses introduce equal loading, corre-
sponding to an input coil Q of about 120, which is very
moderate. At higher frequencies, the coil Q required to
make coil losses negligible is even smaller.

In the following discussion of noise performance,
therefore, the grid loading can be assumed to consist of
transit-time loading only, and %, to be equal to 7,.

The noise factor of the circuit of Fig. 2 is

TF i7<R,+R,>21
W\ R.R, / g.?

or (5)
4 R.q<R. - R,,)2
R, T R, R, /
Because the source resistance R, can usually be varied
by suitable impedance-transforming schemes, it is de-
sirable to determine the value of R, that makes the

noise factor of the amplifying stage a minimum. Dif-
ferentiating (5) shows that this is"!

iR, RR.,
R,,o = /‘/7__. —_— = e ————0 6
pt i,zg.,.zR,,z + 7,2 ( )

()
g T eq

For most cases of interest,

2gmIR D1, (7

“ C. J. Bakker, “Fluctuations and electron inertia,” Physica,
vol. 8, pp. 23-43; January, 1941,

» D, O, North and W. R. Ferris, “Fluctuations induced in vacu-
um-tube grids at high frequencies,” Proc. 1.R.E., vol. 32, pp. 419-
423; July, 1941.

18 There is some evidence, both theoretical and experimental,
that the noise factor is slightly improved by tuning the input circuit
somewhat below band center, about 2 Mc. at 30 Mc. and 15 Mc.
at 180 Mc. The reason is the existence of a certain amount of coher-
ence between grid and plate noise. This point is discussed in sec.
13.13 of vol. 18, “Vacuum-Tube Amplifiers,” Radiation Laboratory
Series, McGraw-Hill Book Co., New York, N. Y., 1948.
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which is equivalent to the condition
(T,/T)R,> R,,. (8)
This permits simplifying (6) to the form
i R
Ra.opt b= N ? =3 /‘/ch _0. (9)
t9fm T,/T

Equation (9) shows that the optimum source resist-
ance is considerably lower than the value matching the
input resistance of the tube; the optimum source re-
sistance is rather that value that makes the plate current
resulting from the grid-noise voltage equal to the plate-noise
current. For R, approximately adjusted to its optimum
value, Fig. 2 simplifies to Fig. 3.

1 {t

—0

Fig. 3—Simplified equivalent circuit for band-center noise-factor
analysis with R, approximately adjusted to its optimum value,
(9), so that one can neglect the transit-time loading 1/R; but not
the transit-time noise current 7;. Cathode-lead inductance loading
and input-circuit loss are also neglected. The noise voltage at the
grid, due to electron-transit time, is #;R,, and R, is optimum when
gm(1:R,) =1p.

Substituting (6) into (5) gives an expression for the
optimum noise factor,

Fopr = 1+ 2[R“' + 4/<R'°>2 0 R"']
e R, R, T R,J

which can be simplified under the condition of (8) to

Tv ch
Fopr = 1424/ — 10
ot TR’ (10)
or
R,
For =142 2. (11)
8,0pt

Because T,/T is constant (see (4)) for the frequency
range under consideration, (10) permits one to evaluate
the potential noise performance of a tube without con-
sidering circuit details, but knowing only two tube prop-
erties, namely, equivalent noise resistance and input
resistance due to transit time. It also indicates the man-
ner in which optimum noise factor increases with in-
creasing frequency. Because

R, x 1/f2, (12)
it follows that
Ryope < 1/f, (13)
and hence
(Fope — 1) « f; (14)

that is, if as the center frequency is varied the source re-
ststance of a grounded-cathode amplifier is continually ad-
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justed to yield the best noise factor, then the excess noise
factor will be proportional to frequency.

Experimental corroboration of (14) is shown in Fig.
4, in which are displayed measured noise factors at 6,
30, and 180 Mec. (see Table 1).

100

EXCESS NOISE FACTOR
o

1 10 00 1000
FREQUENCY IN MEGACYCLES / SEC.
Fig. 4—DMeasured excess noise factors Fi of low-noise cascode

amplifiers at 6, 30, and 180 Mec. Source resistance adjusted at
each frequency for optimum noise factor (see Table 1).

Although the bandwidth of the input circuit, when
adjusted for optimum noise factor, does not explicitly
appear in (6) and (9), it is, nevertheless, not arbitrary,
but is determined for a given type of input circuit by
the value of R,, op¢ together with the tube and circuit
capacitances, and is proportional to frequency (13). For
many tubes having good noise performance the input-
circuit bandwidth obtained by adjusting the source re-
sistance for optimum noise factor is moderately wide.
An example is the 6AKS5 pentode at 30 Mc., where
R, ope = 6000 ohms and the bandwidth for a single-tuned
input circuit with an input capacitance of 10 uufd. is
about 3 Mc., permitting an over-all bandwidth of about
1.5 Mc. Bandwidths about twice as wide can be
achieved for the same transformed source resistance by
using a double-tuned input circuit; if, in order to obtain
even wider bandwidths, the value of R, is reduced below
R,, opt, the noise factor will be degraded. If, for image
rejection or other reasons, it is desirable to have a nar-
rower input bandwidth, it should be obtained by increas-
ing the input capacitance, leaving the source resistance
at its optimum value.

For the grounded-cathode amplifier of Fig. 2, the
available gain is

RL”,,

G=g2< ) R,R,? .
" Ry+r,/ (R, + R,)?

The various equations derived in this section are sub-
ject to the assumption that the tube and circuit ca-

(15)
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pacitances are tuned out. Therefore, the noise-factor
expression of (5) is accurate only for the single frequency
at the center of the amplifier pass band. Some discussion
of how the noise factor varies over the pass band is given
in Part IV. One usually finds that variations in noise
factor over the pass band are small enough to be ne-
glected in rough design calculations. The notable excep-
tion to this statement occurs in the case of the grounded-
grid amplifier.

Noise Factor of 6AKS5 Pentode

One of the best pentodes now available as a first-stage
amplifier is the type 6AKS. For this tube, g,=5000
pumho, 1/R,=16 X102 f2 umho/(c.p.s.)?, and r,,=2500
ohms. If the load resistor for the stage is chosen to be
2000 ohms, R,;=2520 ohms.?? At 30 Mc. (9) shows, tak-
ing R,=R,, that

R,.0pt = 5900 ohms. (16)

Using the value of (16) in (11), the optimum noise
factor is found to be

E 1+ 2(——2520> 1.85 2.7db.  (17)
opt = = 1,00, oOr o b
o 5900

Although the noise factor of (17) was derived for band
center, it is in fairly close agreement with measured in-
tegrated noise factors of 6-Mc.-wide amplifiers at 30 Mc.
using 6AKS pentodes; these averaged about 3.2 db.

For the 2000-ohm load resistor, the available gain
(15) is

G =~ (5000)? X 10-2 (2000)(5900) ~ 300.  (18)

The gain given by (18) is so high that even a second-
stage noise factor of 10 times will not appreciably de-
grade the over-all noise factor of the amplifier.

Noise Factor of Hypothetical Triode

Let us now consider the performance that could be
achieved if it were possible to operate the same 6AKS
tube as first stage of the 30-Mc. amplifier, but connected
as a triode. For the triode connection, R,,=400 ohms
and g.=6700 pmho, but the transit-time loading re-
mains unchanged. Using these data, one finds that

R, opt = 2350 ohms, (19)
Fope = 1.35, or 1.3db, (20)
G = 137. (21)

Comparing these values with those calculated for the
pentode connection (16), (17), and (18), we see that the
noise factor is substantially improved. Moreover, the
optimum source resistance is appreciably lowered; this
permits wider input bandwidths at the optimum noise
factor. The available gain remains high enough to ren-
der negligible the noise contribution of all but the noisi-
est second stage.

The difficulty with this plan lies in the fact that a
triode-connected 6AKS operated at 30 Mc. with the in-
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dicated source and load resistances would oscillate, and
thus would be valueless.

It will be shown, however, that, through suitable con-
nection of two triode tubes, it is possible to achieve the
stability of a single pentode stage. Furthermore, the
noise factor, optimum source resistance, and available
gain of this combination are determined almost entirely
by the first triode alone. In particular, if a triode-con-
nected 6AKS is used for first tube, the values given in
(19), (20), and (21) can be achieved.

II1. Tue CascopE Low-Noisg CIRCUIT—
QUALITATIVE EXPLANATION

In preparation for the precise discussion of the cas-
code low-noise circuit contained in Part IV, a qualita-
tive exposition will now be given. This discussion is re-
stricted to band center.

Referring to Fig. 1, let gm, 71, gme, 75 be the transcon-
ductance and plate resistance of the first and second
tubes, and let R, be the load resistance of the second
tube. Assuming, for simplicity, that R, is considerably
smaller than r,, as in wide-band amplifiers, then one
knows that the input resistance of the grounded-grid
stage is approximately 1/g..,; this is the resistance look-
ing to the right at points A4’ of Fig. 1.

The resistance looking to the left at AA’ is r,. Typi-
cal values are about 200 ohms for 1/gme and 4500 ohms
for rp. It is this combination of very low resistance to
the right and very high resistance to the left that is
the crucial characteristic of the grounded-cathode,
grounded-grid combination, with regard to both stabil-
ity and noise factor.

a. Stability

The amplification from the grid of tube 1 to its plate
is gm1/gme. If gm1 and g..2 are about equal, as is usually the
case, the amplification is about unity. This low amplifi-
cation makes the grounded-cathode stage stable. If gme
is twice gm1, say (for tube 1 a triode-connected 6AKS and
tube 2 a 6J4), the amplification of tube 1 is only one-half.

b. Amplification

For a 1-volt signal applied to the input grid, the plate
current of tube 1 is gn.; ampere. Because this current
flows through the plate circuit of tube 2, the voltage
across R, and hence the amplification of the cascode,
is approximately gmR;. With regard to amplification,
the cascode circuit is thus equivalent to a pentode of
transconductance gm.

Observe that the amplification of the cascode does not
depend on gms. The motivation for large gm: is essentially
only this: the larger g.z, the smaller is the amplification
of the grounded-cathode stage, and hence the greater
the stability of the grounded-cathode stage.

The transconductance of a pentode is increased when
it is connected as a triode, approximately in the ratio of
cathode to plate current. For this reason, the amplifica-
tion of a cascode employing a triode-connected 6AKS as
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first stage is actually about a third larger than that of a
single pentode 6AKS stage.

¢. Noise factor
The available gain of the first stage is
#12 1

ﬂlle
4R, ;1

Gl=

(22
47,,1 )
where u; is the amplification factor of tube 1 and R, is
the source resistance.

The noise factor Fg of the grounded-grid stage, re-
garding R, as part of that stage, can be shown to be

To2 51

’aqz ’pl

T R,,z 7p1 Rg

F,—1 (23)
where Ty is the effective temperature of the second-tube
grid-noise resistor R, and 7, is the second-tube equiv-
alent plate-noise resistance.!? In the right side of (23) the
first term represents the contribution of grid noise; the
second term, plate-shot noise; and the third term, ther-
mal-agitation noise in R,.

Typical values, pertaining to a 6AK5-half-6J6 cas-
code (Fig. 7) at 30 Mc. are u; =30, R,=2350 ohms,
T,/T=5, r,n =4500 ohms, R, =60,000 ohms, r.e=500
ohms, and R, =2000 ohms; for that case

G, = 470, (24)
which is extremely high, and
F;—1=0.3840.1142.25 =2.74.  (25)

Equations (1), (24), and (25) show that, in this typi-
cal case, the noise factor Fiy; of the cascode is

In the same typical case, F; is about 1.35. Equation
(26) thus validates the assertion that the noise factor of
the cascode is extremely close to that of the grounded-
cathode stage alone.

It follows that, although the grounded-cathode tube
type should be chosen for low noise factor, noise per-
formance is irrelevant in the choice of tube type for the
grounded-grid stage.

d. Avwailable Gain

The available gain Gj2 of the cascode, regarding R; as
part of it, is that of a pentode of transconductance gm,
source resistance R,, and load resistance Ry; i.e.,

(gmlRa)’/ 1
G =—— / — = gm'R.Ra.
12 4R, 4R, gm1 2

In the typical case above, Gi12=200; this is enough to
make any usual third-stage noise negligible.

(27)

IV. SINGLE-FREQUENCY NoISE FACTOR
oF THE CASCODE

For small-signal analysis, the low-noise cascode can be
replaced by the equivalent circuit of Fig. S, where
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Y, =grid-to-plate admittance of tube 1

. w Wo
= jwlygm| —— —
Wo w
C,» =grid-to-plate capacitance of tube 1

fo=Dband-center frequency =wo/2m
Y, =grid-to-cathode admittance of tube 1

w wo

= §s + jwocgcl <— - _)

Wo w

C,a=grid-to-cathode capacitance of tube 1
g.=transformed signal conductance at grid of
tube 1
Yinter =interstage admittance

wo

1 . w
=—+ ]wo(cpcl + Cgc2) <_ - —)
wo

p1 w

C,pa =plate-to-cathode capacitance of tube 1
C,2 =grid-to-cathode capacitance of tube 2
r,1 =plate resistance of tube 1

Y, =plate-to-cathode adniittance of tube 2

1
= — + jwoCpe2

127}

C,2=plate-to-cathode capacitance of tube 2
rp2 = plate resistance of tube 2
Y2 =grid-to-plate admittance of tube 2

1 w wo
==+ jwocaﬂ(_ - _)

R, wo w
C,p2=grid-to-plate capacitance of tube 2
R, =load resistor of second stage of cascode

1,2 =mean-squared thermal-noise current 4kTBg,
of g,

1,2 =grid-noise current of tube 1
1,22 =shot-noise current of tube 1 =4kTBr, gm?
1a22 =shot-noise current of tube 2 =4kTBr,gms?

il + inl (chl + ngl)
e = fas | = [ (gm1 — Vopi1)
in3 + ind O

1.2 = thermal-noise current of load resistor
= 4kTB/R,
T =absolute room temperature
T, =effective absolute temperature of grid loading
= 1,2R,/4kB
B =noise bandwidth
k =Maxwell-Boltzmann constant
req = equivalent noise resistance of tube 1
7.2 =equivalent noise resistance of tube 2
gm1 = transconductance of tube 1
gma =transconductance of tube 2,
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In analyzing the cascode by the equivalent circuit of
Fig. 5, a number of approximations are made:

(a) The grid-noise current of tube 2 is neglected com-
pared with the plate-noise current of tube 1. These two
currents flow between the same two terminals and can
thus be compared directly.

(b) The admittance of the grid loading of tube 1 is ne-
glected, but the noise current associated with this load-
ing is not.

(c) All tube and circuit capacitances with the excep-
tion of Cpc are assumed to be tuned to parallel resonance
by suitable parallel inductances.

S~

=25

Fig. 5—Equivalent circuit for cascode noise-factor analysis.

(d) The losses associated with these inductances are
assumed to be negligible, with regard to both loading
and thermal noise.

(e) The grid-noise current of each tube is statistically
independent of its plate-noise current.

Assumptions (a) and (e) are observed to hold for most
receiving tubes at frequencies below 200 Mc. Assump-
tion (b) is justified for most tubes by (7). Assumption
(c) means that the input, interstage, and output circuits
are single-tuned, and the grid-plate capacitance of tube
1 is neutralized at band center. The results obtained for
this case are indicative of the behavior to be expected in
general and are yet simple enough to be easily manipu-
lated. Assumption (d) is met in practice provided care is
taken to employ reasonably high-Q coils.

The node equations for the cascode equivalent cir-
cuit, written in matrix form, are

- Y“’l 0 €51
(gm2 + ngl + Yinter + chz)
- (gmz + chz)

- ch2 >< €p1
(Y pe2 + Y gp2) €p2

(28)

We define
e;2, =output voltage with all currents applied
e, =output voltage with the noise currents 7,, tas,
1.3, and 1.4 set equal to zero.
Then the noise factor of the cascode circuit is

ep2n2

F =

(29)

ep202

The voltage e;2, is
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(Yacl + Yapl) - Yapl (‘i- + ‘inl)
(gml - Yapl) (gm2 + Yapl + Yinter + chz) (inz - iu@)
0 — (gma+ Y, (tn3 + 1a
ot ) Gt i) .
vl
where
(Yacl als Yapl) - Yapl 0 |
l YI = (g"ll - Yapl) (g"l2 als Yapl + Yiater + chz) - Yrcz
0 - (gM2 + chz) (chz + Yapz) (31)
and In the mean square of €,2,/€,2, which is the desired noise
t0(gm1 — ¥ op1) (gme + Y pc2) factor, all the cross products of noise currents are zero
€p20 = — — ‘I v I‘ - : (32)  because of the incoherence!” of the respective noise cur-
rents. After substitution of the appropriate values for
Usually, the mean-squared noise currents, the single-frequency
gm1 > Yom, (33) noise factor is found to be
Em2 > ch2 + Vinter + Yapl- (34) Ta 1
F(y =14 (= .R. %a?
Then, from (30) and (32), 0 + (T )g,R, + aReall + Q)
(Yacl+Yap1) - Yapl (ic+inl) g, eq2 [(1 Q 2)2 4 2]
gml (Yapl + Yintel:) (in2+ inA) (35) 1 2 Qb “«
€pon 0 — gm2 (in8+ inA)
= — : y
€p2 —~ 1sm1fm2 + gml2RL (1 + Q‘ a ) (43)
which, when expanded, becomes S
Eotn_ 1+""_‘_2[Y°‘_‘+K£EL] O =0+ Q:+ O
fp!o ic ic gml
. A plot of [F(f) —1] for a typical 30-Mc. band-pass cas-
_tn3 [EY."‘H_Y"ﬁ(l_/”’lﬁi_yi"“'z—*'ﬁly"_”‘] code amplifier using a 6AKS first stage and a 6]4 second
i. Em1fm2 stage is given in Fig. 6. The various excess noise-factor
gleapl+gm2(Yacl+Yap1) cor}tributions due to the two tubes and the output load
—— — (36) resistance are also plotted. One notes that, over an 11-
1‘ Em1gm2 Mc. band, the noise contribution of the grounded-grid
Equation (36) can be written tube is less than the noise contribution of the output
. load resistor. Inspection of curves such as those of Fig.
fpan_ . Im1 In2 6 shows how the integrated noise factor can be expected
1+ .
€p% 1, 1, Zm to deviate from the band-center value.
i g For the case plotted in Fig. 6, the 3-db bandwidth of
— [(147012) (14 jQ20) +7Qsa] (37)  the cascode circuit is about 6.5 Mc., so that at the 3-db
te H1fme frequencies the noise factor has increased about 0.1;
ind 8 . if the balance of the amplifier has a bandwidth of about
- 0 _1 [1+7Qe] 7 Mc., one would expect the integrated noise factor to
lie between 1.5 and 1.6 db.
where . . ’
@0(Copt + Coet) If desired, the integrated noise factor can be exactly
0 =—2 " "7, (38) calculated, following Schremp!?®:
& (a) Calculate the single-frequency noise factor F(f).
02 = worp1(Copr + Coea + Cper), (39) (b) Calculate the transfer impedance Z,(f) of the cas-
R code plus the balance of the amplifier. This is the voltage
Qs =m = (40) appearing at the output terminals of the amplifier when
& 1, is one ampere.
Q4 = Q1 + Qs/(gmarp1), (41)
17 See footnote 16,
w wo 18 E. J. Schremp, “Vacuum-Tube Amplifiers,” Radiation Labora-
a=-———" (42) tory Series, vol. 18, McGraw-Hill Book Co., New York, N. Y.,
wo w 1948; sec. 12.7.
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(c) Calculate a weighting factor W *(f) according to
the relation

W2(f) = — izzg_) —

“z 1w (f)df

0

(44)

I )

©

EXCESS NOISE FACTOR

001

0001 S
23 24 25 26 27 20 29 30 M 32 33 34 35 36 37
FREQUENCY IN MEGACYCLES/SEC.

Fig. 6—Calculated single-frequency excess noise-factor components
for a typical low-noise cascode. Tube data approximately those
of a 6AKS5-6J4 combination; source and load resistances equal to
2000 ohms.

(d) Determine the integrated noise factor from the
relation

r= [ Epwegnd (45)

0
V. PracTticaL CIRCUITS AND
ExPERIMENTAL RESULTS

A practical embodiment of the low-noise cascode
which gives excellent results is shown in Fig. 7.

6AKS

HALF
646

TO PENTOOE

( MIFIER
& STAGES

B+

Fig. 7—Practical low-noise cascode circuit.

The grounded-cathode stage is a triode-connected!?
6AKS. This type was found superior to the 6AGS and
6]4 as first stage (for reasons that are not clear; there

1¥ Equal performance was obtained with a type 6AS6 when tri-
ode-connected by strapping grids 2 and 3 to the plate; this showed

that no harm results from the grounded suppressor interposed be-
tween grid and plate of a triode-connected 6AKS.
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may be some connection with the fact that the 6AKS
has a gold-plated control grid, and hence small grid
emission).

As the grounded-grid stage, half of a 6]J6 is used, with
socket pins connected as shown in Fig. 8. Strapping pins
1, 3, 5, and 6 to the center post of the socket in star
fashion and grounding the combination furnishes a
grounded-grid stage with a g, of 5000 umho and a cath-
ode-to-plate capacitance of 0.25 uufd.

HEATER

PLATE

CATHOOE

Fig. 8—Grounded-grid 6]J6 socket connections.

A 6AKS makes an unsatisfactory grounded-grid stage
because the internal connection of suppressor grid-to-
cathode leads to a very high cathode-to-plate capaci-
tance, about 3.1 uufd. A 6J4 is a very good grounded-grid
stage but its expense is probably squandered in the
cascode.

Resistors Ry and Ry, are cathode-bias resistors of con-
ventional magnitude, and Ci and Cy; are their by-pass
capacitors.

Coil L, resonates with the input-circuit capacitance at
the desired band center.!® It should be kept in mind that
the input impedance of the first tube includes, by Miller
effect, a capacitance (14+4) C,, in parallel with an in-
ductance L,/(1+A4), where 4 is the amplification of the
first stage. In Fig. 7 the value of 4 is about unity.

The resistance R is stepped up to the value R,, .. (see
Table 1) by locating the tap on L,. If the input-circuit
bandwidth so obtained is inadequate, the single-tuned
input circuit can be replaced by a double-tuned circuit;
this is more complicated and critical and has no ad-
vantage in noise factor, but allows about twice the band-
width for the same impedance step-up.

The coil L; tunes the interstage capacitance of about
10 pufd. The interstage circuit is extremely wide, about
80 Mc. in Fig. 7, because of the heavy input loading of
the grounded-grid stage. For this reason, L; is extremely
noncritical.?®

The standing current of the grounded-grid stage flows
to ground through R, L., and L,. With this arrange-
ment, use of L, requires no additional parts. The coil L,
tunes the grid-plate capacitance of the grounded-cath-
ode state (1.2 uufd. for the triode-connected 6AKS of
Fig. 7). It is not critical, as shown by the fact that sta-
bility is preserved if it is left out entirely, and noise fac-
tor is degraded only 0.2 db at 30 Mc. and 2.5 db at 18C
Mc. However, if it is desired to adjust L, accurately in a
production prototype for resonance at band center, a
signal generator can be applied to the grid terminal of

0 This is illustrated by the fact that, in an amplifier at 30 Mc,,

there was no noticeable change in noise factor, amplification, or band-
width when the value of L; was inadvertently tripled.
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the cold® grounded-cathode stage and L, proportioned
for minimum transmission.

For best noise factor, L, and L, should have fairly
high Q's, about 200.

The photographs of Fig. 9 show a 30-Mc. amplifier
consisting of a 6AKS5-half-6]6 low-noise cascode fol-
lowed by two 6AKS pentode stages.

(a)

(b)
Fig. 9—Photographs of a 30-Mc. amplifier consisting of a 6AKS-
half-6]6 low-noise cascode followed by two 6AKS pentode stages.
The 6AKS of the cascode is at the left in (b).

PROCEEDINGS OF THE I.R.E.

June

having 100-db gains employing the cascode low-noise in-
put circuit, at several frequencies. The noise factors
were measured with noise diodes? and represent the in-
tegrated noise factor over the whole amplifier pass band.

The 6- and 30-Mc. amplifiers were constructed by
Lawson and Nelson with every precaution to obtain least
noise factor. The Q’s of the input and neutralizing coils
were over 200, and the 6AKS5 bias was adjusted for best
average noise factor (R =70 ohms for 105 plate volts).
Lawson and Nelson measured noise factors for 100 dif-
ferent 6AKS first tubes in the 30-Mc. amplifier; the
quoted 1.35-db noise factor was the median of these
measurements, the range having extended from about
1.1 to 1.9 db. Changing tubes in the second stage did not
affect noise factor, nor was stability affected by changes
in either stage. In the 6-Mc. amplifier, there was very
little variation of noise factor even with first-tube re-
placement.

Radar Receiver Noise Faclor

By using a 30-Mc. intermediate-frequency amplifier
with cascode low-noise input stage, the authors ob-
tained, in 1945, a 3000-Mc. radar receiver with a radio-
frequency noise factor F,;of 7.4 (=8.7 db), as measured
with a 3000-Mc. klystron noise source.® F,; has the fol-
lowing form:

Fr - Lcrynal X Ltr X (Fi/ + Tcryntal - 1) (46)

where Lerysta1 1s the conversion loss and L, is the loss
in the transmit-receive switch, given as ratios, and
Toryata1 is the crystal temperature index; i.e., the ratio
of crystal intermediate-frequency noisiness to that of a
resistor of equal intermediate-frequency resistance. In
the case under discussion, Lyrysat and Teryetar Were about
3.6 and 1.1 (good values, but not the best ever obtained)
and L, was about 1.4.

Newer transmit-receive switch designs permit reduc-
tion of L, to about 1.2. If the intermediate frequency
were lowered to 6 Mc., as would be practical with a bal-
anced mixer, 3000-Mc. radar receivers with noise factors
of 5 (=7 db) could become common, even without im-
provement in crystal converters.

TABLE 1
Noist FacTors oF AMPLIFIERS HAVING Low-Noise CAascopE FIRsST STAGE

Bandwidth, Mc. I '

Over-all noise factor Degradation of

I
R'. opt. (

T
Band center, I —— Tubes used in noise factor
Mc. ———— ohms Input o 1 cascode when L, is
Ratio | , circuit viazell | omitted, db
6 1.06 0.25 15,000 2* 1 6AKS-6]4 } not measured
30 1.35 1.35 2 500 12* 6 6AKS5-6]4 0.2
180 3.5 5.5 200 | 30t 2.5 6J4-6]4 { 2.5

* Double-tuned.
t Single-tuned.
Results

In Table 1 are listed experimentally obtained noise
factors and optimum source resistances of amplifiers

21 Heaters disconnected.

2 Radiation Laboratory Series, “Vacuum-Tube Amplifiers,”
“Measurement of Noise Figures,” vol 18, McGraw-Hill Book Co.,
New York, N. Y., 1948; chap. 14.

# M. C, Waltz andj B. H. Kuper, M.L.T. Radiation Laboratory
Report 443, September 17, 1943,
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The Application of Projective Geometry to
the Theory of Color Mixture’

FRANK ]J. BINGLEY,{ SENIOR MEMBER, LR.E.

Summary—Consideration is first accorded to the basic problem
of the mixture of two colors of given luminosities. It is shown that a
simple geometric construction will enable determination of the point
on the chromaticity diagram corresponding to the mixture for any
values of relative luminosities of the two component colors forming
the ingredients of the mixture.

The method is next expanded to consider the case of color repro-
duction by the three-color process using three primaries. Laws gov-
erning the amount of luminosity contributed to a color mixture by
each of the three primary components are deduced and shown to be
of simple type. Comparison of the results of choice of different sets of
primaries are discussed and illustrated.

The performance of equiluminous primary systems, such as have
been proposed for sequential color television, is examined critically.
The color-fidelity limitations inherent in such a system are demon-
strated and discussed.

The luminosity demands of each primary in a three-color tele-
vision system are next examined, using the geometric method of
analysis. For two given primary systems (those known as primaries
A and primaries C, respectively), curves are shown indicating the
contours of maximum luminosity demand of each primary when func-
tioning in the reproduction of the full gamut of reproducible colors on
the chromaticity diagram. It is shown that the maximum luminosity
demand of any primary does not necessarily occur during the repro-
duction of white. As much as 41 per cent additional luminosity may
be demanded of a given primary at a certain color as compared to its
luminosity when reproducing white. In a television system, allowance
must be made for this additional demand in the form of additional
available undistorted voltage swing in the corresponding primary am-
plifier channel, if color distortion is to be avoided.

The possibilities of the method of geometric analysis discussed
are pointed out, not only with regard to its use for purely theoretical
analysis with a simple, direct, and pictorial approach, but also as the
basis for a wide range of graphical design methods which should be
capable of wide application.

I. INTRODUCTION

HE LAWS of colorimetry have been well estab-
Ttablished over the past fifty years. The result of

this work culminated with the adoption by the
International Commission on Illumination of a standard
observer and a standard chromaticity diagram based
on the standard observer with trichromatic vision. The
laws of color mixture for such a standard observer are
known, and may be found widely noted in the litera-
ture.!?

It has been known for some time that the laws of
color mixture could be expressed geometrically using an
analogue between the light sources and appropriate
corresponding weights supposedly located at the points
on the chromaticity diagram corresponding to the colors

* Decimal classification: R583.17. Original manuscript received
by the Institute, November 5, 1947. Presented, 1948 I.R.E. National
Convention, New York, N. Y., March 23, 1948,

t Philco Corporation, Philadelphia, Pa.

194;W. D. Wright “Measurement of Color,” Adam Hilger, London,

t A. C. Hardy, “Handbook of Colorimetry,” Technology Press,
Cambridge, Mass., 1936.

being mixed. It is the purpose of this paper to develop
some general theoretical considerations of a geometric
nature, which are believed to represent a new analytical
technique. By use of the method, it is possible to un-
cover general properties of color mixture which might
not otherwise be apparent. Additionally, useful geo-
metric constructions for the solution of color-mixture
problems, without laborious arithmetical computation,
will be presented.

II. MIXTurE oF Two COLORS OF
GIVEN LUMINOSITIES

Assume that the two colors are specified by their
co-ordinates on the chromaticity diagram and by their
luminosities. Let the two colors then be

unt,
xzyQYQ.

Let them be represented on the diagram, Fig. 1, as
points C,C..

Fig. 1—Mixture of two colars.

Now we know that the point C representing the mix-
ture will be located on the line C,C; and the same loca-
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tion as the center of gravity of weights® ¥,/y, at C, and
Y,/y. at C,. Further, we know that the luminosity of the
mixture V= V,4 V..

Let C,C; intersect OX at Q. Now, regarding the two
light sources being mixed as weights, we have, by taking
moments about C,

Y, Yy
—-CC =—-CC,
M Ve

Also, because the luminosities are additive V= Y,4 1%,

Thus we have

CC Yo »n
CC: Vi 31
Now, from similar triangles, obviously
»n_ CQ
¥ CQ
Thus,
C.C CQ Y,
CC, €O Vi

If we assume the _p_)_?sitive direction of measurement to

be the direction C,Q, we can write the above equation
as

CC CQ V.
CL CO

Y,

Each term on the left-hand side expresses the ratio of
division of C,C,, the first term by the point C, the second
by the point Q. The division by Q is external, that by C
is internal. The latter division results in a negative
ratio, in accordance with the usual geometric conven-
tions. The left-hand side may be termed a “ratio of
ratios” and is known in projective geometry as the
“anharmonic ratio” of the points® C,C; C and Q. It is
written (C,C.CQ).

We may then write

Y
CCLY) = ——=—n

where # is the ratio of the luminosity of C; to that of C,.

Now an anharmonic ratio is a projective form. If we
take any point S and join it in turn by straight lines to
each of the points C,C,CQ, the resulting bundle of
rays is called a pencil, and the pencil is said to have an
anharmonic ratio (C,C:CQ). It has the property that,
if any other line is drawn to intersect the pencil in points
C/C/C'Q, the anharmonic ratio of these points is
equal to that of the pencil; that is,

(CYCIC'Q) = (CLCLQ).

Thus, from a center of projection S we have projected
the four original collinear points into four new collinear
points, and the anharmonic ratio has been unchanged
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by this projective process. Obviously, the process may
be repeated indefinitely, and the anharmonic ratio will
remain unchanged. Proof of this property is simple,
but beyond the scope of this paper; it will be found in
texts on projective geometry.? Itis because of this prop-
erty that an anharmonic ratio is called a projective
form. An array of points along a straight line is referred
to as a range. Thus we may say that a given pencil
intersects any straight line in a range of points having
the same anharmonic ratio.

It is customary to refer to the ray by lower-case
letters; thus SC, would be referred to as the ray “c,”,
SC; as the ray “c;,” and so on. The anharmonic ratio
of the pencil is often written (cicacg). There is a gen-
eral duality between points and lines which makes this
convenient in certain of the theory of projective
geometry.

The projective properties of anharmonic ratios can
be used to enable some interesting geometric construc-
tions to be applied to the chromaticity diagram. For
example, if we wish to find the color resultant of a mix-
ture of colors G, and C; in which the luminosity of C,
is n times that of (), all we have to do is to first join
G, C; intersecting OX in @ and find the point C on C,C,
such that (C,C:CQ)=—n. This is easily done by
first constructing an anharmonic pencil of this ratio,
which could be made on a separate transparent or trans-
lucent sheet, and then laying it over the diagram of
Fig. 1. It is then oriented so that three of the rays of the
pencil pass through C,, C,, and Q, respectively. The
intersection of the fourth ray will give the point C. Of
course, in practice it is more convenient to make the
original chromaticity diagram on translucent paper and
lay it over the anharmonic pencil. The point C then can
be directly marked on the chromaticity diagram. The
principle is illustrated in the diagram of Fig. 2.

The powerful nature of the method should now be ap-
parent. Obviously, a pencil could be constructed with
fixed rays corresponding to C,, C;, and Q, and a number
of rays corresponding to C, each one marked for a specif-
ic value of the luminosity ratio n. Thus the resultant
color for any luminosity ratio can be easily determined.

II1I. CONSTRUCTION OF ANHARMONIC
PENcILS oF GIVEN RaTIO

To be able to effectuate the method described above,
we must be able to construct suitable anharmonic pen-
cils of any desired ratio. This can be done readily as
follows: Let ABCD (Fig. 3) be a range of points. Let
AC=CB.

AC AD
(A4BCD) = —-:—
BC BD

BD

AD

3 J. S. Hatton, “Principles of Projective Geometry,” Cambridge
University Press, Cambridge, England, 1913.
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Thus the anharmonic ratio is —(BD/AD), and to each
location of the point D will correspond a definite known
value of the ratio BD/AD, and hence, also, of the an-
harmonic ratio (4 BCD).

820

THIS 1S ONE
COMPONENT OF
THE MIXTURE

THIS IS THE COLOR
OF THE MIXTURE

3 {a90

THIS 1S THE OTHER COMPONENT

Bingley: Application of Projective Geometry to Color Mixture
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Now take any point S and draw the rays S4, SC, SB,
and SD. These rays form the desired anharmonic pencil,
and any secant will cut them in a range of points having
anharmonic ratio=(ABCD)= —(BD/AD).

~ ANHARMONIC PENCIL
@ OF RATIO {(GCQ): - m
TT——=" ALIGN THESE RAYS

@ro PASS THROUGH
POINTS C,C,8Q

AS SHOWN

TTHIS RAY THEN INTERSECTS (,C,

@n C, THE RESULTANT

COLOR OF THE MIXTURE

In drawing the pencil it is often useful to make the
angles CSA4 and CSB equal, and perhaps of some read-
ily measured value such as 30° or 45°. This is particu-
larly convenient when using a drafting machine to lay
out the anharmonic pencil.

The pencil, as drawn, while it can be used for the solu-
tion of mixtures of variable luminosity ratios, is not in
the most convenient form for that purpose. This is be-
cause we have made d the variable ray, and this would
be the one that is required to pass through point Q in
Fig. 2. Obviously, it would be better for our purpose to
have the rays a, b, and d fixed, since these would be
required to pass through the fixed points Ci, C, and Q,
respectively. If the ray ¢ is made variable, it will indi-
cate directly the resultant mixture point for various
ratios of luminosities between the two component colors

2 | ITS LUMINOSITY 1S . TIMES
THAT OF C,
80
R
T T L3
' 2 3 / Q' x
Fig. 2—Determination of the color of a mixture by means of an anharmonic pencil.
/
‘ \
[
A C B D

Fig. 3—Construction of an anharmonic pencil.

C: and C,, with a single alignment setting. To draw
such a pencil it is best to make AB=BD, so that
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FOR VALUES OF (ABCO) INOICATED

Fig. 4—An anharmonic pencil with variable ray.

520

Fig. 5—Luminosity contribution of blue primary.
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AD/BD=2 and (ABCD)=3%AC/BC; the pencil is
then easily constructed, and is shown in Fig. 4. The
fixed rays are a, b, and d, while ¢ is variable, covering a
range of from #=0.1 to n=10.

IV. APPLICATION OF THE METHOD TO THE THEORY OF
THree-CoLOR REPRODUCTION

Let us consider the subjective reproduction of colors
using three primary colors, adding them in appropriate
luminosities to reproduce the desired color. This tech-
nique is used in color photography and color television.
It is obvious from the properties of the chromaticity
diagram that a match of a given color will be possible
provided the co-ordinates of the color to be reproduced
lie within the triangle formed by the three primaries
chosen. For this reason it is obvious that a necessary
condition for wide-range color reproduction is that the
triangle of primaries should encompass as large an area
as possible. There are other limitations at the camera
which impose further ceilings on the over-all gamut of
colors that can be reproduced, but these will not be
considered at this time.

Let us first consider the locus of reproduced colors to
which a given primary contributes a fixed fraction of the
total luminosity. We will show that this locus is a fixed
straight line.

A. Locus of colors to the luminosity of which a given
primary contributes a fixed fraction

Consider three primaries indicated by the points
R, G, and B (red, green, and blue, respectively) on the
diagram of Fig. 5. Let it be required to find the locus of
colors to which the blue primary contributes a certain
fixed fraction of the total luminosity. Let GR intersect
OX in Q1. Each color on the locus will be composed of
certain proportions of R, G, and B. We can first combine
G and R to produce a color C; located on the line GR.
This color C; will have a luminosity Y¢+ Yr where
Y and Yz are the individual luminosities of its green
and red primary components, respectively.

Now let us combine C; (with luminosity V¢4 Y&)
with the blue primary having luminosity Y. We then
get a new color C lying on the line CiB, and having
luminosity (Y¢+ Yr+ Vp).

Now we have a color C of luminosity (Ye¢+ Yr+ V5g),
to which the blue primary is contributing a luminosity
Y. That is, if the blue primary contributes a fraction
fs to the total luminosity, then

Yp

fgom — .
Yo+ Yr+ Vs
Let C,B intersect OX on the point N.. Then the posi-
tion of C on the line BC, is, as previously demonstrated,
determined by the condition

Bingley: Application of Projective Geometry to Color Mixture
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Yp
(CBCN») = —
Yo+ Vg
_ L
1~ fa

For a given value of fg, this is a constant. Now we
have a pencil of rays with vertex at Q. There are four
rays, namely QiG, Q1B, 010, and Q,C. Of these four rays,
the first three named are fixed in position. Hence, the
fourth ray must also be fixed for a given value of f.
Thus Q.C is a fixed ray, and is the locus of all colors to
which the bue primary contributes a luminosity fraction
fs.

Thus we could draw a number of straight lines
through Q,, each one corresponding to a certain frac-
tional luminosity contribution from the blue primary.
In particular, Q,G would correspond to fp=0 (no blue
primary required); and Q,B would correspond to fp=1
(nothing but blue required).

The manner in which the family of loci can be drawn
is based upon a simple extension of the principles al-
ready outlined. First, we draw an anharmonic pencil
having the value —fg/(1 —fg). There can be three fixed
rays and a variable ray marked with values of fz ap-
propriate to its positions. A pencil of this type is shown
in Fig. 6. Then, by applying this pencil to the line

~
Z

C ror vavE oF fy iNDICATED

Fig. 6—Fractional luminosity pencil.

CiN: and aligning appropriate rays with the points
C1,B and N,, successive positions of C corresponding to
various values of fp can be marked off. Joining these
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Fig. 7—Loci of constant luminosity contribution of blue primary—primaries C.

points to Q gives the family of loci. This has been done
and is illustrated on Fig. 7. We may note in passing
that C; can, for the above purpose, be just as well
taken to coincide with G and N, with Q,, and this will
incur no loss in generality. This is because, obviously
(CiBCN,) = (GBC:Q,), since these two ranges are pro-
jective (Fig. 5).

We may similarly consider the locus of colors to which
the red primary contributes a given luminosity fraction
fr. It will be found to be a family of straight lines
through @: of which Q,G will correspond to fr=0 (no
red needed) and Q;R to fr =1 (nothing but red needed).
The other rays in the family will be determined as above
for the blue. The same anharmonic pencil as used for
the blue primary can also be used for the red.

Fig. 8 illustrates the loci for the red primary.

The case of the green primary is similar, but will be
analyzed in detail since it requires slightly different
treatment.

First we combine B and R to produce C; at luminosity
Y-+ Yr (see Fig. 9). Then we combine C; and G to
produce C with luminosity Yz+4 Ye-+ Y. To the mix-
ture the green primary contributes a luminosity fraction

Yo

L I

T T T T ¥

Fig. 8—Loci of constant luminosity contribution
of red primary—primaries C.
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AN

Fig. 9—Luminosity contribution of green primary.

If GC, intersects OX at Nj, the position of C is deter-
mined by

Ya+ Ve
Y¢

_.l_fG
fe

Once again, the locus is a straight line.

If we now write f¢g=1—f, then f is the fractional
luminosity contribution of the red and blue primaries
combined. Making this substitution,

(GC]CN3) = "—f—'—)

1—f

and the same anharmonic pencil that was used to deter-
mine the blue and red loci can be used here, if we remem-
ber that the parameter marked on the variable ray now
represents f, or 1 —fe¢.

The resultant family of straight lines for green con-
tribution is shown in Fig. 10. The diagram of Fig. 11
shows the three families superimposed.

It should be realized that a definite choice of prima-
ries is implicit in the above derivation. That is to say,

(GCCN3)

Fig. 10—Loci of constant luminosity contribution . . h ;
& of green primary—primaries C. if primaries other than those located at R, G, and B in
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T T 1

Fig. 11—Constant luminosity contribution
loci superposed—primaries C.

y 920
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tions of R, G, and B primary points, but also in the place-
ment of the constant-luminosity-contribution loci.
Nevertheless, these loci would be obtained from the
primary locations by the same geometric process using
the same fraction-of-luminosity pencil (Fig. 6) as was
used previously. In other words, the method is perfectly
general and will give the appropriate solution for any
given set of primaries. Indeed, we will find this univer-
sal-application property very useful in comparing
various performance factors resulting from a variety of
possible primary choices.

The actual primaries used in Figs. 7, 8, 10, and 11
were those which have been referred to as primaries
“C”.4 This set of primaries is described by the following
co-ordinates:

Primary color x y

Red 0.6805 0.3193
Green 0.2500 0.6885
Blue 0.1477 0.0412

Another possible set of primaries is that designated in
the above reference as primaries A. These cover a con-
siderably smaller gamut of reproducible colors, but have
been given some consideration in television for other

reasons.

-

+

0 " 2 3

*
L d

Fig. 12—Loci of constant luminosity contribution of blue primary—primaries 4.

Figs. 7, 8, 10, and 11 had been chosen, the actual dia-
grams would have been different, not only in the loca-

4 Report of Sub-committee on Color of Panel 6 (Television) ot
Radio Technical Planning Board; issued November 26, 1946, Re-
port No. TS2.1-2144,
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The corresponding co-ordinates are:

Primary color x y

Red 0.675 0.326
Green 0.221 0.712
Blue 0.130 0.130

The corresponding fractional-luminosity-contribution
loci are shown in Figs. 12, 13, and 14, for blue, red, and
green primaries respectively. They are shown superim-
posed in Fig. 15. It is interesting to note that in Figs.
11 and 15, at each intersection of a trinity of red, green,
and blue fraction rays the sum of the luminosity con-
tributions is unity, as of course it should be.

Referring to Figs. 11 and 15, we note that the locus
of colors to which blue and red contribute equally in
luminosity is a straight line through 4 passing through
the intersections of pairs of red and green fraction rays
corresponding to equal fractions. Particularly, of course,
the 0.5 ray of red and blue contribution also intersect
on the line BR, as they should do, since for colors on
this line there is no luminosity required of the green
primary. This point of intersection is marked Go, and
the locus of equal blue and red luminosity contribution
is then the line GG,. Similarly, there is a locus BB, for
equal red and green luminosity contributions, and a
locus RR, for equal blue and green luminosity contribu-
tions. These three lines intersect in a single point E,
which of course corresponds to the color demanding
equal luminosities of the three primaries. By comparing

y 520

* 4

310

500
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Figs. 11 and 15, the wide difference in location of the
point E in the two cases is obvious.

y 520

| T
5 e R o

Fig. 13—Loci of constant luminosity contribution
of red primary—primaries 4.

530

540

350

600
) R
3 Jas0
¢ 630
/x |
4
/ : //-no
e -
/ : 1/ B
4 -
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/ 480
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i T T T T 1
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Fig. 14—Loci of constant luminosity contribution of green primary—primaries 4.
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It is obvious that Figs. 11 and 15 can be used to cal-
culate the signal voltages required in the red, green, and
blue channels of a color television system. It is only
necessary to know the relation between channel voltage
and relative receiver primary luminosity for each of the
three primaries. Assuming a linear relation between
channel voltage and luminosity, we will then obtain for
each primary channel a factor by which the luminosity
must be multiplied to obtain the voltage. The luminos-
ity contribution loci can then be relabeled with the cor-
responding channel voltage, thus giving a map display-
ing the relation between color reproduced and the three
channel voltages.

B. Equiluminous primaries

We may note that it was the difference in the equi-
luminous points that led to the consideration of prima-
ries A for sequential color television. In this type of
color television the colors are built up by successive pres-
entation of red, green, and blue separation images. The
persistence of vision is then called upon to fuse these
images into a composite, colored image. The particular
system under consideration was being operated above
the flicker threshold, and it was hoped that, at least for

T T T T T T —

0 4 2 3 - 2 6 x white objects, the principle of having primary luminosi-
. ; ) ; . L

Fig. 15—Constant luminosity contribution tle.s more r}early e o3 r'ep LRI WA “o%lld

loci superposed—primaries 4. raise the flicker threshold. This corresponds to having

ASSUME RED AND GREEN PRIMARIES ARE WITHIN THIS AREA,
AND THAT WHITE (POINT W) IS BEING REPRODUCED

@ BLUE PRIMARY MUST LIE WITHIN THIS AREA IF —2 -
/

]
Yatly 2
THIS, OF COURSE, WILL APPLY TO THE atTe
EQUILUMINOUS PRIMARIES CASE
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ABOVE RATIO : &
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S

Fig. 16— Permissible locations of blue primary for various values of ¥s/Yz+ Yg when reproducing white.
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the equiluminous point E (Figs. 11 and 15) closer to
white. Some increase in flicker threshold brightness was
indeed noted, but the system was deficient in fidelity of
color rendition, particularly in the blue. In fact, the
more nearly equal the three primary luminosities are,
the worse will be the color fidelity in the blue portion of
the chromaticity diagram.

Why this is so can be seen by reference to Fig. 16.
Here we will first consider the case of équiluminous
primaries, i.e., primaries which are so chosen as to have
equal luminosities when reproducing white. Initially,
let us consider the red and green primaries and assume
they lie on the line CD. This line certainly represents an
extreme case because, while the red primary could cer-
tainly fall upon this line, the green filter would have to
be very narrow so that it would have low visual effi-
ciency. Neither primaries C or 4 have a green primary
that is this close to the spectral locus. Nevertheless, the
line CD represents an extreme that might be used, and
will provide a useful starting point for the discussion.

Assuming, then, that the red and green primaries of
our postulated equiluminous primary system are to be
on CD, we know that their resultant will also lie on CD
and will have twice the luminosity of either—let us
say, then, a luminosity of 2L. Now we have to add
a blue primary, also of luminosity L, to produce white,
as indicated by the point W. If Cgre represents the
red-green resultant point, we join Crg to W and let
the line Cr¢W intersect OX in P. Now we have a
color W which is the resultant of 2L at Cpg and L at B,
where the location of B is determined as previously by
the relation

(CreBWP) = — 3.

This determines the point B.

Next we note that, if CD intersects OX in S and we
join WS and BS, we have an anharmonic pencil whose
ratio = (Cr¢BWP) = —} and is therefore fixed. Thus, as
Cre assumes various positions along the line CD, cor-
responding to different choices of pairs of red and green
primaries, the corresponding locus of B is the fixed
straight line G,D;.

Now let us draw another straight line FE through S,
to indicate another extreme possibility along which the
red and green primaries of the postulated equiluminous
system might be located. This line is intended to indi-
cate the furthest distance within the spectral locus that
the red and green primaries might be located. Corre-
sponding to this line,’we find another locus EiF; for
the blue primary.

In order to retain physical meaning, the loci must be
considered bounded by the spectral locus, since no real
colors can fall outside the spectral locus. What we have
just proved, then, is that, for an equiluminous primary
system for which the red and green primaries lie within
the area CDEF, the corresponding blue primary must
always lie within the area CyD,\E;F;. Furthermore, the
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line C,D, corresponds to the locus of the most saturated
blue primary that can be used, since it corresponds to
red and green primaries lying on the line CD. We can
now examine the available “blues” that correspond to
the area C,D,E,F, by listing the Wratten filters that
have colors falling within this area. It will be found that
filters described as “blue-green,” “bluish,” and “ma-
genta” represent the only range from which blue pri-
mary filters can be chosen. Examination of these filters
will show them to be unsuitable for blue reproduction.

To make the diagram more complete, areas C;D,ExF2
and C3D;E;F; are shown. These correspond to

Yp 1 Vs 1
and ———=—,
Yr+ Ve 16

Ye+Ye 4

respectively, and represent the conditions for primaries
A and C, respectively. Bearing in mind that no color
lying outside the triangle of primaries can be reproduced
it is obvious how much of the blue area of the diagram
cannot be reproduced at all with equiluminous primaries
or with primaries 4. It will be seen that primaries C,
however, have excellent blue reproduction.

C. Luminosity demands in a three-color reproduction
system

In a color-reproduction system based on mixture of
three primaries (or any number, for that matter), to
reproduce colors subjectively the luminosities of the
primaries will vary with the color being reproduced and
its brightness. In a natural scene we have an array of
colored objects and a source of illumination. The objects
are viewed by the light they reflect as a result of the
irradiation they receive from the illuminating source or
sources. The only exceptions to this statement occur in
the case of self-luminous objects, such as lamps, auto-
mobile headlights, fires, and the like. In the following
discussion we will exclude consideration of such self-
luminous objects.

An object which is illuminated will reflect light. To
the extent that it does not reflect light of all wavelengths
equally, it will appear colored. Its apparent luminosity
to an observer will depend upon its coefficient of reflec-
tion through the visible spectrum, as well as upon the
manner in which this coefficient varies through the
spectrum. MacAdam® has shown that the greatest lu-
minosity a given colored object can have occurs when (1)
its reflection coefficient is unity throughout the spectral
region reflected by it, and (2) it has not more than two
separate reflection bands within the visible spectrum.
Based upon these premises, he has demonstrated that
the maximum luminosity a colored object can have un-
der any given illuminant depends upon its color (as ex-
pressed by co-ordinates on the chromaticity diagram)
and upon the illuminant. For any given illuminant we

$ D, L. MacAdam, “Maximum visual efficiency of colored
objects,” Jour. Opt. Soc. Amer., vol. 25, pp. 249 and 361; 1935,
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can draw sets of contour lines on the chromaticity dia-
gram connecting points representing colors whose maxi-
mum visual efficiencies have stated values. Here the
term “visual efficiency” means the ratio of the lumi-
nosity of a given colored object to that which the object
would have were its surface 100 per cent reflective
throughout the visible spectrum. Expressed mathe-
matically,

visual efficiency Vg =

A

where E=power distribution of the illuminant as a
function of wavelength, usually (but errone-
ously) referred to as the “energy” distribution

r» =reflection coefficient of the object, as a func-
tion of frequency
7 =the distribution function for the I.C.I. stand-
ard observer, usually called the visibility
function
A1, A2 =the two extremes of the visible spectrum.
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Fig. 17—Maximum possible visual efficiency of materials producing
mdicaéed chromaticities when illuminated by standard illumi-
nant C.

The maximum visual efficiency would be the result of
carrying out this integration when r, consisted of one or
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two reflectance bands throughout which the reflection
coefficient was unity.

MacAdam® has carried out these various integrations
and has also presented chromaticity diagrams for sev-
eral standard illuminants showing contours of maxi-
mum visual efficiency. Fig. 17 is copied from his paper,
and shows the contours for illuminant C. It will be
noted that the contours inclose increasingly large areas
as the maximum visual efficiency decreases, corre-
sponding to increasingly narrow reflectance bands. The
spectral locus should really be marked zero maximum
visual efficiency, since it is the locus of colors com-
prising infinitely narrow spectral bands having, there-

T T T T —T T —_—
s 8 x

Fig. 18—Maximum luminosity demand contours
of blue primary—primaries C.

fore, vanishingly small luminosity. Similarly, the point
corresponding to the illuminant corresponds to a maxi-
mum visual efficiency of unity. Notice how the high-
visual-efficiency colors are those in the red, orange, and
green sections of the diagram. This is due in part to the
high visual sensitivity in this region, and in part to the
straightness of the spectral locus over some of this
region.

The straightness of the spectral locus from 550 to
700 mu allows quite wide-band-reflectance materials to
exhibit colors which subjectively are the equivalent of
pure spectral colors; this is particularly true in the yel-
low and orange red. It should also be noted how low are
the visual efficiencies in the blue region.
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Fig. 19—Maximum luminosity demand contours Fig. 20—Maximum luminosity demand contours
of red primary—primaries C. of green primary—primaries C.

Now let us consider that we wish to reproduce a
scene using a three-primary reproducing system. Let
the scene be illuminated by illuminant C. Then, corre-
sponding to each color that we wish to reproduce, there
will be a certain maximum visual efficiency in which
that color may be encountered. Thus, relative to a uni-
formly and completely reflecting white object, colored
objects will have certain maximum possible luminosi-
ties which will have to be accurately reproduced if dis-
tortion is to be avoided. Now the luminosity of the re-
produced color is the sum of the luminosities of its three
primary components. We have already shown how to
determine, for given primaries, what fraction of the
total luminosity of a given color is contributed by each
of the three primaries. By superimposing MacAdam’s
maximum visual efficiency contours in turn upon the
luminosity-contribution loci pencils (referred to here-
after as LC pencils) for red, green, and blue primaries,
we can determine at any color how much luminosity is
demanded of each primary relative to the luminosity of
a uniform and completely reflecting white object (here-
after referred to as a UCR white object). Thus, for exam-
ple, the intersection of the 0.3 ray of the blue LC pencil
with the 0.6 maximum visual efficiency will determine
points corresponding to colors at which the maximum
demand for luminosity of the blue primary would be

. . q . Fig. 21—Maximum luminosity d d cont
0.3X0.6=0.18 of the luminosity of a UCR white object. ® of %}Le ‘;,,;m‘;T;E’;fﬁ'mf;T:;_ contours
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By taking intersections of this kind throughout the
diagram, we can draw a set of contours representing
maximum demand for the blue primary. Such a set of
contours for blue primaries C is presented in Fig. 18.
Similar contours of red and green demand are shown in
Figs. 19 and 20, respectively. Similar contours for pri-
maries 4 are shown for blue, red, and green primaries,
respectively, in Figs. 21, 22, and 23.

T T T T T T
ol 2 3 -4 .53 ) L

Fig. 22—Maximum luminosity demand contours
of red primary—primaries 4.

Examining the demand contours discloses some inter-
esting facts. For example, with primaries C, the red,
green, and blue demands when reproducing white are
0.23, 0.67, and 0.052, respectively. But the demands for
these primaries can rise as high as 0.3, 0.72, and 0.06,
so that the maximum luminosity demand of a primary
does not occur at white. We can draw up a table illus-
trating this (Table I).

TABLE I
TaBLE oF LuMiNOosiTy DEMAND
Ratio
. Demand Maximum Max. demand
Primary at Deman g s —
White White demand
Primary C Red 0.23 0.3 1.30
Green 0.67 0.72 1.07
Blue 0.052 0.06 1.15
Primary 4 Red 0.3 0.35 1.17
Green 0.48 0.68 1.41
Blue 0.2 0.20 1.00
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Table I shows that the additional luminosity demand
can be as much as 41 per cent over that demanded
for white reproduction. This condition occurs with
the green primary 4. Thus, in a color television system
we must be careful not to fill the available channel
amplitude characteristic when reproducing white, as
overload and attendant color distortion would occur for
other colors.

T L T T 1
-3 4 3 6 X

»

Fig. 23—Maximum luminosity demand contours
of green primary—p-imaries 4.

The above table enables one to calculate the maxi-
mum amount of signal that may be applied to each color
channel at white reproduction, if distortion at other
colors is to be avoided.

V. CONCLUSION

While the problems to which this method has been
applied are in the field of color reproduction, it is be-
lieved that there are many other problems in which the
method will be found useful. A unique feature is its
ability to provide either a powerful means of theoretical
analysis coupled with the clearness of perception char-
acteristic of geometric analysis, or a convenient graph-
ical tool for obtaining numerical results with rapidity.
As such, it is believed to represent a new instrument for
the use of colorists in all fields.
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APPENDIX

Note on possible values of all anharmonic ratios of four
points taken in various orders.

Let (ABCD) =K.
It is required to find all the possible values that the

ratio of these four points can assume as the order is
changed.

AC AD
(1) (ABCD) = —:“= = K
BC'BD
AD AC 1
(ABDC) = —:=— = —
BD BC K
BC BD 1
(BACD) = —:1— = — -
AC'AD K

Therefore, interchanging the first and second or third
and fourth elements changes the value from K to 1/K.

2) (4crp) = 284D
CB CD
AB AD
= T BC'BD— BC
AC — BC BD — BC
- T Bc 4D
NORCR-
BC AD AD
(-5
BC/ \AD AD
BD — BC AC BC
~4p BC AD
CD AC
==+ ==
=1-K.
Similarly,

(DBCA) = 1 — K.

Thus interchanging the second and third or fiest and
fourth clements changes the value of the ratio from K to
1-K.

3) (CBAD) = 1 — (CABD) from (2)

=1-

from (1)
ACBD

Bingley: Application of Projective Geomelry to Color Mixture

723
1
=1————— from (2)
1 = (ABCD)
1
=1
1- K
K
T K-—1
Similarly
ADCB = .
K—-1

Thus, interchanging the first and third or second and
fourth elements changes the value from K to K/(K—1).
Thus we see that

(4BCD) = K = (BADC)

1
(4BDC) = - = (BACD)

(ACBD) = (1 — K) = (CADB)

(CBAD) = = (BCDA).

(K —=1)

Following is a tabulation of the six possible values
that the anharmonic ratio can assume, and the corre-
sponding element orders:

TABLE 11
1 1 K K-1
K — 1-K

K 1-K K-—1 K
ABCD ABDC | ACBD | ACDB | ADCB ADBC
BADC BACD | BDAC | BDCA | BCDA BCAD
CDAB CDBA CADB | CABD | CBAD CBDA
DCBA DCAB | DBCA | DBAC | DABC DACB

One interesting result is apparent from Table II;
namely, that (A4BCD)=(DCBA). Therefore, if an an-
harmonic pencil is drawn on transparent material, it
can be used either side up without affecting its value.
Thus, a pencil having a variable third ray can also serve
as one with a variable second ray, and one with a vari-
able fourth ray will also serve as a pencil with a variable
first ray. Thus the solution of all types of color-mixture
problems can be obtained with just two graduated an-
harmonic pencils.
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An Approach to the Approximate Solution of
the Ionosphere Absorption Problem”
JAMES E. HACKE, JR.}

Summary—A series of parabolic approximations has been ob-
tained for portions of the Chapman distribution and its product with
the collisional frequency. By their use, an improved approximate so-
lution has been found for the “true” and the group height of reflec-
tion, and for the absorption in the region, under conditions of (1)
vertical incidence, (2) wave frequency greater than the maximum
collision frequency and less than the critical frequency for the re-
gion, and (3) with the earth’s magnetic field neglected.

These improved analytic approximations are compared with the
usual parabolic approximation and with numerical approximations ob-
tained by other workers.

INTRODUCTION

HE CHAPMAN DISTRIBUTION,! derived
Tfrom theoretical considerations with certain

simplifying assumptions, has been accepted as
representing actual conditions at least in the E and the
F; layers of the ionosphere. Solution of the problems of
group delay and of absorption of a wave reflected in such
a region requires, however, integration of functions of
this distribution with finite limits; these integrals have
not yet been analytically evaluated.

Two approaches to the solution of these problems
have been attempted in the past. One is to use a para-
bolic approximation to the Chapman distribution. This
method has the advantage of simplicity, but leads to
results that are very approximate, especially for the E
layer and for low ratios of frequency to critical fre-
quency. The other approach is that of numerical integra-
tion; the results are as accurate as one cares to make
them, but may be extended to oblique incidence only
with great difficulty.

This paper extends the parabolic approximation by
fitting an additional parabola to the lower edge of the
Chapman distribution, and by fitting a parabola to the
distribution of the product of ion density and collisional
frequency. It is possible in this way to obtain analytic
expressions for the group delay, and for the absorption
of a wave reflected from the ionosphere, which give
values much closer than the single-parabola approxima-
tion to those obtained by numerical integration.

Throughout this paper, the following limiting as-
sumptions are made: (1) the wave is incident normally
on the layer; (2) the wave frequency is less than the
critical frequency of the layer, and greater than the
maximum collisional frequency in the region of appreci-

* Decimal classification: R113.22. Original manuscript received by
the Institute, October 20, 1947. Presented, joint meeting U.R.S.I.,
American Section, and [.R.E., Washington Section, Washington,
D. C., October 22, 1947.

t The Pennsylvania State College, State College, Pa.

1S. Chapman, “The absorption and dissociative or ionizing effect

monochromatic radiation in an atmosphere on a rotating earth,”
Part I, Proc. Phys. Soc., vol. 43, pp. 2645; January, 1931.

able absorption and refraction; and (3) the effects of
the earth’s magnetic field are ignored.

NORMALIZATION OF THE CHAPMAN DISTRIBUTION

Chapman! derived the following expression for rate of
ion production I versus height & above a rotating earth,
due to monochromatic ionizing radiation, as a function
of the sun’s zenith angle x:

I=TIvexp (1 —z— e*secx) ¢))
where
Io=ﬁS¢,/He
2=(h—ho)/H

e=the base of Naperian logarithms
p=the ionization produced by unit quantity of in-
cident radiation
S, =the surface density of radiation energy incident
on the atmosphere
H =the “scale height” of the atmosphere in the re-
gion where the ionization is produced
ho=the height at which I=1,.

Now the equation of mass action in the ionosphere
may be written:

dN/dt = I — aN?
where

N =the ion density in the ionosphere
a=the recombination coefficient, assumed inde-
pendent of I and N.

If the ionosphere is in approximate equilibrium, dN/d¢
=(, and

N = V{T/a).
From (1),
N = Noexp3(l —z — e*secy) (2)

where No=+/(Io/a).
In (2), substitute

x = z — In sec x; 3)
then,
N = Nov/(sec x) exp §(1 — z — ¢72),
= N.Ch(x), 4)
where
Nn = Nov/(sec x), ()
Chiz) =exp 3(1 — 2z — ¢2). 6)
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Thus (3) and (5) suffice to describe the variation of ion-
osphere characteristics with the sun’s zenith angle; this
variation is separated from that of ion density with
height at any given instant. This latter variation is
given, relative to conditions at the maximum for the
instant, by (6).

APPROXIMATIONS TO THE CHAPMAN DISTRIBUTION

Variation of Ch(x) with x is plotted in Fig. 1. Also
plotted is the usual parabolic approximation, denoted
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Fig. 1—Parabolic approximations to the Chapman distribution.

by Pi(x). This approximation is given by an equation of
the form

Py(x) = 1 — (2/T)* M)
here the value of the “half-thickness” T has been chosen
to make the parabola coincident with the Chapman
distribution at the lower point x; of inflection of the
Chapman distribution. This yields x;= —Inu; = —In(2
+4/3)=—1.317; Ch(x) =exp 3(1—x1—n)=0.4921;
T= —x/v/1—Ch(x;) =1.848. This value of T is very
close to the pragmatic choice of Pierce.??

As will be seen from Fig. 1, this approximation is very
close near the maximum of the Chapman distribution,
but fails near the lower limits. A second parabola has
been fitted in this region, with the conditions that it
have the same value and slope at x;, as does the Chap-
man distribution. This parabola is of the form

Po(x) = A(x — x2)% (8)
the parameters are given by Ch(x)); Ch'(x)) =%(m:
—1)Ch(x1); A=(1/16)(2;—1)*Ch(x) =0.2296; xy=x,
—4/(u;—1) = —2.781. This parabola is used as an ap-
proximation in the region between x; and x;.

1 J. A. Pierce, “True height of an jonospheric layer,” ONR Con-
tract N5-OR1-76, Task Order 1, November 15, 1946.

3 J. A. Picrce, “True height of an ionospheric layer,” Phys. Rev.,
vol. 71, pp. 698-706; May 15, 1947,
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The combination of P, in the region x; <x <x,, and P,
in the region x; <x <0, yields values which nowhere in
these regions are in error by more than 4 per cent of the
maximum; throughout most of the regions, the approx-
imation is much closer.

If one assumes, as did Chapman, that the atmosphere
is chemically homogeneous and isothermal, then the
collisional frequency » of the molecules should obey the
law

v = voe ME

where v is the collisional frequency at the surface of the
earth in radians per second. A suitable transformation
of co-ordinates yields

V= vue? 9
where
¥m = (voe "/ H)/(sec x).
The product Nv can therefore be written
Nv = NavaCh(x)e=; (10)

this product enters in the expression for the absorption
coefficient. Fig. 2 shows the variation of this product
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Fig. 2—Product of ionization and collision frequency.

with x; it also shows a parabolic approximation which
has been adopted for the product Ch(x)e~= This ap-
proximation is of the form

Py(x) = ao + a1x + a2%* (11)

where the a;'s are chosen to make the parabola pass
through the two points of inflection and the maximum
of the distribution. Thus, a,=0.7055; a;= —2.382;
a;=—1.1696.

Tne “TRUE” AND THE APPARENT HEIGHT OF
REFLECTION

If the change per wavelength of the index of refrac-
tion of the ionosphere be small, then the height at which
the velocity of a vertically incident wave becomes zero
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is approximately the point at which the index of refrac-
tion becomes zero. If the wave frequency is much greater
than the maximum collisional frequency in the region of
appreciable refraction, then the index of refraction y is
given by

p? =1 — 4z Ne?/(mw?) (12)

where e and m are, respectively, the electron charge and
mass, and  is the angular frequency of the wave. At
the critical frequency w. of the layer, reflection takes
place at x =0, where N=N,,:

0 =1 — 47N e/ (mwn?);

wn? = 4w N e*/m.

(13)

If we set R=w/w, and substitute (13) and (12), we
obtain

r =/1—Ch(x)/R%; (14)

the approximations to u given by P)(x) and P,(x) are
p =1 = Py(x)/R?, x:<x<n;

V1 = Pi(x)/R?, %1<x<0. }
The condition u =0 for reflection yields the solid curve

for reflection height x, versus frequency, in Fig. 3, when
(14) is used, and the dotted curve when (15) are used.

(15)
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Fig. 3—Point of wave reflections.

These curves show again that the approximations (15)
are much closer than the single-parabola approxima-
tion.

The apparent height of reflection 4’ is obtained by
multiplying half the elapsed time, between sending and
receiving the wave at the earth, by the velocity of light.
It can be obtained by integrating, over the upward
path, the group velocity of the wave divided by the
velocity of light. In the x co-ordinates used here, since
the group velocity is the velocity of light divided by the
index of refraction,
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8 = xL+f2°dx/u (16)

.

where x 1 is an arbitrarily chosen lower limit where u=1.
Quadrature of the integral in (16) in the exact form has
not yet been achieved when xy is in the layer; use of the
approximations (15) yield tractable integrals, however,
and the results are

¥ = x + (v/2)(R/VA), 2<m<a;

%2+ RO,/v/A +.TRIn xo/ (%1 + V31T — x,2),
n< xo<0

(17)

where

0, = cos™! u(xy).

If the single parabola P; be used as an approximation
to the Chapman distribution, one obtains

¥ = — T+ (TR/2)In (1 + R)/(1 — R), = T< %<0, (18)

as has been reported by Appleton and Beynon. The
approximations (17) and (18) are plotted in Fig. 4, with
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Fig. 4—Apparent height of reflections.

numerical integrations of (16) given by Pierce?*® and
Jaeger.® The results given by (17) agree much more
closely with the results of the numerical integrations
than do those given by (18). The two numerical integra-
tions, obtained independently, check within 0.01 “x”
units over most of the range.

ABSORPTION AND THE REFLECTION COEFFICIENT

Under the conditions outlined above, the absorption
coefficient K is given by

‘E. V. Appleton and W. J. G. Beynon, “The application of iono*
spheric data to radio-communication problems,” Part I, Proc. Phys.
Soc., vol. 52, pp. 518-533; July, 1940.

& J. C. Jaeger, “Equivalent path and absorption in an ionospheric
region,” Proc. Phys. Soc., vol. 59, pp. 87-96; February, 1947.
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K = 2re’Nv/(mcpw?),
= KnCh(x)e~=/(uR?) (19)
where, by use of (10) and (13),
Kon = vn/2c.

The reflection coefficient p, which, when divided by
twice the “true” height of reflection, gives the ratio of
received to transmitted wave amplitude, is given by

)
p = exp —Zf Kds
zL

where ds =IHdx is an element of the path.
With the aid of (19), the integral on the right of (20)
takes the form

(20)

To o
f Kds = Knull f Ch(x)e=dx/(uR?).  (21)

This integration cannot be performed exactly; but when
the approximation (11) is substituted for Ch(x)e~*, and
the approximations (15) for u, the integration can be
performed:

p = exp — (vall/c){[(x/2 — 6))/\/4]
[Ps(x2)/R + a2R/(24)]
+ [1s/(24)][201 + as(x3 + 3x2) |}, 25 < %0 < 21 (22)

= exp — (mll/0) {(0'\;;3) [Pa(;z) * %R]

(e1 — pa)

a
— T [2a1 + 3a2x2] = 2—:1— (121 — psxy)

T azx02 Xo
+ —|a+ i =—
R 2 X1 + TR;“

X
- al+’_—)}, x < x9 <O

Using the single-parabola approximation, one obtains:

(23)

p = exp — (va/C){R}z[— ao(T + x3)

F @y 2@t
2 Y3 ’

1+R]
1—R

T
+ ZE (2ao + azxoz) In [

— T*[a, — a,T/z]} , (24)
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where
x3= —2.299 is the negative root of P3(x)=0
=pu(x1) -
ps=p(x3) =+/1— Py(x3)/R?
03 = COS_I[.L;,.

The quantity —c(Inp)/(vnH) is plotted in Fig. § as
given by the approximations (22), (23), and (24), and
as Jaeger obtained by numerical integration.
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CONCLUSIONS

Algebraic approximations to the Chapman distribu-
tion, and to its product with collisional frequency, yield
integrable expressions for apparent height of reflection
and for reflection coefficient at vertical incidence, under
the assumptions outlined. The results agree well with
those obtained by numerical methods. It is believed pos-
sible to remove some or all of the restrictions assumed
in this paper, and thus to obtain approximate analytical
solutions to the general problem of group delay and
absorption.

The approximations given are by no means the closest
that can be obtained. Perhaps the principal value of the
present treatment is in its pointing out that approxima-
tions of very fair precision can be made to these dis-
tributions.
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On the Representation and Measurement of

Waveguide Discontinuities’
NATHAN MARCUVITZ{, ASSOCIATE, LR.E.

Summary.—The principal aims of this paper are twofold: (1) to
discuss and interrelate the various equivalent circuit representations
of a general 2N-terminal waveguide structure that are obtained on
different choices of terminal planes; and (2) to describe a precision
method for measuring the circuit parameters of such structures. Basic
to both of these considerations is a tangent relation introduced by
Weissfloch to describe and measure the input-output behavior of a
four-terminal waveguide structure.

INTRODUCTION

N RECENT YEARS, the treatment of high-fre-

quency electromagnetic boundary-value problems,

involving waveguide discontinuities, has been sys-
tematized into a form of waveguide network analysis
that forms a natural extension of the familiar lumped-
circuit network analysis. The concept of wave impedance
introduced by Schelkunoff is basic to this high-frequency
network analysis. Suitably defined, the impedance point
of view permits the reformulation of waveguide field
problems as network problems whose basic elements are
lumped-constant circuits and distributed-constant trans-
mission lines. The theoretical determination of the net-
work parameters that characterize a wide variety of
waveguide structures has been accomplished by an
integral equation method of analysis introduced and
systematically employed by Schwinger, et al.! A corre-
sponding experimental determination of network param-
eters is possible and has been employed by a number of
workers. Waveguide network measurements can be
performed in a variety of ways. One method is based on
the well-known open- and short-circuit, etc., technique
employed at low frequencies. An alternative method
first introduced by Weissfloch? is based on the expres-
sion of the input-output impedance relation of a four-
terminal network in the form of a tangent or trans-
former relation. The latter method appears more desir-
able in precision waveguide measurements, and is em-
ployed in this paper. The tangent relation will also be
employed to obtain various equivalent-circuit repre-
sentations for waveguide discontinuities by reference-
plane transformations.

I. WAVEGUIDE NETWORK ANALYSIS

As a preliminary to the discussion of waveguide net-
work analysis, it is desirable to recall the well-known

* Decimal classification: R118. Original manuscript received by
the‘,Institute, July 21, 1947; revised manuscript received, October 30,
194

t Polytechnic Institute of Brooklyn, Brooklyn, N. Y.

1], Schwinger, “Theory of Guided Waves,” to be published.

t A, Weissfloch, “Ein transformation iiber verlustose vierpole und
seine anwendung,” Hochfrequenz und Elektroakustik, vol. 60, pp. 67—
73; 1942,

analysis of low-frequency networks based on Kirchhoff’s
laws. These laws interrelate the voltages and currents
at the terminals of a lumped-constant network in terms
of the impedances (or admittances) of the circuit ele-
ments that compose the network. For waveguide net-
works, there exist voltage-current relations of the same
general form as the Kirchhoff relations. This, of course,
is to be expected, since such relations are a consequence
of the linear and reciprocal nature of the, electromag-
netic field equations and apply equally well to high-fre-
quency waveguide networks and to low-frequency
lumped-constant networks.

To employ a waveguide circuit analysis analogous to
the use of Kirchhoff's laws for lumped-constant networks,
it is necessary to define explicitly the meaning of volt-
age and current. To do so, we shall first consider how
certain electromagnetic boundary-value problems can
be reformulated as microwave network problems. An
electromagnetic boundary-value problem involves the
determination of the electric field E and magnetic field
H at every point within a closed region of space. These
fields are required to satisfy the Maxwell field equations
and to assume prescribed values on the surface enclosing
the given region. According to a fundamental theorem,?
a unique solution to this problem exists provided the
tangential component of either the electric field or the
magnetic field is specified at the boundary surface. In
waveguide problems, one is generally interested in the
solutions for the fields not everywhere within the given
region but rather only in certain “far” regions wherein
the fields are of simple form and easily accessible to
measurement.

To take a specific problem, consider the boundary-
value problem associated with the general wave-
guide structure represented in Fig. 1, wherein the
numbers (1) to (N) represent waveguides of arbitrary

Fig. 1—2N-terminal waveguide structure.

3 ]. A. Stratton, “Electromagnetic Theory,” McGraw-Hill Book
Co., New York, N. Y., 1941; sec. 9.2,
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cross section bounded by metallic conductors. The
boundary conditions appropriate to this problem are
that the electric field components tangential to the
metallic boundary surface S, indicated by the solid
lines, vanish, and the magnetic field components tan-
gential to the “terminal” boundary surfaces T4, « « + T,
indicated by dashed lines, assume prescribed but arbi-
trary values. By the uniqueness theorem quoted above,
the electric field, for example, can be found at every
point within the given region. In particular, the tan-
gential electric field can be ascertained at any terminal
surface T located relatively “far” from the junction
region. Because of the linear nature of the electromag-
netic field, it is possible to deduce immediately, with-
out solving any field equations, that the transverse
electric field at any terminal surface 7; must be linearly
related to the transverse components of the exciting
magnetic fields at any or all the terminal surfaces
Ty -+ T,

Because of the simplicity of the waveguide fields in
the “far” regions, it is possible to introduce, as measures
of the amplitudes of the transverse electric field E, and
the transverse magnetic field H, at the terminal sur-
face T3, the quantities I; and V;defined by the relations:

H,(x;, ¥;) = Lh(x;, y5)
E:(xi, y.~) = V.’e(xi, y«)

(1)

where e(x;, ¥i) and h(x;, y;) are known vector functions
indicative of the transverse form of the electric and
magnetic fields (of the one propagating mode) at the ith
terminal surface. The voltage V; and current I;, hereby
defined, completely characterize the fields at the 7th
terminal surface. There is a certain arbitrariness in
these definitions dependent on the normalization of e
and h. Once the normalization is fixed, voltage and cur-
rents have a unique significance in terms of the fields
just as in ordinary circuit theory. In fact, in cases that
permit comparison, it is possible to choose the normal-
ization such that the resulting definitions of V; and I;
agree with the customary low-frequency definitions.
However, this point is not to be stressed, since most
waveguide properties depend on relative impedances
and these are independent of the particular normaliza-
tion employed. There is one restriction to the arbitrariness
of normalization that is sufficient to insure the validity
of the reciprocity relations (Z;;=Z;;) employed below!:
the normalization must be such that the total complex
power flowing along the waveguide at the 7¢th terminal
surface is Vil;, where V; and I; are r.m.s. quantities.

In view of (1), one may write the linear relations be-
tween the electric fields set up at all terminal surfaces
and an exciting magnetic field applied only at the ith
terminal surface as

¢ S. A. Schelkunoff, “Electromagnetic Waves,” D. Van Nostrand
Co., Inc., New York, N. Y., 1943; sec. 11.10.
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Vi =2yl
Vz' =Zul;
. . (2)
Vo = Zuls

where the primes denote partial voltages set up by the
action of the ith current only. The proportionality
factors Z;; are called impedance coefficients and for a non-
dissipative structure are purely imaginary. The partial
voltages set up by excitation with any other current
can be likewise represented. The total voltage at any
terminal surface due to the simultaneous action of all
the currents can then be obtained by superposition.

Rather than illustrate the resulting form of the nct-
work equations for this general case, we shall discuss a
special case of practical importance wherein geo-
metrical symmetries in the waveguide structure serve
to impose relations among the Z;; In Fig. 2(a) a sym-
metrical junction of three rectangular guides is illus-
trated. For comparison, an ordinary lumped-constant
six-terminal network possessing the same symmetry is
shown in Fig. 2(b). It is assumed that the frequency is
such that only the dominant mode can be propagated
in each waveguide and, in addition, that the excitation
is such that the electric field of the dominant mode is
perpendicular to the plane of the figure. This is the case
of the so-called magnetic-plane tee. The following an-
alysis applies also to the case where the angle between
guides (1) or (2) and guide (3) is other than the right
angle indicated in Fig. 2(a).

‘E
{31
% __.__l-_.._

I‘—>
H (2)

a

T Te T T

(a) (b}
Fig. 2—(a) Top view of H-plane tee. (b) Equivalent circuit.

=

Vi Va

Im .
) Uy

In conformity with the symmetry of the structure,
terminal planes T, T3, T3 are chosen in the symmetrical
manner indicated in Fig. 2(a). The voltage and current
at each of the three terminal planes are defined as V,
and I, Vaand —1I,, V3 and —1I; The choice of sign is
such that, in each of the guides, the positive direction of
power flow is toward the junction. The linear relations
(2) describe the partial voltages produced by a current I)
when all terminals other than T are open-circuited. The
corresponding partial voltages produced by I, follow
from those produced by I, because of the symmetry of
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the structure. For, on a 180° rotation of the structure
about the symmetry plane T, it is apparent that the
field configuration produced by I, becomes identical
with that produced by I,. Hence, the impedance coeffi-
cients for the former case apply also to the latter case.
The form of the impedance coefficients defining the
partial voltages produced by I is obtained either by a
symmetry or reciprocity argument. By superposition,
the voltages produced by the simultaneous action of the
currents I,, I, and I; are, therefore,

Vi=2Zuli+ Z1oIs+ Z1sl;s
Vo=2ZpIh +2Znuls+ Z1sls
Ve =211 + Z1sl2 + Zsal s

3)

These are the network equations descriptive of the
given symmetrical waveguide structure. It is evident
that the application of the usual Kirchhoff mesh analysis
to the circuit in Fig. 2(b) yields exactly the same net-
work equations, thus indicating that this network is the
equivalent circuit representation of the waveguide
structure under consideration.

Although the above analyses have been carried
through on an impedance basis, corresponding analyses
are possible on an admittance basis. Whatever the type
of analysis, it is to be emphasized that the linear and
reciprocal nature of the field equations permit one to
write down the network equations for the waveguide
structure by an analysis of the Kirchhoff type. The
explicit determination of the impedance (or admittance)
parameters that characterize the structure may then be
determined either theoretically or experimentally.

II. MEASUREMENT OF CIRCUIT PARAMETERS
(a) Four-Terminal Structures

The measurement of the impedance parameters of a
general nondissipative four-terminal structure will be
considered first, as it is basic to the measurement of 2N-
terminal structures. Such a structure, together with its
network representation at terminals T and Ty, is illus-
trated in Figs. 3(a) and (b). In terms of the impedance

| S

4 =1

VOLTAGE SDIiORT :
NULL RCUIT
(a) (b)

Fig.3—(a) Four-terminal waveguide structure. (b) Equivalent circuit.

parameters Zyu, Zi, and Zg, the relation between the
input impedance Z;, at T; and the output impedance
Zouwt at Ty may be expressed as

VAT

Zin=Zn———-"
" Z22 + Zout

(4)
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This impedance relation can, in turn, be rewritten in
terms of three new parameters, Dy, S;, and 7, as the tan-
gent relation?

tan 2x(D — Do) = v tan 2a(S — So) (5)
where the new input-output variables D and S are de-
fined by

Vi .
Zin = o — jZy tan 27D

1

(6)

Vs .
— — = + jZ, tan 27§
I,

Zouw =

Z, and Z, being the characteristic impedance of the in-
put and output guides, respectively. The relation be-
tween the parameters Zy;, Zi2, and Zg and the param-
eters v, Dy, and S, may be obtained on rewriting (4) as

Zinzout + Z222in - leZout - (lezzz - lez) = 0 (7)
and on rewriting (5) as
(8 — av) tan 22D tan 22S + (1 + afy) tan 22D
—(B+v)tan22S — (a—By) =0 (8
where
a = tan 27D, 8 = tan 2#S,. 9

Employing (6) to identify corresponding terms in (7)
and (8), one then finds that the desired relations are

_Zu_ aﬁ+‘¥_
T e
_]_@= 1+ afy _ i
Zy B — ay
Zu Zn _ Zat _a—By _,
Z, Z, Z\Zy, B—ay

Equations (10) are not valid for the degenerate case
a=f=0 as is to be expected from the corresponding de-
generacy in the impedance representation of an ideal
transformer. From (10) it also follows that

Zys? _ ‘Y(l + 012)(1 + ﬁz) .
Z\Z (B — av)?

The indeterminacy in the sign of Zy: is characteristic of
input-output impedance relations, and implies that
equivalent circuits differing only in the sign of Z;; yield
the same input-output relation. The ambiguity can be
resolved on determination of either the relative phase
or the transfer impedance between input and output
terminals.

Explicit expressions for a, 8, and v are found, on inver-
sion of (12), to be

(11)

a=[1—a’+c2—-b2]im
2(a — be)

14 a2 —c2— b7 _ -
B—[ 26 — ab) ]+\/[ P+ 1 (12)
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- [1 teit iﬂ‘ﬁ] VI T
e 2(b + ac) - )

In each equation, the bracketed expressions within and
outside the square root are identical. The + indicates
that either the upper or the lower signs in the expres-
sions for e, B8, and v yield a tangent relation (5) equiva-
lent to the impedance relation (4). From the form of
(12), it is evident that the two sets are positive or nega-
tive reciprocals of one another. In the following, the
upper set of signs for which —y>1 will always be em-
ployed.

Equations (4) to (12), excluding (6), are expressed in
terms of impedances but apply equally well to a repre-
sentation in terms of admittances if Z is everywhere
replaced by Y, and if

— cot 2#xD, 8 = — cot 2xS.

(13)

a =

The definitions of D and S, given in (6), still apply to
this case.

As noted by Weissfloch,? the equivalence between (4)
and (5) can be clearly interpreted physically. In the
first place, it is apparent from (6) that, if the output
impedance Z,. is produced by a short circuit, a distance
S away from the terminal plane T3, then D is the
distance from the terminal plane T to the voltage mini-
mum; i.e., zero, in the input line (Fig. 3(a)). The
distances D and S (as likewise the distances Dy and Sy,
to be interpreted below) are all measured in guide wave-
lengths; i.e., D is the geometrical distance divided by
the guide wavelength in the input line, and S is the
geometrical distance divided by the guide wavelength
in the output line. All distances are counted positive
in the direction away from the junction. As a conse-
quence, (5) states that, at terminal planes Tho and Ty,
located a distance Dy and Sy away from T and T3, the
relative input impedance, tan 2r(D—Dy), is a con-
stant, n?’= —+v, times the relative output imped-
ance4j tan 2w (S—S,). Therefore, if the terminal
planes Ty and Ty are chosen as the input and output
terminals, respectively, the equivalent circuit repre-
sentation of the structure in Fig. 3(a) is an ideal trans-
former of transformation ratio nZ.

Although the change in variable in the transition
from (4) to (5) is valid for both dissipative and non-
dissipative networks, the simple transformer interpre-
tation in which D and S appear as real geometrical
distances is valid only in the lossless case. In the dissipa-
tive case, the variable D as well as the parameters D, S,,
and v are complex quantities.

For nondissipative waveguide discontinuities of the
four-terminal type, the simple interpretation of D and
S as geometrical distances provides the basis for a
simple method of measurement of the unknown param-
eters Dy, So, v in (5), and hence of the equivalent circuit
parameters Zy, Zi2, Za of (4). The former parameters
may be measured,? for example, by placement of
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matched terminations on one side of the discontinuity
and measurement of the standing-wave ratio and mini-
mum position on the other side by means of a standing-
wave detector, and conversely. The accuracy of such
measurements is subject to the usual criticism associated
with isolated point measurements. When a more pre-
cise method of measurement is desired, it is necessary to
automatically utilize a whole series of point measure-
ments. A calibrated shorting plunger is placed at a
distance S away from an arbitrarily chosen output refer-
ence plane of the discontinuity and the distance D
between the minimum of the standing-wave pattern (of
infinite standing-wave ratio), and an arbitrarily chosen
input reference plane is measured by some detecting
means.®

The resulting variation of D versus S may have either
of the forms shown in Fig. 4, depending on the mag-
nitude of . The curves are repetitive in D and S with

(a) (b) ()

Fig. 4—Tangent relation for various values of —v; (a) —y=1,
(b) =¥>1,(c) —y>>1.

a period of a half wavelength. The dependence of
the shape of the above curves on the parameters Dy, So,
v can be readily ascertained by taking the derivative of
(5) to find the slope

dD
das

1 + tan? 2x(S — So)
=y 0 (14)
1 4 +? tan? 2x(S — So)

The quantity v (of absolute magnitude greater than one)
is seen to be the maximum slope and occurs at the point
S=3Soand D =D, The minimum slope is 1/ and occurs
at a point a quarter wavelength away from D,, S,. As a
result of these or other identifications, approximate
values of Dy, So, ¥ are immediately ascertained.

‘L ue precision analysis of the experimental data re-
quires the determination of a set of values v, D,, S,
which, on insertion into (5), furnishes a tangent curve
identical to the experimental curve within the ac-
curacy of the experiment. The required parameters are
evaluated by a successive approximation analysis which
depends on the magnitude of 4. Almost-matched wave-
guide structures have a —v value of approximately
unity and, consequently, give rise to a tangent curve
(Fig. 4(a)) from which it is difficult to evaluate and lo-
cate the points of maximum or minimum slope. To ob-
tain a first approximation to the values of v, Dy, So, in

§ If a slotted section detector is employed, it should be calibrated
to compensate for the presence of the slot.
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such cases, it is convenient, to consider the form (5)
assumes for y= —1—¢ (e small). Adding tan 27(S—S,)

and dividing through by 1—tan 2x(D—D,) tan
27(S—Ss) on both sides of (5), one obtains
tan 27(D + S — Do — So)
in4x(S — S
_ _ ¢ sin m( 0) (152)

2 1+ esin? 275 — So)

or, for small ¢,

D+ S =2Do+ So — 4i sin 47(S — So).  (15b)
™

Thus, if the experimental data is plotted in the form
D435 versus S instead of D versus S, the curve shown
in Fig. 5 is obtained. The values of D¢+So, So, €/27
can be easily read from this curve and furnish first ap-
proximations to the required parameters vy, Do, and S.

D+S

Dyt So

So S
Fig. S—Plot of data for —y£=1.

For waveguide discontinuities with —+v greater than
unity, it is convenient to obtain a first approximation
to the parameters v, Dy, So with the aid of the experi-
mental plot (Figs. 4(b) and (c)) of D versus S. The first
approximation to ¥ may be found by averaging the
maximum slopes and reciprocals of the minimum slopes.
An additional value for the average may be obtained,?
using (14) and some trigonometry, as

IR S 2 )

¥ = cot 27r< 5 i w (16)

where, as shown in Fig. 4(b), w is the width of the tan-

gent curve between the points of slope —1. First ap-

proximations to D, and Sy may be obtained from *he

location of the points of maximum and minimum slope
by appropriate averages.

In the above, it has been most convenient to consider
curves of relative rather than absolute valuesof D and S,
since this avoids the introduction of cumbersome factors
when the input and output guides are different. Prac-
tically, however, it is most expeditious to plot the
absolute measured values of D and S. The determina-
tion of v, etc., from the latter curve involves the use of
suitable factors of N;1/\;2, the guide wavelengths, in the
input and output guides.

With the knowledge of the first approximations to v,
Dy, Sy, a tangent curve of D versus S can be computed
by (5) and compared with the experimental data. A
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convenient mode of comparison that facilitates the de-
termination of a second approximation, if the first is
not sufficiently accurate, is provided by a plot of the
difference between the experimental and computed
values of D against values of S corresponding to the
experimental points. The resulting error curve of
AD =Dgp— Doomp versus S may or may not possess
any regularity. If the error curve exhibits no regularity,
the accuracy of the data does not warrant further ap-
proximations. If regularity is exhibited, the error curve
can be further analyzed to obtain corrections Ay,
AD,, AS, to the first approximation values.

The corrections may be determined by first finding the
theoretical curve of AD versus S arising from variations
Ay, AD,, AS, in (5). This curve, as obtained by taking
the differential of (5), may be put into the form

in 4w(S —
sin 4m( So) A
4n
cos? 27 (S — So) + v? sin? 27 (S — So)

YASo — Y

AD = ADO -

(17)

The desired corrections are given by those values of A7y,
AD,, AS, which, on substitution into (17), best repro-
duce the error curve. If values of AD obtained from the
error curve at S—Sy=0, 1/8, 1/4 are designated by
Ao, Ays, Ay, respectively, then a typical set of values
for the corrections are found from (17) to be

Ay = 22 [(1 + ¥DAys — (Do + v2A174) ]

AD, = 2= Thus
11— (18)
Y
ASo = (Ao - A1/4)-
1 — 42

Alternative ways of determining the corrections from
the error curve may be devised, depending on the mag-
nitude of v. For example, if 7 is not too large, it is some-
times convenient to use the fact that Ay is the slope of
the error curve at S=3S, The addition of the correc-
tions (18) to v, D, S yields the second approximation
to these parameters. If necessary, additional corrections
may be obtained by repetition of the above outlined
process.

In typical measurements at A=3.2 centimeters,
the procedure described above has yielded values of
v, Do, So which provide a tangent curve that re-
produces the experimental data to within 0.0005 A,
on the average; that is, the error curve has an average
amplitude of 0.0005 \,. Incidentally, an accuracy of this
magnitude implies that the limitation in the accuracy
of equivalent circuit parameters lies not in the electrical
measurement but rather in the mechanical measurement
required to locate the reference planes. It is desirable,
as indicated in the above procedure, to determine the
first-approximation values as accurately as possible by
averaging a number of determinations. The extra effort
hereby required is more than offset by the avoidance of
the need for plotting more than one error curve. With
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the determination of v, Dy, and S, relative to the chosen
reference planes, the impedance parameters of a T-type
equivalent circuit for the waveguide discontinuity fol-
low from (9) and (10). The admittance parameters of a
m-type equivalent circuit follow from (13) and (10)
with Z replaced by V.

(b) Six-Terminal Structures

The measurement of the equivalent circuit param-
cters of a six-terminal waveguide structure of the type
shown in Fig. 2 consists basically in the reduction of the
six-terminal structure to a four-terminal structure by
placement of a known terminating reactance in one of
the waveguides. In the case of the magnetic plane T, it
is evident from Fig. 2(b) that the placement of an
infinite impedance or quarter-wavelength line at the
reference plane T: reduces the structure to a four-ter-
minal network between the reference planes T; and T.
The circuit parameters of the reduced four-terminal
network are seen to be

.le _Zaa
a= —7— = —7]1— and
4 “ (19)
b= Zn Zss VAT
Zy Z3 VAVAS

The circuit parameters of this four-terminal structure
are found by plotting a curve of D versus S relative to
the reference planes T and T, and analysis of the data
for v, Do, and Sy as described above. The circuit param-
eters of (19) then follow from (9) and (10). The remain-
ing circuit parameter Z;;—Zy2 can be found as the nega-
tive of the reactance at T required to reduce the power
output at Tj to zero, the power source being at 7). As a
check, an alternative measurement with the reactance
at Ty and the power source at T should be made and
averaged with the previous result. The last two measure-
ments are subject to the criticism of being point meas-
urements, but this is partially compensated by the fact
that zero power measurements are highly accurate ones.
The equivalent circuit parameters of a general 2N-
terminal waveguide structure may be determined by a
method similar to that sketched for the six-terminal
network. In the 2N-terminal case, known reactances
are placed in all but two of the guides. The over-all
structure is thereby reduced to a four-terminal struc-
ture which can be measured as above. The use of a suit-
able number of known reactances permits the determina-
tion of all unknown parameters of the 2N-terminal
equivalent circuit. In many cases, symmetries in the
over-all structure suggest the type of known reactances
to be employed for the purposes of both accuracy and
simplification of the over-all equivalent circuit.

ITI. EQUIVALENT REPRESENTATIONS OF WAVEGUIDE
STRUCTURES BY REFERENCE-PLANE TRANSFORMATIONS

Since the choice of terminal planes for a waveguide
structure is purely arbitrary, it is evident that, depend-
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ing on the choice of terminal planes, there exists a
variety of impedance representations and hence equiva-
lent circuits for a waveguide discontinuity. Any one of
these circuits completely characterizes the “far” field
behavior. There exists no general criterion to deter-
mine which of the equivalent circuits is most appropri-
ate. This ambiguous situation does not prevail for the
case of lumped circuits because there is generally no
ambiguity in the choice of terminals of a lumped circuit.
Although, at low frequencies, there are, in general, many
circuits equivalent to any given one, there is usually a
“natural” one distinguished by having a minimum num-
ber of impedance elements of simple frequency varia-
tion. It is doubtful whether a corresponding “natural”
circuit exists in general for a waveguide structure. In
special cases, however, the same criterion of a minimum
number of circuit parameters, simple frequency de-
pendence, etc., can be employed to determine the best
circuit representation.

For a four-terminal structure, a relatively simple
means of determining an equivalent circuit representa-
tion at one set of reference planes from that at another
is afforded by the tangent relation (5). One representa-
tion, mentioned previously in connection with (5), is
that of an ideal transformer of transformation ratio
n?= —+ at the reference planes T, and Ty. Other rep-
resentations can also be obtained. For example, if the
reference planes T, and T of the general four-terminal
network shown in Fig. 3 are shifted a distance d and s
away from the junction to reference planes Ty’ and 7%/,
the tangent relation relative to the new reference planes
may be written as
tan 2z [(D — d) — (Do — d)]

=y tan 2x[(S — s5) — (So — 5)]. (20)

By comparison of (5) and (20), it is evident that param-
cters a’, B/, v’ relative to the new terminals are given by

a — Qo

o' = tan2x(Dp — d) = ————
1 4+ aap
g —

B’ = tan 2x(So — 5) = —ﬁo (21)
1+ BBo

v =7

where
ag = tan 27D, Bo = tan 2ws. (21a)

At the new terminals, the equivalent circuit parameters
a’, b’, and ¢’ are given by (10) with all quantities primed.
The insertion therein of a’, 8/, ¥’ from (21) and substi-
tution for @, B, v in terms of a, b, ¢, as given by (10) then
yield the fundamental transformation equations

a + ag 4+ Bob — aoBec

1 — aga — Boc — aoBod

¢+ aghb 4+ Bo — adBea

1 — aoa — Boc — aoBod

a =

(22a)

S —

(22b)
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b — aet — B — adfo

¥ =
1 — aa — Boc — agBod

(22¢)

for the relation between parameters of the T(w) equiva-
lent circuit at the reference planes T:'Ty’ and that of
the T(r) at T T.. This relation is also valid if a’, b’, ¢’
refer to a ()T representation at Ty'T:’ and a, b, ¢ to
aT(m) at T T, provided in this case that

ay = — cot 2xd, Bo = — cot 2=xs.

(22d)

To illustrate the use of (22), let it be required to find
the shift s of the output reference plane so as to make
the resulting equivalent circuit pure shunt. Since in this
case b’ =0, it follows from (22c) that

b—aoC

Bo = ot o

= tan 2xs (23)

gives the desired shift. The parameters of the “shifted”
equivalent circuit are, on substitution of (23) into (22),

o = (a0 + a)? + (aoc — b)? ,
(a0 + a)(1 — aag) + (¢ — b)(c + aod)
iz’
Tz,
(ag + a)? + (aoc — b)? _ 2é
(1 + ao?) (b + ac) 2

(24)
al

(Y

where it is to be noted that ay may be chosen arbitrarily.
Special values for o, of importance are ag=0 or ag=f.

The new circuit can be schematically represented as
in Fig. 6(a), which is a combination of an impedance Z’
and an ideal transformer of turns ratio n. The circuit
joins together transmission lines of characteristic im-
pedance Z, and Z,, representing the input and output
waveguides. The use of an ideal transformer may be
avoided by changing the characteristic impedance of the

e

T LIS %

(a) (b)

Fig. 6—Equivalent representations of a shunt structure.

output line to n2Z; as in Fig. 6(b). In addition to the
above, many other equivalent circuit representations of
a four-terminal waveguide structure can be readily
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evaluated by employing reference plane shifts d and s
other than those illustrated above.

(a) Transformation of Six-Terminal Structures

The determination of equivalent representations of
six-terminal waveguide structures is based on a con-
sideration of the four-terminal networks that compose
the over-all equivalent network. For the case of sym-
metrical magnetic-plane tee structures of the type shown
in Fig. 2, it is apparent that a large variety of equivalent
circuit representations can be obtained by shifting refer-
ence planes. This shifting is considerably simplified
if the waveguide structure possesses geometrical sym-
metries. In such cases, the over-all structure can be
readily reduced to a number of four-terminal structures
for which the desired reference plane shifts can be
effected by the methods described in the preceding sec-
tion. This procedure will now be illustrated for the case
of the magnetic-plane tee shown in Fig. 2.

If the arbitrary currents impressed on the network
shown in Fig. 2(b) are chosen in the antisymmetric
manner I, = — I, I; =0, the network equations (3) reduce

to
Vi=—V,= (Zu - Zl2)[l (25)
Va = 0

or, if they are chosen in the symmetric manner I = 4 I,
(3) reduce to

I

Vi=V,= (Zu +le)[1 + 2213'—3
(26)
Vi

Iy
221311 + 2222?-'

The reduced network equations (25) and (26) are seen
to be descriptive of the circuits shown in Figs. 7(a) and
(b), respectively. These two circuits result from the
placement of a short or open circuit, respectively, at the
electrical center of the equivalent circuit shown in Fig.

2(b).

I, 'Zn' Zis

—r

Vi

T
(@) (b)

Fig. 7—Bisections of equivalent network for H-plane tee.
(a) Antisymmetric case, and (b) symmetric case.

The reduction of the over-all network to these rela-
tively simple component circuits follow (by bisection)
from the symmetry of the original structure. Geo-
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metrical symmetry implies that antisymmetric excita-
tion at T, and T3 (Fig. 2(a)) will produce an electric
field distribution antisymmetric about the symmetry
plane T'; hence, for this excitation, the transverse electric
field at T is 0. Correspondingly, symmetrical excitation
produces an electric field distribution symmetrical
about T'; hence, in the air space, the electric field at T
is a maximum or equivalently the magnetic field trans-
verse to T is 0. Thus, for antisymmetric excitation, the
structure in Fig. 2(a) has a short circuit (electric wall)
at T, and, correspondingly, for symmetric excitation,
there is an open circuit (magnetic wall) at T. Since, in
the former case, the dominant mode cannot be propa-
gated in guide (3), the equivalent circuit is seen to be
of the two-terminal type indicated in Fig. 7(a).

The reduced circuits shown in Figs. 7(a) and (b) are
equivalent to the circuit indicated in Fig. 2(b) in the
sense that the one follows from the other, and con-
versely. This equivalence may be usefully employed in
the determination of the various equivalent circuits
that result from the shift of the terminal planes from
Th, Tz, T; to different locations Ty, Ti', T3'. The
simplification obtained in treating reference-plane trans-
formations of two- or four-terminal networks rather
than of six-terminal networks should be apparent. For
example, if the reference plane T, in Fig. 7(a) is shifted
to Ty’ a distance d in wavelengths away from the junc-
tion such that

Znw—2
tan 2xd =jg——n)
Zy

= Qo,

(27)

then at the new reference plane, T}/, Z,,' — Z12’ =0. Thus
the new equivalent circuit for the antisymmetrical case
is simply a short circuit. By the reasoning of (20) to
(24) it follows that, if in addition to the above shift in
T, the reference plane T; in Fig. 7(b) is moved a dis-
tance s, in wavelengths, away from the junction such
that

dos = LT _ g (28)
tan § = —=
§ a + [e 4] ’
where
Zn+Zw) . 2Zss
a=—-j—, c=—7 )
Zl ZZ
(29)
Zn+2Z12) (2Z3) (2Z45)?
= —_—  — - )
Z Zs Z\Zs

then at the new reference planes, T’ and T3’, the equiva-
lent circuit of Fig. 7(b) becomes a pure shunt circuit of
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the type indicated in Fig. 6. The circuit parameters of
the new circuit can be obtained from (24) by use of
(29).

In summary, it is seen that the reduced circuits
indicated in Figs. 7(a) and (b) become, at the new
terminals, T, T2', T3’, those shown in Figs. 8(a) and (b).
The indicated shunt impedance has the value 2Z’ in-
stead of Z’ as employed in (24). The characteristic im-
pedances rather than the new voltages and currents are
indicated at the terminal planes. The over-all circuit,
composed by a process inverse to that employed in ob-
taining the reduced circuits, is then that shown in Fig.
Fig. 8(c). This simple circuit rather than its equivalent
in Fig. 2(b) is often advantageously employed for the
representation and measurement of the electrical per-
formance of the given waveguide structure. The latter,
however, is more convenient for the theoretical de-
termination of the circuit parameters.

T A

(@ (b) (c)

Fig. 8—Composition of shifted equivalent network for H-plane tee.
(a) Shifted antisymmetric case; (b) shifted symmetric case; and
(c) shifted composite network.

The above-illustrated technique of transformation
of reference planes to obtain simple equivalent circuits
can also be employed in the case of a 2N-terminal cir-
cuit. The essence of this method is the reduction of the
original 2N-terminal network to a number of four- (or
less) terminal networks for which the transformations
can be readily effected. As in the case above, this re-
duction can be obtained simply if there exist certain
symmetries in the original network.
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The Radiation Resistance of End-Fire
and Collinear Arrays’
CHARLES H. PAPASTY, ASSOCIATE, L.R.E., AND RONOLD KING?, SENIOR MEMBER, IL.R.E.

Summary.—Expressions for the radiation resistances of end-fire
and collinear arrays of half-wave dipoles are obtained in terms of
circular functions in a form convenient for computation. No mathe-
matical approximations except for a Fourier representation! of the
field of a single half-wave dipole are used. The first integral theorem
of Sonine? and an integral representation of the Bessel function due
to Hansen? are involved in the integration of the normal component
of Poynting’s vector.

Results computed from the new formula for the radiation resist-
ance of an n-element parallel array in which the spacings and suc-
cessive phasings of the dipole elements are 180 degrees (bilateral
end-fire) agree closely with those of Pistolkors,* who used Brillouin’s
e.m.f. method; they are a little less than the figures of Bontsch-
Bruewitsch,®* who numerically integrated Poynting’s vector. Calcula-
tions for the radiation resistance of an n-element collinear array
using the new formula are compared with those of Bontsch-Brue-
witsch, with which they are in satisfactory agreement. The new for-
mula is also used to compute the radiation resistance of an n-element
unilateral end-fire array (i.e., an n-element parallel array in which
the spacings and successive phasings of the dipole elements are 90
degrees).

INTRODUCTION AND COMPARISON OF RESULTS

N HIS PATENT Campbell® has calculated and
I[ plotted the radiation patterns of rectilinear arrays

composed of 16 elements for spacings from 0
to 4 wavelengths in steps of one-eighth wavelength
and successive phasings from 0 to one-half period in
steps of one-eighth period. From these patterns it is
seen that, when the elements are spaced one-half wave-
length apart and successively phased one-half period, a
bilateral end-fire is obtained. By reducing the spacing
to one-quarter wavelength and the phasing to one-
quarter period, a unilateral end-fire is obtained.

The radiation resistance of bilateral end-fire arrays
has been calculated by Pistolkors* using the e.m.f.
method for arrays having 2, 3, 4, 5, 6, and 7 elements.
Bontsch-Bruewitsch® has calculated the radiation re-

* Decimal classification: R325.113XR221. Original manuscript
received by the Institute, January 21, 1948. The research reported in
this document was made possible through support extended Cruft
Laboratory, Harvard University, jointly by the Navy Department
(Office of Naval Research) and the Signal Corps, U. S. Army, under
Contract NS5ori-76, T.O.I.

t Cruft Laboratory Harvard University, Cambridge, Mass.

1 Ronold W. P. King, “The approximate representation of the
distant field of linear radiators,” Proc. I.R.E., vol. 29, pp. 458—464;
August, 1941,

2 N. J. Sonine, “Recherches sur les fonctlons cylindriques et le
development des fonctions continues en series,” Math. Ann., vol. 16,
pp. 1-80; 1880.

P, A Hansen, in Jahnke and Emde, “Tables of Functions,” p.
149 Dover Publications, New York, N. Y.;

¢ A. A. Pistolkors, “The radiation resnstancc of beam antennas,”
Proc. I.R.E., vol. 17, pp. 562-579; March, 1929.

# M. A. Bontsch- Bruew:tsch “Die Strahlung der komplizierten
rechtwinkeligen antennen mit glexchbeschaffenen Vibratoren,” Ann.
Physik., vol. 81, pp. 425-453; 1926.

$G. A. Campbell U. S. Patent No. 1, 783, 522.

sistances of bilateral arrays by numerically integrating
Poynting’s vector for arrays consisting of 2, 3, 4, and an
infinite number of elements. Table I shows the results
of Pistolkors (P), Bontsch-Bruewitsch (BB), and those
of this paper (PK), the last named computed from (26).

TABLE 1
AVERAGE RADIATION RESISTANCE®* OF BILATERAL ARRAY

Number of

Elements P BB PK
2 85 7 ohms 88 ohms 82.30 ohms
3 92.5 95 87.72
4 96.8 100 91.04
5 99.8 93.30
6 102.1 94.95
7 103.9 96.22
Infinite 120

* Average radiation resistance means the total radiation resistance
divided by the number of elements: (R¢*/n).

The radiation resistance of n collinear dipoles has
been calculated by Bontsch-Bruewitsch,® who obtained
the following formula:

nx (n— D= (n—2)x

R=(—1)"“‘60|:f—4 S+ 88 ] (1)

where

nxr mx S'n2

S = f T 2)
0 0 M

The results obtained from (1) for n=1, 2, 3, 4, and §
and from the new formula (38) are shown in Table II.

TABLE II
AVERAGE RADIATION RESISTANCE* OF COLLINEAR ARRAYS

Number of
elements BB el
n=1 71.44 ohms
2 98 ohms 93.15
3 103 96.77
4 106 99.78
5 108 101.05
6 102.18
7 102.82

* Average radiation resistance means the total radiation resistance
divided by the number of elements: (Ro*/n).

The radiation resistances of unilateral end-fire arrays
computed from (26) for spacings and phasings of 90°
are shown in Table ITI.
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TABLE III

AVERAGE RADIATION RESISTANCE* OF UNILATERAL
END-FIRE ARRAYS

Number of
elements

71.44 ohms
78.68
82.30
85.55
87.72
89.62

SIQN U LN

* Average radiation resistance means the total radiation resistance
divided by the number of elements: (R¢*/5).

CALCULATION OF THE RADIATION RESISTANCE
oF END-FIRE ARRAYS

In the derivation of the new formulas for the radia-
tion resistance, it is tacitly assumed that changes in
spacing and phasing between the dipoles have a negli-
gible effect upon the current distribution in the indi-
vidual dipoles. This is a good approximation for
center-driven half-wave dipoles for all spacings. (It is a
poor approximation for full-wave dipoles.)

The total radiated power is obtained by integrating
the normal component of the Poynting vector S over a
large sphere of radius R. If Wis the total radiated power
in watts,

2x T
W =f f SR? sin §-df-d¢
0 0

307,
2%

fhf'VZ(o)-AZ(o, $)-sin 6-d0-d¢  (3)
0 0

where V(6) is the field factor of a single dipole, 4 (6, ¢) is
the array factor, and I, is the current amplitude at a
loop position. They are contained explicitly in the fol-
lowing formula for the Poynting vector:

cos - cos
30742 2

"~ 2zR? o

sin 6

2

s s
sin » —sinfcos¢ + 7 —)
<" N 20 L
— . 4
i < =4 @cosp + m ° )
Sin — S1n —
" >\

In this expression, # is the number of half-wave dipoles
in the array, s is the uniform spacing of the radiators, R
is the radial distance from the center of the array to the
point of calculation, and 6 and ¢ are the polar and
azimuthal angles, respectively. The quantity in brackets
is the product of the two functions V(f) and A(6, ¢).

™
cos (— cos 0)
2

V(e) =
©) sin 6 '

sin ny

A6, ¢) =

(5)

sin y
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where
s . s
y = w;sm 6-cos ¢ + WTE Kicos¢p + K. (6)

In order to integrate the square of the array factor,
it is expanded in a series of cosine terms and integrated
term by term. Since the series contains only a finite
number of terms, no difficulty arises in the term-by-
term integration.

sin® ny 2as2

A¥0,¢) = ——— =n+ > @n—rycosry (7)
sin? y r—2

where r=2, 4, 6, 8, - - - even integer. Now, integrate
both sides of (7) with respect to ¢:

2r
[ 426, 9100
0

2n—2 2x

= f " nde + > (2n — 1) cos (ry)-d¢. (8)
0 r=2 0

Hansen'’s? integral representation of a Bessel function is
p

2r 2x
f cos (ry)d¢ = f cos (K1 cos ¢ + Kj)d¢
0 0

= 2Jo(rK,) cos (rK,). 9)
Therefore, the integral of (7) with respect to ¢ is

2x 2n—2

A2, ¢)dp = 2an + DX (2n — 1)
=2

0

2wJo(rKy) cos (rKy) = H(6). (10)

Note that each term on the right is a function only of
the polar angle 6. It is represented by H(f).
The integral representation of W in (3) now becomes

30

I 2 T
W= 0 f V2(8) - H(9) sin 6ds. (11)
21!' ]
Introduction of the Fourier approximation!?
V(8) = 0.945 sin 6 (12)
in (11) gives
307, x i
W= = f (0.945)2- H(9) sin® 6-d6.  (13)
m 0

H(6) sin? 6 is a finite series, each term of which must be
integrated with respect to 8:

f H() sin® 0d9 = 21rnf sin® 6d6
0 °

2n~—2

+ 27 X (2n — r)-cos (rKs)

r=m2 0

Jo(rK,) sin?® 6d9.
The next task is to evaluate the integral

f Jo(le) sin® 8- dé. (14)
[}
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From symmetry considerations of the integrand, this
may be rewritten in the following way:

Jo(rK,) sin® 6-d6

0 /2 s
= Zf Jo(nr — sin 0) sin? 8- dé.
) A

Since sin? §=1—cos? 6§, the integral (15) is the dif-
ference of two integrals of which each is in Sonine? form.
Sonine’s first integral® is given by

(15)

f J.(Z sin 0) .cos?+1 §.sin*+! 046
0

]'+u+l(Z) .

= 2Te+1) Zut1

(16)

With u=—3 and v=0 and substituting rx/s\ for Z,

the result is
s
I‘(%)],,z <r7r 7)

x/2 s
f Jo (nr— sin 0) sin 6d8 = - B
) A _ 3

V2 ,‘/nr—)\— 7

Similarly, if with u=% and »=0 and substituting
rr(s/\) for Z,

/2 s
f Jo(an sin 0) cos? §-sin 8-dé
)

V2 I‘(%)fa/z("" %)

ST e (0
(")
A
therefore,
/2 s
Zf Jo(nr—sin 0) sin® - d@
0 A
s s
21‘(%)]1/2(7# ';) 2\/2- I‘(-})]m(nr T)
= — - — - (19)

s G

The expression for the radiated power then takes the
form:

30[ 2 2n—2
W= (0.945)2[ + 27 ). (2n — r)-cos (rK)
n r—2

V2 T3 12 <'7" {‘)

l 1/ "y
2V2 I‘(i)fm('ﬂ’ ';“)

- (20)

s \3/?
(~3)
A
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and the external or radiation resistance Ry =
becomes

2W/ I

2n—2

R = 6~ (0. 945)2(%—1; + 2r > (2n — 1) cos (1K)

r=2

V2 F(%)fllz('ﬂ’ ‘j\‘)

Vs
]

2/2 r(;)]s,,(m%> l

s \3/2
A
This expression involves Bessel functions with frac-

tional indexes which are not convenient for computa-
tion. It is possible to transform them into circular func-

tions using
s
__ sin <r7r ——)
2 A

(21)

i)y
and )\
)

AR =6

Evidently,

T 3/2
=)
A
§
sin <r7r —)

]1/z<f7r —)
1/— — @
s 75
and

o)
(3"
oy

Since I'(3) =v/7 and I'(3/2) =}/, the final expression

for the radiation resistance is

s
sin | rr —
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2n—2

+41rz 2n —1r1)

60
Ryt = — (0.945)2[
27

-cos (rKo)A (nr %) (26)
where
n(rry)  sn(ey)
sin{ rm — sin | rm —
( S> A A
Alrm— ) = - — S
A K ( s >3
rm— re —
Y A
(5)
cos| rm—
Y
0 27

s 2
(+3)
A
This formula is readily evaluated numerically. The re-
sults are shown in Tables I, II1, and IV.

CALCULATION OF THE RADIATION RESISTANCE
oF COLLINEAR ARRAYS

The radiation resistance of an n-element collinear an-
tenna is given by the well-known integral:

B cos? (% cos 0> sin? n (% cos 0>

Ro‘=60f - : .

0 sin? ¢ . T
sin? 7 cos 8

-sin 6-d#8.
With (12), this becomies

(28)

Ro* = 60(0.945)? f ~.sin® §-df. (29)
0

In order to solve this integral, it is convenient to expand

sin? ny
sin? y ’
sin? n L=
- y=n+Z(2n—r)cosry (30)
sin? y r—2

where y=(r/2) cosfand r=2, 4, 6,8 - - - even integer.
With (30), the expression for radiation resistance takes
the form:

Ry = 60(0.945)2 {nf sin® 940
0

2n—2

+ 2 (@n—r)

raal

™
cos (r ) cos 0> sin? 0-d0] . (31

The first integral is immediately integrable. It is

60
Ry = — (0.945)2[
2w
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(32)

f sin? 6df = §.
0

The second integral can be evaluated by Hankel’s
integral theorem:

JZ)T(H)riv + %)
(32),

This evaluation holds for v>—3%. With 2»=3 and

Z=r(w/2), and recalling that the gamma functions
I'(3) and I'(3/2+3%) have the values V= and 1, re-
spectively, (33) becomes

T s
f cos (r— cos 0> sin® 8-df
° 2

) Js/2<f—> V722 e

a\3/2
(3)
2

w3) a2 ()=,

SRS

Since r is always an even integer, sin [r(r/2)] =0, and

f cos (Z cos 6)-sin?, 6-df = - (33)
0

It is well known that

Hence,

™
cos(r—)
" ™ . 2
f cos|r—cosf@)sin?6-dd = — 4 ———-
0 2 ( 1l'>2
r-—
2

If this result is substituted in (31) with (32), the formula
for Ry in ohms is obtained:

(37)

rm

CoS —
2n-—2

4n
Ryt = 60(0.945)2{ — — 4> (2n — 1)
3 re2 ( T>2
2
For purposes of numerical calculation this formula is

much simpler than (1) previously derived by Bontsch-
Bruewitsch. The results are compared in Table II.

(38)

CALCULATION OF THE RADIATION RESISTANCE
OF A BROADSIDE ARRAY

The general radiation resistance formula

()]

(26)
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gives the radiation resistance of any parallel array
consisting of center-fed half-wave dipoles, provided the
spacing s between the elements is uniform and the
phasing K, is uniformly progressive or zero.

The radiation resistance of a broadside array,
[s=(\/2), K3=0] is, therefore, given by the specialized
case of (26):

60 2n—2
Re=—- (0.945)’[ +4W,_Z; (2n—n)A (r7>:|- (39)
60 2n—2
Ri =~ (0.945) [— +4r 2

The radiation resistances of broadside arrays consisting
of 2, 3,4, 5, 6,and 7 elements are computed and shown
in Table IV.
TABLE 1V
AVERAGE RADIATION RESISTANCE* OF BROADSIDE ARRAYS

Number of
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elements P BB PK
n=2 60.9 ohms 60.58 ohms
3 59.5 58.78
4 58.0 §7.27
5 57.4 56.63
6 56.9 56.07
7 56.5 55.75
Infinite 56 ohms

. * Average radiation resistance means the total radiation resistance
divided by the number of elements: (R¢*/n).

]

Fig. 1—Collinear array. Radiation resistance for n-element collinear

array.:
( )
2

x 2
(3)
CONCLUSIONS

A formula (38) is derived for the radiation resistance
of a collinear array consisting of # in-phase half-wave
dipoles spaced one half wavelength between centers

(Fig. 1).

Ry = 60(0.945)? 4—” 42 @2n -7

June
RO‘—— (0 945) [T—Srznz_jz (2)1-7)A\ (r 7>:| o (38)1

The average, radiation resistances (Ry*/n) are computed
forn=1, 2, 3, 5, 6, 7 and shown in Table 11.

In addition, a general formula (26) for the radiation
resistance of any uniformly spaced (s) parallel array of
half-wave dipoles with uniform progressive phasing
(K3), including zero, is derived.

(21 — 1) cos (rK)A (r7r %)] (26)

where

Fig. 2—Broadside end-fire.
broadside array:

Radiation resistance for n-element

2n—2
Ro——(094a)’[ +41rz(2n—r)A(r—):|
and
co'(‘i)
A( w)— s ri2
"2)° (w)’
r —
2
M / \ / \ /
AR BB
’I \ ,l \ ,I X 4

(-5
Fig. 3—Unilateral end-fire. Radiation resistance for n-clement uni-
lateral array:

2n—2

Ret = — (o 945)? | —— +4r2 (2n — 1) cos (’ —) (’ ':’)]

and
a(2) 43 ()
sin ( r — sin | r — r—
4 4 4
A(rl)a - + ’
4 T T T

(D D D)

7 This equation equals (38) found in an earlier part of this paper.
It has been written in this form to place in evidence its similarity to
(26).
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By giving K; and s appropriate values, the average
radiation resistances of broadside, unilateral end-fire,

PROCEEDINGS OF THE I.R.E.
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The values of K3, s, and A used in the calculation are
shown in Table V.

TABLE V
\ \ \ \ \ \ — e ——— S —
\ \ \ \ \ Phase
b he ] | ' } ) :‘ K,* s A Difference BTG
/ / / / / / / ’ in Periods Pattern
e /2 22 Alr(x/2)] 3 Bilateral end-fire
Fig. 4—Bilateral end-fire. Radiation resistance for n-element bilat- x/4 A4 A[r(x/2)] % Unilateral end-fire
eral array: 0 N2 Alr(x/2)] 0 Broadside
60 8 = r Alr(x/4)] Alr(x/2)]
R.-=—(0.945)=[—’"‘+41r):(2n—r)cos(r1)A(,1)] S
2x 3 2 2 2 2 0.3786 —0.1013
4 —0.1013 +0.02533
and 6 —0.2026 —0.01126
8 0.02533 +0.006333
cos (, _) 10 0.1252 —0.004053
12 —0.01126 +0.002814

* K3, according to (6), equals = times phase displacement measured

in fractions of a period

and bilateral end-fire arrays with 2, 3, 4, 5, 6, and 7

elements (Figs. 2, 3, 4) are computed and shown in

Tables I, II1, and IV.
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Frank J. Bingley (A’34-M’36-SM'43)
was born on November 13, 1906, in Bedford,
England. Following his graduation from the
University of London in 1927, Mr. Bingley
was associated with Baird Television Ltd.,
London, and for two years following he was
in charge of Baird’s New York Laboratories,
after which he joined the Philco Corpora-
tion as a television research engineer. He is
now chief television engineer of Philco.

Under Mr. Bingley’s direction, television
station WPTZ at Wyndmoor, Pa., was de-
signed and constructed in 1941, Mr. Bingley

was instrumental in developing the Plane-O-
Scope, a flat-surface picture tube which pre-
sents an undistorted picture, regardless of
the angle from which it is viewed. Remote-
pickup equipments in the Philadelphia area,
a mobile unit for “on-the-spot” television
shows, and the Philco radio relay for tele-
vision between New York and Philadelphia
are other developments instituted by Mr.
Bingley.

Mr. Bingley is a director of the Televi-
sion Broadcasters Association, and a mem-
ber of the Franklin Institute. He has served
as a member of several prominent television
planning committees, notably those of
RMA, the National Television Systems
Committee, and the Radio Technical Plan-
ning Board. He is also a member of the
Papers Review and Color Television Com-
mittees of I.R.E.

<

Christopher P. Gadsden (M'45) was born
in Charlotte, N. C., in 1920. He received the
B.S. degree in electrical engineering from
Tulane University in 1942, Immediately
thereafter he joined the staff of the Radia-
tion Laboratory at the Massachusetts In-
stitute of Technology, where he remained
through 1945. There he worked with the
receiver group on the measurement and
improvement of the noise figure of inter-
mediate-frequency amplifiers.’At the present
time he is studying and teaching mathe-
matics at Tulane University.

For a photograph and biography of
RoNoLD KING, see page 244 of the February,
1948, issue of the PROCEEDINGS OF THE
IL.LR.E. .

2
g

James E. Hacke, Jr., was born in 1920 at
Essex, lowa. He received the A.B. and M.S.
degrees at the University of Georgia in 1940
and 1941, and has done graduate work in
physics at Columbia University and The
Pennsylvania State College.

From 1943 to 1946 Mr. Hacke worked in
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JaMEes E. Hackg, JRr.

The Johns Hopkins University Applied
Physics Laboratory, Silver Spring, Md., on
analysis of quality-control and surveillance
testing of the proximity fuze for artillery use.
He has been employed since 1946 on basic
research in ionosphere propagation of short
waves at The Pennsylvania State College
under contract with Watson Laboratories,
Air Matériel Command. He is a member of
the American Physical Society and of the
Sigma Xi.

Alan B. Macnee (A’45) was born on
September 19, 1920, in New York, N. Y. He
received the B.S. and M.S. degrees in elec-
trical engineering from the Massachusetts
Institute of Technology in 1943. From 1943
to 1946 he was a staff member in the re-
ceiver group at the M. I. T. Radiation
Laboratory, specializing in the noise per-
formance of intermediate-frequency ampli-

ALAN B. MACNEE
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fiers. Since 1946 he has held the position of
assistant on the electrical engineering staff
at M. I. T., engaged in research on elec-
tronic computation.

He is an associate member of Sigma Xi,
and a member of Eta Kappa Nu.

Nathan Marcuvitz (S'36-A'37) was
born in Brooklyn, N. Y., on December 29,
1913. He was graduated from the Poly-
technic Institute of Brooklyn, receiving the
degrees of B.E.E. in 1935, M.E.E. in 1940,
and D.E.E. in 1947.

From 1935 to 1936, Dr. Marcuvitz wasa
research fellow at the Polytechnic Institute.
From 1936 to 1940, he was employed by the
RCA Manufacturing Company, and did
work on high-g,» vacuum tubes, iconoscopes,
and orthicons. From 1940 to 1941 he held a
research fellowship at Polytechnic Institute,
and during 1941 to 1946 he did research on
waveguides at the M.1.T, Radiation Labora-

NATHAN MARcUvVITZ

tory. In 1946 he returned to the Polytechnic
Institute as assistant professor of electrical
engineering, and also as a research associate
at the Microwave Research Institute. Heisa
member of the American Physical Society,
Sigma XI, Tau Beta Pi, and Eta Kappa
Nu,
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Charles H. Papas (S'41-A’42) was born
in Troy, N. Y., on March 29, 1918. He re-
ceived the B.S. degree in electrical engineer-
ing from the Massachusetts Institute of
Technology in 1941, From 1941 to 1945 he
was engaged in research on various problems
in acoustics and electrodynamics for the
Naval Ordnance Laboratory and the Bureau
of Ships, Washington, D. C. Since 1945 Mr.
Papas has been at Cruft Laboratory, Har-
vard University, where he is working on

June

CHARLES H. Papas

problems in electromagnetic theory. He is
a member of the American Mathematical
Society.
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Henry Wallman (A’41) was born in New
York, N. Y., in 1915. He received the Ph.D.
degree in mathematics from Princeton Uni-
versity in 1937. From 1942 to 1946 he was in
the receiver group of the Radiation Labora-
tory at the Massachusetts Institute of Tech-
nology, and was chiefly concerned with the
design and transient analysis of wideband
amplifiers, and noise investigations.

Before the war Dr. Wallman taught
mathematics at the University of North
Carolina and the University of Wisconsin.
At present he is associate professor of mathe-
matics at M. I. T. He is the co-author of a
book on Topology, “Dimension Theory,”
and also co-editor of the forthcoming volume
on “Vacuum Tube Amplifiers,” of the Radia-
tion Laboratory Series. Dr. Wallman is a
member of the American Mathematics
Society and Sigma Xi.
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and Radio Notes

Board of Directors

March 25, 1948

Report of Commitiee on Professional
Groups. Dr. W. L. Everitt, Chairman of the
Committee on [Professional Groups, pre-
sented to the Board the report of the Com-
mittee on Professional Groups, dated March
25, 1948. The Committee on Professional
Groups held its first meeting on Monday,
March 22, 1948, and at that time drew upa
set of Bylaws. The Committee recom-
mended the early adoption of a set of Bylaws
substantially like those proposed. It also
recommended the addition of a Committee
on Professional Groups to the Standing
Committees in the Bylaws of the Institute;
the appointment of a Standing Committee
on Professional Groups, constituted as out-
lined in the proposed Bylaw A, to super-
sede the ad-hoc Committee on Profes-
sional Groups making the report; and im-
mediate publicity on the Professional
Group System through the PROCEEDINGS
and through the technical press. Dr. Ev-
eritt commented briefly on the details of the
several recommendations, and the matter
was placed before the meeting for discussion.
Mr. Coleman inquired as to the possibility
of the Group setup interfering with the op-
eration of Sections. Dr. Everitt replied that
the Group system could be of use to Sections
and facilitate their operation rather than to
hinder it, and was confirmed by Dr. Heising.
After further discussion, Dr. Goldsmith
moved that the Executive Committee be in-
structed to proceed in accordance with the
recommendations of the March 25, 1948,
memoranda submitted by the Chairman of
the Committee on Professional Groups, and
that the Constitution and Laws Committee
be instructed to prepare such Bylaws and
sample Constitution as may be needed in
accordance therewith. (Unanimously ap-
proved.)

American Standards Association. Dr.
Baker reported that an agreement had been
reached with the American Standards Asso-
ciation whereby the A.S.A. will entirely elim-
inate any standardization work on its own
initiative, and a plan had been proposed
whereby bodies such as the I.R.E. and the
RMA would submit their Standards to the
Communication and Electronics Division of
the A.S.A. Electrical Standards Committee,
so that all I.R.E. or RMA Standards could
be published as A.S.A. Standards at the same
time they were published as I.R.E. or RMA
Standards. Standards would be completely
prepared and formulated by L.R.E. before
going to A.S.A. for processing, and A.S.A.
would stay completely out of the opera-
tional work. I.R.E. would always publish
its own Standards, independently of A.S.A.,
but the plan would give A.S.A. the oppor-
tunity to act with dispatch on the Standards
—within 60 to 90 days—before 1.R.E. pub-
lishes them.

Joint Technical Advisory Committee (of
RMA and I.R.E.). Dr. Baker discussed the
following existing situatjons which require

I.R.E. and RMA action and proposed their
solution by the formation of a Joint Techni-
cal Advisory Committee:

Radio Technical Planning Board. Dr.
Baker stated that in his opinion the
RTPB should be disbanded. It has per-
formed its function and only three commit-
tees are at all active. These are No. 6, Televi-
sion: No. 7, Facsimile; and No. 13, Portable,
Mobile, and Emergency Service Communi-
cations. These activities could be allocated
to I.R.E. or RMA, or jointly to both. Dr.
Sinclair, representative of I.R.E. on
RTPB, confirmed Dr. Baker’s statement.

Co-operation with F.C.C. Dr. Baker dis-
cussed two problems which Wayne Coy,
chairman of the F.C.C., brought up in his
speech at the President’'s Luncheonon
Tuesday, March 23, during the National
Convention. These were: (a) The necessity
for action by industry with respect to radia-
tion from television receivers. RMA has ob-
tained Board approval to set Standards
which will be distributed to the industry
and sent to F.C.C. (b) The F.C.C. lacks in-
formation in regard to characteristics and
equipment in the high frequencies from 270
to 1000 Mc. Dr. Baker suggested that some
industry group should take over this prob-
lem, not making a monetary expenditure,
but simply by getting the manufacturers to-
gether, accumulating all information avail-
able, finding out from industry to what ex-
tent it is able to build transmitters and de-
sign receivers within this frequency range.

Dr. Baker suggested that a procedure
should be set up by the 1.R.E. and RMA to
take over the work of the three active
RTPB Panels and the two other projects
noted above. After discussion by the Board,
it was decided that the best solution to the
problems involved was to set up a Joint
Technical Advisory Committee of the RMA
and I.R.E., whose function would be to
serve the F.C.C., to maintain contact with
the F.C.C., and find out what information
they want. Therefore, the following actions
were taken on Dr. Baker’s suggestions:

Dr. Goldsmith moved that there be
formed, with the assent of the RMA En-
gineering Department, a joint Standing
Committee of the RMA-I.R.E., to be known
as the “Joint Technical Advisory Committee
(of RMA and L.R.E.).” This committee will
be authorized to initiate or to receive re-
quests for technical and industrial informa-
tion from Governmental bodies and to rec-
ommend to the RMA or I.R.E,, or both, the
establishment of corresponding individual
working or task committees to assemble the
desired information, this in turn to be
transmitted to the Governmental group in
question. Notice of the above action shall be
promptly transmitted to the Chairman of
the F.C.C. (Unanimously approved.)

Mr. Guy moved that the Executive Com-
mittee be authorized to appoint on an ad-
hoc basis the I.R.E. portion of this joint
committee and instruct them to begin func-
tion. (Unanimously approved.)

Mr. Hogan moved that it be resolved
that the representative of I.R.E. on the

RTPB Administrative Committee be in-
structed to report to that committee that
the I.R.E. considers the work of the RTPB
to have been substantially completed, that
RMA and I.R.E. propose the formaticn of a
Joint Technical Advisory Committee, which
will render any further needed assistance to
Government agencies, that the I.R.E. Board
recommends the dissolution of the RTPB,
and that the I.R.E. Board proposes to with-
draw its financial support of RTPB. (Unani-
mously approved.)

Dr. Baker moved that the Joint Ad-
visory Committee be instructed to consider
working groups on Facsimile, Emergency
Communications, and spectrum utilization.
The characteristics and availability of equip-
ment shall be prime portions of such studies,
and immediate attention shall be particu-
larly concentrated on spectrum utilization
and equipment in the region of 250 to 1000
Mc. (Unanimously approved.)

Mr. S. L. Bailey moved that the Minutes
referring to the establishment of the Joint
Technical Advisory Committee be trans-
mitted to the Constitution and Laws Com-
mittee, with a request that they prepare the
proper Bylaws for the approval of the
Board. (Unanimously approved.)

Commiltee on Professional Groups. Dr.
Goldsmith moved that the recommendation
of the Executive Committee that the Board
accept the recommendation of the Planning
Committee in which it desires to amend its
report of November 12, 1947, to the extent
of changing the name “Audio Group” to
“Audio, Video and Acoustic Group,” and
adding the following names to the Commit-
tee: Howard A. Chinn, O. L. Angevine, Jr.,
A. A. Pulley, ]J. L. Hathaway, and J. E.
Keister, be accepted, and that the request
by W. L. Everitt, Chairman of the Commit-
tee on Professional Groups, for the appoint-
ment of two additional members to the Ohio
State Broadcast Group, Lynne C. Smeby
and Royal V. Howard, be approved. (Unani-
nously approved.)

New Committee on Planning. President
Shackelford presented to the Board for con-
sideration the following recommendation of
the Executive Committee with regard to
the re-organization of the Planning Com-
mittee:

“The Executive Committee recom-
mends to the Board that the Planning
Committee be discharged and discon-
tinued, and that a new committee be set
up to make studies for the Board and
recommend to the Board for consideration
matters of long-term planning and policy
development. The agenda for the new
committee would be composed of such
subjects referred to it by the Board, or
which may originate from other sources.

“It is suggested that the membership
of the committee be of two classes; that
one class consist of six members, serving
three-year terms, two to be appointed
each year, with the necessary short terms
for the initiation of the committee. It is
suggested that there be a second class of
three members appointed for a term of one
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year, one each to represent Institute Sec-
tions, Student Branches, and Regions.

“It is proposed that the membership
of the committee be approximately 50 per
cent members or recent members of the
Board, and that reasonable geographical
distribution be provided for.

“It is recommended that the member-
ship of this committee be selected by the
the Board upon recommendation of the
President. The Chairman also would be
named in the same manner.”

Dr. Shackelford commented that the
function of the above-outlined committee
would definitely be the development of pol-
icy to enable the Board to have data avail-
able when it gives policy decisions; that
there are matters of Institute policy which
need resurveying because of the growth of
the industry and of the Institute; that the
committee should have enough continuity
of membership to give continuity of policy
and yet enough provision for the admission
of new members to bring in new ideas; that
the membership of the committee should
consist not only of appointed members, but
also of representatives of the various Insti-
tute special activities, such as Sections,
Student Branches, and Regions, as noted
above, and perhaps, also, Professional
Groups, Editorial Policy, and Technical
Committees.

After discussion by the Board, Dr. Sin-
clair moved that the present Planning Com-
mittee be discharged, with thanks for its
work, and dissolved. (Unanimously ap-
proved.)

Dr. Terman moved that the Board in-
struct the Executive Committee to proceed
to formulate the details of a plan of forma-
tion of a committee, such as had been out-
lined by Dr. Shackelford, with a rotating
membership and representative member-
ship, operating under a suitable name, to
provide advice as to policy. (Unanimously
approved.)

Dr. Terman moved that the President
be empowered to appoint, with the approval
of the Executive Committee, an ad-hoc com-
mittee to operate on an interim basis and
carry out the functions of this advisory com-
mittee. (Unanimously approved.)

Mr. Guy moved that the Board instruct
the Constitution and Laws Committee to
draft the necessary Bylaws change to cover
the formation and scope of the committee
referred to in the two previous motions.
(Unanimously approved.)

San Antonio Section. Dr. Sinclair moved
that the petition of the San Antonio Section
be accepted, and that the boundaries of the
Section be set according to the map included
with the petition. (Unanimously approved.)

M.K.S. Rationalized System of Measuring
Units. Dr. Heising moved that the Board
approve the Standards Committee recom-
mendation of January 8, 1948, that the
I.R.E. promote the general use of the m.k.s.
rationalized system of measuring units.
Planned methods of promotion will include
an editorial on the m.k.s. system to be pre-
pared by Chairman Schelkunoff of the Wave
Propagation Committee for publication in
the PROCEEDINGS. (Unanimously approved.)

Finance Committee. Mr. Hogan moved
that the Board approve the recommendation
of the Executive Committee that there be
appointed a Finance Committee of three
members to maintain continuous familiarity
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with the finances of the Institute and to
make recommendations thereto from time
to time as may seem desirable. (Unani-
mously approved.)

Institution of Radio Engineers (Austra-
lig). Dr. Goldsmith reported that a recipro-
cal arrangement has been concluded with
the Institution of Radio Engineers (Aus-
tralia), whereby any papers appearing in
their journal become available for publi-
cation in the PROCEEDINGs oF THE [.R E.,
without further notice, but with acknowledg-
ment of their source, and conversely, papers
appearing in the PROCEEDINGS become avail-
able for publication to the Institution of
Radio Engineers (Australia).

Bylaw Section 89. Mr. Coleman moved
that the following modified Bylaw Section
89 be adopted:

“Section 890—The Executive Secretary is
authorized to accept orders received after
April 1, 1948, for annual subscriptions to,
or individual copies of, the PROCEEDINGS,
at the following rates, including postage:

Annual Subscriptions

U. S. and Other
Canada Countries
Individual non-mem-
bers $18.00 $19.00
Public Libraries 13.50 14.50
Colleges 13.50 14 .50
Subscription Agen-
cies 13.50 14.50
Institute members,
additional sub-
scriptions 9.00 10.00
Individual Copies
Individual non-mem-
bers $2.25 $2.35
Public Libraries 1.65 1.75
Colleges 1.65 1.75
Subscription Agen-
cies 1.65 1.75
Institute members,
additional copies 1.00 1.10

(Unanimously approved.)

NEW TABLES oF BEsSSEL FUNCTIONS

Of interest to nuclear technologists, as
well as other design engineers and physicists,
is the recent publication of extensive tables
of the Bessel functions Yo(x), Yi(x), Ko(x),
and K,(x) in the region between 0 and 1.
These tables, prepared by the National
Bureau of Standards, are now available as a
71-page booklet, constituting the first in the
new Applied Mathematics Series, which will
include mathematical tables, manuals, and
studies by the National Applied Mathe-
matics Laboratories of the Bureau.

Because of the frequent need for numeri-
cal values of the Bessel functions in many
physics and engineering problems, the tables
have been computed at much closer intervals
than previous tabulations of these functions,
thus enabling the user to obtain almost the
full accuracy of the table, over most of the
range, by linear interpolation. Specifically,
the tables give the values of Yo(x) and Yi(x)
with first and second differences for,
x=0(0.0001)0.05(0.001)1 and the values of
Ky(x) and K,(x) with first and second differ-
ences for x=0(0.0001)0.03(0.001)1. To sim-
plify interpolation in the table of Y,(x) and
Yi(x) in the small region between 0 and
0.0050, auxiliary functions have been tabu-

June

lated at an interval of 0.0001. Similarly, aux-
iliary functions related to Ko(x) and K(x)
have been tabulated for x=0(0.001)0.030.
“Applied Mathematics Series 1, Tables
of the Bessel Functions Yy(x) Yi(x), Ko(x),
K,(x) 0 Sx=1,” may be obtained only from
the Superintendent of Documents, Govern-

¥
ment Printing Office, Washingten 25, D. C., §

at 35 cents per copy.

AIEE Electron-Tube ‘
Conference

More than 280 people attended the l .
AIEE conference on electron tubes for in- b

strumentation and industrial use, which was
held at the Benjamin Franklin Hotel, in
Philadelphia, Pa., March 29 to 30, 1948.

The AIEE subcommittee on electronic ~
instruments sponsored the conference, which
stemmed out of a discussion about a year
ago at which the need for improved electron
tubes for industrial purposes was recognized. '
An extensive survey was made of the re-
quirements for such improved tubes, and
the conference was planned to present the
result of this survey to all interested parties.
This survey, the “Report on Electron-Tube
Survey of Instrument Manufacturers and
Laboratories,” prepared by the AIEE joint
subcommittee on electronic instruments,
thus became the basis of the conference.
Five different sessions, covering various
aspects of tube-improvement problems, were
held during the conference.

A dinner was held at 6:30 p.M. during

.oy

University of Michigan, who is also vice-

1~

--ﬁ)a,

v
,-t( "'3-6“‘ Y

"

which W. G, Dow (M’39-SM'43), of the - “,,

chairman of the AIEE electronics com-
mittee, acted as toastmaster.

The main speaker of the evening was
W. R. G. Baker (A'19-F’28), Past-Presi-
dent of I.R.E. and vice-president of the ’
General Electric Company, who is chair-
man of the AIEE communication and sci-
ence co-ordinating committee. Dr. Baker's
topic was “Manufacturing Policy With Re- !

keynote for the subjects which were dis-
cussed at the third session, which immedi-
ately followed the dinner. ’

The after-dinner program, under the
chairmanship of Professor Dow, was de-
voted to a discussion of design, manufactur-
ing, and economic considerations regarding
improved electron tubes for instrumentation -
and industrial use. b

The “Report on Electron Tube Survey
of Instrument Manufacturers and Labora-
tories,” prepared by the AIEE joint sub-
committee on electronic instruments, the
material on which much of the information
discussed at the conference was based, is
available from the AIEE Order Depart-
ment, 33 West 39 Street, New York 18,
N. Y., at $1 to AIEE members and $2 to
nonmembers.

The “Proceedings of the Conference on
Electron Tubes,” which will include the full
text of all the talks presented as well as all
the discussion that took place during the
conference, is in preparation and soon will
be available. It also may be ordered from
the AIEE Order Department, and the price
is $1.50 to AIEE members, and $3 to non-
members.

When ordered together, the two publica- §
tions may be secured for $2 to AIEE mem-
bers and $4 to nonmembers.

lation to Special Tubes.” This talk was the } |
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Report of the Secretary—1947

» 'Q g To THE BOARD OF DIRECTORS, The Institute thus enters year 1948 Members
: THE INSTITUTE OF RADIO ENGINEERS :r_nhh conﬁt_itence, bcttfal;-_l_fqtedt }:o meet at?ed Louis N. Persio (A’30-M'46)
arge its -
o 3 Gentemen ' ‘ (;ls';:' rg responsibilities than ever Associates
- Another year pf Ipstltute progress has Respectfully submitted, Thomas M. Annis (§'43-A'43)
» % ¢ marched on, making it necessary for your Frederic R. Ashley (A'46)
_lg'i Secretary, as provided in the Bylaws, to A. Cartier (A'45)
send you another report, covering the Jack H. Cooper (A'44)
activities of the calendar year 1947. The le Aaty—  Albert W. Glazier (A'47)
customary statistics and charts are sub- Frank C. Gow (A'44)
mitted with information concerning the George L. Greves (A’20)
«# g basic factors affecting our affairs. Haraden Prall, Secretary Hammond V. Hayes (A'21)
! g Four significant accomplishments must  April 15, 1948 H. K. Huppert (A'23)
ﬂ <be mentioned. First, Institute growth con- Erwin W. Kreis (A'45)
i tinued at the unprecedented pace set during Membershjp Edward M. Sorensen (A'42)
" the years immediately preceding. This not Lee Stann (A'43)
only reflects the growing importance of the _ At the end of the year 1947, the member- George 1. Stetzel (A’46)
§  fields of radio and its allied activities, but  Ship of the Institute, including all grades,  F*J"8Wt 0 oy
t demonstrates that our society is filling a  Was 21,037, a 16 per cent increase over the /' ' chr:d gk A'14)
A need and has met, in considerable measure, previous year. Before the war, the annual - A. Woodcock (
v the increased demands set by this postwar increase in the number of members was less Students

era of expansion in Communication and  than 5 percent;in the first three yearsof the  Vernon J. Hentges (S'46)
¥ Electronics. A significant example of this war, it was about 25 per cent. In 1944 and R, E. Hickman (5'44)
was the unprecedented size of the 1947 An- 1945, the figure dropped to 20 per cent, and

ﬂb
' A n o . .

{' ‘J—: nual Convention and its exhibit activities, 0 15 per cent in 1946, The membership Editorial Department

Second, a revised Constitution was adopted 'trelr;(.i fr;)m 1912 to date is shown graphically In 1947 there were published in the Pro-
C and put into effect, making it possible to 10 T18- 2. . . cEEDINGS OF THE LR.E. a total of 2576
' activate important measures necessary for The distribution of members in the vari- pages (including covers). Of these, 1636
} continued successful service to members ©us grades for the years 1945,1946,and 1947 L 0" 400 0o pages and 940 adve'rtising

and for a strengthening and broadening of s shown in the accompanying plot, Fig. 3. ages. Of the editorial pages, 1183 were de-
v _ our organization, scope, and fiscal condition. Actual figures are shown in Table I. Note soted' to technical papersg(in'cluding discus-
' These include: making the Regional Repre- that the percentage of Associates has sions and correspondence), 170 to Abstracts
' %. isentation Plan realistic through providing  dropped and that the percentage of Mem- 4" p (erences and 283 to nontechnical
¢ travel expenses to Regional Directors; con- bers and Senior Members has increased. The material. Of the advertising pages, 822 rep-

tinuing the PROCEEDINGS OF THE I.R.E. on  membership ratio of (Associates) to (Higher : . : A
.an en{garged basis; an increase in financial ~ Grades) was 6 to 1 in 1944, 4 to 1 in 1945, ::Zeritle: cp:r:ga?:;; rltlil;)ugl' :i};l‘:rit;ller:;?:i:l
assistance to Sections. Thus were solved  less than 3 to 1 in 1946, and about 2 to 1 ./ ®y "eor o [heritute membership, Sec-

some hitherto unsolved problems. Third, in 1947, a very satisfactory trend. tions-meetings lists, and news of new prod-
means were found to secure some extra Table II shows an analysis for the past  .," 4 of the ind'ustry in general.
funds, permitting the printing during 1947 five years of the distribution of members at The total of 2576 pages published dur-

of an expanded PROCEEDINGS, increasing in  home and abroad. It may be noted that the . : b

size mor[:th by month, absorbing a \;gery f9reignh mergbefrsl}x‘ip has increased rapidly ::,gd tll;:lzy;all'gic;r'npares R

significant portion of the backlog of tech-  since the end of the war. The cost of printi G
; . . o oo . printing the PROCEEDINGS

nical papers resulting from the cessation of It is with deep regret that this office re- during 1947 averaged $42.90 per page for an

<ife  war. It was felt that this accumulation must cords the death of the following members of average quantity of 22,767 copies per issue.
. be relcased with a minimum of delay to the Institute during the year 1947: This compares with $40.45 per page for an
¢ ;acontribute promptly to the benefit of the Fellows average printing of 20,919 copies in 1946.
'englneer and the public. And fourth, 1947 . ) ) ) These figures are printing costs only, and
saw the final completion of the Institute’s ~ G. W. Kenrick (A'23-M"29-F"33) do not include salaries or overhead at Insti-

new headquarters building, with its interior . tute headquarters
S . éappointments and furnishings in all details, Senior Members A totgl of 172 technical papers was
_{‘; : ‘crystallization of its staff organization i'nfo a  Ralph R. Beal (A'15-SM’45) published during the year. These papers
more rounded out and stable condition, W. E. Branch (M'25-SM’43) were submitted by 266 authors, of whom 205
better administration with all adequately L. Peter Graner (SM'44) were members and 61 were nonmembers of

g ¢ housed under a single roof, and improved  John L. Preston (M'39-5M'43) the Institute. This contrasts with 122 papers

¢ relations with Sections through visits of  Henry Shore (A’27-M'30-SM'43) published in 1946 by 113 member and 47
officers and staff members. W. Van Nostrand (A’15-M'27-5M"43) nonmember authors.

5 TABLE I—MEMBERSHIP DISTRIBUTION BY GRADES On January 2, 1947, t'he backlog of
23 iy — — = _ papers on hand in the Editorial Department,
) %i Grade As of Dec. 31, 1947 As of Dec. 31, 1946 As of Dec. 31, 1945 including those accepted and those under

3 Number  %yof Total . Number  %of Tolal Number % of Total consideration, totalled 144 papers represent-
-ls?:HiowM N 2 (z)gg 1.; 218 1.2 210 1.2 ing an estimated 1072 PROCEEDINGS pages.
embe: . . . i

Sy Merber Bk g g a0 L 83 This fgure peaked on May 29, 1947, at 171
) Associate 12.079% 57.4 11,591+ 63.9 11,145% 70.6 papers totalling 1225 pages. But by Decem-
iy Student She38 Su/cY 1252 1258, 1,898 1241 ber 30, 1947, the backlog had been reduced
Totals 21,037 18,154 15,779 by nearly one-half to 95 papers representing

'171:1 2,048 Voting A l— - — 651 pages.
e e Stated another way, during 1947 the
Includes 1,490 Voting Associates. Institute was able to deliver into the hands
des TABLE [I—Fi1vE-YEAR ANALYSIS OF U. S. AND FOREIGN MEMBERSHIP of the membership the major residu(? of the
e ————— —_— = —_—— S accumulated wartime knowledge which had
) - 1947 1946 1945 1944 1943 overloaded the publication machinery fol-
TotaL _ 21,057 1856 15,779 13,137 1n079  lowing the cessation of hostilities and the
g°§ﬂand(ll:‘<m§=::or&mda) 1224.53 15.822 14,053 11,596 9,892 hftmg_of security restrictions, This was ac-
§ Per Cent Foreign- e N Y 154 13187 complished through an expanded publica-

tion program authorized by the Board of
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Directors in mid-1947, in anticipation of the
revisions in the dues and general budget of
the Institute which became effective Jan-
uary 1, 1948.

Toward the end of the year, under this
program, there were delivered to the mem-
bership what are believed to be the largest
regular journal issues (in terms of editorial
content) ever published by an engineering
society in the field of electrotechnology. In
the issues from January through August,
1947, the average number of editorial pages
was 107. Beginning with the September
issue, which contained 144 pages, the ex-
panded publication program increased this
figure progressively to 176 in October and to
224 pages in the November and December
issues, respectively.

It is a source of some pride that this ex-
panded publication was achieved without
increase in the size of the permanent staff.
The number of Editorial Department em-
ployees was nine as of January 1, 1947, and
eight on December 31, 1947, in addition to
two temporary assistants engaged for 1943-
1947 Cumulative Index and 1948 Yearbook
work.

Publication of the Abstracts and Refer-
ences section was continued during the
year, and remained a popular feature. Be-
ginning with the September issue, the pub-
lication of a section devoted to “Indus-
trial Engineering Notes” was inaugurated
through the co-operation of the Radio
Manufacturing Associations of the United
States and of Canada.

During the year, “Standards on Tele-
vision: Methods of Testing Television Re-
ceivers” were issued, and “Standards on
Radio Receivers: Methods of Testing Fre-
quency-Modulation Broadcast Receivers”
were prepared for distribution in January,
1948. Copy was delivered to the printer for
a five-year cumulative index, covering the
period 1943-1947, for distribution in Febru-
ary, 1948. Work also was commenced on the
1948 1.R.E. Yearbook,

The Editorial Department is directed by
Editor Alfred N. Goldsmith in matters of
editorial policy, content, and format, and by
Executive Secretary George W. Bailey in
matters of administration, both func-
tioning through Technical Editor Clinton B.
DeSoto. It has been greatly assisted by
counsel and co-operation unstintingly given
by the members of the Board of Editors,
Papers Review Committee, Papers Procure-
ment Committee, and the Editorial Ad-
ministrative Committee.

Fiscal

A condensed summary of income and
expenses for the years 1946 and 1947 is
shown in Table III, and a comparative
balance sheet for these years is shown in
Table IV,

TABLE III—SUMMARY OF INCOME AND EXPENSES

Income

1947 1946
Dues $153,986.07 $133,715.64

Advertising, etc. 166,820.21 172,166.59
Other, such as sales of

emblems, binders, con-

vention booth space,

securities, etc. 146,499.50 76,120.75

Total Income $467,305.78 $382,002.98

Institute News and ‘Radio Notes

Expenses
Sahqea $129,601.08 $108,266.61
Printing Costs 92,057.48  81,084.91
Printing Year Book 169.50 14,486.55
Adyvertisin, Expenges
(Promotionand Com-
missions) 81,471.49 61,073.29
General Administrative
and Operating Ex-
penses 56,395.53 50,438.71
Other, such as costs of
emblems, binders, con-
vention rent, admin-
istration and labor,
diplomas, etc. 98,533.71 62,452.75
Total Expenses $458,228.79 $377,802.82
Net Income 9,076.99 4,200.16

TABLE [V—COMPARATIVE BALANCE SHEET

Current Assets Dec. 31,1947 Dec. 31, 1946
Cash . $127,857.53 $133,333.62
Accounts Receivable 6,572.28 9,841.82
Inventory 12,475. 9,227.22
Total Current Assets $146,905.47 $152,402.66
Investments at cost $138,796.50 $ 90,660.69
Furniture and Equip-
ment 6,168.30 5,484.86
Prepaid Expenses 13,409.57 5,182.76
Other Assets 2,664.79 3,513.53
Total $307,944.63 $257,244.50
Funds Assets
Building Endowment $594,946.81 $593,729.53
Morris Liebmann 10,687.02 11,477.79
B. J. Thompson 5,220.62 5,185.27
Tolal Funds Assets 610,854.45 610,392.59
Total Assets $918,799.08 $867,637.09
Liabilities
Accounts Payable $ 18,521.30 § 15,091.51
Accrued Salaries 1,316.98 701.20
Advance Payments 101,337.54 47,618,49
Income Tax Withheld 1,832.69 1,269.08
Total Liabilities $123,008.51 § 64,680.28
Surplus $184,936.12 $192,564.22
Total $307,944.63 $257,244.50
Funds
Building Endowment $594,946.81 $593,729.53
Morris Liebmann 10,687.02 11,477.79
B. J. Thompson 5,220.62 5,185.27
Total Funds $610,854.45 $610,392.59
Tolal Liabilities
and Surplus $918,799.08 $867,637.09

The above statement was prepared from the an-
nual report of our auaitors, Messrs. Klauser and Todt,
Certified Public Accountants.

Section Activities

We were glad to welcome five new Sec-
tions into the Institute during the past year.
They are as follows:

Sacramento (March) 1947
Princeton (July) 1947
Louisville (Aug.) 1947
Beaumont-Port Arthur (Nov.) 1947
Des Moines-Ames (Nov.) 1947

The total number of Sections is now 43.
There has been a substantial increase in
membership of these Sections, with a few
exceptions where there has been a slight de-
crease. In addition, during the year there
have been formed the following groups, un-
officially designated as Sub-Sections:

Akron (Cleveland)
Lancaster (Philadelphia)
Long Island (New York)
Northern New Jersey  (New York)
Toledo (Detroit)
Urbana (Chicago)

Student Branches

During 1947, the Institute's program
with respect to Student Branches was re-
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activated and strengthened. The total num-
ber of Student Branches formed during 1947
was 27, twelve of which operate as joint
I.R.E.-AIEE Branches. Student interest in-
creased rapidly during the year and addi-
tional applications for the establishment of
Branches are now in process. This work,
under the direction of E. K. Gan