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Foreword

Reference Data for Radio Engineers in this third edition has grown to twice
the size of the preceding edition and is three times as large as the first
edition. Wartime restrictions in 1943 on technical data, printing materials,
and printing facilities limited sharply the contents of the initial edition. Nor
was the second edition, published in 1946, free of these restraints. This third
edition is, therefore, the first of these volumes to be prepared in large
measure under the freedoms of peace.

Designed to fill a gap in our field of technical books between textbooks and
handbooks, Reference Data for Radio Engineers is, as its fitle indicates, a
comprehensive compilation of basic electrical, physical, and mathematical
data frequently needed in the solution of engineering problems.

Its usefulness has not been restricted to the practicing radio and electronic
engineers for whom it was originally prepared, but it has reached into the
realm of the engineer-in-training and has been accepted for student use in
many of the leading colleges in the United States. This broadened applica-
tion has been recognized in the contents of the third edition.

Grateful acknowledgement is made to Professor A. G. Hill and L. D. Smullin
of Massachusetts Institute of Technology, Professor J. R. Ragazzini and
L. A. Zadeh of Columbia University, and Professor H. R. Mimno of Harvard
University for their many contributions and useful suggestions.

Federal Telephone and Radio Corporation, in the compilation of this refer-
ence book, wishes to acknowledge the valuable assistance and advice of
the following members of associate companies.

international Telephone and Telegraph Corporation, New York, N. Y.
E. M. Deloraine Technical Director

H. P. Westman Editor, Electrical Communication
L. C. Edie
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CHAPTER ONE 7

B Frequency data

Wavelength-frequency conversion

The graph given below permits conversion between frequency and wave-
length; by use of multiplying factors such as those at the bottom of the page,
this graph will cover any portion of the electromagnetic-wave spectrum.

Are = wavelength in feet
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Am = wavelength in meters
for frequencles from | multiply f by | multiply A by
0.03 - 0.3 megacycles 0.01 100
03 - 3.0 megacycles 0.1 10
30 - 30 megacycles 1.0 1.0
30— 300 megacycles 10 0.1
300 ~— 3000 megacycles 100 0.01

3000 - 30,000 megacycles 1000 0.001
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Wavelength-frequency conversion continved

Conversion formulas

i

Propagation velocity ¢ = 3 X 108 meters/second

VWavelength in meters Am = 300,000 = 0

fin kilocycle_s ~ fin ;egocydes

300,000 X 328 _ 300 X 328

Wavelength in feet Ag = — = _
f in kilocycles f in megacycles

1 Angstrom unit A = 3937 X 10~% inch
1 X 1071 meter
1 x 107 micron

1 micron p = 3937 X 107® inch
1 X 10°¢ meter
1 X 10t Angstrom units

Nomenclature of frequency bands

According to international agreement af the Atlantic City Conference, 1947,
it was decided that frequencies shall be expressed in kilocycles second
(ke/s) at and below 30,000 kilocycles, and in megacycles/second (mc 's)
above this frequency. The following are the band designations

frequency subdivision | frequency range metric subdivision
VIF | Very low frequency <30 ke/s Myriametric waves
LF \ Llow frequency 30 — 300 ke/s Kilometric waves
MF i Medium frequency 300 — 3,000 ke/s Hectometric waves
HF | High frequency 3,000 — 30,000 ke/s Decametric waves
VHF | Very high frequency 30,000 ke/s — 300 me/s Metric waves
UHF | Ultra high frequency 300 — 3,000 me/s Decimetric waves
SHF | Super high frequency 3,000 — 30,000 me/s Centimetric waves
EHF | Extremely high frequency l 30,000 — 300,000 me/s Millimetric waves

Atlantic City Conference, 1947

It is the function of the International Telecommunications Conferences
(Madrid, 1932; Cairo, 1938; Atlantic City, 1947) to promote international
cocperation in the development and use of telecommunication services of
all sorts. The following material has been extracted from the parts of the
Acts of the conference specifically relating to radio. The official publication,
“Final Acts of the International Telecommunication and Radio Conference,
Atlantic City, 1947," is obtainable at nominal charge from the Secrefary,
International Telecommunication Union, Berne Bureau, Berne, Switzerland.



Frequency allocations

Atlantic City, 1947

FREQUENCY DATA g

The following table of frequency allocations pertains to the western
hemisphere (region 2}, and covers all frequencies between 10 kilocycles

and 10,500 megacycles.
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Regions defined in table of frequency allocations. Shaded area is the tropical zone.

Note: An asterisk (*) following a service designation indicates that the
allocation has been made on a world-wide basis. All explanatory notes
covering region 2 as well as other regions have been omitted. For these
explanatory notes the original text of Acts of the Atiantic City Conference

should be consulted.

kilocycles service kilocycles service
10~ 14 Radio navigation® 325- 405  Aeronautical mobile,* Aero-
14- 70  Fixed,* Maritime mobile* nautical navigation®
70—~ 90  Fixed, Maritime mobile 405- 415  Aeronautical mobile, Aero-
90— 110  Fixed,* Maritime mobile,* Ra- nautical navigation, Maritime
dio novigation® navigation (radio direction
110~ 130 Fixed, Maritime mobile finding}
130— 150  Fixed, Maritime mobile 415~ 490  Maritime mobile®
150~ 160  Fixed, Maritime mobile 490- 510 Mobile (distress and calling) *
160~ 200 Fixed 510- 525 Mobile
200- 285  Aeronautical mobile, Aero- 525- 535 Mobile
nautical navigation 535~ 1605  Broadcasting®
285- 325 Moritime radio navigation 1605- 1800  Aeronavutical radio naviga-

{radio beacons)

tion, Fixed, Mobile
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Frequency allocations

continved

kilocycles service | kilocycles service
1800— 2000  Amateur, Fixed, Mobile ex- | 11275-11400  Aeronautical mobile*
cept aeronautical mobile, | 11400-11700  Fixed*
Radio navigation 11700-11975  Broadcasting®
2000~ 2065 Fixed, Mobile 11975-12330 Fixed*
2065~ 2105  Maritime mobile 12330-13200  Maritime mobile®
2105~ 2300 Fixed, Mobile 1320013260  Aeronautical mobile*
2300— 2495  Broadcasting, Fixed, Mobile 13260-13360  Aeronautical mobile*
2495- 2505  Standard frequency 13360-14000  Fixed™
2505~ 2850  Fixed, Mobile 1400014350  Amateur®
2850- 3025  Aeronautical mobile® 14350-14990 Fixed*
3025- 3155  Aeronavutical mobile* 14990-15010  Standard frequency™
3155~ 3200  Fixed,* Mobile except aero- | 15010-15100  Aeronautical mobile*
nautical mobile* 15100-15450  Broadcasting®
3200- 3230  Broadcasting,* Fixed,* Mo- | 15450-16460  Fixed*
bile except aeronautical mo- 16460-17360  Maritime mobile™
bile* 17360-17700 Fixed™
3230- 3400  Broadcasting,* Fixed,* Mobile | 17700-17900  Broadcasting®
except aeronautical mobile*® 17900-17970  Aeronautical mobile*
3400~ 3500  Aeronautical mobile® 17970-18030  Aeronautical mobile*
3500— 4000  Amateur, Fixed, Mobile ex- 1803019990 Fixed*
cept aeronautical mobile 19990-20010  Standard frequency®
4000— 4063 Fixed* 20010-21000 Fixed*
4063— 4438  Maritime mobile* 21000-21450  Amateur®
4438~ 4650  Fixed, Mobile except aero. | 21450-21750  Broadcasting™
nautical mobile 2175021850  Fixed™
4650~ 4700  Aeronautical mobile® 2185022000  Aeronavutical fixed, Aero-
4700~ 4750  Aeronautical mobile* nautical mobile*
4750- 4850  Broadcasting, Fixed 22000-22720  Marifime mobile*®
4850 4995 Broadcasting,* Fixed,* land 22720-23200 Fixed*
mobile™® 23200-23350  Aeronautical fixed,* Aero-
4995- 5005  Standard frequency® nautical mobile*®
5005~ 5060  Broadcasting,* Fixed* 23350-24990  Fixed,* land mobile®
5060— 5250  Fixed* 24990-25010  Standard frequency™
5250 5450  Fixed, Land mobile 25010-25600  Fixed,* Mobile except aero-
5450 5480  Aeronavutical mobile nautical mobile®
5480- 5680  Aeronautical mobile* 2560026100  Broadcasting™
5680— 5730  Aeronautical mobile* 26100-27500  Fixed,* Mobile except aero-
5730 5950  Fixed™ nautical mobile*
5950~ 6200  Broadcasting* 2750028000  Fixed, Mobile
6200- 6525  Maritime mobile® 28000-29700  Amateur™
6525~ 6685  Aeronautical mobile* |
6685~ 6765  Aeronautical mobile* megacycles  service
6765~ 7000  Fixed* 29.7— 44  Fixed, Mobile
7000—- 7100 Amateur® 44 - 50 Broadcasting, Fixed, Mobile
7100- 7300  Amateur 50 - 54  Amateur
7300 8195  Fixed* 64 — 72  Broadcasting, Fixed, Mobile
8195~ 8815  Maritime mobile* 72 - 76 Fixed, Mobile
8815~ 8965  Aeronautical mobile*® 76 — 88  Broadcasting, Fixed, Mo-
8965~ 9040  Aeronautical mobile® bile
9040— 9500  Fixed™ 88 - 100 Broadcasting®
9500— 9775  Broadcasting™ 100 — 108  Broadcasting
9775~ 9995  Fixed™® 108 ~ 118  Aeronautical radio naviga-
9995-10005  Standard frequency® tion*
10005-10100  Aeronautical mobile® 118 ~ 132  Aeronautical mobile*
1010011175 Fixed* 132 - 144 Fixed, Mobile
11175-11275  Aeronautical mobile* 144 — 146  Amateur®
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Frequency allocations  continued
megacycles service megacycles service
146 — 148  Amateur 1660 — 1700  Meteorological aids {radio-
148 — 174 Fixed, Mobile sonde)
174 — 216 Broadcasting, Fixed, Mo- 1700 - 23C0 Fixed,* Mobile*
bite 2300 — 2450  Amateuyr*
216 - 220 Fixed, Mobile 2450 — 2700  Fixed,* Mobile*
220 - 225  Amateur 2700 — 2900  Aeronautical radio naviga-
225 — 235 Fixed, Mobile tion*
235 — 328.6 Fixed,* Mobile* 2900 — 3300 Radio navigation®
328.6— 3354 Aeronautical radio naviga- 3300 - 3500 Amateur
tion™® 3500 - 3900 Fixed, Mobile
3354~ 420 Fixed,* Mobile* 3900 — 4200 Fixed,* Mobile*
420 — 450  Aeronautical radio naviga- 4200 — 4400  Aeronautical radio naviga-
tion,* Amateur® tion*
450 — 460  Aeronautical radio naviga- 4400 — 5000  Fixed,* Mobile*
tion, Fixed, Mobile 5000 — 5250  Aeronautical radio naviga-
460 — 470  Fixed,* Mobile* tion*
470 — 585 Broadcasting® 5250 — 5650  Radio navigation®
585 — 610  Broadcasting 5650 — 5850  Amateur™
610 — 940  Broadcasting® 5850 — 5925  Amateur
940 — 960  Fixed 5925 — 8500  Fixed,* Mobile*
960 — 1215  Aeronautical radio naviga- 8500 — 9800  Radio navigation®
tion* 9800 —-10000  Fixed,* Radio navigation®
1215 —~ 1300  Amateur® 10000 —10500  Amateur™®
1300 — 1660  Aeronautical radio naviga- | Above 10500  Not allocated
tion
Frequency tolerances Atantic City, 1947

frequency band |

type of service and power

tolerance In percent®

|
|
| column 1 | column 2

10-535 ke /s

Fixed stations
10-50 kc/s
50 k¢/s~end of band

land stations
Coast stations
Power > 200 watts
Power < 200 watts
Aeronautical stations

Mobile stations
Ship stations
Aircraft stations

lifeboat,
transmitters

Radionavigation stations

Broadcasting stations
‘

Lo e

535-1605 ke/s

\ Broadcasting stations

* See notes on page 13

0.1
0.1 0.02
! .
0.1 0.02
0.1 0.05
0.1 I 0.02
0.3 (6) 0.1 (N
0.3 0.05
Emergency (reserve) ship transmitters, and |
lifecraft, and survival-craft [
0.5 0.5
’ 0.05 0.02
| 20 cycles 20 cycles
20 cycles

' 20 cycles
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Frequency tolerances  continued

frequency band

type of service and power

tolerance in percent

|
column 1 | column 2

1605-4000 ke/s Fixed stations
Power > 200 watts

Power < 200 watts

Land stations

Coast stations
Power > 200 watts
Power < 200 watts

Aeronautical stations
Power > 200 watts
Power < 200 watts

Base stations
Power > 200 watts
Power < 200 watts

Mobile stations
Ship stations

0.01 2 0.005

0.02 0.01
0.02 0.005
0.02 0.01
0.02 0.005
0.02 0.01
0.02 0.005
0.02 0.01

0.05 (6) 0.02 (3}

Aircraft stations 0.05 0.02 {3
land mobile stations 0.05 0.02
I Radionavigation stations
Power > 200 watts 0.02 0.005
{ Power < 200 watts 0.02 0.01
I' Broadcasting stations 0.005 0.005
4000~30,000 ke/s | Fixed stations '
| Power > 500 watts 0.01 0.003
Power < 500 watts 0.02 0.01
land stations
Coast stations 0.02 0.005
Aeronautical stations
Power > 500 watts 0.02 0.005
Power < 500 watts 0.02 0.01
Base stations
Power > 500 watts 0.02 0.005
Power < 500 watts 0.02 0.01

Mobile stations

Ship stations 0.05 (6) 0.02 (3
Aircraft stations 0.05 0.02 (3
land mobile stations 0.08 0.02
Transmitters in lifeboats, lifecraft, and sur-
vival craft 0.05 | 002
|
Broadcasting stations | 0.005 0.003
30-100 me/s Fixed stations 0.03 0.02
Land stations 0.03 0.02
Mobile stations 0.03 0.02
Radionavigation stations 0.02 (5 0.02 (5
Broadcasting stations 0.01 0.003
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Frequency tolerances continued

tolerance in percent
frequency band | type of service and power column 1 | column 2
1 |
100-500 mc/s - | Fixed stations 0.03 0.01
| land stations 0.03 0.01
Mobile stations 0.03 0.01 (4)
Radionavigation stations 0.02 (5 0.02 (5
Broadcasting stations 0.01 ' 0.003
500-10,500 mc/s I —— 0.75 075 17
Notes:

Column 1: Applicable until January 1st, 1953, to transmitters now in use and those to be installed
before January Ist, 1950.

Column 2: Applicable to new transmitters installed after January lst, 1950; aond to all trans-
mitters ofter January 1st, 1953.

For ship stations, in the absence of an assigned frequency to o particular ship or ship trans-
mitter, the substitute for the assigned frequency is that frequency on which an emission begins.

—_

. It is recognized that certain countries will encounter difficulties in fitting, prior to 1933, all their
ships with equipment that will satisfy the indicated tolerance; however, it is requested that
these countries complete the necessary conversion as soon as possible.

2. The frequency tolerance of 0.02 percent is maintained temporarily for fixed-station trans-
mitters now in operation using a power between 200 and 500 watts.

3. For this category, the final date of January 1st, 1953, is extended until the date when the Radio
Regulations of the next Conference are put into force.

s

. In this band and for this category, it is recognized that certain countries are not sure that their
equipment can satisfy a stricter frequency tolerance than that fixed for the 30-100-megacycle
band; however, these countries will endeavor to satisfy the tolerance for the band 100-500
megacycles.

5.1t is recognized that there are in service, in this category, pulse transmitters that cannot meet
tolerances closer than 0.5 percent.

6. Frequency deviations are to be measured over o period not exceeding ten minutes from the
commencement of an emission. This provision, however, is applicable only to transmitters in
service before January 1st, 1950, and until the replacement of these transmitters by modern
equipment; and only in exclusive maritime mobile bands, and excepting such parts of these
bands as are reserved for ship radiotelephony. Thereafter the frequency tolerance specified
shall be adhered to during the whole period of an emission.

7. Until opinion is available from the Comité Consultatif International Radio, no closer tolerances
can be specified for this band in this column.

Intensity of harmonics Atlantic City, 1947

In the band 10-30,000 kilocycles, the power of a harmonic or a parasitic
emission supplied to the antenna must be at least 40 decibels below the
power of the fundamental. In no case shall it exceed 200 milliwatts {mean
power).

For mobile stations, endeavor will be made, as far as it is practicable, to
reach the above figures.
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Designation of emissions  Araniic City, 1947

Emissions are designated according to their classification and the width of
the frequency band occupied by them. Classification is according to type of
modulation, type of transmission, and supplementary characteristics.

Types of modulation symbol
Amplitude A
Frequency (or phase) F
Pulse P

Types of transmission

Absence of any modulation intended to carry
information 0

Telegraphy without the use of modulating
audio frequency ]

Telegraphy by keying of a modulating audio
frequency or frequencies, or by keying of
the modulated emission (Special case: An

unkeyed modulated emission.) 2
Telephony 3
Facsimile 4
Television 5
Composite transmission and cases not cov-

ered by the above i
Supplementary characteristics
Double sideband, full carrier (none)
Single sideband, reduced carrier a
Two independent sidebands, réduced carrier b
Other emissions, reduced carrier c
Pulse, amplitude modulated d
Pulse, width modulated e
Pulse, phase l(or position) modulated f

Note: As an exception to the above principles, damped waves are desig-
nated by B.
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Designation of emissions continved

Examples

The classification of emissions is

type of | supplementary
modvulation | type of transmission characteristics symbol
Amplitude Absence of any modulation —_— | AQ
modulation |

Telegraphy without the use of modulating
audio frequency {on-off keying} _ Al

Telegrophy by the keying of o modulating
oudio frequency or audio frequencies, or by
the keying of the modulated emission (Spe-
cial cose: An unkeyed moduloted emission.} —_— A2

Telephony Double sideband, full

carrier A3

!
Single sideband, re-l
|

duced carrier A3a
Two independent |
sidebands, reduced |
carrier A3b
Facsimile | —_— A4
Television —— AS
Composite transmissions and cases not cov- l
[ ered by the above — A9
| Composite transmissions | Reduced carrier A%¢
Frequency Absence of any modulation —_— FO
{or phasel
modulation Telegraphy without the use of modulating
audio frequency (frequency-shift keying) F1
Telegraphy by the keying of o modulating ‘
oudio frequency or audio frequencies, or by
the keying of the modulated emission (Spe-
cial case: An unkeyed emission modulated by
avdio frequency.) . F2
Telephony l F3
Facsimile l F4
Television I —_— | F5
Composite transmissions and cases not cov-
ered by the above _— Fo
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Designation of emissions continued

type of | supplementary l
modulation type of tfransmission characteristics | symbol
Pulse | Absence of any modulation intended to carry '
modulation | information | — PO

Telegraphy without the use of modulating | |
audio frequency | — | Py
| Telegraphy by the keying of o modulating | Audio frequency or f
audio frequency or audio frequencies, or by | audio frequencies
| the keying of the modulated pulse (Special | modulating the pulse
| case: An unkeyed modulated pulse.) | in amplitude P2d
{
| Audio frequency or
audio frequencies |
modulating the width
of the pulse | P2e
l Audio frequency orI
audio frequencies |
| modulating the phase
l {or positionl of the |
pulse ! p2f
{ Telephony | Amplitude modulated | P3d
| Width modulated | P3e
| Phase (or position} l
| modutated | P3f
Composite transmission and cases not cov-
ered by the above —— P9

Bandwidth  Arantic City, 1947

Wherever the full designation of an emission is necessary, the symbol for
that class of emission, as given above, is prefixed by a number indicating
the width in kilocycles of the frequency band occupied by it. Bandwidths
of 10 kilocycles or less shall be expressed to a maximum of two significant
figures after the decimal.

The width of the frequency band that is necessary in the overall system,
including both the transmitter and the receiver, for the proper reproduction
at the receiver of the desired information, does not necessarily indicate the
interfering characteristics of an emission.



FREQUENCY DATA ] ]

Bandwidth  continved

The following are examples of the designation of emissions.

description | designation

Telegraphy 25 words/minute, international Morse code, carrier

modulated by keying only 0.1Al
Telegraphy, 525-cycle tone, 25 words/minute, international Morse

code, carrier and tone keyed or tone keyed only 1.15A2
Amplitude-modulated telephony, 3000-cycle maximum modulation, |

double sideband, full carrier 6A3
Amplitude-modulated telephony, 3000-cycle maximum modulation, {

single sideband, reduced carrier [ 3A3a
Amplitude-modulated telephony, 3000-cycle maximum modulation, I

two independent sidebands, reduced carrier 6A3b
Vestigial-sideband television {one sideband partialy suppressed), full

carrier lincluding o frequency-modulated sound channel) 6000AS, F3
Frequency-modulated telephony, 3000-cycle modulation frequency,

20,000-cycle deviction 46F3
Frequency-modulated telephony, 15,000-cycle modulation frequency, |

75,000-cycle deviation | 180F3
One-microsecond pulses, unmodulated, assuming a value of K = § 10000P0O

Determination of bandwidth

For the determination of this necessary bandwidth, the following table may
be considered as a guide. In the formulation of the table, the following
working terms have been employed:

B = telegraph speed in bauds (see p. 287)

N/T = maximum possible number of black-+white elements to be trans-
mitted per second, in facsimile and television

M = maximum modulation frequency expressed in cycles/second

D = half the difference between the maximum and minimum values of the
instantaneous frequencies; D being greater than 2M, greater than
N/T, or greater than B, as the case may be. Instantaneous frequency
is the rate of change of phase

t = pulse length expressed in seconds

K = overall numerical factor that differs according to the emission and
depends upon the allowable signal distortion and, in television, the
time lost from the inclusion of a synchronizing signal
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Bandwidth

cantinved

amplitude modulation

examples
description
and class | necessary bandwldth In designation
of emission cycles/second | details of emission
Continuous- | Bandwidth = BK : Morse code at 25 words/minute,
wave ] 8 = 20;
telegraphy where |
Al K = 5 for fading circuits bandwidth = 100 cycles 0.1A1
= 3 for nonfading circuits |
Four-channel multiplex, 7-unit code,
60 words/minute/channel, 8 = 170,
K =§;
|
| bandwidth = 850 cycles 0.85A1
Telegraphy Bondwidth = BK + 2M | Morse code at 25 words/minute,
modulated 1000-cycle tone, B = 20;
at audio where
frequency K = Sfor fading circuits bandwidth = 2100 cycles 2.1A2
A2 | = 3 for nonfading circuits
Commercial | Bandwidth = M for single | For ordinary single-sideband
telephony sideband telephony,
A3 = 2M for dou-
ble sideband | M = 3000 3A3a
For high-quality single-sideband
telephony,
{ M = 4000 4A3a
Broadcasting | Bandwidth = 2M M may vary between 4000 and |
A3 10,000 depending upon the quality
| desired | 8A3 to 20A3
Facsimile, . KN | Total number of picture elements
carrier mod- Bandwidth = 2 +2M L {black+white) transmitted per sec-
vlated by ond = circumference of cylinder
tone and by | where theight of picturel X lines/unit
keying K=15 length X speed of cylinder rota-
A4 tion trevolutions/second). If diam-
eter of cylinder = 70 millimeters,
lines/millimeter = 3.77, speed of
rotation = 1/second, frequency
of modulation = 1800 cycles;
bandwidth = 3600 -+ 1242
= 4842 cycles 4.84A4
|
|
Television Bandwidth = KN/T Total picture elements {black +
A5 white) transmitted per second =
where | number lines forming each image
K = 1.5 (This ollows for | X elements/line X pictures trans-
synchronization and | mitted/second. If lines = 500, ele-
filter shaping.) ments/line = 500, pictures/second
Nate: This band can be ap- | = 25;
propriately reduced when a |
symmetrical transmission is bandwidth == 9 megacycles 9000AS5
employed ‘
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continved

frequency modulation

description
and class
of emission

necessary bandwidth in
cycles/second

FREQUENCY

examples

detaits

DATA ]9

designation
of emission

Frequency- Bandwidth = BK - 2D Four-channel multiplex with 7-unit
shift code, 60 words/minute/channel.
telegraphy where Then, 8 = 170, K = 5, D = 425;
Fl K = §for fading circuits
= 3 for nonfading circuits | bandwidth = 1700 cycles 1.7
Commercial | Bandwidth = 2M - 2DK i For an average cose of commercial
telephony telephony, with D = 15,000 and
ond brood- | For commercial telephony, | M = 3000;
casting | K = 1. For high-fidelity
F3 transmission, higher volues | bandwidth = 36,000 cycles 36F3
of K may be necessary
Focsimile Bandwidth {See facsimile, omplitude modula-
F4 KN tion.) Cylinder diameter = 70 milli-
= T +2M + 2D meters, lines/millimeter = 3.77,
cylinder rotation speed = 1/sec-
i hare ond, modulation tone = 1800 cy-
K=15 cles, D = 10,000 cycles;
! bandwidth == 25,000 cycles 25F4
Unmodulated | Bandwidth = 2K/t t=3X10%0ond K = §;
pulse where K varies from 1 to 10
PO according to the permissible | bandwidth = 4 X 10° cycles 4000P0
deviation in each particular
case from a rectangular
pulse shape. In many cases
the value of K need not ex-
ceed 6
Modulated Bandwidth depends upon
pulse ’ the particular types of mod-
P2 or P3 ulation used, many of these

still being in the develop-

mentol stage

Station WWYV transmissions*

The Central Radio Propagation Laboratory of the National Bureau of
Standards operates radio station WWYV, which transmits standard radio
ond audio frequencies, time announcements, time ticks, and warning notices
of radio-propagation disturbances.

* Based on "U.S. Bureau of Standards letter Circular LC886,” Central Rodio Propagation
Laboratory, National Bureau of Standards, U.S. Department of Commerce, Washington 25,
D.C.; January 30, 1948.
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Station WWYV transmissions  continved

There are eight transmitters near Washington, D.C., operating on the fre-
quencies listed below.

carrier frequency in power in audio modulation in
megucy:les,’se:ond | kilowatts cycles/second
25 07 440
5 8.0 440
10 9.0 440 and 4000
15 9.0 440 and 4000
20 8.5% 440 and 4000
25 0.1 440 and 4000
30 0.1 \ 440
35 0.1 | —

* On first four work days after first Sunday of each month, power is 0.1 kilowatt.

They broadcast continuously, day and night. Vertical nondirectional antennas
are used. Time announcements, time ticks, and warning notices are broadcast
simultaneously by all transmitters. Some details of the services are noted
below.

Standard radio frequency: The carrier frequency of each transmitter is
accurate, as transmitted, to better than one part in 50,000,000. Transmission
effects in the medium, such as the Doppler effect, result in an instantaneous
accuracy of the received signal somewhat poorer than the above figure.

Standard audio frequencies: The carrier is amplitude modulated with audio
frequencies as listed in the above table. Accuracy of the audio frequencies,
as transmitted, is better than one part in 50,000,000, but is subject to trans-
mission effects as is the carrier frequency.

Standard musical pitch: The 440-cycle second audio frequency is standard
musical pitch, being A above middle C.

Time ticks: On each carrier frequency, at intervals of one second, there is
a pulse of 0.005-second duration, which is audible as a faint tick. The pulse
is omitted on the 59th second of each minute. A time interval of one second
os marked by two successive pulses is accurate, as transmitted, to one micro-
second (1 X 107% second!, while intervals of one minute or longer are
accurate to one part in 50,000,000. Longer periods of 1, 4, or 5 mjnutes, efc,
are marked by the beginning and ending of intervals during which no audio
modulation is present. These are synchronized with the seconds ticks.

Time announcements: Precisely four minutes past the hour and every five
minutes thereafter, the audio modulations are interrupted for exactly one
minute. Thus, the last minute of each hour is free of audio modulation, which
is resumed again precisely on the hour. The beginnings of the periods when
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Station WWV transmissions  confinved

the audio frequencies are resumed are in agreement with the basic time
service of the U.S. Naval Observatory. Eastern Standard Time is announced
in international Morse code, indicating the end of each period free of audio
tones. Thus, 1525 EST (3:25 PM), which is 2025 GMT, is announced by the
number 1525 in code.

Station announcements: At the hour and half-hour silent periods, the station
announcement is made in voice following the time announcement.

Propagation warning notices: At 19 and 49 minutes past the hour, following
the time announcement, a series of W’s or a series of N's is sent in tele-
graphic code. If N's are sent, no warning is in effect. However, W's indicate
that there is in progress, or anticipated within 12 hours, a radio-propagation
disturbance of the ionospheric-storm type, with its most severe effects on
the North-Atlantic transmission path.

Coverage: Reliable reception is generally possible at all times throughout
the United States and the North-Atlantic areq, and often over the world.
Depending on the conditions over the propagation path between Washing-
ton, D.C., and the point of reception, choice of the most favorable frequency
should be made.



22 CHAPTER TWO
B Units, constants, and conversion factors

Conversion factors

conversely,

to convert into multiply by multiply by

Acres Square feet 4.356 X 104 2296 X 1078

Acres Square meters 4047 2471 X 107¢

Ampere-hours Coulomb 3600 2.778 X 107¢

Amperes per sq ¢m Amperes per sq inch 6.452 0.1550

Ampere turns Gilberts 1.257 0.7958

Ampere turns per cm Ampere turns per inch 2.540 0.3937

Atmospheres Mm of mercury @ 0° C 760 1.316 X 1073

Atmospheres Feet of water @ 4°C 33.90 2.950 X 1072

Atmospheres Inches mercury @ 0° C 29.92 3.342 X 1072

Atmospheres Kg per sq meter 1.033 X 10¢ 9.678 X 1078

Atmospheres Pounds per sq inch 14.70 6.804 X 1072

Bty Foot-pounds 778.3 1.285 X 1073

Bty Joules 1054.8 9.480 X 1074

Btu Kilogram-calories 0.2520 3.969

Btu per hour Horsepower-hours 3.929 X 1074 2545

Bushels Cubic feet 1.2445 0.8036

Centigrade Fahrenheit {C° X 9/5 + 32 F° — 32} X 5/9

Circular mils Square centimeters 5.067 X 107¢ 1.973 X 10®

Circular mils Square mils 0.7854 1.273

Cubic feet Cords 7.8125 X 1073 128

Cubic feet Gallons {liq US) 7.481 0.1337

Cubic feet liters 28.32 3.531 X 107

Cubic inches Cubic centimeters 16.39 6.102 X 107

Cubic inches Cubic feet 5787 X 1074 1728

Cubic inches Cubic meters 1.639 X 1078 6.102 X 10¢

Cubic inches Gallons (lig US) 4.329 X 1073 231

Cubic meters Cubic feet 35.31 2.832 X 1072

Cubic meters Cubic yards 1.308 0.7646

Degrees {angle) Radians 1.745 X 1072 57.30

Dynes Pounds 2.248 X 107¢ 4.448 X 10°

Ergs Foot-pounds 7.367 X 1078 1.356 X 107

Fathoms Feet 6 0.16666

Feet Centimeters 30.48 3.281 X 1072

Feet Varas 0.35%4 2782

Feet of water @ 4°C Inches of mercury @ 0°C 0.8826 1.133

Feet of water @ 4°C Kg per sq meter 304.8 3281 X 1073

Feet of water @ 4° C Pounds per sq foot 6243 1.602 X 1072

Foot-pounds Horsepower-hours 5.050 X 1077 1.98 X 108

Foot-pounds Kilogrom-meters 0.1383 7.233

Foot-pounds Kilowatt-hours 3.766 X 1077 2.655 X 108

Gallons Cubic meters 3.785 X 1073 264.2

Gallons lliq US) Gallons (liq Br Imp) 0.83% 1.201

Gauss lines per sq inch 6.452 0.1550

Gerains (for humidity Pounds (avoirdupois) 1.429 X 107 7000
calculations)

Grams Dynes 980.7 1.020 X 1072

Grams Grains 15.43 6481 X 1072

Grams Qunces lavoirdupois) 3.527 X 1072 28.35

Grams Poundals 7.093 X 1072 14.10

Grams per cm Pounds per inch 5.600 X 1073 178.6

Grams per cu cm Pounds per cu inch 3413 X 1072 27.68

Grams per sq ¢cm Pounds per sq foot 2.0481 0.4883
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Conversion factors  continyed
. conversely,
to convert into multiply by multiply by
Hectaras Acres 2471 0.4047
Horsepower (boilar) Bty per hour 3.347 X 10* 2.986 X 107
Horsepower {metricl Btu per minute 41.83 2.390 X 1072
(542.5 ft-Ib per sec)
Horsepower (metric) Foot-lb per minute 3.255.X 10¢ 3.072 X 107
1542.5 ft-lb per sec)
Horsepower imetric) Kg-calories per minute 10.54 9.485 X 107
(542.5 ft-1b per sec)
Horsepower Btu per minute 42.41 2357 X 107
(550 ft-b per sec)
Horsepower Foot-lb per minute 3.3 X 104 3.030 X 10~*
(550 ft-lb per sec)
Horsepower Kilowatts 0.745 1.342
1550 ft-Ib per sec)
Horsepower (metric) Horsepower 0.9863 1.014
(542.5 ft-Ib per sec) 550 ft-lb per sec)
Horsepower Kg-calories per minute 10.69 9.355 X 1072
(550 ft-lb per sec)
Inches Centimeters 2.540 0.3937
Inches Feet 8.333 X 1072 12
Inches Miles 1.578 X 10~* 6.336 X 104
Inches Mils 1000 0.001
Inches Yards 2.778 X 1072 36
Inches of mercury @ 0°C  Lbs per sq inch 0.4912 2.036
Inches of water @ 4° C Kg per sq meter 25.40 3.937 X 107?
Inches of water @ 4° C Ounces per sq inch 0.5782 1.729
Inches of water @ 4° C Pounds per sq foot 5.202 0.1922
Inches of water @ 4° C In of mercury 7.355 X 1072 13.60
Joules Foot-pounds 07376 1.356
Joules Ergs 107 07
Kilogram-calories Kilogram-meters 426.9 2343 X 1077
Kilogram-calories Kilojoules 4.186 0.2389
Kilograms Tons, long {avdp 2240 Ib) 9.842 X 1074 1016
Kilograms Tons, short {avdp 2000 Ib) 1.102 XX 1073 907.2
Kilograms Pounds (avoirdupois) 2.205 0.4536
Kg per sq meter Pounds per sq foot 0.2048 4.882
Kilometers Feet 3281 3.048 X 107
Kilowatt-hours Bty 3413 2930 X 10™¢
Kilowatt-hours Foot-pounds 2.655 X 108 3.766 X 1077
Kilowatt-hours Joules 3.6 X 108 2778 X 1077
Kilowatt-hours Kilogram-calories 860 1.163 X 1073
Kilowatt-hours Kilogram-meters 3.671 X 108 2.724 X 1079
Kilowatt-hours Pounds carbon oxydized 0.235 4.26
Kilowatt-hours Pounds water evaporated 3.53 0.283
from and at 212° F
Kilowatt-hours Pounds water raised 2275 4.395 X 1072
from 62° to 212°F
leagues Miles 2.635 0.3795
Liters Bushels {dry US) 2.838 X 1072 35.24
Liters Cubic centimeters 1000 0.001
Liters Cubic meters 0.001 1000
Liters Cubic inches 61.02 1.639 X 1072
Liters Gallons {liq US) 0.2642 3.785
Liters Pints {lig US) 2.113 0.4732
loge Nor InN logie N 0.4343 2.303
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Conversion factors  continued

conversely,
to convert into multiply by multiply by
Lumens per sq foot Foot-candies 1 1
Lux Foot-candles 0.0929 10.764
Meters Yards 1.094 0.9144
Meters Varas 1.179 0.848
Meters per min Knots naut mi per hour! 3.238 X 107* 30.88
Meters per min Feet per minute 3.281 0.3048
Meters per min Kilometers per hour 0.06 16.67
Microhms per cm cube Microhms per inch cube 0.3937 2.540
Microhms per cm cube Ohms per mil foot 6.015 0.1662
Miles {nauticall Feet 6080.27 1.645 X 107
Miles (nautical) Kilometers 1.853 0.5396
Miles (statute) Kilometers 1.609 0.6214
Miles (statute) Miles {nauticall 0.8684 1.1516
Miles (statute} Feet 5280 1.894 X 1074
Miles per hour Kilometers per minute 2.682 X 1072 37.28
Miles per hour Feet per minute 88 1.136 X 1072
Miles per hour Knots {naut mi per hour} 0.8684 1.1516
Miles per hour Kilometers per hour 1.609 0.6214
Nepers Decibels 8.686 0.1181
Pounds of water (dist) Cubic feet 1.603 X 107 62.38
Pounds of water (dist) Gallons 0.1198 8.347
Pounds per cu foot Kg per cu meter 16.02 6.243 X 1072
Pounds per cu inch Pounds per cu foot 1728 5787 X 1074
Pounds per sq foot Pounds per sq inch 6.944 X 1078 144
Pounds per sq inch Kg per sq meter 703.1 1.422 X 1073
Poundals Dynes 1.383 X 10* 7.233 X 1078
Poundals Pounds tavoirdupois} 3308 X 1072 32.17
Slugs Pounds 32.174 3.108 X 1072
Sq inches Circular mils 1.273 X 108 7.854 X 1077
Sq inches Sq centimeters 6.452 0.1550
Sq feet Sq meters 9.290 X 1072 10.76
Sq miles Sq yards 3.098 X 108 3228 X 1077
Sq miles Acres 640 1.562 X 1078
Sq miles Sq kilometers 2.590 0.3861
Sq millimeters Circular mils 1973 5067 X 107¢
Tons, short lavoir 2000 i) Tonnes (1000 kg! 0.9072 1.102
Tons, long lavoir 2240 |b} Tonnes (1000 kg! 1.016 0.9842
Tons, long lavoir 224016 Tons, short {avoir 2000 Ib) 1.120 0.8929
Tons (US shipping) Cubic feet 40 0.025
Watts Btu per minute 5689 X 1072 17.58
Watts Ergs per second 107 1077
Watts Foot-ib per minute 44.26 2260 X 1072
Watts Horsepower (550 fi-b per 1.341 X 1078 7457

sec}
Watts Horsepower (metric} 1.360 X 1073 735.5
1542.5 ft-lb per sec)

Watts Kg-calories per minute 1.433 X 1072 69.77
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Principal atomic constants*

usual symbol

denomination

| value and units

F Faraday's constant 9649.6 = 0.7 emu equiv! {chemical scalel
9652.2 * 0.7 emu equiv™! {physical scalel
N Avogodro’s number {6.0235 = 0.0004) X 10?* {chemical)
16.0251 #+ 0.0004) X 107 {physicoll
h Plonck’s constant 16.6234 = 0.0011} X 10727 erg sec
m | Electron mass 191055 += 0.0012 X 10~28 g
e | Electronic charge {4.8024 = 0.0005) X 10710 esy
I 11.60199 + 0.00016} X 10720 emy
e/m | Specific electronlc chorge 11.75936 = 0.00018) X 107 emy g~!
15.2741 =+ 0.0005} X 1017 esy g1
c Velocity of light in vacuum (2.99776 = 0.000041 X 10T cm sec™!
h/mc Compton wavelength {2.42650 = 0.000251 X 1071% cm
= h?/[4x2me? First Bohr electron-orbit radius 10.529161 = 0.0000281 X 10~8 cm
P Stefan-Boltzmann constant 15.6724 + 0.0023} X 1075 erg cm ™ deg~+ sec”!
AmaxT Wien displacement-low constant 10.289715 = 0.000039) cm deg
= he/4xm Bohr mogneton (0.92731 = 0.00017) X 1072° erg gouss~!
mN Atomic weight of the electron {5.4847 = 0.0006) X 104 {chemicall
15.4862 = 0.0008) X 107 Iphysical}
H*/mN Ratio, proton mass to electron mass 1836.57 = 0.20

vo = [2- 108le/m)]V? |

Speed of 1 ev electron

Energy associated with | ev

1593188 + 0.00030} X 107 cm sec™?

Eo=e - 108/c 1160199 = 0.00016) X 10712 erg
Ao ll)z?lroglie wavelength associated with | (19954 9 = 0.5} X 1078 cm
|
1 —i -
mc? Energy equwolem of electron mass | 10.51079 = 0.00006} Mev
k Boltzmann's constant | 11.38032 = 0.000111 X 10716 erg deg~!
Reo Rydberg constant for “infinite” mass | 109737 30 =+ 0.05 em™
H Hydrogen atomic moss [physical scalet | 1.008131 = 0.000003
Ro [ Gas constant per mol ; 18.31436 == 0.00038) X 107 erg mol~! deg™!
B f—
Vo Standard volume of perfect gas | 122.4146 = 0.0061 X 103 cm? mol™?

* Extracted from: J. W. M. DuMond and E. R. Cohen, “Our Knowledge of the Atomic Constants
F, N, m, and h in 1947, ond of Other Constants Derivoble Therefrom,” Reviews of Modern
Physics, vol. 20, pp. 82-108; Jonuary, 1948.
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Unit conversion table

I equation equivalent number of
in mks(r) mks(nr}

sym= mks(r) (ratlonalized) | mks(nr) pract esu emu {nonratior
quantity bol units unit units units units units ized) un
tength 1 meter (m) 1| 102 | 10t | 100 |meter (m)
mass m kilogram 1 100 100 0| .kilogram ="
time 3 second 1 1 B i second
force “F |F=ma newton 1 104 T e newton
work, energy W | W=F Jouls 1 1 107 107 joule
power P |P=Wji |watt 1 1 107 107 watt
electric charge Q coulomb 1 1 3X10° | 10 | coulomb
volumn charge dnmlty o p=aqle coulomb/mJ 1 10;6 3X103 107 coulomb/m
surface churgo density , =gq/A mulomb/mz 1 lO‘L 3X10 103 coulomb/x
eloctric dipole moment P p=q coulomb-meter 1 102 3X10t 10 coulomb-m
polarization P | P=p/r coulomb/m? 1 104 | 3108 10~ | coulomb/m
eloctric field imenmy _E_ E=Fiq volt/m 1 1072 1073 108 volt/m
permittivity € F = g*/4xel® f'lmd/m 4r 4x X107 | 36w X10° | 4 X 10~1
displacement D [D=¢ coulomb/m? ir | 4xX1078 | 120 X105 | 4xX10°%
dhp!t_u_omﬂﬂux L4 ¥ = DA coulomb 4x 4x 127 X10° | 42X 10!
emf, electric potential 4 VE El volt 1 1 ) 1072/3 108 volt
<_\Jrrbn0 T = q/l | ampere 1 1 T3X10° 10! ampere
volume current danmy =T __J_=—1/A ampere/m?* 1 104 3X 105 10-¢ ampere/m?
surface current. dami'y ' K K=1/ ampere,/m 1 102 TIX10T 1073 ampere,/m
resistance R_|R=V/I |ohm 1 1 1071/9 [ 10° _ |ohm
conductance G_|G=1/R_|mho 1 1 9X104 [~ 10® |'mho
resistivity o__|»p=RA/l |ohm-meter 1 100 [710%9 | 107 | obm-meter
conductivity v _|¥=1/p__ {mho/meter 1 107 | 9x10° | 10" | mho/meter
tnpucilun:n—_ C C=q/V Tarad 1 1 Tex10u :_ 109 |farad
alastance 8 =1/C dn[af 1 1 10179 | 100 | daraf
mugnohc charge m weber 4= | 108/4x 1079/12x '--10“/-.1;“
mugn;'ic_alpole moment “m m=ml weber-meter 1/4x 1010/4x 1/12x 701‘741— i
magnetization M M =m/s__| weber/m? Vdr | 104x | 1079/12x | 104/4x
magnotic fleld intensity | H | H=n//l |ampere-turn/m | 4= | 4xX1073 | 120 X107 | 4rX10 2
permcability “u__ | F=m¥4rul* | henry/m /4= 107/4x | 1073/36x | 107/4x |
induction 8 =uH weber /m? 1 104 107¢/3 104 weber/m?
lndut'lon flux " .‘i-"TBi— “weber 1 T 107/3 e weber
mmt, mugne'ic potentiol | M M= HI ampere-turn 4 32X 107t | 12xX10° | 4101
reluctance R, R_= M/®_ | ampturn/weber | 4x | 4x X107 | 36w X101 | 4 X107
permeance ¥ =1/R_ | weber/amp-turn | 1/4x | 10%4x | 10-1/36x | 107/4x_|
inductance = =a/I  lhenry Y 1 1T 10y9 10° lhenry

Compiled by J. R. Ragazzini and L. A. Zadeh, Columbia University, New York.
The velocity of light was taken as 3 X 10' centimeters/second in computing the conversion factors.
Equations in the second column are for dimensional purposes only.
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equlvalent
uivalen! number of number of equivalent
practical oV number of oemuy
4 esu emu (cgs) osu emu emu
[ units units unit units units unit units unit
102 102 centimeter (cm) | 1 1 centimeter (em) (G) 1 centimeter (em)

T 10| gram 1 1 |gram G| 1 gram
o 1 1 |sccond | 1 |second ) 1 second
N 108 108 dyne 1 1 dyne (G) 1 dyne
| 107 | joule 107 100 |erg G |1 crg
= 107 107 watt 107 107 erg/second G) 1 erg/second
T T3xee 10~t | coulomb 3X100 107! | statcoulomb (G) ! 10m9/3 | abecoulomb
T3 107 | coulomb/cm3? 3X10° 10~ | statcoulomb/em3 (G) | 10719/3 | abeoulomb/cm?
¢ |73x10° |10 | coulomb/em? 3X10° | 101 _| statcoulomb/em? (G) | _1071%/3 | abcoulomb/cm?
'—_ 3x 10 10 coulomb-cm 3X10° 10~ | statcoulomb-cm (G) | 10719/3 | abeoulomb-cm
T T3X108 10~¢ | coulomb/em? 3XI10° 10t | statcoulomb/em? (@) | 1071%/3 | abeoulomb/cm?
2 10-4/3 108 -\'olt/cTn 10~1/3 108 statvolt/cm (Q) | 3X10:¢ | abvolt/cm
| Texioe 10 9Xx10% | 107 (@) |_10®/9
| 3xIt |0 3X10° | 10 (G) |_10719/3
3 101 3X10° 10~ Q)| 1079/3
i 107%/3 108 volt 10-%/3 10% statvolt (G) | 3X10t0 ]abvolt

3X10° 1% | ampere 3IX100 107! | statampere (G)| 10719/3 | abampere
i:_ 3X10° 10t | ampere/cm? 3X100 10! {statamperc/cm? (G) | 10-19/3 | abampere/cm?
-’_ 3107 10-2 } ampere/cm 3IX10? 10-' | statamperc/em (G) | 10-'9/3 | abampere/cm
T |T107t79 | 100 fobm 10-1/9 | 10° | statohm (G) | 9X10® | abohm
| _9xion 10 | mho 9x101 10~* | statmho (G) | 107%/9 | abmho
| _107%/9 101t | ohm-em 10711/9 100 statobm-cm (G) | 9X104 | abohm-cm
R 3T 1071 ‘mho/cm 9Xx 101 109 | statmho/cm (G)| 1072/9 | abmho/cm
| _9x10u 10~ | farad 9X 101 109 |statfarad (em) (G)| 107%,9 | abfarad
__|_1ot/9 100 daraf 1071/9 10° statdaraf (GY| 9X1uz | abdaraf
1 10-3/3 108 10719/3 1 31040 | unit pole (G)
N MY 10 10719/3 1 3X109_| polecm )
O T 100/3 | 1 3X10°_| pole/cm? ©)
7| T3X10"_| 10~ oersted 3xio0 |1 107193 |oersted (@)
| T1078/8 | 107 | auss/oersted | 10-%/9 |1 _9X1un | gauss/oersted  (G)
|03 |10 | gause 103 T 3X1019 | gauss G)
1073 1° | maxwell (line) 10719/3 i 3X109 | maxwell (line)  (G)
T|T8X10 | 107 | gilbert T3X10° |1 10719/3 | gilbert [®)
7900|1070 | gitbert/maxwell | 9X10% | 1 107%/9 | gilbert/maxwell (G)
__ | o9 | e -maxwell/gilbert | 10°20/9 '| 1 | |_9X10% | maxwell/gilbert  (G)

10711/9 | 10°  {heary 10711/ | 10° | statheary (G) | 9x10» labbenry (em)  (G)

= Gaussian unit,
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Fractions of an inch with metric equivalents

fractions of | decimals of | ey fractions of | decimals of s
l millimeters millimeters

an Inch an inch | an inch | aninch

[ Y% 0.0156 0397 - 33, 0.5156 13.097

% 0.0313 0.794 176 0.5313 13.494
3 0.0469 1.191 354 0.5469 13.891

s 0.0625 1.588 % 0.5625 14.288
5 0.0781 1.984 3%, 0.5781 14.684

3 0.0938 2.381 194 0.5938 15.081
% 0.1094 2778 3%, 0.6094 15.478

% 0.1250 3.175 5% 0.6250 15875
% 0.1406 3.572 4l 0.6406 16.272

54 0.1563 3.969 2ly 0.6563 16.669
16 0.1719 4.366 43¢, 0.6719 17.066

35 | 01875 4763 g 0.6875 17.463
134 0.2031 5.159 43 ’ 0.7031 17.859

1% [ 02188 5.556 230 0.7188 18.256
B4 0.2344 5953 | 7% | 0.7344 18.653

Va 0.2500 6.350 Y% 0.7500 19.050
14 0.2656 6.747 4% 0.7656 19.447

%% 0.2813 7.144 %6 | 0.7813 19.844
Y%, 0.2969 7.541 516 0.7969 20.241

5% 0.3125 7.938 134 0.8125 20.638
214 0.3281 8.334 53¢ 0.8281 21.034

3% 0.3438 8.731 274 0.8438 21.431
23¢, 0.3594 9.128 5364 0.8594 21.828

3% 0.3750 9.525 3 0.8750 22.225
25¢, 0.3906 9.922 4 0.8906 22.622

134 0.4063 10.319 29% 0.9063 23.019
27 0.4219 10.716 | 5% 0.9219 23.416

s 0.4375 1113 ligy 0.9375 23.813
2% 0.4531 11.509 516 0.9531 24.209

154 0.4688 11.906 374 0.9688 24.606
36 0.4844 12.303 83¢: 0.9344 25.003

A 0.5000 12.700 - 1.0000 25.400

Useful numerical data

1 cubic foot of water at 4° C (weight) 62.43 |b
1 foot of water at 4° C (pressure) = .  __ 0.43351b/in?
Velocity of light invacuume — 186,280 mi/sec = 2.998 X 10 cm/sec
Velocity of sound in dry air at 20° C, 76 cm Hg 1127 ft/sec
Degree of longitudeatequator —_ 49.173 miles
Acceleration due to gravity ot sea-level, 40° Latitude, g__ 32.1578 ft/sec?
V2g - 8.020
1inch of mercuryat 4° C . 1.132 ft water = 0.4908 Ib/in?
Base of natural logs € 2718
1 radian . 180° + & = 57.3°
360 degrees —— 2 w radians
T s s e = _ 31416
Sine 1/ - - e . — 0.00029089
ArcilPee—a= =0 - = _ 0.01745 radian

Side of square 0707 X (diagonal of square)
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Greek alphabet

name capital  small commonly used to designate

ALPHA A a Angles, coefficients, attenvation constant, absorption factor,
area

BETA B 8 Angles, coefficients, phase constant

GAMMA r v Complex propagation constant (cap), specific gravity, angles,
electrical conductivity, propagation constant

DELTA A 8 Increment or decrement {cap or small), determinant (cap},
permittivity {cap), density, angles

EPSILON E € Dielectric constant, permittivity, base of natural logarithms.
electric intensity

ZETA Z e Coordinates, coefficients

ETA H n Intrinsic  impedance, efficiency, surface charge density,
hysteresis, coordinates

THETA o ¢ ¢ Angular phase displacement, time constant, reluctance, angles

IOTA I ¢ Unit vector

KAPPA K K Susceptibility, coupling coefficient

LAMBDA A A Permeance (capl, wavelength, attenuation constant

MU M m Permeability, amplification factor, prefix micio

NU N v Reluctivity, frequency

Xi ] £ Coordinates

OMICRON O o

Pl n ™ 3.1416

RHO P P Resistivity, volume charge density, coordinates

SIGMA z o s Summation (capl, surface charge density, complex propagation
constant, electrical conductivity, leakage coefficient

TAU T T Time constant, volume resistivity, time-phase displacement,
transmission factor, density

UPSILON T v

PHI P ¢ ¢ Scalar potential lcap), magnetic flux, angles

CHI X X Electric susceptibility, angles

PSI v 112 Dielectric flux, phase difference, coordinates, angles

OMEGA Q w Resistance in ohms (cap}, solid angle (cap), angular velocity

Small letter is used except where capital is indicated.
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Decibels and power, voltage, and current ratios

The decibel, abbreviated db, is a unit used to express the ratio between two
amounts of power, Pi and P, existing at two points. By definition,

P
number of db = 10 logio -
P.
It is also used to express voltage and current ratios;

number of db = 20 logio :é‘ = 20 loguo i‘
2 2

Strictly, it can be used to express voltage and current ratios only when the
two points at which the voltages or currents in question have identical
impedances.

voltage

voltage
power and current decibels power and current l decibels
ratio ratio ratio ratio
1.0233 1.0116 0.1 19.953 4.4668 130
1.0471 ‘ 10233 02 25119 50119 140
1.0715 1.0351 03 31.623 5.6234 15.0
1.0965 1.0471 0.4 39.81! 6.3096 16.0
11220 ‘ 1.0593 0.5 50.119 7.0795 l 17.0
1.1482 1.0715 0.6 63.096 7.9433 18.0
1.1749 1.0839 0.7 79.433 8.9125 19.0
1.2023 1.0965 0.8 100.00 10.0000 200
1.2303 1.1092 0.9 158.49 12.589 220
1.2589 1.1220 1.0 251.19 15.849 24.0
1.3183 1.1482 1.2 398.11 19.953 26.0
1.3804 1.1749 1.4 630.96 25.119 28.0
1.4454 1.2023 1.6 1000.0 31.623 300
1.5136 1.2303 1.8 1584.9 39.811 320
1.5849 1.2589 2.0 2511.9 50.119 34.0
1.6595 1.2882 22 3981.1 63.096 36.0
1.7378 1.3183 2.4 6309.6 79433 38.0
1.8197 1.3490 2.6 10 100.000 40.0
1.9055 1.3804 28 108 X 1.5849 125.89 420
1.9953 1.4125 3.0 108 X 2.5119 158.49 440
2.2387 1.4962 35 108 X 3.9811 199.53 46.0
2.5119 1.5849 40 100 X 6.3096 251.19 48.0
2.8184 1.6788 4.5 10 | 316.23 50.0
3.1623 1.7783 50 105 X 1.5849 398.11 52.0
3.5481 1.8836 55 10° X 2.5119 501.19 54.0
3.5811 19953 6.0 105 X 3.9811 1 630.96 56.0
5.0119 22387 7.0 100 X 6.3096 794.33 58.0
6.3096 2.5119 8.0 108 1,000.00 60.0
79433 2.8184 9.0 107 3,1623 70.0
10.0000 3.1623 10.0 108 10,000.0 80.0
12.589 3.5481 1.0 10° 31,623 90.0
15.849 39811 120 100 100,000 100.0
To convert

Decibels to nepers multiply by 0.1151
Nepers to decibels multiply by 8.686

Where the power ratio is less than unity, it is usual to invert the fraction and express the answer
as a decibel loss.



Atomic weights

CHAPTER THREE 3]

B Properties of materials

element symbol :::n"::r ::i’g;\" element symbol :‘:7“";: :r':i’;‘li\:
Aluminum Al 13 26.97 Molybdenum Mo 42 95.95
Antimony Sb 51 121.76 Neodymium Nd 60 144.27
Argon A 18 39.944 Neon Ne 10 20.183
Arsenic As 33 74.91 Nickel Ni 28 58.69
Barium Ba 56 137.36 Nitrogen N 7 14.008
Beryllium Be 4 9.02 Osmium Os 76 190.2
Bismuth Bi 83 209.00 Oxygen (o] 8 16.0000
Boron B 5 10.82 Palladium Pd 46 106.7
Bromine Br 35 79.916 Phosphorus 4 15 30.98
Cadmium Cd 48 112.41 Piatinum Pt 78 195.23
Calcium Ca 20 40.08 Potassium K 19 39.096
Carbon C [ 12.010 Praseodymium Pr 59 140.92
Cerium Ce 58 14013 Protactinium Pa N 231
Cesium Cs 55 13291 Radivm Ra 88 226.05
Chlorine Cl 17 35.457 Radon Rn 86 222
Chromium Cr 24 52.01 Rhenium Re 75 186.31
Cobalt Co 27 58.94 Rhodium Rh 45 102.91
Columbivm Cb 41 9291 Rubidium Rb 37 85.48
Copper Cu 29 63.57 Ruthenium Ru 44 101.7
Dysprosium Dy 66 162.46 Samarium Sm 62 150.43
Erbium Er 68 167.2 Scandium S¢c 21 45.10
Europium Eu 63 152.0 Selenium Se 34 78.96
Flvorine F 9 19.00 Silicon Si 14 28.06
Gadolinium Gd 64 156.9 Silver Ag 47 107.880
Gallivm Ga 31 69.72 Sodium Na 11 22.997
Germanium Ge 32 72.60 Strontium Sr 38 87.63
Gold Au 79 197.2 Sulfur S 16 32.06
Hafniuvm Hf 72 178.6 Tantalum Ta 73 180.88
Helium He 2 4.003 Tellurium Te 52 127.61
Holmium Ho 67 164.94 Terbium Tb 65 159.2
Hydrogen H 1 1.0080 Thallium T 81 204.39
Indium In 49 114.76 Thorium Th 90 232.12
lodine | 53 126.92 Thulium Tm 69 169.4
Iridium Ir 77 193.1 Tin Sn 50 118.70
Iron Fe 26 55.85 Titanium Ti 22 47.90
Krypton Kr 36 837 Tungsten w 74 183.92
Lanthanum Lo 57 138.92 Uranium U 92 238.07
Lead Pb 82 207.2t Vanadium v 23 50.95
Lithium Li 3 6.940 Xenon Xe 54 1313
Lutecium lu 71 174.99 Ytterbium Yb 70 173.04
Magnesivm Mg 12 24.32 Yttrium Y 39 88.92
Manganese Mn 25 54.93 Zinc Zn 30 65.38
Mercury Hg 80 200.61 Zirconium Zr 40 91.22

From Jaurnal of American Chemical Society, v. 70, n. 11, p. 3532; December 8, 1948.
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Electromotive force

Series of the elements

element volts ion ] eloment volts fon
Lithium 2.9595 Tin 0.136
Rubidium 2.9259 Llead 0.122 Pb++
Potassium 2.9241 lron 0.045 Fettt
Strontium 2.92 Hydrogen 0.000
Barium 290 Antimony —-0.10
Calcium 2.87 Bismuth —0.226
Sodium 2.7146 Arsenic —0.30
Magnesium 2.40 Copper —0.344 Cutt
Aluminum 1.70 Oxygen —0.397
Beryllium 1.69 Polonium —0.40
Uranium 1.40 Copper —0.470 Cut
Mangonese 110 lodine —0.5345
Tellurium 0.827 Tellurium —0.558 TeHH++
Zinc 0.7618 Silver —0.7978
Chromium 0.557 Mercury —0.7986
Sulphur 0.51 lead —0.80 ppHit+
Gallium 0.50 Palladium —0.820
Iron 0.441 Fett Platinum —0.863
Cadmium 0.401 Bromine —1.0648
Indium 0.336 Chlorine —1.3583
Thallium 0.330 Gold —1.360 Ayttt
Cobalt 0.278 Gold —1.50 Aut
Nickel 0.231 Fluorine —1.90
Position of metals in the galvanic series
Corroded end (anodic, Nickel {active)
§ Sehiniotite) Inconel lactive)
Magnesium Brasses
Magnesium alloys Copper
Zinc Bronzes
Aluminum 25 Copper-nickel alloys
7 n
Cadmium Monel

Aluminum 17ST

Steel or Iron

Cast Iron
Chromium-iron lactive)
Ni-Resist

18-8 Stainless lactive)
18—-8-3 Stainless lactive)
Lead-tin solders

Lead

Tin

Silver solder

Nickel (passive)
Inconel (passive)

Chromium-iron (passive)
18-8 Stainless (passive)
18-8-3 Stainless (passive)

Silver
Graphite
Gold
Platinum

Protected end (cathodic,
or most noble)

Note: Groups of metals indicate they are closely similar in properties.

-
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Electromotive force continued

Temperature—emf characteristics of thermocouples

£ 100
[
>
= 30—
€
fc 80
-
E 70
Y
€0
s0-—1—
40—+ = —
Rh/92Rh8Re
4 I E SRS
ES Ilr/opnmou
:
= LW 99molFe
Ly
10 :
-
[s] Tr, 90Ir}
I N
=l = Lo B
o 200 0 600 800 1000 1200 1400 1600 1800 2000
degrees centigrade
600

Compiled from R. L Weber, “Temperature Measurement ond
Control,” Biakiston Co., Philadelphia, Pennsylvania; 1941 see pp.
68-71.

emf in mv
i

Physical constants of various metals and alloys

Definitions of physical constants in table

Relative resistance: The table of relative resistances gives the ratio of the
resistance of any material to the resistance of a piece of annealed copper
of identical physical dimensions and temperature. The resistance of any
substance of uniform cross-section is proportional to the length and inversely
proportional to the cross-sectional area.

R ="t
A
where

p = resistivity, the proportionality constant
L = length

A cross-sectional area

R resistance in ohms
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Physical constants of various metals and alloys  continved

] temp | coefficient of |
relative | coefficient of | specific thermal cond | melting
material resistance® | resistivity at | gravity { K point
20°C watts em”C 'C

Advance (55 Cu, 45 Ni) see | Constantan ’
Aluminum 1.64 0.004 2.7 2.03 660
Antimony 2421 0.0036 66 | 0187 630
Arsenic 19.33 0.0042 573 - sublimes
Bismuth 69.8 0.004 9.8 0.0755 270
Brass {66 Cu, 34 Zn) 3.9 0.002 8.47 1.2 920
Cadmium 4.4 | 0.0038 8.64 0.92 321
Chromax (15 Cr, 35 Ni,

balance Fe) 58.0 0.00031 7.95 0.130 1380
Cobalt 5.6 0.0033 8.71 - 1480
Constantan (55Cu, 45N} 28.45 [ =-0.0002 8.9 0.218 1210
Copper—annealed 1.00 | 0.00373 8.89 3.88 1083

hard drawn 1.03 [ 0.00382 8.89 = 1083
Eureka (55 Cu, 45 Ni) see | Constantan
Gas carbon 2900 | —0.0005 - - 3500
Gold 1.416 0.0034 19.32 0.296 1063
German silver 16.9 0.00027 87 0.32 1110
Ideal (55 Cu, 45 Ni) see | Constantan
Iron, pure 56 | 0.0052~0.0062 78 0.67 1535
Kovar A (29 Ni, 17 Co,

0.3 Mn, balance Fe) 28.4 - 8.2 0.193 1450
tead 12.78 0.0042 1135 0.344 327
Magnesium 267 0.004 1.74 1.58 651
Manganin (84 Cu, 12 Mn,

4 Ni) 26 =+-0.00002 8.5 0.63 910
Mercury 55.6 | 0.00089 13.55 0.063 —38.87
Molybdenum, drawn 33 0.0045 10.2 1.46 2630
Monel metal (67 Ni, 30

Cu, 1.4 Fe, 1 Mn} 27.8 0.002 8.8 0.25 1300-1350
Nichrome | (65 Ni, 12

Cr, 23 Fel) 65.0 0.00017 8.25 0.132 1350
Nickel 5.05 0.0047 885 0.6 1452
Nickel silver (64 Cu,

18 Zn, 18 Ni) 16.0 0.00026 8.72 0.33 1110
Palladium 6.2 0.0038 12.16 0.7 1557
Phosphor-bronze (4 Sn,

0.5 P, balance Cu) 5.45 0.003 8.9 0.82 1050
Platinum 6.16 0.0038 21.4 0.695 1771
Silver 0.95 0.004 10.5 4.19 960.5
Steel, manganese (13Mn,

1 C, 86 Fe) 411 = 7.81 0.113 1510
Steel, SAE 1045 (0.4-0.5

C, balance Fe) 7.6-127 - 78 0.59 1480
Steel, 18-8 stainless

0.1 C, 18 Cr, 8 Ni, [

balance Fe) 52.8 - 79 0.163 1410
Tantalum 9.0 0.0033 16.6 0.545 2850
Tin , 67 | 00042 73 0.64 231.9
Tophet A (80 Ni, 20 Cr} 62.5 0.02-0.07 84 0.136 1400
Tungsten 325 00045 | 192 16 3370
Zinc 34 0.0037 7.14 112 419
Zirconium | 2.38 0.0044 6.4 = 1860

* Resistivity of copper = 1.7241 X 1076 ohm-centimeters.
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Physical constants of various metals and alloys  continued

If L and A are measured in centimeters, p is in ohm-centimeters. If L is measured
in feet, and A in circular mils, p is in ohm-circular-mils/foot.

Relative resistance = p divided by the resistivity of copper (1.7241 X 106
ohm-centimeters)

Temperature coefficient: Of resistivity gives the ratio of the change in re-
sistivity due to a change in temperature of 1 degree centigrade relative to
the resistivity at 20 degrees centigrade. The dimensions of this quantity are
ohms/degree centigrade/ohm, or 1/degree centigrade.

The resistance at any temperature is

R =Ry 11 + aT)

where

Ro = resistance at 0° in ohms
T = temperature in degrees centigrade
a = temperature coefficient of resistivity/degree centigrade

Specific gravity: Of a substance is defined as the ratio of the weight of a
given volume of the substance to the weight of an equal volume of water.
In the cgs system, the specific gravity of a substance is exactly equal to the
weight in grams of one cubic centimeter of the substance.

Coefficient of thermal conductivity: Is defined as the time rate of heat trans-
fer through unit thickness, across unit areq, for a unit difference in tempera-
ture. Expressing rate of heat transfer in watts, the coefficient of thermal
conductivity

_owt
AAT
where
W = watts

L = thickness in centimeters
A = area in centimeters?
AT = temperature difference in degrees centigrade

Specific heot: Is defined as the number of calories required to heat one
gram of a substance one degree centigrade. If H is the number of calories,
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Physical constants of various metals and alloys  continved

H = ms AT or change in heat

where

AT = temperature change in degrees centigrade
m = mass in grams
s = specific heat in calories/gram/degree centigrade

Temperature charts of metals

On the following two pages are given centigrade and Fahrenheit tempera-
tures relating to the processing of metals and alloys.

Soldering, brazing, and welding: This chart has been prepared to provide,
in a convenient form, the melting points and components of various common
soldering and brazing alloys. The temperature limits of various joining
processes are indicated with the type and composition of the flux best svited
for the process. Two pairs of identical Fahrenheit and centigrade tempera-
ture scales are shown with the low values at the bottom of the chart. The
chart is a compilation of present good practice ard does not indicate that
the processes and materials cannot be used in other ways under special
conditions.

Melting points: The melting-point chart is a thermometer-type graph upon
which are placed the melting points of metals, alloys, and ceramics most
commonly used in electron tubes and other components in the radio industry.
Centigrade and the equivalent Fahrenheit scales are given; above 2000 de-
grees centigrade the scale is condensed. Pure metals are shown opposite
their respective melting points on the right side of the thermometer. Ceramic
materials and metal alloys are similarly shown on the left. The melting
temperature shown for ceramic bodies is that temperature above which no
crystalline phase normally exists. No attempt has been made to indicate
their progressive softening characteristic.

When a specific material is being considered for use because of desirable
electrical, chemical, or other properties, the melting point is easily obtained.
Conversely, where the temperature range within which materials must work
is known, suitable ones can be quickly selected.

Fabrication techniques may employ soldering, brazing, or welding, and the
most suitable method for a particular material may be determined from the
two charts. Similarly, where sequential heating operations are planned, they
are useful.
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Temperature charts of metals  confinued

Soldering, brazing, and welding processes®

alloys for soldering and brazing

temp operation flux temp components remarks name
v v v v v v v
°F °c
2400
22004-1200
welding <
2000-f
°F °C
1800+ '%%° 1800+ 982
high-
lemperoture dry bofox
g brazing
1600 soste pl€00t87! 54.cu,4¢ 20 spalter |
razing
10 borox+ alloy
boric acid 50 Ag,34 Cu,| genzral
800 +water 16 2n purpose ETX
1400+ 14251774 157930 Cv,
hard solder 252n silver solder
handy fi <
siver sorder] |7 " 13601757 (52950 Cu5 P [Conty tor | 5 Fos
]non-(cvrous
enerq! o
1200+ 178 eas | [50R6Cu] || 95 Tore: |1 Easy Flo
L 18C4,162n iron, stain ~
-600 1001593 less steel,
bross,
1000+ cepper, efc.
intermediate
800- solder ( intermediate
al 1 20Ag,3 Cu solder
- 400 poste (17501399 Hz22n,75 5n
L petrolotum,
IONH, Ci
600 .
X (b) 5454285 30 Sn, TOPb
rosin in
olc(o)hol {lasatza0 50Sn, 50Pb half and holf
c
- 402Zn Cly, 1
40071200 | sott souerd | “Guuich| | 361fies |-EIIUBTER L] gud maity |—teieE
40 H,0 at some
(d)l temp.
200 rosin
1 1 5081 1364 Woods metol
e L‘Izspbmnlr
1004

* By R. C. Hitchcock, Research laboratories, Westinghouse Electric Corp., East Pittsburgh, Pa.
Reprinted by permission from Product Engineering, vol. 18, p. 171; October, 1947.



Temperature charts of metals

PROPERTIES OF MATERIALS 39

conlinved

Melting points of metals, alloys, and ceramics*

alloys temperature
ceramics 'F 'C metols
v v v v
7,000 |- 4,000
Thoria {Th Oy) ~ Graphite
h R e
— 3000 — Tungsten
Colcia (Ca 0) 5,000 3 ’ —L_'L Tantalum
Beryllia (Bs 0) | %05 l ————— Moiybdenum
Strontia Sr O l 3,600 :'-: 2,000 Columblum
Alumina Al, Oy S 3,500 =
Borio Ba O 3400 j— 1 1,900 Zirconium
A
3300 |— | Thorium
300 1= 4, 00— e Titosium
3,200 :—_ — T Y———————Plotinum
Quortz S0y 3,100 ___‘ 1,700
3,000 =~ ]
2,900 == 7600 Chromium
2,800 - = Patiodium
T ——————p
- — 1,500 Iron
Duraloy 18-8 2,700 |~ 4 * o
Kovar — 2,600 — aCRE
Nichrome (Vv " 2 500 B 1,400
Inconel i - L Beryllium
Tophet A 2,400 ,__— 1,300
2,300 — ]
Nickel Coinoge, Pre-War U.S.A- 2,200 ] 1,200
Platinum Solder 2,106 :_:
2,000 —] '-_'°° T
Au 375, Cu GZ-S:I——l,soo —1 — oM
Brass Cu B5,152Zn — —] 1,000
’ 18800 = 3 Silver
2u80, Cu 20 L700 I~ 1 900
1,600 — 1
-1 Borlum
8T 1,500 —~_1 g00 Calcium
1,400 .__; iS'ron'ium
1,300 -] 700
Eosy-Flo 3 1,200 - _— ‘A""’"'"_U"‘
] Magnesiuvm
o [ e
Easy-Flo 45 1,100 __: 600
Gold 80, Indlum 20 1,500 |— ]
900 j—1 500
Sn 60, Ag 40 -
ol =Y 400 Zine
700 — 1 . b i
b - ercury (boils
600 — 1
30-70 Soft Solder 560 = 300 Eead
50-50 Soft Solder. '__-_ Ti
400 -1 200 n
€3-37 Soft lder — 7 =
» oft Solder 300 [ ] Indium
200 }—1 100
* By K. H. McPhee. Reprinted by permission from Electronics, vol. 21, p. 118; December, 1948,
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Wire tables*

Solid copper—comparison of gauges

Amer. | Birming.| British [ diometer | | area | weight
ican am stand-
(B&S) (Stubs’) ard ; Wi l ireul square per | per
Wire iron (NBS) mils ol 4 S ":‘I ay milli- square | 1000 feet | kilometer
gauge wire wire melers s meters inches in in
gavge | gavge | |. pounds l kilograms
=] 0 o 340.0 8.636 115600 58.58 0.09079 350 521
0 = = 324.9 8.251 105500 53.48 0.08289 319 475
- = 0 324.0 8.230 105000 53.19 0.08245 318 472
- 1 1 300.0 7.620 90000 45.60 0.07069 273 405
1 - = 289.3 7.348 834690 42.41 0.06573 253 377
- 2 - 2840 7.214 80660 40.87 0.06335 244 363
- - - 283.0 7.188 80090 40.58 0.06290 242 341
- - 2 276.0 7.010 76180 38.60 0.05963 231 343
- s - 259.0 6.579 67080 33.99 0.05269 203 302
2 = = 257.6 6.544 66370 33.63 0.05213 201 299
- = ) 2520 6.401 63500 3218 Q04988 193 286
- 4 = 233.0 6.045 56640 28.70 0.04449 173 255
- - 4 232.0 5.893 53820 27.27 0.04227 163 242
3 = = 229.4 5.827 52630 26.67 0.04134 159 27
= 5 = 220.0 5.588 48400 l 24.52 0.03801 147 217
- - 5 212.0 5.385 44940 2277 0.03530 136 202
4 - - 204.3 5.189 41740 21.18 0.03278 126 188
- 6 - 203.0 5156 41210 ‘ 20.88 0.03237 125 186
- - 6 192.0 4.877 36860 | 18.68 0.02895 112 166
5 = = 181.9 4.621 33100 16.77 0.02600 100 149
- 7 - 180.0 4.572 32400 16.42 0.02545 92.0 146
- - 7 176.0 4.470 37980 15.70 0.02433 93.6 139
= 8 = 165.0 419 27220 13.86 0.02138 84.2 123
6 - - 1620 4.116 26250 13.30 0.02062 79.5 118
- - 8 160.0 4.064 25600 | 1297 0.02011 77.5 | 1ns
- 9 - 148.0 3.759 21900 11.10 0.01720 66.3 98.6
7 - - 1443 3.665 20820 10.55 0.01635 63.0 93.7
- - 9 144.0 3.658 20740 10.51 0.01629 62.8 934
- 10 - 134.0 3.404 17960 9.098 0.01410 543 80.8
8 = = 128.8 3.264 16510 8.366 0.01297 50.0 74.4
- - 10 128.0 3.251 16380 8.302 0.01267 49.6 738
- 1 = 120.0 3.048 14400 7.297 | 0.01131 l 43.6 64.8
- b n 1160 2946 13460 6.818 0.01057 40.8 60.5
9 - - 114.4 2.906 13090 6.634 0.01028 9.6 58.9
- 12 - 109.0 2769 11880 6.020 0.009331 359 53.5
- - 12 104.0 2.642 10820 5.481 0.008495 327 48.7
10 ’ ~- = 101.9 2.588 10380 5.261 0.008155 3.4 46.8
- 13 - 95.00 2.413 9025 4.573 0.007088 273 40.6
- - 13 92.00 2.337 8464 4.289 0.006648 25.6 38.1
no| - - 90.74 | 2.305 8234 4.172 0.006467 24.9 7.1
- 14 = 83.00 2.108 6889 3.491 0.005411 208 31.0
12| - = 80.81 2.053 6530 3.309 0.005129 198 294
- - 14 80.00 2.032 6400 3.243 0.00 19.4 288
- 15 15 72.00 1.82% 5184 2627 0.004072 16.1 234
13 - - 71.96 1.828 5178 2.624 0.004067 15.7 23
-~ 16 - 65.00 1.651 4225 2 141 0.003318 128 19.0
14 - - 64.08 1.628 4107 2.081 0.003225 124 18.5
- - 16 64.00 1.626 4096 2.075 0.003217 123 18.4
- 177 = 58.00 1.473 3364 1.705 0.002042 10.2 15.1
15 = = 57.07 1.450 3257 1.650 0.002558 9.86 147
- - 17 54.00 1.422 3136 1.589 0.002463 9.52 141
16 -~ = 50.82 1.291 2583 1.309 0.002028 7.82 1.6
- 18 - 49.00 1.245 2401 1217 0.001886 7.27 108
- - 18 48.00 1.219 2304 1.167 0001810 | 6.98 104
17 - = 45.26 1.150 2048 1,038 0.001409 6.20 9.23
= 19 - 42.00 1.067 1764 0.8938 0.001385 5.34 794
8 = = 40.30 1.024 1624 08231 0.001276 492 7.32
- = 19 40.00 1.016 1600 0.8107 0.001257 484 7.21
- = 2 36.00 09144 1296 0.657 | 0.001018 393 5.84
19 = = 35.89 09116 1288 0.6527 0.001012 3.90 5.80
= 20 = 35.00 0.8890 1225 0.6207 0.0009621 3N 5.52
= 21 2 32.00 0.8128 1024 0.5189 0.0008042 311 4.62
20 = - 31.96 0.8118 1022 0.5176 00008023 3.09 4.60

* for information on insulated wire for inductor windings, see gp. 74 and 1%0.
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Standard annealed copper (B & S)

AWG |

ohms per

diam- - seﬂion | €t per ohm | ohms per |b
B&S | eterin 1000 %t | Ibsper | ¢ )y | a120°C | at20°C
A circular square at 20° C 1000 ft o o F
gauge | mils mils inches | (68°F) (68°F) (68°F)
0000 | 4600 | 211,600 0.1662 0.04901 | 640.5 1.561 | 20,400 0.00007652
000 | 409.6 | 167,800 0.1318 0.06180 | 507.9 1.968 | 16,180 0.0001217
00 | 3848 | 133,100 0.1045 0.07793 | 402.8 2482 | 12830 0.0001935
0 | 3249 | 105,500 0.08289 0.09827 | 319.5 3.130 | 10,180 0.0003076
1| 2893 83,690 0.06573 0.1239 | 2533 3947 | 8,070 0.0004891
2 | 2576 66,370 | 0.05213 0.1563 | 2009 4977 | 6,400 0.0007778
3| 2294 52,640 0.04134 0.1970 | 159.3 6276 | 5,075 0.001237
4 | 2043 41,740 0.03278 0.2485 | 126.4 7914 | 4,025 0.001964
5| 1819 33,100 0.02600 0.3133 | 1002 9.980 | 3,192 0.003127
6 | 1620 26,250 0.02062 0.3951 | 79.46 12.58 | 2,531 0.004972
7 | 1443 20,820 0.01635 0.4982 | 63.02 1587 | 2,007 0.007905
8 | 1285 16,510 0.01297 0.6282 | 49.98 2001 | 1,592 0.01257
9 | 1ad 13,090 0.01028 0.7921 | 39.63 2523 | 1,262 0.01999
10 | 1019 10,380 0.008155 09989 | 31.43 3182 | 1,000 0.03178
1| 9074 8,234 0.006467 1.260 2492 40.12 794 0.05053
12 | 8081 6,530 0.005129 1.588 19.77 50.59 629. 0.08035
13 | 7196 5,178 0.004067 2.003 15.68 63.80 499.3 0.1278
14 | 6408 4107 0.003225 2.525 12.43 80.44 396.0 0.2032
15 | §7.07 3,267 0.002558 3.184 9.858 101.4 3140 0.3230
16 | 50.82 2,583 0.002028 4016 7818 127.9 249.0 0.5136
17 | 4526 2,048 0.001609 5.064 6.200 161.3 197.5 0.8167
18 | 4030 1,624 0.001276 6.385 4917 203.4 156.6 1299
19 | 3589 1,288 0.001012 8.081 3.899 254.5 1242 2.065
20 | 31.96 1,022 0.0008023 10.15 3.092 3234 98.50 | 3283
21 | 28.46 810.1 | 0.0006363 12.80 2.452 478 | 7811 5221
22 | 2535 6424 | 0.0005046 16.14 1.945 5142 6195 8.301
23 l 2.57 509.5 | 0.0004002 20.36 1.542 648.4 4913 13.20
24 | 2030 4040 | 0.0003173 2567 1.223 817.7 38.96 20.99
25 | 17.90 3204 | 0.0002517 3237 0.9¢99 | 1,021.0 30.90 3337
26 | 1594 254.1 | 0.0001996 40.81 07692 | 1,300 2450 | 53.06
27 | 1420 201.5 | 0.0001583 51.47 0.61C0 | 1,639 19.43 84.37
28 | 1244 1598 | 0.0001255 64.90 0.4837 | 2,0¢7 15.41 I 134.2
21 1.2 126.7 | 0.00009953 81.83 0.3836 | 2,607 12.22 2133
30 | 1003 100.5  |€.00007894 103.2 0.3042 | 3,287 9.691 | 3392
3] 8.928 79.70 | 0.00006260 130.1 02413 | 4,145 7.685 539.3
32| 79% 6321 | 0.00004964 164.1 0.1913 | 5227 6095 857.6
33 7.080 50.13 | 0.00003937 ' 206.9 0.1517 | 6,591 4833 1,364
34 6.305 39.75 | 0.00003122 | 260.9 0.1203 = 8310 3.833 2,168
s 5615 31.52 | 0.00002476 | 3290 0.09542 | 10,480 3.040 3,448
3 5.000 2500 | 0.00001964 | 414.8 0.07568 | 13,210 2411 5,482
37 4.453 19.83 | 000001587 | $23.1 0.06001 | 16,660 1912 8,717
38 3.965 1572 | 0.00001235 | 659.6 0.04759 | 21,010 1.516 13,860
| | i
39 3.531 | 12.47 | 0.000009793 | 831.8 0.03774 | 26,500 1202 | 22,040
40 3.145 .888 | 0.000007766 | 1049.0 | 0.02993 | 33,410 0.9534 | 35,040

Temperature coefficient of resistance: The resistance of a conductor at temperature t in de-
grees centigrade is given by

R; = Ry [‘+ Qoqlt — 20)]

where Ry is the resistance at 20 degrees centigrade and ou is the temperoture coefficient of
resistance at 20 degrees centigrade. For copper, a: = 0.00393. That is, the resistance of a
copper conductor increases approximately 4/10 of 1 percent per degree centigrode rise in
temperature.
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Bare solid copper—hard-drawn (B & S)*

. weight moX i | cross-sectional
AWG wire breaking | s‘e::ul'eh — —— resistance areq
B&S diameter load in reng | (ohms per  — —
o in inch ds in pounds = pounds 1000 feet
gauge  in inches I ROy | Ibs/in® | per oer [ at 68° F) circular square
| | 1000 feot mile | T mins inches
4/0 0.4600 I 8143 49,000 640.5 | 3382 0.05045 211,600 0.1662
3/0 0.4096 6722 51,000 507.9 2682 | 0.06361 167,800 0.1318
2/0 0.3648 5519 52,800 402.8 2127 0.06021 l 133,160 0.1045
1/0 | o3ne | 4517 | sas00 | 395 I 1667 c.1011 105,500 | 0.0289
1 0.2893 3688 56,100 253.3 1338 0.1287 83,690 0.05573
2 | 02576 3003 57,600 I 200.%9 1061 0.1625 66,370 0.05213
3 0.2294 2439 59,000 159.3 841.2 0.2049 52,630 l 0.04134
4 0.2043 1970 60,100 126.4 667.1 0.2584 41,740 0.03278
5 0.1819 1591 61,200 100.2 529.1 0.3258 33,100 0.02600
= 0.1650 1326 62,000 ! 8241 4351 0.3961 27,225 0.02138
6 0.1620 ' 1280 62,100 79.46 419.6 0.4108 26,250 0.02062
7 0.1443 1030 63,000 ' 63.02 3327 0.5181 20,820 0.01635
- 0.1340 894.0 33,400 54.35 287.0 0.6006 17,95 | 0.01410
8 0.1285 826.0 63,700 49.97 253.9 0.6533 16,510 0.01297
9 0.1144 661.2 64,300 ‘ 39.63 209.3 0.8238 13,090 | 0.01023
= 0.1040 550.4 } 64,800 32.74 1729 0.9971 10,816 0.008495
10 0.1019 5292 64,900 31.43 165.9 1.039 10,330 0.008155
" 0.09074 4229 65,400 2492 131.6 1.310 8,234 | 0.006467
12 | 0.08081 | 337.0 ’ 65,700 19.77 104.4 1.652 6,530 0.005129
13 0.07196 268.0 65,900 15.68 82.77 2.083 5178 | 0.004067
14 0.06408 | 2135 [ 66,200 12.43 65.64 2.626 4,107 0.003225
15 0.05707 169.8 66,400 9.858 52.05 3.312 3,257 0.002558
16 0.05082 | 135.1 I 66,600 7.818 41.28 4176 2,583 0.002028
17 0.04526 107.5 | 66,800 6.200 3274 5.256 2,048 | 0.001629
18 0.04030 ‘ 85.47 67,000 4917 25.96 6.640 1,624 | 0.00127¢

*Courtesy of Copperweld Steel Co., Glassport, Pa. Based on ASA Specification H-4.2 ond
ASTM Specification B~1.

Modulus of elasticity is 17,000,000 Ibs/Inch2. Coefficient of linear expansion is 0.0000094 /degree Fahrenheit,
Weights are based on a density of 8.89 grams/cm? a1 20 degrees centigrade lequivalent 10 0.00302699 Ibs/circular

mil /1C00 feet).

The resistances are maximum values for hard-drawn copper and are hased on a resistivity of 10.674 ohms/circular-mil
foot ot 20 degrees centigrade (97.16 percent conductivityl for sizes 0.325 inch and larger, ond 10.785 ohms/circular-
mil foot at 20 degrees centigrade (96.16 percent conductivity) for sizes 0.324 inch and smaller,

Tensile strength of copper wire (B & S)*

hard drawn | medium-hard drawn soft or annealed
1 - — -
wire minimum breaking minimum breaking maximum breaking
AWG diameter tensile load tensile i load tensile load
B&S in strength in strength | in strength in
gauge inches Ibs/in? pounds ibs/in® pounds Ibs /in? pounds
1 0.2893 56,100 3638 46,000 3024 37,000 2432
2 0.2576 57,600 3003 47,000 2450 37,000 1929
3 0.2294 59,000 2439 48,000 1984 37,000 1530
4 | 02043 60,100 1970 48,330 1584 37,000 1213
5 0.1819 61,220 1591 48,660 1265 37,000 961.9
= 0.1650 62,000 1326 —_ == —_ —_—
6 0.1620 62,100 1280 49,000 1010 37,000 762.9
7 0.1443 63,000 1030 49,330 806.6 37,000 605.0
= ‘ 0.1340 63,400 894.0 — — = =
8 0.1285 63,700 826.0 49,660 643.9 37,000 479.8
9 0.1144 64,300 661.2 50,050 514.2 37,000 380.5
= 0.1040 64,800 550.4 = = = ==
10 0.1019 64,900 529.2 50,330 410.4 38,500 314.0
H 0.09074 65,400 422.9 50,650 327.6 38,500 249.0
12 0.08081 65,700 337.0 51,000 261.6 38,500 197.5

*Courtesy of Copperweld Steel Co., Glossport, Po.
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Wire tables continued
e e T —

Physical properties of various wires*
‘ o copper !
| aluminum
property { annealed | hard~drawn | 99 percent pure
¢
Conductivity, Matthlessen's standard in percent | 99 to 102 | 96 t0 99 6110 63
Ohms/mil.foot ot 68%F = 20°C 10.36 10.57 16.7
Circulor-mil-ohms /mile at 68°F = 20°C 54,600 55,700 88,200
Pounds /mile-ohm ot 68°F = 20°C 875 896 424
Mean temp coefficient of resistivity /°F 0.00233 | 0.00233 0.0022
Mean temp coelficlent of resistivity /°C 0.0042 0.0042 0.0040
Mean speclfic gravity 8.89 l 8.94 2.68
Pounds/1000 feet/circular mil 0.003027 0.003049 0.000909
Weight In pounds/inch? 0.320 | 0.322 0.0967
Mean specific heat 0.093 0.093 | 0.214
Mean melting point in °F 2,012 | 2,012 1,157
Mean meiting point in °C 1,100 1,100 | 825
Mean coefficient of linear expansion/°F 0.00000950 | 0.00000950 0.00001285
Mean coelficient of linear expansion/°C 0.0000171 0.0000171 0.0000231
Solid wire | Ultimate tensile strength 30,000 to 42,000 45,000 10 68,000 | 20,000 10 35,000
| Average tensile strength 32,000 60,000 24,000
Valyes in ) | Elastic Nmir 6,00C to 16,000 | 25,000 10 45,000 14,000
pounds/in? | Average elastic limit 15, 30,000 14,000
Modulus of elasticity 7,000,000 1o 13,000,000 to 8,500,000 to
17,000,000 18,000,000 11,500,000
: Average modulus of elasiicity 12,000,000 16,000,000 | 9,000.000
| -
Concentric Tenslle strength 2,000 to 37,000 43,000 to 65,000 25.800
strand I Average tensile strength 35,000 54,000 —_
Elastic limit 5,800 1o 14,800 23,000 to 42,000 13,800
Values in ) Average elastic limit —_ 27,000 —_
pounds/in? Modulus of elasticity 5,000,000 10 | 12,000,000 Approx
12,000,000 10,000,000

* Reprinted by permission from "Transmission Towers,” Americon Bridge Company, Pittsburgh, Pa.; 1925: p. 169.

Stranded copper conductors (B & S5)*

i 1 %
{ AWG number lnd‘:ilrd.uu erfblo area weight weight r’::‘i:'l;'::
circular | BA&S ofF  diamin | diom | squore | theper | Ibsrer | okms/1000
mils | gauge wiret ' inches nche ches | mie | a120°C
|
211,600 | 4/0 19 0.1055 0.528 0.1662 653.3 3,450 0.05093
167,800 | 3/0 19 0.0940 0.470 0.1318 | 5180 2,736 | 0.06422
133,100 2/0 19 0.0837 0.419 0.1045 410.9 2170 0.08097
105,500 1/0 19 0.0745 0,373 0.08286 3257 i 1,720 0.1022
83,690 1 19 0.0664 0.332 0.06573 258.4 1,344 0.1288
66,370 2 7 0.0974 0.292 0.05213 204.9 1,082 0.1624
52,640 3 0.0867 0.260 0.04134 162.5 8580 | 0.2048
41,740 4 7 0.0772 0.232 0.03278 1289 680.5 0.2582
33,100 5 7 0.0688 0.206 0.02600 102.2 539.6 0.325%
26,250 6 7 l 0.0612 0.184 0.02062 81.05 427.9 [ 0.4105
20,820 7 7 0.0545 0.164 0.01635 64.28 339.4 0.5176
16,510 8 7 0.0486 0.146 0.01297 50.98 269.1 | 0.6528
13,090 9 7 0.0432 0.130 0.01028 40.42 2134 0.8233
10,380 10 7 0.0385 0.116 0.008152 32.05 169.2 1.038
6,530 12 7 0.0305 0.0915 | 0005129 | 20.16 1065 | 1650
4,107 14 7 ! 0.0242 0.0726 0.00322¢ ' 12.68 6695 | 2624
2,583 | 16 7 C.0192 0.0576 0.002029 7975 42.11 | 4.172
1,624 18 7 l 0.0152 0.0456 } 0.001275 5.014 2647 6.636
1,022 | 20 7 0.0121 0.0363 | 0.008027 3155 16.66 10.54

* The resistance values in this table are trade maxima for soft or annealed copper wire and are higher than the
average values for commercial cable. The following values for the conductivity and resistivity of copper ot 20 degrees
centigrade were ysed:

Conductivity in terms of International A led Copper Standard:  98.16 percent

Resistivity in pounds per mile-ohm: 891.58
The resistance of hard-drawn copper is slightly greater than the values given, being about 2 percent to 3 percent
greater for sizes from 4/0 10 20 AWG.
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steel crucible plow steel, capper~lad
iron (Siemens~ steel, high extra=high
(Ex BB) Martin} strength strength 30% cond 409, cond
16.8 8.7 — . 29.4 39.0
629 nez 122.5 1250 35.5 26.6
332,000 632,000 647,000 660,000 187,000 140,000
4,700 8,900 9,100 9,300 2.775 2.075
0.0028 0.00278 0.00278 0.00278 0.0024 —
0.0050 0.00501 0.00501 0.00501 0.0044 0.0041
7.77 7.85 7.85 7.85 8.17 8.25
0.002652 0.002671 - — 0.00281 0.00281
0.282 0.283 0.283 0.283 0298 0.298
0.113 0117 - —_ C -_—
2,975 2,480 - - =
1,635 1,360 = - = —
0.00000673 0.00000662 - [ 0.0000072 0.0000072
0.0000120 0.0000118 1 == 0.0000129 0.0000129
50,000 to 55,000 | 70,000 to 8G,000 — = — =)
55, 75,000 125,000 187,000 60,000 | 100,000
25,000 to 30,000 | 35,000 to 50,000 — = = =
,000 ¢ ,000 69,000 130000 | 30,000 50,000
22,000,000 to 22,000,000 to - - = 1 —
27,000,000 29,000,000 |
26,000,000 29,000,000 30,000,000 30,000,000 | 19,000,000 I 21,000,000
— 74,000 to 98,000 | 85,000 to 165,000 | 140,000 to 245,000 | 70,000 to 97,000 —
—_ 80,000 125,000 180,000 80,000 -—
- 37,000 to 49,000 = —_ = —
- 40,000 70,000 110,000 — -
—_— 12,000,000 15,000,000 15,000,000 - —_
Machine screws
————
Head styles—method of length measurement
Standard
flat oval round fillister hexagonal
ﬁ L ﬁ L l j L L L
Special
washer oval fillister flat-top straight-side
binding binding binding binding
i c ﬁ L ﬁ L [ﬁ L T L
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Commercial insulating materials*

The tables on the following pages give a few of the important electrical
and physical properties of insulating or dielectric materials. The dielectric
constant and dissipation factor of most materials depend on the frequency
and temperature of measurement. For this reason, these properties are
given at a number of frequencies, but because of limited space, only the
valves at room temperature are given. The dissipation factor is defined as
the ratio of the energy dissipated to the energy stored in the dielectric
per cycle, or as the tangent of the loss angle. For dissipation factors less
than Q.1, the dissipation factor may be considered equal to the power fac-
tor of the dielectric, which is the cosine of the phase angle by which the
current leads the voltage.

Many of the materials listed are characterized by a peak dissipation factor
occurring somewhere in the frequency range, this peak being accompanied
by a rapid change in the dielectric constant. These effects are the result
of a resonance phenomenon occurring in polar materials, The position of
the dissipation-factor peak in the frequency spectrum is very sensitive to
temperature. An increase in the tem-
perature increases the frequency at
which the peak occurs, as illustrated
qualitatively in the sketch at the right.
Nonpolar materials have very low
losses without a noticeable peak, and
the dielectric constant remains essen-
tially unchanged over the Trequency
range.

T,

dissipation factor

logarithmic frequency

Another effect that contributes to dielectric losses is that of ionic or elec-
tronic conduction. This loss, if present, is important usually at the lower end
of the frequency range only, and is distinguished by the fact that the dis-
sipation factor varies inversely with frequency. An increase in temperature
increases the loss due to ionic conduction because of the increased mobility
of the ions.

The data given on dielectric strength are accompanied by the thickness of the
specimen tested because the dielectric strength, expressed in volts/mil,
varies inversely with the square root of thickness, approximately.

The direct-current volume resistivity of many materials is influenced by
changes in temperature or humidity. The values given in the table may be
reduced several decades by raising the temperature toward the higher end
of the working range of the material, or by raising the relative humidity of
the air surrounding the material to above 90 percent.

* The data listed in these tables have been taken from various sources including “Tables of
Dietectric Materials,”" vols. |-lll, prepared by the loboratory for !nsulation Research of the
Massachusetts Institute of Technology, Cambridge, Massachusetts; June, 1948,
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Commercial insulating materials

cont

inved

diele_drrlc_cons'un' at
(frequency in cycles/second)
material composition T | | 3 | 2.5
oc |60 | 100 108|108 | XIO° | X101 60
|
ceramics I
AlSiMag A-35 l\lngncs'[ums'!limw 23| 6.14] 5.96) 5.84| 5.75/ 5.60 5.36 0.017
AlSiMag A-196 Magnesium silicate 25! 5.90| 5.88| 5.70 560 5.42 5.18 0.0022
AlSiMag 211 Magnesium silicate 25| 6.00 5.98| 5.97| 596/ 5.80 — 0.012
AlSiMag 228 Magnesium silicate 25| 6.41 6.40l 636, 620/ 5.97 583 0.0013
AlSiMag 243 Magnesium silicate 22! 6.32| 6.30| 6.22/ 6.10; 5.78 5.75 | 0.0015
Porcelain Dry process 25| 55 5.36| 5.08| 5.04] — — 0.03
Porcelain Wet process 25| 65 | 6.24| 5.87 580 — = 0.03
Steatite 410 - 25| 537| 5.47| 5.77| 577 5.7 = l —
TamTicon B Barium titanate® 26,1250 1200 1143 | — 600 | 100 0.0056
1 = | e o f—— | |
TamTicon BS Barium-strontium titanate® 27|7600 7500 | — | i —_ 0.0141
TamTicon C Caleium titanate 26/ 168 |167.5(167.5 1675 — | — 0.006
Tamlicon MB I Magnesium titanate 28/13.4 |13.4 [134 133 - | 0.0016
TamTicon S | Strontium titanate 25/ 215 | 200 [206.5205 | — | 003
T1 Pure 0-600 | Titanium dioxide—rutile 23] 99| 99 99 | 99 - | - ‘ 0.0006
glasses )
Corning 001 ‘Soda-pomsh-lcad silicate 24 6.70| 6.63) 8.43| 6.33| 6.10 .87 | 0.0084
Corning 012 So la-potash-tead silicate 23! 6.76| 6.70| 6.65‘ 6.65| 6.6t ‘ 6.51 ‘ 0.0050
Jorning 199-1 Soda-potash-lead silicate 24| 8.10{ 8.10/ 8.08/ 8.00| T2 | —_ 0.0027
Corning 70t ‘Soth-mt;uh-boros'glic.nte 25 483 4.82| 4.73) 4.68) 467 | 452 | 0.0055
Corning 705 Soda-potash-borosilicate . | 25 4.90| 4.84| 4.78/ 475 474 | 464 0.0093
Corning 707 'Low-.xlknli. potash-lithioborosilicate 123! 4.00| 4.00 4.00| 4.00{ 400 | 3.9 0.0006
Corning 772 Soda-lead borosilicate 24 475 4.70 4.62) 450 440 | — | 0.0003
Corning 790 96% Si0: 20| 3.85{ 3.85 3.85’ 3.85 3.84 3.82 ‘ 0.0006
Cerning 1990 Iron-sealing glass | 24| 8.41] 8.38 8.30) 8.20) 7.99 1 7.84 —
Quartz (fused) | 100% 5102 | 23 3.78) 3.78 3.78| 378 3.8 | 3.78 ‘ 0.0009
plastics 2
Bakelite BM 120 Phenol-forlgnl.lehyde | 250 4.90| 4.74| 436/ 3.93 3.70 | 3.55 0.08
Bakelite BM262 Phenol-aniline-formaldehyde, 62% mica 25| 4.87} 4.80‘ 4.67) 4.63| — 1.5 0.010
Bakelite BT -48-306 100% phenol-formaldehyde | 24} 8.6 | T.15] 5.4 | 44 3.61 - 0.15
Bectle resin | Urea-formaldehyde, celluluse | 27166 | 62 | 5.65] 51 | 447 = 0.052
Catalin 200 buse Phenol-formaldehyde { 22/ 88 | 82 | T. — 4.89 l 0.05
Cibanate 100% aniline-forinaldehyde 25! 3.60| 3.58| 3.12| 3.40/ 3.40 0.0030
—_— | b 1 I |
0C 2101 Cross-linked organo-siloxane polymer 25 29 | 29 | 29 |29 — — | 00074
Dilectene-100 100% anjlinc-formaldehyde 25| 3.70| 3.68 3.5?l 350 3.4 342 | 0.0033
Durez 1601 natural Phenol-formaltdehyde, 67% mica ; 26! 5.1 | 4.91] 4.60! 4.51 448 0.03
l)—l;e-z—lls—ﬁ-s henol-aniline-formal lehy le, 4377 mics, [ | | |
5% wisc 25| 4.80| 4.70| 4.55) 4.48 145 — 0.011
Durite 550 Phenol-formaldehyde, 63% mica, % ‘ ‘
lubricants | 24| 81303 478 4720 a1 | — | 0015
Ethocel Q-180 Ethylcellulose, plasticized | 26/ 2.90| 2.83 2.73, 2.75| 2.72 — 0.015¢
- — I By e |
Formica F-41 Meclamine-formaldehyde, 55% filler { 26 — | 6.00( 5.75| 5.5 — | — |
Formica XX Phenol-formaldehyde, 50% paper laminate| 28| 5.25| 5.1 4.60) 4.01) 3.57 0.025
Formvar £ Polyvinylformal | 26] 3.20) 3.12) 2.92) 2.80| 2.76 2.7 | 0.003
Geon 2046 50% polyviaylchlorile, 30% dioctyl | | | :
phthalate, 6% stabilizer, 5% filler 23| 7.5 | 6.10| 3.55] 3.00{ 2.80 | 0.08
Kel-F Polychlorotrifluoroethylene . 25 2.72| 2.63| 2.42] 2.32) 2.29 2.28 0.015
{oroseal 5C8-243 83.7% polyvinyl-chloride, 33.1% di-2- i
ethylhexyl-phthalate, lead silicite 27! 6.2 | 5.65! 3.60 29 | 273 | — | 0.07
Kriston Chlorinc-containing allyl resin 25| 3.05 3.00{ 2.88 2.79‘ 2,97 - 0.011
Lucite HM-119 Polymethylmethacrylate 23| 3.30| 2.84 2.63 258 2.58 | 2.57 0.066
Lumarith 22361 Ethyleellulose, 13% plasticizer 24| 3.12| 3.06/ 2.92| 2.80] 2.74 2.65

* Dielectric constant and dissipation factor are dependent on electrical field strength,
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iz b 4 - dielectric d=c volume , thermal ex= moisture
(frequency in cycies/second) slren?th in resistivity in panslon absorp~
| 3 2.3 voln |l at ohm=-¢m at ' (linear) in softening point tion in
100 | w0 | 10 X100 | X100 25°C | parts/°C in®c percant
00100 | 00038 | 0.0037 | 0.0011 | 0.0058 225 (17) >10 8.7X107 1450 <01
00059 | 00031 | 00016 | 00018 | 0.0038 210 (i7) Siom 8.9X107 1150 <011
00034 | 00005 | 00004 | 00012 | — — Sigw 92X 10+ 1320 0.1-1
00020 | 00012 00010 | 00913  0.0042 _ | = 6-8X107¢ 1450 | <005
0.00045| 0.00037| 0.0003 | 00006 | 0.0012 200 (1) >101 ’ 10.5% 10~ 1450 <0.1
00140 | 00075 | 00078 | — = A = - = -
00180 | 0.0000 | 00135 | — — — = — — =
0.0030 | 00007 | 00006 | 0.00089 | — = 1 == = = =
00130 | 00105 | — 030 030 | 75 1012101 = 1400-1430 01
00168 | — = = 75 191101 —= 1430 <0.1
0.00045| 0.00032| 0.008 = = 100 1002104 - 1510 | <ol
0.00108| 00007 | 00004 | — — 100 1083164 = 1430 <01
] | —
00070 | 00906 | 00020 | — l = 100 ] 1011014 | 1510 0.1
00002 | 00001 | 00007 | — — = = o — —
0.00335 0.00165| 0.0023 | 0.0060 | 0.0110 = 100 at 250° 00X 10~ 626 -
0.0030 00012 | 0.0018 | 0.0041 |0.0127 — 101 at 250° 87X107 630 —
0.0009 | 00005 | 00012 | 00038 | — — 4100 at 250° | 128%10°7 527 =
00034 | 00019 | 00027 | 00034 |0.0073 — 5X100at 250° | 40X107 607
0.0056 | 00027 | 0.0035 | 0.0052 | 0.0083 = 1080t 250° | 46X10-7 | 703 ‘ =
0.0005 | 0.0006 | 0.0012 | 00012 | 0.003! = 10%at 250° | 31107 716 =
0.00:2 | 00020 | 00032 | 0.005 = == 06X 10% at 250° | 36X10°7 756 =
0.0006 | 0.0006 | 0.0006 | 0.0068 |0.0013 = I 55100 at 250° 8% 1077 | 1450 —
00004 | 0.0005 | 0.0009 | 000199 | 00112 = 100at 250° | 132X10~? 484 | Poor
| s !
000075 0.0002 | 0.0002 | 0.00006 |0.00025 | 1500047 | >lo® 57107 | 1667 =
0.0220 | 0.0280 | 0.0380 | 0.0438 0.039%0 300 (1) 101 | 3040%10% | <135 (distortion) J <0.6
0.0082 | 0.0055 | 0.0057 00039 | 325-375 (%) 2X104 | 10-20X10 |100-115 (distortion)| 0.3
002 | 000 | 0077 | 0.052 = 277 (4 ) = | 83-13X10% | 50 (distortion) | 042
0024 | 0027 | 0050 | 00335 | — | 375 (0.085") = 26X10% | 152 distortion) | 2
00290 | 0.050 0108 - | T20¢n = 75-15X 1075 | 40-60 (distortion) | —
0.0041 | 0.0078 | 0.0034 | 0.0020 — 600 (37 = | "6.49%10™ 126 0.05-0.08
| [
00056 | 00015 | 00015 | — — = Ly >250 Nil
00032 | 00061 | 00033 | 00026 |0.005 | 810 (0.0657) > 10 0~ ' 125 0.06-0.08
0021 | 00050 | 0.0064 | 0.0062 4 = = = = =3
0010 | 00052 | 0.0052 | 00060 | — 450 (47) 4104 19%10° | 110 (distortion) |  0.03
00104 | 00082 | 00115 | 00126 | — — - = = -
00109 | 00100 | 0014 | 00160 | — - — | 71 distortion) 14
00119 | 00115 | 0.0% . — [ Loxios = 0.6
00165 | 0034 | 0057 | 0060 = [ = —
00100 | 0019 | 0013 | 00113 [00115 | 860 (0.0347) >5%10t 7.7%107 | 190 13
[Madl) — LA e B , -
0.110 | 0089 I 0030 | 00116 I P (0.075%) 8X 101 60 (stable) 05
0.0270 | 0.0082 - 0.028 | 0.0053 | — 108 —
0100 0083 | 0030 | o0on2 = ! - | = =
00110 | 00086 | 00043 | 00023 | - R 3 T
0041 | 00145 | 00067 | 00051 |00032 | 990 (0.0307) SEx108 | 11 14x10—s ' 72 (distortion) 0.4
00048 | 00115 | 00180 | 00196 | 0.C30 522 (37) 5Xios | | 51 (distortion) | 150
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continued

dielectric constant at
(hequen:y in cycles;second)
| 3

material composition l I
| °c| 101 - lo~ 10° | )(10‘ | ><lolo 60
Melmae resin 592 Melamine-formaldehyde, mineral filler | 8.0 I 6. 20 5. "0 4. 70[ 4.67 — 0.08
Micarta 234 | Cresylic acid—formaldehyde, 530%,
a-cellulose 25/ 5.45| 4. 95 9. 51 3.85 343 3.21 0.098
Nylon 610 Polyhexamethylenc-adipamide 25/ 3.7 | 3.50] 3. l4| 3.0 2.84 2.73 0.018
Piccolastic D-125 Methylstryene—styrene copolyiner 25/ 2.58| 2.58| 2.58 2.58| 2.55 — 0.0002
Plexiglass Polymethylmethacrylate 27! 3.43| 3.12) 2.76| '.’.70‘ 2.60 — 0.064
Polycthylene DE-3101 19 antioxidant 25 2.26[ 2.261 2.26 2.26| 2.26 2.26 |<0.0002
| |
Polyisobutylene —_ 25 ..'{\ 2.03 ;2'1' 2231 223 — 0.0004
Polystyrene | 25| 2.36 2. 56, 2 56 2,55, 255 254 [<0.00005
— 58.1% poly-2,5 dichlorostyrene, 41.9% l |
TiO: o3l 5300 5.30 5.30| 5.30{ 5.30 5.30 0.0032
R e | 1 I_ [ra— 1
— M. 7"' poly-2.5 dichlorostyrene, 6a3“’ { | |
TiO2 24 10.2 ‘10’7 10.2 [10.2 | 102 10.2 0.0018
= 18.6°, poly-2,5 dichlorostyrene, 81.4% l |
TiO2 23'23.7 1234 [23.0 230 | 230 23.0 0.006
Pyralin Ccllulose-mtmte 25C% camphor 27 ll 4846652 3.74 — 2.0
Resinox L8241 | Phenol-formaklehyde, 7175 mica | "4| 4. 60; 4.04| 4.6 4.62| 460 | — 0.006
Resinox 7013 Phenol-uniline-formaldehyde, 589, mica, |
2%, misc 25| 4.72| 4.55 437| 4.30| 427 - 0.017
RH-35 resin | Dlhydronaphthalcnc tetramer | 24} 271272727 2.63 — (.0009
Saran B-115 Vinylidene-vinyl chloride copolymer 23 5.0 | 4.65) 3.18 282 2.71 —_ 0.042
Styrofoam 103.7 Foamed polystyrene, 0.20% l 25| 1.03] 1.03] 1.03] — 1.03 103 {<0.0002
Teflon Polytetratiuoroethylene | 22) 2.1 | 2.1 |21 | 2.1 2.1 208 |<0.0005
‘ = !
Tenite 1 (008A, Hi) | Cellulose acetate, plasticized 1 ‘.’6I 450 4.48] 3.90| 3.40| 3.25 3.11 0.0075
Tenite H (2054, 114 Cellulose '\thobutvmtc. plasticized 26, 3.60| 3.48| 3.30| 3.08) 291 — 0.0045
Textolite 1422 |Cruss-l|nkcd polystyrene | 25| — == 1]- 2.53 — —
Vibron 110 | Cross-linked polystyrene 25| 2.59| 2.59| 2.58) 2.58| 2.58 — 0.0004
Vinylite QYN A 100<;, polyvinyl-chloride 20| 3.20( 3.10| 2.88) 2.85 2.34 == 00115
Vinylite VG3901 | 62559, polyvinyl-chloride-acctate, 297 I |
i metu:lzu 8.5" misc 25 — | 5.5 3430 2.88 — —
Vinylite VG5904 M4 polvuml—chlond&acclnu 41% | | '
plasticizer, 555 mise 25 — 75| 43|33 2.94 = o
Vinylite VYNW Polvmer of 95% vinyl-chloride, 5% .
| vinyl-acetate 200 — | 3.15] 2.90] 2.8 2.74 — -
organic liquids
Aroclor 1254 |Chlonnatcd dlphenyls 25! 5.05) 5.05, 4.30| 2.75| 2.70 — 0.0002
Bayol-D 77.675 paratfins, 22. 4% naphthenes 24 2.06| 2.06 2.06 2.06| 2.06 — 0.0001
Benzeue (,hcummll) pure, dried ‘.’5; 2.28‘ 2.28 2.28 2.28| 2.28 2.28 <0.0001
Cable oil 5314 | Aliphatic, aromatic hydrocarbous 2.')’ 2.2."). 2251 2,25 2.25| 2.22 — 0.0006
Carbon tetracnloride - 25| 2.17| 2.17) 2.17| 217 217 — l 0.007
Ethyl aleohol Absolute | 25 — | — I-4.5 23.7 6.5 —
Fluorolube I’olychlortnlluorcthylcne (low mol. wt.) | 25 2.8-lI 2.84l 2.84| 2.57| 2.16 — | 0.0002
Fractol A |m 49, purafins, 31.1¢} naphthenes 26 2.17| 2.17) 2.17| 2.17] 217 212 ‘<0.0l)01
Halowax oil 1000 6095 mon-, 40% di-, mchloronnphth'\lmncs 25| 4.80] 4.77| 477 — 3.4 — 0.30
Ignition-sealing compound 4 Or;;ano-sﬂmnnc polymer 25 2.75)| 2.75' 2.75| 2740 265 I — i 0.002
N-420 | Chlorinated Indan 24| 5770 591 — | — | — — 0.00004
Mareol 72.4% paraffins, 27.6% naphthencs 24 2,14, 2.14] 2.14 214 214 — <0.002
Methy] aleohol Absolute analytical grade 2 — | — [3t [sLo | 239 = =
Primol-D 49.4%, parafling, 27.6% naphthenes 241 2171 2.17] 2.17] 217} 217 — <0.002
Pyranol 1467 | Chlorinated benzenes, dlphcnvls 25| 4. 40! 440! 4.10{ 4.04 2.84 — —
Pyranol 1476 I]somcnc pentachlorodiphenyls 26 50l| 5.04| 3.85 — ! 2.70 i — —
Pyranol 1478 Isomeric trichlorobenzencs 26, 4.55| 4.53| 4.53 4.5 | 3.80 - 0.02
Silicone tluid 200 | Methyl or ethyl siloxane polymer (1000 o) 22 J.TSL 2.78| 2.78| — 2.74 | — 0.0001
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— dissipation factor at dielectric d—c volume | thermal ex~ | moisture
(frequency in cycleslsecond) strength in resistivity in pansion | cbsovp-
1 3 2.5 volts /mil at ohm=cm ot (Iineo? in | softening point tion in
10" 104 108 X10° I X100 25°C 25° C | parts/°C | in°C | percent
0.0470 | 0.0347 l 0.0 0.0410 I -— 450 (37) 3IX101 3.5X10°8 125 (distortion) 0.1
0.033 0.036 | 0.035 l 0.051 0.038 1020 (0.0337) IX 10 3X10-% >125 1.2
0.0186 00.!l8 J 0.0200 00117 | 0.0105 400 (") 81014 10.3X107% | 65 (dlsmrtlon) 1.5
—— — )
0.00015| 0.0001 | 00003 | 00005 [ — | = — = — =
0.0165 0.0140 | 0.007 0.0057 | 990 (0.0307) >5X1ipe 8&-0X10"% | 70-75 (distortion) | 0.3-0.6
<0.0002 l<0.0002 0.0002 0.00031 0.0006 1200 (0.033") 1017 | l!()x10*5 95-105 (distortion) 0.03
1 | varys)
SS— |
0.0001 | 0.0001 | 0.0003 | 0.00017 : 600 (0.0107) = = 25 (distortion) Low
<0.00005, 0.00007| <0.0001 ‘ 0.00033, 0.0012 300-700 (47) 1018 6-8X10°% 82 (distortion) 0.05
0.0021 0.0003 ! 0.0003 0.0006 I 0.0015 = — 5.6X10°¢ — -—
| i
0.0008 0.0003 0.0003 0.00075[ 0.002 — — 3.3X10°% -_ -
0.0041 0.0012 0.0008 0.0012 0.002 — - 1.4X10°¢ -_ —
0.100 0.064 0.103 0.165 —- — = 9.8X10™ —_ 2.0
— = | — — —
0.0040 | 00019 | — 0.0042 = 400 (17) = - 135 (distortion) 0.03
0.0137 | 0.0062 ! 00077 | 0.0123 | — 100 (}7) — = >100 (distortion) | 0.07-0.10
<0.0003 |<0.0002 |<0.0003 | 0.000¢ | 0.0006 s == = 100 | -
0.063 | 0057 | 0018 | 00072 | — 300 (37) 10 | 15810 150 | <01
<0.0001 |<0.0002 = 0.0001 — —_ -_ 85 low
<0.0003 .‘<0.0002 <0.0002 0.00015(  0.0006 1000-2000 1017 9.0X10-% | 66 (distortion, 0.00
[ | (0.0057-0.012") stable to 300)

0.0175 | 0.039 [ 0.038 0.031 0.030 200-600 (17) | — 8-16X107 60-121 2.9
0.0097 0.018 0.017 0.028 — 250-400 (37) - 11-17 X107 60-121 23
= | - = 0.0005 =5 — = = —

0.0005 | 00016 | 00020 | 00019 | — _ _ — — —

0.0185 0.0160 0.0081 0.0055 — 400 (") 1004 l 6.9 1078 54 (distortion) 0.05~0.15
0.118 0.074 0.020 0.0106 —_ - - —_ — —
|— —
0071 | 0140 | 0067 | 0.034 - — - — = l —
0.0165 0.0150 0.0050 0.0059 = — — e — [
0.00035 0.20 0.0170 0.0032 — — —_ — — ' —
<0.0001 | <0.0003 0.0005 0.00133 — 300 (0.1007) — 1X103 —26 (pour point) Slight
<0.0001 (<0.0001 }<0.0001 |<0.0001 | <0.0001 —_ = — — —
<0.00004( 0.0008 - 0.0018 — 300 (0.1007) = — | —40 (pour point) | —
0.0008 | <0.00004| <0.0002 0.0004 —_ —_ = - — —_
S 0.090 0.062 0.250 — — — —_ — —
<0.0001 | 0.0092 | 0.060 | 0.031 = — — — — =
£0.0001 |<0.0003 0.0004 0.00072|  0.0019 | 300 (0.1007) —_ 7.06X10™ [ <~15 (pour point)| Slight
0.0050 | <0.0002 — 0.25 — = —_ 2.1X10°¢ —38 (melts) —
0.0006 0.0004 0.0015 0.0092 - 500 (0.0107) 1X108 63X10°% —_ —
0.0010 — — — — — 1014 — 10 (pour point) —
{0.0001 |<0.0002 -_ 0.00097 —_ 300 (0.1007) _ 7.5%10 —12 (pour point) | Stight
—_ 0.20 0.038 0.64 - — — ==, — —
20.0001 | <0.0002 - 0.00077 —_ — —_ 6.91X10™¢ | <~—15 (pour point)] Slight
0.0003 0.0190 | 0.13 0.0116 — 300 (0.1007) — — — —_
0.0006 0.25 - 0.0042 — =— - = 10 (pour point) —_
0.0014 0.0003 0.014 0.23 — - — —_ — —_
0.00008| 0.0003 e 0.0096 = = - —_ —_ —_
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dleledv}c constant ot
(frequency in cycles/second)
material composition T | ! I @ -
“Cl 60 | 10010 108 | X10° X100 60

Silicone fluid 500 | Methylor ethyl siloxane polymer (0.65¢cs) | 22! 2.20{ 2.20| 2.20 2.20! 2.20 2.13 I<O.001
Styrene dimer | - 25| — | — | 2.7 | 27 l 2.5 — —
Styrene N-100 | Monomerie styrene 22| 2.40{ 2.40| 2.40 2.40‘ 2.40 — 0.01
Transil oil 10C ‘ Aliphatie, aromatic hydrocarbons 26} 2.22| 2.22f 2.22| 2.20| 2.18 — 0.001
Yaseline - 25{ 2.18] 2.16] 2.16| 2.16| 2.16 - 0.0004
waxes
Acrowax C Cetylacetamide 24| 2.60| 2.58| 2.54] 2.52| 248 2.44 0.025
Beeswax, yellow - 231 2.76) 2.73] 2.53] 2.45| 2.39 — -
Cercsin, white Vegetable and mineral waxes 250 231232323 2.25 —_ 0.0009
Halowax 11-314 Dichloronaphthalencs 23| 3.14| 3.04| 2,98 2,93 289 - 0.10
Halowax 1001, cold-molded | Tri- and tetrachloronaphthalencs 26| 5.45| 5.45| 5.40| 4.2 2.92 2.84 0.002
Opalwax Mainly 12-hydroxystearin 24142 103 | 3.2 | 2.7 2.55 2.5 0.12
Paraffin wax, 132° ASTM Mainly C22 to Cx aliphatie, saturated

hydrocarbons 25! 2.25 2.25¢ 225/ 2.25( 225 | — <0.0002
Vistawax Polybutene 25| 2.34] 2.34] 2.34( 2.30| 227 | - 0.0002
rubbers
GR-1 (buty! rubber) Copolymer of 98-99%, isobutylene, 127, l | |

isoprene . 25| 2.39| 2.38| 2.35{ 2.33| 235 — 0.0034
GR-I compound 100 pts polymer, 5 pts zine oxide, 1 pt |

tuads, 1.5 pts sulfur 25 2.43| 2.42| 240/ 2.39] 238 —_ 0.005
GR-S (Buna S) cured Styrene-butadiene copolymer, fillers, lubri-

cants, ete. 25 2.96, 2.96] 2.90| 2.82] 2.75 | - 0.0008
GR-8 (Buna 8), uncured Copolymer of 75% butadiene, 25% styreneI 26| 2.5 | 2.5 | 2.50 2.45] 245 — 0.0005
Gutta-percha | — 25| 2.61) 2.60| 2.53| 2.47| 240 = 0.0005
Hevea rubber Pale crepe 25| 24 | 2.4 | 24 | 24 215 — 0.0030
Hevea rubber, vuleanized | 100 pts pale crepe, 6 pts sulfur 27| 2.94| 2.94| 2.74) 242 236 | — 0.005
Marbon B Cyelized pale crepe 27| 248 2.48| 2.46| 244 237 —_ 0.0021
Neoprene compound | 38 GR-M 24| 6.7 | 6.60| 6.26| 4.5 4.00 | 4.0 0.018
Silastic 120 | 509, siloxane elastomer, 509, TiO: 25/ 5.78| 5.76' 5.75 575 5.13 | — 0.056
Styraloy 22 | Copolymer of butadicne, styrene 2B 24242424 2.4 | 2.35 0.001
woods®
Balsawood — 260 1.4 [ 14 | 1.37] 1.30] 1.22 | —_— 0.038
Douglas Fir 25( 2.05| 2.00| 1.93 1.88| 1.82 1.78 0.004
Douglas Fir, plywood - 251 2.1 | 2.1 | 1.90| — = 1.6 0.012
Mahog.’my — 25| 2.42] 2.40| 2.25 2.07' 1.88 1.6 0.008
Yellow Bireh 25( 2.9 | 2.88{ 2.70| 2.47| 213 | 1.87 0.007
Yellow Poplar | — 25; 1.85] 1.79{ 1.75] — | 150 14 0.004
miscelianeocus
Amber i | Fossil resin 25 2.7 | 2.7 | 2.65] — 2.6 - 0.0010
Cenco Sealstix DeKhotinsky cement 23 3.95, 3.75) 3.23| — 2.96 — ] 0.049
Plicene cement = 25| 248 248 248 247 240 | — 0.005
Gilsonite 99.9% natural bitumen 26 269, 2.66| 258 256 256 | 0.006
Shellac (natural XL) | Contains ~ 3.5% wax 28| 3.87) 3.81| 347  3.10| 2.86 l — 0.006

| |

Myealex 2821 Giass-bonded mica [ 2 1.50[ 750 7.50) 7.45| — —
Ruby mica Muscovite 26 54 | 54 54 (54| 54 | 0.005
Pager, Royalgrey | - 25 3.3o| 3.29| 2.99) 2.77] 270 — 0.010
Sodium chloride Fresh crystais 25, — | 5.90| 5.00} — —_ — —_
Iee | From pure distilled water 12| =] =] 415 345 3.20 - —
Snow Hard-packed snow followed by light rain | —6/ — | — | 1.55) — 1.5 | —_ -—_
Water | Distilled %5 — | — | 218 | 767 - | =

* Field perpendicular to grain.
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dissipation factor ot dielectric

— d=c volume |thermal ex~ moisture
(frequency in cycles/second) strength in resistivity in pansion absorp~
3 2.5 volts/mil at ohm=cm at {linear) in softening point tion in
1080 | 10° 108 X100 X101 25°C 25°C parts/°C in°C | percent
<0. 00004l <0.0003 | 0.00014 o.001-15i 0.0060 |250—300 (0.1007) = 1.508%10-3 —68 (nelts) | Nil
0.0003 | 0.0018 | 0011 - = = —
0005 | 00003 — 0.0020 — | 300 (0.1007) 3X 101 - = 0.06
<0.0001 [<0.0005 | 0.0048 | 0.0028 — | 300(0.1007) - - —40 (pour point) ' ==
0.0002 | <0.0001 |<0.0004 [ 0.00066] — | - - - - —
0.0068 | 0.0020 | 0.0012 | 0.0015 | 0.0021 = - = 137-139 (melts) -
0.0140 | 0.0092 | 0.0090 | 0.0075 - a5 == | = 45-64 (melts) -
0.0006 | 0.0004 | 0.0004 | 0.00046] — - - — 57 -
00110 [ 0.0003 | 0.0017 | 0.0037 — — — | - 35-63 (melts) Nil
0.0017 | 00045 | 027 0.058 0.020 —= | - - 91-94 Low
0.21 0.145 | 0027 | 0.0167 | 0.0160 - — | - 86-88 (melts) —
|
<0.0002 |<0.0002 {<0.0002 | 0.0002 —_ | 1060 (0.0277) I >5% 101 13.0X1078 36 Very low
0.0003 | 0.00133] 0.00133 0.0009 — = @ — - i =
0.0035 | 00010 | 0.0010 | 0.0009 l —_ - — - I — —~=
00000 | 0.0022 | 0.0010 | 0.00003 — - - - — _
0.0024 | 00120 | 00080 | 00057 | — | 80 0.0407) 2% 10 — ' —_ -
00009 | 00038 | 0.0071 | 0.0044 | — = — = =
0.0004 | 0.0042 | 0.0120 | 0.0060 — - 101 - - | =
00018 | 00018 | 0.0050 | 00030 | — | - —_ - -
00024 | 00446 | 00180 | 00047 | — | — = = = e
0.0014 | 0.0009 | 0.0014 | 0.0029 — | e0a4n 5% 101 - 40-90 <0.1
0011 [ 0038 | 009 | 003¢ [ o002 300 (}7) 8X 10 - —_ Nil
0.0030 [ 00008 | 0.0027 | 0.0254 I — — — -
0.00055| 0.0012 | 0.0052 | 0.0032 | 0.0018 l 1070 (0.0307) 6X10% | 59XI107 | 125 | 02-04
0.0040 | 0.0120 | 0.0135 | 0.100 - - — —_ | -
0.0080 | 0026 | 0033 | 0027 0.032 - = [ - - -
0.0105 | 00230 | — - 0.0220 = | - - - —
0.0i20 | 0025 | 0032 | 0025 0.020 - | = - - —
0009 | 002 | 0030 | 0033 | 002 = = ‘ = — o
0.0054 | 0.019 - 0.015 0.017 - - ! — | = —
0.0018 | 00056 | — i 00000 | — [ 2300 (}7) Very high — 200 -
00335 | 0.024 — 0.021 - - - 9.8X 1075 80-85 -
0.00355 0.00255| 0.0015 | 0.00078 | - - - 60-65 —
00035 | 0.0016 | 0.0011 | 0.00i0 - = —_ | - | 155 (melts) -
0.0074 | 0.031 | 0030 | 00254 - — 1016 - 80 Low after
| baking
0.0028 | 0.0010 | 00009 | — - — = = = (=
0.0006 | 00003 | 0.0002 | 00003 | |118-276 (0.0107)|  5%10% | = - -
0.0077 | 0038 | 0066 | 0.056 - 202 (}7) = - - -
<0.0001 |<0.0002 | — - — — ‘ - —
| | - S—
0.12 0035 | 0.0000 - — —
0.20 l . 0.0000 = — l = —
0.040 | 0050 | 0.157 - - | 108 - - -
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B Components

Standards in general

Standardization in the field of components for radio equipment is organized
and governed mainly by three cooperating agencies, the Armed Services
Electro Standards Agency [(ASESA), which issues Joint Army-Navy JAN)
specifications; the American Standards Association (ASA); and the Radio
Manufacturers Association (RMA). Part of the function of these bodies is to
set the standards for radio components {and equipments, in many cases)
with the purpose of providing for interchangeability among different
manufacturers' products as to size, performance, and identification; minimum
number of sizes and designs; uniform testing of products for acceptance;
and minimum manufacturing costs. In this chapter is presented a brief outline
of the requirements, characteristics, and designations for the major types
of radio components.

Color coding

The color code of Fig. 1 is used as a basis for marking radio components.

Fig. 1—Standard radio-industry color code.

significant decimal tolerance | voltage character-

color } figure multiplier in percent” | rating | istic
Black 0 1 | =+£20M — l A
Brown 1 10 100 | B
Red 2 100 +2 (G) ' 200 [of
Orange 3 1,000 — 300 D
Yellow 4 10,000 400 E
Green 5 100,000 | e 500 F
Blue [} 1,000,000 | — 600 G
Violet 7 10,030,000 | 700 -
Grey 8 100,000,000 —— 800 |
White 9 1,000,000,000 — 900 1
Gold - 0.1 +5 1000 -
Silver - 0.01 +10 X} 2000 -
No color - am +20 500 -

* Letter symbol is used at end of type designations in RMA standards and JAN specifications
to indicate tolerance

Tolerance

The maximum deviation allowed from the specified nominal value is known
as the tolerance. It is usually given as a percentage of the nominal value,
though for very small capacitors, the tolerance may be specified in micro-
microfarads luuf). For critical applications it is important to specify the
permissible tolerance; where no tolerance is specified, components are
likely to vary by =220 percent from the nominal value.
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Preferred values

To maintain an orderly progression of sizes, preferred numbers are fre-
quently used for the nominal values. A further advantage is that all com-
ponents manufactured are salable as one or another of the preferred values.
Each preferred value differs from its predecessor by a constant multiplier,
and the final result is conveniently rounded to two significant figures.

The ASA has adopted as an “American Standard” a series of preferred

numbers based on V10 and V10 as listed in Fig. 2. This series has been
widely used for fixed wirewound power-type resistors and for time-delay
fuses.

Because of the established practice of #420-, =10-, and ==5-percent
tolerances in the radio-component industry, a series of values based on
\6/10, l\2/10, and 2\4/10 has been adopted by the RMA and is widely used for
small radio components, as fixed composition resistors and fixed ceramic,
mica, and molded paper capacitors. These values are listed in Fig. 2.

Voltage rating

Distinction must be made between the breakdown-voltage rating (test volts)
and the working-voltage rating. The maximum voltage that may be applied
{usually continuouslyl over a long period of time without causing failure
of the component determines the working-voltage rating. Application of the
test voltage for more than a very few minutes, or even repeated applications
of short duration, may result in permanent damage or failure of the com-
ponent.

Characteristic

This term is frequently used to include various qualities of a component
such as temperature coefficient of capacitance or resistance, Q value,
maximum permissible operating termperature, stability when subjected to
repeated cycles of high and low temperature, and deterioration experienced
when the component is subjected to moisture either as humidity or water
immersion. One or two letters are assigned in RMA or JAN type designa-
tions, and the characteristic may be indicated by color coding on the
component. An explanation of the characteristics applicable to a component
will be found in the following sections covering that component.
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Fig. 2—ASA and RMA preferred values. RMA series is standard in the radio industry.

ASA standard | RMA standard*
Name of series "8 “10" +20%, +10% | +5%
Percent step size 60 25 ~=40 | 20 10

i

| i . | i |
Step multiplier | /10 = 153 10 =126 | /10 =145 | 3/10 =121 | 3/10 = 1.10

Values in the |

series 10 10 10 | 10 10
= 12.5) = - n
' < ) - I 12 12
- - = 13

= . = 15 15 15
15 16 - = 16
- 1 - - 18 18
29 = = 20

= = 22 22 22
- - - - 24
25 25 - -~ -
S = 5 | 27 27
= . 31.5} - - 30
= B2 - = =
= = 33 33 33
- - - = 36
= = - 39 39
40 40 — = =
- - = - a3
— | — 47 47 47
~ 50 - = -
- ‘ - - = 51
- = - 56 56
- - = = 62
63 | & - = =
= = 68 68 68
-~ - = | = 75
- 80 = - -
= - = 82 82
= - = = 91

| 00 | 100 100 | 100 100

* Use decimal multipliers for smaller ond larger volues. Associate the toleronce =207, ~=10%,.
or +5%, only with the values listed in the corresponding column: Thus, 1200 ohms may be
either 410 or 5, but not 420 percent; 750 ohms may be =5, but neither =20 nor 10
percent.

Resistors—fixed composition

Color code

RMA.-standard and JAN-specification requirements for color coding of
fixed composition resistors are identical (Fig. 3. The exterior body color
of insulated axial-lead composition resistors is usually tan, but other colors,
except black, are permitted. Noninsulated, axial-lead comnosition resistors
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have a black body color. Radial-lead composition resistors may have a body
color representing the first significant figure of the resistance value.

r——
8 € D D C A B

axial | radial

leads color | leads
Band A Indicates first significant figure of resistance value in ohms l Body A
Band B Indicates second significant figure End B
Band C Indicates decimal multiplier [ Band C or dot
Band D If any, indicates tolerance in percent about nominal resistance Band D

1 value. If no color appears in this position, tolerance is 20%:"

Fig. 3—Resistor color coding. Colors of Fig. 1 determine values.

Examples: Code of Fig. 1 determines resistor values. Examples are

band _designution

resistance in ohms N |_ 1
and tolerance A B | C D
3300 == 20%, \ Orange \ Orange : Red ' Black or no band
510 £ 5% Green Brown Brown Gold
1.8 megohms =+ 10% I Brown I Gray | Green Silver
Tolerance

Standard resistors are furnished in #=20-, =10-, and = 5-percent tolerances,
and in the preferred-value series previously tabulated. "Even” values, such
as 50,000 ohms, may be found in old equipment, but they are seldom used
in new designs.

Temperature and voltage coefficients

Resistors are rated for maximum wattage for an ambient temperature of
40 degrees centigrade;* above this figure it is necessary to operate at
reduced wattage ratings. Resistance values are found to be a function of
voltage as well as temperature; current JAN specifications allow a maximum

* Recently revised standards provide an additional characteristic (G) -with 70-degree-centi-
grade ambient allowed at 100-percent rating.
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voltage coefficient of 0.035 percent/volt for 3- and %-watt ratings, and
0.02 percent/volt for larger ratings. Specification JAN-R-=11 permits a
resistance—temperature characteristic as in Fig. 4.

Fig. 4—Temperature coefficient of resistance.

charac- | percent maximum allowable change from resistance
teristic at 25 degrees centigrade
Nominal 0 > 1000 >10,000 | >0.1 meg| >1meg | >10 meg
resistance to to to to to to
iiohms _— 1000 10,000 OLmeg' _Y.O_Vmeg_ 10 meg 100 meg
At —55 deg E 13 20 25 40 52 70
cent ambient =T T T
F 6.5 10 13 20 26 35
At 4105 deg | £ 10 12 +15 420 +36 +44
cent ambient T - - -
F | x5 +6 +7.5 =+10 +18 +22

The separate effects of exposure to high humidity, salt-water immersion
{applied to immersion-proof resistors only), and a 1033-hour rated-lood
life test should not exceed a 10-percent change in the resistance value.
Soldering the resistor in place may cause a maximum resistance change of
=43 percent. Simple temperature cycling between — 55 and +85 degrees
centigrade for 5 cycles should not change the resistonce value as measured
at 25 degrees centigrade by more than 2 percent. The above summary of
composition-resistor performance indicates that tolerances closer than
4+ 5 percent may not be satisfactorily maintained in service; for o critical
application, other types of small resistors should be employed.

Resistors—fixed-wirewound low-power types

Color coding

Small wirewound resistors in &-, 1-, or 2-watt ratings may be color coded as
described in Fig. 3 for insulated composition resistors, but band A will be
twice the width of the other bands.

Maximum resistance

For reliable continuous operation, it is recommended that the resistance
wire used in the manufacture of these resistors be not less than 0.0015 inch
in diameter. This limits the maximum resistance available in a given physical
size or wattage rating as {ollows:

3-watt: 470 ohms 1-watt: 2200 ohms 2-watt: 3300 ohms
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Wattage

Wattage ratings are determined for a temperature rise of 70 degrees in
free air at a 40-degree-centigrade ambient. If the resistor is mounted in a
confined areq, or may be required to operate in higher ambient tempera-
tures, the allowable dissipation must be reduced.

Temperature coefficient

The temperature coefficient of resistance over the range — 55 to 4110 de-
grees, referred to 25 degrees centigrade, may have maximums as follows:

Above 10 ohms: £0.025 percent/degree centigrade
10 ohms or less: 0.050 percent/degree centigrade

Stability of these resistors is somewhat better than that of composition
resistors, and they moy be preferred except where a noninductive resistor
is required.

Capacitors—fixed ceramic

Ceramic-dielectric capacitors of one grade are used for temperature com-
pensation of tuned circuits and have many other applications. In certain
styles, if the temperature coefficient is unimportant li.e., general-purpose
applications), they are competitive with mica capacitors. Another grade of
ceramic capacitors offers the advantage of very high capacitance in a small
physical volume; unfortunately this grade has other properties that limit its
use to noncritical applications such as bypassing.

Color code

If the copacitance tolerance ond temperature coefficient are not printed
on the capacitor body (Fig. 51, the color code of Fig. 6 may be used.

RI CC 20 C H100K

RMA class _x T } T tL_ tolerance on capacitance
] number of zeros }c it
ceramic capacitor J l significant figures) apacitance

‘ tolerance ontemperature coefficient
style {case size) temperature coefficient

Fig. 5—Type designation for ceramic capacitors. RMA class is omitted on JAN-
specification capacitors.
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temperature coeffi-
cient—band or dot
at inner-electrode
end

first significant figure
second significant figure
decimal multiplier
capacitance tolerance

axial lead
H
alternate radial lead ——’:‘E "

] capacitance tolerance ‘

| 1 temperature
| significant  decimal i in percent in puf coefficient in
color | figure | multiplier | (C > 10uuf) | (€ <10 ppf) parts/million/°C
i | t
Black 0 | +20 M| — ] 0 Q)
Brown | 1 10 =1 (A =+0.1 (B} —30 (H)
Red 2 100 +2 (G) _— | —s80iu
Orange | 3 1,000 —— — | —m
Yellow 4 10,000 —— —_— =220 (R
Green 5 - +5 W0 +0.5 (D) — 330 (S)
Blue é —3 — _— | —470 (M
Violet 7 m—re —— -_— —750 (U}
Gray 8 0.01 _ +0.25 (C) +30
White 9 0.1 =+=10 (K} 1.0 (A +120to —750 RMA
general purpose)
Silver | = S ) —— See Fig. 7, RMA
| classes 4, §

Note: Letters in parentheses are used in type designations described in Fig. 5.

Fig. 6—Color code for fixed ceramic capacitors.

Capacitance and capacitance tolerance

Preferred-number values on RMA and JAN specifications are standard for
capacitors above 10 micromicrofarads {uufl. The physical size of a capacitor
is determined by its capacitance, its temperature coefficient, and its class.
Note that the capacitance tolerance is expressed in puf for nominal
capacitance values below 10upf and in percent for nominal capacitance
values of 10 puf and larger.

Temperature coefficient

The change in capacitance per unit capacitance per degree centigrade
is the temperature coefficient, usually expressed in parts per million parts
per degree centigrade (ppm/°Cl. Preferred temperature coefficients are
those listed in Fig. 6.
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Temperature-coefficient tolerance: Because of the nonlinear nature of the
temperature coefficient, specification of the tolerance requires a statement

of the temperature range

over which it is to be measured (usually —55 to

+-85 degrees centigrade, or 425 to -85 degrees centigrade), and a

Fig. 7=—Quality of fixed ceramic capacitors. Summary of test requireamaents.

RMA class
specification N
JAN-C-20 1 2 3 4 5
Minimum initial insulation re- l ‘ | pe I
sistance in megohms >7500 7500 | 7500 | 7500 1000 | 1000
Minimum Q for C > 30 uuf i [
{See Fig. 8 for smaller C) > 1000 1000 650 335 100 40
Maximum allowable capaci- t
tance drift with temperature 0.2% 03% | 03% | 03%
cycling (percent or uuf, or or or or _— —
whichever is greater) 0.25 puf | 0.25 upf 0.25 uuf | 0.25 uuf
]
Maximum capacitance change | !
in percent over range — 55 to l = ‘ —= = Pt +25 =i
to +85C +25
Working voltage = sum of |
de¢ and peak ac | — 500 | 500 5C0 350 350
Humidity test ! 100 hours exposure at 40°C, 959, relative humidity
| 1000 houwrs,
| 750 vdc plus
Life test ot 85°C | 250 vac at 1000 hours, 1000 volts lgxgg hotlj'rs,
100 cycles ‘ ELE
| or less |
! —
|
Minimum Q ! |
After | (€ > 30 uufl > § initial limits| 350 350 170 50 20
humidity | { |
test or Minimum insula-
life test tion resistance >1000 1000 | 1000 1000 100 100
in megohms
After lif Maximum { 1% | 1% | 5% ] Not yet
’ 'er e capacitance 1% or or or 10% | deter-
es | change 0.5 puf | 0.5 uuf | 0.5 uuf | mined
| i | |
Temperature compen- | Intermediate I High-capacitance
| sation; . i .
Apheatn sation; stable, general- | quality ] gener.ovl purpose,
purpose uses | noncritical  uses
| only
|
Volume elficiency (uuf/inch® low | low | High
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statement of the measuring procedure to be employed. Standard tolerances
bosed on +25 to +85 degrees centigrade are symmetrical:

tolerance in ppm/°C | 15 | £30 | =60 +120 | 250 | =500

code l ® [ w | o [ ] K W

The smaller tolerances can be supplied only for capacitors of 10 uuf or
larger, and only for the smaller temperature coefficients.

Quality

Insulation resistance, internal loss ¢ 1000 ——
(conveniently expressed in terms  § 800

of Ql, capacitance drift with tem- g >
perature cycling, together with E (800 e
the permissible effects of humidity 400 =

and accelerated life tests, are 200 claty 3
summarized in Fig. 7. This data

will be a guide to the proba- % s 10 15 20 25 30 35 40
ble performance under favorable nominal capacitance in uuf

@ mOderOtely severe ambient Fig. 8—Minimum Q requirements for ceramic

conditions. capacitors where capacitance <30 uuf.

Capacitors—molded mica-dielectric

Type designation

Small fixed mica capacitors in molded plastic cases are manufactured to
performance standards established by the RMA or in accordance with a
JAN specification. A comprehensive numbering system, the type designation,
is used to identify the component. The mica-capacitor type designations
are of the form

yoaa

RMA component case RMA class or capacitance tolerance
prefix JAN characteristic

50 M
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Component designation: Fixed mica-dielectric capacitors are identified by
the symbol CM for JAN specification, or RCM for RMA standard.

Case designation: The cose designation is a two-digit symbol that identifies
a particular case size and shape.

Characteristic: The JAN characteristic or RMA clo

letter in accordance with Fig. 9.

Fig. 9—Fixed-mica-capacitor requirements by JAN characteristic

ss is indicated by a single

and RMA class.

| JAN-specification requirements -} RMA-standard requir t
maximum maximum | minimum [
maximum range of range of insulation
JAN char | capacitance temperature | moximum | femperature | resistance
or drift in coefflcient minimum | capacitance coefficient n mifrimum
RMA class percent {(ppm/°C) | Q drift {ppm/°C) megohms |
A - — | 5% [wig 4 [ =000 | 3000 30% of
I | JAN valuve 1 puf RMA value
in Fig. 10. in Fig. 1C
B — — =03% + , =500 l 6000 |
1 pph -~
f 3
Cc 0.5 | 200 =10.5% + +200 6000 )
‘68 0.5 uuh A
=N | [
i — 1 = | §25 [*03%+ | —s0r0 | 00 R
282 0.2 pufl +iso | 2a
| 2.% <
o oz | =100 | 3382 [coaga | i o0 | 32
Lv§ 0.1 puf) o
I ~0 L { =L
J - — | 233 <o+ [ %00 | e &9
| ©8u 0.2 upf) +100 [~
| e 28
E 0.05 0to 4100 $=g | =01% + =20t [ 6000 © o
weo & 0.1 uuh | +100
F 0.025 0to 450 — — —
G 0.025 Oto =50 = -

Insulation resistance of all JAN ¢

ppm/°C = parts/million/degree centigrade.
Where no data are given, such characteristics are not included in that particular standard.

Fig. 10—Minimum Q versus capac-
itance for JAN mica capacitors (Q
measured at 1.0 megacycle), and for
RMA mica capacitors (@ measured at
0.5 to 1.5 megacycles).

minimum Q

10

apacitors must exceed 7500 megohms.

5 10 100
capacitance in uuf

1,000

10,000 47,000
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Capacitance value: The nominal capacitance value in micromicrofarads is
indicated by a 3-digit number. The first two digits are the first two digits of
the capacitance value in micromicrofarads. The final digit specifies the
number of zeros that follow the first two digits. If more than two significant
figures are required, additional digits may be used, the last digit always indi-
cating the number of zeros.

Capacitance tolerance: The symmetrical capacitance tolerance in percent
is designated by a letter as shown in Fig. 1.

Color cading

The significance of the various colored dots is explained by Figs. 11-13.
The meaning of each color may be interpreted from Fig. 1.

JAN specifications and 1948 RMA standard: Are shown in Fig. 11.

JAN mico—black first significant flgure
19?:;5;"“ mico—v.rlhite) | ~—— second significant figure
paper—silver ]

Q00

[ — ——

(OO

4 X a
JAN characteristic | | L~ decimal multiplier

or RMA class ___| b tolerance

Fig. 11—New standard code for fixed mica capacitors. See color code, Fig. 1.

Older RMA standards—not in current use: The 1938 RMA standard covered
a simple 3-dot color code (Fig. 12} showing directly only the capacitance,
and a more comprehensive é-dot color code (Fig. 13) showing 3 significant
figures and tolerance of the capacitance value, and o voltage rating.
Capacitance values are expressed in micromicrofarads up to 10,000 micro-
microfarads.

= QOO =

} 4
fiest significant figure

second significant figure ——— decimal multiplier

Fig. 12—RMA 3-dot code (obsolete) for mica capacitors; 500-volt, _-]:20% tolerance
only. See Fig. 1.
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second significant figure

first significant figure pree——
E third significant figure

v

——

O Re,
OO
o

LS

I L decimal multiplier
voltage rating

tolerance

Fig. 13—=RMA 6-dot color code (obsolete) for mica capacitors. See Fig. 1.

Examples
top row bottom row
| [tolerance  multiplier
type | left | center | right left | center right description
&RMA (3 dotl | red green | brown | none | none none 250 puf = 20%, 500 volts
RMA brown! block block blue green I brown 1000 ppf = 55, 400 volis
RMA brown{ red green gold red brown 1250 puf = 2%, 1000 volts
CM30B631)J block | blue groy brown goid brown 680 uuf = 5%, characteristic 8
CM3SE332G | black | orange | orange | yellow red red 3300 puf = 2%, characteristic £
RCM20A221M| white | red | red black | black | brown 220 puf = 20%, RMA class A
Capacitance

Measured at 500 kilocycles for capacitors of 1000 uuf or smaller; larger
capacitors are measured at 1 kilocycle.

Temperature coefficient

Measurements to determine the temperature coefficient of capacitance and
the capacitance drift are based on one cycle over the following temperature
values (all in degrees centigrade).

JAN: 425 —40, —10, 425, 435, +45, +55, +65, 485, 425
RMA: +-25, —20, 425, 4-85, 425

Dielectric strength

Molded-mica capacitors are subjected to a test potential of twice their
direct-current voltage rating.

Humidity and thermal-shock resistance

RMA-standard capacitors must withstand o 120-hour humidity test: Five
cycles of 16 hours at 40 degrees centigrade, 90-pereent relative humidity,
and 8 hours at standard ambient. Units must pass capacitance and dielectric-
strength tests, but insulation resistance may be as low as 1000 megohms for
class-A, and 2000 megohms for other classes.
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JAN-specification capacitors must withstand 5 cycles of +25, —55, 425,
485, 425 degree-centigrade thermal shock followed by water immersion
at 465 and 425 degrees centigrade. Units must pass capacitance and
dielectric-strength tests, but insulation resistance may be as low as 3000 meg-
ohms.

Life

Capacitors are given accelerated life tests at 85 degrees centigrade with
150 percent of rated voltage applied. No failures are permitted before:
1000 hours for JAN specification; or 500 hours for RMA standard.

Capacitors—button-style fixed mica-dielectric

Color code

“Button” mica capacitors are color coded in several different ways, of
which the two most widely used methods are shown in Fig. 14.

. l
third figure multiplier % tolerance

multiplier

second figure

second figure % tolerance

first figure characteristic first figure

&uzm min

first method second method

characteristic

Fig. 14—Color coding of button-mica capacitors. See Fig. 1 for color code,

Characteristic
moax range of temp coeff maximum capacitance
characteristic | (ppm/’C) drift
C i 4200 +0.5%
D [ +100 | +03%

E —20 10 4100 410019 + 0.1 pph



COMPONENTS 67

Capacitors—button-style fixed mica-dielectric  continved

Initial Q values shall exceed 500 for capacitors 5 to 50 uuf; 700 for capac-
itors 51 to 100 uuf; and 1000 for capacitors 101 to 5000 uuf. Initial insulation
resistance should exceed 10,000 megohms. Dielectric-strength tests should
be made at twice rated voltage.

Thermal-shock and humidity tests

These are commercial requirements. After 5 cycles of +25, —55 -85,
—+25 degrees centigrade, followed by 96 hours at 40 degrees centigrade
and 95-percent relative humidity, capacitors should have an insulation
resistance of at least 500 megohms; a Q of at least 70 percent of initial
minimum requirements; a capacitance change of not more than 2 percent
of initial value; and should pass the dielectric-strength test.

Capacitors—paper-dielectric

The proper application of paper capacitors is a complex problem requiring
consideration of the equipment duty cycle, desired capacitor life, ambient
temperature, applied voltage and waveform, and the capacitor-impregnant
characteristics. From the data below, a suitable capacitor rating may be
determined for a specified life under normal use.

Life—voltage and ambient temperature

Normal paper-dielectric-capacitor voltage ratings are for an ambient
temperature of 40 degrees centigrade, and provide a life expectancy of
approximately 1 year continuous service. For ambient temperatures outside
the range 0 to +40 degrees centigrade, the applied voltage must be reduced
in accordance with Fig. 15,

The energy content of a capacitor may be found from
W = CE?/2 watt-seconds

where

C = capacitance in microfarads (uf}

E = applied voltage in kilovolts

In multiple-section capacitors, the sum of the watt-second ratings should be
used to determine the proper derating of the unit.

Llonger life in continuous service may be secured by operating at voltages
lower than those determined from Fig. 15. Experiment has shown that
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2 I T - 2
~§ 100 I = 3 - 100 -§
3,456 “ N
% 80 : ";“ \\\\ N 80 §
% A BN EA.
! >
S o [ 2 )\\ .-
o \ A\ o
: A s
O . AR o
° A\ °
< A <
- =
22 54— 20 2
= [
g g
s 4 o 8
a -40  -20 0 20 40 60 80 100 [ €0 80 a
ambient temperature in degrees centigrade
JAN specification RMA standard
JAN | watt-second voltage | watt-second | voltage |
char | rating rating | curve rating rating | curve
| | | |
0.5-5 All, plus those ex- | >50 1500 and l
cluded from group‘ 1 over
| of curve 2 — 7
H —= 2000 ond |
0-0.5 1500 v ond below— below
| smoll cased tubulor 5-50 i f—
‘ styles; 2 | 2500 ond
l 1000 v ond below— aobove 8
other styles
] 0-5 | Al |
> 50 All 3]
5850 All 4
D 0.5-5 All, plus those ex-
E | cluded from group | 5
of curve 6
F —
0-0.5 1500 v and below— |
small cased tubular |
l styles; | é
| 1000 v ond below—
other styles

Fig. 15—Llife-expectancy ra

perature.

ting for paper capacitors as a function of ambient tem-
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capacitor life is approximately inversely proportional to the 5th power of
the applied voltage:

desired life in years (at ambient ~ 45°C) Il vt 2 | 5 | 10| =20

| I

applied voltage in percent of rated voltage | o0 | 8 | 70 | 60 | 53

The above life derating is to be applied together with the ambient-tempera-
ture derating to determine the adjusted-voltage rating of the paper capacitor
for a specific application.

Waveform

Normal filter capacitors are rated for usa with direct current. Where
alternating voltages are present, the adjusted-voltage rating of the capacitor
should be calculated as the sum of the direct voltage and the peak value
of the alternating voltage. The alternating component must not exceed
20 percent of the rating at 60 cycles, 15 percent at 120 cycles, 6 percent at
1000 cycles, or 1 percent at 10,000 cycles.

Where alternating-current rather than direct-current conditions govern, this
fact must be included in the capacitor specification, and capacitors specially
designed for alternating-current service should be procured.

Where heavy transient or pulse currents are present, standard capacitors
may not give satisfactory service unless an allowance is made for the
unusual conditions.

Capacitor impregnants

Fig. 16 lists the various impregnating materials in common use together
with their distinguishing properties. At the bottom will be found recommenda-
tions for application of capacitors according to their impregnating material.

Insulation resistance

For ordinary electronic circuits, the exact value of capacitor insulation
resistance is unimportant. In many circuits little difference in performance is
observed when the capacitor is shunted by a resistance as low as 5 megohms.
In the very few applications where insulation resistance is important le.g.,
some RC-coupled amplifiers}, the capacitor value is usually small and
megohm X microfarad products of 10 to 20 are adequate.

The insulation resistance of a capacitor is a function of the impregnant;
its departure from maximum value is an indication of the care taken in
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Fig. 16—~Characteristics of impregnants for paper capacitors.

\ | Halowax
| {chlorin-
askarels* | ated naph-
castor | mineral {chlorinated thalene mineral
praperty oit | oil synthotic) | synthetic) wax
From Specifi- | | | i |
| cation et - Ft — H | —
Characteristic | JAN-C—S_i l i | i
From RMA |
— (@ —_ A — B - —_
| svonéard | 15,00 | ; | - | |
5 Megohms X | f;lomn'r;ol - i I 00 ' 6000 3000 15,000
s i pecification
o microfarads} | minimom 500 | 500 | 2000 3000 | 1500 | 1000 l 2000 —
g‘g Minimum insulation resistance  yso0 | 1500 | 6000 | 6000 | 4500 | 1500 6000 _
30 |in ‘megohms | | |
gé’ Power factor | 60 ¢/s 1 <02 03 <03 | 0513 0510 1.5
o | | |
2~ . in percent 1000 ¢/s | — =~ = H =2 —
High-ambient test fempera- l | | l |
& | lureln degrees centigrade [ 5 | = & | - 85 | o B!
S| [ { Nominal 10 [ 40 ! 30 |~ 100 50
-5 4 iry n n 1
5 3 | microfarads} | Seecification | g s 20 | 30 | 15 | 10 100 -
i CEL } minimym { | |
P —M——
gs il of 1 € 150 | 150 | 600 | 600 | as0 | 150 00 | —
. | Inme - - | I
2 .5 | Power factor in percent 210 6 03to 1.6 1t0 5 1103 02 to 1.5
[+ 371 — | _
i" € | Percent capacitance change |
S | from value ot 25 degrees | —41t0 +1 —1to+15| —610 -2 —4.5100 | —1010 —6
| centigrade { } |
> | Llow-ambient test temperature | __ _ I _ _r ‘ = . _
_; g in de_grees centigrade | e ‘ 4Q | 55 40 l 55 S0 20 a3
% 0 | Power factor in percent 15104 05103 08103 0.510 4 3104
5 W . =
£ a | Percent | 7 —20 10 —1010 =30 to —10 10 —6 10
g € | capacitance | Nominal | +4 +2 { —20 - -2
€ < | change from | 1
53 B . { +5 +5
25 | 2 sean Specification | _39 | 15 | —15 | =5 | —30 | to -0 =
24 ‘ egrees maximum —30 130
S E | centigrode | | | |
- Recommended ambient tem- | { —20 to
peroture range in degrees —5510 +85 | —5510 +85 | —5510 +85 55 to +85
° __centigrgde__ | an
B R ot copecmnea | | 1% 100 o | 138
9] Recommended uses | General- | General- General- General- General-
£} purpose dc. | purpose dc | purpose dc l purpose dc | purpose dc
= Also ac if and ac; high- | and ac. Non-| over timited over wider
Q temperature temp applica- | inflammable | tempera- temp range
< range s tions. High- ture range | than Halo-
limited stability re- wax  units
| quirements | | allow
Notes:

Bold figures in tabulation are Specification JAN

~C—25 or RMA.standard limits for that property.

* Trade names Aroclor, Pyranol, Dykanol A, Inerteen, etc.

t JAN-C-25 characteristics A

of JAN characteristics E and F, respectively.

1 At 25

degrees centigrade, applies to copacitors of app
At any test temperature, capacitors are not expecie

ond B (not tabulated abovel are essentially long-life versions

roximately % microfarad or larger.
d to show megohm X microfarad

products in excess of the insvlotion-resistance requirements.
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manufacture to avoid undesirable contamination of the impregnant. For
example, if an askarel-impregnated capacitor has the same insulation
resistance as a good castor-oil-impregnated capacitor of equal rating, the
askarel impregnant is strongly contaminated, and the capacitor life will be
considerably reduced.

Measurements cre made with potentials between 100 and 500 volts, and a
maximum charging time of 2 minutes.

Power factor

This is a function of the capacitor impregnant. In most filter applications
where a specified maximum capacitor impedance at a known frequency
may not be exceeded, the determining factor is the capacitor reactance
and not the power factor. A power factor of 14 percent will increase the
impedance only 1 percent, a negligible amount.

For alternating-current applications, however, the power factor determines
the capacitor internal heating. Consideration must be given to the alternating
voltage and the operating temperature. Power factor is a function of the
voltage applied to the capacitor; any specification should include actual
capacitor operating conditions, rather than arbitrary bridge-measurement
conditions.

For monufocfuring purposes, power factor is measured at room temperature
{=25 degrees centigrade), with 1000 cycles applied to capacitors of 1 uf
or less, rated 3000 volts or less; and with 60 cycles applied to capacitors
larger than 1 uf, or rated higher than 3000 volts. Under these conditions
the power factor should not exceed | percent.

Temperature coefficient of capacitance

Depending upon the impregnant characteristics, low temperature may cause
an appreciable drop in capacitance. Due aliowance for this must be made
if low-temperature operation of the equipment is to be satisfactory. This
temperature effect is nonlinear.

Life tests

Accelerated life tests run on paper capacitors are based on 250-hour
operation at the high-ambient-temperature limit shown in Fig. 16 with an
applied direct voltage determined by the watt-second and 40-degree-
centigrade voltage ratings.
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I-F transformer frequencies

Recognized standard frequencies for receiver inrermediare-frequency
transformers are

Standard broadcast (540 to 1600 kilocycles) ——— 455, 175 kilocycles
Very-high-frequency broadcast —— 10.7 megacycles
Very-, ultra-, and super-high-frequency equipment ___ 30, 60, 100 megacycles

Color codes for transformer leads

Radio power transformers !

Primary Black Amplifier
If tapped: Filament No. 1| Green
Common Black Center tap Green-Yellow
Tap Black-Yellow Filament No. 2 Brown
Finish Black-Red Center tap Brown-Yellow
Filament No. 3 Slate
Rectifier Center tap Slate-Yellow
Plate Red
Center tap Red-Yellow
Filament Yellow
Center tap Yellow-Blue

Audio-frequency transformers?

Primary single push-pull Secondary single push-pull
Plate Blue Blue Grid {or high side
8+ Red Red of moving coill  Green Green
Plate — Blue or Return (or low side
Brown3 of moving coill  Black Black
Grid -— Green or
Yellow?

lntermediate-frequency transformers*

Primary For full-wave transformer:

Plate Blue Second diode Violet

B+ Red Old standard? is same “as above, except:
Secondary Grid return Black

Grid or diode Green Second diode Green-Black
Grid return White

! Radio Manufacturer's Association Standard M4-505.

* Radio Manufacturer's Association Standard M4-507

% The brown and yellow colors are used to indicate the starts of the windings, but only when
polarity must be indicated. In an output transformer, the black lead is the start of the secondary.

¢ Radio Manufacturer's Association Standard REC~114 .

¥ Radio Manufacturer's Association Standard M4-506.



CHAPTER FIVE 73

B Fundamentals of networks

Inductance of single-layer solenoids

The approximate value of the low-frequency inductance of a single-layer
solenoid is*

L = Fn2%d microhenries

where F = form factor, a function of the ratio d/I. (Value of F may be read
from the accompanying chart, Fig. 1. Also, n = number of turns, d = diameter
of coil linches), between centers of conductors, / = length of coil (inches)
= n times the distance between centers of adjacent turns.

The formula is based on the assumption of a uniform current sheet, but the
correction due to the use of spaced round wires is usually negligible for
practical purposes. For higher frequencies, skin effect alters the inductance
slightly. This effect is not readily calculated, but is often negligibly small.
However, it must be borne in mind that the formula gives approximately the
true value of inductance. In contrast, the apparent value is affected by the
shunting effect of the distributed capacitance of the coil.

Example: Required a coil of 100 microhenries inductance, wound on a
form 2 inches diameter by 2 inches winding length. Then d// = 1.00, and
F = 00173 on Fig. 1.

L [~ 00
2 \/Fd V00173 X 2 S

Reference to Magnet-wire data, page 74, will assist in choosing a desirable
size of wire, allowing for a suitable spacing between turns according to the
application of the coil. A slight correction may then be made for the in-
creased diameter (diameter of form plus two times radius of wire), if this
small correction seems justified.

Approximate formula

For single-layer solenoids of the proportions normally used in radio work,
the inductance is given to an accuracy of about 1 percent by

o

n?
9r + 10/

where r = d/2.

microhenries

Generdl remarks
In the use of various charts, tables, and calculators for designing inductors,
the following relationships are useful in extending the range of the devices.

* Formulas and chart (Fig. 1) derived from equations and tables in Bureauv of Standards Circular
No. C74.
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They apply to coils of any type or design.

a. If all dimensions are held constant, inductance is proportional to n®.

b. If the proportions of the coil remain unchanged, then for a given number
of turns the inductance is proportional to the dimensions of the coil. A
coil with all dimensions m times those of a given coil (having the same num-
ber of turns) has m times the inductance of the given coil. That is, inductance
has the dimensions of length.

Magnet-wire data

| bare | enam | _ bare | enameled
AWG| nom nom | SCC* | DCC* | SCE* SSC* DSC* SSE* |
B8&S| diam | diam | diam | diam | diom | diom | diam  diam min max min | diam*
gavge, in in in in in in in in diam | diam | diam in
| inches | inches inches  inches | inches | inches | inches | inches | inches | inches | inches | inches
10 | 09 | o3 | 079 [ 129 | o | — — | = | 009 | 029 | 1024 | L1044
11 .0907 0927 0957 1002 .0982 — = .0898 0917 .0913 .0932
12 .0808 .0827 .0858 .0903 .0882 - — = .0800 0816 0814 0832
13 .0720 | .0738 I .0770 | .081§ i 0793 —_ _ —_ .0712 .0727 0726 | .0743
14 .0641 0659 0691 0736 0714 — | — — 0634 0647 .0648 0664
15 .0571 .0588 | .0621 | 0666 ‘ .0643 | 0591 0611 | 0613 | 0565 0576 | .0578 .0593
| |
16 .0508 .0524 0558 0603 0579 0528 0548 .0549 .0503 | .0513 .0515 .0529
17 ' .0453 0459 0503 .0548 0523 | .0473 0493 | .0493 .0448 0457 .0460 .0473
18 .0403 l .0418 0453 ; .0498 | .0472 .0423 | .0443 | 0442 .03%9 | .0407 0410 0422
19 0359 .0374 .0409 0454 .0428 | .0379 I 0399 .0398 .0355 .0363 0366 .0378
20 | .0320 | .0334 .0370 | .0415 | .0388 | .0340 | .0360 | .0358 0316 .0323 0326 | .0338
21 ‘ .0285 0299 ‘ .0335 | .0380 | .0353 | .0305 | .0325 | .0323 .0282 | .0287 .0292 | .0303
2 .0253 ‘ 0266 | .0303 .0343 .0320 0273 | .0293 ‘ .02%0 0251 | 0256 0261 0270
23 0226 0238 | .0276 0316 | .0292 | .0246 0266 0262 .0223 .0228 0232 | .0242
24 .0201 .0213 .0251 | .0291 0266 .0221 0241 0236 0199 | 0203 .0208 0216
| |
25 0179 ! .0190 | 0224 0264 .0238 0199 .0219 0213 0177 0181 .0186 .0193
26 0159 | .016% .0204 0244 0217 4 0179 0199 0192 0158 0161 0166 | 0172
27 0142 | 0152 0187 | .0227 | .0200 | .0162 0182 0175 | .0141 0144 0149 | 0155
28 .0126 .0135 .0171 .0211 { .0183 \ 0146 0166 | 0158 0125 l 0128 0132 . .0138
29 .0113 0122 .0158 0198 .0170 .0133 .0153 0145 0112 0114 01 0125
30 l .0100 | .0108 | .0145 | .0185 | 0156 | 0120 | .0140 03 .009% | .0101 .0105 | 0
| {
31 .0089 i 0097 | 0134 0174 | 0144 0109 | 0129 .0119 | .0088 .00%0 | .0094 .0099
32 | .0080 | .0088 | .0125 0165 | 0135 | 0100 | 0120 0110 | .0079 .0081 .0085 .0090
33 | .0071 .0078 | .0116 | 0156 | 0125 | 0091 | 0111 0100 | .0070 | .0072 .0075 I .0080
34 ‘ .0063 | .0069 | 0108 | .0148 | 0116 0083 | .0103 | .0091 0062 0064 0067 | .0071
35 | .0056 .0061 .0i01 .0141 0108 0076 | .0096 .0083 .0055 .0087 .005% 0063
36 l .00%0 | .00S5 ‘ 00%0 | .0130 | 0097 | .0070 | .00%0 | .0077 .0049 .0051 .0053 | 0057
37 0045 .0049 .0085 ! .0125 .0091 .0065 | .0085 .0071 .0044 0046 .0047 | .005%
38 .0040 .0044 | .0080 .0120 .0086 .0060 .0080 I .0066 0039 | .0041 0042 0046
39 0035 | .0038 0075 [ .ons | .0080 l .0055 = .0075 | .0060 | .0034 | .003% 0036 .0040
40 .0031 .0034 .0071 .01 .0076 .0051 .0071 .0056 .0030 .0032 .0032 .0036
41 .0028 | .CO31 _ — — — —_ —_ 0027 | .002% 0029 | .00C2
42 .0025 | .C028 —= — —_ - = — .C024 | .0026 .0026 .0029
a3 | o022 o028 | — | — = 0021 | 0023 | 0023 | 0026
44 0020 | .0023 —_ —_ —_ — == 0019 .0021 .0021 | .0024
* Nominal bare diameter plus moximum additions.
For additional data on copper wire, see pp. 40—45 and p. 190.
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For solenoids where the
diameter/length is less than
0.02, use the formula

i t
> F = 0.0250 diameter
length

o
\7"\\0
Fig. 1—Inductance of a single-layer solenoid, form factor = F,

5



16

Reactance charts
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o 20 1000~ [
j o _ S
[ o | 0.001 B
- = F— 0.002 [
— - =
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- B £ 0.01
® — 2 °c L 7 e =
[— 0.03 B — 0.02 e
— C =
[~ == H— 0.05 — 4
— 0.02 [~ 03 — 01 3 -
- o e
~ I — 02 5
- 0.2 - L
= 0.00 - = 0.5
= 2,04 L— 1 2
= B =
[— 0.005 E 0.0 E o 2
= 1 15
— 0.02 T .
— 0.002 l— 0 [
L L 0.0 w L

20

Figs. 2, 3, and 4 give the relationships of capacitance, inductance, reactance, and frequency.
Any one value may be determined in terms of two others by use of a straight edge laid across
the correct chart for the frequency under consideration.

Fig. 2=Chart covering 1 cycle to 1000 cycles.
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frequency f
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s |l|llnlr'rn]

50
40

3 R

w
(=3
“kilocycles/sec

~

o«

I1IITTIII

v

Example: Given a capacitance of 0.001 uf, find the reactance at 50 kilocycles and inductance
Place a straight edge through these values and read the intersections

required to resonate.

on the other scales, giving 3,180 ohms and 10.1 millihenries.

Fig. 3—Chart covering 1 kilocycle to 1000 kilocycies.
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Reactance charts

continved
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Fig. 4—Chart covering 1 megacycle to 1000 megacycles.
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Impedance formulas

Parallel and series circuits and their equivalent relationships

B:-1/%
Conductonce G = R] w = 2rf ,__/;\
P = &
1 1
Susceptance B = — = wCp —
X5 wl, . B
& G=E Lp Co ==
wl 4 i
Reactance X, = 5 I
‘ T — w?,Cp
I 1 ¢ = k4
Admittance Y = =G+ B £
£ 4 GE
VG4BT L—p=|Y| L—9¢ e
£E_1 Ry X ‘
Impedance Z =_=__2F (x iR,
P 1Ty TRk TR e
R,, X‘, / 71z porallel circuit
VR X, $=1212¢
G R
Phase angle — ¢ = tan™! cos ! = —tan :
g =~ G Ly X
Resistance = R, _ *s
/—%
Reactance X, = wl, — ] LT K
wC, T L Ce
Impedance Z = = Rs + iXs .
! l Ry
AYAA

= VRI+ X2 Lo =1|Z]| 2L

X
Phase angle ¢ = tan™' " = cos™!
? R, 1Z |

Vectors E and I, phase angle ¢, and Z, Y are

identical for the parallel circuit and its equival-

' o 1 RJI
ent series circuit equivalent series circuit

Q tan ¢ 2 R, 8

R X, G
Z| G R ! (kw

[pf) = cos ¢ = =
Z Ry vy~ Ng, ~ Var+1  kva

2y 2
22 = R* + X,;? Ro"X s RRp = X
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=R IQ*+ 1}

Impedance formulas  continved
1 1 G
Y2=G2+Be'_-*,;+ a
Rg? = Xpt K
Ry = Z- = G = Rl' Xp— =
R, Y R, + X2
X, = 2z _ B R
Xp i
R = 1 Z* _R:+ X2
G K s
Xy 1 _Z2 _R*P+X
B X

Approximate formulas

Reactor R, =

Resistor R = R, = R, and X,

Simplified parallel and series circuits

X

tan ¢

{pf)

{pf)

o

p

wly B=—-
wl, R,f
R wl,

R,

VR + w2 VR4 Wi,k

approx

|
- I
Q1
1

=L~— -
Pr4/Qe

X* and X = X,
R

1

X, =X .
"RE4 X T 41/Qe

Xe

{

R
*NgR, — &

{See Note 1, p. 81}

(See Note 2, p. 81)

. X, = wl,
wl,
Q= w, _ R,
R, wlp
wly

{See Note 3, p. 81}
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Impedance formulas  continved

-1 —1

Xp = — B = wC X = >O—
S im e #e, | 1
! E Cp Rp
1 = : - = e C
an ¢ wC.R, w pRp
Q= ) . wC,R
WC.R, PRp
wC,R, _ 1

pf) = =

V14 0GR VI + 0GR,

(pf) (See Note 3) I c,
3
R
‘ L'-O—'\/\}\,—-
Re = R R, =R Q2+ 1)

i

"Qz+ ) <% i
wCy
1 1 .
Co=Cy (1 C P
"( +o2> i 1 +1/Q? s
1+ R, 1 4+ Q2

Approximate formulas

Inductor R, = w*/R, and L =1L, =1L, (See Note 1)

Resistor R =R, =R, andl, = R*/w, (See Note 2)
Capacitor R, = 1/w*C*R, and C = C, = C, {(See Note 1)

Resistor R =R, =R, and C, = 1/w?C,R? (See Note 2)

Note 1: ({Small resistive component) Error in percent = — 100/Q?
(for Q = 10, error = 1 percent low}
Note 2: (Small reactive camponent) Error in percent = — 100 Q?
(forQ = 0.1, error = 1 percent low!

Note 3: Error in percent = 4 50/Q? approximately
lfor Q = 7, error = | percent high)
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Skin effect

A = correction coefficient
D = diameter of conductor in inches
f = frequency in cycles/second
Rec = resistance at frequency f
Rg. = direct-current resistance
T = thickness of tubular conductor in inches
T1 = depth of penetration of current
p = permeability of conductor material (u = 1 for copper and other
nonmagnetic materials)
p = resistivity of conductor material at any temperature

pe = resistivity of copper at 20 degrees centigrade
= 1.724 microhm-centimeter

Fig. 5 shows the relationship of Ra./R4e versus D\/f for copper, or versus
Vi V upe/p for any conductor material, for an isolated straight solid con-
ductor of circular cross section. Negligible error in the formulas for R
results when the conductor is spaced at least 10D from adjacent conductors.
When the spacing between axes of parallel conductors carrying the same
current is 4D, the resistance R, is increased about 3 percent, when the
depth of penetration is small. The formulas are accurate for concentric lines
due to their circular symmetry.

For values of D\/? '\//.ch/p greater than 40,

Rec _ 00960 DV/F Vupo/p + 0.26 m

de
The high-frequency resistance of an isolated straight conductor: either solid;
or tubular for T < D/8 or T, < D/8; is given in equation (2). If the current
flow is along the inside surface of a tubular conductor, D is the inside
diameter.

Rae = A\—DG \[Mi’x 10 ~¢ ohms/foot 2

Pe

The values of the correction coefficient A for solid conductors and for
tubular conductors are shown in Fig. 6.

The value of VN ‘y;;c/p that just makes A = 1 indicates the penetration of



ratio of Ruc/R.

FUNDAMENTALS OF NETWORKS 8]

Skin effect continved

le C

5o '200 scale 40 80 120 160 I/zoo 240/’ 25

40 LI5 / [ 20
AP
i s
- /
3
$ / 7/
/
3.0 L0 // // 13
/| []
117 //
/]
20 1.05 // // // 1e]
/ /

@ < / / / v
L o / o

g 8 g

AV :

/,
1.0 1.00 B8
° scaleA 2 a4 6 8 10
scaleB 10 20 30 40 80
DV'f for copper at 20°C, or D'«q\lypc,'p for any conductor material

Fig. 5—Resistance ratio for isalated straight solid conductors of circular cross section.
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Skin effect  continued

the currents below the surface of the conductor. Thus, approximately,

T 5 b L ineh 3
| = ~/~4/— inches.

Vi N pupe
When T; < D/8 the value of Rq as given by equation {2] (but not the value
of Rae/Rac in Fig. 6, “Tubular conductors”) is correct for any value T > T,.

Under the limitation that the radius of curvature of all parts of the cross
section is appreciably greater than Ty, equations {2) and (3) hold for isolated
straight conductors of any shape. In this case the term D = (perimeter of
cross section} /.

Examples

a. At 100 megacycles, a copper conductor has a depth of penetration
T, = 0.00035 inch.

b. A steel shield with 0.005-inch copper plate, which is practically equiva-
lent in Ree to an isolated copper conductor 0.005-inch thick, has a value of
A = 1.23 at 200 kilocycles. This 23-percent increase in resistance over that
of a thick copper sheet is satisfactorily low as regards its effect on the losses
of the components within the shield. By comparison, a thick aluminum sheet

has a resistance V p/p, = 1.28 times that of copper.

Fig. 6—Skin-effect correction coefficient A for solid and tubular conductors.

solid conductors tubular conductors
o Vilu] A Vi \/u‘" A l Ruc/Rae
P | P
> 370 1.000 = B where| l
220 1.005 B> 3.5 L
160 1.010 35 1.00 1.35
3.15 1.01 123
98 1.02 2.85 1.05 | 138
48 1.05
26 1.10 2.60 1.10 1.10
229 1.20 1.06
13 1.20 2.08 130 | 1.04
9.6 1.30
53 2.00 177 1.50 1.02
< 3.0 Rae = Rae 1.31 2.00 1.00
_ 1037 » —q = B where, 2.60
Rae ot 7 X 1076 ohms/foot - 103} B 1.00
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Network theorems

Reciprocity theorem

If an emf of any character whatsoever located at one point in a linear net-
work produces a current at any other point in the network, the same emf acting
at the second point will produce the same current at the first point.

Corollary: If a given current flowing at one point of a linear network
produces a certain open-circuit voltage at a second point of the network,
the same current flowing at the second point will produce a like open-
circuit voltage at the first point.

Theévenin's theorem

If an impedance Z is cqnnected between two points of a linear network, the
resulting steady-state current I through this impedance is the ratio of the
potential difference V between the two points prior to the connection of Z,
and the sum of the values of (1) the connected impedance Z, and (2) the
impedance Z, of the network measured between the two points, when all
generators in the network are replaced by their internal impedances:

oV
zZ+ 2,

Corollary: When the admittance of a linear network is Y2 measured be-

tween two points with all generators in the network replaced by their internal

impedances, and the current which would flow between the points if they

were short-circuited is I,., the voltage between the points is Viz = L¢/Y1e.

Principle of superposition

The current that flows at any point in a network composed of constant
resistances, inductances, and capacitances, or the potential difference which
exists between any two points in such a network, due to the simultaneous
action of a number of emf's distributed in any manner throughout the network,
is the sum of the component currents at the first point, or the potential differ-
ences between the two points, that would be caused by the individual emf's
acting alone. {Applicable to emf's of any character.)

In the application of this theorem, it is to be noted that for any impedance
element Z through which flows a current I, there may be substituted a virtual
source of voltage of value —Z1.
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Formulas for simple R, L, and C networks*

1. Self-inductance of circular ring of round wire at radio fre-
quencies, for nonmagnetic materials

|
L= 2|73 logie ba _ 6.386:] microhenries
100 d
a = mean radius of ring in inches
d = diameter of wire in inches
)
> 25
d
2. Capacitance of a parallel-plate capacitor
= 0.0885 K (N —r L micromicrofarads

= area of one side of one plate in square centimeters
= number of plates

t = thickness of dielectric in centimeters

K = dielectric constant

zZr>r» O

This formulo neglects “fringing" at the edges of the plates.

. Reactance of an inductor
= 2nfl ohms

= frequency in cycles per second
= inductance in henries

- x W

or fin kilocycles and L in millihenries; or f in megacycles ond L in microhenries.

4. Reactance of a capacitor
=l
2w fC

f = frequency in cycles/second
C = capacitance in forads

ohms

—159.2
o
fC
f = frequency in kilocycles/second
C = capccitance in microfarads
or f in megacycles and C in millimicrofarads (0.001uf).

This may be written X = hms

* Many formulas tor computing capacitance, inductance, and mutual inductance will be found
in Bureau of Standards Circular No. C74.
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Formulas for simple R, L, and C networks  continved

5. Resonant frequency of a series-tuned circuit

1
j = aIC cycles/second

L = inductance in henries

C = capacitance in farads
25,33
This may be written LC = 5{2 0

f = frequency in kilocycles
L = inductance in millihenries
C = capacitance in millimicrofarads {0.001uf)
or fin megacycles, L in microhenries, and C in micromicrofarads.

6. Dynamic resistance of a parallel-tuned circuit at resonance

X?

= = h
ez Ck)oms
=wl = 1/wC

=n+r

- inductance in henries
= capacitance in farads
resistance in ohms

o O~ o X
|

The formula is accurate for engineering
purposes provided X/R > 10.

7. Parallel impedances

If Zy and Zp are the two impedances that are connected in parallel, then
the resultant impedance is

Z\Zs
>
21+ Zy

Refer also to page 85.

Given one impedance Z, and the desired resultant impedance Z, the other
impedance is

Z, = 22,
Zi — &
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Formulas for simple R, L, and C networks  continved

8. Input impedance of a 4-terminal network*
Zu = Rn + jXu

is the impedance of the first circuit, measured at terminals 1 — 1 with
terminals 2 — 2 open-circuited.

Zag = Raa + jXos

is the impedance of the second circuit, measured at terminals 2 — 2 with
load Z» removed and terminals 1 — 1 open-circuited.

Zix = Ria +jxl2

is the transfer impedance between the two pairs 1 2
of terminals, i.e., the open-circuit voltage appear-
ing at either pair when unit current flows ot the 2
other pair.

2,

Then the impedance looking into terminals i [
1 — 1 with ioad Zp across terminals 2 — 2 is equivalent circuit
] 2% . Rz — X2 + 2/Ry2Xig
Z/ =R’ X' =27y — = Ry + jXu — —
S St e AR S ey e e
When
ng = 0
Zl, =R '+jX1’ =Zn+ 1o -
Zas + Zo

Example: A ftransformer with tuned secondary and negligible primary
resistance.

Zn = jwl, M
Zas + Za = Ra since Xaa + X2 = 0 C.
-
Z = oM Z/ [
WIM? Re

Then Zy = jwl, + 7

* Scope and limitations: The formulas for 4-terminal networks, given in paragraphs 8 to 12
inclusive, are applicable to any such network composed of linear passive elements. The elements
may be elther lumped o- distributed, or a combination of both kinds.
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Formulas for simple R, L, and C networks  continved

9. Input admittance of a 4-terminal network*

Y = admittance measured at terminals | Y, 2
1 — 1 with terminals 2 —2 short-

circuited.
. . Y
Yqe2 = admittance measured at terminals —
2 — 2withload Y, disconnected, ( >
and terminals 1 — 1 short- o——=g P 0
circuited. equivalent circuit

Yia = transfer admittance, i.e., the short-circuit current that would flow at
one pair of terminals when unit voltage is impressed across the other

pair.

Then the admittance looking into terminals 1 — 1 with load Y, connected
across 2 — 2 is

Y2

Y/ =G' +jB = Yu — Yor + Y

10. 4-terminal network with loads equal to image impedances*

When Z; and Z, are such that 2’ = Z,
and 2" = Z, they are called the image
impedances. let the input impedance
measured at terminals 1 — 1 with ter-
minals 2 — 2 open-circuited be Z’q
and with 2 — 2 short-circuted be Z’,..
Similarly Z" and Z",. measured at
terminals 2 — 2. Then

zl?
equivalent circuit

, Z2 ¢ y? ¥
= [ - 2] = o )

Pl

[
L

2 2 2,
Z” - [ZNGGZ”M:]B,é . [7.22 <Z22 = ZZ]2>] = [ng (Ygg — Y;l-)
11 n
Z'se L ZN«c 4 Z%2 ]
— [Z’w] - [Z”oc] = [ ZnZ22
Y2, :I.‘{
=1~
[ Y11Yae

* See footnote on p. 92.

r

tanh {a« + jB)
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Formulas for simple R, L, and C networks  continved

The quantities Z11, Z22, and Zi» are defined in paragraph 8, above, while
Y1, Ys2, and Y12 are defined in paragraph 9.
{a + jB) is called the image transfer constant, defined by
complex volt-amperes into load from 2—2> _ vals V‘le 2?25
omplex volt- -amperes into network at 1-1 vt w2 i?Zy

= ~20tB) =~ o8

when the load is equal to the image impedance. The quantities « and 3
are the same irrespective of the direction in which the network is working.

When Z; and Z3 have the same phase angle, « is the attenuation in nepers
and B is the angle of lag of i» behind 1.

11. Currents in a 4-terminal network*

. e
, ==
X e.T
- Za2
= ¢, —
ZnuZas — Z%2 5 2o 2
equivalent circuit
- Re2 + jXaa
(RuRzz = X11X22 - R212 + qu) + ](Rux’z + Rzzxu 2R12X1°)
Zys

e - o
Z2uZs — I

12. Voltages in a 4-terminal network™
Let

i1se = current that would flow between
terminals 1-1 when they are
short-circuited.

Y11 = admittance measured across termi-
nals 1 — 1 with generator re-
placed by its internal impedance,
and with terminals 2 — 2 short- h—d
circuited.

equivalent circuit

* See footnote on p. 92.
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Formulas for simple R, L, and C networks  continved

Yoo = admittance measured across termincls 2 — 2 with load connected
and terminals 1 — 1 short-circuited.

Y2 = transfer admittance between terminals 1 — 1 and 2 — 2 (defined in
paragraph 9 abovel.

Then the voltage across terminals 1 — 1, which are on the end of the net-

work nearest the generator, is

- iseY 22
YiYaz — Yie

Vi

The voltage across terminals 2 — 2, which are on the load end of the
network is

iluyl‘z

vy = -
YiYes — Yo

13. Power transfer between two impedances connected directly

let Z; = R, + jX; be the impedance of the source, and Z; = Ry + jXo be
the impedance of the load.

The maximum power transfer occurs when
R = R1 and X; = —Xl

P 4R\R,

Pm (Rl + R2)2 + (Xl + X2)2

P = power delivered to the load when the impedances are connected
directly.

P.. = power that would be delivered to the locd were the two impedances
connected through a perfect impedance-matching network.

14. Power transfer between two meshes coupled reactively

In the general case, X;; and Xz2 are not
equal to zero and X2 may be any re-
active coupling. When only one of the

. e
quantities X1, Xs2, and Xi2 can be varied, n Xn Ra
the best power transfer under the cir-
cumstances is given by: Rur X2 i
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Formulas for simple R, L, and C networks  conlinged

For Xus variable

X212Xll 2 . Y .
Xog = b2 4 va |Zero reactance looking into load circuit)
Ry + X2,
For Xy, variable
X2l2X22 g . R q
X = ~ ——— lzero reactance looking into source circuit]
22‘.’ + X222

For X2 variable
X%y = \/(Rzu +_X211) (R%, 'f: szzi

When two of the three quantities can be varied, a perfect impedance match
is attained and maximum power is transferred when

X = VR + X4 R + Koyl

and
X
)Rfu = R—” {both circuits of same Q or phase angle)
11 22

For perfect impedance match the current is
e
ip = — L Z tan—t Ru
2V Ry Rao X1

In the most common case, the circuits are tuned to resonance X; = 0 and
X2 = 0. Then X2y = Ry Res for perfect impedance match.

15. Optimum coupling between two circuits tuned to the same
frequency

From the last result in paragraph 14, maximum power transfer lor an im-
pedance match) is obtained for w?M2 — RiRs where M is the mutual in-
ductance between the circuits, and R, and R, are the resistances of the
two circuits.

16. Coefficient of coupling—geometrical consideration

By definition, coefficient of coupling k is

_ M

ik

where M = mutual inductance, and Ly and L, are the inductances of the
two coupled circuits.

k
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Coefficient of coupling of two coils is a geometrical property, being a
function of the proportions of the configuration of coils, including their
relationship to any nearby objects that affect the field of the system. As
long as these proportions remain unchanged, the coefficient of coupling is
independent of the physical size of the system, and of the number of turns
of either coil.

17. T—7 or Y — A transformation

The two networks are equivalent, as far as conditions at the terminals are
concerned, provided the following equations are satisfied. Either the impe-
dance equations or the admittance equations may be used:

Yi=1/2Zy, Yio = 1/Z,s, et

Tor Y network 7 or A network
Impedance equations Admittance equations
22y + 2\Z3 4 2275 Y1Ys
Ziy = = e Yig = —— .
23 Yl + Y2 + Y3
272y + 2,75 + Z,Z; Y1Ys
2y = — — Yis = —
Zy i+ Y+ Vs
22+ 27+ o7 A7
Loz = — Yos = -
Z; Yi+ Y+ Y;
Z, = 212213 o % = Ylgrymj_‘_er\Zz:«_*‘_YmYza
Zy2 + Zys + Zag Ya3
_ 22223 _ YieYis 4 YieYaz + YisYos
Zy = - — - Yo = — —— T
Zye + Zi3 + Zog Y13
7 Z13Z23 _ YV 4 YieYas + YisYas
3 Y= —— —— = °

" Zwu+ 2 + Zas Yo
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Fig. 7—Simple filter sections containing R, L, and C. See also Fig. 8.

time constant

diagram type or formula and approximation
iresonant freq|
R | | |
A ‘ Epue _ V1
| _ Ein V1ot @l
£ c £ low-pass T=RC | w
n out R-C
| ' | ¢a = —tan! RwC)
; [ Eout _ Vo
8| 1 Ein ; 1
high-pass| T=RrC \ + wT?
R-C
I | ¢p = tan! 1/RwC}
———— |
1
I 1
c | Eout 1 - 1
L E V1 F ot ol
low-pass T b LI o
out
R-L | ,
¢c = —tan”! (wl/R)
[
Gmmriendeo | ] i
{ Eout 1 -
o | L | Ew | T of
€,,  high-pass T =7 Nt ST
R-L i
I . ép = tan? (R/wl)
= Bt o _ & . -
o 66 6 Ein 1 — &*LC 1 — £/
L | | o 0.1592 | ] .
Ein c €0t ow-pass ! = _
‘I‘ L-C Vic WLC F
| ¢ =0forf<fy ¢=mlorf>fh
o—) ! | ot o ] "
c . Ein 1 —1/etC 1 —fF/F
0.1592
Ein L Eowt  |high fo = L
gh-pass = o o it
L1-C Lc S Ix
o * o '

| ¢ =0ftorf> fo

¢ =mlorf <fy

R in ohms; L in henries; C in farads (1uf = 1076 farad).

fn =
472 = 39.5

T = time constant {seconds),
2 = 628, 1/2r = 0.1592,

The relationships for low-pass filters are plotted in Figs. 9 and

resonant frequency lcps),

w = 2rf,

1/4x* = 0.0253.

10.
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18. Elementary R-C, R-L, and L-C filters and equalizers

Simple attenuating sections of broad frequency discriminating characteris-
tics, as used in power supplies, grid-bias feed, etc. are shown in Figs. 7 and 8.
The output load impedance is assumed to be high compared to the impedance
of the shunt element of the filter. The phase angle ¢ is that of Eoue with
respect to Eyp.

R-L Section
(Figs. 7C and D)

R-C Section
{Figs. 7A and B)

Fig. 8—Circle diagrams for R-L and R-C filter sections.

= X} —
ol ~ —
S N
<& ~ N N N
2 N N\
© ™ \‘
g N
©
2 -s008 -2008 ;
o 0.001 0.l =
o o
e 7
z d
>
\ | \
curves intersect this \ ] 0
i 10 -
ine ot f=—= ' \
~80 0B -40 D8 1 TN i |
0.0001 00! : N\ NS N N
~—— N S\
N \ N\ N N
AN N N
BEA N
@ ¢ e N N
o o
3 % N\ N
~\\ 4 \
-10008 -60 0B \
00000I  0.001 i N
10XN  scafe A 100X N 1000 X N 10,000 XN
1000 XN scale B 10,000 XN 100,000% N 10°% N

frequency in cycles/second

Fig. 9—Low-pass R-C and R-L filters. N is any convenient factor, usually taken as an
integral power of 10.
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.o

".-
g™

) §

: §
\
\
A

/r
P

~2008 \
0.

voltage-reduction ratio Eout/Ein

—
A\ —— value of t¢
X
3
curvesintersect this ~ \
line atf = —
~8008 e Lc \‘ \
[oXe] “ \
\
\
\ AU\ VAN
AVAY
. NI\
-6008
500 A\
I0XN I00XN 1000 XN 10,000 XN

frequency in cycles/second

Fig. 10—Low-pass L-C filters. N is any convenient factor, usually taken as an integral
power of 10.

Examples of low-pass R-C filters
a. R = 100,000 ohms
C = 01X 107% (0.1 uf)

Then T = RC = 0.01 second

At f = 100 cps: Eout/Ein = 0.16—

]

At f = 30,000 cps:  Eou/Ein = 0.00053
b. R = 1,000 ohms
C = 0.001 X 1078 farad
T =1 X 10-%second = 0.1/N, where N = 10°
At f = 10 megacycles = 100 X N:  Eou/Ein = 0.016—
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Example of low-pass L-C filter
At f = 120 cps, required Eou/E;n = 0.03
Then from curves: LC = 6 X 10~% approximately.

Whence, for C = 4 uf, we require L = 15 henries.

Effective and average values of alternating current

{Similar equations apply to a-c voltages)

i = Isin wt

Average value I, =

SIS

which is the direct current that would be obtained were the original current
fully rectified, or approximately proportional to the reading of a rectifier-
type meter.

. I
Effective or root-mean-square (rms) valve I, = ——

V2
which represents the heating or power effectiveness of the current, and is
proportional to the reading of a dynamometer or thermal-type meter.
When

i=Io+Ilsinw1f+Izsinwgf+

Ly =VIE+ U2+ L2+ ....)

Note: The average value of a complex current is not equal to the sum of the
average values of the components.

Transients—elementary cases

The complete transient in a linear network is, by the principle of superposi-
tion, the sum of the individual transients due to the store of energy in each
inductor and capacitor and to each external source of energy connected to
the network. To this is added the steady-state condition due to each ex-
ternal source of energy. The transient may be computed as starting from any
arbitrary time t = O when the initial conditions of the energy of the network
are known.
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Time constant (designated T): Of the discharge of a copacitor through a
resistor is the time t» — t, required for the voltage or current to decay to
1/€ of its value at time ;. For the charge of o capacitor the same definition
applies, the voltage “decaying” téward its steady-state value. The time con-
stant of discharge or charge of the current in an inductor through a resistor

follows an analogous definition.

Energy stored in a capacitor = 3 CE? joules (watt-seconds)

Energy stored in an inductor = L L2 joules (watt-seconds)

e = 2718 1/€ = 0.3679 loge = 0.4343 T and t in seconds
R in ohms L in henries Cinfarads E involts [in amperes

Capacitor charge and discharge

Closing of switch occurs at time t = 0

Initial conditions {at t+ = 0): Battery Ey; e. = Eo. i
Steady state {att = @): i=0;, e.=Es
Transient: £
. Ey— Eo —_yre —~t/RC i 0.4343
i = e " = Le lo = - - t
R 0 Jdio X RC
T B = ~t
e = Eo+ J idt = Epe R + Ey 1 — 7%
C Jo
Time constant: T = RC
Fig. 11 shows current: ifl = %
Fig. 11 shows discharge (for Ey = 0): ec/Eo = ¢ VT
Fig. 12 shows charge {for Eq = 0): ec/Eh=1— €T
These curves are plotted on a larger scale in Fig. 13.
. R74:
€ :/f, 1 ;l
1.0 1.0
=)
1-1/¢
V3
ey
0 1.0 P o 1.0 20 /7

Fig. 11—Capacitor discharge. Fig. 12—Capacitor charge.
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Two capacitors

Closing of switch occurs at time t = 0
Initial conditions (at t = 0):

e = E|; ey = E,

Steady state lat t = )

eg=Eqea= —Egi=0.
- EBEC — B c = CiC .
By == =
G+ G G+ G
Transient:
lez Ca C, e
— E+E t/RC’ T T
1 = € -
R it
. YT
exponential e
0.010 0.020 0.030 0050 0070 0.100 020 030 0.50 070 1.0
“E’ € 0 TT ¥ ¥ TT A
=18 1 \4 143 132 ; o
23— (£) (4) (2)
4N =
z g -
ol=
I, /
- //
1
- >
q -
/
0.99 0.98 097 095 093 0.90 0.80 0.70 0.50 030 0.00
exponential 1 —¢ T
— I |
Use exponential ¢~ T for charge or Use exponential 1 — ¢ =T for charge of |
discharge of capacitor or discharge of capacitor:
inductor: |
{current at time #) {voltage at time )
{initia! current) (battery or final voltage)
Discharge of caopacitor: Charge of inductor: ’
(vo!tcge at time ) {current at time )
(initial voltage) | (final current)
|
l

Fig. 13-—Exponential functions e 4 and 1—¢ T applied to transients in R-C and
L-R circuits.
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’
er = Ep 4+ (E, — Ef e VR = F, — (E, + E)) (C:: (1 — e~¥EC)
1

!

eo = — E; 4+ (E2 4+ E) e VEC — F, — (B, + Ep) (C: (| — ¢~VEC)
2

Original energy = } (CiEs* 4+ GE:?) joules

Final energy = % (C1 + Cy) E,? joules

loss of energy = J i2Rdt = L C' (Ey + Eo? joules

]

{Loss is independent of the value of R.)

Inductor charge and discharge

Initial conditions lat t = 0):
chery = Ep; i = Iy L

Steady state lat t = @):i = Iy = Ev/R
Transient, plus steady state:

i=1I; 1 = P L ke £ £
e, = —Ldi/dt = —{E — Rlge ™"

Time constont: T = L/R

Fig. 11 shows discharge (for E» = O} i/ly = "7

Fig. 12 shows charge (for 10 = O ifl; =00 — e 7N

These curves are plotted on o larger scale in Fig. 13.

Series R-L-C circuit charge and discharge

Initial conditions (at+ = 0): R
Battery = Ey; e = Eoi i = Do
Steady state latt = «):i = 0;e. = Ey L

Differential equation:

1 [ di
Eb—Ec—CJidr—Ri—L '=0

0 dt
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d% . di
hen L 4+ RS =0
when L5+ R+ &

Solution of equation:

i= E—M/zL[QLEg—_Eo) =& sinh & VD + Ip cosh Rr-\/B]
RVD 2L 2L

A
R:C

where D =1—

Case 1: When L is small
RC
, 1 E» — Eo - a4+ a424n
ey — Y 2 A+ AD |
' (1—2A—2A2){[ R Jstey ]‘
—_— _.&' 1—- A — A
4= [10(1 —A—AY — Eb__RﬂE’]e 7 (1-4 A)}

L

here A = —
where RiC

For practical purposes, the terms A? can be neglected when A<O0.1. The
terms A may be neglected when A <0.01.

Case 2: When Rt'& <1 for which VD is real

i G—M/?Ij [Eb— Eo _ Iy | — \/5 ]62’?".‘\/5
VD R 2
— _RYp
+ [’-‘?(1 + \/B> — & .E°]e 7L ”}
2 R

Case 3: When D is @ small positive or negative quantity

. _reon 216, — Eo)[Rf 1/ RH\? ]

= ’ — D

T { R 2 T e\a

Rt | 1 /RH\? 1 [ Rr\3
LV — - - D—-{—)D
i °[ 2L+2<2L> 6<2L> ]}

This formula may be used for values of D up to =025, at which values the
error in the computed current i is approximately 1 percent of Ip or of
Es — Eo

R
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Case 3a: When 4L/R2C = 1 for which D = 0, the formula reduces to

T T
. — i Ev-E,
=g ”‘[Eb R Eo f,-{—lo(l = ;Z)] +0.5 \‘l,;/(bT)
0 =
ori = iy 4 iy, plotted in Fig. 14. For prac- /1,
tical purposes, this formula may be used “%%¢ v 2 3 4
when 4L/R*C = 1 = 0.05 with errors of 1 Rt/ 2L
percent or less. Fig. 14—Transients for 4L/R2C = 1.
4L . L
Case 4: When RiC >1 for which VD is imaginary
. — Ry, sz Ev — Eo Rly :l . }
= — — —— |sin wot + Jp cOs wyt
e l[ PR bt
= Ine B2 sSin lwot + )
here h_®
w we = =
T Nic T 4
l‘ R_ 2
I = ] ‘\(Eb = 'Eg.~— 10> + wo?l%y? ¥ = tan! — wol Jo .
woL 2 Rlo
Ey — Eg — 3

The envelope of the voltoge wave across the inductor is:

: ! [ R\ -~
R1/2L | 0 2y 2
*e Ey — Eo — + wp?l*ly®
woV Lc\'< TR T > o
Example: Reloy with transient-suppressing capacitor.

Switch closed till time t = 0, then opened.

let L
E

0.10 henries, Ry = 100 ohms,

]

10 volts "=

Suppose we choose
C = 1076 farads
Ry = 100 ohms
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Then

R = 200 ohms

Ip = 0.10 amperes
Eo = 10 volts

wy = 3 X ]03

fo = 480 cps

Maximum peak voltage across L {envelope att = 0) is approximately 30 volts.
Time constant of decay of envelope is 0.001 second.

It is preferable that the circuit be just nonoscillating {Case 3a) and that it
present a pure resistance at the switch terminals for any frequency (see
note on p. 85}.

R2=R,=R2=IOOohms
4L R’C =1
C = 107 farad = 10 microfarads

At the instant of opening the switch, the voltage across the parallel circuit
is Eo — Ralp = 0.

Il

Series R-L-C circuit with sinusoidal applied voltage

By the principle of superposition, the transient
and steady-state conditions are the same for the
actual circuit and the equivalent circuit shown in
the accompanying illustrations, the closing of the
switch occurring at time t = 0. In the equivalent
circuit, the steady state is due to the source e
acting continuously from time t= — @, while -
the transient is due to short-circuiting the source
—e at time t = 0.

actual circuit

Source: e E sin (wt + o

Steady state: i €z —¢ = gsin {wt + a — ¢!

V4
where
z=Jeo 4+ (= LY
\R- + <wL - wC)
fon ¢ = WiC — 1
wCR equivalent circuit

The transient is found by determining current i = I
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and capacitor voltage e, = Eq at time t = 0, due to the source —e. These
values of Ip and Ey are then substituted in the equations of Case 1, 2, 3, or
4, above, according to the values of R, L, and C.

At time t = 0, due fo the source —e:

i=Io=—§sin(a—¢)

e. = Ey = - cos la — ¢)
w

This form of analysis may be used for any periodic applied voltage e. The
steady-state current and the capacitor voltage for an applied voltage —e
are determined, the periodic voltage being resolved into its harmonic com-
ponents for this purpose, if necessary. Then the instantaneous values
i = Iy and e, = Eg at the time of closing the switch are easily found, from
which the transient is determined. It is evident, from this method of analysis,
that the waveform of the transient need bear no relationship to that of
the applied voltage, depending only on the constants of the circuit and the
hypothetical initial conditions Iy and Ej.

Transients—operational calculus and Laplace transforms

Among the various methods of operational calculus used to solve transient
problems, one of the most efficient makes use of the laplace transform.

If we have a function v = f(}, then by definition the Laplace transform is
Tiv) = Flp), where

Flp) = J €Pf() dt (4)
0

The inverse transform of Flp) or TV is v = (1. Most of the mathematical
functions encountered in practical work fall in the class for which Laplace
transforms exist. The transforms of a number of functions are given in the
table of pages 611 to 613.

The electrical lor other) system for which a solution of the differential
equation is required, is considered only in the time domain t 2 0. Any
currents or voltages existing at t = 0, before the driving force is applied,
constitute the initial conditions. The driving force is assumed to be zero
when t < 0.



FUNDAMENTALS OF NETWORKS ]09

Transients—operational calculus and Laplace transforms  confinved

Example

Take the circuit of Fig. 15, in which the switch is closed at time t = 0.
Prior to the closing of the switch, suppose the capacitor is charged; then
att = 0, we have v = Vo It is required to find the voltage v across capac-
itor C as a function of time.

Writing the differential equation of the circuit in
terms of voltage, and since i = dg/dt = Cldv/d1),
the equation is

el) = v+ Ri = v+ RCldv/dH (51

where eltl = Ep Fig. 15.

Referring to the table of transforms, the applied voltage is Ep multiplied by
unit step, or ExS—i(f); the transform for thisis E,/p. The transform of v is T(v).
That of RCldv/dh is RC[pT v} — v(0)], where vi0} = Vo = value of v
at t = 0. Then the transform of (5} is

Eo = T 4 RC[pTiv) — Vi
P A
Rearranging, and resolving into partial fractions,
RCV i 1 Vv
T S ; =E”( — '—)+—°. (6)
pll 4+ RCp! 1 + RCp p p+1/RC p =+ 1/RC

Now we must determine the equation that would transform into (61, The
inverse transform of Tlv) is v, and those of the terms on the right-hand side
are found in the table of transforms. Then, in the time domain t 2 0,

v=Ell — R + Ve e 7)

This solution is also well known by classical methods. However, the advan-
tages of the laplace-transform method become more and more apparent
in reducing the labor of solution as the equations become more involved.

Circuit response related to unit impulse

Unit impulse is defined on page 611. It has the dimensions of time™. For
example, suppose a capacitor of one microfarad is suddenly connected to
a battery of 100 volts, with the circuit inductance and resistance negligibly
small. Then the current flow is 1074 coulombs multiplied by unit impulse.

The general transformed equation of a circuit or system may be written
Tl) = ¢lp) Tle) + ¢ (p) 8

Here T is the transform of the required current (or other quantity}, Tlel is
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the transform of the applied voltage or driving force elt). The transform
of the initial conditions, at t = 0, is included in ¥ (p).

First considering the case when the system is initially at rest, Yy (p) = 0.
Writing iq for the current in this case,

Tlia = ¢lp) Tle) %)

Now apply unit impulse Syt {multiplied by one volt-second!, and designate
the circuit current in this case by Bl and its transform by TI(B). By pair 13,
page 613, the transform of Syit) is 1, so

T8l = ¢lp) (10}
Equation (9) becomes, for any driving force
Tlig) = T(B) Tle) an
Applying pair 4, page 612,
t (]
ig = j Bit — N ef\) d\ = j BIA) elt — N dA (12
0 0

To this there must be added the current ip due to any initial conditions that
exist. From (8),

Tligh = ¢(p! (13}

Then ig is the inverse transform of ¢ (p).

Circuit response related to unit step

Unit step is defined and designated $—1{} = 0 for t < 0 and equals unity
for t > 0. It has no dimensions. lts transform is 1/p as given in pair 12,
page 613. let the circuit current be designated A(tl when the applied
voltage is e = S—{t} X (I voltl. Then, the current i, for the case when
the system is initially ot rest, and for any applied voltage eltl, is given by
any of the following formulas:

t
ia = Altl el0) +J Alt — X e’ (\) d\
o

rt

At el0) 4+ ! AN e’lt — ) d\
Jo

( (14)

]
= A0} eft) 4 j A’lt — N e\ I
o

(]
A0l elt) 4 J A’(N) elt — N dA
o

where A’ is the first derivative of A and similarly for e’ of e.



FUNDAMENTALS OF NETWORKS ]]]

Transients—operational calculus and Laplace transforms  continued

As on example, consider the problem of Fig. 15 and (5] to (7) above. Sup-
pose Vo = 0, and that the battery is replaced by a linear source
el = Et/T,
where T; is the duration of the voltage rise in seconds. By (7], setting E, = 1,
Al = 1— e 75
Then using the first equation in (14) and noting that e(0) = 0, and e’(t)
= F T, when 0 < t £ Ty, the solution is

Er  ERC -t/ RC)

v=—_— (1 — e

T T
This result can, of course, be found readily by direct application of the
Laplace transform to (5) with elth = Et/Ty.

Heaviside expansion theorem

When the system is initially at rest, the transformed equation is given by (%)

and may be written

~_ Mip)
Gip)

MIlp) and Glp) are rational functions of p. In the following, M(p) must be

of lower degree than Glp}, as is usually the case. The roots of Glp) =0

are p,, where r = 1, 2, ... . n, and there must be no repeated roots. The
response may be found by application of the Heaviside expansion theorem.

Tlig Tlel (15

For a force e = E,, €' applied at time t = O,
) M jw) o Mip,) e
o= I e e (16a)
Emnx G(]w) r=1 lor — ]w) G'lp,
P 1 €Prt

Zjw) i ,_Zl lor — jw Z'(p,) (1eb)
The first term on the right-hand side of either form of (1) gives the
steady-state response, and the second term gives the transient. When
e = E . cos wh, take the real part of (16}, and similarly for sin wt and the
imaginary part. Z(p} is defined in (19) below. If the applied force is the
unit step, set w = 0 in (16).

Application to linear networks

The equation for a single mesh is of the form

A,Ld'+....+A1dl+Aoi+BJidr=e(r) 7
dr® dt
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System initially ot rest: Then, (17) transforms into
(App™ + . ... + Ap + Ay + Bp~Y) Tlil = Tle) {18)

where the expression in parenthesis is the operational impedance, equal
to the alternating-current impedance when we set p = jw.

If there are m meshes in the system, we get m simultaneous equations like {17)
with m unknowns iy, iy, ...., im. The m algebraic equations like {18) are
solved for Tli)), etc., by means of determinants, yielding an equation of the
form of (15) for each unknown, with a term on the right-hand side for each
mesh in which there is a driving force. Each such driving force may of
course be treated separately and the responses added.

Designating any two meshes by the letters h and k, the driving force elt) being
in either -mesh and the mesh current i{t) in the other, then the fraction
Mlp) /Glp} in {15) becomes

M) 1
Glp) Zni(p}
where Yiilpl is the operational transfer admittance between the two

meshes. The determinant of the system is Glp), and My.lp) is the cofactor
of the row and column that represent elt) and ilf).

— th(p) “9)

System not initially at rest: The transient due to the initial conditions is
solved separately and added to the above solution. The driving force is
set equal to zero in (17), elth = 0, and each term is transformed according to

dni - ey
T = Tl — ¥ prr (200l
(dr"> P 2:. a [dr' ! ],-o °

ft
T [! idr] - 7 + ]U idr] (20b)
J0 P ] t =0

where the last term in each equation represents the initial conditions.
For example, in {20b) the last term would represent, in an electrical circuit,
the quantity of electricity existing on a capacitor at time t = 0, the instant
when the driving force el commences to act.

Resolution into partial fractions: The solution of the operational form of the
equations of o system involves rational fractions that must be simplified
before finding the inverse transform. Let the fraction be hip) /glp) where
hip) is of lower degree than glp), for example (3p + 21/(p? + 50 + 8).
If hip) is of equal or higher degree than glp}, it can be reduced by division.

The reduced fraction can be expanded into partial fractions. Let the factors
of the denominator be {p — p,) for the n nonrepeated roots pr of the
equation glp) = 0, and {p — o, for a root p, repeated m times.
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ho) & A, s 8,
- r = (21a)
glp r.z.p—p,+,-. (b — pg)™rH a

There is a summation term for each root that is repeated. The constant
coefficients A, and B, con be evaluated by re-forming the fraction with a
common denominator. Then the coefficients of each power of p in hip)
and the re-formed numerator are equated and the resulting equations
solved for the constants. More formally, they may be evaluated by

7 {
YR L [-——hﬂ—] (21b)
g lp;) gl /lp—p,) 4,_,
]
B, = — {0 (5 2tc)
T = i =
where
hip)
flp) = (p — pa™ - o
glpl

and 77 (p,) indicates that the {r — 1th derivative of flp) is to be found,
after which we set p = p,.
Ap ‘*‘_A:

;- or, more generally,
P+ w

Ap + :4-_) o A(p_+ al + Bw

P+ 2p+b o+ o2+

where b > o% and w? = b — g2 need not be reduced further. By pairs 8,
23, and 24 of the table on pages 612 and 613, the inverse transform of (22a) is

Fractions of the form

(220)

€% (A cos wt + B sin wh (22b)
where
e hi{—a + jw +Vh(—c—jw) (298

g'l—a+jw | gl—a— ju
B = '[h(—o+]°.") —h—,(—fc’—]‘.")] (22d)
g'l—a+jw g'i—a — jw

Af ) + 8
Similarly, the inverse transform of the fraction P+ c‘) 6
o al? — a?

is €7 (A cosh at + B sinh atf), where A and B are found by (22¢) and (22d),
except that jw is replaced by a and the coefficient j is omitted in the expres-
sion for B.
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B Selective circvits

Coefficient of coupling®

Several types of coupled circuits are shown in Figs. 1B to F, together with
formulas for the coefficient of coupling in each case. Also shown is the
dependence of bandwidth on resonance frequency. This dependence is
only a rough approximation to show the trend, and may be altered radically
if L., M, or C,, are adjusted as the circuits are tuned to various frequencies.

k = Xizo/V XiXeo = coefficient of coupling
X120 = coupling reactance at resonance frequency fo
X0 = reactance of inductor for capacitor) of first circuit at fo
Xa = reactance of similar element of second circuit at fo
lbwl¢ = bandwidth with capacitive tuning

(bw), = bandwidth with inductive tuning

Gain at resonance

Single circuit

In Fig. 1A,

E

E: = = Ggm IXIOI Q
where

E, = output volts at resonance frequency fo

ey
li

input volts to grid of driving tube

gm = transconductance of driving tube

Pair of coupled circuits  (Figs. 2 and 3
In any figure—Figs. 1B to F,

Eo rd kQ

E = ]gm X10X20 Q |+ kQe

9

This is maximum at critical coupling, where kKQ =1

Q = VQQ. = geometric-mean Q for the two circuits, as loaded with the
tube grid and plate impedances

* See also "Coefficient of coupling—geometrical consideration,” p. 96.
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Gain at resonance  continved

For circuits with critical coupling and over coupling, the approximate gain is

I.Eo_ -

El VGG bw

0.1 gn

where (bw} is the useful pass band in megacycles, g,, is in micromhos, and
C is in micromicrofarads.

Ao \vawa V\/VL AT A4S
il il
7 N =
i- ) i€ it
= y L : =
B P F & ’ B F @

Fig. 2—Connection wherein k.. op-
poses k.. (k. may be due to stray
capacitance.) Peak of attenuvation is at
f = fr\/—km/k, Reversing connec-
tions or winding direction of one coil
causes k,, to aid k.

Selectivity far from resonance

The selectivity curves of Fig. 4 are based on the
type of coupling between the circuits. The cury
peak region treated on pp. 119-124.

In the equations for selectivity in Fig. 1

E = output volts at signal frequency f for same value

ducing E

For inductive coupling

_ @ f_hY _ .,
& 1+k202,:<fo f> "(

For capacitive coupling

A is defined by a similar equation,

Fig. 3—Connection wherein k., aids
k. If mutval-inductance coupling is
reversed, k,, will oppose k. and there
will be a transfer minimum at

f= 6V, /L.

presence of only a single
es are useful beyond the

of E; as that pro-

)2:, _ Q? 3 —f__ f9>2
T+ keQi\s !

except that the neglected term is

—k2fo/N% The 180-degree phase shift far from resonance is indicated by
the minus sign in the expression for Eo/E.
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Selectivity far from resonance  continved

=20

/| NN

-40

20 logie |E/Eo|

A\

\

kK
]

7

7~

decibels response

-100 \\

r20 [ \ )

-140 \
—8 3w @ o 38 38 2 8 8 8 oo
co o o ©o o o o - - < < < & wo
£/t

Fig. 4—Selectivity for frequencies far from resonance. Q = 100 and |k|Q = 1.0.

Example: The use of the curves, Figs. 4, 5, and 4, is indicated by the following
example. Given the circuit of Fig. 1C with input to PB, across capacitor C,.
let Q = 50, kQ = 1.50 and fp = 16.0 megacycles. Required is the response
at f = 8.0 megacycles.

Here f/fo = 0.50 and curve C, Fig. 4, gives —75 decibels. Then applying
the corrections from Figs. 5 and 6 for Q and kO, we find

Response = —75 4+ 12 4 4 — 59 decibels

+40

+
~N
o
+
n
o

+
o
4
+
»
o

decibels

~-20

/)

decibels for single circuit
o
o

decibels for double circvit

- 40 -10

[o] 2 3
g g MO |
Q

Fig. 5—Correction for Q > 100. Fig. 6—Correction for |k|@ = 1.0.

U
n
o

[e] o O
- N 0

100
200
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Selectivity of single- and double-tuned circuits near resonance

Formulas and curves are presented for the selectivity and phase shift:

Of n single-tuned circuits
Of m pairs of coupled tuned circuits

The conditions assumed are
a. All circuits are tuned to the same frequency fo.

b. All circuits have the same Q, or each pair of circuits includes one circuit
having Qu, and the other having Q..

¢. Otherwise the circuits need not be identical.

d. Each successive circuit or pair of circuits is isolated from the preceding
and following ones by tubes, with no regeneration around the system.

Certain approximations have been made in order to simplify the formulas.
In most actual applications of the types of circuits treated, the error involved
is negligible from a practical standpoint. Over the narrow frequency band
in question, it is assumed that

a. The reactance around each circuit is equal to 2X, Af/fo.
b. The resistance of each circuit is constant and equal to Xo/Q.

¢. The coupling between two circuits of a pair is reactive and constant.
(When an untuned link is used to couple the two circuits, this condition fre-
quently is far from satisfied, resulting in a lopsided selectivity curve.)

d. The equivalent input voltage, taken as being in series with the tuned
circuit lor the first of a pairl, is assumed to bear a constant proportionality
to the grid voltage of the input tube or other driving source, at all frequen-
cies in the band.

e. likewise, the output voltage across the circuit (or the final circuit of a
pair) is assumed to be proportional only to the current in the circuit.

The following symbols are used in the formulas in addition to those defined
on pages 114 and 117.

Af =

{deviation from resonance frequency)

fo fo {resonance frequency)

(bw) = bandwidth = 2Af

= reactance at fy of inductor in tuned circuit

number of single-tuned circuits

number of pairs of coupled circuits

= phase shift of signal at f relative to shift at fo,
as signal passes through cascade of circuits

6 3 5 X
]
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Selectivity of single- and double-tuned circuits

near resonance  continved
—————

p = k'Q* or p = k*QiQ;, a parameter determining the form of the
selectivity curve of coupled circuits

1/Q , Qo
B=p—
2 2(02 L Ol)

Selectivity and phase shift of single-tuned circuits

E 1 n
E ’ Af\?
N 2Q —
VI ( fo )
‘ 2
fo 2Q \ E single-tuned

circuit

Decibel response = 20 logie (g‘)
[)

(db response of n circuitsl = n X (db response of single circuit)

¢ n tan~! (—-2@ A")
fo

These equations are plotted in Figs. 7 and 8, following.

Q determination by 3-decibel points
For a single-tuned circuit, when
E Eo = 0.707 (3 decibels down)

fo {resonance frequency)

Q= = .
2A" (bOndWldfh)a(m

Selectivity and phase shift of pairs of coupled tuned circuits
Case 1: When Q; = Q: = Q

These formulas can be used with reasonable l .L
accuracy when Q, and Q, differ by ratios up to

™
1.5 or even 2 to 1. In such cases use the value
Q ‘\/Qng.
[ - p+1 n
E 2 2 ‘
’ '\I [<QQAI) —3 (p - 1) ] + 4p one of several types
fo of coupling
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Selectivity of single- and double-tuned circuits

near resonance  continved

2 +20 T
3 il , peak \
("] X :
° peak \
': ) g phok = note change of decibel scal
.:’ \\"Q N ™N
o
hN TN \
g -5 ™ \N \ \\
g NN A AN

-io J \ \'

& \4‘ N N
O " \O\"” L4
p=k?Q? v\ \ N
-25
z \ \‘ b
N
% AN
02 03 o4 06 Lo L4 20 3 4 6 0 14 20
2Af (bw)
Q =Q The selectivity curves are symmetrical about the

fo fo

f
axis Q ‘? = 0 far practical purposes.
o

Extrapolation beyond lower limits of chart:

useful limit

A response for ot (l?rwr) error
Fig. 7—Selectivity curves doubling Af | circuit | fo | becomes
showing response of a single — 6édb |« single = =+ 0.6 1to2db
circvit n =1, and a pair of " —12db | — pair— | =+ 0.4 3104 db

coupled circvits m =1.

Example: Of the use of Figs. 7 and 8. Suppose there are three single-tuned
circuits (n = 3). Each circvit has 0 Q = 200 ond is tuned to 1000 kilocycles. The re-
sults are shown in the following table:

°b':i“)° : bondwidth ordinate decibels ** **
Q (bw) Kitocyeles db response response for n =¥ forn = 3
fo forn = 1 forn =3
1.0 5.0 —-3.0 -9 F45° F135°
30 15 —10.0 —30 F1R° F215°
10.0 50 —20.2 —61 F84° F252°

* ¢ is negative for f > f, ond vice versa.
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Selectivity of single- and double-tuned circuits

near resonance continved

a
X\\ note chonge of Q ‘—scole
<

AN / \

—

7/

~
A

relative phase angle ¢ in degrees

8

g
]
=7

I
\'

™™
>
]
>

- 80

pkTQ? \ — L U

" 1\

-140 N\
AN\
\Q
§\
=160 .
%
§
=180
-,
o 2 A -] 8 1.0 1.5 2 25 3 4 -] 6 7 8
Af f — F
Q-—-=Q
f. f
. . For f > f,, ¢ is negative, while for f < f,,
Fig. B—thxse-shlft curves f°"' a ¢ is positive. The numerical value is identical
single circuit n = 1 and a pair of in either case for the same |f — f;.
coupled circuits m = 1.
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Selectivity of single- and double-tuned circuits

near resonance continved

Af 1] / T JENE
- o—h = lto+nfEoYu -4
fo QQ‘VP \P'*' (E) P

For very small values of E/Eq the formulas reduce to
E [ p+1 |m
Fo (20-‘\-')
fo
Decibel response = 20 logio (E/Ey)
{db response of m pairs of circuits) = m X (db response of one pair)

— 40

(]

Ty 2
p+1 - <2Q?’>

0

¢ = m tan~!

As p approaches zero, the selectivity and phase shift approach the values
for n single circuits, where n = 2m (gain also approaches zero).

The above equations are plotted in Figs. 7 and 8.
For overcoupled circuits (p > 1)

foeax — f g
Location of peaks: "c’”‘lo o 75 20\/p 1

1\™
Amplitude of peaks: Evoar _ <p + )
Eo 2\/p

Phase shift at peaks: Pueak = M tan ‘(=¢=\/;) = I.)

Approximate pass band (where E/Eq = 1) is

funlty —o = \/5 lp(;nk — fo = 1 B = _‘
fo fo aV 2
Case 2: General formula for any Q; and Q2

5 . pr1 i

E 2 2 {For B see top of p. 120.)
° \/[(29?9 —s] + o+ N2— B P

0
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Selectivity of single- and double-tuned circuits

near resonance continved
—

Af 1 Ep\.2 ]
— { ]2__ m __ 2 2
fo—==2\B==[(p+)(E) b+ +B]

arf fa /@)
20742+ 4
. &6Q+\Qh
¢ = m tan A\ 2
b+ —(2Q S
0

For overcoupled circuits

I 3 VB 1] 1

location of peaks: ek 0 _

S o k2_
fo 2Q 2V 2

Amplitude of peak Ene [ R ]”’
mplitude of peaks: By \/(p‘l" 12 — B2

Case 3: Peaks just converged to a single peak

Here B = 0 or k2=]<-] + ]>

2\Q? | Qg2
E_ o _2__ |
E, AN
\/<20"“>+4
fo
2Q,Q;
here Q' = 1%
where Ql-l—Qz
fo 4\Q,  Q E
4Q"f\f
¢ = mtan~!] — g

2—( 2f =
fo

The curves of Figs. 7 and 8 may be applied to this case,

p = 1, and substituting Q’ for Q.

1 I
ae T 025)

using the value
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Triple-tuned circuits

Exact design formulas for n identical cascaded tripie-tuned stages used
to produce the "maximally-flot” amplitude-response shape are given. Typical

circuit is shown in Fig. 9, together with the response.

kiz = C12/V CiCa Q1 = wCiR wlliCr = 1
= 2 -

kos = ng/‘/CeCa Q; = wyCiR2 wo?lyCa 1

Q3 = wyCsRy wp?l3Cs =~ 1

Fig. 9—Typical triple-tuned circuit and response curve.
To obtain the required Qs,

Q s
— = 0737V IV, V¥ — |
fo/ lbw) g »re

Og = Oa = 4.24@1

in the above formulas, Q3 and Q; may be interchanged.

To obtain the required coefficient of coupling,
0.527
kig = ko = Q
To obtain the gain per stage,
(stage gain) L ——
——— = VIV, Vg V" = |
Om 47r(bw)g\‘ C1Ca

The exact amplitude response is given by

v (bwlg (bwg

This equation is plotted in Fig. 10.

. 6y n
oo N (IV,/ Ve 2/n — 1] [‘F’ﬁ’] }2 oy il

p——

(YP_“I_V) 2/n _ 1

8
V
VV,/Ve¥r — 1
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Triple-tuned circuits  continved

The exact phase response for one stage is given by

( 2 ) [(bw)]_[(bw) ]3
Vv, /Vg¥n — 1/ Libwig {bwlg

¢ = ton™t — —
1 2 [ {bw) ]"

VWV, V¥ — 1 ViV, Ve — 1 Libwlg
S 10° T »
= 4 7
> 7 7
4
/} Pl
& / /
10* 1 7 ~
+ 7— > =
{ L
/ r —
117 7
] {/ /
[ Js .
n:=2
10° / / /
I >
J i I " Sy
| I 7
H=
I/ -
oy AL ]
l’ ll I,
I y
171 7 i
117 7
117 //
4 A
[ [+] Z1/
jl[
il 7
p 4
7
) e

(¢] ] 2 3 L} S 6
{bw)/(bw)sap,

Fig. 10—Selectivity of n cascaded maximally flat triple-tuned circuits.



Stagger tuning of single-tuned interstages

Response shape B (Butterworth) (Fig. )

The required Q's are given by

] . = (bW)ﬁ fo sin <2m —— ]900)
Qn VIV, Vg2 — | n

The required stagger tuning is given by

(bw) 2m — 1
fo— folm = 5= il cos( & 90°>
VIV, Vg2 — 1 n

(fa + fb)m = 2f0

The amplitude response is given by
Vo/V = {1 4 [(V,/ Va2 — 1] [low)/ lowl g2} }

bw) [(_V,/V)”- 1 ]W"
(bw)ﬁ (Vp Vﬁ)2 —_1

. [(v, viz— | ]
9 v, /ver—1

2 log [fbwl/ bw) g]

SELECTIVE CIRCUITS ]27

fm 'bl
'0
m=1 i
Q I Q,
'az : 'bz
m:=2 |
Q,; I Q,
}
n 41
Mmag = * {n odd)
2
n
Mpax = 2 {n even)
n = totol number of
tuned circuits Q,

Fig. 11=—Stagger-tuned interstages for
response shape B. Each circuit coupled
to the next only by the tube.
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Stagger tuning of single-tuned interstages  continved

2n —
Stage gain = — 2" —— V (V,/Vsl? — 1
L 2mbw)sC R

{total gain)
og -
VUV, Vg~ |

n = -
Iog< =
27 {bw)gC

gm = geometricemean transconductance of n tubes
C = geometric-mean capacitance

or

where

Response shape C (Chebishev) fFig. 12)

The required Q's are given by

n

! s S, sin [27'—_— ] 90°]

Qn fo

Sn

I
@)
pe)
=g

1
D |-

2
3
=

0

Q,
fOI
. g
Q;
Mmaz = Sl (n odd)
2
Mynuz = ; (n even)

Fig. 12—Stagger-tuned interstages for
response shape C. Each circult coupled
Q, to the naxt only by the tube.

n = totol number of
tuned circuits
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Stagger tuning of single-tuned interstages  continued

The required stagger tuning is given by

om — 1
(fa — foim = (bw)sCan cOs ( - 9o°>

n

(fa + fb)m = 2fO

C, = cosh |:] sinh—1 —- 1 ]
n VIV, Vgt — 1

Shape outside pass band is

: 4
Yo _ \/] + [ V") - I]Icosh'*’ [n cosh™! (bW)]
1% Vg L {bwlg
1 V)2 — 5
w1 s [(_vz,;,w | ] ]7
(bwlg n (Vp/Vgl2 — |

cosht [‘V_m"”i—, ] ]i
(Vp/Vgt — 1

cosh* [(bw)/ (bwlg]

Shape inside pass band is

vV \2
Ve \/l + [( ") — l]e cos? l:n cos™! Ll ]
% Vs \ (bwl

(bW erest = oS 2m — 1 90°
(bW)ﬂ n

(bW trouen = cos B0 90°>
(bw)g 8

; Gm e
Stage gain = — VAV, Vgt — 1
P HMurlbwigC M P

log [ (total gain} ]
IV IVy/ Vgt — 1

am
| -
< l:n(bw)ﬁc]

Gm = geometric-mean transconductance of n tubes

n =

where

C = geometric-mean capacitance
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B Filter networks

General

The basic filter half section and the full sections derived from it are shown
in Fig. 1. The fundamental filter equations follow, with filter characteristics
and design formulas next. Also given is the method of building up a composite
filter and the effect of the design parameter m on the image-impedance
characteristic. An example of the design of a low-pass filter completes the
chapter. It is to be noted that while the impedance characteristics and design
formulas are given for the half sections as shown, the attenuation and phase
characteristics are for full sections, either T or .

Fig. 1—Basic fllter sections.

description | diagram
A i z,/2 g
o— A'AY * o

Half section

—> 2z, <
Z, 24
2 4
s 4 —O0

B 2, /2 2,/2

Full T-section

~N

i

Cc l )
Full 7-section
— 2Z, 2Z, &
[ ‘e 2y
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Fundamental filler equations

Image impedances Z1 and Z,
Zp = mid-series imoge impedance = impedance looking into 1-2 (Fig. 1A)
with Z, connected across 3—4.

Z, = mid-shunt image impedance = impedance looking into 3-4 (Fig. 1A)
with Zp connected across 1-2.

Formulas for the above are
Zy = VZiZo + Z3/4 = VZ2,Z: V1 + 2,/4Z5 ohms

VAV \/2122

= — ohms

VZZ 4+ 22/4 VI + /42,
ZTZ, = leg

Ls

Image transfer constant ¢

The transfer constant 8 = a 4 jB of a network is defined as one-half the
natural logarithm of the complex ratio of the steady-state volt-amperes
entering and leaving the network when the latter is terminated in its image
impedance. The real part a of the transfer constant is called the image
attenuation constant, and the imaginary part 8 is called the image phase
constant,

Formulas in terms of full sections are .

cosh 0 =V + Z,/27,

Pass band

a =0, for frequencies making —1< Z,/4Z.< 0

B = cos™t (| + Z,/2Z)) = =2 sin' V/—Z,/4Z, radians
Image impedance = pure resistance

Stop band

B = 0 radians

a = cosh™ |1 + Z,/2Z,| = 2 cosh™' V/—Z,/4Z, nepers for Z,/4Z, < — |
B8 = =7 radians

{a = cosh™! |1 4+ Z,/2Zs| = 2sinh=' V/Z, 4Z, nepers  for Z,/4Z, > 0

It

Image impedance = pure reactance

The above formulas are based on the assumption that the impedance arms
are pure reactances with zero loss.
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Low-pass filter design

type and
half section impedance characteristics
Constant-k
Lk \ ©
— T —g—0 |T } P
z | =7 i
R - 1= 2
| /T Zri = RV = Fwd
— Cho= — | Zn\\| /7
k >
Zyk Zrk | 0 Y R
""c a4 Zxi =
| ’ V1 — Ho?
P GO W— ™
I e
{ | ’/Zﬂk
I
s |
Series m-derived i
L, ? L -
/, Zt1 = Z1k
! 2, | l Z"//,/ 1
| | & / R — w?/wy?
LZ 1 | ’T T Zn = 1
2y / V w— '\/] — ‘-»Vz/(Alh:"z

[+~
R [1 —"’2,(1 = m2):|

T owvi- W?/we

® R\/| el
L, T 2, 11 Z12 = ;‘r “;c
; ERB=4N 1= e
2\ /1
C B /ZYzl w— -~ ,R\ 1 - w'/wcz_
! o - ok
i Co = = “e| > o 1—w2“—m"')
ZTZ Z,,-z i ; / &
|z / = R/Zn
o——_p—0 ’/”z‘y/z
- 12
® Zry = Zxi
Notations:
Z in ohms, a in nepers, and 3 in radians m= V1 — wtfwy,?
we = 2wf. = angular cutoff frequency R nominal terminating resistance
= 1/VLCs = VI4/Ck
w,, = 2wf, = angular frequency of peak = VZ1i Zxi
=]

attenuation



full-section
attenuation o and phase 3 characteristics
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design formulas

series arm shunt arm

I‘” {

Whenoswswc

a=0
w—p
0 g =2sin71?
) © we
L4
f When we < 0 < @
B | A=w
: a = 2 cosh™! @
° \ w—p We
Uc ©
vl (O
a | /1
I S
o : —
we W, ®»
+
8 |
|
|
o ! —
w, W ©

When we < w < wg, 8 = 7 and
2 1/
cosh™! [2 l/we s Vgl ]

Vwe? — 1/o?
g™ 1]
gt [2 w2fw? — (1 — m?)

When 0 € @ L we, @ = 0ond
1/we? — l/w,'-’]
= cos—t | 1 = C e 2
# = cod I:] 2 Vewe?— 1/

ot
—cost|1—2—— "
cos [ wl/w? = (11— m'-')]

When w, < w < «, 3 =0and
a = cosh™! I:l - 2-]&"1",~ — ]/,wf,-]
Vwe? = 1/w?

a

=cosh! |1 =2 5" — ]
cos I: AN — 1 —

| R 1
L Cy =
¥ we * wR
oA,
m
L, = mls
C2 = mCy
Ll - mL;,-
Ce = mCx
[
C==— = K
|

For constant-k type
R = Zix Zax = k*

For m-derived type

= Zre Zm1

‘ Curves drawn for m=0.6

I = Z\(series-m) Z2(shunt-m)

=Z1 {shunt-m) z2(serias-m)
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High-pass filter design

impedance characteristics

type and
half section
Constant-k l
Cy
°—-1(——T—°
—» Lk -
Z1k Zmk

Series m-derived

Zty = ZTk
W ®
o (1-=2)
Wy w”
Ix1 =
@® \/] —wcc/w"’
2
R[l - 0 —mh
L8
/ 9
V1 — wl/u?

RV — wit/w?
1 — wy, 2/
RV — wl/u?

FY

we

|
L. “ le
- /I '
Zm | /!
G I A2,
2
) [
.Shu:n m-derived |
Ll |T o
I
7]

—» L2 e 0
Z1p Ly i /i
\/ |
|l el

Notations:

Z in ohms, « in nepers, and 3 in radians

we = 2xf, = angular cutoff frequency
# ]/ -Il:ké;,;
w,, = 2nf, = ongular frequency of peak

attenuation

1— (1 —md
w

2
= R?/Zn

Zze = Zxk

- V1= w2/ we
nominal terminating resistance
= V1,/Cs

= \ ZTiZk
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FILTER NETWORKS 135

desig_n formulas

attenuation a and phase 3 characteristics series arm shunt arm
®
? : When 0 < w < we
: : =2 cosh™!
: o o = 2 cosh™ =
wg © 8 =—x 1 R
Cy = R Ly =
o w, w— Whenw < w < @ I T o
$ o :
B | a =0
I B = —2sin7! =%
w
-yl |
|
FTA
N\
a
I\ L= L
I\ 2 m
0 I w—" 'Cl - Cx
w, wc @ | m m
Gy s e ———-Cyi
w—p 1 m*
? ¥ Wy I“Jc L]
|
B [
J I
-r
When
Wy < w < w = cosh-! [2 W — we? B ]]
f =—m ond W= Wt |L1=] m L
—
4 Lk
= cosh™'| 2 — ™~ A | c L2=m
w® k
- —mY C =
ol N m I i m
When
0 < w < wy P A
- =cosh™1f1 —2 "2 ——
8 =0oand a = cos ,: wm"'—w”]
= cosh™1| 1 42 -
(1 —m) — o? For constant-k type
]
Wh “ R = ZyZa = k*
en
w<<w > 2 2 For m-derived type
“_0 d B=COS_I[|—2wm2— - ] B
a="ban We™ — W Curves drawn for m== 0.6
2 R2 - ZT':Z,
-cost] 1 fr—m=t .
(= ) 2 = Zi(serien-m) Z2(sbunt-m)
we | :

Z(shunt-m) Z2(series-m)
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Band-pass fllter design

Notations:

The following notations apply to the charts on band-pass filter design that appear on pp.
136-145

Z in ohms, a in nepers, and 8 in radians
w = 2mwf; = lower cutoff angular frequency

w2 = 2wfy = upper cutoff angular frequency

wy = Vwiwz = midband angular frequency
w2—wy = width of pass band
R = nominal terminating resistance
wiw = 27f,, = lower angular frequency of peak attenuation

wiw = 27f,, = upper angulor frequency of peak attenuation

w1
. gth
Wic
my = et
o2
1— ==
Wi
ws
g+h'=
w2
M2y F
1 Wi
— e
Wi
type and
half section impedance chcracteristics
Constant-k
Lg Ci

o—TT—{f—9—o

Zr’k Cak %é

t

N
3
x

RV Iwf — o) (P — wp)

wlws — wi)

2 =

Rwlwe— wi)
\/‘(mz2 — Wi w? — w12)




[(|_ ol wisY
- = 7
\ (] wr? ) ( wa? )
N Y e
Wi Wi
1

1
LiuCix = LaaCo = -—
wiwz (2]

«Q

>

Lie _ Lo
Co  Cuk

Zik Za = k?

R =

Z1i Zxke

P4 (series-m) Z> (shunt-m)

Z2 (series-m) V4 (shunt-m)

ZT (series-m) = ZTk

Zx (shunt-m) = Zxk

FILTER NETWORKS 137

ZT(shunt-m) Zx(series-m) for any one pair of m-derived half-sections

| frequen- design formulas
full-section cies of B
attenuation a and phase 3 characteristics | peak series arm shunt arm
@ 1
t b
a
b
' I
0 hema.
Wy Wy, W, -
X ]
b1
B o H T S g
W fuo W, ®
i 1 R Rlwz—wi)
| [ tie =——|ln=—F—
-l wiw =0 w2 wi | oo
When wr < w < @, 8 = 7 and wi=®c 2T e o r
= il Ruwyg? Rlws—wy)
a = 2 cosh™} I: —
wlws — wy)
When0 < w < w;, 8 = —m and
2 2
o = 2cosh™t | ¢ w—]
wlwz — wy)

When wy < w < we, @ = 0 and

8
B - 2 Sin-l ‘w__ﬂ_
wiwz — wi)
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Band-pass filter design*

continved

type and
half section

impedance characteristics

3-clement series |
L G

Cozm o

_—
Zn

3-element shunt |

3-element series I l

L, ¢
| p——0 4
' R

=i Lag— | n Y
213 Zs3 A |
/ | 1

o———— ——% o /Z,, : :
! |

3-element shunt Il

C

oo | 2 |n, |
/ |
i oy o , v—s
AL ¥ £ Ay
/ 0 | Zwa?
Zva H | /ZN
G @ 1 | g8
)

N

* See notations on pp. 136—137.

Zr1 = Z1k
R(w'_: + w1) ‘wz = w;z
Za = —
T w \w22 —
Rw ) ‘.2
Zt: = -
i {we + wi) \w — w?
R"!!‘Zwrl
Zu = Z7rl.-
Zty = Ztk
Rewlwe ) 2 — w?
7o = wlw -j—w; \w: w
we? o — wy
P Ruws? ,Vw — w?
o wlws 4- w)) Yws — w?
R2/2x3
Zra = Zak
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design formulas

full-section frequen-|
attenuvation o and condi- cies of | B
phase (3 characteristics tions paak a series arm shunt arm
T 1 ! |
' 1
a [} ] |
\E : Ly =L
I
w—> A=
@ W, Gy W, @ 1 C: = ]+mg Cai
m
- 0 ¢ = Cik 2
T ] : mz
B =
e Wy W, —l"Tz @
!
—WJ ! i my, =] a0 = | —
o =
When 0 < w < wy;, B = 0ond ,,,2=w'
2 2 w2
W — wi
= h=t| 1 —~2
S [ oz wl,] |
[y Lok
When o) < w < w2, a = 0and ' T me
_ o — w? L= = Ly
8 = cos™ 1—2“"2_“’2 | 14-m;
2 ! | Cs = Cur
When we < w < ©, 8 = 7 and
B = P
a = cosh™! [2 ‘-",, wx1 —1 :I
wt — wy
_T = _'_ =
i 1
a ! !
1 |
' i
: /—» b +
| 1-+-m
o w, Wy W, © L= . ml Lo
—m
T k.4 | : Ci = Cue l
)
1 1
B g ll I w—p
| i P
-y - 1 = !
When0<w<w:; "B=”—)1rcnd w"’lwm 0
= _ witlw?® — o) me = 1
a = cosh ‘[2 o — 1 :l I
When wy < w < w2, a = 0ond | [ L2 =La
wvz(u‘zz — w’) C = ]+m' C
B8 =‘cos“[!—2 = 2] ! T—m *
w?lws® — w2 C: = mCau
When w2 < w < @, f = 0and
2 (wa? 2
w’?lw? — W ):l
=cosh™'| 1 —2 -
B Eo [ w’(w-} = wlg)
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Band-pass filter design*

type and
half section

continved

impedance characteristics

4-element series |

L ¢
o—/TT—]
L,
—» -+ -
Zn Zm

]

i

I

WZ"'ﬁ & Zm = Z1k

L/ /i _—

l/ - R w? — ot

o @ Zyy = — \ - =
Zm, Wy w, o wiwe — w)) Yo' — w?

X [{w? — wid
4+ mw? — W)

L
} Za = - Rwlwe—w)
PEB_‘—° l T2 T o m 2w — W)
C % la? — wy?
C' _EL‘ \lw_zz —
o k. o 9
T2 me /] | = R/Znt
| 2
O ee——4—0 IZ : : / Zr2 = Zuk
—-md ’ 4] /
4-element series )
Ll Cl
o—m—oi{ Zr3 = Zrx
L, - R ,\[c_o': — w®
= s— G o= ) o2 — Gt
Z1s p2 wlws — wi) we w
CZ X [(wz‘z—w"')-{-m{"(w'-'—wx?l]
o————I—o
4-element shunt 1l
Ly i o Rolwe—wi)
: . (wg"'—w"):{-mﬁlw"‘—wﬁ)
we? — w?
Ea ! X V=
C| r (:) / w® = w)
— C LZ - | | | | .
ZT4 2 271'4 ] ] | '/ = R'/Z1r3
; Zwo//z
: 1,0 L7eTe Zra = Zmk

* See notations on pp 136-137.

-©




FILTER NETWORKS ]4]

-

full-section | fre- design formulas
attenvation o and condi- | quency
phase 3 characteristics tions |of peak «| series arm  shunt arm
@© ] l
I Y
T | : | 33 Ls =
a : | g Il ] =
o = 1 —m;®
AV £l b = mitu ay
;L P m
We W, W, W, [s] “? o] ey, | Clk
- o 3
i S ' 313313 G = Ce=
o IR oS
18
B HE g e £ . ma
o T _— of, |"hy 2C|k
o [ () V2 ] / 3| & 1—my
| : | |
3

When w < w < w2, @ = 0and - |~
B = cos'A & 3 I L=
3 | g ) ma L
When 0 < w < wi, B8 = 0and o ¢.| ‘;‘é‘ 3 1—mg L, = Lz
a = cosh™ A 3 "E me
| +
When wio < w < wy, 8= —xand I -~ C, = Cz = m; Cax
a = cosh™! (— A) | l—m
= : Cax,
When wa < w < ®, 8 = 0and I =
a = cosh™' A | xs [
© ' o) & |
T 1 3l 3 Ly =
‘ : [
! £l & | L= mibie Ly
\: m
(o]
w, "Jn _"8 °'§ eg c Cir
T - | : 3 I' 3 " ma Ca =
! ¢ w 19| ma
I R = | L=l = | [¥]- 2 Cu
W Go W Weo | - I 1=ms
i | | Sele
-7 t T v 3| &
£ LE
When wr < w < wag, B = w and e
a = cosh™! (— B) | g‘ I b
,3 | : me
When 0 < w < wy, 8 = 0and oty 3 1—mg ¥ L,_.:ﬁ’i
w3 m
a = cosh™! B 3 !
| _LE
When w) < w < w2, @ = 0and | = C, = C2 = my Cax
B = cos!B | T—nf
= — L2k
When 090 < w < @, B = 0 and I A
@
a = cosh™! B
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Band-pass filter design*

type and
half section

continued

impedance characteristics

5-element series |

®
|
L' CI T |Z1r|' Zm | //
4 |
o—TI—{ RE 1 [ | /7 Zt1 = 7t
141 F |
¢, L& N A i A
2 2 W Wy Wy W, @ 0, o 2 2 4. 2
i—’ Z‘_ /I /'l | / R [ w?lwy i—wl“_—Qwo“r!vz)-*-wo (mr—l)]
o & it J K I| : /' wlwz—wi) Vit —o? lw?— w2
n
-0 ‘/' | ird £
X 1 4
S-element shunt |
©
L| C| I
R
L
ZT2 = Rz/ZwI
[o]
- C LZ . Zx2 = Zxk
Z1z R -
-0
- 4
Zt1 = Z1k
R
Zr1 = £
(u)z - wl)
x w F w2 —2w’my Fwm2—1)
\/(wzz—ufu) (u)"i—wlg)
5-element shunt Il T © o
[ Ir2 /
| Zoy o} LA
Ll c| Iz - 2 w| /I
1/ 1 : /1
fow /z'z:ﬂp Zt2 = R*/Zm
(o] —
W W, w,
I|' ] ‘12 e @ 2 9 7
/ ' ' |/I 4 wk
Vs Zpz b
- 71/
/i | Ilzu
! /1

* Sce notations on pp. 136—137.



full-section
attenuation « and

FILTER NETWORKS ]43

fre-

|condi-  quency

phase 3 characteristics

tions |of peaka

series arm

design formulas

shunt arm

[
Iy
| EN.'. 3
_I :
|~ S 15 '—}l 7.
ol [ i i U A
33 G ol B
[ 1 - 3 o v
- o | €
= | [§ ;= F
When (B 1| o 0
w < w < w 5;3 ||E,| RS RS )
a =0 aond _ -3 — i
= l Ly — |
B =cos!|1— e aimalt - ] Ly I
@ lws? 4 w2 —2wemg) + wtlm?— 1) + | T €T e
When 0 < w < wiw, B = 0 and ...38 ¥ ¥ os = :'
=cosh™! | 1 — —— 2 egimg — :,] o "9 IIQ o : | e &
* WFlolttwt—2wlm) +wtim?—1) | & = 5 |3, %—. I 1
When wio < w < w;, f = —m ond lﬂ 3% o3 IS
2{w? — wolmg)? 3 e |
a = cosh! | o Cima? == o 28 1
w4 w2 — 2wePm gl Fwgtim—1) T €
S =
When w2 < w < @, 8 = 7 ond ]‘ I; I
a = some formula as for 0 < w < wie s G 3
— i ) -
o (=l
t ies®
a I & &l
£ |
= | %
. < 2 o, 3«
£ U = 1y
e w8 [ | I b
- 3y - NER=
T ! ‘ ) I N )
e i &=
B o — F Lé)' "
When <8 (£] ~"4 P
wr <w <o | 37 3 s J -
=3 B8 = mand I| [} || = |
2lu’m wo®l? \~ I AE:
- wim — - 1=l
a=cosh™ §1 — —r——"— " 5 e~ |+ 1[gs
{ W w4 w2 —2welm; 4 w?im2 — H]JI 4 e 3 s -—’I‘ .
Whend < w < w;, B = —xand «éwe‘ o% 1 ,—E
_n 2Hw?m; — wl® 2 e [ g
a = cosh ST — RIS T T [ oy o GRS
| w?[w? 4 wi® —2wim 4 w?im2—1)] | & g § L3S < :
When w; < w < w2, a = 0ond 3‘,IN3°5 s
B=cost {1 — 2ot — w1 ~55 f__) .
| w4 wi? —2wm; 4 w?m 2 — ] l -;‘. 3 i
When w0 < w < ®, B = 0 and ] I (]
a = same formula as for 0 < w < w ! = T |
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Band-pass filter design®*  continued

type and
half section | impedance characteristics

6-element series

R

wilws — w)

(fuzz_— ) {w? — w1 + lwePma— w?m )2
\/.(wf—wzl {w?—w?

full-section attenuation @ and phase 3 characteristics

When ) < w < ws, a = 0and

2 wonZma) 2
B=cos |1 — et TOM)' =y "] : I '
lw'my; — wolmal? + {w? — Wl (w? — w? : :
a .
] |
When wy < w < wrw, § = 7 ond 1 :
y Yis

2(w?m — wolmq)? J
a = cosh™ | — - 1
cos [((.:2m1—(‘..m"’mgl2 + (w2 — Wl lw? — wd +

T
When 0 < w < wio, B = 0 oand T ! /' |w.
2tw?my — w'my)? ] B olade -

a = cosh™ I:I — -

(wzm_l — wetma)? + lwe? — ¥ (w? — w.zl-

o

When w10 < @ < wy, B = —m ond

A col h_l[ - i _2((4:21111 — l-l)uzl'l'lzl2 o ]J
s lwPm) — wolm2)? + (we? — w? le? — w)?

When wo < w < @, f = 0and
a = same formula os for 0 < w < w1

* See notations on pp. 136—137.



series arm

design formulas

FILTER NETWORKS

shunt arm

145

| iy Lk l:(wz_ — @ {m — my?
b ms wo? mimz
LI — = "112
L= m Ly ° m Lk
c =S Cim— mCu =
mz fwg — wy)? {m; — mg)?
' wy’ my; mz
lcf = ™ 5 Cix
| 1 — mg
my Lag
k= P |
{we — wy)? {m; — mg?
wy? » my m;
C = Car [(wg —nw|)_‘°' _ {my — m1)2] Ly Lax
mz wy™ mp me mz
= mo Lok | C2 = my Ca
1 — mo*®
] —
c’ 22 Gy
my
conditions | frequency of peak
2 2 : . N w® + wi® — 2wgPmimy
=+ +h 22 wib Fd = TR
wid wi? 1 —m
my = — - ._— mas = — =
1— 9’”:— 1 wl? | - (1 — ms?
w2z w2 s = wy
1 - Inl2

Band-stop filter design

Notations

Z in ohms, a in nepers, and 3 in radians

w; = lower cutoff angular fre-
quency
w2 = vpper cutoff angular fre-
quency
w = Vawr = 1/V1uCi
= 1/ViuCu
w2 — w; = width of stop band
wiw = lower angular frequency

of peak attenuation

w2w = upper angular frequency of
peak attenvation
R = nominal terminating resistance
e L _ Lne
Ca Cuk

Ziklak = Zrilxr = k*

z
Zz
Zz

1{series-m) z2(shunb—m)
2series-m) 1(shunt-m)
T2 Zx1
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Band-stop filter design®  continued

type and

half section impedance characteristics

Constant-k

@ - ————
2 I —
L POl o/ Nim 2y, o B = ol — o
12 Y { lwi® — w?)
[ R 1] Zm, |
N\ T
™ / | o 9
C r v X w—p 7o = Rlwo* — w?
| = ——
ik Lok ‘Al’|7wo “I’z © r ‘\/(wz — Wi lw? — w
-— i
|
Tk Zyk
Cok 77 Z'T./ /Z‘I"‘ For the pass bands, use | we? — o? |
| I / in the above formulas
-® |

Series m-derived ‘
Zti = ZTk

- — 2
== I:“’:)’: “’,"]
- W

| —

wlws — w)) |?
\ 1= [ 2
\ wy’ — W

curves drawn for m = 0.6

R2
b
Zra = Zxk

| eurves drawn for m = 0.6

* See notations on preceding page.
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| freq
full-section | of design formulas
attenuation a and condi- peak -
phase 3 characteristics ’ tions | « series arm shunt arm
|
When w = wy 1
a = ®
When wy < w < w2
{ws — w))
a = 2cosh™! @ ‘,:" wzl- ]
W — Wy
g=-x
| Rlws—awy) |
l | 8 tyi = Ll Lax =
© When w2 <w < @ ww wy — wy
a=90 | "3 1 ‘
_ -y wlws — wy) 3 Cpm - _ @ —w
[ ~ Bl 2 — I 1 Rlwa—wy) wiwaR
When w; < w < wo I
wlws — ay) When 0 < w < w | |
a = 2cosh™ ————~ a=0 i
L wlwg _ o.n)
B=mn B =2sin7t ’ |
=477
) I [
f 1—m?
Lz e Lk
a m
Ly = mlyx m
Cy = C
0 . . 2= 2 G
" €1 nl.k ' L
B8 o | m
o | ! =
curves drawn 8| Co' = mCy
-7 form = 0.6 3|3
il |
When w2 < w < @, @ = 0 and lg:’; = i
B = same formula as for 0 < w < wy 57| 3
LY = i
When win < w < wy 8= —mand - | 8 I
a = same formula as for w) < w < Wi '(" 3 _ Cu
] 3| G m [ L
When0 < w < w, @ = 0 and ’ 3 I Ly = -2
2m? 2 2 o
3 2w”mwe—wyl?
B=cosTH| 1~ 15—y CPp T w——r Wo=-"1
{w?— ) {? — w? + w'm? (we—wy) ! —ah M c, = mCas
When w1 < w < wio, 8 = 7 and ,C,=]_"’2
_ 20?m*ws—w)? ! m 25
a = cosh™! | ——o0u—0 3 5 2=l
{w? — w2 {w? — wa?) +w?m?lws— w))?
When wio < w < waw, 8 = 0 and
_ 2w'm? lws — w)?
@ = cosh™! | ] = —5 a3 - s
{o? — w2 (w0 — ws?) + w'm® lwa— w))?
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Building up a composite filter

Zy Zy Zy Zy Zn
> < -» “ » > ==
L
' |
‘ |
! |
o6 - ® *—————¢
terminal | | terminol
holf =T I-= intermediote T sections —" halt -T
section I section
Zy Zx Zx Zn Zy
—> ‘T’ - <+ g
l
I
|
# I
[ - *——& —)
terminol | | terminal
holt-w e intermediate 7 sections ————————————— half-»
sectlon section
Fig. 2—Method of building up a composite fllter.
N T
1.4 002 b
°: .y 2 ‘/ quosesn=] ‘
6 > 0 A "
SR ,4,/,/‘/ -0.5 AN l
S e T X
— =0.6 TN
[Re] Ny
ENN “L\,.\ =o.l7 \.\ N
0.8 ™ \‘ ~tl0s [ WA\
: i <
I ‘\@:\ \\ \
N, o~
0.6 \-Q‘:\ < \
\\\\\ \
0.4 \‘\\\Q
N
0.2
o]
(o] =0.l -Q.2 -Q.3 -0.4 -0.5 =0.6 Q7 -0.8 -0.9 -0
Z,/ 42,

Fig. 3—Effect of design parameter m on the image-impedance characteristics in the
pass band.
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Building up a composite filter continved

The intermediate sections (Fig. 2) are matched on an image-impedance basis,
but the attenuation characteristics of the sections may be varied by suitably
designing the series and shunt arms of each section. Thus, the frequencies
attenuated only slightly by one section may be strongly attenuated by other
sections. However, the image impedance will be far from constant in the
passband, unless the value of m is appropriately selected. In order to have
a more constant impedance at the external terminals, suitably designed half
sections are added. For these terminating sections, a value of m = 0.6 is
used (Fig. 3). When they are designed with the same cutoff frequencies and
the same load resistance as the midsections, the image impedance will match
that of the midsections.

Example of low-pass filter design

To cut off at 15 kilocycles/second; to give peak attenuation at 30 kilocycles;
with a foad resistance of 600 ohms; and using a constant-k midsection and an
m-derived midsection. Full T-sections will be used.

Constant-k midsection .

R 600
e = T 628 15 X 10% S =

} 1

- = 00177 X 10 farad
wR (628 (15X 107 (600} are

Cr =

a = 2 cosh™! © = 2 cosh™

w, 15 o—fﬁ'ﬂ"nm\—o
S Sy
6=2$in‘w=25in‘]f5 o II o

We

where a is in nepers, 3 in radians, and f in kilocycles.

m-derived midsection

m=V1— wlfws? = V1 — 15/30? L b
= V075 = 0.866 L .
L = mLy = 0.866 (6.37 X 1073

5.52 X 1072 henry o >4 -0
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Example of low-pass filter design  continved

1 — m? 1 — (0.866)
L = Ly = 637 X 1078 = 184 X 1078
- k [ 0.866 ] X X 1078 henry
C, = mC, = 0.866 (00177 X 107% = 0.0153 X 10~¢ farad
2
x= cosh™! [ 1= 3 Zin = cosh™ 1|1 — 225.]5
Lo — 1 —m3 — 025
w? f2
2
B=cos'|1— I = cosf1— =
w.? 225
— (1 —md — 0.25
w? f?
End sections m = 0.6
L, .
L = mly = 0.6 (637 X 1079 -
= 3.82 X 1073 henry L, is
L _ 1 — m? L L) cz c
- o— ) PN

- [‘ = ‘:3'6"] (637 X 1078 = 680 X 10~ henry

C; = mCx = 0.6 00177 X 10-8 = 0.0106 X 10~¢farad

Frequency of peak attenuation f,

(o= \[ f.2 [015 X 1072 _ 475 kilocycles
1 Vi - 06z

]
— m-

Filter showing individual sections

3.82mh | 6.37mh 6.37mh | 5,52 mh 5.52mh | 3.82mh

wgamh | 6.80mh

,I:—IO.OISS,A | 0.0106 ut Io
o
.

1,84 mh

0.0153 uf

|
|
0.0177ut I
|
I
4
i
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Example of low-pass filter design  conlinued

Filter after combining elements
10,2mh 1.9 mh 9.34mh

6000
LOAD
0.01064f
1 1 T T .
. 10 i
Attenuation of g | |
each section 2 I
c |
£ g !
% | |
h
i
solid line = constont-k 6 I .' l‘
midsection h l ‘
dashed = m-derived I / \
midsection 4 , | 7 ‘\
dosh-dot = m-derived ' / / S e —
ends s l |
/s = ———
|
0 |
0] 10 20 30 40 50 60
f = frequency in kilocycles/second
» 10
Attenuation of 8
composite filter 2 |
£
s 8 [
I
!
6 |
|
|
4 |
|
|
|
2
|
|
|
0 1
(0] 10 20 30 40 50 60

f = frequency in kilocycles/second
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Example’ of low-pass filter design  continued
Phase character- 2 4 -
. a4 L |
istic of each 5 gL i
. o
section ot ; ! )
= y B
solid line = constant-k @ < 4 I
midsection 7 :
dashed = m-derived ,/ I
midsection 0
dash-dot = m-derived o 10 20 30 40 50. 60
ends f = frequency in kilocycles/second
Phase character- £ o : -
istic of composite T 37| |
filter = ’ |
« g !
2w i
6 |
I
N
4 I
|
l |
L
2 : t
| |
I |
0 i |
10 20 30 40 50 60
f = frequency in kilocycles/second
Impedance looking into filter Z,,
2
w
R [] — E (1 — m’)] » 800
w.” E |
Zin = ——— " S 760
V1 — w?/w, £ |
N 720 :
600 [V — 0.64 (f/15)7]
e = 680 [ |
- 2
V] (f/15) 640 :
|
600 +
—t o~ ~ | |
560 =
- 60081 > passbond »i
Zn oL 1 { i
OO o— 0 2 a4 6 8 10 2 K4 16
f = frequency in kilocycles/second




CHAPTER EIGHT ]53
B Attenuators
Definitions

An attenuator is a network designed to introduce a known loss when work-
ing between resistive impedances Z; and Z; to which the input and output
impedances of the attenuator are matched. Either Z; or Ze may be the source
and the other the load. The attenuation of such networks expressed as a
power ratio is the same regardless of the direction of working.

Three forms of resistance network that may be conveniently used to realize
these conditions are shown on page 158. These are the T section, the =
section, and the bridged-T section. Equivalent balanced sections also are
shown. Methods are given for the computation of attenuator networks, the
hyperbolic expressions giving rapid solutions with the aid of tables of hyper-
bolic functions on pages 632 to 634. Tables of the various types of attenuators
are given on pages 161 to 168.

Ladder attenuator

ladder attenuator, Fig. 1, input switch points Py, P;, P2, P3 at shunt arms.
Also intermediate point P,, tapped on series arm. May be either unbalanced,
as shown, or balanced.

P P

e,

input

source Zl load Z,

g

Fig. 1—Ladder attenuator.

Q

ladder, for design purposes, Fig. 2, is resolved into a cascade of = sections
by imagining each shunt arm split into two resistors. Last section matches Z;
to 2Z;. All other sections are symmetrical, matching impedances 27;, with a
terminating resistor 2Z; on the first section. Each section is designed for the
loss required between the switch points at the ends of that section.

2
Input to Py: Loss in decibels = 10 logug 27, + Z,)

42,7,
Input impedance Z," = 2 Output impedance = 222

2 7+ 7,
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Ladder attenuvator  continved

Input to Py, Py, or Py Loss in decibels = 3 4 (sum of losses of 7 sections
between input and output).  Input impedance Z," = 7,

Fig. 2—Ladder attenuator resolved into a cascade of 7 sections.

Input to P, lon a symmetrical = section):

eg | m_(_l — m)_ K — D242

em 2 K—m({K-—=1
where
eg = output voltage when m = 0 (Switch on Py}
em = output voltage with switch on P,
K = current ratio of the section lfrom Py to Ps) K > 1

Input impedance Z," = Zl[m(l — m Us ; ne + 1]

K— 12
Zl[ "2 -+ 1] for m = 0.5.

Maximum Zy

The unsymmetrical last section may be treated as a system of voltage-divid-
ing resistors. Solve for the resistance R from Py to the tap, for each value of

<output voltage with_ input on Py )
output voltage with input on tap
A useful case

When Z, = Z, = 500 ohms.

Then loss on Py is 3.52 decibels.

let the last section be designed for loss of 12.51 decibels. Then
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Ladder attenuator  continved

Riz = 2444 ohms (shunted by 1000 ohms)
R:3 = 654 ohms (shunted by 500 ohms)
Riz = 1409 ohms

The table shows the location of the tap and the input and output impedances
for several values of loss, relative to the loss on Py:

relative tap input output
loss in R impedance impedance
decibels | ohms ohms ohms
0 0 ‘ 250 250
2 170 368 304
4 375 | 478 i 353
6 615 | 562 394
8 882 600 428
10 1157 577 454
12 | 1409 500 473

Input to Po:  Output impedance = 0.6 Z  (See Fig. 3.)

Input to Py, Py, Ps, or Py: Loss in decibels = 6 + (sum of losses of 7 sections
between input and output). Input impedance = Z

Input to P,,:

€ _ I mil —m (K — H'—’+i<

en 4 K—mi{K-—=1

Input impedance:

(1 —m (K—1)2 1
g fe =
[ 2K T
— 2
Maximum 2’ = 7 [(K 8K_” -+ l] form = 0.5

2/2

Fig. 3—A variation of the ladder attenuator, useful when Z, = Z, = Z. Simpler in
design, with improved impedance characteristics, but having minimum inserlion loss
2.5 decibels higher than attenuator of Fig. 2. All 7 sections are symmetrical.
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Load impedance

Effect of incorrect load impedance on operation of an attenuator

In the applications of attenuators, the question frequently arises as to the
effect upon the input impedance and the attenuation by the use of a load
impedance which is different from that for which the network was designed.
The following results apply to all resistive networks that, when operated
between resistive impedances Z, and Zs, present matching terminal impe-
dances Z; and Z,, respectively. The results may be derived in the general
case by the application of the network theorems, and may be readily con-
firmed mathematically for simple specific cases such as the T section.

For the designed use of the network, let

Z, = input impedance of properly terminated network

Z» = load impedance that properly terminates the network
N = power ratio from input to output

K = current ratio from input to output

i INZ

K= P \ ? (different in the two directions except when Zs = Z))
2 1

For the actual conditions of operation, let

actual load impedance

{Z, + AZs) = 22<1 + AZZ'-’)

AZ,
Z,<l + 2, )

A
K4+ AK) =K <l + KK) = resulting current ratio

(Z, + AZ) resulting input impedance

While Z), Zs, and K are restricted to real quantities by the assumed nature of
the network, AZ: is not so restricted, e.g.,

AZz = ._\Rg + ]._\Xg

As a consequence, AZ; and AK can become imaginary or complex. Further-
more, AZ. is not restricted to small values.
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Load impedance continved

The results for the actual conditions are
AZy _ 20Z:/Z, AK <N —_1) AZ,

— and
Z1 2 K 2N Zs

ON + IN — 1) AZZ"

Certain special cases may be cited

Case 1: For small AZ:/Z.

A
ha. _ I B2 AZy = " AZ,
Zi N Z K?
Ny _ 1 AZ

in 2 7,

but the error in insertion power loss of the attenuator is negligibly small.

Case 2: Short-circuited output
AZ, =2
Zy N +1

N —1
input i d — Zy = Z, tanh 0
Oor Input Impedance (N + ]) 1 . 1 ran

where 0 is the designed attenuation in nepers.

Case 3: Open-circuited output

AZy 2
Zy N —1
or input impedance = <z + :) Z, = Zy coth 0
Case 4: For N = 1 (possible only when Z, = Z; and directly connected)
AZ)  AZ,
Zl Zg
AK
=0
K

Case 5: For large N
AK _ 147,
K 2 7,
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Attenuator network design  see page 160 for symbols

] configuration

description } unbalanced balanced

Unbalanced T
and

balanced H
(see Fig. 8)

Symmetrical
Tand H

(Zl - Z;. = 7)
(see Fig. 4)

Minimum-loss
pad matching
Zl cnd 22
(Z,> 22
(see Fig. 7)

Unbalanced
ond
balanced 0

Symmetrical
mand 0

(Zl = Zg = Z)
{see Fig. 5}

Bridged T
and

bridged H
(see Fig. 6}




design formulas

| arithmeticol
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hyperbolic checking formulas
_Vuz _2VNZiZ,
*" sinh 0 . N—1
Z, (N+])
= - Ri=2z( —R
h tanh 0 L N ¥
7, N1
= — — R, R=Z(—~-)—R
“tanh o TN .
2ZVN_ 27k T
=1 = RiRy = — =72 -
» N—1 K2—1 " Y tcosh 0 K412
z 3 0
Ra:sinh 0 ee T '=cosh 0—1=2 sinh? =
AL Y k—ne
) — —
Ri=Z tonh R N=! K= o
VN K+1 o
o | Z=Rl\’l+2<3
=2z —2/(K+l)]_v| R

Zi
o=
cos| Zz

4

h260=2""—1
COosl Z

s

R1=Z1\/] —g—:
Z;

Ry=—=2
Z,

{
| V-2

RiRs =22,
Rild
Ry Z3

v=(VENE-1)

Ry=V'Z,Z, sinh 0
| 1 t

Ry Zytanh 0 Ry

1_ 1 |
R; Zytanh 8 Ry

N_
| RFT]\ELZ——'

1T T/NHFIY 1
1 1 /N+1 1
N—I)

Rz=2Z sinh 8
Z

Ry=—

0
tanh -
an 5

=ZIK — 1/K1/2

VN1 K4
Ri=2Z—— =) —
l COVN— k=

Ri=R,=Z
Ry=ZIK—1)

[ =zZ[v+2/tkk—n]}

K12
RiRs = Z%11 +cosh 6) =z=‘—:;—-

Rs _tk—nz
R,_COSh 0—1=- 2K

Four-terminal networks: The hyperbolic formulas above are valid for passive linear four-terminal
networks in general, working between input and output impedances matching the respective image
impedances. In this case: Z; and Z: are the imoge impedances; Ry, R2 and R; become complex
impedarces; and @ is the image transfer constant. @ = a + B, where « is the image attenuation
constant and B is the image phase constant.
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Attenuator network design  continved

Symbols

Z: and Z, are the terminal impedances (resistive) to which the attenuator is
matched.

N is the ratio of the power absorbed by the attenuator from the source to
the power delivered to the load.

K is the ratio of the attenuator input current to the output current into the

load. When Z, = Zs, K = \/N. Otherwise K is different in the two direc-
tions.

Attenuation in decibels = 10 logio N
Attenuation in nepers = 0 = 3 log. N

For o table of decibels versus power and voltage or current ratio, see page 30.
Factors for converting decibels to nepers, and nepers to decibels, are given
at the foot of that table.

Notes on error formulas

The formulas and figures for errors, given in Figs. 4 to 8, are based on
the assumption that the attenuator is terminated approximotely by its proper
terminal impedances Z, and Zs. They hold for deviations of the attenuator
arms and load impedances up to == 20 percent or somewhat more. The error
due to each element is proportional to the deviation of the element, and the
total error of the attenuator is the sum of the errors due to each of the sev-
eral elements.

When any element or arm R has a reactive component AX in addition to o
resistive error AR, the errors in input impedance and output current are

AZ = AAR 4 jAX)

g ()
i R

where A and B are constants of proportionality for the elements in question.
These constants can be determined in each case from the figures given for
errors due to a resistive deviation AR.

The reactive component AX produces a quadrature component in the output
current, resulting in a phase shift. However, for small values of AX, the error
in insertion loss is negligibly small.

For the errors produced by mismatched terminal load impedance, refer to
Case 1, page 157.
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Symmetrical T or H attenuators

Interpolation of symmetrical T or H attenuators iFig. 4)

Column Ry may be interpolated linearly. Do not interpolate R; column. For 0.
to 6 decibels interpolate the 1000/R; column. Above 6 decibels, interpolate
the column logip R3 and determine R; from the result.

Fig. 4—Symmetrical T and H attenuotor values. Z = 500 ohms resistive (diagram on
page 158).

attenuation | series arm R; ] shunt arm R;
in decibels | ohms ] ohms 1000/R; logio Ry
1

0.0 0.0 1 inf 0.0000 -—

0.2 58 21,700 0.0461

0.4 1.5 10,850 l 0.0921

0.6 ' 17.3 7,230 0.1383

08 23.0 5,420 0.1845

1.0 28.8 ‘ 4,330 | 0.2308

2.0 573 2,152 0.465

3.0 85.5 1,419 0.705

40 1131 1,048 0.954

|

5.0 | 140.1 822 1216 —

6.0 166.1 669 1.494 | 2.826

7.0 ! 191.2 558 _— 2.747

8.0 2153 4731 2.675

9.0 ! 238.1 405.9 2.608
10,0 259.7 3514 2.546
12.0 299.2 268.1 ’ 2.428
14.0 3337 207.8 - 2318
16.0 3632 162.6 2211
18.0 388.2 127.9 ‘ 2.107
20.0 | 409.1 101.0 2.004
22.0 [ 426.4 79.94 1.903
24.0 4407 63.35 — 1.802
26.0 4523 50.24 — 1.701
28.0 4618 39.87 — 1.601
30.0 4693 31.65 1.500
350 482.5 17.79 1.250
40.0 490.1 10.00 ' - 1.000
50.0 4968 3.162 S 0.500
0.0 ! 499.0 1.000 — 0.000
80.0 499.9 0.1000 — —1.000
100.0 500.0 0.01000 — —2.000
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Symmetrical T or H attenuators  continued

Errors in symmetcical T or H attenvators

Series arms R; and Ry in error: Error in
input impedances:

1
AZl = ARl + E}' ARz
and

_\Zz = ARz + %: AR;

Error in insertion loss, in decibels,

AR
db = 4 (_le + AZ%) approximately

Shunt arm R in error (10 percent high)

nominally R, = R,
7, =12

error in input
designed loss, error in insertion ‘ impedance
in decibels loss, in decibels 100 ‘:\‘_ZE percent
0.2 —0.01 0.2
] —0.05 1.0
6 =0.3 S
12 —0.5 3.0
20 —0.7 1.6
40 —08 ‘ 0.2
100 | —0.8 ! 0.0

Error in input impedance:
AZ K —1 ARs

= 2
P4 KK+ 1) R;

Error in output current:
Al K—14AR
i K-+ 1R;s

See Notes on page 160.
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Symmetrical 7 and O attenuators

Interpolation of symmetrical = and O aftenuators (Fig. 5/.

Column R, may be interpolated linearly above 16 decibels, and Rz up to
20 decibels. Otherwise interpolate the 1000/R, and logye R: columns, re-
spectively.

Fig. 5—Symmetrical = ond O attenvetor. Z = 500 ochms resistive (diagram, page 158).

ottenuation shunt arm Ry ' serios orm R;
in decibels ahms lOOO/ Ry | ohms logio Rs
0.0 © 0.000 0.0 =
0.2 43,400 0.023 11.5 ==
0.4 21,700 0.046 23.0 -
0.6 14,500 0.069 34.6 =
0.8 10,870 0.092 46.1 -~
1.0 8,700 0.115 577 —
2.0 4,362 0.229 16,1
3.0 2,924 0.342 176.1
4.0 2,210 | 0.453 238.5
50 1,785 0.560 304.0
6.0 1,505 0.665 373.5
7.0 1,307 0.765 448.0
8.0 1,161.4 0.861 528.4 —_
9.0 1,049.9 0.952 615.9
10.0 962.5 1.03% 711.5 =
12.0 835.4 1.197 932.5
14.0 7493 1.335 1,203.1 —_
16.0 688.3 1.453 1,538
18.0 644.0 1,954
20.0 6111 2,475 3.394
22.0 586.3 3,127 3.495
24.0 567.3 3,946 3.596
26.0 5528 —_— 4,976 3.697
28.0 541.5 — 6,270 3797
30.0 532.7 — 7,900 3.898
35.0 5181 14,050 4.148
40.0 510.1 — | 25,000 4.398
50.0 503.2 —_— 79,100 4.898
60.0 501.0 —_ 2.50 X 10% 5.398
80.0 500.1 —_ 2.50 X 108 6.398
100.0 500.0 | — | 2.50.X 107 7.398
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Symmetrical = and 0 attenvators  continved

Errors in symmetrical r and O attenuators
Error in input impedance:

AZ K — 1 /AR | 1 AR | 2AR
Z T K+1\R KR KR

2

Error in insertion loss,

Aiy o= S
decibels = —8 I'z- lapproximately) nominally R, = R, and Z' = Z
— R
=4K 1 _Al_AR2+2AR3
K+1 Ry Ra Rs

See Notes on page 160.

Bridged T or H attenuators

Interpolation of bridged T or H attenuators (Fig. ¢

Bridge arm Ry: Use the formula logo (Ry + 5000 = 2.699 + decibels/20 for
7 = 500 ohms. However, if preferred, the tabular values of Ry may be inter-
polated linearly, between 0 and 10 decibels only.

Fig. 6—Values for bridged T or H attenuators. Z = 500 ohms resistive, Ry = R, =
500 ohms (diagram on page 158).
attenuation bridge shuat attenuvation bridge iy nt
¥ X arm Ry arm R; ; : arm R, arm R;
in decibels in decibels
ohms ohms ohms | ohms
0.0 | 0.0 ) 12.0 1,491 167.7
0.2 1.6 21,500 14.0 | 2,006 1246
0.4 | 23.6 10,610 16.0 | 2,655 94.2
|
0.6 l 35.8 6,990 18.0 3,472 720
08 48.2 5,180 20.0 4,500 55.6
1.0 61.0 [ 4,100 25.0 8,390 29.8
2.0 129.5 | 1,931 30.0 | 15,310 16.33
3.0 226.3 1,212 40.0 49,500 5.05
4.0 292.4 855 50.0 157,600 1.586
| 1
50 389.1 642 600 | 499,500 0.501
6.0 498 522 80.0 500 X 10° 0.0500
7.0 i 619 404 100.0 50.0 X 108 0.00500
:f
8.0 756 331
9.0 909 275.0
10.0 1.081 231.2
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Bridged T or H attenuators  continved

Shunt arm Rs: Do not interpolate R; column. Compute Rj by the formula
Ry = 108/4R; for Z = 500 ohms.

Note: For attenuators of 60 db and over, the bridge arm Ry may be omitted
provided a shunt arm is used having twice the resistance tabulated in the R
column. (This makes the input impedance 0.1 of 1 percent high at 60 db.)

Errors in bridged T or H attenuators

Resistance of any one arm 10 percent higher than correct value

designed loss

decibels A decibels* | B percent® | C percent®
0.2 0.0 0.005 0.2
1 0.05 0.1 1.0
é 0.2 25 25
12 0.3 5.6 1.9
20 0.4 8.1 0.9
40 0.4 10 0.1
100 | 0.4 10 0.0

* Refer to following tabulation.

element in error error in error in terminal

(10 percent high) | loss ! impedance rom ocks
Series arm R, lanalogous I Zero B, for adjacent Error in impedance at op-
for arm R} | | terminals posite terminals is zero
|
Shunt arm R | = A L loss is lower than de-
| signed loss
|
Bridge arm R | A C | Loss is higher than de-
| | signed loss

Error in input impedance:

AZl= K—1 2_\R1+K—21 _\R3+AR4

Z, K R1 K Ry Ry

For AZg/Zg use subscript 2 in formula in place of subscript 1.
Error in output current:

Ai _K—1(aR AR,
i %K \R R

See Notes on page 160.
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Minimum-loss pads

Interpolation of minimum-loss pads (Fig. 7)

This table may be interpolated linearly with respect to Zy, Z,, or Z1/Z, except
when Z,/Z, is between 1.0 and b.2. The accuracy of the interpolated value
becomes poorer as Z,/Z5 passes below 2.0 toward 1.2, especially for R;.

For other terminations

If the terminating resistances are to be Z4 and Zg instead of Z; and Zs,

z V4
respectively, the procedure is as follows. Enter the table at =% = £4 and

2 B

Fig. 7—Valves for minimum-loss pads matching Z; and Z,, both resistive (diagram
on page 138).

z L z, 7./ | tossin sories arm R, shunt arm R;
ohms | ohms © | decibels | ohms ohms
| 1
10,000 500 20.00 1892 | 9,747 543.0
]
8,000 500 16.00 1792 | 7,746 Slg4
6,000 500 12.00 16.63 5,745 5222
5,000 500 | 10.00 1579 | 4,743 527.0
40000 [ s0 | goq 14.77 3,742 5345
3,000 500 | 600 13.42 2,73%. 547.7
2,500 50 | 500 12.54 2,236 559.0
| !
2,000 500 4.00 11:44 1,732 577.4
1,500 500 3.00 9.96 1,2247 6124
1,200 500 | 240 873 | 916.5: 654.7
1,000 500 2,00 7.66 707.1 707.1
800 500 1.60 .19 489.9 816.5
600 50 | 120 377 2449 1,224.7
500 00 | 125 418 2236 894.4
500 300 1667 | .48 3162 4743
500 250 2.00 7.66 3536 | 353.6.
500 200 25 | 896 387.3 258.2
500 160 | 325 1017 4123 194.0
500 125 | 400 11.44 4330 144.3
[
s00 | 100 | 500 12.54 4472 111.80:
500 80 6.25 13.61 4583 87.29
500 65 | 7692 14.58 466.4 69.69°
500 50 10.00 1579 4743 52.70
500 40 | 1250 16.81 479.6 41.70
500 30 ‘ 16.67 ‘ 18.11 4848 30.94
500 25 | 2000 | 1892 4873 25,65
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Minimum-loss pads  continved

read the loss and the tabular values: of Ry and Ry Then the series and shunt

Z V4
arms are, tespectively, MRy and MR;, where M = =4 = £8.
VAR £
Errors in minimum-loss pads
Iimpedance ratio | ] l
Z,/Z, ] D decibels* { E percant® F percent*
|
12 0.2 | +4.1 ! +1.7
20 03 i 71 1.2
40 0.35 , 8.6 0.6
10.0 L 0.4 a8 0.25
200 0.4 9.7 0.12
* Notes

Series arm R, 10 percent high: Loss is increased by D decibels from above
table. Input impedance Z; is increased by E percent. Input impedance Z» is
increased by F percent,

Shunt arm R; 10 percent high: Loss is decreased by D decibels from above
table. Input impedance Z, is increased by E percent. Input impedance Z; is
increased by F percent.

Errors in input impedance

Az, }1 Z, <_\R1 4! _\Rs)

Zl \, —21 Rl N R3

AZz } Z‘_) AR:{ ! ARl
— ,V"_ +N_,,

Z Z\ R Ry

Error in output current, working either direction
Si_V [ Zfar ok,
i 2V T z\k T R

See Notes on page 160.
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Miscellaneous T and H pads  (Fig. 8/

Fig. 8—Values for miscellaneous T and H pads (diagram on page 158).

resistive terminations ‘ | attenuvator arms
- — oss = —_—
Z Z decibels series R, series R shunt R;
ohms ohms | ohms | ohms ohms
5000 | 2000 10 3,889 222 2,222
5,000 2,000 15 | 4,165 969 1,161
5,000 2,000 20 | 4,462 | 1,402 639
5,000 500 20 4,782 190.7 3194
2,000 | 500 15 1,763 i 165.4 | 3673
2,000 | 500 | 20 | 1,838 [ 308.1 | 202.0
2,000 200 20 [ 1,913 | 76.3 | 127.8
500 | 200 10 388.9 { 222 [ 222.2
500 200 15 416.5 96.9 116.1
500 200 | 20 4462 | 140.2 63.9
500 i 50 20 478.2 | 19.07 I 31.94
1
200 50 15 176.3 | 16.54 36.73
200 50 20 l 183.8 30.81 | 20.20
Errors in T and H pads
Series arms R; and Ry in error: Errors in input impedances are
1 Z, 1 Zo
AZ AR], + Rz and AZz = ARz + ARl
N Zs N Z,
ARy . AR .
Error in insertion loss, in decibels = 4 7 + approximately
1 Z2

Shunt arm R; in error (10 percent high)

error in input impedance

designed loss error in loss AZy AZy
,/Z; i decibels decibels 109 v 100 oA
2.5 10 —04 1.1% 7.1%
2.5 15 —0.6 12, 4.6
2.5 20 —0.7 0.9 2.8
40 | 15 —05 08 60
4.0 20 —0.65 0.6 36
10 l 20 —06 , 03 6.1

AZy _ 2 ’NZ? s r-zl 9 ARy for AZy/Z. interchange sub-
z, N=\Nz " VNz. T ke scripts 1 and 2.

N+l—\/N<\ [—)m{

J -_—
i

N T where i is the output current.
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B Bridges and impedance measurements

Introduction

In the diagrams of bridges below, the source is shown as a generator, and
the detector as a pair of headphones. The positions of these two elements
may be interchanged as dictated by detailed requirements in any individual
case, such as location of grounds, etc. For all but the lowest frequencies, a
shielded transformer is required at either the input or output (but not usually
at both} terminals of the bridge. This is shown in some of the following
diagrams. The detector is chosen according to the frequency of the source.
Above the middle audio frequencies, a simple radio receiver or its equiva-
lent is essential. The source may be modulated in order to obtain an audible
signal, but greater sensitivity and discrimination against interference are
obtained by the use of a continuous-wave source and a heterodyne
detector. An amplifier and oscilloscope or an output meter are sometimes
preferred for observing nulls. In this case it is convenient to have an audible
output signal available for the preliminary setup and for locating trouble,
since much can be deduced from the quality of the audible signal that
would not be apparent from observation of amplitude only.

Fundamental alternating-current or Bridge with double-shielded transformer

bR S R iine Shield on secondary may be float-

Balance condition is Z, = Z, Zo/Zs ing, connected to either end, or to
center of secondary winding. It may
be in two equal parts and connected
to opposite ends of the winding. In
any case, its capacitance to ground
must be kept to o minimum.

Maximum sensitivity when Zg is the
conjugate of the bridge output im-
pedance and Z, the conjugate of its

Zg

generator

input impedance. Greatest sensitivity
when bridge arms are equal, e.g., for { =02 ——=——-= 1

resistive arms, Eg:l =
a=2a=2ly=2,=2,=12,




n

Wagner earth connection

None of the bridge elements are
grounded directly. First balance
bridge with switch to B. Throw switch
to G and rebalance by means of R
and C. Recheck bridge balance and
repeat @s required. The capacitor
balance C is necessary only when the

frequency is above the audio range.
The transformer may have only @
single shield as shown, with the ca-
pacitance of the secondary tO the
shield kept to @ minimum.

Capacitor balance

Useful when one point of bridge
must be grounded directly and only
a simple shielded transformer is used.
Balance bridge, then open the two
arms ot P and Q. Rebalance by

l C.Cs

quxiliary capacitor C. Close P and
Q and check balance.

- 38 Zy
P Q
s Zs
c
g T

Series-resis'onée-capoci!unce bridge

Cz = Cx Rb/IRu
R, = R:Ra 'Ro

Wien bridge

C. Ro_ R
C, R R:
1/wRRz

]

i



BRIDGES AND IMPEDANCE MEASUREMENTS

Wien bridge  continued

For measurement of frequency, or in
a frequency-selective application, if

we make C, = C, R, =R, and
Ry = 2R, then

1
N 27C,R,

Owen bridge

Lz - C[,R,,Rd
R; = &R‘a — R
Ca
)
&

Resonance bridge

wilC =1
R: = R, Ra/"'Rb
-

Maxwell bridge

= R4R:C,
— RaRe
Re
L
= wR: = wC,R,
©

11
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Hay bridge

For measurement of large inductance.

L RaRCo
21 4+ @GR
wlz 1
Q, = =
R wC,R,

Schering bridge

C; = Cs Rb,/Ra

1 Qz = wC:R: = waRb

Substitution method for high impedances

Initial balance {unknown terminals

x— x open):
C: and Rg

Final balance (unknown connected
to x— x):

C/ and RY

Then when R; > 10/wC;, there re-
sults, with error < 1 percent,

C,=C,—Cy

The parallel resistance is

If unknown is an inductor,

1 1
L: -—1 — [ -
w?C,

@2C’ — C))
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Measurement with capacitor in series

Measurement of direct capacitance

with unknown

Initial balance {unknown terminals

x=x short-circuited):

C! and Ry

Final balonce {x— x un-shorted):
C" and R/

Then the series resistance is

R: = R — RIRs/Re

_ RCCY
R.IC: — C%)

-2a(aSa-
Ra Ce— Ca

C. =

Rx

When C{ > C;,

1 Rq

L’ ==1C, ’ | e C;"
w? RyCs Cie

Connection of N to N’ places C,,
across phones, and C,, across R,
which requires only a small re-
adjustment of R,.

Initial balance: Lead from P discon-
nected from X; but lying as close to
connected position as practical.

Final balance: lead connected to X,.

By the substitution method above,
Cpe = Cy— CY

Felici mutual-inductance balance

At the null:
M, = —M,
My Mg
©—

Useful ot lower frequencies where
capacitive reactonces associated
with windings are negligibly small.
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Mutual-inductance capacitance balance

Q-meter (Boonton Radio Type 160A)

Using low-loss capacitor. At the null
M. = 1/w?C,
Hybrid-coil method

At null:
2y =12,

The transformer secondaries must be
accurately matched and balanced to

Z

Sl

ground. Useful at audio and carrier
frequencies.

Q of resonant circuit by bandwidth

For 3-decibel or half-power points.
Source loosely coupled to circuit.
Adjust frequency to each side of
resonance, noting bandwidth when

v = 071 X (v at resonance)

{resonance frequency)

Q t-—
(bandwidth)

R, = 0.04 ohm

Ry = 100 megohms

V = vacuum-tube voltmeter

I = thermal milliammeter
L:R:Co = unknown coil plugged into

COIL terminals for measure-
ment.

Correction of Q reading

For distributed capacitance Cqy of coil

C+C
Queue = Q=
where
Q = reading of Q-meter {corrected

for internal resistors R, and R,
if necessary)

C = capacitance
meter

reading of Q-

Measurement of Cy and true L,

C plotted vs 1/f% is a straight line.

3.
f
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Measurement of Cpand true L,  continued

L. = true inductance
/P =1/
472 (C, — C))
Co = negative intercept

fo = notural frequency of coil

When only two readings are taken
and fi/fs = 2.00,

C(, = (Cz - 4C1)/3

Measurement of admittance

Initial readings C'Q’ (LR, is any suit-
able coil)

N

COND

COND

unknown
Y=1/Z

1/Z=Y=G+j8 =1/R, + jwC
Then

cC=C~c"
] = ——G
Q wC
C’ /1000 1000
- . = ]o—3
C <Q" Q' )X

if Z is inductive, C*' > C’

Measurement bf impedances lower than

those directly measurable

For the initial reading, C'Q’, COND
terminals are open.

On second reading, C'Q", a co-

pacitive divider C,Cs is connected
to the COND terminals.

C

Ya o X
Y" b
— ]Eb
e X

Final reading, C'”’Q""’, unknown con-
nected to x —x.

X
2 {
L i LAY
y" Ca unknown
—p C b T Z
L X
Ya = Ga +jwca Yb = Gb +](&)Cb

G, and G, not shown in diagrams.
Then the unknown impedance is

Zaf1a )2 1
Ya + Yb Y’l, — Y’I

Ya + Yb
where, with capacitance in micro-
microfarads and w = 27 X (fre-
quency in megacycles/second):

ohms
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Measurement of impedances lower than

those diroctly measurable continued

1

yHr— vy -
N N L
, /1000 1000 N
e ) X 1071 4 jIC”" = C"")

Usually G, and G, may be neglected,
when there results

Z = B ]_'_>- III] ’r
14+ Co/Co/ Y =Y

08
7 i+ Ca

For many measurements, C, may be
100 micromicrofarads. C, = 0 for
very low values of Z and for highly
reactive values of Z. For unknowns
that are principally resistive and of
low or medium value, C, may take
sizes up to 300 to 500 micromicro-
faraas.

When C, = 0
1 . 108
5 ohms
VT +J wC.
and the “second” reading above be-
comes the “initial", with C' = C"’
in the {ormulas.

ohms

Z:

Parallel-T (symmetrical)

Conditions for zero transfer are

W?CiCe = 2/R,?
w2C12 = ] 2R1Rg
C2R2 =4 ClRl

Use any two of these three equa-
tions.
on RZ

When used as a frequency-selective
network, if we make Ry = 2R, and

Ce = 2C; then
f= ]/27I'C1R2 = ]/27!'C2R1

Twin-T admittance-measuring circuit

(General Radio Co. Type 821-A)

This circuit may be used for measur-
ing admittances in the range some-
what exceeding 400 kilocycles to
40 megacycles. It is applicable to the
special measuring techniques de-
scribed above for the Q-meter.

Cs R
I} AAAAAA—

Conditions for null in output
G+ G = R*)CC1T + C,/Ca
CH+Ch =1/
| 1 1
— CC + -+
e <c1 € c3>

With the unknown disconnected, call
the initial balance Cj and C).
With unknown connected, final bal-
ance is C'y and C',’.
Then the components of the unknown
Y =G+ jwC are
C=2C,—CY

Rw’CiCe

G==2=C - C
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B Rectifiers and filters

Half-wave rectifier (Fig. 1): Most applications are for low-power direct
conversion of the type necessary in small ac-dc radio receivers (withour

on intermediary transformer), and
often with the use of a metallic
rectifier. Not generally used in
high-power circuits due to the low
frequency of the ripple voltage and
a large direct-current polarization
effect in the - transformer, if used.

Full-wave rectifier (Fig. 2): Exten-
sively used due to higher frequency
of ripple voltage and absence of
appreciable direct-current polari-
zation of transformer core because
transformer-secondary halves are
balanced.

Bridge rectifier (Fig. 3): Frequently
used with metallic-rectifier elements;
may operate by direct conversion or
through a transformer. Compared to
full-wave rectifiers, has greater
transformer utilization, but requires
twice the number of rectifier ele-
ments and has twice the rectifier-
element voltage drop. If tubes are
used, three well-insulated filament-
transformer secondaries are re-
quired.

Voltage multiplier (Fig. 4): May be
used with or without a line trans-
former. Without the transformer, it
develops sufficiently high output
voltage for low-power equipment;
however, lack of electrical insula-
tion from the power line may be ob-
jectionable. May also be used for
obtaining high voltages from a
transformer ha<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>