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FOREWORD

This fifth edition of Reference Data for Radio Engineers grew from a 60-page brochure of
that title originally compiled by W. L. McPherson of Standard Telephones and Cables Limited,
which company published it in England in 1942. Its immediate acceptance prompted the
parent company, International Telephone and Telegraph Corporation, to arrange for a United
States version that in four editions dated 1943, 1946, 1949, and 1956 had a total sale of 350 000
copies.

The book has become a first place for the busy radio engineer to look for all kinds of data.
It has also been widely used in colleges by both faculties and students.

The present edition accommodates about 50 percent more material than was in the fourth
edition. This was made possible by using a larger page divided into two columns, plus special
care to conserve space in typesetting. In addition, a more-compact more-readable type face
has been used.

ITT Iederal Laboratories has continued its major role in directing and approving the tech-
nical contents of all editions published in the United States. To maintain a high standard in a
book of such wide scope, it has been necessary to go outside of the ITT System for objective
reviews of existing material to guide revisions, for critical reviews of manuscripts, and for the
preparation of some new material. Such contributions are gratefully acknowledged from H. R.
Romig; Rodney Chipp; D. J. LeVine of Mitre Corporation; N. Marchand of Marchand
Laboratories; L. J. Lidofsky of Columbia University; Colin Cherry of London University;
R. C. Barker of Yale University; J. D. Kraus of Ohio State University; J. A. Pierce of Har-
vard University; G. A. Deschamps of University of Illinois; J. R. Ragazzini of New York
University; E. A. Guillemin of Massachusetts Institute of Technology ; and from N. Marcuvitz,
W. K. Kahn, and T. Tamir of Brooklyn Polytechnic Institute. The following persons from
National Bureau of Standards and Environmental Science Services Administration also
generously contributed to the book: J. W. Herbstreit, R. T. Disney, W. Q. Crichlow, P. L.
Rice, D. D. Crombie, A. I'. Barghausen, G. W. Haydon, R. S. Lawrence, and M. S. Cord.

The difficulty in identifying the authors of material carried over from previous editions
makes it impossible for us to list their names despite the debt we owe them. However, special
acknowledgment is made of the valuable contributions of A. G. IKandoian as Chairman of the
Editorial Boards for the third and fourth editions. Corporate developments prevented him
from completing this task for the fifth edition. The following list of International System per-
sonnel is limited to those who contributed specifically to the fifth edition.

H. P. Westman, Editor M. Karsh, Managing Editor
M. M. Perugini, Consulting Editor W. S. Fujii, Consulting Art Director

EDITORIAL BOARD

A. G. Kandoian, Chatrman (1963-1964)
L. A. DeRosa, Chairman (1965-1966)
R. I. Colin, Secretary

M. Dishal J. Granlund J. L. Jatlow N. Marchand M. C. Poylo
M. Epstein R. E. Gray M. Karsh R. McSweeny H. P. Westman

v



vi FOREWORD

INTERNATIONAL TELEPHONE AND TELEGRAPH CORPORATION

E. E. Benham A. E. Cookson J. A. O’Connell E. F. Tuck
H. G. Busignies L. B. Haigh M. C. Poylo J. M. Valentine
R. S. Caruthers M. Karsh J. 5. Schlaikjer H. . Westman

ITT FEDERAL LABORATORIES

C. M. Aker M. Dishal R. E. Gray G. R. Leef J. Polyzou

M. Arditi S. H. Dodington  F. F. Hall W. Litchman L. G. Rado

T. Brown J. G. Dunn M. Hoffman W. W. Macalpine L. Rosenberg
J. H. Brundage M. Epstein S. Hoh C. R. Muller H. R. Terhune
. X. Bucher J. A. Fingerett J. L. Jatlow F. A. Muller R. Vachss

AL Casabona F. W. Frazee P. King H. G. Nordlin L. M. Vallese
R. I Colin M. T. Fujita J. B, Lair P. F. Panter J. Youlios

L. A. DeRosa J. Granlund P. . Lantzy E. A. Pflumm

ITT COMMUNICATION SYSTEMS
A. T, Jones A. G. Kandoian H. H. Smith

ITT DATA INFORMATION SYSTEMS DIVISION
R. Leonard R. Weber

ITT ELECTRON TUBE DIVISION
A. K. Wing, Jr.

ITT GILFILLAN

I. W. Hammer

ITT INDUSTRIAL LABORATORIES
R. Clayton D. K. Coles E. Eberhardt J. Kylander L. G. Wolfgang

ITT SEMICONDUCTORS
C. R. Cook R. M. Scarlett J. G. Tatum

ITT WORLD COMMUNICATIONS
R. MecSweeny

STANDARD TELECOMMUNICATION LABORATORIES

P. Lighty L. F. Turner

STANDARD TELEPHONES AND CABLES LIMITED

15, Baguley D. 8. Girling . H. Roche J. L. Storr-Best
R. A. Bones J. G. Litterick R. Smith M. van Hasselt

J. A. Budek D. S. Ridler T. L. Squires D. G. Ware



TABLE OF CONTENTS

Chapler
Frequency Data......... ... ... . .. .. ... ... 1
International Telecommunication Recommendations. . . . 2
Units, Constants, and Conversion Factors. ............ 3
Properties of Materials. ............... ... ... 4
Components or Parts........................ ... ... 5
Fundamentals of Networks........................... 6
Filters, Image-Parameter Design...................... 7
Filters, Modern-Network-Theory Design............... 8
Filters, Simple Band-Pass Design..................... 9
Attenuators. ........ .. ... .. i 10
Bridges and Impedance Measurements. .. ............. 11
Magnetic-Core Transformers and Reactors............. 12
Rectifiersand Filters. ................... ... ... ... 13
Magnetic Amplifiers............... ... .. ... 14
Feedback Control Systems. . ......................... 15
Electron Tubes. .......... .. . i, 16
Electron-Tube Circuits. . ................ ... ... ... 17
Semiconductors and Transistors....................... 18
Transistor Circuits................ ... ... ... ... 19
Microminiature Electronics. . ........................ 20



viii TABLE OF CONTENTS

Modulation. . ............ ... .. i 21
Transmission Lines. ... ...... ... ..., 22
Waveguides and Resonators.......................... 23
Scattering Matrices. . ........... .. ... L. 24
Antennas. .......... . ... 25
Electromagnetic-Wave Propagation. .................. 26
Radio Noise and Interference......................... 27
Broadcasting and Recording.......................... 28
Radar Fundamentals. ... ......... ... ... ... .. ..., 29
Wire Transmission. ................ ... ........ 30
Switching Networks and Traffic Concepts.............. 31
Digital Computers................. .. .. . ... 32
Navigation Aids. . ......... ... ... 33
Space Communication. ... ................... ... ... 34
Electroacousties. . .......... .. i 35
Nuclear Physics. .. ........... ... .. ... ... ... 36
Quantum Electronics. . .................. .. ... .. ... 37
Information Theory............ ... ... ... ... .. ... ... 38
Probability and Statisties............................ 39
Reliability and Life Testing. . ........................ 40
Miscellaneous Data........ ... ... . ... 41
Fourier Waveform Analysis. . ........................ 42
Maxwell’s Equations. ............................... 43
Mathematical Equations............................. 44

Mathematical Tables.......... ..., 45



FREQUENCY SPECTRUM

REFERENCE DATA FOR RADIO ENGINEERS — FIFTH EDITION
COPYRIGHT © 1968 BY HOWARD W. SAMS & CO., INC.

«———— TROMBONE - - PICCOL) ——————>
——mass VoL > < FLUTE >
- VIOLIN > I
i J Rt - . 0.60 0.50 0.40
+«——— CLARINET ———> VISIBLE SPECTRUM IN MICRONS (MICROMETERS)

<———— TRUMPET ——»
<4———— FRENCH HORN ———»
4——— BASS CLARINET —»

BASSOON INFRARED ULTRAVIOLET
<«— BASS TUBA ——™»
- VIOLA >
-« CELLO >
«————HUMAN VOICES —MM8M8m™»
- PHYSIOLOGICAL ACTION =
—”I!"””"!-" GAMMA RAYS P ’
2.7 65. 41 130 81 261 63 523 25 1046 50 2093 00 41 86 00
FREQUENCY BAND DESIGNATIONS -
iR & X RAYS > SOFT HWARD
o o | | o (B -
300 30 K™ 0.3 x10-2  3x10° 3x10—* 3x10-3* 3x10-¢
MICRONS # (MICROMETERS)
3x10¢ 3x10® 3x10¢ x10° 3x10? 30
ANGSTROMS A
HERTZ KILOHERTZ MEGAHERTZ GIGAHERTZ TERAHERTZ TERAHERTZ
10 100 1 10 100 1 10 100 1 10 100 1 10 10? 10° 104 108 10¢ 107 108

FREQUENCY f

METERS METERS CENTIMETERS  MILLIMETERS MILLIMETERS
107 3x10¢ x10° 3x10* 102 3x10? " 0.3 x10-2 IAx10—* 10— Ix10-*  3x10-¢ 3Ax10-7  3x10-*

WAVELENGTH A

20717






WAVELENGTH-FREQUENCY
CONVERSION

Figure 1 permits conversion between frequency
and wavelength; by use of multiplying factors
shown, this graph will cover any portion of the
electromagnetic-wave spectrum.

Ay, = WAVELENGTH IN FEET
0 %0 0 W 100 CIRL
[ [ [ T 111 | I -

LA 300
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3
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-
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f = FREQUENCY IN MEGAHERTZ

3
0 15 w B W W 50 00 L]
Am = WAVELENGTH IN METERS

For Frequencies in Multiply Multiply
Megahertz from fby \ by
0.03- 0.3 0.01 100
0.3 - 3.0 0.1 10

3.0- 30 1.0 1.0

30 - 300 10 0.1

300 - 3000 100 0.01
3000 - 30000 1 000 0.001
30 000 -300 000 10 000 0.0001

Fig. 1—Wavelength-frequency conversion.

CHAPTER 1
FREQUENCY DATA

Conversion Equations
Propagation velocity
cR3X 108 meters/second

Wavelength in meters
_ 300000 _ 300
™ fin kilohertz ~ fin megahertz
Wavelength in centimeters

30
™ f in gigahertz

Wavelength in feet

\o_ 984000 _  oss
® fin kilohertz _ fin megahertz
Wavelength in inches
_ 11.8
2™ £in gigahertz

1 angstrom unit A=23.937X10~? inch

=1X10"°  meter
=1X10" micron
1 mieron u=3.937X107% inch
=1X10"* meter
=1X10* angstrom units.

Nomenclature of Frequency Bands

Table 1 is adapted from the Radio Regulations
of the International Telecommunication Union,
Article 2, Section 11, Geneva; 1959.

Letter Designations for Frequency Bands

Letter designations commonly used for micro-
wave bands (particularly in references to radar
equipment) are shown in Table 2. These designa-
tions have no official international standing, and
various engineers have used limits for the bands
and subbands other than those listed in the table.

Subband code letters should be used as sub-
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TABLE 1—NOMENCLATURE OF FREQUENCY BANDs.

REFERENCE DATA FOR RADIO ENGINEERS

Band
Number* Frequency Range Metric Subdivision Adjectival Designation

2 30 to 300 hertz Megametric waves ELF Extremely low frequency
3 300 to 3000 hertz VF  Voice frequency
4 3to 30 kilohertz Myriametric waves VLF Very-low frequency
5 30 to 300 kilohertz Kilometric waves LF  Low frequency
6 300 to 3000 kilohertz Hectometric waves MF Medium frequency
7 3to 30 megahertz Decametric waves HF  High frequency
8 30 to 300 megahertz Metric waves VHF Very-high frequency
9 300 to 3000 megahertz Decimetric waves UHF Ultra-high frequency

10 3to 30 gigahertz Centimetric waves SHF Super-high frequency

11 30 to 300 gigahertz Millimetric waves EHF Extremely high frequency

12 300 to 3000 gigahertz or Decimillimetric waves — —

3 terahertz

* «Band Number N’ extends from 0.3)X10¥ to 3)X10¥ hertz. The upper limit is included in each band; the lower

limit is excluded.

scripts in designating particular frequency ranges;
for example, L, indicates the band between 0.950
and 1.150 gigahertz.

FREQUENCY ALLOCATIONS BY
INTERNATIONAL TREATY

The following information is adapted from the
Radio Regulations of the ITU, Geneva, 1959,
corrected to July 1965. Some 400 footnotes de-
scribing special conditions pertaining to allocations
within particular frequency bands and much other
detailed information are not reproduced here.
Copies of the Radio Regulations may be obtained
from the Secretary General, International Tele-
communication Union, Palais Wilson, Geneva,
Switzerland.*

For purposes of frequency allocations, the world
has been divided into regions shown in Fig. 2.

See Article 5, Section 1 of the I'TU Radio Regu-
lations for definitions of the regions and of lines
A, B,and C.

Frequency bands are allocated to services de-
fined as follows:

Fized: Radio communication between specified
fixed points. Examples are point-to-point high-
frequency circuits and microwave links.

Mobile: Radio communication between stations
intended to be used while in motion or during
halts at unspecified points or between such stations
and fixed stations.

* In the official documents of ITU and FCC the follow-
ing terms are combined as single words: radiobeacon,
radiocommunication, radiodetermination, radiolocation,
radionavigation, radiorange, radiosonde, radiotelegraphy,
and radiotelephony.

Aeronautical Mobile: Radio communication be-
tween a land station and an aircraft or between
aircraft. (R indicates frequency bands for com-
munication within regions. OR indicates bands for
communication between regions.)

Maritime Mobile: Radio communication between
a coast station and a ship or between ships.

Land Mobile: Radio communication between a
base station and land mobile station or between
land mobile stations. Examples are radio communi-
cation with taxicabs and police vehicles.

Radio Navigation: The determination of position
for purposes of navigation by means of the propa-
gation properties of radio waves. This includes
obstruction warning. An example is loran.

Aeronautical Radio Navigation: A radio naviga-
tion service intended for the benefit of aircraft.
Examples are VOR and Tacan systems, aero-
nautical radio beacons, instrument landing sys-
tems, radio altimeters, and airborne obstruction-
indicating radar.

Maritime Radio Navigation: A radio navigation
service intended for the benefit of ships. Examples
are coastal radio beacons, direction-finding stations,
and shipboard radar.

Radio Location: The determination of position
for purposes other than those of navigation by
means of the propagation properties of radio waves.
Examples are land radars, coastal radars, and
tracking systems.

Broadcasting: Radio communication intended
for direct reception by the general public. Exam-
ples are amplitude-modulation broadcasting on me-
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TaBLE 2—LETTER DEsIGNATIONS For Microwave 1BBanps.

Frequency in Wavelength in Frequency in Wavelength in
Subband Gigahertz Centimeters Subband Gigahertz Centimeters
P Band X Band—Conlinued
0.225 133.3 i 9.00 3.33
0.390 76.9 z 9.60 3.13
10.00 3.00
, 10.25 2.93
L Band 10.90 2.75
0.390 76.9 K Band
f 0.465 64.5
! 0.510 58.8 o 10.90 2.75
0.725 41.4 s 12.25 2.45
y 0.780 38.4 : 13.25 2.26
s 0.900 33.3 ¢ 14.25 2.10
z 0.950 31.6 ut 15.35 1.95
k 1.150 26.1 ¢ 17.25 1.74
1.350 22.2 t 20.50 1.46
! 1.450 20.7 ! 24.50 1.22
1.550 19.3 m 26.50 1.13
n 28.50 1.05
! 30.70 0.977
S Band a 33.00 0.909
36.00 0.834
. 1.55 19.3
1.65 18.3
/ 1.85 16.2 Q Band
: 2.00 15.0
2.40 12.5 e 36.0 0.834
q 2.60 11.5 b 38.0 0.790
v 2.70 11.1 c 40.0 0.750
g 2.90 10.3 | d 42.0 0.715
U 3.10 9.67 . 44.0 0.682
g 3.40 8.32 l 46.0 0.652
\ 3.70 8.10 |
’ 3.90 7.69
z 4.20 7.14 V Band
¢ 5.20 5.77
; 46.0 0.652
b 48.0 0.625
X Band 50.0 0.600
; 52.0 0.577
a 5.20 5.77 54.0 0.556
5.50 5.45 ¢ 56.0 0.536
;, 5.75 5.22
d 6.20 4.84
b 6.25 4.80 W Band
, 6.90 4.35
7.00 4.29 56.0 0.536
¢ 8.50 3.53 100.0 0.300

* C Band includes S; through X, (3.90-6.20 gigahertz).
t K; Band includes K, through K, (15.35-24.50 gigahertz).
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Fig. 2—Regions defined in table of frequency allocations. Shaded area represents tropical zone.

dium and high frequencies, frequency-modulation
broadcasting, and television.

Amaleur: Radio communication carried on by
persons interested in the radio technique solely
with a personal aim and without pecuniary interest.

Space: Radio communication between space
stations.

Earth-Space: Radio communication between
earth stations and space stations. An example is
between the earth and a satellite.

Radio Astronomy: Astronomy based on the
reception of radio waves of cosmic origin.

Standard Frequency: Radio transmission of
specified frequencies of stated high precision, in-
tended for general reception for scientific, technical,
and other purposes.

The following allocations pertain to Region 2
(the western hemisphere). An asterisk (*) indi-
cates that the allocation also pertains on a world-
wide basis. I'requency assignments in the United
States comply with the following table but they
have been further divided (especially above 30
megahertz) among particular types of service as
shown in the listings on pages 1-8 to 1-14.

Services printed in small capitals (example:
FIXED) are primary services.

Services printed in italics (example: Radvo loca-
tion) are permitted services and have equal rights
with primary services except that the primary
services have prior choice of frequencies.

Services printed in lower-case type (example:
Mobile) are secondary services which shall not
cause harmful interference to, or claim protection
from, stations of a primary or permitted service.

The order of listing does not indicate relative
priority within each category.

Kilohertz Service
Below 10.00 (not allocated)*
10.00-14.00 RADIO NAVIGATION*

Radio location*
14.00-19.95 FixED*

MARITIME MOBILE*
19.95-20.05 STANDARD FREQUENCY®
20.05-70.00 FIXED*

MARITIME MOBILE*
70.00-90.00 FIXED

MARITIME MOBILE

MARITIME RADIO NAVIGATION

Radio location
90.00-110.0 RADIO NAVIGATION

FIXED

Maritime mobile
110.0-130.0 FIXED

MARITIME MOBILE

MARITIME RADIO NAVIGATION

Radio location
130.0-160.0 FIXED

MARITIME MOBILE
160.0-200.0 FIXED
200.0-285.0 AERONAUTICAL RADIO NAVIGATION

Aeronautical mobile
285.0-325.0 MARITIME RADIO NAVIGATION

(radio beacons)
Aeronautical radio navigation
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Kilohertz Service

325.0-405.0 AERONAUTICAL RADIO NAVIGATION*
Aeronautical mobile*
405.0-415.0 MARITIME RADIO NAVIGATION
(radio direction-finding)
Aeronautical radio navigation
Aeronautical mobile
415.0-490.0 MARITIME MOBILE*
(radiotelegraphy only)
490.0-510.0 moBILE*
(distress and ealling)
510.0-525.0 MOBILE
Aeronautical radio navigation
525.0-535.0 MOBILE
Broadcasting
Aeronaulical radio navigation
535.0-1605 BROADCASTING*
1605-1800 FIXED
MOBILE
AERONAUTICAL RADIO NAVIGATION
Radio location
1800-2000 AMATEUR
FIXED
MOBILE EXCEPT AERONAUTICAL
RADIO NAVIGATION
2000-2065 FIXED
MOBILE
2065-2107 MARITIME MOBILE
(radiotelegraphy only)
2107-2170 FIXED
MOBILE
2170-2194 MOBILE*
(distress and calling)
2194-2300 FIXED

MOBILE
2300-2495 FIXED

MOBILE

BROADCASTING
2405-2505 STANDARD FREQUENCY
25052850 FIXED

MOBILE
2850-3025 AERONAUTICAL MOBILE (R)*
Megahertz Service

3.025-3.155 AERONAUTICAL MOBILE (OR)*
3.155-3.200 FIxED*

MOBILE EXCEPT AERONAUTICAL (R)*
3.200-3.400 FixeD*

MOBILE EXCEPT AERONAUTICAL*

BROADCASTING*
3.400-3.500 AERONAUTICAL MOBILE (R)*
3.500-4.000 AMATEUR

FIXED

MOBILE EXCEPT AERONAUTICAL (R)
4.000-4.063 FIxED*
4.063—4.438 MARITIME MOBILE*
4.438-4.650 FIXED

MOBILE EXCEPT AERONAUTICAL (R)
4.650-4.700 AERONAUTICAL MOBILE (R)*

Megahertz

4.700-4.750
4.750-4.850

4.850-4.995

4.995-5.005
5.005-5.060

5.060-5.250
5.250-5.450

5.450-5.680
5.680-5.730
5.730-5.950
.950-6.200
.200-6.525
.525-6.685
.685-6.765
.765-7.000
.000-7.300
.300-8.195
.195-8.815
.815-8.965
.965-9.040
.040-9.500
.500-9.775
.775-9.995
9.995-10.005
10.005-10.10
10.10-11.175

D OO WWPRNTDADADDDD O

.

Service

AERONAUTICAL MOBILE (OR)*
FIXED

BROADCASTING

FIXED*

LAND MOBILE*
BROADCASTING*

STANDARD FREQUENCY*
FIXED*

BROADCASTING*

FIXED*

FIXED

LAND MOBILE

AERONAUTICAL MOBILE (R)
AERONAUTICAL MOBILE (OR)*
FIXED*

BROADCASTING*

MARITIME MOBILE*
AERONAUTICAL MOBILE (R)*
AERONAUTICAL MOBILE (OR)*
FIXED*

AMATEUR

FIXED*

MARITIME MOBILE*
AERONAUTICAL MOBILE (R)*
AERONAUTICAL MOBILE (OR)*
FIXED*

BROADCASTING*

FIXED*

STANDARD FREQUENCY*
AERONAUTICAL MOBILE (R)*
FIXED*

11.175-11.275 AERONAUTICAL MOBILE (OR)*

11.275-11.40
11.40-11.70
11.70-11.975
11.975-12.33
12.33-13.20
13.20-13.26
13.26-13.36
13.36-14.00
14.00-14.35
14.35-14.99
14.99-15.01
15.01-15.10
15.10-15.45
15.45-15.762

AERONAUTICAL MOBILE (R)*
FIXED*

BROADCASTING*

FIXED*

MARITIME MOBILE*
AERONAUTICAL MOBILE (OR)*
AERONAUTICAL MOBILE (R)*
FIXED*

AMATEUR*

FIXED*

STANDARD FREQUENCY*
AERONAUTICAL MOBILE (OR)*
BROADCASTING®

FIXED*

15.762-15.768 FiIxED*

15.768-16.46
16.46-17.36
17.36-17.70
17.70-17.90
17.90-17.97
17.97-18.03
18.03-18.036

18.036-19.99
19.99-20.01
20.01-21.00

Space research*

FIXED*

MARITIME MOBILE*

FIXED*

BROADCASTING"
AERONAUTICAL MOBILE (R)*
AERONAUTICAL MOBILE (OR)*
FIXED*

Space research*

FIXED*

STANDARD FREQUENCY*
FIXED*
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Megahertz

21.00-21.45
21.45-21.75
21.75-21.85
21.85-22.00
22.00-22.72
22.72-23.20
23.20-23.35
23.35-24.99

24.99-25.01
25.01-25.07

25.07-25.11
25.11-25.60

25.60-26.10
26.10~27.50

27.50-28.00
28.00-29.70
29.70-30.005

30.005-30.01

30.01-37.75

37.75-38.25

38.25-50.00
50.00-54.00
54.00-73.00

73.00-74.60
74.60-75.40
75.40-88.00

88.00-108.0

Service
AMATEUR®
BROADCASTING*
FIXED*

AERONAUTICAL FIXED*
AERONAUTICAL MOBILE (R)*
MARITIME MOBILE*

FIXED*

AERONAUTICAL FIXED*
AERONAUTICAL MOBILE(OR)*
FIXED*

LAND MOBILE*

STANDARD FREQUENCY*
FIXED*

MOBILE EXCEPT AERONAUTICAL*
MARITIME MOBILE*

FIXED*

MOBILE EXCEPT AERONAUTICAL*
BROADCASTING*

FIXED*

MOBILE EXCEPT AERONAUTICAL*
METEOROLOGICAL AIDS
FIXED*

MOBILE

AMATEUR*

FIXED*

MOBILE*

FIXED*

MOBILE*

SPACE RESEARCH*

SPACE*

(satellite identification)
FIXED*

MOBILE*

FIXED*

MOBILE*

Radio astronomy*

FIXED

MOBILE

AMATEUR

FIXED

MOBILE

BROADCASTING

RADIO ASTRONOMY
AERONAUTICAL RADIO NAVIGATION
FIXED

MOBILE

BROADCASTING
BROADCASTING

108.0-117.975 AERONAUTICAL RADIO NAVIGATION*
117.975-132.0 AERONAUTICAL MOBILE (R)*

132.0-136.0
136.0-137.0

137.0-138.0

FIXED
MOBILE

SPACE RESEARCH
(telemetering and tracking)
METEOROLOGICAL—SATELLITE*
SPACE RESEARCH*
(telemetering and tracking)
SPACE*

(telemetering and tracking)

Megahertz

138.0-143.6

143.6-143.65

143.65-144.0
144.0-148.0
148.0-149.9

149.9-150.05
150.05-174.0

174.0-216.0

216.0-220.0

220.0-225.0
225.0-267.0

267.0-272.0

272.0-273.0

273.0-328.6
328.6-335.4
335.4-399.9

399.9-400.05
400.05-401.0

401.0-102.0

402.0-406.0

406.0-420.0

420.0-450.0

REFERENCE DATA FOR RADIO ENGINEERS

Service

FIXED
MOBILE

Radio location

FIXED

MOBILE

SPACE RESEARCH
(telemetering and tracking)
Radio location

FIXED

MOBILE

Radvo location

AMATEUR

FIXED

MOBILE

RADIO NAVIGATION—SATELLITE*
FIXED

MOBILE

FIXED

MOBILE

BROADCASTING

FIXED

MOBILE

RADIO LOCATION

AMATEUR

RADIO LOCATION

FIXED

MOBILE

FIXED*

MOBILE*

SPACE*

(telemetering)

FIXED*

MOBILE*

SPACE*

(telemetering)

FIXED*

MOBILE*

AERONAUTICAL RADIO NAVIGATION*
(glide-path systems)

FIXED*

MOBILE*

RADIO NAVIGATION—SATELLITE*
METEOROLOGICAL AIDS*
METEOROLOGICAL—SATELLITE*
(maintenance telemetering)
SPACE RESEARCH*
(telemetering and tracking)
METEOROLOGICAL AIDS*

SPACE*

(telemetering)

Fixed*

Mobile except aeronautical*
METEOROLOGICAL AID8*

Fixed*

Mobile except aeronautical®
FIXED*

MOBILE EXCEPT AERONAUTICAL*
RADIO LOCATION

Amateur



FREQUENCY DATA

Megahertz
450.0-460.0
460.0-470.0
470.0-890.0
890.0-942.0
942.0-960
960.0-1215
1215-1300
1300-1350
1350-1400

1400-1427
1427-1429

1429-1435
1435-1525

1525-1535

1535-1540

1540-1660
1660-1664 .4

1664.4-1668.4

1668.4-1670

1670-1690

1690-1700
1700-1710
1710-1770

1770-1790

1790-2290

2290-2300

2300-2450

Service

FIXED*

MOBILE*

FIXED*

MOBILE*
Meteorological—satellite*
BROADCASTING

FIXED

RADIO LOCATION

FIXED

AERONAUTICAL RADIO NAVIGATION*
RADIO LOCATION*

Amateur®

AERONAUTICAL RADIO NAVIGATION*
Radio location*

RADIO LOCATION

RADIO ASTRONOMY"*

FIXED*

MOBILE EXCEPT AERONAUTICAL*
SPACE*

(telecommand)

FIXED

MOBILE

MOBILE

Fixed

SPACE

(telemetering)

Fixed

Mobile

SPACE*

(telemetering)

AERONAUTICAL RADIO NAVIGATION®
METEOROLOGICAL AIDS*
METEOROLOGICAL—SATELLITE*
METEOROLOGICAL AIDS*
METEOROLOGICAL—SATELLITE*
Radio astronomy*
METEOROLOGICAL AIDS*
METEOROLOGICAL—SATELLITE®
METEOROLOGICAL AIDS*
FIXED*

MOBILE EXCEPT AERONAUTICAL®
METEOROLOGICAL AIDS
METEOROLOGICAL—SATELLITE
SPACE RESEARCH
(telemetering and tracking)
FIXED

MOBILE

FIXED

MOBILE
Meteorological—satellite
FIXED

MOBILE

SPACE RESEARCH

(telemetering and tracking
space)

RADIO LOCATION

Amateur

Fixed

Mobile

in deep

Megahertz
2450-2550

2550~-2690

2690-2700
2700-2900

2900-3100

Gigahertz

3.100-3.300
3.300-3.400

3.400-3.500

3.500-3.700

3.700-4.200

4.200-4.400
4.400-4.700

4.700-4.990
4.990-5.000
5.000-5.250
5.250-5.255

5.255-5.350
5.350-5.460

5.460-5.470
5.470-5.650
5.650-5.670

5.670-5.725

5.725-5.925

5.925-6.425

Service
FIXED
MOBILE
RADIO LOCATION
FIXED*
MOBILE*

RADIO ASTRONOMY*

AERONAUTICAL RADIO NAVIGATION*
Radio location*

RADIO NAVIGATION*

(ground-based radars)

Radio location*

Service

RADIO LOCATION*

RADIO LOCATION

Amateur

RADIO LOCATION
COMMUNICATION—SATELLITE
(satellite to earth)

Amateur

FIXED

MOBILE

RADIO LOCATION
COMMUNICATION—SATELLITE
(satellite to earth)

FIXED

MOBILE
COMMUNICATION—SATELLITE
(satellite to earth)
AERONAUTICAL RADIO NAVIGATION®
FIXED*

MOBILE*
COMMUNICATION—SATELLITE*
(earth to satellite)

FIXED*

MOBILE*

RADIO ASTRONOMY
AERONAUTICAL RADIO NAVIGATION*
RADIO LOCATION*

Space research*

RADIO LOCATION"
AERONAUTICAL RADIO NAVIGATION*
Radio location*

RADIO NAVIGATION*

Radio location*

MARITIME RADIO NAVIGATION®
Radio location*

RADIO LOCATION*

Amateur*

RADIO LOCATION"

Amateur*

Space research®

(deep space)

RADIO LOCATION

Amateur

FIXED*

MOBILE*
COMMUNICATION—SATELLITE®
(earth to satellite)
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Gigahertz

6.425-7.250
7.250-7.300

7.300-7.750

7.750-7.900

7.900-7.975

7.975-8.025

8.025-8.400

10.00-10.50
10.50-10.55

10.55-10.68

10.68-10.70
10.70-11.70

11.70-12.70

12.70-13.25

13.25-13.40
13.40-14.00
14.00-14.30
14.30-14.40
14.40-15.25

15.25-15.35
15.35-15.40
15.40-15.70
15.70-17.70

Service

FIXED*

MOBILE*
COMMUNICATION—SATELLITE*
(satellitc to earth)

FIXED*

MOBILE*
COMMUNICATION—SATELLITE*
(satellite to earth)

FIXED*

MOBILE*

FIXED*

MOBILE*
COMMUNICATION—SATELLITE*
(earth to satellite)
COMMUNICATION—SATELLITE*
(earth to satellite)

FIXED*

MOBILE*
COMMUNICATION—SATELLITE*
(earth to satellite)

SPACE RESEARCH

RADIO LOCATION*

RADIO LOCATION*
AERONAUTICAL RADIO NAVIGATION*
(airborne doppler aids)

RADIO LOCATION*
AERONAUTICAL RADIO NAVIGATION*
(ground-based radars)

Radio location*

RADIO LOCATION*

RADIO NAVIGATION*

Radio location*

RADIO LOCATION*

RADIO LOCATION*

Fixed*

RADIO LOCATION*

Amateur*

RADIO LOCATION
(continuous-wave systems only)
FIXED*

MOBILE*

Radio location*

RADIO ASTRONOMY*

FIXED*

MOBILE*

FIXED*

MOBILE EXCEPT AERONAUTICAL*
BROADCASTING*

FIXED*

MOBILE*

AERONAUTICAL RADIO NAVIGATION*
RADIO LOCATION*

RADIO NAVIGATION"*

RADIO NAVIGATION—SATELLITE*
FIXED*

MOBILE*

SPACE RESEARCH"*

RADIO ASTRONOMY*
AERONAUTICAL RADIO NAVIGATION*
RADIO LOCATION*

REFERENCE DATA FOR RADIO ENGINEERS

Gigahertz Service
17.70-19.30 rFixep*

MOBILE*
19.30-19.40 RADIO ASTRONOMY*
19.40-21.00 rFixep*

MOBILE*
21.00-22.00 AMATEUR*
22.00-23.00 Fixep*

MOBILE*
23.00-24.25 RADIO LOCATION*
24.25-25.25 RADIO NAVIGATION*
25.25-31.00 Fixep*

MOBILE*
31.00-31.30 FixED*

MOBILE*

Space research*
31.30-31.50 RADIO ASTRONOMY*
31.50-31.80 SPACE RESEARCH
31.80-32.30 RADIO NAVIGATION*

Space research*
32.30-33.40 RADIO NAVIGATION
33.40-34.20 RADIO LOCATION*
34.20-35.20 RADIO LOCATION*

Space research*
35.20-36.00 RraDIO LoCATION*
36.00-40.00 rixeD*

MOBILE*

Above 40.00  (not allocated)*

FREQUENCY ALLOCATIONS IN
UNITED STATES

The following listings are abstracted from Part
II of the Rules and Regulations of the Federal
Communications Commission as revised to Novem-
ber 1965. Several hundred footnotes in the Regu-
lations, describing special conditions for use and
for assighment of many frequency bands or indi-
vidual frequencies, have been omitted.

Since minor changes are frequently made in the
Rules and Regulations, the latest issue always
should be consulted. It may be obtained from the
Superintendent of Documents, Government Print-
ing Office, Washington, D.C. Additional guidance
may be obtained from the Federal Communica-
tions Commission, Washington, D.C.*

Aeronautical Mobile (Ground-air-ground
and air-air communication.)

General
200.0 - 285.0 kHz
325.0 - 415.0
2850 =-3155
3.400- 3.500 MHz

* In the official documents of ITU and FCC the follow-
ing terms are combined as single words: radiobeacon,
radiocommunication, radiodetermination, radiolocation,
radionavigation, radiorange, radiosonde, radiotelegraphy,
and radiotelephony.



FREQUENCY DATA

4.750 MHz
5.730
6.765
9.040
10.10
11.40
13.36
15.10
18.03

4.650-
5.450-
6.525-
8.815-
10.005-
11.175-
13.20 -
15.01 -
17.90 -
21.85 - 22.00
23.20 - 23.35
121.45 - 121.55
123.575- 136.0

Calling and Distress

490.0 - 510.0 kHz
(500 kHz, telegraph calling frequency)
2170  -2194 kHz

(2182 kH3z, telephone calling frequency)
156.725- 156.875 MHz
(156.8 MHz, telephone calling frequency)
243.0 MHz
(survival craft and equipment)

Airdrome Control
117.975-121.425 MHz

Aero Search and Rescue
121.575- 121.625 MHz

Aero Utility
121.625- 121.975 MHz

Private Aircraft
121.975- 123.075 MHz

Flight Test
123.075- 123.575 MHz

Aviation Instructional
123.075- 123.125 MHz
123.275- 123.325
123.475- 123.525

Civil Avr Patrol

26.62 MHz
143.90
148.15
Telemetering
216.0 - 220.0 MHz (government)
1435 -1535

Aeronautical Radio Navigation (Radio bea-
cons, radio ranges, landing systems, air-
borne radar, etc.)

General
200.0 - 285.0 kHz
325.0 - 415.0
1605 -1715
960.0 -1215 MHz
1300 -1350
1540 -1660

5.000- 5.250 GHz
5.350- 5.460
9.000- 9.200
15.40 - 15.70

Direction Finding
405.0-415.0 kHz
(410 kHz is direction-finding frequency)

Marker-Beacon
74.60-75.40 MHz
(75.0 MHz is marker frequency)

VOR (omnidirectional range and localizer)
108.0-117.975 MHz

Glide Path

328.6 -335.4 MHz

Altimeter
4.200- 4.400 GHz

Airborne Doppler Radar
8.800 GHz (government)
13.25 - 13.40 GHz

Amateur
1800 -2000 kHz
3.500- 4.000 MHz
7.000- 7.300
14.00 - 14.35
21.00 - 21.45
28.00 - 29.70
50.00 - 54.00
144.0 - 148.0
220.0 - 225.0
420.0 - 450.0
1215 -1300
2300 -2450
3.300- 3.350 GHz
5.650- 5.925
10.00 - 10.50
21.00 - 22.00
40.00 - 88.00
Above 90.00
Broadcasting

Standard Amplitude-M odulation Broadcasting
535.0 -1605 kHz

Frequency-Modulation Broadcasting
88.00 - 108.0 MHz

Television Broadcasting
54.00 - 72.00 MHz
76.00 - 88.00
174.0 - 216.0
470.0 - 890.0
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International Amplitude-Modulation Broadcasting 2194  -2495 (Alaska)
5.950- 6.200 MHz 2505  —2850 (Alaska)
9.500- 9.775 3.155- 3.200 MHz (Alaska and Puerto
11.70 - 11.975 Rico)
15.10 - 15.45 3.200-  3.400 (Alaska)
17.70 - 17.90 4.000- 4.063 (Alaska)
21.45 - 21.75 4.438- 4.650 (Alaska)
25.60 - 26.10 4.750- 4.995 (Alaska)
5.005- 5.450 (Alaska)
Citizens Radio (Personal radio services) 2?22_‘ ?3053 Eﬁ:ﬁ:;
L o 67,90 7.300- 8.195 (Alaska)
462, 505467 475 9.040- 9.500 (Alaska)
. : 942.0 - 952.0 (Alaska, Hawaii, Puerto
Rico, and Virgin
Fixed (Point-to-point radio services in Islands) .
which neither terminal is mobile) L = A (PI"erto Rico and Virgin
slands)
International Fized Public and Aeronautical Fized ~ Disaster
14.00 - 19.95 kHz (IFP only) 1750  -1800  kHz
20.05 - 59.00 (IFP only) .
61.00 - 90.00 (not Aero) Zeasans Interzogwo(l)’;_lwe 5.450 MHz
110.0 - 200.0 (not Aero) 7. 300~ 3.195
1605 -1750 ) ’
2107 2170 Omnidirectional ( Poini-to-Point)
2194 —2495 2150 -2160 MHz
2502 155:285g 400 M Domestic Fized Public (Poini-lo-point services by
: : commaon carriers within United States)
CHLLU= Gl 2110 -2130  MHjz
4.438- 4.650
4.750-  4.995 IO NS
5'005_ 5'450 3.700- 4.200 GHz
5’730_ 5’950 5.925- 6.425
6.765— 7'000 10.70 - 11.70
7'300_ 8.195 13.20 - 13.25
9'040_ 9'500 17.70 - 19.30
9'775_ 9'995 19.40 - 19.70
: : 27.525- 31.30
10.10 - 11.175 L e
11.40 - 11.70 ) )
11.975- 12.33 Operational Fized and International Control ( Point-
13.36 - 14.00 to-point services not for public use, as well as links
14.35 - 14.99 between control centers and stations for international
15.45 — 16.46 service)
17.36 - 17.70 72.00 - 73.00 MHz (Operational Fixed
18.03 - 19.99 only)
20.01 - 21.00 75.40 - 76.00 (Operational Fixed
21.75 - 21.85 only)
21.85 - 22.00 (Aero only) 952.0 - 960.0
22.72 - 23.20 1850 -1990
23.20 - 23.35 (Aero only) 2130  -2150
23.35 - 24.99 2180 -2200
26.95 — 26.96 (IFP only) 2500 -2690
27.23 - 27.28 (IFP only) 6.575- 6.875 GHz
29.80 - 29.89 12.20 - 12.70
29.91 - 30.00 Awural Broadcast ( Studio-transmitter link)*
Fized in Alaska, Hawait, and United States 942.0 - 052.0 MHz
Possesstons . .
110.0 - 200.0 kHz (Alaska) R
1605  -1750 (Alaska)

2107 -2170 (Alaska) * See Broadcast Remote Pickup under Land Mobile.



FREQUENCY DATA

Television Pickup (Intercity relay and studio-trans-

mitter link)
1990 -2110 MH:
6.875- 7.125 GHz
12.70 - 13.20
Television Community Anienna Relay
12.70 - 12.95 GH:z
Industrial, Scientific, and Medical Equipment
13.56 MH:
27.12
40.68 (government)
915.0 (government)
2450
5.800 GH:z
22.125 (government)

Government (Armed Forces and other de-
pariments of the national government)

General

510.0 - 535.0 kHz
25.33 - 25.60 MHz
27.54 - 28.00
29.89 ~ 29.91
30.00 - 30.56
32.00 - 33.00
34.00 - 35.00
36.00 - 37.00
38.00 - 39.00
40.00 - 42.00
46.60 - 47.00
49.60 - 50.00
138.0 - 144.0
150.05 ~ 150.8
157.025- 157.175
225.0 - 328.6
335.4 - 399.9
406.0 - 420.0
890.0 - 942.0
1350  -1400
1429  -1435
1710  -1850
2200 2290
2700  -2900
3.100- 3.300 GHz
3.500- 3.700
4.400- 4.990
5.250- 5.350
7.125- 7.250
7.750- 7.900
8.500- 9.000
9.200- 9.300
9.500- 10.00
13.40 - 14.00
14.40 - 15.25
15.70 - 17.70
19.70 - 21.00
22.00 - 24.25
25.25 - 27.525
33.40 - 38.60

1-11

Land Mobile (Communication on land be-
tween base stations and mobile stations or
between mobile stations)

Public Safety (Police, fire, highway, forestry, and
emergency services)

1605 -1750 kHz
2107 -2170
2194 -2495
2505 -2850
3.155 - 3.400 MH:z
30.56 - 32.00
33.01 - 33.11
33.40 - 34.00
37.01 - 37.42
37.88 -~ 38.00
39.00 - 40.00
42.00 - 42.95
44.61 - 46.60
47.00 - 47.69
150.98 - 151.49
153.7325- 154.46
154.6275- 156.25
158.7 - 159.48
162.0 - 172.4
453.0 - 454.0
458.0 - 459.0
Zone and Interzone Police
2804 kHz
2808
2812
Disaster
1750-1800 kHz

Industrial (Power, petroleum, pipeline, forest prod-
ucts, factories, builders, ranchers, motion picture,
press relay, etc.)

1606  ~-1750 kHz
2107 -2170
2194  -2495
2506  -2850
3.155- 3.400 MHz
4.438- 4.650
25.01 - 25.33
27.23 - 27.54
29.70 - 29.80
30.56 - 32.00
33.11 - 33.40
35.00 - 35.20
35.68 - 36.00
37.00 - 37.01
37.42 - 37.88
42.95 - 43.20
47.43 - 49.60
151.49 - 152.0

152.84 - 153.7325
154.46 - 154.6275
158.1 - 158.46
173.2 - 173.4
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451.0 - 452.0 MHz
456.0 - 457.0
460.0 - 462.525

463.225- 464.725
466.475- 470.0

Land Transportation (Taxis, trucks, buses, rail-
roads)
30.56- 32.00 MH:z
33.00- 33.01
43.68- 44.61
150.8 -150.,98
152.24-152.48
157.45-157.74
159.48-161.575
452.0 —453.0
457.0 —458.0

Operational Land and Operational Mobile
6.525- 6.575 GHz

10.55 -10.68
13.20 -13.25
17.70 -19.30
19.40 -19.70
27.525-31.30
38.60 —40.00
Domestic Public
35.20 - 35.68 MHz
43.20 — 43.68
152.0 - 152.24
152.48 — 152.84
157.74 - 158.1
158.46 — 158.7
454.0 - 455.0
459.0 - 460.0
Broadcast Remote Pickup
1605  -1715 kHz
26.10 - 26.48 MHz
161.625- 161.775
166.0 - 166.5
169.9 - 170.4
450.0 - 451.0
455.0 - 456.0
Television Pickup
1990 -2110 MHz
6.875- 7.125 GHz
12.70 - 13.20
Common Carrier
6.425- 6.525 GHz
11.70 - 12.20

Maritime Mobile (Communication between
coast stations and ships, or between ships)

General
110.0
415.0

- 160.0 kH:z
- 490.0 (telegraphy)

REFERENCE DATA

FOR RADIO ENGINEERS

-1750
-2035
-2170
—-2495
-2850
3.400 MHz

1605
2000
2107
2194
25056

3.155-

Calling, Safety, and Distress
490.0 - 510.0 kHz
(500 kHz, telegraph calling frequency)
2170 -2194
(2182 kHz, telephone calling frequency)
156.725- 156.875 MHz
(156.8 MHz, telephone calling frequency)
243.0 MH:z
(survival craft and equipment)

Coast Stations ( Telegraphy and facsimile)

2035  -2065 kHz (Telegraphy only)
4.238- 4.368 MHz
6.357- 6.525
8.476—- 8.745
12.714- 13.13
16.952- 17.29

22.40 - 22.65
Ship Stations (Telegraphy)

2065 -2107 kHz
4.160 — 4.177 MHz
4,187 — 4.238
6.240 - 6.2655
6.2805- 6.357
8.320 - 8.354
8.374 — 8.476
12.471 - 12.531
12.561 - 12.714
16.622 — 16.708
16.748 — 16.952
22.148 - 22,22
22.27 - 22.40

Ship Stations (W ide-band telegraphy, facsimile, and
special)
4,140 - 4.160 MHz
6.211 - 6.240
8.280 - 8.320
12.421 - 12.471
16.562 — 16.622
22.10 - 22,148
Coast Stations ( Telephony)
2170 -2194 kHz
4.368- 4.438 MHz
8.745- 8.815
13.13 - 13.20
17.29 - 17.36
22.656 - 22.72

156.25 ~ 157.025
157.175- 157.45
161.575- 161.625
161.775- 162.0



FREQUENCY DATA

Ship Stations ( Telephony)
2170 -2194 kHz
4.063- 4.133 MHz

8.195- 8.265
12.33 - 12.40
16.46 - 16.53
22.00 - 22.07

156.25 - 157.45

Ship Stations ( Stngle-sideband telephony)
4.133- 4.140 MH:z
6.200- 6.211
8.273- 8.280
12.407- 12.421
16.537- 16.562
22.078- 22.10

Ship Calling (Telegraphy)
4.177 - 4.187 MH:z
6.2655— 6.2805
8.354 - 8.374
12.531 -12.561
16.708 -16.748
22,22 -22.27

Ship Calling (Double-sideband telephony)
8.265 - 8.273 MH:z
12.40 -12.407
16.53 -16.537
22.07 -22.078

Intership ( Telephony)
2638 kHz
2738

Meteorological Aids

Radiosondes
400.05 - 406.0 MHz
1660 -1700

Ground-Based Radars
5.600- 5.650 GHz
9.300- 9.500

Radio Astronomy

2495  -2505 kHz
4.995~ 5.005 MHz

9.995- 10.005
14.99 - 15.01
19.99 - 20.00
24.99 - 25.01
73.00 - 74.60

404.0 - 406.0
1400  -1427
1660 -1670
2690  -2700

4.990- 5.000 GHz
10.68 - 10.70

15.35 - 15.40

1-13

19.30 - 19.40
31.30 - 31.50
88.00 - 90.00

Standard Frequencies

19.95 - 20.05 kHz
59.00 - 61.00

2495  -2505
4.995~ 5.005 MHz
9.995- 10.005
14.99 - 15.01
19.99 - 20.01
24.99 - 25.01

Radio Location (Coastal radar, tracking

systems, efc.)

70.00 - 90.00 kHz
110.0 - 130.0
1605  -1800
2450  -2500 MHz
2900  -3100
5.350- 5.650 GHz
9.000- 9.200
9.300- 9.500
10.00 - 10.55

Radio Navigation (Radio beacons, ship-
board radar, navigational systems, direction

finding, efc.)*

General

10.00 - 14.00 kH:z
90.00 - 110.0
5.460- 5.470 GHz
9.300- 9.500
14.00 - 14.30
24.25 - 25.25
31.80 - 33.40

Maritime Radio Navigation
285.0 - 325.0 kH:z
2900  -3100 MHz
5.470- 5.650 GHz

Maritime Direction Finding
405.0 - 415.0 kHz (410 kHz is
the direction-

finding
frequency)
Loran
90.0 - 110.0 kHz (100 kHz is
Loran C fre-
quency)
1800  -2000 (Loran A)
Land Radio Navigation
1638 kHz
1708

* See listings under Aeronautical Radio Navigation.
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Earth-Space and Space Research (Commu-
nication between earth and space stations)

General
20.00 - 20.01 MH:z
8.400- 8.500 GHz
15.25 - 15.35
31.50 - 31.80

Telemetering and Tracking

136.0 - 137.0 MHz

400.05 - 401.0
1700 -1710
2290 -2300
Telecommand
148.25 MHz
154.2
1427 -1429

Space (Communication between space

stations)
Telemetering and Tracking
137.0- 138.0 MHz

401.0- 402.0
1525 -1540

Satellites

Communicalion Satellites

3.700- 4.200 GHz

5.925- 6.425
7.250- 7.750
7.900- 8.400

Meteorological Satellites

137.0 - 138.0 MHz

1660  -1670
1690  ~1700

7.300- 7.750 GHz

Radio Navigation Satellites

149.9 - 150.05 MHz

399.9 - 400.05

14.30 - 14.40 GHz

INTERNATIONAL CALL-SIGN

PREFIXES

AAA-ALZ United States
AMA-AOZ Spain
APA-ASZ Pakistan
ATA-AWZ India
AXA-AX7Z Australia
AYA-AZZ Argentina
BAA-BZZ China
CAA-CEZ Chile

CFA-CKZ
CLA-CMZ
CNA-CNZ
COA-COZ
CPA-CPZ
CQA-CRZ
CSA-CUZ
CVA-CXZ
CYA-CZZ
DAA-DTZ
DUA-DZZ
EAA-EHZ
EIA-EJZ
EKA-EKZ
ELA-ELZ
EMA-EOZ
EPA-EQZ
ERA-ERZ
ESA-ESZ
ETA-ETZ
EUA-EWZ
EXA-EZZ
FAA-FZZ
GAA-GZZ
HAA-HAZ
HBA-HBZ
HCA-HDZ
HEA-HEZ
HFA-HFZ
HGA-HGZ
HHA-HHZ
HIA-HIZ
HJA-HKZ
HLA-HMZ
HNA-HNZ
HOA-HPZ
HQA-HRZ
HSA-HSZ
HTA-HTZ
HUA-HUZ
HVA-HVZ
HWA-HYZ
HZA-HZZ
IAA-IZZ
JAA-JSZ
JTA-JVZ
JWA-JXZ
JYA-IYZ
JZA-JZZ
KAA-KZZ
LAA-LNZ
LOA-LWZ
LXA-LXZ
LYA-LYZ
LZA-LZZ
MAA-MZZ
NAA-NZZ
OAA-OCZ
ODA-ODZ
OEA-OEZ
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Canada

Cuba

Morocco

Cuba

Bolivia
Portuguese Territories
Portugal
Uruguay

Canada
Germany
Philippines

Spain

Ireland

Soviet Union
Liberia

Soviet Union
Iran

Soviet Union
Estonia

Ethiopia

Soviet Bielorussia
Soviet Union
France and Territories
Great Britian
Hungary
Switzerland
Ecuador
Switzerland
Poland

Hungary

Haiti

Dominican Republic
Colombia

Korea

Iraq

Panama
Honduras
Thailand
Nicaragua

El Salvador
Vatican City
France and Territories
Saudi Arabia
Italy and Territories
Japan

Mongolia
Norway

Jordan

Irian

United States
Norway
Argentina
Luxembourg
Lithuania
Bulgaria

Great Britain
United States
Peru

Lebanon

Austria
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OFA-0JZ
OKA-OMZ
ONA-OTZ
OUA-0ZZ
PAA-PIZ
PJA-PJZ
PKA-POZ
PPA-PYZ
PZA-PZZ
QAA-QZZ
RAA-RZZ
SAA-SMZ
SNA-SRZ
SSA-SSM
SSN-STZ
SUA-SUZ
SVA-SZZ
TAA-TCZ
TDA-TDZ
TEA-TEZ
TFA-TFZ
TGA-TGZ
THA-THZ
TIA-TIZ
TJIA-TJZ
TKA-TKZ
TLA-TLZ
TMA-TMZ
TNA-TNZ
TOA-TQZ
TRA-TRZ
TSA-TSZ
TTA-TTZ
TUA-TUZ
TVA-TXZ
TYA-TYZ
TZA-TZZ
UAA-UQZ
URA-UTZ
UUA-UZZ
VAA-VGZ
VHA-VNZ
VOA-VOZ
VPA-VSZ
VTA-VWZ
VXA-VYZ
VZA-VZZ
WAA-WZZ
XAA-XIZ
XJA-XO0Z
XPA-XPZ
XQA-XRZ
XSA-XSZ
XTA-XTZ
XUA-XUZ
XVA-XVZ
XWA-XWZ
XXA-XXZ
XYA-XZZ
YAA-YAZ

Finland
Czechoslovakia
Belgium

Denmark

Netherlands
Netherlands Antilles
Indonesia

Brazil

Surinam

(Service abbreviations)
Soviet Union

Sweden

Poland

United Arab Republic
Sudan

United Arab Republic
Greece

Turkey

Guatemala

Costa Rica

Iceland

Guatemala

France and Territories
Costa Rica

Cameroon

France and Territories

Central African Republic

France and Territories
Congo (Brazzaville)
France and Territories
Gabon

Tunisia

Chad

Ivory Coast

France and Territories
Dahomey

Mali

Soviet Union

Soviet Ukraine

Soviet Union

Canada

Australia

Canada

British Territories
India

Canada

Australia

United States

Mexico

Canada

Denmark

Chile

China

Upper Volta
Cambodia

Vietnam

Laos

Portuguese Territories
Burma

Afghanistan

YBA-YHZ
YIA-YIZ
YJA-YJZ
YKA-YKZ
YLA-YLZ
YMA-YMZ
YNA-YNZ
YOA-YRZ
YSA-YSZ
YTA-YUZ
YVA-YYZ
YZA-YZZ
ZAA-ZAZ
ZBA-ZJ7
ZKA-ZIMZ
ZNA-ZOZ
ZPA-ZPZ
ZQA-ZQZ
ZRA-ZUZ
ZVA-Z77
2AA-277
3AA-3AZ
3BA-3FZ
3GA-3GZ
3HA-3UZ
3VA-3VZ
3WA-3WZ
3XA-3XZ
3YA-3YZ
3ZA-377
4AA-4CZ
4DA-41Z
4JA-4LZ
AMA-4MZ
4NA-40Z
4PA-4SZ
4TA-4TZ
4UA-4UZ
4VA-4VZ
4AWA-4WZ
4XA-4X7Z
AYA-4YZ

AZA-477
5AA-5AZ
5BA-5BZ
5CA-5GZ
5HA-51Z
5JA-5KZ
5LA-5MZ
5NA-50Z
5PA-5Q7Z
5RA-5SZ
5TA-5TZ
5UA-5UZ
5VA-5VZ
5WA-5WZ
5XA-5XZ
5YA-5Z7
6AA-6BZ

Indonesia
Iraq

New Hebrides
Syria

Latvia
Turkey
Nicaragua
Romania

El Salvador
Yugoslavia
Venezuela
Yugoslavia
Albania
British Territories
New Zealand
British Territories
Paraguay
British Territories
South Africa
Brazil

Great Britain
Monaco
Canada

Chile

China
Tunisia
Vietnam
Guinea
Norway
Poland
Mexico
Philippines
Soviet Union
Venezuela
Yugoslavia
Ceylon

Peru

United Nations
Haiti

Yemen

Israel

1-15

International Civil Aviation

Organization
Israel
Libya
Cyprus
Moroceo
Tanzania
Colombia
Liberia
Nigeria
Denmark
Malagasy
Mauretania
Niger
Togo
Western Samoa
Uganda
Kenya
United Arab Republic
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6CA-6CZ Syria 9AA-9AZ San Marino
6DA-6JZ Mexico 9BA-9D7Z Iran

6KA-6NZ Korea 9EA-9F7Z Ethiopia

60A-60Z Somali 9GA-9GZ Ghana

6PA-6SZ Pakistan 9HA-9HZ Malta

6TA-6UZ Sudan 9IA-9JZ Zambia

6VA-6WZ Senegal 9KA-9KZ Kuwait

6XA-6X7Z Malagasy 9LA-9LZ Sierra Leone
6YA-6YZ Jamaica IMA-9MZ Malaysia

6ZA-6Z7Z Liberia 9NA-9NZ Nepal

TAA-TIZ Indonesia 90A-9TZ Congo (Leopoldville)
7JA-TNZ Japan 9UA-9UZ Burundi

70A-7P2Z (not allocated) 9VA-9WZ Malaysia

7QA-7QZ Malawi 9X A-9XZ Rwanda

7TRA-TRZ Algeria 9YA-9Z7Z Trinidad and Tobago

7SA-78Z Sweden
TTA-7YZ Algeria
TZA-72Z7Z Saudi Arabia

SN feen DESIGNATION OF EMISSIONS

8JA-8NZ Japan

80A-8RZ (not allocated) The full designation of an emission consists of
8SA-8SZ Sweden the symbol for that emission, as given in Table 3,
8TA-8YZ India preceded by a number indicating the necessary
8ZA-8Z7Z Saudi Arabia bandwidth in kilohertz. Bandwidths are generally

TaBLE 3—DESIGNATION OF EMISSIONS.

Type of
Modulation of
Main Carrier Type of Transmission Supplementary Characteristics Symbol
Amplitude With no modulation — AQ
modulation
Telegraphy without the use of a modu- — Al
lating audio frequency (by on-off key-
ing)
Telegraphy by the on-off keying of an — A2

amplitude-modulating audio frequency
or audio frequencies, or by the on-off
keying of the modulated emission (spe-
cial case: an unkeyed emission ampli-
tude modulated)

Telephony Double sideband, full carrier A3
Single sideband, reduced carrier A3A
Single sideband, suppressed carrier A3J

Two independent sidebands, reduced A3B
carrier

Facsimile (with modulation of main car- - A4
rier either directly or by a fre- Single sideband, reduced carrier A4A
quency-modulated subcarrier)

Television Vestigial sideband A5C

Multichannel voice-frequency telegraphy Single sideband, reduced carrier A7A

Cases not covered by the above, such as Two independent sidebands A9B

a combination of telephony and teleg-
raphy
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Type of
Modulation of
Main Carrier

Type of Transmission

Supplementary Characteristics

Symbol

Frequency
(or phase)
modulation

Pulse modulation

With no modulation

Telegraphy by frequency-shift keying
without the use of a modulating audio
frequency: one of two frequencies being
emitted at any instant

Telegraphy by the on-off keying of a fre-
quency-modulating audio frequency or
by the on-off keying of a frequency-
modulated emission (special case: an
unkeyed emission, frequency modu-
lated)

Telephony

Facsimile by direct frequency modula-
tion of the carrier

Television
Four-frequency diplex telegraphy

Cases not covered by the above, in which
the main carrier is frequency modu-
lated

A pulsed carrier without any modulation
intended to carry information, for ex-
ample, radar

Telegraphy by the on-off keying of a
pulsed carrier without the use of a mod-
ulating audio frequency

Telegraphy by the on-off keying of a
modulating audio frequency or audio
frequencies, or by the on-off keying of a
modulated pulsed carrier (special case:
an unkeyed modulated pulsed carrier)

Telephony

Cases not covered by the above in which
the main carrier is pulse modulated

Audio frequency or audio frequencies
modulating the amplitude of the pulses

Audio frequency or audio frequencies
modulating the width (or duration) of
the pulses

Audio frequency or audio frequencies
modulating the phase (or position) of
the pulses

Amplitude modulated pulses

Width (or duration) modulated pulses

Phase (or position) modulated pulses

Code modulated pulses (after sampling
and quantization)

FO
Fl

F3

F4

FS
F6

P1D

P2D

P2E

P2F

P3D
P3E
P3F
P3G
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expressed to a maximum of 3 significant figures.
Necessary bandwidth and examples of designations
are shown in Table 4.

Emissions are classified and symbolized accord-
ing to the type of modulation, type of transmission,
and supplementary characteristics.

NECESSARY BANDWIDTHS (FCC Rules
and Regulations, Part 2, January 1964)

The necessary bandwidth is the minimum value
of bandwidth sufficient to ensure the transmission
of information at the rate and with the quality
required for the system employed. Emissions
needed for satisfactory functioning of the receiving
equipment such as the carrier in reduced-carrier
systems, or a vestigial sideband, are included in
the necessary bandwidth.

For the determination of necessary bandwidth,
Table 4 may be considered a guide. In formulating
the table, the following terms have been employed:

B,=Necessary bandwidth in hertz
B="Telegraph speed in bauds
N=Maximum possible number of black plus
white elements to be transmitted per second,
in facsimile and television
M=Maximum modulation frequency in hertz
C=Subcarrier frequency in hertz
D=Half the difference between the maximum
and minimum values of the instantaneous
frequency: Instantaneous frequency is the
rate of change of phase
{= Pulse duration in seconds
K=An overall numerical factor which varies
according to the emission and which
depends on the allowable signal distortion.

FREQUENCY TOLERANCES

The following information is abstracted from the
Radio Regulations of the International Tele-
communication Union, Geneva, 1959, Appendix 3.
Applicable dates and certain exceptions which
appear in the Regulations have been omitted.

Frequency tolerance is defined as the maximum
permissible departure by the center frequency of
the frequency band occupied by an emission from
the assigned frequency or, by the characteristic
frequency of an emission from the reference fre-
quency. The frequency tolerance is expressed in
parts in 10° or in some cases, in hertz.

The power shown for the various categories of
stations is the mean power defined as power
supplied to the antenna transmission line by a
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transmitter during normal operation, averaged
over a time sufficiently long compared with the
period of the lowest frequency encountered in the
modulation. A time of 0.1 second during which
the mean power is greatest will be selected nor-
mally.

Radio determination stations include radio navi-
gation stations such as radio beacons, marker
beacons, instrument landing systems, navigational
radio, loran, decca, et cetera, and it also includes
radio location stations such as radar used for
purposes other than radio navigation. Where
specific frequencies are not assigned to radar
stations, the bandwidth occupied by the emission
shall be maintained wholly within the band allo-
cated to the service and the indicated tolerance
does not apply.

Tolerance
Frequency Bands and Station Categories (Parts in 10%)

Band: 10-535 kHz
Fixed stations:

10-50 kilohertz 1000
50-535 kilohertz 200
Land stations:
Coast stations
Power <200 watts 500
Power >200 watts 200
Aeronautical stations 100
Mobile stations:
Ship stations 1000
Aircraft stations 500
Emergency ship transmitters 5000
Survival-craft stations 5000
Radio determination stations 100
Broadcasting stations 10 Hz
Band: 535-1605 kHz
Broadcasting stations 10 Hz
Stations covered by the North American
Regional Broadcasting Agreement 20 Hz
Band: 1605-4000 kHz
Fixed stations:
Power <200 watts 100
Power >200 watts 50
Land stations:
Power <200 watts 100
Power >200 watts 50
Mobile stations:
Ship stations 200
Aircraft stations 100
Survival-craft stations 300
Land mobile stations 200
Radio determination stations:
Power <200 watts 100
Power > 200 watts 50

Broadcasting stations 20
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Tolerance
Frequency Bands and Station Categories (Parts in 108)

Band: 4-29.7 MHz
Fixed stations:

Power <500 watts 50
Power > 500 watts 15
Land stations:

Coast stations:

Power <500 watts 50
Power >500 <5000 watts 30
Power > 5000 watts 15
Aeronautical stations:
Power <500 watts 100
Power > 500 watts 50
Base stations:
Power <500 watts 100
Power > 500 watts 50
Mobile stations:
Ship stations:
Class Al emission 200
Emission other than class Al 50
Aircraft stations 100
Survival-craft stations 200
Land mobile stations 200
Broadcasting stations 15
Band: 29.7-100 MHz
Fixed stations:
Power <200 watts 50
Power >200 watts 30
Land stations:
Power <15 watts 50
Power >15 watts 20
Mobile stations:
Power <5 watts 100
Power >5 watts 50
Radio determination stations 200
Broadcasting stations (other than tele-
vision):
Power <50 watts 50
Power >50 watts 20
Television broadcasting stations:
Power <50 watts 100
Power > 50 watts 1000 Hz

Band: 100 - 470 MHz
Fixed stations:
Power <50 watts 50
Power > 50 watts 20
Land stations:
Coast stations 20
Aeronautical stations 50
Base stations:
Power <5 watts 50
Power >5 watts 20
Mobile stations:
Ship and survival-craft stations:
In the band 156-174 megahertz 20
Outside this band 50
Aircraft stations 50
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Tolerance
Frequency Bands and Station Categories (Parts in 108)

Land mobile stations:
Power <5 watts
Power >5 watts
Radio determination stations
Broadcasting stations (other than tele-
vision)
Television broadcasting stations:
Power <100 watts
Power > 100 watts 1

88 8 gng

Hz

Band: 470-2450 MHz
Fixed stations:
Power <100 watts
Power > 100 watts
Land stations
Mobile stations
Radio determination stations
Broadcasting stations (other than tele-
vision) 1
Television broadcasting stations:
Power <100 watts 100
Power >100 watts 1000 Hz

E8888

8

Band: 2450-10 500 MHz
Fixed stations:
Power <100 watts
Power > 100 watts
Land stations
Mobile stations
Radio determination stations

Band: 10.5-40 GHz
Fixed stations
Radio determination stations 7

g Ezgss

:

NOTE: Requirements in the USA with respect to
frequency tolerances are in all cases at least as restrictive
(and for some services more restrictive) than the toler-
ances specified by the International Convention. For
details, consult the Rules and Regulations of the Federal
Coinmunications Commission.

Spurious-Emission Tolerances (ITU, Geneva,

1959)

Spurious emission occurs on a frequency or
frequencies outside the necessary band, and the
level of this spurious emission may be reduced
without affecting transmission of information.
Spurious emissions include harmonics, parasitic
emissions, and intermodulation products.

The mean power of any spurious emission sup-
plied to the antenna transmission line shall not
exceed the values specified below. Spurious radia-
tion from any other part of the installation shall



TaBLE 4—DETERMINATION OF NECESSARY BANDWIDTH.

Description and Class of Emission

Continuous-wave telegraphy, Al

Telegraphy, modulated by an audio
frequency, A2

Telephony, A3

Sound broadcasting, A3

Facsimile, carrier modulated by tone
and by keying, A4

Necessary Bandwidth in Hertz

Amplitude Modulation

B,=BK
where
K =5 for fading circuits
K =3 for nonfading circuits

B,=BK42M
where
K =35 for fading circuits
K =3 for nonfading circuits

B, =M for single sideband

B,=2M for double sideband

B,=2M
M may vary between 4000 and 10 000 depending
on quality desired

B,=KN+42M
where
K=15

Examples
Designation

Details of Emission
Morse code at 25 words per minute, B=20, K=5 0.1A1
Bandwidth: 100 hertz
Four-channel time-division multiplex, 7-unit code, 42.5 0.85A1

bauds per channel, B=170, K=5

Bandwidth: 850 hertz
Morse code at 25 words per minute, B=20, M=1000, K=5 2.1A2
Bandwidth: 2100 hertz
Double-sideband telephony, M = 3000 6A3
Bandwidth: 6000 hertz
Single-sideband telephony, reduced carrier, M = 3000 3A3A
Bandwidth: 3000 hertz
Telephony, two independent sidebands, M = 3000 6A3B
Bandwidth: 6000 hertz
Speech and music, M =4000 SA3
Bandwidth: 8000 hertz
The total number of picture elements (black plus white) 5.45A4

transmitted per second is equal to the circumference of the
cylinder multiplied by the number of lines per unit length
and by the speed of rotation of the cylinder in revolutions
per second.

Diameter of cylinder =70 millimeters

Number of lines per millimeter=35

Speed of rotation=1 rotation per second

N=1100

M=1900

Bandwidth: 5450 hertz

(1 T4 |
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Description and Class of Emission

Television (visual and aural), A5 and
F3

Composite transmission, A9

Composite transmission, A9

Frequency-shift telegraphy, F1

Commercial telephony, F3

Sound broadcasting, F3

Necessary Bandwidth in Hertz

Refer to relevant CCIR documents for the band-
widths of the commonly used television systems

B,=2M (double sideband)

B,=2M (double sideband)

Examples

Details

Number of lines= 525

Number of lines per second=15 750
Video bandwidth: 4.2 megahertz

Total visual bandwidth: 5.75 megahertz
FM aural bandwidth including guard bands: 250 000 hertz
Total bandwidth: 6 megahertz

Television relay, video limited to 4 megahertz, audio on 6.5
megahertz FM subcarrier, subcarrier deviation=>50 kilo-
hertz

M =gubcarrier frequency plus its maximum deviation=
6.55X10¢.

Bandwidth: 13.1X10¢ hertz

Microwave relay system providing 10 telephone channels oc-
cupying baseband between 4 and 164 kilohertz

M=164 000

Bandwidth: 328 000 hertz

Frequency Modulation

B,=2.6D+0.55B for 1.5 <2D/B<5.5
B,=2.1D+1.9B for 6.5<2D/B<20

B,=2M+2DK
K is normally 1 but under certain conditions a
higher value may be necessary

B.=2M+2DK

Four-channel time-division multiplex with 7-unit code, 42.5
bauds per channel, B=170, D=200; 2D/B=2.35, there-
fore the first equation in column 2 applies

Bandwidth: 613 hertz

For an average case of commercial telephony, D=15 000,
M =3000.
Bandwidth: 36 000 hertz

D=75 000, M=15 000 and assuming K=1
Bandwidth: 180 000 hertz

Designation
of Emission

5750A5C
250F3

13 100A9

328A9

0.6F1

36F3

180F3

viva ADNINDIAL
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Description and Class of Emission

Facsimile, F4

Four-frequency diplex telegraphy, F6

Composite transmission, F9

Composite transmission, F9

Composite transmission, F9

Necessary Bandwidth in Herts

B,=KN+42M+2D
where
K=15

If the channels are not synchronized, B,=2.6D+-
2.75B, where B is the speed of the higher-speed
channel

If the channels are synchronized the bandwidth is
as for F1, B being the speed of either channel.

B,=2M+2DK
B,=2M+2DK
B,=2M+2DK
where
K=1

Examples

Details

(See facsimile, amplitude modulation)
Diameter of cylinder="70 millimeters
Number of lines per millimeter=>5
Speed of rotation=1 rotation per second
N=1100.

M=1900

D=10 000

Bandwidth: 25 450 hertz

Four-frequency diplex system with 400-hertz spacing be-
tween frequencies, channels not synchronized, 170 bauds
keying in each channel, D=600, B=170

Bandwidth: 2027 hertz

Microwave relay system providing 240 telephone channels
occupying baseband between 60 and 1050 kilohertz

M=1.05X10¢

D=235X10¢

Bandwidth: 6.8 X108 hertz

TV microwave relay, aural program on 7.5 megahertz sub-
carrier; subcarrier deviation plus or minus 150 kilohertz
M =sgubcarrier frequency plus maximum deviation=(7.5

plus 0.15) X 108
D=1X108 (visual) plus 0.3X10¢ (aural)
Bandwidth: 17.9X10¢ hertz

Stereophonic FM broadcasting (United States system) with
multiplexed subsidiary communications subecarrier, M =
75 000, D=75 000

Bandwidth: 300 000 hertz

Designation
of Emission

25.5F4

2.05F6

6800F9

17 900F9

300F9

(A A
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Designation and Class of Emission

Unmodulated pulse, PO

Modulated pulse, P2 or P3

Composite transmission, P9

Examples
Designation
Necessary Bandwidth in Hertz Details of Emission
Pulse Modulation
B,=2K/t t=3X10"¢, K=6 4000P0
K depends on the ratio of pulse duration to pulse Bandwidth: 4X10¢ hertz
rise time. Its value usually falls between 1 and 10
and in many cases it does not need to exceed 6
The bandwidth depends on the particular types of
modulation used, many of these being still in the
development stage
B,=2K/t Microwave relay, pulse-position modulated by 36-channel 8000P9
where baseband; pulse width at half amplitude=0.4 microsecond
K=1.6 Bandwidth: 8 X106 herts

viva ADNINDINL
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not have an effect greater than would occur if the
antenna system were supplied with the maximum
permissible spurious power.

Below Mean Maximum

Power of Power of
Fundamental Spurious
Fundamental Frequency (dB) Emissions
Below 30 MHz:
Transmitter power <50 kW 40 50 mW
Transmitter power > 50 kW 60 50 mW
30 MHz to 235 MHz:
Transmitter power <25 W 40 10 W
Transmitter power >25 W 60 1 mW

Above 235 MHz As low as practicable

STANDARD FREQUENCY SOURCES

There are the following general types of stable
oscillators:

(A) Free-running crystal oscillators.

(B) Crystal oscillators locked to an atomic
transition frequency.

(C) Atomic beam devices (using cesium or
thallium).

(D) Gas-cell devices (using mostly rubidium).

Some of these types, such as the atomic beam
devices and the hydrogen maser, have excellent
reproducibility because of the small interactions
between the atoms and the environment. They are
suitable for primary standards. In other devices,
mostly gas cells, the frequency of atomic transition
is affected by interaction between the atoms and
the buffer gas or the walls of the cell, and the fre-
quency of transition must be calibrated since it
cannot be reproduced with sufficient accuracy.
These devices, however, can be very useful as
secondary, or working, standards if they have good
stability and good reliability.

The performances of the types of oscillators
most commonly used as sources for standard
frequencies are given in Tables 5 and 6.

TIME SCALES

Ephemeris Time

In 1956 the International Committee of Weights
and Measures defined the fundamental unit of
time, the second, as 1/31 556 925.9747 of the
tropical year for 12" ephemeris time January 0,
1900 (January 0, 1900= December 31, 1899). The
tropical year is the interval between two consecu-
tive returns of the sun to the vernal equinox. It
consisted of 365 days, 5 hours, 48 minutes, and
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46 seconds at that time and has been decreasing
by about 5.3 milliseconds per year.

A constant second has thus been defined in
relation to the tropical year at a particular time.
Although the ephemeris second has been defined
very exactly, it cannot be measured by astronom-
ical observations with anything like the precision
implied by so many digits, but actually only to
parts in 10

In practice, ephemeris time is determined by
observations of the moon and subsequent reference
to lunar ephemeris tables.

Atomic Time

Atomic resonance can be used to provide time
scales which are presumably uniform. The agree-
ment between groups of measurements of certain
atomic transition frequencies by different instru-
ments is of the order of 5 parts in 102, The fre-
quency standard maintained by the National
Bureau of Standards consists of atomic standards
which are stable to 1 part in 102,

The zero-field (4,0)-(3,0) transition for cesium
has been measured in terms of the ephemeris
second to be 9192 631 77020 hertz. The uncer-
tainty of 2 parts in 10° is avoided by temporarily
defining the standard to be used in determining the
second to be exactly equal to the above number of
vibrations with no uncertainty. This standard was
adopted at the 12th General Conference of Weights
and Measures in 1964. Other standards may be
adopted in future years if more-precise measure-
ments can be made using them, The frequency
of the hydrogen maser has been measured as
1 420 405 751.734-0.03 hertz on this time scale,

Sidereal Time ()

This time scale is based on the mean time of rota-
tion of the earth about its axis in relation to the
vernal-equinox point in the sky. It is determined
by observing the meridian transits of stars. The
mean sidereal day is 23 hours, 56 minutes, 4.09
seconds. Because of variations in the rotational
speed of the earth as outlined below, sidereal time
is not perfectly uniform.

Universal-Time Scales (UT)

A universal-time scale, also known as Greenwich
Mean Time or Greenwich Civil Time, is based on
the mean angle of rotation of the earth about its
axis in relation to the sun. It is referred to the
prime meridian that passes through Greenwich,
England.

Since actual solar days vary throughout the
year, a mean solar day of 24 hours is used to denote
one revolution. Determinations of the earth’s rota-
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TABLE 5—CHARACTERISTICS OF AToMIC FREQUENCY STANDARDS.

Cesium Beam Rubidium Gas Cell
(24-Inch) Controlled Controlled
Characteristic Hydrogen Maser Oscillator Oscillator
Intrinsic reproducibility No general published +3X101 Does not apply
of present devices results
Measured: =2X 1012
and less
Stability (rms deviation
from the mean):
One second 5X 10718 5X1071 1X10™1
One minute 6X101 6X10712 2X 10712
One hour 3X107¢ 8X 101 1X10712
One day 2X 1071 3X1078 5X1071
Systematic drift None detectable with ~ <3X 1072 per vear <3X 107" per month
resolution of 1)X 10712
per year
Volume (with power supply) 16.4 ft? 1.6 ft? 0.6 ft?
Weight (with power supply) 800 Ib 64 1b 20 1b
Powerdemand (115 voltsac) 200 watts 60 watts 40 watts
Relative cost 5.5 1.5 1.0

TABLE 6—PuysicaL DATA OF AVAILABLE AToMic FREQUENCY STANDARDS.

Cesium Beam Rubidium Gas Cell
(24-Inch) Controlled Controlled
Characteristic Hydrogen Maser Oscillator Oscillator
Nominal resonance 1420.405 751 MHz 9192.631 770 MHz 6834.682 608 MHz
frequency
Resonance width 1 Hz 250 Hz 200 Hz (typical)
Atomic interaction time 0.5 second 2.5X 1073 second. 2X 1073 second
Interaction length, (typical)
L-25 (typical)
Atomic resonance events 10 108 101
per second
Principal frequency offsets:
Magnetic f—f=2750B" (gauss) f—f,=427B? (gauss) f—f,=574B? (gauss)
5X 1071 (typical) 1X 107 (typical) 1X107° (typical)
2nd-order doppler 4X1071 (Af/°T= 3X1071 8X10718
1.4X1073/°K)
Collisions 2X 1071 None 3X 1077 (typical)
State selection method Atomicbeam deflection Atomicbeam reflection Optical pumping

in hexapole magnets in dipole or multi-
pole magnets

Resonance detection method Atomic microwave Surface ioiiization of  Optical absorption
radiation (active deflected atoms
maser oscillation)

Temperature of resonating  300°K 360°K 330°K

atoms
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TaBLE 7—SERVICES ProVIDED B RADIO STATIONS OF THE NATIONAL BUREAU OF STANDARDS.

Services /4.4

WWVH WWVB WWVL

Standard radio frequencies:
20 kilohertz
60 kilohertz
2.5 megahertz
5 megahertz
10 megahertz
15 megahertz
20 megahertz
25 megahertz

XX XXXX

Standard audio frequencies:
440 hertz
600 hertz
1000 hertz

Standard time intervals
Time signals

Time code

UT2 corrections

Radio propagation forecasts
Geophysical alerts

XXXXXX XXX

X X X X

X X

X X XX
X XXX

The station locations and radiated powers are as follows:

W W V—Fort Collins, Colorado (10 kilowatts for 5, 10, and 15 MHz; 2.5 kilowatts for 2.5, 20, and 25 MHz)

40°40'49"N, 105°02'27"W.

WWYV H—Puunene, Maui, Hawaii (2 kilowatts for 5, 10, and 15 MHz; 1 kilowatt for 2.5 MHz)

20°46'02""N, 156°27'42"W.

WWYVB—Fort Collins, Colorado (12 kilowatts)
40°40'28.3"'N, 105°02'39.5"'W.

WWYVL—Fort Collins, Colorado (1.8 kilowatts)
40°40’51.3”’N, 105°03’00.0""W.

tion relative to the sun are made by observing
mean sidereal rotation of the earth and converting
it to mean solar rotation by ephemeris tables
based on the accumulated data of many astronom-
ical observatories.

Mean solar rotation derived from uncorrected
astronomical observations is denoted UTO.

Annual variations occur in the speed of rotation
of the earth and are probably due to seasonal
changes in the wind patterns of the Northern and
Southern Hemispheres. There is also a semiannual
variation due chiefly to tidal action of the sun,
which distorts the shape of the earth slightly. The
cumulative effect of these variations is that the
earth is late about 30 milliseconds or 0.45 arc second
near June 1 and is ahead about 30 milliseconds or
0.45 arc second near October 1 each year. UTO
corrected for these periodic variations is denoted
UT1.

Irregular variations in the speed of rotation of
the earth also occur. They may be due to turbulent
motions in the core of the earth. In addition, fric-
tion of the ocean tides causes a decrease in speed

of about one millisecond per century. Observations
of these effects throughout the world are reported
to the Bureau International de ’'Heure at Paris,
which issues corrections for UT'1 to establish U'T2.

For navigators and space scientists, time signals
must be correlated with the earth’s rotation, and
for this reason most radio time signals include UT?2
or earth rotation information.

“Standard Times”

“Standard times” are based on UT or on UT2.
Although the term “standard time” is a misnomer,
as implied by the foregoing, common usage dictates
its retention in this section.

The world is divided into 24 zones, each 15° of
longitude, or 1 hour angle, apart. The meridian of
Greenwich, England, is the center of the zero zone
which extends to 7.5° east and west. Proceeding
eastward from Greenwich the zones are numbered
1 to 12 with the prefix “plus” to indicate the hour
angle to be added to universal time to obtain local
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“standard time.” Proceeding westward, the zones
are numbered 1 to 12 with the prefix “minus” to
indicate the hour angle to be subtracted from
universal time to obtain local “standard time.”
For example, Washington, D.C., at longitude 77°
West, is in time zone —5.

The actual boundaries of time zones are defined
by law or custom in the various countries and
generally do not coincide with the theoretical zone,
even in some places at sea. In many areas local
legal “standard time’” differs by 60 or 30 minutes
from theoretical standard time. The chart on page
41-28 shows “standard time”’ in principal cities of
the world and most atlases contain time-zone maps.

STANDARD FREQUENCIES AND
TIME SIGNALS*

Services provided by radio stations of the
National Bureau of Standards are shown in Table
7, and details of their broadcast schedules are
shown in Fig. 3.

Accuracy of Frequencies

The National Bureau of Standards Frequency
Standard (NBSFS) is stable to 1 part in 10° and
frequency measurements relative to it have a pre-
cision better than about 6 parts in 10,

The carrier and modulation frequencies of
WWV, WWVH, and WWVL are derived from
quartz-crystal oscillators, which are intentionally
offset from the NBSFS by a small but precisely
known amount to reduce departures between the
time signals and the astronomical scale, UT2.
Offsets are coordinated by the Bureau Interna-
tional de I’'Heure and are adjusted each year if
necessary. For 1964 and 1965 they were —150
parts in 10'; for 1966, 1967, and 1968 they were
—300 parts in 10", The amount of frequency
offset i3 transmitted in morse code once each hour
on IWIFV and WIWVIH and 3 times each hour on
WIWVL as shown in Fig. 3. Station WI'VB de-
rives its frequency from the NBSFS without offset.

Transmitted frequencies of 1WII'V are stable to
better than 5 parts in 10" at all times, and devi-
ations from day to day are well within 1 part in
10", Corrections to the transmitted frequencies
are continuously determined with respect to the
NBSFS and are published the following month in
the Time and Frequency Services Bulletin and
3 months later in the Proceedings of the IEEE.

* Information on these services may be obtained from
the Frequency-Time Broadcast Services, National Bu-
reau of Standards, Boulder, Colorado 80302, Tel:
303-447-1000.

A STATION ANNOUNCEMENT

EFE8 100 PPS 1000 Hz MODULATION
WWV TIMING CODE

53 TONE MODULATION 600 Hz
TONE MODULATION 440 Hz
GEOALERTS

EZR) IDENTIFICATION PHASE SHIFT
Bl vT-2 TIME CORRECTION

= SPECIAL TIME CODE

[C_] PULSES AT {-SECOND INTERVALS

SECONDS PULSES -
WWV, WWVH - CONTINUOUS EXCEPT FOR

S9TH SECOND OF EACH MINUTE
AND DURING SILENT PERIODS

WWVB - SPECIAL TIME CODE
WWVL - NONE

WWV - MORSE CODE - CALL LETTERS,UNIVERSAL TIME,
PROPAGATION FORECAST
VOICE - GREENWICH MEAN TIME

MORSE CODE - FREQUENCY OFFSET
(ON THE HOUR ONLY)

WWVH - MORSE CODE - CALL LETTERS, UNIVERSAL TIME
VOICE - GREENWICH MEAN TIME
MORSE CODE - FREQUENCY OFFSET
(ON THE HOUR ONLY)

WWVL - MORSE CODE - CALL LETTERS, FREQUENCY OFFSET

Fig. 3—Hourly broadcast schedules of WWV, WWVH,
WWVB, and WWVL.

Incremental frequency adjustments not exceeding
1 part in 10" are made at WWV as necessary.
Frequency adjustments at WIVVH do not exceed
5 parts in 1010,

Changes in the high-frequency propagation me-
dium at times result in fluctuations in frequencies
as received from W'V and WIVVH that may be
much greater than the uncertainties described
above.

WIWVBand WWVL transmitted frequencies are
normally stable to better than 2 parts in 101
and deviations from day to day are well within



1-28

10
71
e
£ WWV WWVH
= \
pu |
3 05 [ 1
2 / \
o Ml
= T T
e 7T\ '
2 o ~ N
x X e 3
3T 7 4
-03 2]
0 500 1000

FREQUENCY IN HERTZ

CEECCE ANl

REFERENCE DATA FOR RADIO ENGINEERS

WWV AND WWVH SECONDS PULSES

THE SPECTRA ARE COMPOSED OF DISCRETE FREQUENCY

COMPONENTS AT INTERVALS OF .OHERTZ. THE COMPO-

NENTS AT THE SPECTRAL MAXIMA HAVE AMPLITUDES

OF 0.005 VOLT FOR A PULSE AMPLITUDE OF 1.0 VOLT.

THE WwV PULSE CONSISTS OF FIVE CYCLES OF 1000
HERTZ. THE WWVH PULSE CONSISTS OF SIX CYCLES OF
1200 HERTZ.

0.010 0005
SE

TONE C.ofe-SEC: 0.025 ssc.—-|-— TONE
1 iy
W

WWVH

Fig. 4—Waveforms and pulse durations of WWV and WWVH.

1 part in 10", The full transmitted accuracy may
be obtained by employing appropriate low-fre-
quency or very-low-frequency receiving techniques.

Audio Frequencies

Tones of 600 and 440 hertz are broadcast on
each radio carrier of WWV and WWVH for periods
of 2 or 3 minutes at 5-minute intervals as shown
in Fig. 3. The 440-hertz tone is standard musical
pitch for note A above middle C. The time pulses
and time code signals of WI¥'V contain 1000 hertz
while the time pulses of WW VH contain 1200 hertz.

Standard Time Intervals

Time pulses at precise intervals are derived from
the same oscillators that control the radio fre-
quencies; for example, they commence at intervals
of 5000000 cycles of the 5-megahertz carrier.
Pulse durations and waveforms for WWV and
WWVH are shown in Fig. 4.

Intervals of 1 minute are marked on WV and
WWVH by omitting the pulse at the beginning of
the last second of every minute and by commencing
each minute with two pulses spaced by 0.1 second;
the first pulse marks the beginning of the minute.
The 2-, 3-, and 5-minute intervals are synchro-
nized with the time pulses and are marked by the
beginning and end of the periods when audio
frequencies are not transmitted.

WWVB transmits a special time code continu-
ously (see Fig. 5). WWVL does not transmit
time markers.

Time Signals
The audio tones are interrupted at precisely 3

minutes before each hour at W'V and 2 minutes
before each hour at WII'VH. They are resumed on

the hour and at intervals of 5 and 10 minutes
throughout the hour as indicated in Fig. 3.

Universal time (Greenwich Mean Time) is an-
nounced in morse code every 5 minutes. The first
two figures give the hour and the last two figures
give the number of minutes past the hour. For
example, at 1655 UT, the figures 1-6-5-5 are trans-
mitted in code. The time announcement refers to
the end of an announcement interval (the time
when the audio frequencies are resumed).

At WIWV a voice announcement in English of
Greenwich Mean Time is made during the last
half of every fifth minute. At WIVVH a similar
voice announcement of Greenwich Mean Time
occurs during the first half of every fifth minute.

The WW VB carrier is not interrupted for keyed
station identification. A 45° phase advance at 10
minutes after each hour and a similar phase
retardation 5 minutes later serve to identify the
station.

Time signals of the National Bureau of Standards
radio stations are synchronized to about 1 milli-
second with those of stations in Argentina, Aus-
tralia, Canada, Japan, South Africa, Switzerland,
United Kingdom, and the United States Navy as
listed in Tables 8 and 9. All these stations maintain
their time signals within about 100 milliseconds of
UT?2 by making step adjustments of 100 milli-
seconds when necessary at 0000 UT on the first
day of a month. Under the UTC (coordinated
universal time) system, stations DCF 77 and
WIVVB are synchronized to about 1 millisecond
under the SAT (stepped atomic time) system.
WIW VB makes 200-millisecond step adjustments
of its seconds pulses as necessary also on the first
day of a month. Advance notice of adjustment is
published in the Federal Register and is distributed
by post card to organizations on National Bureau
of Standards mailing lists. Both UTC and SAT
systems are coordinated by the Bureau Inter-
national de ’Heure.

WWV Time Code: WWYV broadcasts the code
shown in Fig. 6 for one minute out of each five,
10 times an hour as indicated in Fig. 3. This code
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——TIME —= TIME FRAME | MINUTE .
(INDEX COUNT t SECOND) N
0 10 20
1 1 1 | 1 | i | 1 1 1 1 1 1 | 1 i 1 1 |
T T T 1
~— REFERENCE TIME
-1 I—-REFERENCE MARKER FOR MINUTES , 0.2 SECOND -BINARY "ZERO"
SIGNAL |~ ™ —0.8 SECOND "H'_ (TYPICAL)
"on mie
SIGNAL
“lops P° 1 1 Pi 1 1 P2
40 20 10 8 4 2 | 20 10 8 4 2 1
MINUTES SET HOURS SET
——TIME —=
20 30 40
—l { | 1 | { ! ] 1 1 1 | | I | 1 1 | 1 |
I T T I 1
0.5 SECOND- BINARY "ONE" 1.0 SECOND
_1 " (TYPICAL) "1 (TYPICAL)
ullu V]
P2 I 1 I P31 I P4
200100 80402010 8 4 2 | appSYB-app
DAYS SET uT2
TIME AT THIS POINT EQUALS 258 DAYS, 18 HOURS, RELATIONSHIP
42 MINUTES, 35 SECONDS. TO OBTAIN THE
CORRESPONDING UT2 SCALE READING,
SUBTRACT 41 MILLISECONDS.
. —TIME —
40 50 60
[ 1 1 [l [l 1 | 1 1 I 1 1 1 1 { ! 1 ! |
I T 1 1
0.8 SECOND POSITION IDENTIFIER
_‘I lh (TYPICAL)
ullu(lu]lu
P4l 400 100 [ PS5 1 PO
800 200 80 40 20 10 8 4 2 1
uT2 SET GROUP 12
DIFFERENCE OF UT2 FROM
CODED TIME IN MILLISECONDS
MARKER
l I*PULSE w/] ”u|
POSITION MARKER PERIODIC UNCODED UNCODED MARKER
AND PULSE MARKER AND PULSE AND PULSE
1
BINARY "ONE"

BINARY “ZERQO"

Fig. 5—Time code format of WWV B.
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TABLE 8—ADDITIONAL STANDARD FREQUENCY AND TIME StaTions OperaTING oN HigH
Frequescy (Figs. 7 axp 8). Refer to footnotes in Table 9.

Latitude Carrier Carrier Accuracy
Call and Frequency Power Modulation  (Parts in
Sign Place Longitude (Megahertz) (Kilowatts) (Hertz) 109)
ATA New Delhi, India 28°34'N 10 2 1; 1000 20
T7°19E
CHU Ottawa, Canada 45°18'N 3.330 0.3 1 5
(2) 75°45'W 7.335 3
14.670 5
HBN Neuchatel, Switzerland 47°00'N 5 0.5 1 0.1
(2) 06°57'E
JJY Tokyo, Japan 35°42'N 2.5 2 1; 1000 0.1
2) 139°31'E 5
10
15
LoL Buenos Aires, Argentina 34°37'S 5 2 1;440; 1000 20
2 58°21'W 10
15
MSF Rugby, United Kingdom 52°22'N 2.5 0.5 1 0.1
@ 01°11'W 5
10
OMA Praha, Czechoslovakia 50°07'N 2.5 1 1; 1000 1
14°35'E
RWM/ Moscow, Soviet Union 55°45'N 5 20 1; 1000 5
RES 37°18'E 10
15
VNG Lyndhurst, Victoria, Australia 38°00'S 5.425 0.5 1; 1000 1
(2) 145°12’E 7.515 0.5-10
12.005 10
ZU0 Olifantsfontein, South Africa 25°58'S 5 4 1 0.5
@ 28°14'E 10 (3) 0.25

is synchronized with other WWV time signals and
it contains time-of-year (UT) information in
seconds, minutes, hours, and days. The code
provides a timing base which can be recorded
with observations of the same phenomena at widely
separated locations such as occur in satellite
tracking, satellite telemetry, and certain scientific
studies.

The format uses a four-pulse 1-2-4-8 binary-
coded-decimal group. Binary “0” is represented by
a 2-millisecond pulse and binary “1” by a 6-milli-
second pulse. Each binary-coded-decimal group
can be converted to a decimal digit by adding the
represented binary quantities. For example, a
long-short-long-short binary-coded-decimal group
indicates the digit 5 (140+4+40). The digits
are multiplied by 1, 10, or 100 in accordance with
their position in the time sequence.

Index pulses of 6 milliseconds are transmitted
at 0.1-second intervals and mark the start of a

binary-coded-decimal group except at the begin-
ning of each second, where a 2-millisecond pulse
preceded by five 6-millisecond pulses is used. All
binary-coded-decimal information pulses maintain
10-millisecond spacing and unused areas include
index pulses at 10-millisecond intervals. Exact
time occurs at the leading edge of all pulses and
these coincide with the positive-going zero-axis
crossing of the 1000-hertz modulating frequency.
This permits time resolution to 1 millisecond.

WWVB Time Code: As shown in Fig. 5, the
signal consists of 60 markers each minute, with one
marker occurring each second. Each marker is
generated by reducing the power of the carrier by
10 decibels at the beginning of a second and
restoring it 0.2 second later for an uncoded marker
or binary “zero,” 0.5 second later for a binary
‘“‘one,” and 0.8 second later for a 10-second position
marker or for a 1-minute reference marker. Several
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TaBLeE 9—AbpiTIONAL PRINCIPAL STANDARD FREQUENCY AND TIME STATIONS OPERATING
oN Low FrequENcy aNp VERY-Low Frequexcy (1).

Estimated
Latitude Carrier Power to Radiated Modula- Accuracy

Call and Frequency Antenna  Power tion Time (Parts in

Sign Place Longitude  (kHz) (kW) (kW) (Hz) Signal 109)
DCF 77 Mainflingen, 50°01'N 77.5 12 — 1; 200; 6) 1
(5) West Germany  09°00’'E 440
GBR Rugby, United 52°22'N 16 300 40 1) (8) 0.1
@2 M Kingdom 01°11'W
Loran-C Carolina Beach, 34°04'N 100 300 —_ 20 (10) 0.05

North Carolina  77°55'W
MSF Rugby, United 52°22'N 60 10 — 1(11) 5 minutes in 0.1
2) Kingdom 01°11''W each 10
(11
NAA Cutler, Maine 44°39'N 17.8 2000 1000 nil (12)  nil 0.05
(2) 67°17'W
NBA Balboa, Panama 09°04'N 24 300 30 109 continuous 0.05
2) Canal Zone 79°39'W
NPG/NLK Jim Creek, 48°12'N 18.6 1200 250 nil nil 0.05
(2) Washington 121°55'W
NPM Lualualei, 21°25'N 26.1 1000 100 nil nil 0.05
(2) Hawaii 158°09'W
NSS Annapolis, 38°59'N 21.4 1000 100  nil nil 0.05
2) Maryland 76°27'W
OMA Podebrady, 50°08'N 50 5 — 1(9) 23 hours per 1
Czechoslovakia  15°08’E day (13)

RWM/RES Moscow, Soviet 55°45'N 100 20 — 1 40 minutes in 5
4) Union 37°18'E each 120

Notes Associated with Tables of Standard Frequency and Time Stations

(1) All stations adjust time signals when necessary, in steps of 100 milliseconds except DCF 77 by steps of 200
milliseconds, Loran-C and OMA by steps of 50 milliseconds, and RW M/RES by steps in multiples of 10 milliseconds.

(2) These stations participate in the international coordination of time and frequency under the UTC system.
Their time signals remain within 100 milliseconds of UT2 and at the offset from the nominal value announced each
year by the Bureau International de I’Heure. Frequency is maintained as constant as possible by reference to atomic
or molecular standards.

(3) The ZUO transmitter on 10 MHz is at Johannesburg: 26°11’S, 28°04'E.

(4) RWM/RES transmission on 100 kilohertz is interrupted from 0007 to 0100, 1207 to 1300, and 1607 to 1700 UT
each day and from 0607 to 1345 UT on the first and third Wednesday of each month.

(5) DCF 77 operates Mondays thru Saturdays from 0645 to 1035, and 1900 to 0100 U7 (1 November to 28 Febru-
ary) and from 1900 to 0210 UT (1 March to 31 October).

(6) DCF 77 emits telegraph time signals from 0700 to 0710, 1000 to 1010, 1900 to 1910, 1930 to 1940, and 2000 to
2010 UT, and during 00 to 10 of each hour while transmitting. Carrier with second pulses from 0728 to 0735, 1028
to 1035, 1911 to 1929, 1941 to 1959 UT, and during the 57 to 59 minutes of each hour while transmitting. Carrier
with pulses every 2 minutes from 0645 to 0659 and from 0736 to 0959 UT.

(7) GBR does not operate from 1300 to 1430 UT daily.

(8) GBR emits time signals from 0255 to 0300, 0855 to 0900, 1455 to 1500, and 2055 to 2100 UT.

(9) A1 telegraphy.

(10) Loran-C time pulses are emitted continuously in groups of 8, 1 millisecond apart; 20 groups per second.

(11) Carrier interrupted for 100 ms at each second and 500 ms at each minute; from 1430-1530 UT, A2 pulses are
transmitted in the same form as for MSF 2.5, 5, and 10 MHz.

(12) NAA uses frequency-shift keying, alternately with continuous-wave, for various intervals each day.

(13) OMA transmits time signals on 50 kilohertz from 1000 to 1100 UT without keying except for the call sign at
the beginning of each quarter hour.
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examples of binary ‘“‘ones” are indicated by I in
Fig. 5.

The 10-second position markers are blackened
and labeled 0 to P5 on the diagram. Uncoded
markers occur periodically in the 5th, 15th, 25th,
35th, 45th, and 55th seconds of each minute; they
are shaded in the figure. Other uncoded markers
occur in the 11th, 12th, 21st, 22nd, 36th, 56th,
57th, 58th and 59th seconds as indicated by U in
Tiig. 5. Thus, every minute contains twelve groups
of five binary-coded-decimal markers, each group
ending either with a position marker or an uncoded
marker.

The four coded markers in a binary-coded-
decimal group are indexed 8-4-2-1, in that order.
Sometimes only the last two or three coded markers
are needed, as in the first group in the minutes,
hours, and days sets. The indices of the first group
(in each set which contains three groups) are multi-
plied by 100, those of the second group by 10, and
those of the third group by 1.

The first two binary-coded-decimal groups in
each minute form a set which specifies the minute
of the hour; the third and fourth groups make up
a set which specifies the hour of the day; the fifth,
sixth, and seventh groups form a set which specifies
the day of the year. The relationship of the U7T2
scale to the time as coded is indicated by the eighth
group. A set, made up of the ninth, tenth, and
eleventh binary-coded-decimal groups, specifies
the number of milliseconds to be added or sub-
tracted from the code time as broadcast in order
to obtain UT2. The twelfth group is not used to
convey information at present.

UT2 Corrections: Since time signals of the
National Bureau of Standards stations are locked
to the transmitted frequencies, the pulses may
slowly depart from UT2.

The United States Naval Observatory furnishes
weekly forecasts from which daily values of UT2
may be interpolated (with a probable error of 5
milliseconds) . Corrections to be applied to the time
signals as broadcast are given in morse code
during the last half of the 19th minute of each
hour from WYV and during the last half of the
49th minute of each hour from WWVH. The
following symbols are broadcast: “UT2,” then
“AD” or “SU” followed by a 3-digit number
which is the correction in milliseconds. To obtain
UT2, add the correction to the time indicated by
the time signal if “AD” is broadcast; subtract if
“SU" is broadcast. Thus, a clock keeping step
with the time signals as broadcast will be fast
with respect to UT2 if “SU” is the symbol used.

Corrections to be applied to WWVB signals
are included in the time code of that station and
are thus repeated each minute. If UT2 is slow
with respect to the code time, a binary ‘“‘one”
(labeled SUB in Fig. 5) is broadecast in the eighth
binary-coded-decimal group during the 38th sec-
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ond of the minute. If UT2 is fast with respect to
the code time, binary “ones” (labeled ADD) are
broadcast in the eighth group during the 37th and
39th seconds of the minute. The ninth, tenth, and
eleventh binary-coded-decimal groups of the
WWVB time code form a set which specifies the
number of milliseconds to be subtracted, or added,
to obtain UT2.

In the illustration of Fig. 5, 404+1=41 milli-
seconds should be subtracted from the time broad-
cast to get the best estimate of UT?2. For example,
the 36th UT?2 interval would begin 41 milliseconds
later than the beginning of the 36th second of the
WIVV B broadcast.

Final corrections with a probable error of 1
millisecond are published in “Time Signals,” Bul-
letin 200 series, available from the United States
Naval Observatory, Washington, D.C., about 6
months after the date of broadcast.

Radio Propagation Forecasts

A forecast of radio propagation conditions is
broadcast in morse code during the last half of
every fifth minute of each hour on each of the
standard frequencies from WWYV. The forecast
refers to propagation along paths in the North
Atlantic area.

The announcement is broadcast as a letter and
& number. The letter identifies the radio quality
at the time the forecast is made. The number is
the forecast of radio propagation during the 6 hours
after the forecast is issued. Grades are as follows:

Disturbed (W)
1. Useless
2. Very poor
3. Poor
4. Poor-to-fair
Unsettled (U)
5. Fair
Normal (N)
6. Ifair-to-good
7. Good
8. Very good
9. Excellent

If, for example, propagation conditions on typi-
cal North Atlantic paths are normal at the time
the forecast is issued but are expected to become
“poor-to-fair”’ during the next 6 hours, the forecast
announcement would be broadcast as N4 in morse
code.

Geophysical Alerts

Forecasts are made each day at 0400 UT at
the World Warning Agency. Geoalerts for a given
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Interrupted 15-25 minutes
each hour

Emission in alternate
S-minute periods

Fig. 7—Daily emission achedules of standard frequency and time stations (other than National Bureau of Standards)

operating on high frequency.
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FORM OF SECOND AND MINUTE SIGNALS,
MORSE AND VOICE ANNOUNCEMENTS (A).

Pulses of 5 cycles of 1000-Hz tone, lengthened
to 100 ms ot the beginning of each minute.
Coll sign ond time (UT) in Morse.

Pulses of 200 cycles of 1000-Hz tone. First
pulse each minute is 500 ms and first pulse each
hour is 1000 ms. Exact time is stort of pulses. A
special timing code similar to Fig. 6 is rodioted
10 times per hour.

1-ms carrier break repeated 5 times every second
ond 250 times ot minute, exact time being
start of first break. Call sign in Marse.

Pulses of 8 cycles of 1600-Hz tone, First pulse in
eoch minute is preceded by 655 ms of 600-Hz
tone. The 1000-Hz tone modulation is interrupted
for 40 ms before and ofter each second's pulse.
Coll sign and time (JST) in Morse and voice.
Radio propagation forecast in letter code: N
{normol), U {unstable), or W{warning of disturbance).

Pulses of 5 cycles of 1000 -Hz tone. 53th pulse
omitted. Call sign in Morse. Identification ond
time (UT -3H) in voice.

Pulses of 5 cycles of 1000-Hz tone. 100-ms
puise ot minute. Coll sign in Morse and voice
onnouncement.

Pulses of 5 cycles of 1000-Hz tone. 100 ~ms
pulse ot minute ond S500-ms pulse every Sth
minute. Lost S pulses in eoch quorter hour 100 ms
long. During 55-60 minutes of every 3rd hour, 100-
ms pulses are lengthened to SO0 ms ot minutes.
Coll sign in Morse.

Pulses ore obout 100 ms, prolonged at the beginning
of each minute to obout 400 ms. The signals
divide each minute into 61 rhythmic intervols.
Signols ot 06°°, 08°°,10°°, ond 12°° hours ore

by moduloted (A2) corrier. At oll other times
A{ signols ore emitted.

Pulses of 5 cycles of 1000-Hz tone. 100-ms
pulse ot minute. Pulses omitted during 1st
minute of each hour. Call sign in Morse during
fst minute of hour ond by voice every 5 minutes
thereof ter.

Pulses of 5 cycles of 1000 -Hz tone, lengthened
to obout 500 ms ot minute.

Tone frequency, Hz - No emission

Fig. 8—Hourly modulation schedules of stations in Fig. 7.
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day are first broadcast at 0418 UT on station
WV, Fort Collins, Colorado, then at 0448 UT
on station W'V /I, Maui, Hawaii, and these broad-
casts are repeated at hourly intervals until the new
alert is issued. Each message begins with the letters
GEO in international morse code followed by the
coded information. Three types of information are
presented at each broadcast—each type in the
form of letters repeated three times in slow inter-
national morse code.

The first set concerns either forecasts of the solar
or geophysical event, or the observation and pre-
diction for the next day of a stratospheric warming
(Stratwarm). Letters which may occur in the first
set and their meaning follow.

First Set Meaning

EEE  No alert (Nil)
111 Flares expected

SS8S Proton Flare expected

TTT Magstorm expected

UUU  Flares and Magstorm expected

yvv Proton Flare and Magstorm expected
HHH  Stratwarm

DDD  Stratwarm and Flares expected

BBB Stratwarm and Proton Flare expected
MMM Stratwarm and Magstorm expected

The second and third sets of letters pertain to
the occurrence of and approximate time of observed

REFERENCE DATA FOR RADIO ENGINEERS

solar or geophysical events. The coding for the
time and type of event follows.

Second Set  Third Set
(Proton (Geomagnetic
Event) Storm) Meaning
Day before that of issue
(hours UT):
MMM 19461 9) 0000-0600
TTT AAA 0600-1200
HHH BBB 1200-1800
SSS DDD 1800-2400
Day of issue
(hours UT):
111 NNN 0000-0400
EEE EEE Nil

For example, the following messagé (in inter-
national morse code)

GEO SS§ EEE DDD

signifies:

GEO==Solar geophysical message

SSS=Proton Flare expected

EEE= No Proton Event between 0000 UT yester-
day and 0400 UT today

DDD= Geomagnetic Storm occurred (began) be-
tween 1800-2400 UT yesterday.



CHAPTER 2

INTERNATIONAL TELECOMMUNICATION

INTERNATIONAL STANDARDS

Administrations and operating companies
throughout the world carry on studies of technical
and other problems related to the interworking
of their respective national telecommunication
systems to provide a worldwide telecommunica-
tions network. Two international committees exist
for this purpose: The International Telegraph and
Telephone Consultative Committee (CCITT), and
The International Radio Consultative Committee
(CCIR). They operate under the auspices of the
International Telecommunication Union (ITU).
They promulgate their decisions in the form of
Recommendations, which are published by the
ITU. Generally, these Recommendations cover
features of international circuits, but where es-
sential, they deal with relevant characteristics of
the national systems which may form part of
international connections. This compendium col-
lects, in condensed form, major Recommendations
dealing with telephone, telegraph, and data-trans-
mission circuits and equipment.

Recommendations of the CCITT

The CCITT develops new Recommendations,
and updates existing ones, through the activities
of Study Groups, whose reports are acted on at
Plenary Assemblies, which meet at intervals of
3 or 4 vears. The resulting Recommendations of
the Second Plenary Assembly, New Delhi, 1960,
were published by the I'TU in a number of volumes,
called collectively the Red Book. The subsequent
study period culminated in the Third Plenary
Assembly, Geneva, 1964, and its Recommendations
are published as the Blue Book. This compendium
refers to Blue Book Recommendations, designated
thus: (G.101), (I1.31), (V.2), ete.

Recommendations of the CCIR

The CCIR also functions with Study Groups
and Plenary Assemblies. The Eleventh Plenary

RECOMMENDATIONS

Assembly was held at Oslo in 1966. After each
Plenary Assembly, the I'T'U publishes volumes
which contain the currently accepted Recommen-
dations, including such Recommendations of the
Plenary Assemblies at London (1953), Warsaw
(1956), Los Angeles (1959), and Geneva (1963)
which are still in effect. No color coding is used.
This compendium deals with those Recommen-
dations which treat point-to-point radio relay
systems. .\ purpose of those Recommendations is
to make the performance of such systems com-
patible with metallic line systems which follow
the CCITT Recommendations. References to the
CCIR Recommendations are made thus: (CCIR,
391).

ZERO-RELATIVE-LEVEL POINTS AND
RELATIVE LEVELS

Many CCITT and CCIR Recommendations
specify signal or noise levels at “a point of zero
relative level,” or in dBmO or pW)0, etc., where
“0” (zero) stands for “measured at or referred
to a point of zero relative level.”

(A) In 2-wire switching systems, the sending
end terminals of a long~distance circuit have long
been considered to be at a point of zero relative
level. The relative levels of all other points are
calculated from this reference point, as the algebraic
sum of all transmission losses and gains from it to
the point in question. Any point in a circuit with
the same relative level as the sending terminals is
a point of zero relative level, which may be written
0 dBr (@B relative level). The American term for
relative level is transmission level. Thus: “Zero-
transmission-level point” (0TLP).

For convenience in comparing circuit noise per-
formance, it is customary to convert absolute noise
measurements made at the receiving ends of circuits
having various relative levels, to absolute power
levels at a zero-relative-level point. For example,
—50 dBmp of noise at a —7-dBr point would be
reported as —43 dBmOp. Signaling-tone levels are
similarly expressed. For example, a tone intro-
duced at a —3.5-dBr point with an absolute power

2-1



2-2

REFERENCE DATA FOR RADIO ENGINEERS

TaBLE 1—RELATIVE LEVELS, PLUS LEVELS OF ABSOLUTE AND REFERRED POWER, FOR A 2-Wire Circurr.

Sending Circuit Loss: 5 dB Receiving
Point Direction— Point
O O
2-Wire Circuit
Relative levels, or transmission levels 0 dBr ~5dBr
“Milliwatt” test tone 0 dBm —5 dBm absolute power
At any point 0 dBm0 0 dBm0 referred power
Signaling tone —10 dBm —15 dBm absolute power
At any point ~10 dBm0 —10 dBmO referred power

Circuit noise, picked up along circuit —

Circuit noise, referred to 0-dBr point —

—65 dBmp absolute power
~60 dBmOp referred power

level of —18.5 dBm may be referred to as a
—15-dBm0 signal. The latter designation would
apply to such a tone no matter where it ap-
peared; the “0” denotes that its level is referred
to & point of zero relative level. (Refer to Table 1.)

Statistics of speech power, requirements for
linearity and limiting, system loading factors,
crosstalk, and noise have become well known in
terms of their values at points of zero relative level.
The proper performance of voice repeaters, carrier
terminal and line equipment, radio relay systems,
etc., depends on adherence to the relative levels
for which they were designed. Many relative levels
associated with such equipment have been stand-
ardized.

(B) In 4-wire switching systems, it is often
considered desirable to handle speech and signaling
at lower values of absolute power through the
switching equipment than is customary in 2-wire
svstems. In 1964, the CCITT adopted a relative

level of —3.5 dBr for the sending end of a 4-wire
cireuit, at the “virtual” switching points. These
are theoretical points; their exact location depends
on national practice, and the CCITT considers it
unnecessary to define them. (In the American
commercial system, —2 dBr is widely used.)
(G.101, Section B)

Therefore, to ensure that carrier and other
transmission equipment will be subjected to the
same absolute speech and signaling power levels
as in 2-wire systems, determination of relative
levels in 4-wire circuits must take into account
the relative level of the virtual switching points.
In a 4-wire circuit, there may be no actual point
of zero relative level. Nevertheless, standards will
continue to refer many requirements to a zero
relative point. (Refer to Table 2.)

Currently, many transmission measurements are
made with a standard 800- or 1000-hertz test tone,
with an absolute power of 1 milliwatt at a zero-

TasLe 2—ReLATIVE LEVELS, PLUS LEVELS OF ABSOLUTE AND REFERRED POWER, FOR ONE DIRECTION

oF A 4-WIRE CIRCUIT.

Sending Circuit Loss: 5 dB Receiving
Point Direction— Point
O- O
One Side of 4-Wire Circuit
Relative levels, or transmission levels —3.5 dBr —8.5dBr
“Milliwatt” test tone -3.5dBm —8.5 dBm absolute power
At any point 0 dBmO 0 dBmO referred power
Signaling tone —13.5 dBm —18.5 dBm absolute power
At any point —10 dBm0 ~10 dBmO0 referred power

Circuit noise, picked up along circuit -

Circuit noise, referred to 0-dBr point —_

—68.5 dBmp absolute power
—60 dBmOp referred power
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relative-level point: a power of 0 dBm0. The actual
level applied is adjusted to the relative level of
the sending point. The test-tone level in dBm will
be numerically equal to the relative level in dBr
at any point in the circuit, but it is not proper
to express relative levels in dBm, since dBm
represents absolute power levels. If the standard-
test-tone power is ever changed to another value,
such as —10 dBm0, as has been tentatively pro-
posed, the distinction between relative levels and
test-tone levels will he more apparent.

PSOPHOMETRIC NOISE AND POWER

Psophometric Noise Weighting

The CCITT calls a noise measuring set a
“psophometer.” A psophometer includes a device
for measuring power through a weighting network.
For measurements on commercial telephone cir-
cuits, a weighting characteristic is used which
results in the objective instrument measurements
approximately parallelling the results of sub-
jective tests with human observers using mod-
ern telephone sets. The CCITT weighting char-
acteristic for commercial circuits is nominally
identical with the American F1A line weighting.
Psophometric noise power may be expressed in
dBm0 ‘‘psophometrically weighted,” or dBmOp.
The conventional conversion equation used be-
tween dBmOp and dBa0 (F14) is

dBmOp=dBa0—84.

Psophometric Weighting for Commercial Tele-
phone Circuits:

Frequency  Level Frequency  Level
(hertz) (dB) (hertz) (dB)
100 —41.0 1350 —0.65
150 —29.0 1500 —1.30
200 —21.0 1750 —-~2.22
250 —15.0 2000 —-3.00
300 —10.6 2250 —3.60
400 —6.3 2500 —4.20
500 —3.6 2750 —4.87
600 —-2.0 3000 —5.60
700 —-0.9 3500 —8.5
800 0.0 4000 -15.0
900 +0.6 4200 —18.7
1000 +1.0 4500 —25.0
1100 +0.6 4700 —29.4
1200 0.0 5000 —36.0

(Extracted from G.223, which gives weighting for
84 frequencies.)

Psophometric 1 eighting Factor: 1f uniform-spec-
trum random noise is measured in a 3.1-kilohertz
band with a flat attenuation/frequency charac-
teristic, the noise level must be reduced by 2.5
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decibels to obtain the psophometric power level.
For another bandwidth B, the weighting factor
will be equal to

2.54-10 loge(B/3.1) decibels.

When B=4 kilohertz, for example, this gives a
weighting factor of 3.6 decibels. (G.223)

Psophometric Power: Where power addition of
noise can he assumed, it has been found convenient
for calculations and design of international circuits
to use the concept of “psophometric power.”

psophometric power
= (psophometric voltage)2/600
= (psophometric emf)?/(4X600).

A convenient unit is the picowatt (pW)=10"12
watt, so that

psophometric power in pW
== (psophometric voltage in mV)?/0.0006. (G.212)

CONVENTIONAL TELEPHONE SIGNAL

For the calculation or measurement of crosstalk
noise between adjacent channels, of the balance
return loss for echo, and generally speaking, when
it is desired to simulate the speech currents
transmitted by a telephone channel, the CCITT
recommends the use of a conventional telephone
signal. This signal may be produced by passing
the output of a generator of a uniform-spectrum
random noise signal (“white noise”) through a
weighting network with a characteristic as shown
in Fig. 1. The amount of this signal that appears
in another circuit because of crosstalk, etc., is
measured with a psophometer or weighted-noise
measuring set, with standard psophometric weight-
ing for commercial telephone circuits. (G.227)

TELEPHONE CIRCUIT LOADING

Nominal Mean Power During Busy Hour

To simplify caleulations when designing carrier
systems on cables or radio links, the CCITT has
adopted a conventional value to represent the mean
absolute power level, at a point of zero relative
level, of the speech-plus-signaling currents, ete.,
transmitted over a telephone channe] in one direc-
tion of transmission during the busy hour, which
is —15 dBm (—1.73 nepers) (mean power =31.6
microwatts) ; this is the mean with time and the
mean for a large batch of cireuits. This total mean
power of about 32 microwatts is conventionally
distributed as follows (nominal mean power): 10
microwatts, all signaling and tones; 22 microwatts,
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Fig. 1—Relative response curve for the weighting network
of the conventional telephone signal generator. (G. 227)

to include speech currents (including echoes),
carrier leak, and telegraph signals, based on a
speech activity factor of 0.25 for one direction of a
telephone channel. No account is taken of pilot
signals, which are assumed to be an integral part
of the carrier system, not affecting telephone
channel power. ((.223, Section 1)

Conventional Load

It will be assumed for the calculation of inter-
modulation noise below the overload point that
the multiplex signal during the busy hour can be
represented by a uniform-spectrum random noise
signal, the mean absolute power level of which,
at a zero-relative-level point, n(P), is given by

n(P)=—15410 logN dB
for N=240 or more
and
n(f’) =—1+4+4logeN dB3
for values of N between 12 and 240

where N is the total number of telephone channels
in the system.
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Typical values so calculated are as follows

N n(P),dB
12 3.3
24 4.5
36 5.2
48 5.7
60 6.1

120 7.3

240 8.8

300 9.8

600 12.8

960 14.8

1800 17.5
2700 19.3

Assumed: No pre-emphasis, and use of independent
amplifiers for each direction. (G.223, Section 2)

POWER LEVELS

Maximum Power Level for Signaling
Pulses

For crosstalk reasons, cach component of a
short-duration signal should not exceed the follow-
ing absolute power levels, at a zero-relative-level
point.

Absolute Power

Level at
Zero-Relative-Level
Signaling Frequency Point
(hertz) (dBm0)
800 -1
1200 -3
1600 —4
2000 -5
2400 —6
2800, 3200 -8

(G.224)

Private Telegraph Transmission on a
Rented International Circuit, with
Alternative Private Telephone Service

The frequency of 1500 hertz is recommended for
private telegraph transmission between subseribers
permanently conneeted via a rented international
circuit. The permissible power for a continuously
transmitted telegraph marking signal is 0.3 milli-
watt at a zero-relative-level point (—5 dBm0).
(H.21)
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Simultaneous Communication by Telephony
and Telegraphy on a Telephone Circuit

A continuously transmitted telegraph signal
should not exceed a level of —13 dBm0. Therc
should not be more than 3 telephone circuits of
this type per group, nor more than the number of
supergroups in a wide-band system. (H.22)

Phototelegraphy Transmissions Over
Telephone Circuits which are Entirely
4-Wire Between Phototelegraph Stations

The sent voltage for the phototelegraph signal
corresponding to maximum amplitude should be
so adjusted that the absolute power level of the
signal, at a zero-relative-level point, is 0 dBmO
for amplitude-modulation facsimile, and —10
dBmO for frequency-modulation facsimile. In the
former, the “black’ level is about 30 decibels lower
than the “white” level. (H.31)

Power Levels for Data Transmission Over
Telephone Circuits

Private Wires on Carrier Systems:

(A) Maximum power output of subscriber’s
apparatus into line: 1 milliwatt.

(B) Continuous-tone systems (for example,
frequency modulation) : Maximum power level at
zero-relative-level point: —10 dBm0, to be reduced
to or below —20 dBmO when data transmission is
discontinued for any appreciable time.

(C) Noncontinuous-tone systems {for example,
amplitude modulation) : Maximum power level at
zero-relative-level point: —6 dBmO, provided that
busy-hour mean power in both directions of trans-
mission added does not exceed 64 microwatts
(—15 dBmO0 mean level in each direction simul-
taneously). Also, the level of tones above 2400
hertz should conform to recommendations for
signaling tones in G.224. (V.2, Section A)

Switched Telephone Network:

(A) Maximum power output of subscriber’s
apparatus into line: 1 milliwatt.

(B) Continuous-tone systems (for example fre-
quency- or phase-modulation systems) : The power
level at the subscriber’s equipment should be ad-
justed not to exceed —10 dBmO (simplex oper-
ation) or —13 dBm0 (duplex operation).

(C) Noncontinuous-tone systems (for example
amplitude-modulation or multifrequency systems) :
Higher levels may be used, if mean power at inter-
national-circuit input is limited to 64 microvolts
in any hour (both directions), i.e., —15 dBm0 in
each direction simultaneously. (V.2, Section B)

2-5
HYPOTHETICAL REFERENCE CIRCUITS

General Definitions (G.212)

Ilypothetical Reference Circuit: .\ hypothetical
circuit of defined length and with a specified num-
ber of terminal and intermediate equipments, this
number being sufficient but not excessive. It forms
the basis for the study of certain characteristics of
long-distance circuits, for example, noise.

ITypothetical Reference Circuit for Telephony:
This is a complete telephone circuit, between audio-
frequency terminals, established on a hypothetical
international telephone carrier system and having
a specified length and a specified number of modula-
tions and demodulations of the groups, super-
groups, and mastergroups, these numbers being
reasonably great but not having their maximum
possible values.

Various hypothetical reference circuits for tele-
phony have been defined by the CCITT and CCIR
to allow the coordination of the different specifica-
tions concerning the constituent parts of the multi-
channel carrier telephone systems, so that the
complete telephone circuits set up on these systems
can meet CCITT standards.

Ilomogeneous Section: A section without diver-
sion or modulation of any one of the mastergroups,
supergroups, groups, or channels established on the
system being considered, except for those modu-
lations or demodulations defined at the ends of the
section. All the hypothetical reference circuits
defined below consist of homogeneous sections of
cqual length (6 or 9 sections). It is assumed that
at the end of each homogeneous section, the
channels, groups, supergroups, and mastergroups,
as appropriate, are connected through at random.

Important Hypothetical Reference Circuits
Defined by CCITT and CCIR

Hypothetical Reference Circuit on Symmelric
Cable Pairs: This circuit is 2500 kilometers long
and is set up on a symmetric-cable-pair carrier
system. For each direction of transmission, it has
a total of 3 pairs of channel modulators and
demodulators, 6 pairs of group modulators and
demodulators, and 6 pairs of supergroup modula-
tors and demodulators.

Figure 24 shows that there are 15 modulations
and 15 demodulations for each direction of trans-
mission, assuming that single-stage translations are
used. There are 6 homogeneous sections of equal
length. (G.321)

Hypothetical Reference Circuit for 4-Megahertz
Systems on Coazxial Cable: This circuit is 2500
kilometers long and is set up on a 4-megahertz
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2E. FREQUENCY-DIVISION-MULTIPLEX RADIO RELAY ~ MORE THAN 60 CHANNELS

CHANNEL MOOULATING EQUIPMENT -
AUDIO TO BASIC-GROUP BAND
ANO VICE VERSA

BASIC GROUP TO BASIC SUPERGROUP

GROUP TRANSLATING EQUIPMENT -
AND VICE VERSA

A - AUDIO(VOICE) FREQUENCY
G - BASIC-GROUP FREQUENCY
S - BASIC-SUPERGROUP FREQUENCY

Fig. 2—Typical hypothetical reference
carrier system on 0.104/0.375-inch coaxial cable
pairs. For each direction of transmission, it has
a total of 3 pairs of channel modulators and
demodulators, 6 pairs of group modulators and
demodulators, and 9 pairs of supergroup modu-
lators and demodulators.

Figure 2B shows that there are 18 modulations
and 18 demodulations for each direction of trans-
mission, assuming that single-stage translations are
used. There are 9 homogeneous sections of equal
length. (G.332)

Hypothetical Reference Circuit for 12-Megahertz
Systems on Coaxial Cable: This circuit is 2500
kilometers long and is set up on a 12-megahertz
carrier system on 0.104/0.375-inch coaxial cable
pairs. For each direction of transmission, it has a
total of 3 pairs of channel modulators and de-
modulators, 3 pairs of group modulators and
demodulators, 6 pairs of supergroup modulators
and demodulators, and 9 pairs of mastergroup
modulators and demodulators.

circuits

BASIC SUPERGROUP TO BASIC MASTERGROUP

. SUPERGROUP TRANSLATING EQUIPMENT -
N
AND VICE VERSA

BASIC MASTERGROUP TO LINE OR BASEBAND

7] MASTERGROUP TRANSLATING EQUIPMENT -
] FREQUENCIES AND VICE VERSA

M - BASIC-MASTERGROUP FREQUENCY
L - METALLIC-LINE FREQUENCY
R - RADIO FREQUENCY

for systems using frequency-division multiplex.

Figure 2C shows that there are 21 modulations
and 21 demodulations for each direction of trans-
mission, assuming that single-stage translations are
used. There are 9 homogeneous sections of equal
length. (G.333)

Hypothetical Reference Circuit over Radio Relay
Systems with Frequency-Division Mulliplex, Pro-
viding 12 to 60 Channels: This circuit is 2500 kilom-
eters long and is set up on a carrier system pro-
viding 12 to 60 channels per radio channel over
line-of-sight and near-line-of-sight radio relay
systems. For each direction of transmission it has
a total of 3 sets of channel modulators and demodu-
lators, 6 sets of group modulators and demodu-
lators, 6 sets of supergroup modulators and
demodulators, and 6 sets of radio modulators and
demodulators. The circuit is divided into 6 homo-
geneous sections of equal length. (See Fig. 2D.)
(CCIR, 391)

Hypothetical Reference Circuit over Radio Relay
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Systems with Frequency-Division Mulliplex, Pro-
viding More than 60 Channels: This circuit is 2500
kilometers long, and is set up on a carrier system
providing more than 60 channels per radio channel
over line-of-sight or near-line-of-sight radio relay
systems. For each direction of transmission it has
a total of 3 sets of channel modulators and de-
modulators, 6 sets of group modulators and
demodulators, 9 sets of supergroup modulators and
demodulators, and 9 sets of radio modulators and
demodulators. The circuit is divided into 9 homo-
geneous sections of equal length. (See Fig. 2F.)
(CCIR, 392)

Hypothetical Reference Circuit over Transhori-
zon Radio Relay Systems: This circuit is 2500
kilometers long and is set up over a trans-
horizon radio relay system for telephony using
frequency-division multiplex. For each direction
of transmission it has a total of 3 sets of channel
modulators and demodulators, 6 sets of group
modulators and demodulators, and 9 sets of super-
group modulators and demodulators.

It is recommended that the hypothetical refer-
ence circuit not be divided into homogeneous sec-
tions of fixed length, because these systems, as
distinet from line-of-sight systems, are usually
composed of long radio sections, the lengths of
which depend on local conditions and may vary
considerably (between 100 and 400 kilometers).
If a radio section under study is L kilometers long,
the hypothetical reference circuit should be com-
posed of (2500/L) sections of this type in tandem,
the value (2500/L) being taken to the nearest
whole number. (CCIR, 396-1)

Hypothetical Reference Circuit over Active Inter-
continental Communication-Satellite Systems. This
circuit has no fixed length. For intercontinental
connections, satellite links should be capable of
spanning 7500 kilometers. For great-circle distances
up to 25000 kilometers, it will be necessary to
connect two or three satellite links in tandem.
The basic hypothetical reference circuit shall con-
sist of one earth-satellite—earth link, as shown in
Fig. 3. It shall contain one pair of modulation
and demodulation equipments for translation from
the baseband to the radio-frequency carrier and
back. (CCIR, 352)

TELEPHONE CIRCUIT
CHARACTERISTICS

Impedance of International and National
Trunks

All circuits (whether international circuits or
national 2-wire or 4-wire trunk circuits) terminat-
ing at the same trunk exchange should have the
same nominal value of impedance as seen from
the switchboard or selectors. The preferred value
is 600 ohms. (G.232, Section L)
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r'———INTERCONTINENTAL CONNECTION —————

®
!

COMMUNICATION-
SATELLITE
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EARTH
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gl
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STATION
Fig. 3—Basic hypothetical reference circuit, active inter-
continental communication-satellite system (CCIR, 352).

One-Way Propagation Time

The 1-way propagation time of counections when
echo sources exist and echo suppressors are used
is considered to be: aceeptable without reservation,
0-150 milliseconds; provisionally acceptable, 150-
400 milliseconds; and provisionally unacceptable,
400 milliseconds or higher (should not be used
except under extraordinary circumstances).

On National Extension Circuits: Probable propa-
gation time, most distant subscriber to inter-
national center: 12 plus (0.0064X distance in stat-
ute miles) milliseconds or 12 plus (0.004X distance
in kilometers) milliseconds.

International Circuits, Terrestrial (Including
Submarine Cable) : 100 statute miles (160 kilom-
eters) per millisecond, including effects of terminal
or intermediate multiplex equipment.

International Circuits, Communication-Satellite
Systems: Moving satellite, altitude 8700 miles
(14000 kilometers): 110 milliseconds. Geosta-
tionary satellite, altitude 22 500 miles (36 000
kilometers) : 260 milliseconds. (G.114, Section B)

Group Delay Distortion

The permissible differences, for a worldwide
chain of 12 circuits, between the minimum group
delay throughout the frequency band transmitted,
and the group delay at the upper and lower limits
of this band in milliseconds are as follows:

At the Limits
of the Frequeney

Band
Lower Upper

Facility Limit  Limit
International chain 30 15
Each of the national 4-wire 15 7.5

extensions

Entire 4-wire chain 60 30
(G.113)
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Fig. 4—Attenuation vs. frequency objective for world-
wide chain of 12 circuits in terminal service (G. 132).

The CCITT does not recommend limiting values
for the group delay at different frequencies, but
offers information on typical values reported by
four Administrations. Values are in milliseconds
measured on a pair of equipments.

Frequency (hertz)

Administration 300 400 2000 3000 3400
Belgium (b) 4.0 2.7 1.0 1.3 2.6
France (b) 4.2 29 1.0 1.4 2.8
Federal Republicof 3.9 2.7 1.2 1.6 3.0

Germany (b)

United Kingdom (2) 2.6 2.2 1 1.4 2.6
(b) 4.2 2.7 1.2 1.8 3.4
For 12 pairs (c) 50 35 14 22 41

(a) With in-band signaling.

(b) With out-band signaling.

(¢) Typical maximum values in milliseconds for
12 pairs of equipments.

(G.232, Section C)

Attenuation Distortion in Worldwide
Chain

The objectives for the variation with frequency
of transmission loss in the terminal condition of
a worldwide chain of 12 circuits (international plus
national extensions), each one routed over a single
group link, are shown in Fig. 4, which assumes
that no use is made of high-frequency radio circuits
or 3-kilohertz channel equipment. ( G.132)

Variation of Transmission Loss with Time

(A) The standard deviation for the variation in
transmission loss of a circuit should not exceed 1
decibel. This can be met for circuits on single-
group links with automatic regulation, and it
should be met on any national circuit whether
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regulated or not. For other international cireuits,
the standard deviation should not exceed 1.5
decibels. Standard deviation is sometimes called
“distribution grade.”

(B) The difference between the mean value of
the transmission loss and the nominal value (that
is, the bias) should not exceed 0.5 decibel. (G.151,
Section C)

Linear Crosstalk

(A) Between circuits, the near-end or far-end
crosstalk (intelligible only), measured at audio
frequency at a national or international center
between two complete circuits in terminal service,
should not be less than 58 decibels for 90 percent
of all 2-circuit combinations, and 52 decibels for
all combinations. 58 decibels is the planning objec-
tive for modern systems for all combinations.

(B) Between the go and return channels of a
4-wire circuit, the near-end crosstalk ratio must
be at least 35 decibels, but 43 decibels is preferred
and is recommended for circuits to be used for
duplex voice-frequency telegraphy.

Note: For circuits used with a speech concen-
trator (for example, Time Assignment Speech
Interpolation), near-end crosstalk between channel
pairs will appear as crosstalk between circuits and
hence should meet the objectives of (A). (G.151,
Section D)

Frequency Accuracy of Virtual Carrier
Frequencies on an International Circuit

As the channel of any international telephone
circuit should be suitable for voice-frequency
telegraphy, the accuracy of the virtual carrier fre-
quencies should be such that the difference be-
tween an audio frequency applied to one end of
the circuit and the frequency received at the other
end should not exceed 2 hertz, even when there are
intermediate modulating and demodulating proc-
esses.

Considering either the hypothetical reference
circuit proper to each system or the worldwide
hypothetical reference connection, the accuracy
of restitution of frequency which is recommended
above should be assured if the channel and group
carrier frequencies of the various stages have the
following accuracies.

Virtual channel carrier frequencies =410%
in a group

Group and supergroup carrier fre- 410~7
quencies

Mastergroup and supermaster-  =45X10-%
group carrier frequencies

(G.225, Section a)

For 12-channel open wire carrier  5X10~%

systems, channel carriers
(G.311)
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For 3-channel open wire carrier +2.5X1075
systems, channel carriers

(G.351, Section h)

CIRCUIT NOISE OBJECTIVES

Noise Characteristics for 2500-Kilometer
Hypothetical Reference Circuits

The following design objectives should apply to
any telephone channel provided by multichannel
carrier systems on cable and radio relay links,
having the same composition as the appropriate
hypothetical reference circuit of 2500 kilometers.
The noise is to be measured at or referred to a point
of zero relative level. The objectives are intended
to ensure adequate speech and signaling perform-
ance. They include an allowance of 2500 pWp0
due to frequency-division-multiplex equipment.
(See Fig. 5.)

(A) The mean psophometric power during any
hour shall not exceed 10 000 pWp0.

(B) The mean noise power over 1 minute shall
not exceed 10 000 p\WpO for more than 20 percent
of any month,

(C) The mean noise power over 1 minute shall
not exceed 50 000 p\Wp0 for more than 0.1 percent
of any month.

(D) The unweighted noise power, measured or
calculated with an integrating time of 5 milli-
seconds, shall not exceed 1 000 000 pWO (10° pWO0)
for more than 0.01 percent (10~*) of any month.
However, this is reduced to 0.001 percent (10~%)
of any month, or 0.1 percent of any hour, if the
telephone channel is to be used for 50-baud ampli-
tude-modulated voice-frequency telegraph, if
recommended quality of telegraph operation is to
be obtained. This stiffer requirement need not
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THE NOISE FIGURES INCLUDE 2500 pW FOR
TERMINAL EQUIPMENT

O = DESIGN OBJECTIVES, INCLUDING TERMINAL NOISE

THE NUMBERS 1 TO 4 ARE USED TO DISTINGUISH
THE CURVES

Fig. 5—Examples of distribution curves for the psopho-
metrically weighted 1-minute mean noise power at the end
of the hypothetical reference circuit (CCIR, 393-1).
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apply to frequency-modulated voice-frequency
telegraph systems operating at 50 bauds.

In a part of a hypothetical reference circuit con-
sisting of one or more homogeneous sections, the
values of noise power in (A) and (B) above, and
the small percentages of time in (C) and (D)
above, shall be considered to be proportional to
the number of homogenecous sections involved.

These are design objectives, “and it is not
intended that they be quoted in specifications for
equipment or used for acceptance tests.” (G.222,
and CCIR, 393)

Noise Characteristics for Long Circuits
Not More than 2500 Kilometers in Length

Circuits on Land, in Submarine-Cable Systems,
or on Radio Relay Systems: The mean psopho-
metric power during any hour should be of the
order of 4 pWp0 per kilometer, including noise
due to frequency-division-multiplex equipment,
except for very short circuits or those with a very
complicated composition. (G.151, Section A)

Circuits on Transhorizon Relay Systems: The
CCIR divides transhorizon systems into two
classes, from the viewpoint of performance.

Transhorizon systems of the first class are those
intended to operate between two points which
might, without excessive difficulty, be connected
by line-of-sight radio relay or cable systems. The
hypothetical reference circuit described for trans-
horizon systems applies to this class. The noise
power at the end of this circuit will be calcu-
lated by statistical combination of the noise power
in each of its radio sections. The statistical noise
distribution curve should meet requirements (A)
through (D) above.

Transhorizon systems of the second class are
those used between points for which other trans-
mission systems cannot be used without excessive
difficulty. If the design objectives given above
cannot be met without excessive difficulty, the
calculated noise-power distribution should meet
the following objectives: The mean psophometric
power during 1 minute must not exceed 25 000
pWp0 for more than 20 percent of any month,
nor exceed 63 000 pWp0 for more than 0.5 percent
of any month. Also, the unweighted noise power
(integrated over 5 milliseconds) stated in (D)
above, should not be exceeded for more than 0.05
percent of the most unfavorable month.

The objectives for both classes are provisional.
(CCIR, 397-1)

Noise Characteristics for International
Circuits More than 2500 Kilometers in
Length

Circuils tn Cable or Radio Relay Systems, with no
Long Submarine-Cable Section: Such circuits, be-
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tween 2500 and 25000 kilometers in length, are
generally carried in land cable or radio relay sys-
tems designed to 2500-kilometer objectives, and
the number of channel demodulations seldom
exceeds that in the corresponding part of the world-
wide hypothetical reference chain. Automatic regu-
lation should be used on each group link. The
noise objectives are:

(A) The mean psophometric noise power during
any hour, due to the line, should not exceed 3 pWp0
per kilometer; preferably 2 pWp0 per kilometer
or even less. It is noted that in some countries,
long overland systems (5000 kilometers or more)
have the same objectives as the submarine-cable
system (1 pWp0/km).

(B) For systems up to about 7500 kilometers
long, the 1-minute mean power should not exceed
50 000 pWpO for more than 0.3 percent of any
month.

(C) For systems up to about 7500 kilometers
long, the unweighted noise power, measured or
calculated with an integrating time of 5 milli-
seconds, should not exceed 1 000 000 p\VO for more
than 0.03 percent of any month.

Note: (B) and (C) are prorated from 2500-
kilometer objectives, and proportional values
should be used for lengths between 2500 and 7500
kilometers. The CCITT does not yet recommend
short-term objectives for systems longer than 7500
kilometers. ((G.153, Section A)

Circuits with a Long Submarine-Cable Section:
The circuit noise attributable to the submarine
section, without compandors, should not exceed a
mean psophometric noise value of 3 pWp0 per
kilometer in the worst hour on the worst channel.
The mean noise power for each direction of trans-
mission, over all channels used for the longest
circuits, should not exceed 1 pWp0 per kilometer.
No objectives are given for circuits equipped with
compandors. The other parts of the circuit should
conform to normal 2500-kilometer objectives.
(G.153, Section B)

Circutls on Communication-Satellite Systems:
The psophometrically weighted noise power at a
point of zero relative level in any telephone circuit
in the hasic livpothetical reference circuit (as
defined in Recommendation 352) should not
exceed the provisional values of 10000 pWW)po
mean in any hour, 10 000 pWp0 one-minute mean
for more than 20 percent of any month, 50 000
pWp0 one-minute mean for more than 0.3 percent
of any month, and 1000 000 pW0 (5-millisecond
integrating time) for more than 0.03 percent of
any month. The multiplex noise is not included in
these figures. (CCIR, 353-1)

Circuits on Open Wire Carrier Systems: In sys-
tems of about 10 000 kilometers in length, with
lines of strict regularity of construction, accurately
operating automatic line regulators, adjustment
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of line levels to take account of special climatic
conditions, and carefully chosen repeater spacings,
the following objectives may apply: The mean
psophometric power, during any hour, at the end
of a circuit of about 10 000 kilometers, taking into
account all noise that exists, with the exception of
noise due to radio transmitters, should not exceed
50 000 pWp0. This is for a reasonable distribution
of wet weather in the territory crossed by the
circuit. (G.153, Section D)

Noise in Actual Circuits

Radio Relay Circuits, 280 to 2500 Ktlometers in
Length: In a telephone channel of an actual radio
relay system using frequency-division multiplex,
whose composition does not differ appreciably
from the hypothetical reference circuit and whose
length L is between 280 and 2500 kilometers, the
psophometrically weighted noise power, excluding
multiplex noise, should not exceed (A) 3L pWp0
mean power in any hour, (B) 3L pWp0 one-
minute mean power for more than 20 percent of
any month, and (C) 47 500 pWp0 one-minute
mean power for more than (L/2500)X0.1 percent
of any month, as a planning objective. (CCIR,
359-1)

Radio Relay Circuits, Over Real Links, 50 to
2500 Kilomelers in Length: If, for planning reasons,
the composition of a real link differs substantially
from the hypothetical reference circuit, the noise
power of a circuit of length L, carried in one or
more baseband sections of frequency-division-
multiplex radio links, should not exceed the follow-
ing values.

1-Minute
1-Minute Mean Power
Mean Power of 47 500
Length for More pWpO, for
of Mean Power Than 209, More Than
System in Any of Any Stated % of
(km) Hour Month Any Month
50-280 3L pWp0 4+ 3L pWp0 +  (280/2500)
200 pWp0 200 pWp0 X 0.1%
280-840 3L pWp0 + 3L pWp0 +  (L/2500)
200 pWp0 200 pWp0 X 0.19%,
840-1670 3L pWp0 + 3L pWp0 4+ (L/2500)
400 pWp0 400 pWp0 X0.1%
1670-2500 3L pWp0 + 3L pWp0 +  (L/2500)
600 pWp0 600 pWp0 X 0.1%

Note 1: Frequency-division-multiplex noise is not
included.

Note 2: The hourly mean-noise-power objective and
its subdivision are under study.
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National Circuits on Carrier Systems over Very
Short Distances: Assuming that circuits in an
international connection, making use of frequency-
division-multiplex carrier systems over very short
distances, can be limited in number to 4, the mean
psophometric power should not exceed 2000 pWp0
per circuit during any hour, including crosstalk.

The CCITT does not yet offer Recommendations
for pulse-code-modulation systems. (G.125)

Design Objectives for Noise Produced
by Modulating Equipments

The mean psophometric power, which corre-
sponds to the noise produced by all modulating
equipment mentioned in the definition of the
hypothetical reference circuit in question, should
not exceed 2500 pWp0. This value includes noise
due to various causes, such as thermal noise,
intermodulation, crosstalk, power supplies, ete. Its
allocation between the various equipments can be
left somewhat to the discretion of designers, but
the following values are given as a guide to the
target design values.

pWpo
One pair of channel modulators 200-400
One pair of group modulators 60-100
One pair of supergroup modulators 60-100
One pair of mastergroup modulators 80-120

(G.222, Section d)

CCITT AND TELEGRAPHY

The CCITT Blue Book contains the Recommen-
dations adopted by the Third Plenary Assembly
in Geneva, in 1964. The Recommendations on
Telegraph Technique are included in Volume VII,
and those on Data Transmission are included in
Volume VIII. The Recommendations on Telegraph
Operations and Tariffs are contained in Volume
II of the Red Book and in Documents AP I11-64,
~-67, and ~74. The latter (AP III-74) has been
importantly revised by CCITT Circular No. 15
dated 12 November 1964 entitled “List of Desti-
nation Indicators.”

Numbering

There is a worldwide system of Destination
Indicators for the telegraph-message retransmission
network. These indicators consist of two letters
signifying the country and its telegraph network
(if more than one) followed by two letters signify-
ing the town on that network. Examples: Vienna
AUWI, Panama City (Tropical Radio) PAPA,
Balboa (ITTCACR) PZBA, Stockholm SWSM,
San Francisco (ITT Worldcom) UISF.
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The CCITT has approved a worldwide num-
bering system for telex services. The telex des-
tination code consists of 2 or 3 numerical digits
signifying the country or network within the
country. The destination code is followed by the
telex subscriber’s national number, also consisting
of numerical digits.

The telex system provides also for designation
codes, for identifving the country and network of

TaBLE 3—CCITT SIGNALING SYSTEMS.

No. Systems

1 500/20-hertz system used in the international
manual service (ringdown).

2 600/750-hertz 2-frequency system. Never used in
international service.

International Automatic and Semiautomatic Systems

3 For unidirectional operation of circuits. Uses 1
in-band frequency (2280 hertz) for the transmis-
sion of both line and interregister signals; used
for terminal traffic; in general not to be used for
new installations.

4 For unidirectional operation of circuits (circuits
seized from one end only). Uses 2 in-band fre-
quencies (2040 and 2400 hertz) for the end-to-end
transmission of both line and register signals; used
for international intracontinental traffic; suitable
for terminal and transit traffic; in the latter case
2 or 3 circuits equipped with System No. 4 may
be switched in tandem. Suitable for submarine- or
land-cable circuits and microwave radio circuits;
not applicable to TASI-equipped systems. Capa-
ble of interworking with System No. 5.

5 For both-way operation of circuits. Uses 2 in-band
signaling frequencies (2400 and 2600 hertz) for
the link-by-link transmission of line signals, and
6 in-band frequencies (700, 900, 1100, 1300, 1500,
and 1700 hertz) in a 2-out-of-6 code (numerical
information transmitted en bloc) for the link-by-
link transinission of register signals; used for inter-
continental traffic. Suitable for submarine- or land-
cable circuits and microwave links, whether or not
TASI is used; suitable for terminal or transit
traffic—in the latter case, 2 or more circuits
equipped with System No. 5 may be switched in
tandem but are subject to possible undesirable
delays if all are TASI-equipped. Capable of inter-
working with System No. 4.

6 A proposed system to be free from some limita-
tions of Systems No. 3, 4, and 5; expected to use
voice channel for interregister signaling, plus a
separate channel for line signaling and “manage-
ment"’ signaling (changing of routing, et cetera);
not expected to be in use before 1970.




TasLE 4—LiNE SianaLs IN CCITT SySTEMS.

CCITT No. 3 CCITT No. 4 CCITT No. 5
Signal Direction (1VF) (2VF) (2VF)

Seize, terminal — X PX X
Seize, transit — PY
Start pulsing, terminal — X X Y
Start pulsing, transit — Y
End of pulsing (ST) — 250 ms* z8zSzSz* 150041700 hertz*
Busy — XX PX Y

Acknowledge — X
Answer — XSX PY X

Acknowledge — X
Clear back (on-hook) — XX PX Y

Acknowledge - X
Ring forward - XSX PYY Y (8504200 ms)
Clear forward (disconnect) — XXSXX PXX X+Y
Release guard (disconnect acknowl- — XXSXX PYY X+Y

edge)

X: 228046 hertz, 150430 ms
XX: 228046 hertz, 600120 ms
S: 10020 ms silence

X: 20406 hertz, 1003-20 ms

Y: 240046 hertz, 100320 ms

XX: 350470 ms

YY: 350470 ms

S: 357 ms; z: 2040 hertz, 35 ms

P: (2040 hertz, 2400 hertz), 150430 ms

X: 240046 hertz
Y: 26006 hertz

* Combination No. 15 of address code.

ci-¢

SYIINIONI OIaVY ¥O04 Vivd IDNIYIIY



INTERNATIONAL TELECOMMUNICATION RECOMMENDATIONS

the originator of a communication. The designation
code consists of two letters, the same two letters
that compose the first half of the message-retrans-
mission-system destination indicator.

Examples of destination codes are:

North and Central America: 200 Cuba, 205
Puerto Rico (RCA), 206 Puerto Rico (1TTWC),
207 Puerto Rico (C & W), 21 Canada (except
TWX), 22 Mexico, 25 USA (TWX), 271 Guate-
mala, 275 British Honduras, 290 Bermuda, 292
Virgin Islands.

South America: 304 Surinam, 305 Paraguay, 31
Venezuela, 36 Peru, 381 Brazil (Radio Brazil),
383 Brazil (PTT), 387 Argentina (1TTCM), 390
Netherlands Antilles, 391 T'rinidad.

Europe: 400 Canary Islands, 403 Spain, 409
Algeria, 41 Germany, 46 Belgium, 492 Syria,
496 Kuwait, 501 Iceland, 51 United Kingdom,
57 Finland.

Eastern [Furope: 601 Greece, 606 Israel, 61
Hungary, 64 USSR, 65 Romania.

Pacific: 702 Guam, 704 Hawaii (RCA), 705
Hawaii (ITTWC), 71 Australia, 72 Japan, 75
Philippines.

Asta: 801 Korea, 802 Hong Kong, 81 India, 85
China, 88 Iran.

Africa: 901 Libya, 907 Southern Rhodesia, 91
United Arab Republic, 94 Ghana, 95 South Africa,
972 Dahomey’, 975 Niger, 981 Congo (Brazzaville),
982 Congo (Leopoldville), 991 Angola, 992
Mozambique.

CCITT AND TELEPHONY

International Country Codes

The addressing signals of worldwide automatic
telephony consist of the national telephone num-
ber, as used for long-distance dialing within a
country, prefixed by a country code. Country codes
are grouped by continental regions; for example,
the country codes of all South .\merican countries
begin with “5.”” Where the national numbering
system includes more than one country, the country
code may also include the countries included in
the national system. Thus the country code for
the United States—“l1”—includes Canada and
some other countries. The following are examples
of some country codes, grouped by world num-
bering regions or zones as assigned by the Third
Plenary Assembly of the CCITT in Geneva in 1964.

Zone 1—Code 1: USA, Canada, Mexico and
Central America, Bahamas, Bermuda, Jamaica,
French Antilles, Netherlands Antilles.
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Zone 2—Africa: 51 countries, 48 country codes
(Algeria, Morocco, Tunisia, Libya in one
group—the Maghreb— code 21). United Arab
Republic 20, South Africa 27, 45 three-digit
codes.

Zones 3 and 4—urope, Iceland, Malta, Cyprus:
17 two-digit and 13 three-digit country codes.
Examples: France 33, Spain 34, Italy 39, United
Kingdom 44, Germany 49, Iceland 354, Finland
401, ITungary 402.

Zone 5—South America and Cuba: 6 two-digit and
8 three-digit country codes. Examples: Cuba 53,
Argentina 54, Brazil 55, Chile 56, Colombia 57,
Venezuela 58, Peru 596.

Zone 6—Southwestern Pacific: 6 two-digit and 14
three-digit country codes. Examples: Malaysia
60, Australia 61, Indonesia 62, Philippines 63,
New Zealand 64, Thailand 66, Guam 682,

Zone 7—Country code 7: Soviet Union.

Zone 8—Northwestern Pacific: 4 two-digit and 6
three-digit country codes. Examples: Japan 81,
Korea 82, Vietnam 84, China (Formosa) 85,
Hong Kong 852, Mongolia 854, Laos 856.

Zone 9—East: 5 two-digit and 15 three-digit
country codes. Examples: India 91, Burma 95,
Iran 98, Lebanon 961, Saudi Arabia 966, Israel
972, Nepal 977.

TELEPHONE SIGNALING

CCITT signaling systems have been standard-
ized for international use. General descriptions are

TaBLe 5—MULTIFREQUENCY NUMERICAL CODE
Usep BY CCITT (2-OuTt-0F-6).

Digit Frequencies Weighting

1 700+ 900 0+ 1

2 700+1100 0+ 2

3 900+1100 1+ 2

4 700+1300 O+ 4

5 900+1300 1+ 4

6 1100+1300 2+ 4

7 700+1500 0+ 7

8 900+1500 14+ 7

9 1100+1500 2+ 7

0 130041500 4+ 7
Code 11 700+1700  0-+11)for inward
Code 12 90041700 1411 operators
KP 110041700 2411 start of pulsing
KP2 1300+1700  4-+11 transit traffic
ST 1500+1700  7+11 end of pulsing
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TaBLE 6—NUMERICAL 4-BY-4 MULTIFREQUENCY CODE.

Touch-Tone or Touch Calling

Low |

group -
(hertz) | |
697 | 1 2 3
770 [ 4 | 5 6
852 |7 | 8 o |
941 | spare | 0 Ispare [

f [
1209 | 1336 | 1477 | (1633) High
[ group
(hertz)

US Air Force 412L

Low
group e
(hertz) i
1020 1| e 3 |
1140 4 | 5 | 6 |
1260 7 s |
1 | !
1380 ‘ 0o | f
1
1620 | 1740 | 1860 | (1980) High
group

1 (hertz)

|

' !

Note: Each digit is composed of one frequency from the low group and one frequency from the high group. The

frequencies have been chosen to minimize voice simulation.

given in Table 3, and some of the signaling char-
acteristics are given in Table 4.

Signals in communications are used for passing
information, for identifying the called subscriber
or addressee (with resulting internal system signals
concerned with the establishment of a connection),
and for supervising and controlling the connection
once it has been established.

Information Signals may be analog (voice,
telemetry, or facsimile) or digital (teleprinter or
data).

Addressing Signals may be dial pulse, multi-
frequency, or binary. They are not needed once
a communication has been established.

TaBLE 7—US Army TA-341/PT NUMERICAL
CopE.

Digit Frequencies

2100--2300
2300+-2500
19002700
1900+-2100
250042700
2300--2700
2100+-2500
19004-2300
2100+-2700
1900-4-2500

O D00~ WN

(A) Dial Pulse signals consist of a series of
from 1 to 10 pulses representing the corresponding
numerical digits 1 to 9 and 0. The pulses are
breaks in a continuous direct current on the line,
usually lasting from 58 to 67 percent of the time
interval between the starts of successive pulses.
These breaks in direct current may have to be
converted into pulses in a tone, or to frequency

TaBLE 8—NuMERIcAL CobE, 2-VoIcE-FREQUENCY
SiexaLing SysteM, CCITT No. 4.

Successive Elements

Digit 1 2 3 4
1 y v y z
2 y y z y
3 y y z z
4 Yy z Y Y
5 y z y z
6 y z z y
7 y z z z
8 z Yy y y
9 £3 Y Y z
0 z y z y

Note: The 2 frequencies are sent one at a time, with
a silent space between pulses. The duration of both
frequency and silent periods is 35347 milliseconds. Fre-
quencies: £=204016 hertz; y=240016 hertz. Power
level: —9 decibels.
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shifts between tones, in order to pass through some
media or multiplexing systems. Dial pulse speeds
are usually 10 pulses per second, although high-
speed dials of nearly twice that speed are sometimes
used.

(B) Multifrequency signals represent numerical
digits by 1 pulse (or sometimes 4 pulses) of a
specific frequency combination. The 2-out-of-6 and
4-by-4 multifrequency codes are shown in Tables 5
and 6. Inherent in both is the constant-ratio
error-control principle (the simultaneous receipt
of 3 or more, or 1 only, frequencies indicates an
error). Table 7 shows the US Army 2-out-of-5

TaBLE 9—NuMERICAL CobE, 1-VoICE-FREQUENCY
SigxaLinG SysteM, CCITT No. 3.

Time Elements

Digit  Start 1 2 3 4 Stop
1 1 1
2 1 1
3 1 1 1
4 1 1
5 1 1 1
6 1 1 1
7 1 1 1 1
8 1 1
9 1 1 1
0 1 1 1

Note: ““1” signifies frequency present. Length of each
time element is 50 millisecondst1 percent. Frequency:
2280+6 hertz. Power level: —6 decibels.
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numerical code. The CCITT 2-voice-frequency
code, consisting of 2 frequencies sent one at a time
in 4 pulses, is given in Table 8.

(C) Binary signals for addressing are usually
in & numeric or alphanumeric code used also for
information signals, such as in telegraph addresses
or headings. Multifrequency signals are sometimes
directly converted to binary signals by changing
the 2-frequencies-out-of-6 code to a corresponding
2-time-slots-out-of-6 synchronous 6-element binary
code. Another example of a binary code used only
for addressing is the CCITT 1-voice-frequency
code, a 4-clement start-stop code given in Table 9.
(The CCITT 2-voice-frequency code is not truly
binary since it uses a third condition—no tone—in
addition to the 2 tones.)

Supervisory or Line Signals

Supervisory or line signals cannot be generated
exclusively by registers because they are required
during the entire use of the connection, after the
registers that established the connection have been
disconnected. Supervisory signals are an extension
of the original basic signals of ringing and of closing
a line loop to allow direct current to flow. Super-
visory signals may be classified as spurt (discon-
tinuous) and continuous.

Continuous Stgnals are based on conditions of
on-hook and off-hook, representing the condition of
blocked or flowing direct current on the subscriber’s
line, and their extension to trunk signaling is
given in Table 10. Either condition is continuous
and may be detected at any time. On the other
hand, discontinuous signals must be recorded, and
the condition represented is presumed to continue
until a new signal is sent. Supervisory signaling in

TABLE 10—ON-Hook AND OFF-Hook S1GNALS.

Direct Current Telephone Line

On-hook signifies loop is open to direct current supplied
from other end.

Off-hook signifies loop is closed, allowing relay at other
end to operate. Signaling in reverse direction is ring-
down.

If idle, signals on-hook to other end. Seizure at calling
end signals off-hook to called end. While calling end
awaits answer, called end signals on-hook to calling
end.

Answer results in signaling off-hook from called end.
If called end is not ready to receive address signals

when seized, it signals off-hook to calling end until
ready.
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OFFICE A OFFICE B
TRUNK SIGNALING SIGNALING TRUNK
CIRCUIT CIRCUIT CIRCUIT CIRCUIT
-a8v -a8v
‘ M SIGNALING " l
— _ MEDIUM _ -~
~ P
—d /’/ \\\ —
a8 £ £
= L
CONDITION AT CONDITION AT
ST AT SIGNALING CIRCUIT A SIGNALING CIRCUIT B
ATO B 8TOA M LEAD E LEAD M LEAD E LEAD
ON-HOOK ON-HOOK GROUND OPEN GROUND OPEN
OFF-HOOK ON-HOOK BATTERY  OPEN GROUND GROUND
ON-HOOK OFF-HOOK GROUND  GROUND BATTERY  OPEN
OFF-HOOK OFF-HOOK BATTERY  GROUND BATTERY  GROUND

Fig. 6—E and M signaling. The E lead receives open or ground signals from the signaling circuit. The M lead sends
ground or battery signals to the signaling circuit.

a backward direction (toward the calling end) is
also needed in automatic working and is also
described as on-hook or off-hook, although on
2-wire metallic circuits the signaling condition is
usually a reversal of flow of the direct current
rather than an interruption.

Continuous supervisory signaling over longer
distances is effected by use of signaling paths dis-
tinct from the voice path. These signaling paths
may be telegraph legs of a composite telegraph

SIGHAL  TONE  OPERATION LEAD  CONDITION
SENDING M GROUND

ON-HOOK  ON {RECEIVING E  OPEN
SENDING M BATTERY

LAGEELS (A2 {nec:wms E  GROUND

SIGNALING CIRCUIT

QREUIT ToE soURCE
-a8v Eo_
—_
M || TO
— jJ H OUTGOING
CHANNEL
= +
n €
-4gv U | e— '{
= TONE
«— TROM
FILTERS
AND
DETECTORS

Fig. 7—Tone signaling.

system, simplexing of the voice pair, or special
tones inside or outside of the voice channel.
Whatever the paths, they are extensions of separate
direct-current leads from the trunk circuits, known
as F and A leads. The relation between the condi-
tions of these leads and the on-hook or ofi-hook
signaling conditions they represent is shown in
Fig. 6. The usual method of extending the E and
M leads over tone channels is shown in Fig. 7.
The frequency of the tone used is preferably higher
than 2000 hertz and is usually 2600 hertz on 4-wire
circuits. A 3825-hertz signaling system is known as
“out-of-band,” and must be built into the carrier
system using it.

Spurt Signaling avoids the necessity of using dis-
tinct signaling paths. For manual operation, ring-
down signaling is usually satisfactory. For semi-
automatic or automatic operation, however, more-
elaborate systems are required. Voice-frequency
signals are used and they are distinguished from
voice transmissions by filters and timing. Single-
frequency systems use 1 or 2 long or short pulses
of the specific signaling frequency, with the pulses
carefully timed to within minimum and maximum
limits. Two-frequency systems use a gate-opening
prefix pulse of the 2 frequencies together, followed,
without a silent period, by a long or short pulse
of either of the 2 frequencies. The submarine-cable
signaling system (CCITT No. 5) uses 2 frequencies
in the “‘compel” mode, wherein the signal fre-
quencies are sent until acknowledged, and the
acknowledging signal is sent until the original signal
is stopped. No gate-opening prefix is used.
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TaBLE 11—TABLE oF PRroPosep STANDARD OF AupIBLE ToNEs IN NortH AMERIca (FRom CCITT
DocuMenT AP 111-84).

Frequencies§ Power per Frequency
(hertz) at Exchange Where
Tone is Applied
Use 350 440 480 620 (dBm0) Cadence
Dial tone X x -13 Continuous
Busy tone b3 —24 0.5 second on
0.5 second off
Reorder tone* X —24 0.2 second on
0.3 second off
or
0.3 second on
0.2 second off
Audible ringing tone X x —-16 2 seconds on
4 geconds off
High tonet x —16 Varies according to use
Pre-emption tone} b3 —18 Single 200/500-ms pulse
Call-waiting tone x -13 Single 500-ms pulse

Notes:

* A possible alternative is the use of a call-failure tone, which would identify the office and type of condition that

prevented the successful completion of the call.
t High tone is used in many ways. For example:

(A) Spurts of tone to indicate specific orders to operators in the manual service (order tones).
(B) To inform operators of lines that are temporarily out of service (permanent signal tone).
(C) To alert customers that their services are in a permanent off-hook condition.
1 Pre-emption tones are used in certain private switched networks which may interconnect with national networks.

§ Frequency limits are 0.5 percent of nominal.

Ringdown Signals

Ringdown signals are spurts of ringing current
(16 to 25 hertz) applied usually through the ringing
key of an operator and intended to operate a bell,
ringer, or drop at the called end. The current may
be generated by a manually operated magneto or
by a ringing machine with or without automatically
inserted silent periods. Ringing to telephone sub-
seribers in automatic central offices is stopped or
“tripped’’ automatically by relay action resulting
from the subscriber’s off-hook condition. Ringing
signals may be ‘converted to 500 or 1000 hertz,
usually interrupted at a 20-hertz rate, to pass
through voice channels of carrier equipment. A
ringing signal to a manual switchboard usually
lights a switchboard lamp, which can be darkened

again only by local action and not by stopping or
repeating the ringing signal. This characteristic
makes ringdown operation unsuitable for fully
automatic operation. Ringdown signaling over
carrier circuits has the advantages of simplicity
and of not requiring the distinct signaling channels
of E and M systems.

Tones

A special case of signaling is that of information
in the form of tones to the subscriber of a telephone
system. The basic tones are dial tone, busy tone,
and ring-back tone (representing the ringing of
the called subscriber’s line). The dial tone is
generated at the subscriber’s local switching center,
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but the busy tone and ring-back tone, plus special
tones such as no-such-number and line-out-of-
order, are generated at the called subscriber’s
switching center and should be standardized for
universal intelligibility. A proposal by the American
Telephone and Telegraph Company for standard
tones is described in Table 11. On some inter-
national calls, the busy and ring-back tones are
generated locally in accordance with spurt super-
visory signals from the called end.

Alternative Routing

Switching systems in which the complete called
number is recorded in the first center to which the

REFERENCE DATA FOR RADIO ENGINEERS

subscriber is connected permit a translation of
digits from those identifying the called subseriber
to those most conveniently used by the switching
mechanism to establish the desired connection.
This translation of digits permits the controlling
mechanism to use a variety of routes in such a
way that if the first-choice route is occupied or
disabled a second-choice route may be tried, ete.
Safeguards are required to prevent doubling back
of routes and dead-end choices. In the near future
many sophisticated plans may be expected that
depend on rapid analysis of network possibilities by
data-transmission means. The signals used for this
purpose are interregister signals and are classed
with addressing signals in that they are used in
establishing a connection to the desired addressee,
not being needed after a connection has been
established.



CHAPTER 3

UNITS, CONSTANTS, AND

SYMBOLS FOR UNITS

Unit symbols are letters, combinations of letters,
or other characters that may be used in place of
the names of the units. The following list covers
symbols for unils only. It does not cover letter
symbols for physical guantities.

Example: In the expression I = 150 mA, [ is
the symbol for a physical quantity (current)
and mA is the symbol for a unit (milli-
amperes) of that quantity.

The following symbols are consistent in nearly
all respects with the recommendations of the
International Organization for Standardization
(ISO), with the current work of the International
Electrotechnical Commission (IEC), and with
IEEE Standard 260,* from which much of this
material and the list have been taken. The basic
symbols are short, thus multiplication and division
may be indicated in ways that resemble those used
with algebraic quantities. Being international in
character, they are appropriate for use with textsin
different languages. When an unfamiliar unit
symbol is first used in text, it should be followed
by its name in parentheses; only the symbol need
be used thereafter.

Symbols for units are written in lower-case
letters, except for the first letter if the name of
the unit is derived from a proper name, and except
for a very few that are not formed from letters.
Every effort should be made to follow the distinc-
tion between upper- and lower-case letters, even
if the symbols appear in applications where the
other lettering is in upper-case style.

Symbols for units are printed in roman (up-
right) type. Their form is the same for both
singular and plural, and they are not followed by a
period. When there is risk of confusion in using
the standard symbols “in” for inch and “1” for
liter, the name of the unit should be spelled out.

When a compound unit is formed by multiplica-
tion of two or more other units, its symbol consists

* IEEE No. 260, Standard Symbols for Units, © 1965,
Institute of Electrical and Electronics Engineers, Inc.

CONVERSION FACTORS

of the symbols for the separate units joined by a
raised dot (for example, N-m for newton meter).
The dot may be omitted in the case of familiar
compounds (such as watthour, whose symbol is
Wh), if no confusion would result.* Hyphens
should not be used in symbols for compound units.

Positive and negative exponents may be used
with unit symbols, but care must be taken in
text to avoid confusion with superscripts that
indicate footnotes or references.

When a compound unit is formed by division of
one unit by another, its symbol consists of the
symbols for the separate units either separated by a
solidus (for example, m/s for meter per second)
or multiplied using negative powers (for example,
m-s~! for meter per second). In simple cases use
of the solidus is recommended, but in no case
should more than one solidus on the same line, or
a solidus followed by a product, be included in such
a combination unless parentheses are inserted to
avoid ambiguity. In complicated cases negative
powers should be used.

The following prefixes are used to indicate
multiples or submultiples of units:

Multiple Prefix Symbol
1012 tera T
10° giga G
108 mega M
108 kilo k
102 hecto h
10 deka da
10! deci d
102 centi c
1073 milli m
10 micro ut
10~ nano n
102 pico p
101 femto f
1078 atto a

*When a unit symbol prefix is identical to a unit
symbol, special care must be taken. m+N indicates the
product of the units meter and newton, while mN is the
symbol for millinewton,

t Lower-case u is frequently used in typing.

3-1
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Symbols for prefixes are printed in roman type,
without space between the prefix and the symbol
for the unit. The distinctions between upper- and
lower-case letters must be observed.

Compound prefixes should not be used:

Use Do not use
tera T megamega MM
giga G kilomega kM
nano n millimicro mu
pico p micromicro up

When a symbol representing a unit that has a
prefix carries an exponent, this indicates that the
multiple (or submultiple) unit is raised to the
power expressed by the exponent. For example:

2 em*=2(cm)*=2(10"2m)?=2-10~°m*
1 ms!'=1(ms)'=1(10"%)'=10%"

Numerical Values

To facilitate the reading of numbers, the digits
may be separated into groups of three, counting
from the decimal sign toward the left and the right.
The groups should be separated by a small space,
but not by a comma or a point. In numbers of
four digits, the space is usually not necessary. For
example:

2.141 596 73772 7372 0.13347

In English-language documents the recom-
mended decimal sign is a period. (The British

LETTER SYMBOLS

Alphabetically by Name of Unit

Unit Symbol

ampere A
ampere-hour Ah
ampere-turn At
angstrom .\
atmosphere:

normal atmosphere atm

technical atmosphere at
atomic mass unit (unified) u
bar bar
barn b
bel B
billion electronvolts
British thermal unit Btu

REFERENCE DATA FOR RADIO ENGINEERS

recommended decimal sign is a raised period (-).)
For all other languages the recommended decimal
sign is a comma.
If the magnitude of a number is less than unity,
the decimal sign should be preceded by a zero.
The sign of multiplication of numbers is a cross
(X) or a raised dot (+).

SI Units

In the following list some units are identified
as SI units. These units belong to the International
System of Units (Systdme International d'Unités),
which is the name given in 1960 by the Conférence
Générale des Poids et Mesures to the coherent
system of units based on the following basic units
and quantities:

Unit Quantity
meter length
kilogram mass
second time
ampere electric current
degree Kelvin temperature
candela luminous intensity

The SI units include as subsystems the MKS
system of units, which covers mechanics, and the
MKSA (Meter Kilogram Second Ampere) or
Georgi system, which covers mechanics, electricity,
and magnetism.

Notes
Magnetomotive force

1 atm = 101 325 N/m?

1 at = 1 kgf/cm?

The (unified) atomic mass unit is defined as
one-twelfth of the mass of an atom of the 12C
nuclide. Use of the old atomic mass unit
(amu), defined by reference to oxygen, is
deprecated.

1 bar = 100 000 N/m?

1b= 102 m?

The name billion electronvolts is deprecated; see
gigaelectronvolt  (GeV).
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Unit Symbol
calorie (International Table calorie) calrr
calorie (thermochemical calorie) calyn
candela cd
candela per square foot cd/ft?
candela per square meter cd/m?
candle
centimeter cm
circular mil cmil
coulomb C
cubic centimeter em?®
cubic foot ft?
cubic foot per minute t3/min
cubic foot per second ft¥/s
cubic inch in®
cubic meter m?
cubic meter per second m?/s
cubic yard yd?
curie Ci
cycle per second ¢/s
decibel dB
decibel referred to 1 milliwatt Sle

degree (plane angle)
degree (temperature) :

degree Celsius °C
degree Fahrenheit °F
degree Kelvin °K
degree (temperature interval or deg
difference)
dyne dyn
electronvolt eV
erg erg
erlang E
farad F
foot ft
footcandle fe
footlambert fL
foot per minute ft/min
foot per second ft/s
foot per second squared ft/s?
foot poundal ft+pdl
foot pound-force ft«1bf
gal Gal
gallon gal

gallon per minute gal/min

Notes

1 calir = 4.1868 J
The 9th Conférence Générale des Poids et
Mesures has adopted the joule as the unit of
heat, avoiding the use of the calorie as far as
possible.

1 caly, = 4.1840J (See note for International
Table calorie.)

Luminous intensity.

Luminance. The name nit has been used.

The unit of luminous intensity has been given
the name candela; use of the word candle for
this purpose is deprecated.

1 emil = (7/4)+107¢ in?
Electric charge

Unit of activity in the field of radiation do-
simetry
Deprecated. Use hertz.

Note that there is no space between the sym-
bol ° and the letter. The use of the word
centigrade for the Celsius temperature scale
was abandoned by the Conférence Générale
des Poids et Mesures in 1948.

The degree is the unit of temperature difference
on the Kelvin and Celsius scales. The symbol
degK or degC may be used.

Unit of telephone traffic
Capacitance

The name lumen per square foot (lm/ft?) is
preferred for this unit.

If luminance is to be measured in English units,
the candela per square foot (cd/ft?) is
preferred.

1 Gal = 1 cm/s?
The gallon, quart, and pint differ in the US
and the UK, and their use is deprecated.



Unit

gauss

gigacycle per second
gigaelectronvolt
gigahertz

gilbert

gram
henry
hertz
horsepower
hour

inch

inch per second

joule

joule per degree

joule per degree Kelvin
kilocycle per second
kiloelectronvolt
kilogauss

kilogram
kilogram-force

kilohertz
kilojoule
kilohm
kilometer
kilometer per hour
kilopond
kilovolt
kilovoltampere
kilowatt
kilowatthour
knot

lambert

liter

liter per second

lumen

lumen per square foot
lumen per square meter
lumen per watt

lumen second

lux

maxwell

megacycle per second
megaelectronvolt
megahertz

megavolt

megawatt

REFERENCE DATA FOR RADIO ENGINEERS

Symbol

G

Ge/s
GeV
GH:z
Gb

Im/ft?
Im/m?
Im/W
Im-s
Ix

Mx

Mec/s
MeV
MH:z

MW

Notes

The gauss is the electromagnetic CGS (Centi-
meter Gram Second) unit of magnetic flux
density. Use of the SI unit, the tesla, is
preferred.

Deprecated. Use gigahertz (GHz).

The gilbert is the electromagnetic CGS (Centi-
meter Gram Second) unit of magnetomotive
force. Use of the SI unit, the ampere (or
ampere-turn), is preferred.

International unit for cycle(s) per second.

Time may be designated as in the following
example: 9246™30e,

Work, energy, quantity of heat.
Unit of heat capacity

Unit of entropy

Deprecated. Use kilohertz (kHz).

In some countries the name kilopond (kp) has
been adopted for this unit.

See kilogram-force.

Use kn if necessary.

The lambert is the CGS (Centimeter Gram
Second) unit of luminance. Use of the SI unit,
the candela per square meter, is preferred.

Luminous flux.

Illumination. 1 Ix = 1 Im/m?

The maxwel! is the electromagnetic CGS (Centi-
meter Gram Second) unit of magnetic flux.
Use of the SI unit, the weber, is preferred.

Deprecated. Use megahertz (MHz).
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Unit

megohm
meter
mho
microampere
microbar
microfarad
microgram
microhenry
micrometer
micromho
micron
microsecond
microwatt
mil
mile (statute)
nautical mile
mile per hour
milliampere
millibar
milligal
milligram
millihenry
milliliter
millimeter

conventional millimeter of mercury

millimicron
millisecond

millivolt

milliwatt

minute (plane angle).
minute (time)

nanoampere
nanofarad

nanometer

nanosecond

nanowatt

nautical mile

neper

newton

newton meter

newton per square meter
oersted

ohm

ounce (avoirdupois)
picoampere
picofarad
picosecond

picowatt

pint

pound

poundal
pound-force
pound-force foot

Symbol

mm Hg

Ibf - ft

Notes

Conductance. Reciprocal ohm,

The name micrometer (um) is preferred.

1 mil = 0.001 in.
Spell out if possible.
Preferably n mile,

mb may be used.

1 mm Hg = 133.322 N/m?,
The name nanometer (nm) is preferred.

Time may be designated as in the following
example: 9h46™302,

Preferably n mile,
Force.

Pressure (stress).

The oersted is the electromagnetic CGS (Centi-
meter Gram Second) unit of magnetic field
strength, Use of the SI unit, the ampere per
meter, is preferred.

Electric resistance.

The gallon, quart, and pint differ in the US and
the UK, and their use is deprecated.
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pound-force per square inch
pound per square inch

quart
rad
radian

rem
revolution per minute

revolution per second
roentgen

second (plane angle)
second (time)

siemens

square foot

square inch

square meter

square yard

steradian

tesla

tonne

(unified) atomic mass unit
var

volt

voltampere

watt

watthour

watt per steradian

watt per steradian square meter
weber

yard

CONVERSION FAZTORS
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Symbol
Ibf/in?

qt
rad

rad
rem

r/min
r/s
R

OOOII

ft?
in?

yd?
sr

var
VA
Wh

W/sr
W/ (sr+m?)
b

Notes

Although use of the abbreviation psi is common,
it is not recommended. See pound-force per
square inch.

The gallon, quart, and pint differ in the US and
the UK, and their use is deprecated.

Unit of absorbed dose in the field of radiation
dosimetry.

Plane angle.

Unit of dose equivalent in the field of radiation
dosimetry.

Although use of the abbreviation rpm is com-
mon, it is not recommended,

Unit of exposure in the field of radiation dosim-
etry.

Time may be designated as in the following
example: 9P46™30s
Deprecated. Use mho.

Solid angle.

Magnetic flux density. 1 T = 1 Wb/m2
1t = 1000 kg.

See atomic mass unit (unified)

Unit of reactive power.

Electromotive force

Unit of apparent power.

Radiant intensity.
Radiance.
Magnetic flux. 1 Wb = 1 Vs,

Conversely,
To Convert Into Multiply by Multiply by
acres square feet 4.356%10¢ 2.296X 10~
acres square meters 4047 2.471X10~*
acres square yards 4.84X10° 2.066X10~*
acres hectares 0.4047 2.471
ampere-hours coulombs 3600 2.778X10™*
amperes per sq cm 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
angstroms nanometers 107! 10
ares square meters 10? 1072
atmospheres bars 1.0133 0.9869
atmospheres mm of mercury at 0°C 760 1.316X10°3
atmospheres feet of water at 4°C 33.90 2.950X 1072
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To Convert

Into

Multiply by
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Conversely,
Multiply by

atmospheres
atmospheres
atmospheres
atmospheres

barns

bars

bars

bars

bars

baryes

Btu

Btu

Btu

Btu

bushels

calories (1.T.)
calories (thermochem)
carats (metric)
Celsius (centigrade)

chains (surveyor's)
circular mils
circular mils

cords

cubic feet

cubic feet

cubic feet

cubic inches

cubie inches

cubic inches

cubie inches

cubic meters

cubic meters
degrees (angle)
dynes

dynes

electron volts

ergs

ergs

fathoms

fathoms

feet

feet

feet of water at 4°C
feet of water at 4°C
feet of water at 4°C
fermis

footcandles
footlamberts
foot-pounds
foot-pounds
foot-pounds
gallons (liq US)
gallons (liq US)
gammas

gausses

gausses

gilberts

inches of mereury at 0°C
kg per sq meter

newtons per sq meter
pounds per sq inch
square meters

newtons per square meter
hectopiezes

baryes (dyne per sq cm)
pascals (newtons per sq meter)
newtons per sq meter
foot-pounds

joules

kilogram-calories
horsepower-hours

cubic feet

joules

joules

grams

Fahrenheit

feet

square centimeters
square mils

cubic meters

cords

gallons (liq US)
liters

cubic centimeters
cubie feet

cubic meters
gallons (liq US)
cubic feet

cubie yards

radians

pounds

newtons

joules

foot-pounds

joules

feet

meters

centimeters

varas

inches of mercury at 0°C
kg per sq meter
pounds per sq foot
meters

lumens per sq meter
candelas per sq meter
horsepower-hours
kilogram-meters
kilowatt-hours
cubic meters
gallons (liq Br Imp) (Canada)
teslas

lines per sq inch
teslas

amperes

29.92
1.033X10*
1.0133X10°
14.70

10-%

108

1

10¢

10%

10!

778.3
1054.8
0.2520
3.929X10™*
1.2445
4.1868
4.184

0.2

3.342X107?
9.678X 1073
0.9869X 1073
6.804X107?
1028

10°8

1

10t

108

10

1.285X 1073
9.480X10™*
3.969

2545

0.8036
0.238

0.239

5

°CX9/5="°"F—32
(°C+40)X 9/5 = (°F+40)
6

5.067X10°¢
0.7854
3.625
7.8125X1073
7.481

28.32

16.39
5.787X107*
1.639X107%
4.329X10°3
35.31

1.308
1.745X1072
2.248X107°
1075

1.602X 1071
7.376X10°8
1077

6

1.8288
30.48
0.3594
0.8826
304.8

62.43

10-—!5
10.764
3.4263
5.050X107
0.1383
3.766X1077
3.785X 1073
0.8327

10~°

6.452

10~
7.9577X107!

1.515X1072
1.973X10°
1.273
0.2758

128

0.1337
3.531X1072
6.102X1072
1728
6.102X10*
231

2.832X 1072
0.7646
57.30
4.448X10°
10°
0.624X10"
1.356X 107
107

0.16667
0.5467
3.281X107?
2.782
1.133
3.281X107?
1.602X1072
]015

0.0929
2.919X10™!
1.98X10¢
7.233
2.655X 108
264.2

1.201

10°

0.1550

10

1.257
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Conversely,
To Convert Into Multiply by Multiply by
grains (for humidity pounds (avoirdupois) 1.429X 1074 7000
calculations)
grams dynes 980.7 1.020X 1073
grams grains 15.43 6.481X1072
grams ounces (avoirdupois) 3.527X 1072 28.35
grams poundals 7.093X10™2 14.10
grams per cm pounds per inch 5.600X102 178.6
grams per cu ¢cm pounds per cu inch 3.613X102 27.68
grams per sq cm pounds per sq foot 2.0481 0.4883
hectares square meters 10 10~
hectares acres 2.471 0.4047
horsepower (boiler) Btu per hour 3.347X10* 2.986X 10"
horsepower (metric) Btu per minute 41.83 2.390X 1072
(542.5 ft-Ib per second)
horsepower (metric) foot-lb per minute 3.255X10* 3.072X 1078
(542.5 ft-1b per second)
horsepower (metric) kg-calories per minute 10.54 9.485X 102
(542.5 ft-1b per second)
horsepower Btu per minute 42.41 2.357X1072
(550 ft-Ib per second)
horsepower foot-lb per minute 3.3X10¢ 3.030X10°®
(550 ft-1b per second)
horsepower kilowatts 0.745 1.342
(550 ft-1b per second)
horsepower (metric) horsepower 0.9863 1.014
(542.5 ft-Ib per second) (550 ft-lb per second)
horsepower kg-calories per minute 10.69 9.355X 1072
(556 ft-1b per second)
inches centimeters 2.540 0.3937
inches feet 8.333X10™2 12
inches miles 1.578X10™® 6.336X10*
inches mils 1000 0.001
inches yards 2.778X1072 36
inches of mercury at 0°C lbs per sq inch 0.4912 2.036
inches of water at 4°C kg per sq meter 25.40 3.937X107?
inches of water at 4°C ounces per sq inch 0.5782 1.729
inches of water at 4°C pounds per sq foot 5.202 0.1922
inches of water at 4°C in of mercury 7.355X 1072 13.60
inches per ounce meters per newton (compliance) 9.136X 1072 10.95
joules foot-pounds 0.7376 1.356
joules ergs 107 107
kilogram-calories kilogram-meters 426.9 2.343X1073
kilogram-calories kilojoules 4.186 0.2389
kilogram-meters joules 0.102 9.81
kilogram force newtons 9.81 0.102
kilograms tons, long (avdp 2240 Ib) 9.842X10~* 1016
kilograms tons, short (avdp 2000 lb) 1.102X 1073 907.2
kilograms pounds (avoirdupois) 2.205 0.4536
kilograms per kilometer pounds (avdp) per mile (stat) 3.548 0.2818
kg per sq meter pounds per sq foot 0.2048 4,882
kilometers feet 3281 3.048X10~*
kilopond force newtons 9.81 0.102
kilowatt-hours Btu 3413 2.930X10~*
kilowatt-hours foot-pounds 2.655X 10° 3.766X 1077
kilowatt-hours joules 3.6X10° 2.778 X107
kilowatt-hours kilogram-calories 860 1.163X 1073
kilowatt-hours kilogram-meters 3.671X10% 2.724X107¢
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Conversely,
To Convert Into Multiply by Multiply by
kilowatt-hours pounds carbon oxidized 0.235 4.26
kilowatt-hours pounds water evaporated from 3.53 0.283

and at 212°F
kilowatt-hours pounds water raised from 62° 22.75 4.395X1072
to 212°F
kips newtons 4.448X10° 2.248X10~*
knots* (naut mi per hour) feet per second 1.688 0.5925
knots meters per minute 30.87 0.03240
knots miles (stat) per hour 1.1508 0.8690
lamberts candelas per sq cm 0.3183 3.142
lamberts candelas per sq inch 2.054 0.4869
lamberts candelas per sq meter 3.183X10? 3.142X10™*
leagues miles (approximately) 3 0.33
links (surveyor’s) chains 0.01 100
links inches 7.92 0.1263
liters bushels (dry US) 2.838X1072 35.24
liters cubic centimeters 1000 0.001
liters cubic meters 0.001 1000
liters cubic inches 61.02 1.639X 1072
liters gallons (liq US) 0.2642 3.785
liters pints (liq US) 2.113 0.4732
log, orln logm 0.4343 2.303
lumens per sq foot foot-candles 1 1
lux lumens per sq foot 0.0929 10.764
maxwells webers 10— 108
meters yards 1.094 0.9144
meters varas 1.179 0.848
meters per min feet per minute 3.281 0.3048
meters per min kilometers per hour 0.06 16.67
microhms per cu ¢cm microhms per inch cube 0.3937 2.540
microhms per cu ¢m ohms per mil foot 6.015 0.1662
microns meters 108 108
miles (nautical)* feet 6076.1 1.646X 10~
miles (nautical) meters 1852 5.40010~*
miles (nautical) miles (statute) 1.1508 0.8690
miles (statute) feet 5280 1.894X 10~
miles (statute) kilometers 1.609 0.6214
miles per hour kilometers per minute 2.682X1072 37.28
miles per hour feet per minute 88 1.136X1072
miles per hour kilometers per hour 1.609 0.6214
millibars inches of mercury (32°F) 0.02953 33.86
millibars pounds per 8q foot 2.089 0.4788
(10° dynes per sq cm)

mils meters 2.54X10°8 3.94X10¢
nepers decibels 8.686 0.1151
newtons dynes 108 10°8
newtons kilograms 0.1020 9.807
newtons poundals 7.233 0.1383
newtons pounds (avoirdupois) 0.2248 4.448
oersteds amperes per meter 7.9577X10 1.257X10?
ounce-inches newton-meters 7.062X103 1.416X10?
ounces (fluid) quarts 3.125X1072 32
ounces (avoirdupois) pounds 6.25X 102 16
pascals newtons per sq meter 1 1
pascals pounds per sq inch 6.895X10° 1.45X10~¢
piezes newtons per sq meter 108 1073

piezes

sthenes per sq meter

1

1
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Conversely,
To Convert Into Multiply by Multiply by
pints quarts (liq US) 0.50 2
poises newton-seconds per sq meter 107! 10
pounds of water (dist) cubic feet 1.603X 1072 62.38
pounds of water (dist) gallons 0.1198 8.347
pounds per inch kg per meter 17.86 0.05600
pounds per foot kg per meter 1.488 0.6720
pounds per mile (statute) kg per kilometer 0.2818 3.548
pounds per cu foot kg per cu meter 16.02 6.243X1072
pounds per cu inch pounds per cu foot 1728 5.787X10~*
pounds per sq foot pounds per sq inch 6.944X107 144
pounds per sq foot kg per sq meter 4,882 0.2048
pounds per sq inch kg per sq meter 703.1 1.422X107?
poundals dynes 1.383X10* 7.233X10°%
poundals pounds (avoirdupois) 3.108X107? 32.17
quarts gallons (liq US) 0.25 4
rods feet 16.5 6.061X1072
slugs (mass) pounds (avoirdupois) 32.174 3.108X 1072
sq inches circular mils 1.273X 108 7.854X1077
sq inches sq centimeters 6.452 0.1550
sq feet sq meters 9.290X1072 10.76
sq miles sq yards 3.098X% 108 3.228X 1077
sq miles acres 640 1.562X 1073
sq miles sq kilometers 2.590 0.3861
sq millimeters circular mils 1973 5.067X 10~
steres cubic meters 1 1
stokes sq meters per second 10~ 104
(temp rise, °C) X (U.S. gal watts 264 3.79X107?

water)/minute
tonnes kilograms 108 103
tons, short (avoir 2000 1b) tonnes (1000 kg) 0.9072 1.102
tons, long (avoir 2240 Ib) tonnes (1000 kg) 1.016 0.9842
tons, long (avoir 2240 1b) tons, short (avoir 2000 1b) 1.120 0.8929
tons (US shipping) cubic feet 40 0.025
torrs newtons per sq meter 133.32 7.5X1073
watts Btu per minute 5.689X 1072 17.58
watts ergs per second 107 1077
watts foot-1b per minute 44.26 2.260X 102
watts horsepower (550 ft-lb per second) 1.341X1073 745.7
watts horsepower (metric) 1.360X 1073 735.5
(542.5 ft-lb per second)

watts kg-calories per minute 1.433X1072 69.77
watt-seconds (joules) gram-calories (mean) 0.2389 4.186
webers per sq meter gausses 104 10—
yards feet 3 0.3333

* Conversion factors for the nautical mile and, hence, for the knot, are based on the International Nautical Mile.
which was adopted by the U.S. Department of Defense and the U.S. Department of Commerce, effective 1 July 1954,
See, ‘“Adoption of International Nautical Mile,” National Bureau of Standards Technical News Bulletin, vol. 38, p. 122;
August 1954. The International Nautical Mile has been in use by many countries for various lengths of time.

Note: Pounds are avoirdupois in every entry except where otherwise indicated.

Ezamples

(A) Required, the conversion factor for pounds (avoirdupois) to grams. Duplication of entries in
the table has been reduced to the minimum. An entry will be found for kilograms to pounds, from which
the required factor is obviously 453.6.

(B) Convert inches per pound to meters per kilogram. A number of conversions have been collected
under the name, pounds. The desired factor appears under pounds per inch. Since the reciprocal is tabu-
lated, the factors must be interchanged, so the desired one is 0.05600.
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PRINCIPAL PHYSICAL ATOMIC
CONSTANTS*

Centimeter-Gram-Second Unifs

Usual Symbol Denomination Value and Units

F'=Ne/c Faraday’s constant (physical 9652.193-0.11 emu (g mole)~!
scale)
N Avogadro’s constant (physical  (6.02486£0.00016) X 10% (g mole)~!
scale)
h Planck’s constant (6.625172:0.00023) X 10~ erg second
Electron rest mass (9.10830.0003) X 10~ ¢
e (4.802864-0.00009) X 10710 esu
Electronic charge
d=efc (1.6020640.00003) X 10~ emu
e/m (5.27305:0.00007) X 10" esu g™!

] Charge-to-mass ratio of

¢/m=e/(me) electron (1.75890+0.00002) X 107 emu g~!
c Velocity of light in vacuumt 299 793.040.3 km second™!
k/ (me) Compton wavelength of electron  (24.262640.0002) X10~!! ¢m
ao=Hh*/ (4x*me?) First Bobhr electron-orbit radius  (5.291724-0.00002) X 10~° cm
4
o= M Stefan-Boltzmann constant (0.56687-:0.00010) X 10~* erg cr2 deg™*
60 c* At second™!
Anax T Wien displacement-law constant  (0.289782+0.000013) cm deg
o= he/ (4wme) Bohr magneton (0.927312:0.00002) X 10~ erg gauss™!
Nm Atomic mass of the electron (5.487632-0.00006) X 10—

(physical scale)

M,/Nm Ratio, proton mass to electron  1836.1240.02
mass
Ey=e-10%/c Energy associated with 1 eV (1.602060.00003) X 1012 erg
(mc?/Ep) X 107¢ Energy equivalent of electron  (0.510976+0.000007) MeV
mass
k=Ry/N Boltzmann’s constant (1.380440.00007) X 107 erg deg™!
R, Rydberg wave number for (109 737.309+0.012) cm™!
infinite mass
H Hydrogen atomic mass 1.0081424-0.000003
(physical scale)
Ry Gas constant per mole (8.316960.00034) XX 107 erg mole~! deg™!
(physical scale)
Vo Standard volume of perfect gas (22 420.74-0.6) cm® atm mole™!

(physical scale)

* Extracted from: E. R. Cohen, J. W. M. DuMond, T. W. Layton, and J. S. Rollett, ‘“Analysis of Variance of the
1952 Data on the Atomic Constants and a New Adjustment, 1955," Reviews of Modern Physics, vol. 27, pp. 363-380;
October 1955.

T Where ¢ appears in the equations for other constants, it is the numerical value of the velocity in centimeters per
second.

Note: IEEE Recommended Practice for Units in Published Scientific and Technical Work (IEEE No. 268, October
14, 1965) deprecates further use of the various CGS units of electrical and magnetic quantities. This includes the
various ab- and stat- designations (abvolt, statcoulomb, etc.) and the gilbert, oersted, gauss, and maxwell. Also,
except for the unit of electrical conductance (mho) the practice of giving special names to reciprocal units is dis-
couraged. In particular, the name daraf for the reciprocal farad is deprecated.
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Meter-Kilogram-Second Rationalized Units

The following list is derived from the preceding one, which should be referred to for further details
regarding symbols and probable errors.

Usual Symbol

Iz

e/m

Ro=PV/MT

Vo

Denomination

Faraday’s constant
Avogadro’s constant
Planck’s constant
Electron rest mass

Electronic charge

Electron charge/mass

Velocity of light in vacuum
Compton wavelength of electron

First Bohr electron-orbit radius
Stefan-Boltzmann constant
Wien displacement-law constant
Bohr magneton

Atomic mass of the electron

Ratio, proton mass to electron mass
Speed of 1-eV electron

Energy associated with 1 eV

Energy equivalent of electron mass
Boltzmann’s constant

Rydberg wave number for infinite mass
Hydrogen atomic mass

Gas constant

Standard volume of perfect gas at 0°C
and 1 atmosphere

Value and Units

9.652X 107 coulomb (kg-mole)~!
6.025X 102 (kg-mole)—!

6.625X 10~ joule second
9.108X 10~ kg

1.602X 10~ coulomb
1.759X 10" coulomb kg™!
2.998X 108 meters second™!
2.426X 10712 meter

5.292X 10! meter

5.669X 1078 watt meter— (deg K)™*
2.898X 102 meter (deg K)

9,273 102 joule meter? weber™!

5.488X 104

1836

5.932)X 10% meters second™?
1.602X 107" joule

0.5110X10% eV

1.380X 1072 joule (deg K)™!
1.097X 107 meter™?

1.008

8.317X10° joule (kg-mole)™!

(deg K)!
Note: joule= (newton/meter?) meter®
22.42 meter? (kg-mole)™!

PROPERTIES OF FREE SPACE

Velocity of light=c= 1/ (uy€,)/2=2.998X 10° meters per second

=186 280 miles per second
=084 108 feet per second.

Permeability=u,= 47X 10~7=1.257X 10~ henry per meter.

Permittivity= e, = 8.85X 10722 (36X 10°)~! farad per meter.

Characteristic impedance=Zy= (u./€,) /*=376.7=:120r ohms.
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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, P,
and Py, existing at two points. By definition number of dB =10 logio (P1/Py). It is also used to express
voltage and current ratios: number of dB=20 log; (V,/V,) =20 logio (1,/15).

Strictly, it can be used to express voltage and current ratios only when the voltages or currents in
question are measured at places having identical impedances.

Voltage and Voltage and
Power Current Power Current
Ratio Ratio Decibels Nepers Ratio Ratio Decibels Nepers
1.0233 1.0116 0.1 0.01 19.953 4.4668 13.0 1.50
1.0471 1.0233 0.2 0.02 25.119 5.0119 14.0 1.61
1.0715 1.0351 0.3 0.03 31.623 5.6234 15.0 1.73
1.0965 1.0471 0.4 0.05 39.811 6.3096 16.0 1.84
1.1220 1.0593 0.5 0.06 50.119 7.0795 17.0 1.96
1.1482 1.0715 0.6 0.07 63.096 7.9433 18.0 2.07
1.1749 1.0839 0.7 0.08 79.433 8.9125 19.0 2.19
1.2023 1.0965 0.8 0.09 100.00 10.0000 20.0 2.30
1.2303 1.1092 0.9 0.10 158.49 12.589 22.0 2.53
1.2589 1.1220 1.0 0.12 251.19 15.849 24.0 2.76
1.3183 1.1482 1.2 0.14 398.11 19.953 26.0 2.9
1.3804 1.1749 1.4 0.16 630.96 25.119 28.0 3.22
1.4454 1.2023 1.6 0.18 1000.0 31.623 30.0 3.45
1.5136 1.2303 1.8 0.21 1584.9 39.811 32.0 3.68
1.5849 1.2589 2.0 0.23 2511.9 5C.119 34.0 3.91
1.6595 1.2882 2.2 0.25 3981.1 63.096 36.0 4.14
1.7378 1.3183 2.4 0.28 6309.6 79.433 38.0 4.37
1.8197 1.3490 2.6 0.30 104 100.000 40.0 4.60
1.9055 1.3804 2.8 0.32 104X 1.5849 125.89 42.0 4.83
1.9953 1.4125 3.0 0.35 104X2.5119 158.49 44.0 5.08
2.2387 1.4962 3.5 0.40 104X3.9811 169.53 46.0 5.29
2.5119 1.5849 4.0 0.46 104X6.3096 251.19 48.0 5.52
2.8184 1.6788 4.5 0.52 108 316.23 50.0 5.76
3.1623 1.7783 5.0 0.58 105X 1.5849 398.11 52.0 5.99
3.5481 1.8836 5.5 0.63 105X2.5119 501.19 54.0 6.22
3.9811 1.9953 6.0 0.69 105X3.9811 630.96 56.0 6.45
5.0119 2.2387 7.0 0.81 10°X6.3096 794 .33 58.0 6.68
6.3096 2.5119 8.0 0.92 10¢ 1 000.00 60.0 6.91
7.9433 2.8184 9.0 1.04 107 3 162.3 70.0 8.06
10.0000 3.1623 10.0 1.15 10# 10 000.0 80.0 9.21
12.589 3.5481 11.0 1.27 10° 31 623 90.0 10.36
15.849 3.9811 12.0 1.38 101 100 000 100.0 11.51
To convert:

Decibels to nepers, multiply by 0.1151
Decibels per statute mile to nepers per kilometer, multiply by 7.154X 102
Decibels per nautical mile to nepers per kilometer, multiply by 6.215X10-2

Nepers to decibels, multiply by 8.686

Nepers per kilometer to decibels per statute mile, multiply by 13.978
Nepers per kilometer to decibels per nautical mile, multiply by 16.074.
Where the power ratio is less than unity, it is usual to invert the fraction and express the answer as a decibel loss.
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Equation in

Equivalent Number of

MEKS(R) MKS(R) MKS MKS(NR)
Sym-  (Rationalized)] (Rationalized) (NR) Pract (Nonrational-

Quantity bol Units Unit Units  Units esu emu ized) Unit
length 1 meter (m) 1 102 102 102 meter (m)
mass m kilogram 1 102 102 102 kilogram
time t second 1 1 1 1 second
force F F=ma newton 1 10% 10° 10° newton
work, energy w W=Fl joule 1 1 107 10° joule
power P P=W/t watt 1 1 107 107 watt
electric charge q coulomb 1 1 3X10° 107 coulomb
volume charge density » p=q/v coulomb/m? 1 10-¢ 3X10? 1077 coulomb/m?
surface charge density o o=gq/A coulomb/m? 1 104 3X10 108 coulomb/m?
electric dipole moment p p=ql coulomb-meter 1 102 3X10m 10 coulomb-meter
polarization P P=p/v coulomb/m? 1 104 3X108 10— coulomb/m?
electric field strength E E=F/q volt/m 1 10 10-4/3 108 volt/m
permittivity € F=g/dnel farad/m dr  4xX107° 36xX10° 4xX107®
displacement D D=¢E coulomb/m? 4r  4xX10™* 12xX10° 4xX10°*
displacement flux £ v=DA coulomb 4r  4x 12xX10° 4xX107?
emf, electric potential V V=El volt 1 1 107%/3 108 volt
current I I=q/t ampere 1 1 3X10° 107 ampere
volume current density J J=1/4 ampere/m? 1 10~ 3X10° 10— ampere/m?
surface current density K K=1I/1 ampere/m 1 1072 3X107 10 ampere/m
resistance R R=V/I ohm 1 10-v/9  10° ohm
conductance G G=1/R mho 1 1 X1t 10~° mho
resistivity P p=RA/l ohm-meter 1 10 10-%/9 1o ohm-meter
conductivity ¥ vy=1/p mho/meter 1 102 9X10° 10—» mho/meter
capacitance C C=q/V farad 1 1 9X10M 107 farad
elastance § §=1/C daraf 1 1 107/9  10° daraf
magnetic charge m weber 1/4x 108/4x 107%/12x 10°/4x
magnetic dipole moment m m=ml weber-meter 1/4x 10°/4x 1/12x 10*/4x
magnetization M M=m/v weber/m? 1/4x 10¢/4x  107%/12x 10'/4x
magnetic field strength H H=nl/l ampere-turn/m 4r  4xX107% 12x X107 4xX107?
permeability m F=m?/4xul? | henry/m 1/4x 107/4x  107%/36x 107/4x
induction B B=uH weber/m3 1 10¢ 10-¢/3 104 weber/m?
induction flux @ ®=BA weber 1 108 107%/3 108 weber
mmf, magnetic potential M M=HI ampere-turn 4r 4x X107 12¢X10° 4xX107?
reluctance ® R=M/® amp-turn/weber 4 4xX 107 36xX10"% 4xX107°
permeance ¢ F=1/& weber/amp-turn 1/4x 10%/4x  107%/36x 10°/4x
inductance L L=®/I henry 1 1 100%/9 10 henry

* Compiled by J. R. Ragazsini and L. A. Zadeh, Columbia University, New York.

(G) =Gaussian unit.
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Equivalent Number of Equivalent
Practical Number of Equivalent

Pract (CGS) Number of

Units esu emu Unit esu emu esu emu emu
102 102 102 centimeter (cm) 1 1 centimeter (cm) (G) 1 centimeter (cm)
10 10° 108 gram 1 1 gram (G) 1 gram

1 1 1 second 1 1 second (G) 1 second
10° 108 108 dyne 1 1 dyne (G) 1 dyne

1 107 107 joule 107 107 erg (G) 1 erg

1 107 107 watt 107 107 erg/second (G) 1 erg/second

1 3X10° 107! coulomb 3X10° 107! statcoulomb (G) 107%/3 | abcoulomb
10-¢ 3X10% 1077 coulomb/cm? 3X10° 107! statcoulomb/em¥(G) 107%%/3 | abcoulomb/cm?
104 3X10° 105 coulomb/cm? 3X10° 107! statcoulomb/em?(G)  1071/3 | abcoulomb/cm?
10? 3X10" 10 coulomb-cm 3X10° 10! statcoulomb-cm (G) 107193 | abcoulomb-cm
104 3X10° 108 coulomb/cm? 3X10° 10! statcoulomb/em2(G)  1071%/3 | abcoulomb/cm?
1072 10743 10¢ volt/em 107%/3 108 statvolt/cm (G) 3X10% | abvolt/cm
10— 9X10° 10~1 9X10% 102 (G) 1072/9
10— 3X10° 10~* 3X10° 10! (G) 1071/3

1 3X10° 107! 3X10° 107! (G) 1079/3

1 107%/3 108 volt 10-2/3 108 statvolt (G) 3X10% | abvolt

1 3X10° 107! | ampere 3X10° 107! | statampere (G) 1071%/3 | abampere
104 3X10% 1075 | ampere/cm? 3X10° 107! | statampere/em? (G) 107'°/3 | abampere/cm?
1072 3X107 1073 | ampere/cm 3X10° 107! | statampere/em (G) 107'%/3 | abampere/cm

1 1074/9 10° ohm 10-1/9 10° statohm (G) 9X10% | abohm

1 9X10" 10-° mho 9X10" 10° | statmho (G) 107%/9 | abmho
10% 10-%/9 10¢ ohm-cm 1071/9 10° statohm-cm G) 9%10% [ abohm-em
1072 9X10° 101 | mho/em 9X10" 10~? | statmho/cm (G) 10°2/9 | abmho/cm

1 9X 101 1070 farad X101 1070 statfarad (em) (G) 107%/9 | abfarad

1 1071/9 10° daraf 1071/9 10° statdaraf (G) 9X10% | abdaraf
108 1072/3 108 10719/3 1 3X10' | unit pole (G)
1010 1/3 1010 10719/3 1 3X10' | pole-cm (G)
104 107¢/3 10¢ 1071/3 1 3X10% | pole/cm? (G)
103 3X107 1073 oersted 3X10w 1 1071°/3 | oersted (G)
107 10713/9 107 gauss/oersted 1072°/9 1 9X10% | gauss/oersted (G)
104 10-¢/3 10¢ gauss 107/3 1 3X10" | gauss (G)
10® 107%/3 108 maxwell (line) 1070/3 1 3X10° | maxwell (line) (G)
10! 3X10° 107! | gilbert 3X101° 1 10719/3 | gilbert (G)
1079 9X10" 10~% | gilbert/maxwell 9X10% 1 10~2/9 | gilbert/maxwell (G)
10° 1074/9 10° maxwell/gilbert 10-2%/9 1 9X10?° | maxwell/gilbert (G)

1 1071/9 10° henry 1071/9 10° stathenry (G) 9% 10%° | abhenry (cm) (G)

The velocity of light was taken as 3)(10'® centimeters/second in computing the conversion factors.
Equations in the third column are for dimensional purposes only.
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Name Capital Small Commonly Used to Designate

Alpha A a Angles, coefficients, attenuation constant, absorption factor,
area

Beta B g Angles, coefficients, phase constant

Gamma r 5 Complex propagation constant (cap), specific gravity, angles,
electrical conductivity, propagation constant

Delta A G Increment or decrement (cap or small), determinant (cap),
permittivity (cap), density, angles

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

Zeta V/ ¢ Coordinates, coefficients

Eta H 7 Intrinsic impedance, efficiency, surface charge density,
hysteresis, coordinates

Theta o 90 Angular phase displacement, time constant, reluctance, angles

Iota I ¢ Unit vector

Kappa K K Susceptibility, coupling coefficient

Lambda A A Permeance (cap), wavelength, attenuation constant

Mu M u" Permeability, amplification factor, prefix micro

Nu N v Reluctivity, frequency

Xi = £ Coordinates

Omicron 0 )

Pi II T 3.1416

Rho P p Resistivity, volume charge density, coordinates

Sigma z v Summation (cap), surface charge density, complex propaga-
tion constant, electrical conductivity, leakage coefficient,
deviation

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

Upsilon T v

Phi ® b Scalar potential (cap), magnetic flux, angles

Chi X X Electric susceptibility, angles

Psi v v Dielectric flux, phase difference, coordinates, angles

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

Note: Small letter is used except where capital (Cap) is indicated.

USEFUL NUMERICAL DATA

1 cubic foot of water at 4°C (weight) 62.43 Ib

1 foot of water at 4°C (pressure)

Velocity of light in vacuum, ¢

0.4335 1b/in.?
186 280 mi/second =2.998X10'
cm/second

Velocity of sound in dry air at 20°C, 760 mm Hg 1127 ft/second

Degree of longitude at equator

68.703 statute miles, 59.661 nautical miles

Acceleration due to gravity at sea level, 40° 32.1578 ft/second?

latitude, g
(29)'7
1 inch of mercury at 4°C
Base of natural logs ¢
1 radian
360 degrees

T

Sin 1

Arc 1°

Side of square

8.020

1.132 ft water=190.4908 Ib/in.2
2.718

180°+w=>57.3°

2w radians

3.1416

0.00029089

0.01745 radian

0.707X (diagonal of square)
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FRACTIONS OF AN INCH WITH

METRIC EQUIVALENTS

3-17

Fractions of Decimals of Fractions of Decimals of
an inch an inch Millimeters an inch an inch Millimeters
Y% 0.0156 0.397 34 0.5156 13.097
‘% 0.0313 0.794 e 0.5313 13.494
% 0.0469 1.191 B 0.5469 13.891
4s 0.0625 1.588 “s 0.5625 14.288
% 0.0781 1.984 4 0.5781 14.684
% 0.0938 2.381 % 0.5938 15.081
% 0.1094 2.778 % 0.6094 15.478
1% 0.1250 3.175 5 0.6250 15.875
% 0.1406 3.572 % 0.6406 16.272
% 0.1563 3.969 i 0.6563 16.669
U 0.1719 4.366 % 0.6719 17.066
As 0.1875 4.763 U 0.6875 17.463
36 0.2031 5.159 6 0.7031 17.859
% 0.2188 5.556 B 0.7188 18.256
% 0.2344 5.953 % 0.7344 18.653
A 0.2500 6.350 4 0.7500 19.050
T 0.2656 6.747 % 0.7656 19.447
% 0.2813 7.144 B 0.7813 19.844
1%, 0.2969 7.541 6 0.7969 20.241
“s 0.3125 7.938 %5 0.8125 20.638
%6 0.3281 8.334 %6 0.8281 21.034
uo 0.3438 8.731 2 0.8438 21.431
6 0.3594 9.128 1] 0.8594 21.828
3% 0.3750 9.525 % 0.8750 22.225
%% 0.3906 9.922 6 0.8906 22.622
Bo 0.4063 10.319 W% 0.9063 23.019
B/ 0.4219 10.716 % 0.9219 23.416
Us 0.4375 11.113 4% 0.9375 23.813
2% 0.4531 11.509 86 0.9531 24.209
5% 0.4688 11.906 N 0.9688 24.606
T 0.4844 12.303 6 0.9844 25.003
15 0.5000 12.700 — 1.0000 25.400




3-18 REFERENCE DATA FOR RADIO ENGINEERS

TEMPERATURE CONVERSION TABLE

To use the table, find the temperature reading you have in the middle column. If the reading you have
is in degrees Celsius (Centigrade), read the Fahrenheit equivalent in the right-hand column. If the reading
you have is in degrees Fahrenheit, read the Celsius equivalent in the left-hand column.

—459.4 to 0 0 to 100

C F C F C F
—-273 —459.4 —-17.8 0 32 10.0 50 122.0
—268 —450 —17.2 1 33.8 10.6 51 123.8
—262 —440 —16.7 2 35.6 1.1 52 125.6
—257 —430 —16.1 3 37.4 11.7 53 127.4
—251 —420 —15.6 4 39.2 12.2 54 129.2
—246 —410 —-15.0 5 41.0 12.8 55 131.0
—-240 —400 —14.4 6 42.8 13.3 56 132.8
—234 -39 —-13.9 7 44.6 13.9 57 134.6
—229 -380 -13.3 8 46.4 14.4 58 136.4
—223 -370 -12.8 9 48.2 15.0 59 138.2
-218 —360 —-12.2 10 50.0 15.6 60 140.0
—212 —350 —-11.7 11 51.8 16.1 61 141.8
-207 —340 —11.1 12 53.6 16.7 62 143.6
—201 —330 -10.6 13 55.4 17.2 63 145.4
—196 -320 —-10.0 14 57.2 17.8 64 147.2
—190 -310 - 9.4 15 59.0 18.3 65 149.0
—-184 —300 - 8.9 16 60.8 18.9 66 150.8
—-179 —290 - 8.3 17 62.6 19.4 67 152.6
-173 —280 - 7.8 18 64.4 20.0 68 154.4
—169 —-273 —459.4 - 7.2 19 66.2 20.6 69 156.2
—168 —-270 —454 - 6.7 20 68.0 21.1 70 158.0
—-162 —260 —436 — 6.1 21 69.8 21.7 71 159.8
—157 —250 —-418 — 5.6 22 71.6 22.2 72 161.6
—151 —240 —400 - 5.0 23 73.4 22.8 73 163.4
—146 —230 —382 — 4.4 24 75.2 23.3 74 165.2
—140 —220 —364 - 3.9 25 77.0 23.9 75 167.0
—134 —210 —346 - 33 26 78.8 24 .4 76 168.8
—129 —200 —328 - 2.8 27 80.6 25.0 77 170.6
-123 —190 -310 - 2.2 28 82.4 25.6 78 172.4
—118 —180 —292 - 1.7 29 84.2 26.1 79 174.2
—-112 —-170 —274 - 1.1 30 86.0 26.7 80 176.0
—107 —160 —256 — 0.6 31 87.8 27.2 81 177.8
—101 —150 —238 0.0 32 89.6 27.8 82 179.6
- 96 —-140 —220 0.6 33 91.4 28.3 83 181.4
- 9% ~130 —202 1.1 34 93.2 28.9 84 183.2
- 84 —120 —184 1.7 35 95.0 29.4 85 185.0
- 79 -110 —166 2.2 36 96.8 30.0 86 186.8
- 73 —100 ~148 2.8 37 98.6 30.6 87 188.6
— 68 - 90 —130 3.3 38 100.4 31.1 88 190.4
- 62 — 80 —112 3.9 39 102.2 31.7 89 192.2
— &7 - 70 — 94 4.4 40 104.0 32.2 90 194.0
— 51 — 60 — 76 5.0 41 105.8 32.8 91 195.8
— 46 - 50 — 58 5.6 42 107.6 33.3 92 197.6
— 40 — 40 -~ 40 6.1 43 109.4 33.9 93 199.4
- 34 — 30 - 22 6.7 44 111.2 34.4 94 201.2
- 29 -2 - 4 7.2 45 113.0 35.0 95 203.0
- 23 - 10 + 14 7.8 46 114.8 35.6 96 204.8
-17.8 - 0 + 32 8.3 47 116.6 36.1 97 206.6
8.9 48 118.4 36.7 98 208.4

9.4 49 120.2 37.2 99 210.2

37.8 100 212.0

Notes:

1. Degrees Kelvin (Celsius absolute) =°C+273.18.
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C
38 100
43 110
49 120
54 130
60 140
66 150
71 160
77 170
82 180
88 190
93 200
99 210
100 212
104 220
110 230
116 240
121 250
127 260
132 270
138 280
143 290
149 300
154 310
160 320
166 330
17 340
177 350
182 360
188 370
193 380
199 390
204 400
210 410
216 420
221 430
227 440
232 450
238 460
243 470
249 480
254 490

100 to 1000 1000 to 2000
F C F C F C F

212 260 500 932 538 1000 1832 816 1500 2732
230 266 510 950 543 1010 1850 821 1510 2750
218 271 520 968 549 1020 1868 827 1520 2768
266 277 530 986 554 1030 1886 832 1530 2786
284 282 540 1004 560 1040 1904 838 1540 2804
302 288 550 1022 566 1050 1922 843 1550 2822
320 293 560 1040 571 1060 1940 849 1560 2840
338 299 570 1058 877 1070 1958 84 1570 2858
356 304 580 1076 582 1080 1976 860 1580 2876
374 310 590 1094 588 1090 1994 866 1590 2894
392 316 600 1112 593 1100 2012 871 1600 2912
410 321 610 1130 599 1110 2030 877 1610 2930
413.6 327 620 1148 604 1120 2048 882 1620 2948
428 332 630 1166 610 1130 2066 888 1630 2966
446 338 640 1184 616 1140 2084 893 1640 2984
464 343 650 1202 621 1150 2102 899 1650 3002
482 349 660 1220 627 1160 2120 904 1660 3020
500 354 670 1238 632 1170 2138 910 1670 3038
518 360 680 1256 638 1180 2156 916 1680 3056
536 366 690 1274 643 1190 2174 921 1690 3074
554 371 700 1292 649 1200 2192 927 1700 3092
572 377 710 1310 654 1210 2210 932 1710 3110
590 382 720 1328 660 1220 2228 938 1720 3128
608 388 730 1346 666 1230 2246 943 1730 3146
626 393 740 1364 671 1240 2264 949 1740 3164
644 399 750 1382 677 1250 2282 954 1750 3182
662 404 760 1400 682 1260 2300 960 1760 3200
680 410 70 1418 688 1270 2318 966 1770 3218
698 416 780 1436 693 1280 2336 971 1780 3236
716 421 79 1454 699 1290 2354 977 1790 3254
734 427 800 1472 704 1300 2372 982 1800 3272
752 432 810 1490 710 1310 2390 988 1810 3290
770 438 820 1508 716 1320 2408 993 1820 3308
788 443 830 1526 721 1330 2426 999 1830 3326
806 449 840 1544 727 1340 2444 1004 1840 3344
824 454 850 1562 732 1350 2462 1010 1850 3362
842 460 860 1580 738 1360 2480 1016 1860 3380
860 466 870 1598 743 1370 2498 1021 1870 3398
878 471 880 1616 749 1380 2516 1027 1880 3416
896 477 800 1634 754 1390 2534 1032 1890 3434
914 482 900 1652 760 1400 2552 1038 1900 3452

488 910 1670 766 1410 2570 1043 1910 3470

493 920 1688 771 1420 2588 1049 1920 3488

499 930 1706 777 1430 2606 1054 1930 3506

504 940 1724 782 1440 2624 1060 1940 3524

510 950 1742 788 1450 2642 1066 1950 3542

516 960 1760 793 1460 2660 1071 1960 3560

521 970 1778 799 1470 2678 1077 1970 3578

527 980 1796 804 1480 2696 1082 1980 3596

532 990 1814 810 1490 2714 1088 1990 3614

538 1000 1832 1093 2000 3632

2. Degrees Rankine (Fahrenheit absolute) =°F+459.72,
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TIME CONVERSION NOMOGRAPH*

The duration of component and equipment tests
and requirements for equipment reliability are
usually stated in hours. Such figures become more
meaningful when converted to days, months, or
years, For example, Fig. 1 shows that a *1000-
hour test’”’ requires approximately 42 days for

completion.
DAYS MONTHS YEARS
24 30.5 365
HOURS HRS/DAY  DAYS/MO. DAYS/YR.
100
150
200
10
300
400 E
500 20
30 1
40 &)
1000 - 8
1500 2 "25
2000 o :
100 o
3000 4 :
- 150 5 .g
5000 200 2
300 10
10 000 SO0 '8 !
500 "
15 000 20 2
20 000 30
1000 o
30000 - 40 M
G 1500 50 .
50 000 2000
3000 100
100 000 4000 5 10
5000 150 s
150 000 200
200 000 300 20
10000 30
300 000 400
400 000 15 000 500 40
500 000 20000 50
30000 1000
1 000 000 40000 100

Fig. 1—Time conversion nomograph. From R. F. Graf,

““ ‘Reliability’ in Terms of Time,” Electronic Industries,

p. 95; April 1968. © 1958, Chilton Company, Phila-
delphia, Pa.

* Extracted from: R. F. Graf, “ ‘Reliability’ in Terms of Time,” Electronic Industries, p. 95; April 1958,
© 1958, Chilton Company, Philadelphia, Pa.



CHAPTER 4

PROPERTIES OF MATERIALS

GENERAL PROPERTIES OF
THE ELEMENTS (TABLE 1)*

Alomic Number Z represents the number of
protons per atom.

Mass Number Z+N is equal to the number of
protons Z plus the number of neutrons N present
in the nuclei. Mass numbers of the most abundant
isotopes are given in order of decreasing abundance.
For example, Cadmium Cd-48 mass numbers 114~
112 means that cadmium atoms of greater abun-
dance (28.81%) have a mass number of 114;
that is, that the nucleus of Cd™ has 114—48=66
neutrons while isotope Cd"? of lower abundance
(23.79%) has 112—48=64 neutrons.

Alomic Radii. The values listed provide a com-
parison of sizes (deduced from interatomic spacing
of bound atoms).

Gram Atomic Volume in cubic centimeters gives
the volume occupied in the solid state by an atom
at its melting point. The gram atomic volume
cggt),ains the Avogadro number of atoms (6.0235X
10%).

Electronegativity represents the relative tendency
of an atom to attract shared electron pairs. The
highest electronegativity is assigned to fluorine
with the value 4.

* Tables 1 through 6 of this chapter are partly based
on data from the following sources: “Textbook of Chemis-
try”, McGraw-Hill Book Company; 1961, “Handbook of
Chemistry and Physics,” Chemical Rubber Publishing
Company. “'Fundamentals of Chemistry,” John Wiley
& Sons. “The Encyclopedia of Electrochemistry,” Rein-
hold Publishing Corp. “Mechanical Topics,” Inter-
national Nickel Company, Inc.

First Ionization Potential is the work in electron-
volts required to pull 1 electron off an isolated
neutral atom.

1 electron-volt=3.8X 10~ calorie
=1.602X1072 erg.

Electron Work Function, expressed in electron-
volts, represents the energy that must be supplied
to an electron to cross over the surface barrier of
a metal. That energy may be supplied by heat
(thermionic work function), by light (photo-
electric work function), or by contact with a dis-
similar metal (contact potential).

Electrochemical Equivalents are expressed in am-
pere-hours per gram liberated at the electrode.

PERIODIC CLASSIFICATION
OF THE ELEMENTS (TABLE 2)

Ozidation Number is defined as the charge which
an atom appears to have in a compound when
electrons are counted according to certain rules:

(A) In the free elements each atom has an
oxidation number of 0.

(B) Electrons shared between two unlike atoms
are counted with the more electronegative atom.

(C) Electrons shared between two like atoms
are divided equally between the sharing atoms.

When an atom loses an electron its oxidation
number increases by one.

Groups 1A and 2A of the periodic table having
respectively oxidation numbers 1 and 2 (in all
compounds) form only +1 ions (group 1A) and
2 ions (group 2A).

4-1
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TaBLE 1—PROPERTIES

Actinium
Aluminum
Americium
Antimony
Argon

Arsenic
Astatine
Barium
Berkelium
Beryllium

Bismuth
Boron
Bromine
Cadmium
Calcium

Californium
Carbon
Cerium
Cesium
Chlorine

Chromium
Cobalt
Copper
Curium
Dysprosium
Einsteinium
Erbium
Europium
Fermium
Fluorine

Francium
Gadolinium
Gallium
Germanium
Gold

Hafnium
Helium
Holmium
Hydrogen
Indium
Iodine
Iridium
Iron
Krypton
Lanthanum

Lead
Lithium
Lutetium
Magnesium

Manganese

Atomic
Mass Radii  Gram Atomic
Atomic Number Atomic (angstrom Volume
Number 2 Z+N Weight units) (cm?)
89 227 227
13 27 26.98 1.25 10
95 243
51 121 121.76 1.41 18
18 40 39.948 24
33 75 74.92 1.21 16
85 210
56 138 137.34 1.98 38
97 249
4 9 9.012 0.89 5
83 209 208.98 1.52 21
5 11 10.81 0.8 5
35 79-81 79.91 1.14 23
48 114-112 112.40 1.41 13
20 40 40.08 1.74 26
98 251
6 12 12.011 0.77 5
58 140 140.12 1.65 21
55 133 132.905 2.35 71
17 35 35.453 0.99 19
24 52 51.996 1.17 7
27 59 58.93 1.16 7
29 63 63.54 1.17 7
96 247
66 164-162-163 162.50 1.59 19
99 254 254
68 166-168-167 167.26 1.57 18
63 153-151 151.96 1.85 29
100 253 253
9 19 18.998 0.72 15
87 223 223
64 158-160-156 157.25 1.61 20
31 69-71 69.72 1.25 12
32 74-72-70 72.59 1.22 13
79 197 196.967 1.34 10
72 180-178 178.49 1.44 13
2 4 4.003 32
67 165 164.93 1.58 19
1 1 1.0080 0.37 13
49 115 114.82 1.50 16
53 127 126.904 1.33 26
77 193 192.2 1.26 9
26 56 55.847 1.17 7
36 84 83.80 33
57 139 138.91 1.69 22
82 208-206 207.21 1.54 18
3 7 6.940 1.23 13
71 175 174.99 1.56 18
12 24 24.32 1.36 14
25 55 54.94 1.17 7
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OF THE ELEMENTS.

First Electrochemical
Ionization Equivalent

Electro- Potential Electron Work Function

negativity, (electron Valence* Amp-Hours

Relative Scale volts) Thermionic Photoelectric Contact Involved  per Gram
1.1 3 0.35
1.5 5.96 4.08 3.38 3 2.98
1.9 8.5 4.1 4.14 5 1.1
0 15.68 n 0.67
2.0 10.5 5.11 5 1.79
2.2
0.9 5.19 2.11 2.48 1.73 2 0.39
1.5 9.28 3.92 3.10 2 5.94
1.9 8.00 4.25 4.17 5 0.64
2.0 8.257 4.5 3 7.43
2.8 11.80 1 0.335
1.7 8.96 4.07 4.0 2 0.477
1.0 6.09 2.24 2.706 3.33 2 1.337
2.5 11.217 4.34 4.81 4 8.93
1.1 6.54 2.6 2.84 3 0.574
0.7 3.87 1.81 1.92 1 0.2
3.0 12.95 1 0.756
1.6 6.74 4.60 4.37 4.38 3 1.546
1.8 7.81 4.40 4.20 4.21 2 0.91
1.9 7.68 4.26 4.18 4.46 2 0.84
1.2 6.8 3 0.495
1.2 3 0.48
1.1 5.64 3 0.53
4 17.34 1 1.41
0.7
1.1 6.7 3 0.513
1.6 5.97 4.12 3.80 3 1.15
1.8 8.09 4.5 4.5 4 1.48
2.4 9.18 4.32 4.82 4.46 3 0.41
1.3 3.53 4 0.600
0 24.46 n 6.698
1.2 3 0.488
2.1 13.527 1 26.59
1.7 5.76 3 0.700
2.5 10.6 6.8 1 0.211
2.2 5.3 4.57 4 0.555
1.8 7.83 4.25 4.33 4.40 3 1.440
0 13.93 n 0.32
1.1 3.3 3 0.579
1.8 4.05 3.94 4 0.517
1.0 5.363 2.35 2.49 1 3.862
1.2 3 0.46
1.2 7.61 3.68 3.63 2 2.204
1.5 7.41 3.83 3.76 4.14 4 1.952
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TABLE 1—
Atomic
Mass Radii  Gram Atomic
Atomic Number Atomic  (angstrom  Volume
Symbol  Number Z Z+N Weight units) (cm?)

Mendelevium Mdor Mv 101 256 256
Mercury Hg 80 202-200-119 200.59 1.44 14
Molybdenum Mo 42 98-96-95 95.94 1.29 9
Neodymium Nd 60 142-144-146 144.24 1.64 21
Neon Ne 10 20 20.183 17
Neptunium Np 93 237 237
Nickel Ni 28 58 58.71 1.15 6
Niobium Nb 41 93 92.91 1.34 11
Nitrogen N 7 14 14.007 0.74 14
Osmium Os 76 192-190 190.2 1.26 9
Oxygen 0 8 16 16.00 0.74 11
Palladium Pd 46 108-106-105 106.4 1.28 9
Phosphorus P 15 31 30.974 1.10 17
Platinum Pt 78 195-194 195.09 1.29 9
Plutonium Pu 94 242 242
Polonium Po 84 209 210 1.53
Potassium K 19 39 39.102 2.03 46
Praseodymium Pr 59 141 140.907 1.65 21
Promethium Pm 61 145 145
Protactinium Pa 91 231 231
Radium Ra 88 226 226.05 45
Radon Rn 86 222 222 50
Rhenium Re 75 187 186.2 1.28 9
Rhodium Rh 45 103 102.905 1.25 8
Rubidium Rb 37 85 85.47 2.16 56
Ruthenium Ru 44 102-104-101 101.07 1.24 8
Samarium Sm 62 152-154-147 150.35 1.66 20
Scandium Se 21 45 44.956 1.44 15
Selenium Se 34 80-78 78.96 1.17 16
Silicon Si 14 28 28.086 1.17 12
Silver Ag 47 107-109 107.870 1.34 10
Sodium Na 11 23 22.99 1.57 24
Strontium Sr 38 88 87.62 1.91 34
Sulfur S 16 32 32.064 1.04 16
Tantalum Ta 73 181 180.95 1.34 11
Technetium Te 43 99 99
Tellurium Te 52 130-128 127.60 1.37 21
Terbium Tb 65 159 158.924 1.59 19
Thallium Tl 81 205 204.37 1.55 17
Thorium Th 90 232 232.038 1.65 20
Thulium Tm 69 169 168.934 1.56 18
Tin Sn 50 120-118 118.69 1.41 16
Titanium Ti 22 48 47.90 1.32 11
Tungsten W 74 184-186-182 183.85 1.30 10
Uranium U 92 238 238.03 1.42 13
Vanadium v 23 51 50.94 1.22 8
Xenon Xe 54 132-129 131.30 43
Ytterbium Yb 70 174-172 173.04 1.70 25
Yttrium Y 39 88-91 88.905 1.62 21
Zinc Zn 30 64-68 65.37 1.25 9
Zirconium Zr 40 90-94-92 91.22 1.45 14
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CONTINUED.
First Electrochemical
Ionization Equivalent

Electro- Potential Electron Work Function

negativity, (electron —  Valence* Amp-Hours

Relative Scale volts) Thermionic Photoelectric Contact Involved  per Gram
1.9 10.39 4.53 4.50 2 0.267
1.8 7.35 4.20 4.25 4.28 6 1.67
1.1 6.3 3.3 3 0.557
0 21.47 n 1.33
1.8 7.61 5.03 5.01 4.96 2 0.913
1.6
3.0 14.48 5 9.57
2.2 8.7 4.55 4 0.56
3.5 13.55 2 3.35
2.2 8.3 4.99 4.97 4.49 4 1.005
2.1 10.9 5 4.33
2.2 8.88 5.32 5.22 5.36 4 0.549
2.0 6 0.766
0.8 4.318 2.24 1.60 1 0.685
1.1 5.8 2.7 3 0.571
1.1
1.1 5 0.580
0.9 5.252 2 0.237
0 10.698 n 0.121
1.9 5.1 5.0 7 1.007
2.2 7.7 4.57 4.80 4.52 4 1.042
0.8 4.159 2.09 1 0.314
2.2 7.7 4.52 4 1.054
1.1 6.6 3.2 3 0.535
1.3 6.7 3 1.783
2.4 9.70 4.8 4.42 6 2.037
1.8 8.12 3.59 4.52 4.2 4 3.821
1.9 7.542 3.56 4.73 4.4 1 0.248
0.9 5.12 2.28 1.9 1 1.166
1.0 5.667 2.74 2 0.612
2.5 10.3 6 5.01
1.5 4.19 4.14 4.1 5 0.741
1.9
2.1 8.96 4.76 4.70 6 1.260
1.2 6.7 3 0.505
1.8 6.07 3.68 3.84 3 0.393
1.1 4 0.462
1.2 3 0.475
1.8 7.30 4.38 4.09 4 0.903
1.5 6.81 3.95 4.06 4.14 4 2.238
1.7 8.1 4.52 4.49 4.38 6 0.874
1.1 3.27 3.63 4.32 6 0.676
1.6 6.71 4.12 3.77 4.44 5 2.63
0 12.08 n 0.204
1.2 7.1 3 0.465
1.2 6.5 3 0.904
1.6 9.36 3.73 3.78 2 0.820
1.4 6.92 4.21 3.82 3.60 4 1.175

* n=nonvalent.
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TaBLE 2—PERIoDIC CLASSIFICATION OF THE ELEMENTS.

PERIOD GROUP
l 1A (2A 3B (4B (5B |6B | 7B 8. iB|2B|3A|4A | 5A |6A | 7A | O
_____ +1 -1 [}
1 H He
1 2
''''' uau;_-_—--_-_-_____H—EKV_Y_T_ [ N I I Il IR (N ¢
METALS METALS NON METALS INERT GAS
""" T T T T T T T Tl e o
2 L3' B: BRITTLE 1 oucTite | MELTING g g ESN'-S 2 ’; :“g
- o |+2 Y1 T B TN TS ez -af+3 -3l+a -2|41 -1]o
3 | Na|Mg Al [**si [**p |*°s (et | Ar
1 |12 1314 15 [ 16 | 17 | 18
TTTTTT e e [+2 Jv2 vz sz ez [+2 |+2 |w sz [+3  [+z  J+» +4 -2|+1 -1]o
4 K | Ca| Sc|33Ti|t3V [t3Cr{t3Mn|*3Fe|*3Co|*3Ni[*3Cu| Zn | Ga |**Ge|**As |*®Se |*Br| Kr
19 | 20 | 21 | 22 [*523| 24 [+725| 26 | 27| 28 | 29| 30| 31| 32) 33 | 3a | 35 | 36
TTTTTT e ez [+3 (e 33 Te Tae_Te3 [e2 [ez [# o2 o3 12 [t -2fre =21y o]0
5 Rb | Sr Y | Zr | Nb| Mo [#?Tc| Ru | Rh Pd Ag | Cd | In Sn | °Sb Te [+71 Xe
37| 38| 39| 40| 41| 42| 43| aa|a5| a6 | a7|a8| a9 | 50| s1 | 52| 53 | sa
""" S SR G N T EE N B EE N O EEO L ST °
6 |cs|Ba| | n|Ta| w iSRe|" s |"r [Pt ["Au o[ "re ["Pb["*Bi [**Po| At | Rn
55| 56 [57-7| 72 | 73| 74| 75 | 76 |77 | 78 | 79| 80| 81 | 82 | 83 | 84 | 85 | 86
- +1 +2
7 Fr | Ra | 89-
_____ 87 | 88 | 103
[ - J
TRANSITION ELEMENTS {BETWEEN GROUPS 2A AND 3A.
+3 +3 +3 +3 +3 +2 +2 +3 +3 +3 +3 +3 +3 +2 +3
(RARE EaRTLey| La |*“Ce| Pr | Nd | Pm |**Sm|*>Eu| Gd | Tb [ Dy | Ho [ Er | Tm [*3Yb| Lu
57| 58| 59 | 60| 61| 62| 63 | 64 | 65 | 66 | 67 | 68 | 69 | 70 | 74
+3 +4 44 +3 +3 |43 +3 +3 +3 +3 B
ractivoes | Ac | Th [*°Pa [t8U [$3Np[$5Pu [t3Am| Cm (“Bk | Cf | Es | Fm | Md | No | Lw
89 | 90 | 91 [*%92(*®93[*®94[*S9s5| 96 | 97 | 98 | 99 | 100 | 101 | 102 | 103
OXIDATION NUMBERS{ i ~4$—OXIDATION NUMBER
Si =+—SYMBOL
14 =1 —ATOMIC NUMBER
KEY TO CHART

ELECTRONIC CONFIGURATION
OF THE ELEMENTS (TABLE 3)

n=principal quantum pumber
Maximum electron population of any energy
level=2n2,

OXIDATION POTENTIALS
OF THE ELEMENTS

In all galvanic cells the observed voltage E.
arises from two independent voltages: oxidation
potential Eox and reduction potential Ejeq.

EC= E08+Exed.

To determine independently the oxidation po-
tential E,x of a single electrode, the potential of
the standard hydrogen electrode at 25°C (H; pres-
sure 1 atmosphere and 1mH?* concentration) is
given arbitrarily the value 0. Then in a cell with
the standard hydrogen electrode, the measured
voltage is attributed to the half reaction at the
other electrode.

The standard hydrogen electrode can play the
role of an anode (oxidation process) or a cathode
(reduction process) for electrode elements having
respectively a negative or positive oxidation num-
ber.

Lithium (Li) is the best reducing agent since it
has the highest tendency (4-3.045 volts) to give
up electrons (oxidation process). The fluoride ion
(F-) is the worst reducing agent.

The reducing agents arranged in decreasing order
as in Table 4 are also called electromotive series.



PROPERTIES OF MATERIALS

TaBLE 3.

~Q |

rye

1
K

Shells

Atomic
Period Number

p d f 8 p d f s p d f

8

Subshells

Elements

I

Lol NI R ]
NN N
[0 B B B ) B |

BMOZO K

M) O - 00O

2
2

6

2

Na

11

111

a AN

@O ©

a AN

a AN

Mg
Al

12
13
14
15
16
17
18
19

2 2 6 2 2

Si

2 6 2
2 2 6 2 5
2 2 6 2 6
2 2 6 2 6
2 2 6 2 6
2 2 6 2 6

Ci

Ar

v

Ca

Se

21

2 2 6 2 6 2 2
2 2 6 2 6 3 2
2 2 6 2 6 5
2 2 6 2 6 5

2 2 6 2

Ti

Cr

Mn

6

Fe

Co

27

2 2 6 2 6 8 2
2 2 6 2 6 10
2 2 6 2 6 10 2

i

Cu

1

Zn

2 2 6 2 6 10 2
2 2 6 2 6 10 2 2
2 2 6 2 610 2 3
2 2 6 2 6 10 2

Ga

Ge

32

As

33
34

4

2 2 6 2 610 2 5

Br

35
36

6

2
2 2 6 2 6 10 2 6

2 2 6 2 6 10

Kr

Rb

37

6
6

2
2 2 6 2 6 10 2

2 2 6 2 6 10

Sr

38

39
40
41

6 2 6 10 2 6 2

2
2 2 6 2 6 10 2 6
2 2 6 2 6 10 2 6 5

2 2 6 2 6 10 2

Zr

4

Nb

Mo

42
43
44
45
46
47
48
49

6

6
6

Te

2
6 2 6 10 2 6 8
2 2 6 2 6 10 2 6 10
2 2 6 2 6 10 2 6 10

2 2 6 2 6 10
2
2 2 6 2

Ru

2

Rh

Pd

Ag

6 10 2 6 10

Cd

2 2 6 2 6 10 2 6 10
2 2 6 2 610 2 6 10
2 2 6 2 610 2 6 10

In
Sn

2
2

Sb

51
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TaBLE 3—CONTINUED.

~C |
-
-]
© Ay
a
«
-
S
w O
a
o
[y
S
« Z
a
«
-]
o = a
«
a
N =
«
-—c}.ﬂleo
e =
[
= | =
=% 2
2
o &
.E_g
$E
<z
2
]
=¥

Z

Elements

10

6 10 2 6
2 2 6 2 610 2 6 10

2 2 6 2

Te

2

2 2 6 2 610 2 6 10
2 6 2 6 10 2 6 10
6 2 6 10 2

Xe

2

2

2
2 2 6 2 6 10 2

Cs

VI

10
10

6
6

2 2 6 2 610 2 610 2 2 6

Ba

La

Ce

57

2 2 6 2 610 2 6 10 3 2 6

Pr

59

2 610 4 2 6

6 10
2 2 6 2 6 10 2

2 2 6 2

Nd

6 10 5 2 6

Pm

61

6

2 2 6 2 6 10 2 6 10 6 2

Sm

2
2

7
7

2 2 6 2 6 10 2 6 10

Eu

6 10
2 610 9 2 6
6 10 2 6 10 10 2 6

2 2 6 2 6 10 2

2 2 6 2 6 10

Gd

Tb

2
2

6
6

6

2
2

6 10 2 6 10 11

6 2 6 10 2 6 10 12

2
2 2 6 2 6 10 2

Er

6
6
6

6 10 13
6 10 14

Tm

2 6 2 6 10 2 2
6 10 14 2

Yb

70
71

2 6 10 2

2 2 6 2

Lu

6 10 2 6 10 14 2 6 2

Hf

72
73
74
75
76
77

2 2 6 2 610 2 610 14 2 6 3
2 6 2 6 10 2 6 10 14 2 6 4

Ta

2

2

2 2 6 2 6 10 2 6 10 14 2 6 5

Re

6
6

2
2 6 2 610 2 6 10 14 2 6 9

2

6 10 2 6 10 14

2
6 2 6 10 2

6

Os

6 10 14

2

2

Ir

2

Pt
Au

78
79
80

81

2 6 10
2 6 10

6 10 2 6 10 14

2 2 6 2

2 2 6 2 6 10 2 6 10 14
2 2 6 2 6 10 2

2 2 6 2
2 2 6 2

Hg

2 6 10 2

6 10 14

Tl

10

6
6
6

2
2

6 10 14 2
2 6 10 14
2 6 10 14

6 10 2 6 10 14

6

Pb

6 10 14 10
10

2

i
Po
At

6 10 2
2 2 6 2 6 10

2
2 2 6 2

6

2

2 6 10
2 6 10

6 10

Rn

LBEIIL

10

6

2 2 6 2 610 2 6 10 14 2

87 Fr
2
2

VII

10

6 2 6 10 2 6 10 14 2
6 2 6 10 2 6 10 14 2

2
2

Ra

Ac

10

6

89

6

2

2 6 10

2 2 6 2 6 10 2 6 10 14

2

Th

2 6 10 14 2 6 10 2

6 2 6 10

6
6

2

Pa

91

2 610 3 2
2 6 10 2
2
2
2

6 10 8 2 6

6 10 14

6 10 2

2
2

U

92
93

4

6 10 2 6 10 14
2 2 6 2 6 10 2 6 10 14 2 6 1 6
2 2 6 2
2

Np

Pu

94

7
7

6 10 2 6 10 14 2 6 10

6 2 6 10 2 6 10 14 2 6 10

Am

95

2

Cm

96
97

1

2 2 6 2 610 2 6 10 14 2

Bk

6
6

2
2

6 10 14 2 6 10 10

2 2 6 2 6 10 2
2 2 6 2 610 2 6 10 14 2
2

Cf

98

6 10 11

Es

2 6

2

2 6 10 12
6 2 6 10 2 6 10 14 2 6 10 14 2

6 10 2 6 10 14 2 6 10 13

6 2 6 10 2 6 10 14

2

Fm

100

101

6
6

2 2 6 2
2

Md

2

No

102
103

Lw




PROPERTIES OF MATERIALS

TaABLE 4—OXIDATION POTENTIALS OF ELEMENTS.

Element or Eox Element or

Reducing Agent Reaction (volts) Reducing Agent
Lithium Li—Lit+1e +3.045  Manganese
Potassium K—K++1e +2.925  Vanadium
Rubidium Rb—Rb*+1e +2.925  Niobium
Cesium Cs—Cst+1e +2.923  Sulfur
Radium Ra—Rat+*+42  42.92 Selenium
Barium Ba—Ba*++4-2¢ +2.90 Zine
Strontium Sr—Sr++4-2¢ +2.89 Chromium
Calcium Ca—Ca*++4-2¢ +2.87 Gallium
Sodium Na—Na++-1e +2.714  Tellurium
Lanthanum La—La**++3¢ +2.52 Iron
Cerium Ce—Ce**++43¢  +2.48 Cadmium
Neodymium Nd—Nd+++4+3¢ 2.4 Indium
Samarium Sm—Sm*++43e  +2.41 Thallium
Gadolinium Gd—Gd*++++3¢ +2.40 Cobalt
Magnesium Mg—Mg+++2e  +2.37 Nickel
Yttrium Yo Y+++43e +2.37 Molybdenum
Americium Am—Am*++4+-3e  42.32 Tin
Lutetium Lu—Lu+++43e  +42.25 Lead
Hydrogen H-—H+-1e +2.25 Hydrogen
Hydrogen H—H*+1e +2.10 Copper
Scandium Se—Sc+++4-3e +2.08 Todine
Plutonium Pu—Pu+++43e  +2.07 Mercury
Thorium Th—oTh++++44¢ +1.90 Silver
Neptunium Np—Np*++++3e¢  +1.86 Rhodium
Beryllium Be—Be*+{-2¢ +1.85 Palladium
Uranium U—U+++4-3e +1.80 Bromine
Hafnium Hf—Hf++++4+4e +1.70 Platinum
Aluminum Al—>Al+++4-3¢ +1.66 Chlorine
Titanium Ti—Ti++42e +1.63 Gold
Zirconium Zr—Zr++++4-4e  41.53 Fluorine

Reaction (vﬁf:s)
Mn—Mn++4+2  +1.18
VoV++4-2e +1.18
Nb—Nb+++43¢ 1.1
S§———82e +0.92
Se———Se+2¢ ~+0.78
Zn—Zn++4-2¢ +0.763
Cr—Cr+++43¢ +40.74
Ga—Ga*+++3¢  +0.53
Te—Te+++42¢ +0.51
Fe—Fe++42¢ +0.44
Cd—Cd+++42e +0.403
In—In+++4-3e  +40.342
TI-Tl++1e +0.336
Co—Cot+42¢ ~+0.277
Ni—Nit++42¢ ~+0.250
Mo—Mot++43e 0.2
Sn—Sn++42e¢ +0.136
Pb—Pb++42¢ +0.126
3Hy>H*+1e 0.000
Cu—Cut+42e —0.337
21— I+2¢ —0.536
2Hg—Hg,*+2  —0.789
Ag—Agttle —0.7991
Rh—Rh+++43¢ —0.8
Pd—Pd++4+2  —0.987
2Br-—Bry+4-2¢ —1.066
Pt—Pt+++4-2e -1.2
2C1=—Cly+-2¢ —1.36
Au—Autt++3e —1.50
2F—F,+2e —2.85
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TABLE 5—PHYsICAL PROPERTIES

Actinium
Aluminum
Americium
Antimony
Argon

Arsenic
Astatine
Barium
Berkelium
Beryllium

Bismuth
Boron
Bromine
Cadmium
Calcium

Californium
Carbon
Cerium
Cesium
Chlorine

Chromium
Cobalt
Copper
Curium
Dysprosium
Einsteinium
Erbium
Europium
Fermium
Fluorine

Francium
Gadolinium
Gallium
Germanium
Gold

Hafnium
Helium
Holmium
Hydrogen
Indium

Iodine
Iridium
Iron
Krypton
Lanthanum

Lead
Lithium
Lutetium
Magnesium
Manganese

Mendelevium
Mercury

Atomic
Symbol Number
Ac 89
Al 13
Am 95
Sb 51
Aror A 18
As 33
At 85
Ba 56
Bk 97
Be 4
Bi 83
B 5
Br 35
Cd 48
Ca 20
Cf 98
C 6
Ce 58
Cs 55
Cl 17
Cr 24
Co 27
Cu 29
Cm 96
Dy 66
Esor E 99
Er 68
Eu 63
Fm 100
F 9
Fr 87
Gd 64
Ga 31
Ge 32
Au 79
Hf 72
He 2
Ho 67
H 1
In 49
I 53
Ir 77
Fe 26
Kr 36
La 57
Pb 82
Li 3
Lu 71
Mg 12
Mn 25

Md or Mv 101
Hg 80

Density
at 20°C

1.69* at 15°C

—

—

B O o= Uttt
=R W W

(=2
(=2
g

*

— I}

N~ Ok W

n res = OB WO

B 9P SRIFB =R
o0 (%]
* o

13.55

Relative Melting Boiling
(gr/ecm?®)  Hardness Point (°C) Point (°C)
1 050 3 200
2.9 660 2 467
> 850
3 630.5 1 380
—189.2 —185.7
3.5 8201 6159
725 1 140
3 1 878 2 970
2.5 271.3 1 450
9.5 2 300 2 5509
-7.2 58.8
2.0 320.9 765
842 1 487
101 >3 500 4 827
2.5 795 3 468
0.2 28.5 690
—100.98 —34.7
9 1 890 2 482
5 1 495 2 900
3 1 083 2 595
1 407 2 600
1 497 2 900
826 1 439
—220 — 188
1 312 3 000
1.5 29.78 2 403
6.2 937.4 2 830
2.5 1 063 2 966
2 150 5 400
<—272§ —268.94
1 461 2 600
—259.14 —252.8
1.2 156 >1 450
113.5 184.3
6.15 2 410 4 527
4 1 535 3 000
—156.6 —152.3
920 3 469
1.5 327.4 1 744
0.6 179 >1 317
1 652 3 327
2 651 1 100
5.0 1 244 2 097
1.5 —38.87 356.9
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Latent Heat Specific Heat
of Fusion at 20°C
(cal/gr) (cal/gr °C)

93 0.226
38.3 0.049
6.7 0.125
0.082
0.425
12.5 0.0294
0.307
16.2 0.107
13.2 0.055
0.145
0.165
0.042
3.8 0.052
23 0.226
75.6 0.11
58.4 0.1001
50.6 0.0921
10.1
19.2 0.079
0.073
16.1 0.031
1.25
15 3.415
0.057
15.8 0.052
0.032
65 0.108
0.045
6.3 0.030
159 0.79
70 0.249
64.8 0.107
2.7 0.033

Thermal
Conductivity
at 20°C
(watts/cm °C)

2.18

0.19
1.7X10~¢

1.64
0.084

0.91

0.24

0.072X10~*

0.69
0.69
3.94

2.96

13.9X10~4

17X10~*
0.24

43.5X10~*
0.59
0.79

0.89X10~4

0.35
0.71

1.55

0.084

Linear Thermal
Expansion
per °C at 20°C
(X10%)

22.9
8.5-10.8

4.7

0.64.3

—
[ 9 V=
[S -l &

18

14.2

Elasticity
Modulus
(kg/mm?)

7 250
7 900

30 000
3 200

5 500
2 100

7 300

Tensile
Strength
(kg/mm?)

6.3
1.056

12.0

v ~3
~3 o

9.05

N R
(S

0.3

20.5

1.33
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TABLE 5—

Density
Atomic at 20°C Relative Melting Boiling
Symbol Number (gr/cm®)  Hardness Point (°C) Point (°C)

Molybdenum Mo 42 10.2 6 2 610 5 560
Neodymium Nd 60 7.05 1 024 3 027
Neon Ne 10 0.8387* —248.7 —245.9
Neptunium Np 93 640

Nickel Ni 28 8.9 5 1 453 2 732
Niobium Nb 41 8.57 2 468 4 927
Nitrogen N 7 1.1649* —209.9 —195.8
Osmium Os 76 22.48 7.0 3 000 5 000
Oxygen 0 8 1.3318* —218.4 —183
Palladium Pd 46 12 4.8 1 552 2 927
Phosphorus P 15 1.82 44.1 280
Platinum Pt 78 21.45 4.3 1 769 3 827
Plutonium Pu 94 639.5 3 235
Polonium Po 84 254 962
Potassium K 19 0.86 0.5 63.65 774
Praseodymium Pr 59 6.63 935 3 127
Promethium Pm 61 1 035 2 730
Protactinium Pa 91 1 2307

Radium Ra 88 5 700 1737
Radon Rn 86 4.40 -7 —61.8
Rhenium Re 75 20 3 180 5 627
Rhodium Rh 45 12.44 6 1 966 3 727
Rubidium Rb 37 1.53 0.3 38.5 688
Ruthenium Ru 44 12.2 6.5 2 250 3 900
Samarium Sm 62 7.7 1 072 1 900
Scandium Se 21 2.5 1 539 2 727
Selenium Se 34 4.81 2 217 685
Silicon Si 14 2.4 7 1410 2 355
Silver Ag 47 10.49 2.7 960.8 2 212
Sodium Na il 0.97 0.4 97 892
Strontium Sr 38 2.6 1.8 769 1 384
Sulfur S 16 2.07 2.0 116 444.6
Tantalum Ta 73 16.6 7 2 996 5 425
Technetium Te 43 2 200

Tellurium Te 52 6.24 2.3 449.5 990
Terbium Tb 65 1 356 2 008
Thallium Tl 81 11.85 1.2 303.5 1 457
Thorium Th 90 11.5 1 700 4 000
Thulium Tm 69 1 545 1727
Tin Sn 50 7.3 1.8 231.89 2 270
Titanium Ti 22 4.54 4 1 675 >3 260
Tungsten w 74 19.3 7 3 410 5 927
Uranium U 92 18.7 1133 3 818
Vanadium A% 23 5.68 1 890 3 000
Xenon Xe 54 5.495* —111 —107
Y tterbium Yb 70 824 1 427
Yttrium Y 39 5.51 1 495 2 927
Zinc Zn 30 7.14 2.5 419.4 907
Zirconium Zr 40 6.4 4.7 1 852 3 518

* per liter. i d—iamond -1 36atm  §26atm 9 sublimes
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CONTINUED.
Thermal Linear
Latent Heat Specific Heat  Conductivity Expansion Elasticity Tensile
of Fusion at 20°C at 20°C per °C at 20°C Modulus Strength
(cal/gr) (cal/gr°C)  (watts/cm °C) (X10%) (kg/mm?) (kg/mm?)
0.065 1.46 4.9 35 000 120.0
0.045
4.57X10~*
73.8 0.112 0.9 13.3 21 000 32.3
7.1
6.2 0.247
0.031 6.1 6.1
3.3 0.218
34.2 0.059 0.70 11.8 12 000 14.0
5.0 0.177 125
27.1 0.032 0.69 8.9 15 000 16
14.5 0.177 0.99 83
0.458
0.035
0.060 0.88 8.1 3 000
6.1 0.080 90
0.061 9.1
0.084 37
0.176 0.84 2.8-7.3 11 000
24.3 0.056 4.08 18.9 7 200 15.1
27.5 0.295 1.35 71
25
9.3 0.175 26.4X 1074 6.4
0.036 0.54 6.6 19 000 50
0.047 0.060 16.8 2 100 1.12
7.2 0.031 0.39 28
0.028 11.1 56
14.4 0.054 0.64 23 41 100 1.4
0.142 8.5 8 500
44.0 0.034 1.99 4.3 35 000 270
0.028
0.115
5.9X10
2.1 0.09 1.1 17-39 8 400 10.5

0.066 5.6 7 500 30
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In air all the metals from lithium down to copper
rust with comparative ease. The metals below
copper do not rust.

All metals in the series above hydrogen (H,)
are found in nature in the combined state as
sulfides, carbonates, etc. Metals below hydrogen
(H;) are frequently found in the free state.

PHYSICAL PROPERTIES OF
THE ELEMENTS (TABLE 5)

GALVANIC SERIES IN SEA WATER

Two dissimilar metals connected by a conductor
form in sea water a galvanic cell. If the two metals
are in different groups of Table 6 (separated by

REFERENCE DATA FOR RADIO ENGINEERS

spaces), the metal coming first in the series—
starting from corroded end to protected end—
will be anodie, (i.e., corroded by the metal con-
tained in the group farther from the corroded end).
If the two metals are in the same group, no appreci-
able corrosive action will take place.

TEMPERATURE—-EMF
CHARACTERISTICS OF
THERMOCOUPLES* (FIG. 1)

Electromotive Force and Other
Properties (Tables 7-8)

* R. L. Weber, “Temperature Measurement and Con-
trol,” Blakiston Co., Philadelphia, Pennsylvania; 1941:
pp. 68-71.

TABLE 6—GALVANIC SERIES IN SEA WATER.

Corroded end (anodic)

Magnesium
Magnesium alloys

Zinc
Galvanized steel
Galvanized wrought iron

Aluminum:
528H, 48, 38, 28, 53ST
Aluminum clad

Cadmium

Aluminum:
A17ST, 178T, 24ST

Mild steel
Wrought iron
Cast iron

Ni-resist

139, chromium stainless steel
(type 410-active)

50-50 lead—tin solder

18-8 stainless steel type 304
(active)

18-8-3 stainless steel type 316
(active)

Lead
Tin

Muntz metal
Manganese bronze
Naval brass

Nickel (active)
Inconel (active)

Yellow brass
Admiralty brass
Aluminum bronze
Red brass

Copper

Silicon bronze
Ambrac

70-30 copper—nickel
Comp. G, bronze
Comp. M, bronze

Nickel (passive)
Inconel (passive)

Monel

18-8 stainless steel type 304
(passive)

18-8-3 stainless steel type 316
(passive)

Protected end (cathodic or most noble)




TaBLE 7—THERMOCOUPLES AND THEIR CHARACTERISTICS.

Type

Composition, percent

*Range of application, °C

Resistivity, microhm-cm

Temperature coefficient of

resistivity, per °C

Melting temperature, °C

emf in millivolts; reference

junction at 0°C

Influence of temperature

and gas atmosphere

Particular applications

Copper/Constantan

100 Cu/60 Cu 40 Ni

—200 to +300
1.75 49
0.0039 0.00001
1085 1190
100°C 4.24mV
200 9.06
300 14.42

Subject to oxidation
and alteration above
400°C due Cu, above
600° due constantan
wire. Ni-plating of
Cutubegives protec-
tion in acid-contain-
ing gas. Contamina-
tion of Cu affects cal-
ibration greatly. Re-
sistance to oxid. atm.
good. Resistance to
reducing atm. good.
Requires protection
from acid fumes.

Low temperature, in-
dustrial. Internal-
combustion engine.
Used as a tube ele-
ment for measure-
ments in steam line.

* For prolonged use; can be used

Iron/Constantan

100 Fe/60 Cu 40 Ni

—200 to +1100
10 49
0.005 0.00001
1535 1190
100°C 5.28mV
200 10.78
400 21.82
600 33.16
800 45.48
1000 58.16

Oxidizing and re-
ducing atmosphere
have little effect on
accuracy. Best used
in dry atmosphere.
Resistance to oxida:
tion good to 400°C.
Resistance to reduc-
ing atmosphere good.
Protect from oxygen,
moisture, sulphur.

Low temperature, in-
dustrial. Steel an-
nealing, boiler flues,
tube stills. Used in
redueing or neutral
atmosphere.

Chromel/Constantan

90 Ni 10 Cr/55 Cu 45 Ni

0 to +1100
70 49
0.00035 0.0002
1400 1190
100°C 6.3mV
200 13.3
400 28.5
600 44.3

Chromel attacked by sul-
phurous atmosphere. Re-
sistance to oxidation
good. Resistance to re-
ducing atmosphere poor.

at higher temperature for short periods.

Chromel/Alumel

90 Ni10Cr/94 Ni2 Al3 Mn 1 Si

—200 to +1200
70 20.4
0.00035 0.000125
1400 1430
100°C 4.1mV
200 8.13
400 16.39
600 24.90
800 33.31
1000 41.31
1200 48.85
1400 55.81

Resistance to oxidizing atmos-
phere very good. Resistance to
reducing atmosphere poor. Af-
fected by sulphur, reducing or
sulphurous gas, SO: and IIsS.

Used in oxidizing atinosphere.
Industrial. Ceramie kilns, tube

stills, electrie furnaces.

Platinum/Platinum
Rhodium (10)

Pt/90 Pt 10 Rh

0 to +1450
10 21
0.0030 0.0018
1755 1700
100°C 0.643mV
200 1.436
400 3.251
600 5.222
800 7.330
1000 9.5G69
1200 11.924
1400 14.312

1600 16.674

Platinum/Platinum
Rhodium (13)

Pt/87 Pt 13 Rh

0 to +1450
100°C 0.646mV
200 1.464
400 3.398
600 5.561
800 7.927
1000 10.470
1200 13.181
1400 15.940
1600 18.680

Resistance to oxidizing atmosphere very
good. Resistance to reducing atmosphere
poor. Susceptible to chemical alteration by
As, 8i, P’ vapor in reducing gas (COs, Ha,
H3S, 803). Pt corrodes easily above 1000°.
Used in gas-tight protecting tube.

International Stand-
ard 630 to 1065°C.

Similar to Pt/PtRh-
(10) but has higher
emf.

Carbon/Silicon
Carbide

C/SiC
0 to +2000

3000 2700

1210°C 353.6mV
1300 385.2
1360 403.2
1450 424.9

STVIRIILVW 40 S31143d0¥dd

Used as tube ele-

ment. Carbon
sheath chemically
inert.

Steel furnace and
ladle tempera-
tures. Laboratory
measurements.

STV
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TaBLE 8—TuerMaL ELEcTROMOTIVE FoRCE oF PLATINUM~-RHODIUM ALLOYS VERSUS PLATINUM. From
“Smithsonian Physical Tables,” 9th revised edition, vol. 120, Smithsonian Institution, Washington, D. C.;
1954.

Electromotive Force (millivolts)

Percent Rhodium

Temp., °C 0.5 1.0 5.0 10.0 20.0 40.0 80.0 100.0
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
100 +0.10 +0.18 +0.54 +0.64 +0.63 +0.65 +0.62 +0.70
200 0.20 0.37 1.16 1.43 1.44 1.52 1.49 1.61
300 0.29 0.57 1.82 2.32 2.40 2.55 2.56 2.68
400 0.39 0.76 2.49 3.25 3.47 3.70 3.77 3.91
500 0.48 0.94 3.17 4.22 4.63 4.97 5.12 5.28
600 0.58 1.12 3.86 5.22 5.87 6.36 6.60 6.77
700 0.67 1.30 4.55 6.26 7.20 7.85 8.20 8.40
800 0.76 1.48 5.25 7.33 8.59 9.45 9.92 10.16
900 0.85 1.66 5.96 8.43 10.06 11.16 11.76 12.04
1000 0.94 1.84 6.68 9.57 11.58 12.98 13.73 14.05
1100 1.03 2.02 7.42 10.74 13.17 14.90 15.81 16.18

1200 1.13 2.20 8.16 11.93 14.84 16.91 17.99 18.42
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TaBLE 3—MELTING PoINTS OF MIXTURES OF METALS. From “Smithsonian Physical Tables,” 9th revised
edition, vol. 120, Smithsonian Institution, Washington, D. C.; 1964.

Melting Points, °C

Percentage of second metal in metals column

Metals 0 10 20 30 40 50 60 70 80 9 100
Pb Sn 327 205 276 262 240 220 190 185 200 216 232
Bi 327 200 — — 179 145 126 168 25 — 27
Te 327 710 790 880 917 760 600 480 410 425 452
Ag 327 460 545 500 620 650 705 775 840 905 961
Na 327 360 420 400 370 330 200 250 200 130 97.5
Cu 327 80 920 925 945 950 955 985 1005 1020 1083
Sb 327 250 275 330 395 440 490 525 560 600 631
Al Sb 660 750 840 925 945 950 970 1000 1040 1010 631
Cu 660 630 600 560 540 580 610 755 930 1055 1083
Au 660 675 740 800 85 915 970 1025 1055 675 1063
Ag 660 625 615 600 59 580 575 570 650 750 961
Zn 660 640 620 600 580 560 530 510 475 425 419
Fe 660 860 1015 1110 1145 1145 1220 1315 1425 1500 1533
Sn 660 645 635 625 620 605 500 570 560 540 232
Sb Bi 631 610 590 575 555 540 520 470 405 330 271
Ag 631 505 570 545 520 500 505 545 680 850 961
Sn 631 600 570 525 480 430 395 350 310 255 232
Zn 631 555 510 540 570 565 540 525 510 470 419
Ni Sn 1453 1380 1200 1200 1235 1290 1305 1230 1060 800 232
Na Bi 97.5 425 520 590 645 690 720 730 715 570 27
cd 97.5 125 185 245 285 325 330 340 360 390 321
Cd Ag 321 420 520 610 700 760 805 850 895 940 96l
Tl 321 300 285 270 262 258 245 230 210 235 303
Zn 321 280 270 295 313 327 340 355 370 390 419
Au Cu 1063 910 890 895 905 925 975 1000 1025 1060 1083
Ag 1063 1062 1061 1058 1054 1049 1039 1025 1006 982 961
Pt 1063 1125 1190 1250 1320 1380 1455 1530 1610 1685 1769
K Na 63 175 —10 —3.5 5 11 26 41 58 77 97.5
Hg 63  — — — = 9 110 135 162 265 = —
Tl 63 133 165 188 205 215 220 240 280 305 303
Cu Ni 1083 1180 1240 1200 1320 1335 1380 1410 1430 1440 1453
Ag 1083 1035 990 945 910 870 830 788 814 85 961
Sn 1083 1005 890 755 725 680 630 580 530 440 232
Zn 1083 1040 995 930 900 880 820 780 700 580 419
Ag Zn 961 80 755 705 690 660 630 610 570 505 419
Sn 961 870 750 630 550 495 450 420 375 300 232

Na Hg 97.5 90 80 70 60 45 22 55 95 215 ==
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TaBLe 10—MEeLTiNG Points IN °C oF Low-MErTiNG-PoINT ALvoYs. From “Smithsonian Physical
Tables,” 9th revised edition, vol. 120, Smithsonian Institution, Washington, D. C.; 195}.

Percent
Cadmium 10.8 10.2 14.8 13.1 6.2 7.1 6.7
Tin 14.2 14.3 7.0 13.8 9.4 — —
Lead 24.9 25.1 26.0 24.3 34.4 39.7 43.4
Bismuth 50.1 50.4 52.2 48.8 50.0 53.2 49.9
Solidification at 65.5° 67.5° 68.5° 68.5° 76.5° 89.5° 95°
Percent
Lead 32.0 25.8 25.0 43.0 33.3 10.7 50.0 35.8 20.0 70.9
Tin 15.5 19.8 15.0 14.0 33.3 23.1 33.0 52.1 60.0 9.1
Bismuth 52.5 54.4 60.0 43.0 33.3 66.2 17.0 12.1 20.0 20.0
Solidification at 96° 101°  125° 128° 145° 148° 161° 181° 182° 234°

TEMPERATURE CHARTS OF METALS
(TABLES 9-10)

SURFACE TENSIONS OF
MATERIALS

To extend the surface of a liquid, some molecules
from the interior must be brought to the surface
and some work must be done against the inward
attractive forces.

In extending the surface of a liquid, the work
per unit area extended is by definition the surface
tension of the liquid. The work per unit area
expressed in ergs/em? may also be expressed in
dynes/cm. Then the concept of work per unit area
can be replaced by a hypothetical tension v, which
is the normal tensile force per unit of length traced
on the surface of the liquid.

Surface tensions of liquids and particularly solids
at melting point play an important role in zone-
leveling and zone-refining processes, in which the
material in rod form is often in a vertical position
and the molten zone is held in place by its surface
tension. The maximum height of the stable molten
zone is given by

h:(cm)=2.8(v/pg)"*

from Heywang, p being the density in gr/em?, and
g= gravity.

As the molten zone is moving along the rod,
the impurity will travel in the same direction as
the molten zone if the impurity depresses the
freezing point and in the opposite direction if the
impurity raises the freezing point.

Some values of v, p, and &, are given in Table 11.

Surface tensions of some liquids at room temper-
ature are given below (in dynes/cm).

Water 71.9
Alcohol 21.8
Mercury 513
Mercury under water 392
Turpentine 28.8
Glycerine 63

Rise in capillarity tube, diameter=2r (Fig. 2)
h=2v/pgr.
Angle of contact

cosoe= rpgh/2y.

\_j ________ _1_

i NG |

Fig. 2.
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TaBLe 11—SunFack TENsIONs oF ELEMENTS AND OTHER CoNsTaNTs. Taylor’s (1954) estimated values

are given in parentheses () where no experimental values were available. Room temperature values for

density and italicized values for surface tension were used in calculating the surface tension/density

ratios and the Heywang zone lengths. Various tables of reference (Honig, 1962; Taylor, 1954) were used
to obtain many values for the other physical constants.

Density, p(g/cm?®) Stable Zone
Surface Tension Height &.(cm)
Atomic Room Melting + at Melting Point Ratio: Surface from Heywang’s
Element Number  Temp. Point (dynes/em)  Tension/Density Equation

Ag 47 10.49 9.3 800 76 0.78
Al 13 2.70 2.37 840, 915 311 1.58
As 33 5.72 - - — —

Au 79 19.32 — 580, 1000 30 0.49
B 5 2.34 2.08 1060 453 1.91
Ba 56 3.5 — 224 64 0.72
Be 4 1.85 — (1620) 876 2.64
Bi 83 9.80 10.06 388 40 0.56
C 6 2.25 — — —_ —

Ca 20 1.55 == 337 218 1.32
Cd 48 8.65 8.02 630, 550 73 0.76
Ce 58 6.77 — (610) 90 0.84
Co 27 8.85 — 1880 212 1.30
Cr 24 7.19 — (1420) 198 1.25
Cs 55 1.90 1.84 (55) 29 0.48
Cu 29 8.96 - 1265, 1103 141 1.06
Dy 66 8.55 — — — —

Er 68 9.15 — — — —

Eu 63 5.24 — — — —

Te 26 7.87 — 1764, 1510 223 1.34
Ga 31 5.91 — 358, 735 61 0.70
Gd 64 7.86 — — — —

Ge 32 5.32 5.575 600 113 0.95
Hf 72 13.09 — 1460 112 0.95
Ho 67 8.80 —_ — — —

1 53 4.94 — — — —

In 49 7.31 7.03 513, 599 70 0.75
Ir 77 22.5 — (2310) 103 0.90
K 19 0.86 — 86 100 0.89
La 57 6.19 — — — —_

Li 3 0.534 0.51 (430) 805 2.54
Lu 71 9.85 — — — —

Mg 12 1.74 1.57 5666, 987 320 1.60
Mn 25 7.43 6.54 (1050) 141 1.06

Mo 42 10.22 — 2080 204 1.28
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TaBLE 11—CONTINUED.

Density, p(g/cm?) Stable Zone
Surface Tension Height k. (em)
Atomic Room  Melting v at Melting Point Ratio: Surface from Heywang’s
Element Number  Temp. Point (dynes/ecm)  Tension/Density Equation

Na 11 0.97 0.93 192.2 198 1.26
Nb 41 8.57 — (2030) 237 1.38
Nd 60 7.00 — 688 98 0.89
Ni 28 8.9 — 1785, 1660, 1670 195 1.25
Os 76 22.57 — (2450) 108 0.93
P 15 1.82 — — — —

Pb 82 11.4 10.6 440 39 0.56
Pd 46 12.02 — 1470 122 0.99
Pr 59 6.77 — — — —

Pt 78 21.45 — 1819 (at 2000°C) 85 0.83
Ra 88 5.00 — — — —

Rb 37 1.53 —  (75) 49 0.63
Re 75 21.04 — (2480) 118 0.97
Rh 45 12.44 10.65 1940 156 1.12
Ru 44 12.2 — — — =

S 16 2.07 — — — —

Sb 51 6.62 6.50 383 58 0.68
Sc 21 2.99 - — — —

Se 34 4.79 — 720, 712, 732 150 1.57
Si 14 2.33 — 72 30.9 0.35
Sm 62 7.49 — == — —

Sn 50 7.30 — 566, 625 78 0.79
Sr 38 2.60 — 288 111 0.94
Ta 73 16.6 — 1910, 2300 115 0.96
Tb 65 8.25 — — — —

Te 52 6.24 —  (300) 48 0.62
Th 90 11.66 — (1075) 92 0.86
Ti 22 4.51 — 1390, 1588, 1460 309 1.57
Tl 81 11.85 11.29 466, 401 39 0.56
Tm 69 9.31 — = — =

U 92 19.07 — (1020) 53 0.65
A% 23 6.1 — (1710) 280 1.50
w 74 19.3 — 2300 119 0.98
Y 39 4.47 — — — —

Yb 70 6.96 — — — —

Zn 30 7.13 6.7 824 116 0.96
Zr 40 6.49 — 1400, 1390 216 1.32
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CONDUCTING MATERIALS (TABLES 12-14)

Conducting materials (Table 12) can be classified as follows:

Conductors: Resistivities from 1078 to 10~ ohm-cm (1 to 100 microhm-cm). Conductivities from 10* to
10 mho-cm™,

Semiconductors: Resistivities from 10~ to 10° ohm-cm. Conductivities from 10~° to 10* mho-ecm=.

Insulators: Resistivities from 10° to 10% ohm-cm. Conductivities from 10~ to 10~° mho-cm™'.

TABLE 12—RESISTIVITIES OF METALS AND ALLOYS.

Resistivity Temperature Temperature
Material Form  (ohm-cmX10-¢) (°C) Coefficient
Alumel solid 33.3 0 0.0012
Aluminum liquid 20.5 670
solid 2.62 20 0.0039
Antimony liquid 123 800
solid 39.2 20 0.0036
Arsenic solid 35 0 0.0042
Beryllium 4.57 20
Bismuth liquid 128.9 300
solid 115 20 0.004
Boron 1.8X 102 0
Brass (66 Cu 34 Zn) 3.9 20 0.002
Cadmium liquid 34 400
solid 7.5 20 0.0038
Carbon diamond 5X10% 15
graphite 1400 20 —0.0005
Cerium 78 20
Cesium liquid 36.6 30
solid 20 20
18.83 0
Chromax (15 Cr, 35 Ni, balance Fe) 100 20 0.00031
Chromel solid 70-110 0 0.00011-0.000054
Chromium 2.6 0
Cobalt 9.7 20 0.0033
Constantan (55 Cu, 45 Ni) 44.2 20 +0.0002
Copper (commercial annealed) liquid 21.3 1083
solid 1.7241 20 0.0039
Gallium liquid 27 30
solid 53 0
Germanium 45 20
German silver (189, Ni) 33 20 0.0004
Gold liquid 30.8 1063
solid 2.44 20 0.0034
2.19 0
Hafnium 32.1 20
Indium liquid 29 157
solid 9 20 0.00498
Iridium 5.3 20 0.0039
Iron 9.71 20 0.0052-0.0062
Kovar A (29 Ni, 17 Co, 0.3 Mn, 45-85 20
balance Fe)
Lead liquid 98 400
solid 21.9 20 0.004

PbO, 92
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TasLE 12—CoONTINUED.

Material

Lithium liquid
solid

Magnesium

Manganese

Manganin (84 Cu, 12 Mn, 4 Ni)

Mercury liquid
solid

Molybdenum

MnO.

Monel metal (67 Ni, 30 Cu, 1.4 Fe,

1 Mn) solid
Neodymium solid
Nichrome (65 Ni, 12 Cr, 23 Fe)  solid
Nickel solid

Nickel-silver (64 Cu, 18 Zn, 18 Ni) solid

Niobium

Osmium

Palladium

Phosphor bronze (4 Sn, 0.5 P,
balance Cu)

Platinum

Plutonium

Potassium liquid

solid

Praseodymium

Rhenium

Rhodium

Rubidium

Ruthenium

Selenium

Silicon

Silver

Sodium

solid

liquid
solid
Steel (0.4-0.5 C, balance Fe)
Steel, manganese (13 Mn, 1 C,
86 Fe)
Steel, stainless (0.1 C, 18 Cr, 8 Ni,
balance Fe)
Strontium
Sulfur
Tantalum
Thallium
Thorium
Tin
Titanium
Tungsten
Tophet A (80 Ni, 20 Cr)
Uranium
W20
WO,
Zinc liquid
solid
Zirconium

Resistivity
Form  (ohm-ecmX10-%)

45
9.3
4.46

bt Q0 [l i—l% P
CTO»ACDHQHOMO!«D -~ W
NN N v = Q0

¥ Pe

70

Temperature

(°C)

230
20

Temperature
Coeflicient

0.003
0.005
0.004

+0.0002

0.00089

0.0033

0.002
0.00017
0.0047
0.00026

0.0042
0.0033

0.003
0.003
0.006

0.0046

0.003

g828

coo oooo
S
[V S

S8
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SEMICONDUCTING MATERIALS
(TABLES 15-18)

INSULATING MATERIALS

The permittivity ¢ of an insulating material
is defined by

e=¢+ (P/E)

where €= permittivity of free space, P=flux den-
sity from dipoles within the dielectric medium,
E=electric-field intensity, and P/E=electric sus-
ceptibility.

TasLe 13—ELEcTRICAL REsIsTIVITY OF RoOcks

AND SolLs. From “Smithsonian Physical Tables,”

9th revised edition, vol. 120, Smithsonian Institution,
Washington, D. C.; 1954.

Resistivity

Igneous Rocks (ohm-cm)
Granite 10°-10°
Lava flow (basic) 10%-107
Lava, fresh 3X10%-10°
Quartz vein, massive > 108

Metamorphic Rocks
Marble, white 10
Marble 4X10°
Marble, yellow 101
Schist, mica 107
Shale, nonesuch 10*
Shale, bed 10
Sedimentary Rocks
Limestone 10*
Limestone, Cambrian 10*-10°
Sandstone, eastern 3X10*-10*
Sandstone 10
Unconsolidated Materials

Clay, blue 2X10*
Clayey earth 1044 X 10¢
Clay, fire 2X10°
Gravel 10
Sand, dry 105-10¢
Sand, moist 105108
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TABLE 14—SUPERCONDUCTIVITY OF SOME METALS,
ALroys, ANp COMPOUNDS.

Material
NbC
TaC
Pb-As-Bi
Pb-Bi-Sb
Pb-Sn-Bi
Pb-As
Niobium
MoC
Lead
N,Pb;
BigTl;
Bismuth
Sb,Tl;
Vanadium
Tantalum
Lanthanum
TaSi
Mercury
PbS
Hg5T17
Tin
Indium
ZrB
wWC
Mo,C
Thallium
W.C
Au,Bi
CuS
TiN
Thorium
VN
Aluminum
Gallium
TiC
Rhenium
Zinc
Uranium
Osmium
Zirconium
Cadmium
Ruthenium
Titanium
Hafnium

Critical

Temperature

(°K)
10.1
9.2
9.0
8.9
8.5
8.4
8.0
7.7
7.22
7.2
6.5
6.0
5.5
5.1
4.4
4.37
4.2
4.152
4.1
3.8
3.73
3.37
2.82
2.8
2.4
2.38
2.056
1.84
1.6
1.4
1.39
1.3
1.20
1.10
1.1
1.0
0.91
0.8
0.71
0.70
0.56
0.47
0.4
0.35




TABLE 15—PROPERTIES oF ELEMENTAL SEMIcONDUCTORS. From Clauser et al, Encyclopedia of Engineering Malerials and Processes, Reinhold Publishing
Corporation, New York; 1963.

Linear Hole Mobility
Melting Coefficient of Energy Band Electron =
Crystal Density Point Expansion  Gap at 300°K, Mobility Light Mass  Heavy Mass
Element Structure (gm/em?) (°C) (10-¢/°C) (eV) (cm?/volt sec) (em?/volt sec)
B— - — o ?.34 2 075 - = -——l_.4_— - —l - - —2
C (diamond) Cub. (f.c.), O 3.51 3 800 1.18 5.3 1 800 — 1 600
Si Cub. (f.c.), O 2.33 1 417 4.2 1.09 1 500 1 500 480
Ge Cub. (f.c.), O 5.32 937 6.1 0.66 3 900 14 000 1 860
a-Sn Cub. (f.c.), O% 5.75 231.9 == 0.08 144 000* — 1 600*
As Hex. (rhomb.), D%y 5.73 814 3.86 1.2 — — —
Sb Hex. (rhomb.), D% 6.68 630.5 10.88 0.11 — — —
a-S Rhomb. (f.c.), V4 2.07 112.8 64.1 2.6 — — —
Se Hex., D% 4.79 217 36.8 1.8 — — 1
Se Amorphous 4.82 — — 2.3 0.005 — 0.15
Te Hex., D% 6.25 452 16.8 0.38 1100 10 000 700

* Values for carrier mobilities are experimental values obtained at 300°K, except in the case of gray tin where the 77°K values are given.

vev
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TaBLE 16—II1-V Compounps aND THEIR ProPERTIES. From Clauser et al, Encyclopedia of Engineering Materials and Processes, Reinhold Publishing
Corporation, New York; 1963.

Crystal
Compound Structure
BN Hex. (grﬁlit_e),
D
BN Cub. (ZnS), T4
BP Cub. (ZnS), T%
BAs Cub. (ZnS), T?%
AIN Hex., Ct,
AlP Cub. (ZnS), T%
AlAs Cub. (ZnS), T?%
AlSb Cub. (ZnS), T%
GaN Hex., Ct.
GaP Cub. (Zn8), T%
GaAs Cub. (ZnS), T%
GaSb Cub. (ZnS), T2
InN Hex., C%,
InP Cub. (ZnS), T2
InAs Cub. (ZnS), T%
InSb Cub. (ZnS), T?%

* Since InSb is the only Illmompound which has_geén prepared with an impurity concentration low enough tim

Electron Mobility*

Hole Mobility*

Light Mass  Heavy Mass

Linear Energy
Melting Coefficient Band Gap
Density Point  of Expansion at 300°K
(gm/cm®) (°C) (107¢/°C) (eV)

2.2 3 000 — — —

— — — 4.6 —

— >3 000 — — —
3.26 >2 700 — — =

— >2 100 — 2.42 —

— 1 600 — 2.16 —
4.28 1 065 — 1.6 —

— 1 500 — 3.25 —
4.13 1 450 5.3 2.25 —
5.32 1 238 5.7 V.43 8 600-11 000
5.62 706 6.9 0.70 5 000—40 000

— 1200 — — —
4.79 1 062 4.5 1.27 4 800-6 800
5.67 942 5.3 0.33 33 000-40 000
5.78 530 5.5 0.17 78 000

(em?/volt sec)

180-230
120-300
1 000
1 000

Light Mass  Heavy Mass
(em?/volt sec)

3 000
7 000

8 000
12 000

420-500

150-250
70-150

426-500

700-1 200

150-200

450-500

750

t the characteristic lattice carrier mo-

bility can be determined, the best experimental value is given followed by the theoretical estimate for higher-purity material. All mobility values are for 300°K.

STIVIRIILVW 40 S31143d0Oud

T AR 2



4-26

REFERENCE DATA FOR RADIO ENGINEERS

TABLE 17—SEMICONDUCTOR APPLICATIONS AND MaTERIALS UseEp (INCLUDING SOME INSULATORS).
From Clauser et al, Encyclopedia of Engineering Malerials and Processes, Reinhold Publishing Corporation,
New York, 1963.

1. TRANSISTORS, DIODES, RECTIFIERS,

(34

Qo

10

and RELATED DEVICES

Transistors

Diodes
Switching Diodes
Varactor Diodes
Tunnel Diodes
Photodiodes
Zener Diodes
Microwave Diodes
Magnetodiodes

Power Rectifiers

Varistors

. LUMINESCENT DEVICES

Electroluminescence
Phosphors
Lasers

. FERRITES

Soft
Permanent

. SPECIAL RESISTORS

Thermistors
Photoconductors
Particle Detectors
Magnetoresistors
Piezoresistors
Cryosars
Bokotrons
Helicons
Oscillistors
Chargistors

. PHOTOVOLTAIC AND HALL EFFECT

Photovoltaic Cells
Photoelectromagnetic Cells
Hall Effect Devices

. OPTICAL MATERIALS
Infrared Lenses and Domes
. THERMOELECTRIC DEVICES

Generators
Refrigerators

. PIEZOELECTRIC DEVICES

. XEROGRAPHY
. ELECTRON EMISSION

Ge, 8i, GaAs

Ge, Si, GaAs

Ge, Si, GaAs

Ge, Si, GaAs, GaSb
Ge, Si, GaAs

Ge, Si, GaAs

Ge, Si, GaAs

InSb

Cuy0, Se, Si, Ge
SiC, CUQO

ZnS, ZnO

Zn8, CdS, Zn0, ZnSiO;, MgWOs;, SrivO,

AlgOa, Can, CaWO., Ban, SI'MOO4, Sl‘Fz,
LaF,, LaF;, As;S; CaMoO, KMgF,,
( Bal\’Ig ) 2P201

Zn0, MnO, NiO, Fe.0;
BaFenOlg

B, UaOs, Si, (Nan)Oz

Ge, Se, CdS, CdSe, GaAs, InSb, PbSe, PbTe
CdS, Diamond, 8i, GaAs

InSb, InAs

Si, PbTe, GaSb

Ge

Ge

FezS

Ge, Si, InSb

Ge, Si

Se, Si, GaAs
InSb, InAs
InSb, InAs, GaAs

Ge, Si, Se, Al,O;, AssS3, MgO, TiO;, SrTiO;

PbTe, Bi;Te;, ZnSb, GeTe, MnTe, CeS
BizTes

BaTiO,, PbTiOs, (PbZr)TiO;, PbNbO;, CdS,
GaAs

Se, ZnO
BaO, SrO
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TaBLe 18—CoMPOUND SEMICONDUCTORS. From
Clauser et al, Encyclopedia of Engineering Materials
and Processes, Reinhold Publishing Corporation,

New York; 1963.
Formula
No. Typical Compounds

IV KSb, K3Sb, CsSb, CsiSb, Cs3Bi

I-vlI Agzs, Agzse, Cllzs, Cu.Te

II-IV Mg,Si, Mg,Ge, MgoSn, Ca,Si, Ca,Sn,
Ca,Pb, MnSi,, CrSi;

II-V ZnSb, CdSb, Mg;Sbh,, Zn;zAs,, Cd;Ps,
Cd3A52

II-VI CdS, CdSe, CdTe, ZnS, ZnSe, ZnTe,
HgS, HgSe, HgTe, MoTe,, RuTe,,
MnTe,, BeS, MgS, CaS

1I1-VI AlS;, GaoS;, GasSe;, GasTes, IngSs,
In,Se;, In;Te;, GaS, GaSe, GaTe,
In§, InSe, InTe

IV-1V SiC

IV-VI PbS, PbSe, PbTe, TiS,, GeTe

V-Vl szS;, szsea, szTe;,, ASQSC;. ASrzTea,
BigSa, Bizsea, BizTes, Cezsa, Gszea

AIBUC,YT  CuFeS,

AIBHIC,YT  C,AlS,, CulnS,, CulnSe;, CulnTe,,
AglInSe,, AgInTe,, CuGaTe,

AIBVC, V! AgSbSe,, AgSbTe,, AgBiS,, AgBiSe,,
AgBiTe,, AuSbTe;, Au(SbBi)Te,

A;IBv03VI Cu;SbS;, Cu;AsS;

AaIBvC4VI CllsASS&;

AHBIVsz ZnSnAsa

Oxides SrO, BaO, MnO, NiO, Fe0;

BaFemOlg, Alea, In203, TlOz, BCO,
MgO, Ca0, CdO, ZnO, Si0,, GeOs,
ZnSi03, MgWO;, CuO
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To deal with a dimensionless coefficient, it is
customary to use the relative dielectric constant
¢r defined by

&=¢/e.

The relative dielectric constant ¢, is a function
of temperature and frequency. From Table 19,
which gives the values of ¢ as a function of fre-
quencies at room temperature, it is easy to get

€= €€y,

In the MKS rationalized system of units the
permittivity of vacuum is equal to

€= 10"%/36m=8.854X 10~ farad/meter
and we have
Coulomb Law

F= (1/4meoer) (010:/R?)
Gauss Law
&= (f(tfr)_l Z Q.

The dissipation factor of an insulating material
(Table 19) is defined as the ratio of the energy
dissipated to the energy stored in the dielectric
per hertz, or as the tangent of the loss angle. For
dissipation factors less than 0.1, the dissipation
factor may be considered equal to the power factor
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 accom-
panied by a rapid change in the dielectric constant.
These effects are the result of a resonance phe-
nomenon occurring in polar materials. The po-
sition of the dissipation-factor peak in the fre-
quency spectrum is very sensitive to temperature.
An increase in the temperature increases the fre-
quency at which the peak occurs, as illustrated
qualitatively in Fig. 3. Nonpolar materials have
very low losses without a noticeable peak; the
dielectric constant remains essentially unchanged
over the frequency range.

T,>T,

DISSIPATION FACTOR

LOGARITHMIC FREQUENCY

Fig. 3.
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TaABLE 19—CHARACTERISTICS

Dielectric Constant at
(Frequency in Herts)
Material Composition T°C 60 103 10¢ 108 3X10° 2.5X1010
Ceramies:

Aluminum oxide 25 - 8.83 8.80 8.80 8.79 -
Barium titanatet 26 1250 1200 1143 - 600 100
Calcium titanate 25 168 167.7 167.7 167.7 165 —_
Magnesium oxide 25 - 9.65 9.65 9.65 - -
Magnesium silicate 25 6.00 5.98 5.97 5.9 5.90 -
Magnoesium titanate 25 — 13.9 13.9 13.9 13.8 13.7
Oxides of aluminum, silicon,

magnesium, calcium, barium 24 - 6.04 6.04 - 5.90 -
Porcelain (dry process) 25 5.5 5.36 5.08 5.04 - -
Steatite 410 25 5.77 5.17 5.17 5.717 5.7 -
Strontium titanate 25 - 233 232 232 - -
Titanium dioxide (rutile) 26 _ 100 100 100 _ -

Glasses:
Iron-sealing glass 24 8.41 8.38 8.30 8.20 7.99 7.84
Soda-borosilicate 25 - 4.97 4.84 4.84 4.82 4.65
100% silicon dioxide (fused quasts) 25 3.78 3.78 3.78 3.78 3.78 3.78
Plastics:
Alkyd resin 25 e 5.10 4.76 4.56 4.50 -
Cellulose acetate-butyrate,

plasticised 26 3.60 3.48 3.30 3.08 2.01 -—
Cresylic acid-formaldebyde,

50% ax-cellulose 25 5.45 4.95 4.51 3.85 3.43 3.21
Cross-linked polystyrene 25 2.59 2.59 2.58 2.58 2.58 -
Epoxy resin (Araldite CN-501) 25 - 3.67 3.62 3.35 3.09 -
Epoxy resin (Epon resin RN—48) 25 - 3.63 3.52 3.32 3.04 _
Foamed polystyrene, 0.259% filler 25 1.03 1.03 1.03 - 1.03 1.03
Melami e Idehyde, a-cellul 2 - 7.57 7.00 6.0 4.93 =
Melamine—formaldehyde, 55% filler 2 — 6.00 5.75 5.5 - -
Phenol—formaldehyde (Bakelite BM 120) 25 4.90 4.74 4.36 3.95 3.70 3.55
Phenol—formaldehyde, 50% paper

laminate 26 5.25 5.15 4.60 4.04 3.57 -
Phenol—formaldehyde, 65% mica,

49, lubricants 24 5.1 5.03 4.78 4.72 4.7 =
Polycarbonate - 3.17 3.02 2.96 - —_ -
Polychlorotrifiuoroethylene 25 2.72 2.63 2.42 2.32 2.29 2.28
Polyethylene 25 2.26 2.26 2.26 2.26 2.26 2.28
Polyethylene-terephthalate - 3.18 3.12 2.98 - -
Polyethylmethacrylate 22 -— 2,75 2.55 2.52 2.51 2.5
Polyhexamethylene-adipamide (nylon) 25 3.7 3.50 3.14 3.0 2.84 2,713
Polyimide - —_ 3.5 3.4 - - -
Polyisobutylene 25 2.23 2.23 2.23 2.23 2.23 -
Polymer of 95%, vinyl-chloride,

5% vinyl-acetate 20 — 3.15 2.90 2.8 2.74 _
Polymethyl methacrylate 27 3.45 2.76 - 2.60 _
Polyphenylene oxide - 2.55 2.58 2.55 — 2.585 —
Polypropylene —_ 2.25 2.25 2.55 - —_ -
Polystyrene 25 2.56 2.56 2.56 2,55 2.55 2.54
Polytetrafluoroethylene (teflon) 22 2.1 2.1 2.1 2.1 2.1 2.08
Polyvinyleyclobexane 24 - 2.25 2.25 2.25 2.25
Polyvinyl formal 26 3.2 3.12 2.92 2.80 2.76 2.7
Polyvinylidene fluoride - 8.4 8.0 6.6 - -
Urea-formaldehyde, cellulose 27 6.6 6.2 5.65 5.1 4.57 —
Urethane elastomer - 8.7-7.5 6.7-1.5 6.5-7.1 - —_ -
Vinylidene-vinyl chloride copolymer 23 5.0 4.65 3.18 2,82 2.7 —
100% aniline-formaldehyde

(Dilectene-100) 25 3.7 3.68 3.58 3.50 3.4 -
100% phenol-formaldehyde 24 8.6 7.15 5.4 4.4 3.64 -
100% polyvinyl-cbloride 20 3.20 3.10 2,88 2.85 2.84 -

Organic Liquids;
Aviation gasoline (100 octane) 25 - - 1.94 94 1.92 -

1.
Bensene (pure, dried) 25 2.28 2.28 2.28 2.28 2.28 2.28
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Dissipation Factor at Dielectric DC Volume Thermal
Strength in Resistivity in Expansion Moisture
(Frequency in Herts) Volts/Mil at Ohm-cm at (Linear) in Softening Absorption

60 10% 10¢ 100 3X108  2.5X10% 25°C 25°C Parts/°C Point in °C in Percent

- 0.00057 0.00033 0.00030 0.0010 - - - - - -
0.056 0.0130 0.0105 -— 0.30 0.60 75 10121012 -— 1400-1430 0.1
0.006 0.00044 0.0002 - 0.0023 - 100 10121004 - 1510 <0.1
— <0.0003 <0.0003 <0.0003 —_ - - -_ - — -
0.012 0.0034 0.0005 0.0004 0.0012 -— - >104 9.2X10-¢ 1350 0.1-1
- 0.0011  0.0004 0.0005 0.0017  0.0085 -— - - - =
_— 0.0019  0.0011 - 0.0024 -— -— -— 7.7X10-¢ 1325 =
0.03  0.0140 0.0075 0.0078 - - - - - -— -
- 0.0030  0.0007 0.0006  0.00089 - - -— - - -
-— 0.0011 0.0002  0.0001 - -— 100 1012—101¢ —_ 1510 0.1
— 0.0015  0.0003  0.00025 - - -_ = — — —
- 0.0004 0.0005 0.0009 0.00199 0.0112 - 100 at 250° 132X1077 484 Poor
- 0.0055  0.0036  0.0030  0.0054  0.0090 - 7X107 at 250° 50107 693 -
0.0009 0.00075 0.0001 0.0002 0.00008 0.00025 410 (0.25") >100 5.7X10~7 1687 -
- 0.0236 0.0149  0.0138  0.0108 -— - - - - -

0.0045 0.0097 0.018 0.017 0.028 - 250-400 (0.125") - 11-17X108 60-121 2.3
0.098  0.033 0.036 0.055 0.051 0.038 1020 (0.033") Ixiom 3X10-¢ >125 1.2
0.0004 0.0005 0.0018 0.0020 0.0019 - - - — - -

—_ 0.0024 0.019 0.034 0.027 -— 408 (0.125") >3.8X107 4.77X10"¢ 109 (distortion) 0.14
- 0.0038  0.0142  0.0264  0.021 - — - —_ - -—

<0.0002 <0.0001 <0.0002 -— 0.0001 -— —_ -— -— 85 low

- 0.0122  0.041 0.085 0.103 — 300-400 - —_ 99 (stable) 0.4-0.8
- 0.0119 0.0115  0.020 —_ - -— -— 1.7X10-¢ -— 0.6

0.08  0.0220 0.0280 0.0380  0.0438  0.0390 300 (0.1257) 10m 30-4010-¢ <135 <0.6
(distortion)

0.025 0.0165 0.034 0.057 0.060 - - - - - -

0.015 0.0104 0.0082 0.0115 0.0128 -— -— -— -— - -—

0.009 0.0021 0.010 -— - -— 364 (0.128") 2X 10 7X10°% 135 (deflection) -—

0.015 0.0270  0.0082 - 0.0028  0.0053 - 1018 - - -

<0.0002 <0.0002 <0.0002 0.0002 0.00031 0.0008 1200 (0.033") 10 19X10-¢ 95-105 0.03

(varies) (distortion)

0.0021 0.0047  0.016 - - - 4000 (0.002") - - - -

- 0.0294  0.0090 - 0.0075  0.0083 —_ —_ - 60 (distortion) low
0.018 0.0186 0.0218 0.0200 0.0117  0.0105 400 (0.125") 8X101 10.3X10% 65 (distortion) 1.5
- 0.002 0.003 - - - 570 — - - -
0.0004 0.0001 0.0001  0.0003  0.00047 — 600 (0.010") — — 28 (distortion) low
-— 0.0165  0.0150  0.0080  0.0059 -— — -— -— -— —
0.064 0.0465 0.0140 - 0.0057 — 990 (0.030") >5X101 8-9X10-% 70-75 0.3-0.6

(distortion)
0.0004 0.0003  0.0007 —_ 0.0011 - 500 (0.125") 10 5.3X10°¢ 195 (deflection) =
<0.0005 <0.0005 <0.0005 - — — 650 (0.125") 6X101¢ 6-8.510~* 99-116 -
(deflection)
<0.00005<0.00005 0.00007 <0.0001  0.00033 0.0012  500-700 (0.125") 104 6-8X10~¢ 82 (distortion) 0.05
<0.0005 <0.0003 <0.0002 <0.0002 0.00015 0.0008 1000-2000 10 9.0X10¢ 66 (distortion) 0.00
(0.0057-0.012") (stable to 300)

- 0.0002 <0.0002 <0.0002 0.00018 - —_ - - e -
0.003 0.0100 0.019 0.013 0.0113  0.0118 860 (0.034") >5X101¢ 7.7X10°¢ 190 1.3
0.049 0.018 0.17 - - - 260 (0.125") 2101 12X10-¢ 148 (deflaction) -
0.032 0.024 0.027 0.050 0.0855 - 375 (0.085") . 2.6X10¢ 152 (distortion) 2
0.018  0.055 - - — — 450-500 (0.125") 2101 10-20X10-¢ - -
0.042 0.063 0.087 0.0180  0.0072 - 300 (0.125") 1014-101¢ 15.8X10°¢ 150 <0.1
0.0033 0.0032 0.0061 0.0033  0.0026 - 810 (0.068") 101 5.4X10°¢ 128 0.06-0.08
0.15  0.082 0.060 0.077 0.052 - 277 (0.125") — 8.3-13X10~¢ 50 (distortion) 0.42
0.0115 0.0185 0.0160 0.0081  0.0055 - 400 (0.125") 104 6.9X10¢ 54 (distortion)  0.05-0.1%

- -— - 0.0001  0.0014 - - - -— - -
<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 - - — - —
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TABLE 19—
Dielectric Constant at
(Frequency in Herts)
Material Composition T°C 60 108 108 10¢ 3X10¢ 2.5X10w
Organic Liquids:—Continued
Carbon tetrachloride 25 2.17 2.17 2.17 2.17 2.17 —_
Ethyl alcohol (absolute) 25 - - 2.5 23.7 6.5 -
Ethylene glycol 25 - - 41 41 12 -
Jet fuel (JP-3) 25 - - 2.08 2.08 2.04 —
Methyl alcohol (absolute analytical
grade) 25 - - 31 31.0 23.9 —
Methy! or ethyl siloxane polymer
(1000 ¢s) 22 2,78 2.78 2.78 — 2.74 -
Monomeric styrene 22 2.40 2.40 2.40 2.40 2.40 -
Teansil oil 26 2.22 2,22 2,22 2.20 2.18 -
Vaseline 25 2.16 2,16 2.16 2.16 2.16 -
Waxes:
Beeswax, yellow 23 2.76 2.66 2.53 2.45 2.39 —
Dichloronaphthalenes 23 3.14 3.04 2.98 2.93 2.89 -
Polybutene 25 2.34 2.34 2.34 2,30 2.27 -
Vegetable and mineral waxes 25 2.3 2.3 2.3 2.3 2.25 -
Rubbers:
Butyl rubber 25 2,39 2.38 2.35 2.35 2.35 -
GR-S rubber 25 2.96 2,96 2.90 2.82 2.75 -
Gutta-percha 25 2,61 2.60 2.53 2.47 2.40 =
Hevea rubber (pale crepe) 25 2.4 2.4 2.4 2.4 2,15 —
Hevea rubber, vulcanized (100 pts
pale crepe, 6 pts sulfur) 27 2.94 2.94 2.74 2.42 2.36 -
Neoprene rubber 24 6.7 6.60 6.26 4.5 4.00 4.0
Organic polysulfide, fillers 23 — 2260 110 30 16 13.6
Silicone-rubber compound 25 — 3.35 3.2 3.16 3.13 -
Woods:3
Balsawood 26 1.4 1.4 1.37 1.30 1.22 -
Douglas fir 25 2,05 2,00 1.93 1.88 1.82 1.78
Douglas fir, plywood 25 2.1 2.1 1.90 - 1.6
Mahogany 25 2.42 2.40 2.25 2,07 1.88 1.6
Yellow birch 25 2.9 2.88 2.70 2.47 2.13 1.87
Yellow poplar 25 1.85 1.79 1.75 - 1.50 1.4
Miscellaneous:
Amber (fossil resin) 25 2.7 2.7 2.65 - 2.6 -
DeKhotinsky cement 23 3.95 3.75 3.23 2.96 -
Gilsonite (99.9% natural bitumen) 26 2.69 2.66 2.58 2.56 - -
Shellac (natural XL) 28 3.87 3.81 3.47 3.10 2.86 -
Mica, glass-bonded 25 - 7.45 7.39 - - -
Mica, glass, titanium dioxide 24 - 9.3 9.0 - —_ -
Ruby mica 26 5.4 5.4 5.4 5.4 5.4 —
Paper, royalgrey 25 3.30 3.29 2.99 2.77 2.70 -
Selenium (amorphous) 25 - 6.00 6.00 6.00 6.00 6.00
Asbestos fiber—chrysotile paper 25 - 4.80 3.1 — - -
Sodium chloride (fresh crystals) 25 - 5.90 5.90 — - 5.90
Soil, sandy dry 25 - 2.91 2.59 2.55 2.55 _
Soil, loamy dry 25 - 2.83 2.53 2.48 2.4 -
Ice (from pure distilled water) -12 - —_ 4.15 3.45 3.20 -
Freshly fallen snow -20 — 3.33 1.20 1.20 1.20 —
Hard-packed snow followed by
light rain -6 - - 1.55 - 1.5 -_
Water (distilled) 25 - - 78.2 78 76.7 34

* Mostly taken from “Tables of Dielectric Materials,” vols. I-IV, prepared by the Laboratory for Insulation R h of the M, husetts Institute of
Technology, Cambridge, Massachusetts, January 1953; from “Dielectric Materials and Applications,” A. R. von Hipple, editor, John Wiley & Sons, New
York, N. Y., 1954; and from “Modern Plastics Encyclopedia,” Joel Frados, editor, 1301 Avenue of the Americas, New York, N. Y., 1962. Materials listed
are typical of a class. Further data should be sought for a particular material of interest.
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AN
CONTINUED.
Dissipation Factor at Dielectric DC Volume Thermal
Strength in Resistivity in Expansion Moisture
(Frequency in Herts) Volts/Mil at Ohm-cm at (Linear) in Softening Absorption
60 102 106 108 3X100  2.5X1010 25°C 25°C Parts/°C Point in °C in Percent

0.007 0.0008 <0.00004 <0.0002  0.0004 - -— —-_— - —_ -
— - 0.090 0.062 0.250 - - - - - -
—_ —_ 0.030 0.045 1.00 — — - —_ —_ -
—_ —_ 0.0001 -_ 0.0055 - - -_ —_ - —_
- - 0.20 0.038 0.64 — - — — - —

0.0001 0.00008 <0.0003 —_ 0.0096 — —_ — - —_ -

0.01 0.005 <0.0003 - 0.0020 - 300 (0.100”) 3xio — - 0.08

0.001 <0.00001 <0.0005 0.0048  0.0028 — 300 (0.100) — - -40 —

(pour point)

0.0004 0.0002 <0.0001 <0.0004 0.00066 — — — - - —
- 0.0140  0.0092 0.0090  0.0075 —_ —_ —_ -— 45-64 (melts) —

0.10  0.0110 0.0003 0.0017 0.0037 — — — - 35-63 (melts) nil

0.0002 0.0003 0.00133 0.00133 0.0009 - = - —_ —_ -

0.0009 0.0006 0.0004 0.0004  0.00046 - — — —_ 57 —

0.0034 0.0035 0.0010 0.0010  0.0009 - — — - — -

0.0008 0.0024 0.0120 0.0080  0.0057 — 870 (0.040") 2101 — — -

0.0005 0.0004 0.0042 0.0120 0.0060 — — 101 — — —_

0.0030 0.0018 0.0018  0.0050  0.0030 - - - - - —

0.005 0.0024 0.0446 0.0180  0.0047 — — - - — —

0.018 0.011 0.038 0.090 0.034 0.025 300 (0.125”) 8Xx101 — — nil
_ 1.29 0.39 0.28 0.22 0.10 - —_ = = —_
- 0.0067  0.0030  0.0032  0.0097 — — —_ — —_ —

0.058 0.0040 0.0120 0.0135 0.100 — — - — — —

0.004 0.0080 0.026 0.033 0.027 0.032 — — — — -

0.012  0.0105  0.0230 - — 0.0220 - —_ — — —

0.008 0.0120 0.025 0.032 0.025 0.020 — - — — -

0.007 0.0000 0.029 0.040 0.033 0.026 — — — - -

0.004 0.0054 0.019 —_ 0.015 0.017 —_ —_ —_ —_ —_

0.001 0.0018 0.0056 —_ 0.0080 - 2300 (0.125) Very high - 200 —_

0.049 0.0335 0.024 — 0.021 - — — 9.8X107% 80-85 -

0.006 0.0035 0.0016  0.0011 — — — - — 155 (melts) —

0.006 0.0074  0.031 0.030 0.0254 —_ —_ 101 —_ 80 low after baking
- 0.0019  0.0013 — - - — — - - -
- 0.0125  0.0026 - 0.0040 — — — — 400 <0.5

0.005 0.0006 0.0003 0.0002 0.0003 — 3800-5600 5x1013 - - —

(0.040")

0.010 0.0077 0.038 0.066 0.056 — 202 (0.125") - — - -
— 0.0004 <0.0003 <0.0002 0.00018 0.0013 - - — - -
- 0.15 0.025 - - - — - - — -
— <0.0001 <0.0002 — —  <0.0005 —_ — — - -
- 0.08 0.017 — 0.0062 - - - — —_ -
—_ 0.05 0.018 — 0.0011 — — - —_ - -
—_ —_ 0.12 0.035 0.0009 —_ —_ —_ - — —
= 0.492 0.0215 —_ 0.00029 —_ = -_— - — —
— — 0.29 — 0.0009 - - — - - -
- - 0.040 0.005 0.157 0.2650 - 106 — — -

t Dielectric constant and dissipation factor depend on electrical field strength.

t Field perpendicular to grain.
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Another effect that contributes to dielectric losses
is that of ionic or electronic 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 dissipation factor varies in-
versely with frequency. Increase in temperature
increases the loss due to ionic conduction because
of increased ionic mobility.

The data given on dielectric strength are ac-
companied 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 per-
cent,

MAGNETIC MATERIALS
(TABLES 20-22)

The permeability u of a magnetic material is
defined by

p=ut (M/H)

where po= permeability of free space, M =flux den-
sity or magnetic polarization, H=magnetic-field
strength, and M/H/= magnetic susceptibility.

To deal with a dimensionless coefficient, it is

customary to use the relative permeability u, de-
fined by

pr=p/po=14+M/poH .

The relative permeability g, of magnetic ma-
terials is given in Table 20. We have u=puou,,
with po=1.257X10~¢ henry per meter in the MKS
rationalized system of units.

For ferromagnetic materials u, is larger than 1,
for paramagnetic materials u, is slightly larger
t}l;an 1, and for diamagnetic materials p, is less
than 1.

Applications in Rationalized
Systems

Coulomb Law

F= (1/4mpepo) (muma/1?).
Field Strength

H= (1/4mp.u0) (m/r?).

REFERENCE DATA FOR RADIO ENGINEERS

F is in newtons if m; and m, are in webers and
r in meters. H is in ampere-turns per meter if m is
in webers and r in meters.

In ferromagnetic materials the permeability is a
function of temperature, pressure, frequency, and
magnetic strength.

In paramagnetic and diamagnetic materials the
permeability is independent of magnetic strength
but depends also on temperature, pressure, and
frequency.

FERRITES

Ferrite is the common term applied to a wide
range of different ceramic ferromagnetic materials.

(Continued on p. 4-36)

TABLE 20—RELATIVE PERMEABILITY 4, OF
VARIOUsS MATERIALS.

ur at Small
ur Maximum Magnetization

Ferromagnetic:
Cobalt 60 60
Nickel 50 50
Cast iron 20 60
Silicon iron 7 000 3 500
Transformer 5 500 3 000
iron
Very pure iron 8 000 4 000
Machine steel 450 300
Paramagnetic:
Aluminum 1.000 000 65
Beryllium 1.000 000 79
MnSO, 1.000 100
NiCl 1.000 040
Diamagnetic:
Bismuth 0.999 998 600
Paraffin 0.999 999 42
Silver 0.999 999 81
Wood 0.999 999 50




TABLE 21—PROPERTIES oF HIGH-PERMEABILITY MATERIALS. These properties are expressed in the CGS electromagnetic system (typical values).*

Permeability
Coercivity, Retentivity, B (max) Resistivity

Name Composition, % Initial Maximum H, (Oe) B, (G) (GQ) (uQ-cm)
Iron, pure (laboratory  Annealed - " 25000 350000 005 12000 14000 9.7

conditions)
Iron, Swedish 250 5 500 1.0 13 000 21 000 10
Iron, cast 100 600 4.5 5 300 20 000 30
Iron, silicon 4 Si, bal. Fe (hot rolled) 500 7 000 0.3 7 000 20 000 50
Rhometal 36 Ni, bal. Fe 1 000 5 000 0.5 3 600 10 000 90
Permalloy 45 45 Ni, bal. Fe 2 500 25 000 0.3 16 000 45
Mumetal 71-78 Ni, 4.3-6 Cu, 0-2 Cr, bal. Fe 20 000 100 000 0.05 6 000 7 200 25-50
Supermalloy 79 Ni, 5 Mo, bal. Fe 100 000 1 000 00C 0.002 8 000 60
HyMu80 80 Ni, bal. Fe 20 000 100 000 0.05 8 700 57
Alfenol 16 Al bal. Fe 3 450 116 000 0.025 3 800 7 825 150
Permendure 50 Co, 1-2 V, bal Fe 800 4 500 2.0 14 000 24 000 26
Sendust 10 Si, 5 Al, bal. Fe (cast) 30 000 120 000 0.05 5 000 10 000 60-80
Ferroxcube 3 Mn-Zn-Ferrite 1 000 1 500 0.1 1 000 3 000 >108
Ferroxcube 101 Ni-Zn-Ferrite 1 100 0.18 1 100 2 300 > 10°

* The above values are approxﬁnate only and \:ry w;ti h;;? treatment and mechanical working of t}:e mate;ri;l: Data sou;ces— include: P. R. Bardell;
“Magnetic Materials in the Electrical Industry,”’ courtesy Philosophical Library, New York, 1955. R. N. Bozorth, “Ferromagnetism,” @ D. Van Nostrand
Company, Inc., Princeton, N.J., 1951. Technical catalog data by Allegheny Ludlum Steel Corporation, Pittsburgh; and Ferroxcube Corporation of America,
Saugerties, N.Y.
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TasLE 22—TyricaL PROPERTIES oF HIGH-REMANENCE MAGNETIC MATERIALS
(CGS electromagnetic system).*

Ext. energy
Name and H(max) B(max)  Retentivity Coercivity Bq.H4 Resistivity
Composition, %, (Oe) (G) B.(G) H.(Oe) (max) Formt (uQ-cm)
Carbon steel 300 14 800 8 600 48 180 000 Bar
1C, 0.5 Mn, F-P-M
bal. Fe
Tungsten steel 300 14 500 10 300 70 320 000 Bar
5 W, 1C, bal. Fe H-F-M
Chromium steel 300 13 500 9 000 63 290 000 Bar
3.5Cr, 1C, bal. Fe H-F-M
Cobalt steel 1 000 15 500 9 000 210 936 000 Bar
36 Co, 35Cr,3 W, F-P-M
0.85 C, bal. Fe
Alnico 1 2 000 12 350 7 100 400 1 300 000 Cast 75
12 Al, 20 Ni, H-B
5 Co, bal. Fe
Alnico 2 (sintered) 2 000 12 000 6 900 520 1 430 000 Sintered
10 A), 17 Ni, 12.5 H
Co, 6 Cu, bal. Fe
Alnico 2 (cast) 2 000 12 600 7 200 540 1 600 000 Cast 65
10 Al, 17 Ni, 12.5 H-B
Co, 6 Cu, bal. Fe
Alnico 3 (section 2 000 12 000 6 700 450 1 380 000 Cast 60
over 54"/ X%4") H-B
12 Al, 25 Ni,
bal. Fe
Alnico 4 (cast and 3 000 11 850 5 200 700 1200000 CorS 75
sintered) 12 Al, H-B
28 Ni, 5 Co,
bal. Fe
Alnico 5 2 000 15 700 12 000 575 4 500 000 Cast 47
8 Al, 14 Ni, 24 Co, H-B
3 Cu, bal. Fe
Alnico 6 3 000 14 300 10 000 750 3 500 000 Cast
8 Al, 15 Ni, 24 Co, H-B
3 Cu, 1.25 Ti,
bal. Fe
Alnico 12 3 000 12 800 5 800 950 1 500 000 Cast
6 Al, 18 Ni, 35 Co, H-B
8 Ti, bal. Fe
Cunife I 2 400 8 400 5 800 600 1960 000 Wire-Tape 45

60 Cu, 20 Ni, 20 Fe D-M
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Ext. energy
Name and H(max) B(max)  Retentivity Coercivity BuH, Resistivity
Composition, %, (Oe) (G) B.(G) H ,(Oe) (max) Formt (uQ-cm)
Cunife IT 2 400 8 000 7 300 260 780 000 D-M
50 Cu, 20 Ni,
2.5 Co, bal. Fe
Cunico 3 200 8 000 3 400 660 800 000  Strip
50 Cu, 20 Ni, D-M
29 Co
Vectolite 3 000 4 800 1 600 1 000 600 000 Sintered
30 FezO;, 44 Fe304, B
26 Co:0;
Sintered oxide 3 000 4 800 900 1 000 500 000 Powder 1012
30 Fe203, 40 Fe; 0y, B-weak
26 Co203
Silmanal 20 000 830 550 6 000 75 600 Rod 26
36.75 Ag, 8.8 Mn, B;=830 w
4.45 Al
77% platinum alloy 15 000 22 900 4 500 2 000 3 800 000 50
77 Pt, 23 Co
Vicalloy 14 100 200 1 350 000 Wire
52 Co, 11V, 37 Fe 9 400 400 2 400 000 strip
Remalloy or Comol 1 000 17 000 10 500 250 1 100 000 Rolled
17 Mo, 12 Co, F-M-P
bal. Fe
17%, Cobalt 1 000 15 000 9 500 150 650 000 Rolled
17 Co,0.75 C, 3 Na, H-A-F
25Cr,8W
Iron oxide powder Density 2.81 g/cm? 2 265 550
8 FezO;, Fe;04
Iron oxide powder Density 4.96 g/cm? 7 480 395
8 FezO;, Fe;04
Magnetite Density 2.62 g/cm? 1 600 190
Plated coating 10 000 250
80 Co, 20 Ni

* The values are approximate only. Data sources include R. N. Bozorth, “Ferromagnetism,” © 1951, D. Van
Nostrand Company, Inc., Princeton, N. J.; and technical catalog data by Magnetic Materials Section of General

Electric Company, Edmore, Mich,

t A—Annealed for machining; B—Brittle; D—Ductile; F—Hot Forged; H—Hard; M—Machinable; P—Punch;

W—Workable.
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TaBLE 23—FeRRITE CHARACTERISTICS.

Saturation
Moment Saturation
Saturation Curie in Bohr First-Order Magneto-
Moment Temperature Magnetons X-ray Lattice Anisotropy  striction
Ferrite in Gauss in °C ng Density Constant Constant K; X\, X10¢
NiFe:0, 3400 585 2.3 5.38 8.34 —0.06 —-22
Nip.sZny 2Fe204 4600 460 3.5 — — - —18.5
Nip.¢Zno.4Fe20, 5800 360 4.8 — — — —15.0
Nio,szno,quzoq 5500 290 5.0 -_ -— _ —8 o 3
Nio.3Zny sFe204 2600 85 4.0 — — —0.004 -1.0
MnFe:04 5200 300 0 5.00 8.50 —0.04 —14
Mno,;,Zno_,,FezO. —_ 100 6.0 - - —0.004 -
FeFe Oy 6000 585 4.1 5.24 8.39 —0.135 +41
CoFe;04 5000 520 3.8 5.29 8.38 +2000 —250
CuFe20, 1700 455 1.3 5.35 a=8.24 — —
=8 68
LipsFez 104 3900 670 2.6 4.75 8.33 — —
MgFe 0, 1400 440 1.1 4.52 8.36 —0.05 —
MgAlFeO, — — 0.3 — — — -
NiAly,2sFer 7504 1300 506 1.30 - 8.31 — —_
NiAlg.4sFey 5504 900 465 0.61 — 8.28 —_ —
NiAly s2Feq 3504 0 360 0 — 8.25 — —
NiAlFeO, 900 198 0.64 5.00 8.20 —_ —

Specifically, the term applies to those materials
with the spinel crystal structures having the
general formula XFe:04, where X is any divalent
metallic ion having the proper ionic radius to fit
in the spinel structure. Several ceramic ferromag-
netic materials have been prepared that do not
have the basic formula XFe:O4 but common usage
has included them in the family of ferrite materials.

The behavior of the conductivity and dielectric
constant of ferrites is not well understood. They
behave as if they consisted of large regions of

fairly low-resistance material separated by thin
layers of a relatively poor conductor. Therefore,
the dielectric constant and conductivity show a
relaxation as a function of frequency with the
relaxation frequency varying from 1000 to several
million hertz. Most ferrites appear to have rela-
tively high resistivities (R10° ohm-centimeters) if
they are prepared carefully so as to avoid the
presence of any divalent iron in the material.
However, if the ferrite is prepared with an ap-
preciable amount of divalent iron, then both the
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conductivity and dielectric constant are very high.
Relative dielectric constants as high as 100 000
and resistivities less than 1 ohm-centimeter have
been measured in several ferrites having a small
amount of divalent iron in their composition.

Tables 23, 24, and 25 list some of the pertinent
information with respect to the more-important
ferrites. Properties such as electrical conductivity
and dielectric constant, which are extremely struc-
ture-sensitive, are not listed since slight changes
in method of preparation can cause these properties
to change by several orders of magnitude. Also not
included is the initial permeability of ferrite ma-
terials since this is also a structure-sensitive prop-
erty. The initial permeability of most ferrites lies
between 100 and 2000. In general, the ferrites
listed in the tables have the following properties in
common,

Thermal conductivity

=1.5X 1072 calorie/second/centimeter?/degree C
Specific heat

=0.2 calorie/gram/degree C
Young’s modulus

=1.5X 10® dynes/centimeter2.

MAGNETOSTRICTION (FIG. 4)

The static strain Al/l produced by a direct-
current polarizing flux density By is given by

Al/l= CB()2

¢ being a material constant expressed in mY/weber?.

30 v r
NICKEL NICKEL
- (A (%)
1 |~
20 yd
'/' IPERMALLOY
&l /] (+8h
(R / 1 /
0 45 PERMALLOY
al
1/16%) / /
o | /
0 500100015002000 O 05 10 15 20
FIELD STRENGTH H, FLUX DENSITY B,
AMP-TURNS/m WEZBERS/m?2

Fig. 4—Strain versus field strength (left) and versus flux

density (right). From “Sonics,” p. 178, editors T. F.

Hueter and R. H. Bolt, John Wiley & Sons, Inc., New
York; 1955.
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If a small alternating-current driving field is
superimposed on a large constant polarizing field
By, we have

d(Al/l)=2cB,B=8B.

The magnetostriction stress constant A in
newtons/weber is

A=ﬂ Yo= 2CBo Yo

Yo being the Young’s modulus for a free bar.

Nickel contracts with increasing B so A is nega-
tive. Permalloy and Alfer expand and their A is
positive.

Table 26 gives values for the three important
transducer materials in both MKS and CGS units:
annealed nickel, 45 Permalloy (45-percent nickel,
55-percent iron) and Alfer (an alloy of 13-percent
aluminum and 87-percent iron). IFor nickel the
values for two different polarizing conditions are
given: 160 ampere-turns and 1200 ampere-turns,
the latter appearing in parentheses. Table 27 com-
pares properties of six magnetostriction materials.

PIEZOELECTRICITY (TABLES 28-29)

Table 28 lists piezoelectric strain coefficients*
dam, which are ratios of piezoelectric polarization
components to components of applied stress at
constant electric field (direct piezoelectric effect)
and also ratios between piezoclectric strain com-
ponents to applied electric field components at
constant mechanical stress (converse effect). The
subscripts #=1 to 3 indicate electric field com-
ponents, m=1 to 6 mechanical stress or strain
components. These components are referred to
orthogonal coordinate axes. For correlation of these
to crystallographic axes, we follow Standards on
Piezoelectric Crystals.

In the monoclinic system, indices 2 and 5 refer
to the symmetry (b) axis, in distinction from the
older convention relating indices 3 and 6 to the
symmetry axis. Crystal classes are designated by
international (Hermann~Mauguin) symbols. A dash
in place of a coefficient indicates that it is equal by
symmetry from another listed coefficient; a blank
space indicates that the coefficient is zero by sym-

(Continued on p. 4-54)

* The coefficient diy of Rochelle salt is extremely
dependent on temperature and on amplitude. The ratio
of diy to dielectric constant K is, however, nearly con-
stant; 4nd;s/ K =g14=6.4X 1077 statvolt cm/dyne.



TaBLE 24—FeRROXCUBE TYPE FERRITES.
(A) General Applications for Commercial Materials*

B, gauss Loss factort
(H=100e) tand/uX 108
MnFeOq, ZnFe, 0y, TF Density,
Designation mole %, mole %, Ko 20°C  100°C B, G H,Oe 100kHz 1 MHz p,Q-cm} X10%§ T.,/°C§ g/em?
3B 57.5 42.5 900 3450 2300 1500 0.5 — — 20 3 150 4.9
3B7 — — 2300 3400 — 900 0.2 5 120 100 0 170 4.8
3B9 — — 1800 — — 1200 0.3 6 120 300 1.8 145 —
3Bl11 — = 1500 — — — = 15 = — 1.4 125 —
3C5 — — 800 4300 3500 2200 0.2 20 350 60 — 200 4.9
3D3 67 33 750 — — — — 8 30 150 2 150 4.9
3E1 51 46 2700 3500 — 1600  0.15 15 — 30 4 125 4.9
3E2A — — 5000 4200 2800 700 0.08 15 — 10 — 170 4.8
3H1 61 39 2300 3500  — — — 5 @ — 100 1.5 170 4.9
NiFe-_-O.., ZnFe-_»04,
mole %, mole %,
4A 36 64 600 2900 2700 1800 0.4 22 100 10° 6 125 4.9
4B 50 50 250 3300 2700 1950 1.9 35 70 10° 8 250 4.6
4C 64 36 125 2800 2500 2000 3 105 120 10° 12 350 4.2
4C4 — — 125 3000 — 2350 3 40 40 100 -5 350 4.3
4D 80 20 50 2500 2300 1500 5 160 160 10° 15 400 4.1
4E 100 0 15 1900 1800 1100 12 300 300 10° 15 500 4.0

* Courtesy of Ferroxcube Corporation, Saugerties, N.Y.

1 tand/u=1/pQ.

1 Minimum value.

§ TF=temperature factor= Au/us’T. When used with magnetic circuit with air gap and effective permeability wers, then the temperature coefficient of the
magnetic circuit TC is given by TC = pers X TF.

€ All varieties of Ferroxcube 3 include in the compositions controlled amounts of ferrous ferrite.

8€-v
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TaBLE 24—CONTINUED.

(B) Special Applications for Microwave Devices*

[Applications based on (1) Faraday rotation (F.R.), (2) ferromagnetic resonance (Res.), (3) field displacement (F.D.)]

Designation Basic compositiont
5B1 MnO'XAlzoa' (I—I) FegO;,I
5A1 MnO- XAlLO;- (1—z)Fe,031
5A2 MnO- XAlgO:;' ( 1— .‘L‘) Fe2031

5D3 NiFe:O4 80%, CUF9204 20%§

5D1 NiFe;04 80%, ZnFe.04 20%,
5E1 NiFe204 57%, ZHF8204 43%

1 May have minor amounts of other components.

* From American Institute of Physics Handbook, 2nd edition, © 1963, McGraw-Hill Book Co.

Proposed use

T., °C p, MQ-cm 4rdl., G (F.R., Res., F.D.)
140 17 1 000 F.R. and F.D.
160 0.12 1 200 Res.
F.R. and F.D.
180 3.4 1 450 F.R. and F.D.
500 21 2 900 Res.
F.R. and F.D.
460 0.1 3 900 Res. (low power)
280 5 000 4 900 Res. (high power)

F.R. and F.D.

Freq., MHz

2 000-3 500
2 000-5 000
3 5004 200
4 200-6 000

>5 000

>9 000

>8 000

>8 000

>14 000

STIVI¥ILVW 20 S31133d0dd

1 The fraction z of Al;O; adjusted to produce the desired properties.

§ Percentages are mole percentages.

(C) Special Applications for Magnetostrictive Transducers*

Optimum Magnetostrictive Mechanical Quality

Biasing Field for
Max K (oersteds)

Designation Basic Compositiont T., °C Coupling Coef K Factor Qmecn
7Al Nig-zCu.Fe:0, 530 0.25-0.32 >2 000
7TA2 Nig—zCu.Fe,04 530 0.20-0.26 >2 500
78 NiFe.0, 590 0.19-0.22 >4 000

* From Am;rican Institute of Physics Handbook, 2'na edition,?@ 1363, MecGraw-Hill Bookict_)-mpaTy.

12-19
9-15
25-50

T Contains controlled amounts of cobalt ferrite (see C. M. v. d. Burgt, Philips Tech. Rev., vol. 18, pp. 285-298; 1957).
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TABLE 25—NoMINAL FERRITE VALUES.

Material Code

Manufacturer

Recommended frequency range
in megahertz

Initial permeability, u’

Magnetic loss tangent, tans,,
Dielectric constant, ¢

Dielectric loss tangent, tandq

Quality factor, uQ

Temperature coefficient, %Au/°C
Saturation magnetization, B, in gauss
Residual magnetization, B, in gauss
Maximum permeability, pmax
Coercivity, H, in oersteds

Manufacturer code

. Indiana General, Electronics Division

. Stackpole Carbon Co., Electronic Components Division
. Orbit Industries, Division of Countis Industries

. Ceramagnetics, Inc.

10-80
40
0.006
10
0.005
5900
0.10
2400
750
1156
4.7

1
2
3
4, Siemens America Inc., Components Division
5
6

. Arnold Engineering Co.

50-225 200-500

16
0.02

2380
0.10
2600
1470
42
21

Q4

1

4.5
0.010

MF-6784 2285 2285A C-10

1
10-75

35
0.0125

0.05

2

2 3

30-80 30-300 30-80

13.3

10.5

2300
0.36
2100
1600
38
21

7.5 15
0.005
10.5 11.0
0.002
2500
0.36
2600

C-20

3

30-80
10
0.006
11.0
0.001

1900

K-12 U-17 U-60 N40 SF J w
4 4 4 5 6 6 6
3-40 10-220 10-250 40-250 40-500
24 10 9 15

0.09 0.009 0.06

11 11 11

0.0144 0.003 0.017 0.013
1450 1100

12 15 10

ov-v
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4-41

TABLE 26—MAGNETOMECHANICAL COEFFICIENTS OF THREE IMPORTANT MAGNETOSTRICTIVE MATERIALS
AT INTERNAL PoLARIZING FrELD Ho*. From “‘Sonics,” p. 175, editors T. F. Hueter and R. H. Bolt, John
Wiley & Sons, Inc., New York; 1955.

Alfer
Annealed Nickel{ 45 Permalloy (13% Al, 87%, Fe)
Coefficient MKS CGS MKS CGS MKS CGS
Hy
Amp/m 160 600 800
(1200)
Oersted 2 7.5 10
(15)
B,
Volt-sec/m? 0.25 1.43 1.15
(0.51)
Gauss 2500 14 300 11 500
(5100)
M 1250 1900 1150
(340)
I 137 230 190
(41)
Al/l at Hy —8X10-¢ 14X10-¢ 26X10-¢
(—~26X107¢)
c
m¢/weber? —1x10~* 6.9x10"¢ 19.5X10-¢
Gauss™? —~1X10712 6.9X10~14 19.5X10~14
A
Newton/weber —~4.8X108
(—20X10%) 2.7X10¢ 6.7X10¢
Dynes/gauss-cm? —4.8X10? 2.7X103
(—20%10%) 6.7X10%
Yo
Newtons/m? 20X 10w 13.8X10w 15X 10%®
Dynes/m? 20 101 13.8x101 15101
p
kg/m3 8.7X103 8.25X103 6.7X10%
g/cm? 8.7 8.25 6.7
k% (electromechanical 14 12.4 27
coupling factor) (31)
Pe
Ohm+m 7X10°8 7X1077 9x10°7
Ohm-cm 7X10-¢ 7X1078 9X10-8

* The number of external ampere-turns per meter required to produce Ho depends on the shape of the core. For
closed magnetic loops H,,. is equal to Hy. For rod-shaped cores external fields larger than Hp are necessary to com-
pensate for the demagnetizing effect of the poles at the free ends.

t The values for two different polarizing conditions are given: 160 and 1200 ampere-turns/meter, the latter in

parentheses.
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TABLE 27—OTHER CONSTANTS FOR SOME MAGNETOSTRICTION MATERIALS.
alfl Curie
at Saturation A ™ Young's modulus k.  Temperature
Composition of B (newtons/weber) (henries/meter) (newtons/m?) (%) °C)
99.9% Ni
annealed —33%10°° —20X%10¢ 4.3X10°¢ 2.0x10n 31 358
2V 49 Co 49 Fe
(2V Permadur) +70Xx10-¢ — — 1.7x101 20-37 980
45 Ni 55 Fe
(45 Permalloy) +27x10¢ 2.7X10¢ 2.9X10™* 1.4x10m 12 440
13 Al 87 Fe
(13 Alfer) +40 6.7x10¢ 2.4X10™4 1.5x 101 27 500
Fe,O4 +40 —90x108 1.9x10°2 1.8x101 3 190
Ferrite 7 Al —-28 —28 to —44X 108 4-5%10"%  1.68to1.75X10" 25-30 640

TABLE 28— PIEZOELECTRIC STRAIN COEFFICIENTS FOR VARIOUS MATERIALS. From “Smithsonian Physical
Tables,” 9th revised edition, vol. 120, p. 432, Smithsonian Institution, Washington, D. C.; 1954.

(A) Cubic and Tetragonal Crystals

Sphalerite
Sodium chlorate
Sodium bromate
(lADP))

(lKDP))

HADA"

((KDA,)

(B) Trigonal Crystals

Quartz
Tourmaline

(C) Orthorhombic Crystals

Epsomite

Iodic acid

Rochelle salt (30°C)
NaNH, tartrate
LiK tartrate

LiNH, tartrate
(NH,); oxalate

K pentaborate

Composition Class du dae
ZnS 43 9.7 —
NaClO; 23 5.2 —_
NaBrO; 23 7.3 —
NH,H,PO 2 —-1.5 +48.0
KH,PO, 2 +1.3 +21
NH,H,;As0, 2 +41 +31
KH;As0,4 2 +23.5 +22
Class dn du di da da dss
32 +6.9 -2.0
3 +11.0 —-0.94 +40.96 +5.4

Class du das ds
222 —-6.2 —8.2 —11.5
222 57 46 70
222 +1500 —160 +35
222 +56 —150 +28
222 9.6 33.6 22.8
222 13.2 19.6 14.8
222 50 11 25

dis dxu dy dy dy

9.5 1.7 —5.4 0 +5.6
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TaBLE 28—CONTINUED.

(D) Monoclinic Crystals (Class 2) diq dis dy da dos dhs dy dzs

Lithium sulfate +14.0 —12.5 +11.6 —45.0 —5.5 -+16.5 —26.4 +10.0

Tartaric acid +24.0 +15.8 —2.3 —6.5 —6.3 1.1 —32.4 +35.0
K, tartrate (DKT) —25 +6.5 —2.2 +48.5 —10.4 —22.5 +29.4 —66.0
(NH,), tartrate 4+9.3 —8.5 +17.6 —26.2 +1.8 —59 —14.0 +5.6
EDT (ethylene diamine

tartrate) —31.1 —36.5 +30.6 +6.6 —33.8 —54.3 —51 —56.9
Cane sugar -3.7 -7.2 444 -—-10 +2.2 -—2.6 -—1.3 +1.3
(E) Polarized Polycrystalline Substance dis da dys
Barium titanate ceramic 750 —235 +-570

K=1700

Note: If the sign of a coefficient is not given, it is unknown (not necessarily positive).

TABLE 29—CoNsSTANTS OF SOME PIEZoELECTRIC MATERIALS.* From J. R. Frederick, “Ultrasonic
Engineering,” p. 66, John Wiley & Sons, Inc., New York; 1965.

Lead Zirconate-

Lithium Barium Titanate Lead
Quartz  Sulfate Titanate ————————— Meta-
Physical Property 0° X-cut 0° Y-cut Type B PZT-4 PZT-5 Niobate Units
Density o 2.65 2.06 5.6 7.6 7.7 5.8 10% kg/m?
Acoustic impedance pe¢ 15.2 11.2 24 30.0 28.0 16 10¢ kg/m?*

Frequency thickness constant ft 2870 2730 2740 2000 1800 1400 kHz/mm
Maximum operating

temperature 550 75 70-90 250 290 500 °C
Dielectric constant 1.5 10.3 1700 1300 1700 225 ==
Electromechanical coupling

factor for thickness mode ks, 0.1 0.35 0.48 0.64 0.675 0.42 ==
Electromechanical coupling

factor for radial mode k, 0.1 == 0.33 0.58 0.60 0.07 =
Elastic quality factor Q 10¢ — 400 500 75 11 —
Piezoelectric modulus for

thickness mode dy; 2.3 16 149 285 374 85 1072 m/V
Piezoelectric pressure

constant g 58 175 14.0 26.1 24 .8 42.5 103(V/m)/(N/m?)
Volume resistivity at 25°C >1012 — >l >1012 >101 10° ==
Curie temperature 575 — 115 320 365 550 °C
Young’s modulus E 8.0 — 11.8 8.15 6.75 2.9 10 N/m?
Rated dynamic tensile strength — — — 3500 4000 = psi

* The properties of the ceramic materials can vary with slight changes in composition and processing, and hence
the values that are shown should not be taken as exact.




TABLE 30—SIMPLIFIED EQUATIONS FOR SOUND INTENSITY. From “Sonics”, p. 125, editors T. F. Hueter and R. H. Bolt, John Wiley & Sons, Inc. New York; 1955.

Sound Intensity in

Sound Water for Airbacked Units
Effective* Piezo Modulus  Velocity  Density Transducer} (rms values
Material Mode of Vibration Crystal Cut H (coulombs/m?) ¢ (m/sec) p(kg/m®) G (watts/m?) for V and E)
Quartz Thickness X H=en 5.72X10° 2.65X10° f2V*X10* V in kV
=5.2X10% esu fin MHz
=0.17 coulomb/m?
Longitudinal X H=dy/s 5.44X10° 2.65X10° 0.087X E*X10¢ E in kV/em
=5.4X10% esu
=0.18 coulomb/m?
Ammonium di- Longitudinal 45°Z H=d3/2s' 3.28X10° 1.8X10° 0.6E2X10* E inkV/em
hydrogen phos- =1.4X10% esu
phate (ADP) =0.042 coulomb/m?
Rochelle salt (0°C) Longitudinal 45°X H=dy/2¢ 3.4X10° 1.77X10° 85E*X10* E in kV/em
=1.7X10° esu
=5.67 coulombs/m?
Barium titanate Thickness Polarized normal to H=ex 5X10% 5.5X10° 0.005/*V*X10* V in volts
(40°C) thickness =3 to 5X 10° esu to 0.014/2V*X 10# fin MHz

=10 to 17 coulombs/m?

* The quantity s’ in the relationship H=d;/¢ is the effective compliance in the direction of longitudinal vibration.
1 Without the factor 104, this column gives the sound intensity in watts/cm?.

14 20 4
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PROPERTIES OF MATERIALS 4-45

TaBLE 31—VEeLociTies, DENSITIES, AND CHARACTERISTIC IMPEDANCES oF VARIOUS METALS. From
J. R. Frederick, “Ultrasonic Engineering,” p. 363, John Wiley & Sons., Inc., New York; 1965.

Velocities
Charac-
Longitudinal teristic
impedance
Bulk Bar Shear Density pc
— P Bulk
Metals m/s in./s m/s in./s m/s in./s (kg/m?)  (kg/m?)
X108 X108 X103 X108 X103 X108 X103 x10¢
Aluminum 6.40 2.50 5.15 2.03 3.13 1.24 2.7 17.3
Beryllium 12.89 17. 8.88 3.51 1.8 23.2
Brass, 70-30 4.37 1.73 3.40 1.34 2.10 0.83 8.5 37.0
Cast iron 3.50-5.60 1.38-2.22 3.0-4.7 1.19-1.86 2.2-3.2 0.87-1.31 7.2 25.0-40.0
Copper 4.80 1.90 3.65 1.45 2.33 0.92 8.9 42.5
Gold 3.24 1.28 2.03 1.20 0.47 19.3 63.0
Iron 5.96 2.35 5.18 2.05 3.22 1.28 7.9 46.8
Lead 2.40 0.95 1.25 0.49 0.79 0.31 11.3 27.2
Magnesium 5.74 2.27 4.90 1.94 3.08 1.22 1.7 9.9
Mercury 1.45 0.57 13.6 19.6
Molybdenum 6.25 2.47 3.35 1.33 10.2 63.7
Nickel 5.48 2.17 4.70 1.86 2.99 1.19 8.9 48.5
Platinum 3.96 1.57 2.80 1.11 1.67 0.66 21.4 85.0
Steel, mild 6.10 2.41 5.05 2.00 3.24 1.29 7.9 46.7
Silver 3.70 1.46 2.67 1.06 1.70 0.67 10.5 36.9
Tin 3.38 1.34 2.74 1.09 1.61 0.66 7.3 24.7
Titanium 5.9 2.37 3.12 1.24 4.50 27.0
Tungsten 5.17 2.04 2.88 1.14 19.3 100.0
Uranium 3.37 1.33 2.02 0.80 18.7 63.0
Zinc 4.17 1.65 3.81 1.51 2.48 0.98 7.1 29.6
Zirconium 4.65 1.84 2.30 0.91 6.4 29.8
Other Solid
Materials:
Crown glass 5.66 2.24 5.30 2.10 3.42 1.35 2.5 14.0
Granite 3.95 1.56 2.75
Ice 3.98 1.58 1.99 0.79 0.9 3.6
Nylon 1.8-2.2 0.71-0.87 1.1-1.2  2.0-2.7
Paraffin, hard 2.2 0.87 0.83 1.8
Plexiglas or
Lucite 2.68 1.06 1.8 0.71 1.32 0.52 1.20 3.2
Polystyrene 2.67 1.06 1.06 2.8
Quartg, fused 5.57 2.21 5.37 2.12 3.52 1.39 2.6 14.5
Teflon 1.35 0.53 2.2 3.0
Tungsten
carbide 6.66 2.64 3.98 1.57 10.0-15.0 66.5-98.5
Wood, oak 4.1 1.62 0.8
Fluids:
Benzene 1.32 0.52 0.88 1.16
Castor oil 1.54 0.61 0.95 1.45
Glycerine 1.92 0.76 1.26 2.5
Methyl
iodide 0.98 0.39 3.23 3.2
Oil, SAE 20 1.74 0.69 0.87 1.5
Water, fresh 1.48 0.59 1.00 1.48

Note: The values that are shown should not be taken as exact values because of the effects of variations in com-
position and processing. They are adequate for most practical purposes, however.




TABLE 32—ADHESIVES CLASSIFIED BY CHEMICAL CoMposrTION. From Clauser et al, Encyclopedia of Engineering Malterials and Processes, Reinhold Publishing
Corporation, New York; 1963.

Group— Natural

Casein, blood albumin,
hide, bone, fish, starch
(plain and modified);
rosin, shellac, asphalt;
inorganic (sodium sili-
cate, litharge-glycerin)

Types within group

Most used form Liquid, powder

Common further By vehicle (water

classifications emulsion is most com-
mon but many types
are solvent disper-
sions)

Thermoplastic

Polyvinyl
polyvinyl alcohol,
acrylic, cellulose ni-
trate, asphalt, oleo-
resin

acetate,

Liquid, some dry film

By vehicle (most are
solvent dispersions or
water emulsions)

Thermosetting

Phenolic, resorcinol,
phenol-resorcinol,

epoxy, epoxy-phenolic,
urea, melamine, alkyd

Liquid, but all forms
common

By cure requirements
(heat and/or pressure
most common but
some are catalyst

types)

Elastomeric
Natural rubber, re-
claim rubber, buta-

diene-styrene (GR-S),
neoprene, acrylonitrile-
butadiene (Buna-N),
silicone

Liquid, some film

By cure requirements
(all are common);
also by vehicle (most
are solvent dispersions
or water emulsions)

Alloys*

Phenolic-polyvinyl
butyral, phenolic-
polyvinyl formal, phe-
nolic-neoprene rubber,
phenolic-nitrile rubber,
modified epoxy

Liquid, paste, film

By cure requirements
(usually heat and pres-
sure except some epoxy
types); by vehicle
(most are solvent dis-
persions or 100%
solids) ; and by type of
adherends or end-serv-
ice conditions

Vv
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Bond characteristics

Major type of uset

Materials most
commonly bonded

Wide range, but gen-
erally low strength;
good resistance to heat,
chemicals;  generally
poor moisture resist-
ance

Household, general
purpose, quick set, long
shelf life

Wood (furniture),
paper, cork, liners,
packaging (food), tex-
tiles, some metals and
plastics. Industrial uses
giving way to other
groups

Good to 200-500 F;
poor creep strength;
fair peel strength

Unstressed joints; de-
signs with caps, over-
laps, stiffeners

Formulation range
covers all materials,
but emphasis on non-
metallics—especially
wood, leather, cork,
paper, etc.

Good to 200-500 F;
good creep strength;
fair peel strength

Stressed  joints  at
slightly elevated tem-
perature

Epoxy-phenolics  for
structural uses of most
materials; others main-
ly for wood; alkyds for
laminations; most ep-
oxies are modified
(alloys)

Good to 150-400 F;
never melt completely;
low strength; high
flexibility

Unstressed joints on
lightweight materials;
joints in flexure

Few used “straight”
for rubber, fabric, foil,
paper, leather, plastics,
films; also as tapes.
Most modified with
synthetic resins

Balanced combination
of properties of other
chemical groups de-
pending on formula-
tion; generally higher
strength over wider
temperature range

Where highest and
strictest  end-service
conditions must be
met; sometimes regard-
less of cost, as military

uses

Metals, ceramics, glass,
thermosetting plastics;
nature of adherends
often not as vital as
design or end-service
conditions (i.e., high
strength, temperature)

* “Alloy,” as used here, refers to formulations containing resins from two or more different chemical groups. There are also formulations which benefit from
compounding two resin types from the same chemical group (e.g., epoxy-phenolic).
1 Although some uses of the “nonalloyed” adhesives absorb a large percentage of the quantity of adhesives sold, the uses are narrow in scope; from the stand-
point of diversified applications, by far the most important use of any group is the forming of adhesive alloys.
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4-48

REFERENCE DATA FOR RADIO ENGINEERS

TaBLE 33—SoLip CorPER—COMPARISON OF GAUGES.

American
B&S)
Wire
Gauge

Birming-
ham
(Stubs’)
Iron Wire
Gauge

10

11

British
Standard
(NBS)
Wire
Gauge

Diameter Area Weight
per per
Square 1000 Feet Kilometer
Milli- Circular Milli- Square in in
Mils meters Mils meters Inches Pounds Kilograms
340.0 8.636 115 600 58.58  0.09079 350 521
324.9 8.251 105 500 53.48  0.08289 319 475
324.0 8.230 1056 000 53.19  0.08245 318 472
300.0 7.620 90 000 45.60  0.07069 273 405
289.3 7.348 83 690 42.41 0.06573 253 377
284.0 7.214 80 660 40.87  0.06335 244 363
283.0 7.188 80 090 40.58  0.06290 242 361
276.0 7.010 76 180 38.60  0.05963 231 343
259.0 6.579 67 080 33.99  0.05269 203 302
257.6 6.544 66 370 33.63  0.05213 201 299
252.0 6.401 63 500 32.18  0.04988 193 286
238.0 6.045 56 640 28.70  0.04449 173 255
232.0 5.893 53 820 27.27  0.04227 163 242
229.4 5.827 52 630 26.67 0.04134 159 237
220.0 5.588 48 400 24.52  0.03801 147 217
212.0 5.385 44 940 22.77 0.03530 136 202
204.3 5.189 41 740  21.18  0.03278 126 188
203.0 5.156 41 210 20.88  0.03237 125 186
192.0 4.877 36 860 18.68  0.02895 112 166
181.9 4.621 33 100 16.77 0.02600 100 149
180.0 4.572 32 400 16.42  0.02545 98.0 146
176.0 4.470 30 980 15.70  0.02433 93.6 139
165.0 4.191 27 220 13.8  0.02138 86.2 123
162.0 4.116 26 250 13.30 0.02062 79.5 118
160.0 4.064 25 600 12.97  0.02011 77.5 115
148.0 3.759 21 900 11.10 0.01720 66.3 98.6
144.3 3.665 20 820 10.55 0.01635 63.0 93.7
144.0 3.658 20 740 10.51 0.01629 62.8 93.4
134.0 3.404 17 960 9.098 0.01410 54.3 80.8
128.8 3.264 16 510 8.366 0.01297 50.0 74.4
128.0 3.251 16 380 8.302 0.01267 49.6 73.8
120.0 3.048 14 400 7.297 0.01131 43.6 64.8



PROPERTIES OF MATERIALS

TaBLE 33—CONTINUED.

4-49

Birming- British
American ham Standard
(B&S)  (Stubs’) (NBS)
Wire Iron Wire Wire

Gauge Gauge Gauge
e —_ 11
9 — —
— 12 —
— — 12
10 == —
— 13 —
— — 13
11 — _
— 14 —
12 — —
— — 14
— 15 15
13 — —
— 16 —
14 — —
— — 16
— 17 =
15 — -
— — 17
16 — —
— 18 —
— — 18
17 — —
— 19 —
18 — —
—_ — 19
= - 20
19 — -—
— 20 —
- 21 21

Diameter Area

Weight

Square
Milli- Circular Milli-
Mils meters Mils meters

116.0 2.946 13 460 6.818
114.4 2.906 13 090 6.634
109.0 2.769 11 880 6.020
104.0 2.642 10 820 5.481

101.9 2.588 10 380 5.261
95.00 2.413 9 025 4.573
92.00  2.337 8 464 4.289
90.74  2.305 8 234 4.172

83.00  2.108 6 889 3.491
80.81 2.053 6 530 3.309
80.00  2.032 6 400 3.243
72.00 1.829 5 184 2.627

71.96  1.828 5178 2.624
65.00 1.651 4 225 2.141
64.08 1.628 4 107 2.081
64.00 1.626 4 096 2.075
58.00 1.473 3 364 1.705
57.07 1.450 3 257 1.650
56.00 1.422 3 136 1.589
50.82 1.291 2 583 1.309
49.00 1.245 2 401 1.217
48.00 1.219 2 304 1.167
45.26  1.150 2 048 1.038
42.00 1.067 1 764 0.8938

40.30 1.024 1 624 0.8231
40.00 1.016 1 600 0.8107
36.00  0.9144 1 296 0.6567
35.80  0.9116 1288 0.6527

35.00  0.8890 1225 0.6207
32.00 0.8128 1 024 0.5189
31.96  0.8118 1 022 0.5176

0.01057
0.01028
0.009331
0.008495

0.008155
0.007088
0.006648
0.006467

0.005411
0.005129
0.005027
0.004072

0.004067
0.003318
0.003225
0.003217

0.002642
0.002558
0.002463
0.002028

0.001886
0.001810
0.001609
0.001385

0.001276
0.001257
0.001018
0.001012

0.0009621
0.0008042
0.0008023

per

per

1000 Feet Kilometer

in
Pounds

40.8
39.6
35.9
32.7

31.4
27.3
25.6
2.9

20.8
19.8
19.4
16.1

15.7
12.8
12.4
12.3

10.2
9.86
9.52
7.82

7.27
6.98
6.20
5.34

4.92
4.84
3.93
3.90

3.71
3.1
3.09

in
Kilograms

60.5
58.9
63.5
48.7

46.8
40.6
38.1
37.1

31.0
29.4
28.8
23.4

23.3
19.0
18.5
18.4

15.1
14.7
14.1
11.6

10.8

10.4
9.23
7.94

7.32
7.21
5.84
5.80

5.52
4.62
4.60




4-50

REFERENCE DATA FOR RADIO ENGINEERS

TaABLE 34—ANNEALED COPPER.

AWG
B&S
Gauge

288

—_ 0O ®© WS e W N = O

— —_
-V

——
~N oo

8o

B8R

[ 3 ]
(=2

B " ]
© W~

Beg

[
[S R ]

8IE

4
O ©

Ohms per
1000 Ft
at 20°C
(68° F)

0.04901
0.06180
0.07793

0.09827
0.1239
0.1563

0.1970
0.2485
0.3133

0.3951
0.4982
0.6282

0.7921
0.9989
1.260

1.588
2.003
2.525

3.184
4.016
5.064

6.385
8.051
10.15

12.80
16.14
20.36

25.67
32.37
40.81

51.47
64.90
81.83

103.2
130.1
164.1

206.9
260.9
329.0

414.8
523.1
659.6

831.8

Cross Section
Diam-
eter in Circular Square
Mils mils Inches
460.0 211 600 0.1662
409.6 167 800 0.1318
364.8 133 100 0.1045
324.9 105 500 0.08289
289.3 83 690 0.06573
257.6 66 370 0.05213
229.4 52 640 0.04134
204.3 41 740 0.03278
181.9 33 100 0.02600
162.0 26 250 0.02062
144.3 20 820 0.01635
128.5 16 510 0.01297
114.4 13 090 0.01028
101.9 10 380 0.008155
90.74 8 234 0.006467
80.81 6 530 0.005129
71.96 5178 0.004067
64.08 4 107 0.003225
57.07 3 257 0.002558
50.82 2 583 0.002028
45.26 2 048 0.001609
40.30 1 624 0.001276
35.89 1 288 0.001012
31.96 1 022 0.0008023
28.46 810.1 0.0006363
25.35 642.4 0.0005046
22.57 509.5 0.0004002
20.10 404.0  0.0003173
17.90 320.4 0.0002517
15.94 254.1 0.0001996
14.20 201.5 0.0001583
12.64 159.8  0.0001255
11.26 126.7 0.00009953
10.03 100.5  0.00007894
8.928 79.70  0.00006260
7.950 63.21  0.00004964
7.080 50.13  0.00003937
6.305 39.75  0.00003122
5.615 31.52 0.00002476
5.000 25.00 0.00001964
4.453 19.83  0.00001557
3.965 15.72  0.00001235
3.531 12.47  0.000009793
3.145 9.888 0.000007766 1049.0

Lb per
1000 Ft

640.5
507.9
402.8

319.5
253.3
200.9

159.3
126.4
100.2

79.46
63.02
49.98

39.63
31.43
24.92

19.77
15.68
12.43

9.858
7.818
6.200

4.917
3.899
3.092

2.452
1.945
1.542

1.223
0.9699
0.7692

0.6100
0.4837
0.3836

0.3042
0.2413
0.1913

0.1517
0.1203
0.09542

0.07568
0.06001
0.04759

0.03774
0.02993

Ft per Lb

1.561
1.968
2.482

3.130
3.947
4.977

6.276
7.914
9.980

12.58
15.87
20.01

25.23
31.82
40.12

50.59
63.80
80.44

101.4
127.9
161.3

203.4
256.5
323.4

407.8
514.2
648.4

817.7
1 031.0
300

639
067
607

287
145
5 227

6 591
8 310
10 480

13 210
16 660
21 010

26 500
33 410

—

- N B =

Ft per ohm Ohms per Lb

at 20°C
(68° F)
20 400
16 180
12 830

10 180
8 070
6 400

5 075
4 025
3192

2 531
2 007
1 592

1262
1 001
794

629.6
499.3
396.0

314.0
249.0
197.5

156.6
124.2
98.50

78.11
61.95
49.13

38.96
30.90
24.50

19.43
15.41
12.22

9.691
7.685
6.095
4.833

3.833
3.040

2.411
1.912
1.516

1.202

0.9534

at 20° C
(68° F)

0.00007652
0.0001217
0.0001935

0.0003076
0.0004891
0.0007778

0.001237
0.001966
0.003127

0.004972
0.007905
0.01257

0.01999
0.03178
0.05053

0.08035
0.1278
0.2032

0.3230
0.5136
0.8167

1.299
2.065
3.283

5.221
8.301
13.20

20.99
33.37
53.06

84.37
134.2
213.3

339.2
539.3
857.6

1 364
2 168
3 448

5 482
8 717
13 860

22 040
35 040




PROPERTIES OF MATERIALS

TasLE 35—Harp-Drawx Coprer*.

4-51

AWG

B & S Diameter
Gauge in Inches

4/0
3/0
2/0
1/0

10
11
12
13
14
156
16
17
18

Weight Maximum
Resistance
Wire Breaking Tensile Pounds Pounds (ohms per
Load in Strength per per 1000 feet
Pounds inlb/in.2 1000 Feet Mile at 68° F)
0.4600 8 143 49 000 640.5 3 382 0.05045
0.4096 6 722 51 000 507.9 2 682 0.06361
0.3648 5 519 52 800 402.8 2127 0.08021
0.3249 4 517 54 500 319.5 1 687 0.1011
0.2893 3 688 56 100 253.3 1 338 0.1287
0.2576 3 003 57 600 200.9 1 061 0.1625
0.2294 2 439 59 000 159.3 841.2 0.2049
0.2043 1 970 60 100 126.4 667.1 0.2584
0.1819 1 591 61 200 100.2 529.1 0.3258
0.1650 1 326 62 000 82.41 435.1 0.3961
0.1620 1 280 62 100 79.46 419.6 0.4108
0.1443 1 030 63 000 63.02 332.7 0.5181
0.1340 894.0 63 400 54.35 287.0 0.6006
0.1285 826.0 63 700 49.97 263.9 0.6533
0.1144 661.2 64 300 39.63 209.3 0.8238
0.1040 550.4 64 800 32.74 172.9 0.9971
0.1019 529.2 64 900 31.43 165.9 1.039
0.09074 422.9 65 400 24.92 131.6 1.310
0.08081 337.0 65 700 19.77 104.4 1.652
0.07196 268.0 65 900 15.68 82.77 2.083
0.06408 213.5 66 200 12.43 65.64  2.626
0.05707 169.8 66 400 9.858 52.06 3.312
0.05082 135.1 66 600 7.818 41.28 4.176
0.04526 107.5 66 800 6.200 32.74 5.266
0.04030 85.47 67 000 4.917 25.96  6.640

Cross-Sectional Area

Circular
Mils
211 600
167 800
133 100
105 500
83 690
66 370
52 630
41 740
33 100
27 225
26 250
20 820
17 956
16 510
13 090
10 816
10 380
8 234
6 530
5178
4 107
3 257
2 583
2 048
1 624

* Courtesy of Copperweld Steel Co., Glassport, Pa. Based on ASA Specification 1H1-4.2 and ASTM Specification B-1.

0.1662

Square
Inches

0.1318
0.1045
0.08289
0.06573
0.05213
0.04134
0.03278
0.02600
0.02138
0.02062
0.01635
0.01410
0.01297
0.01028
0.008495
0.008155
0.006467
0.005129
0.004067
0.003225
0.002558
0.002028
0.001609
0.001276

TaBLE 36—TENSILE STRENGTH oF CoPPER WIRE. Courtesy of Copperweld Steel Co., Glassport, Pa.

Hard Drawn Medium-Hard Drawn Soft or Annealed
Minimum Minimum Maximum
AWG Wire Tensile Breaking Tensile Breaking Tensile Breaking
B&S Diameter Strength Load in Strength Load in Strength Load in
Gauge in Inches 1b/in.2 Pounds Ib/in.? Pounds 1b/in.? Pounds
1 0.2893 56 100 3 688 46 000 3 024 37 000 2 432
2 0.2576 57 600 3 003 47 000 2 450 37 000 1 929
3 0.2294 59 000 2 439 48 000 1 984 37 000 1 530
4 0.2043 60 100 1 970 48 330 1 584 37 000 1213
5 0.1819 61 200 1 591 48 660 1 265 37 000 961.9
— 0.1650 62 000 1 326 — — — —
6 0.1620 62 100 1 280 49 000 1 010 37 000 762.9
7 0.1443 63 000 1 030 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 50 000 514.2 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
11 0.09074 65 400 422.9 50 660 327.6 38 500 249.0
12 0.08081 65 700 337.0 51 000 261.6 38 500 197.5




TaBLe 37—CopPPER-CLAD STEEL

Resistance Breaking Load Attenuation in Decibels/Mile* Characteristic
Cross-Sectional Area Weight Ohms/1000 ft at 68°F Pounds Impedance*
AWG 40% Cond 30% Cond
B&S Diam Circular Square Pounds per  Pounds Feet per 40% 30% 40% 30% 40% 30%
Gauge Inch Mils Inch 1000 Feet  per Mile Pound Conduct Conduct Conduet Conduct Dry Wet Dry Wet Cond Cond
4 0.2043 41 740 0.03278 115.8 611.6 8.63 0.6337 0.8447 3 541 3 934 _ —_ _ —_— —_ —
5 0.1819 33 100 0.02600 91.88 485.0 10.89 0.7990 1.065 2 938 3 250 —_ — - — —_— —
[ 0.1620 26 250 0.02062 72.85 384.6 13.73 1.008 1.343 2 433 2 680 0.078 0.086 0.103 0.109 850 686
7 0.1443 20 820 0.01635 57.77 305.0 17.31 1.270 1.694 2011 2 207 0.093 0.100 0.122 0.127 685 732
8 0.1285 16 510 0.01297 45.81 241.9 21.83 1.602 2.136 1 660 1 815 0.111 0.118 0.144 0.149 727 787
9 0.1144 13 090 0.01028 36.33 191.8 27.52 2.020 2.693 1 368 1 491 0.132 0.138 0.169 0.174 776 852
10 0.1019 10 380 0.008155 28.81 152.1 34.70 2.547 3.396 1 130 1 231 0.156 0.161 0.196 0.200 834 920
11 0.0907 8 234 0.006467 22.85 120.6 43.76 3.212 4.28 896 975 0.183 0.188 0.228 0.233 910 1 013
12 0.0808 6 530 0.005129 18.12 95.68 55.19 4.05 5.40 711 770 0.216 0.220 0.262 0.266 1000 1 120
13 0.0720 5178 0.004067 14.37 75.88 69.59 5.11 6.81 480 530
14 0.0641 4 107 0.003225 11.40 60.17 87.75 6.44 8.59 400 440
15 0.0571 3 257 0.002558 9.038 47.72 110.6 8.12 10.83 300 330
16 0.0508 2 583 0.002028 7.167 37.84 139.5 10.24 13.65 250 270
17 0.0453 2 048 0.001609 5.684 30.01 175.9 12.91 17.22 185 205
18 0.0403 1 624 0.001276 4.507 23.80 221.9 16.28 21.71 153 170
19 0.0359 1 288 0.001012 3.575 18.87 279.8 20.53 27.37 122 135
20 0.0320 1 022 0.0008023 2.835 14.97 352.8 25.89 34.52 100 110
21 0.0285 810.1 0.0008363 2.248 11.87 444.8 32.65 43.52 73.2 81.1
22 0.0253 642.5 0.0005046 1.783 9.413 560.9 41.17 54.88 58.0 64.3
23 0.0226 509.5 0.0004002 1.414 7.465 707.3 51.92 69.21 46.0 81.0
24 0.0201 404.0 0.0003173 1.121 5.920 891.9 65.46 87.27 36.5 40.4
25 0.0179 320.4 0.0002517 0.889 4.695 1 125 82.55 110.0 28.9 32.1
26 0.0159 254.1 0.0001996 0.705 3.723 1 418 104.1 138.8 23.0 25.4
27 0.0142 201.5 0.0001583 0.559 2.953 1 788 131.3 175.0 18.2 20.1
28 0.0126 159.8 0.0001255 0.443 2.342 2 255 165.5 220.6 14.4 15.9
29 0.0113 126.7 0.0000995 0.352 1.857 2 843 208.7 278.2 11.4 12.6
30 0.0100 100.5 0.0000789 0.279 1.473 3 586 263.2 350.8 9.08 10.0
31 0.0089 79.70 0.0000626 0.221 1.168 4 521 331.9 442.4 7.20 7.95
32 0.0080 63.21 0.0000496 0.175 0.926 5 701 418.5 557.8 5.71 6.30
33 0.0071 50.13 0.0000394 0.139 0.734 7 189 527.7 703.4 4.53 5.00
34 0.0063 39.75 0.0000312 0.110 0.582 9 065 665.4 887.0 3.59 3.97
35 0.0056 31.52 0.0000248 0.087 0.462 11 430 839.0 1119 2.85 3.14
36 0.0050 25.00 0.0000196 0.069 0.366 14 410 1 058 1 410 2.26 2.49
37 0.0045 19.83 0.0000156 0.055 0.200 18 180 1 334 1778 1.79 1.98
38 0.0040 15.72 0.0000123 0.044 0.230 22 920 1 682 2 243 1.42 1.57
39 0.0035 12.47 0.00000979 0.035 0.183 28 900 2 121 2 828 1.13 1.24
40 0.0031 9.89 0.00000777 0.027 0.145 36 440 2 675 3 566 0.893 0.986

* DP insulators, 12-inch wire spacing at 1000 herts.
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metry. If the sign of a coefficient is not given it is Coupling factor k is defined practically by

unknown, not necessarily positive.
. _ k?= (mechanical energy converted into electric
Unit for dm=10~* statcoulomb/dyne charge)/ (mechanical energy put into the

=1X10"* coulomb/newton crystal)

—10-% :
10°¢ em/statvolt The converse effect is also true. The same type
=1 X 10~ meter/volt. of relationship holds and the coupling coefficient

TaBLE 39—FusiNg CURRENTS IN AMPERES. Courtesy of Automatic Electric Company; Chicago, Ill.

AWG B& S Diam d Copper Aluminum  German Silver Iron Tin
Gauge in Inches (K=10244) (K=7585) (K =5230) (K=3148) (K=1642)
40 0.0031 1.77 1.31 0.90 0.54 0.28
38 0.0039 2.50 1.85 1.27 0.77 0.40
36 0.0050 3.62 2.68 1.85 1.11 0.58
34 0.0063 5.12 3.79 2.61 1.57 0.82
32 0.0079 7.19 5.32 3.67 2.21 1.15
30 0.0100 10.2 7.58 5.23 3.15 1.64
28 0.0126 14.4 10.7 7.39 4.45 2.32
26 0.0159 20.5 15.2 10.5 6.31 3.29
24 0.0201 29.2 21.6 14.9 8.97 4.68
22 0.0253 41.2 30.5 21.0 12.7 6.61
20 0.0319 58.4 43.2 29.8 17.9 9.36
19 0.0359 69.7 51.6 35.5 21.4 11.2
18 0.0403 82.9 61.4 42.3 25.5 13.3
17 0.0452 98.4 72.9 50.2 30.2 15.8
16 0.0508 117 86.8 59.9 36.0 18.8
15 0.0571 140 103 71.4 43.0 22.4
14 0.0641 166 123 84.9 51.1 26.6
13 0.0719 197 146 101 60.7 31.7
12 0.0808 235 174 120 72.3 37.7
11 0.0907 280 207 143 86.0 4.9
10 0.1019 333 247 170 102 53.4
9 0.1144 396 293 202 122 63.5
8 0.1285 472 349 241 145 75.6
7 0.1443 561 416 287 173 90.0

6 0.1620 668 495 341 205 107
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is numerically identical to what it was before,
namely

k*= (electrical energy converted into mechanical
energy)/ (electrical energy put into the crys-
tal)

d is the measure of the deflection caused by an
applied voltage or the amount of charge
produced by a given force (units=meters
per volt or coulomb per newton)

g denotes a field produced in a piezoelectric

4-55

crystal by an applied stress unit:

volts/meter
newtons/square meter’

Relations between g and d are
g=d/eres

where ¢,=relative permittivity of the dielectric,
€= permittivity of free space=8.85X 1012 farad/
meter, E=Young’s modulus, and 4*= gdE.

ACOUSTIC PROPERTIES OF SOME MATERIALS (TABLES 30-31)

ADHESIVES (TABLE 32)
SHOP DATA

Wire Tables

Temperature coefficient of resistance: The resistance of a conductor at temperature T in degrees Celsius

is given by

R=Ry[14-an(T—20)]

where Ry is the resistance at 20 degrees Celsius and g is the temperature coefficient of resistance at
20 degrees Celsius. For copper, azo=0.00393. That is, the resistance of a copper conductor increases
approximately v% of 1 percent per degree Celsius rise in temperature.

Modulus of elasticity is 17 000000 Ib/inch?.
Fahrenheit.

Coefficient of linear expansion is 0.0000094/degree

Weights are based on a density of 8.89 grams/cm?® at 20 degrees Celsius (equivalent to 0.00302699

Ib/circular mil/1000 feet).

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

and smaller. (Refer to Tables 33-37.)

Voltage Drop in Long Circuits

Table 38 shows the conductor size (AWG or B&S
cent maximum for various loads and distances. Th

conduit.

Fusing Currents of Wires

gauge) necessary to limit the voltage drop to 2 per-
e calculations are for alternating-current circuits in

The current I in amperes at which a wire will melt can be calculated from

I=Kd”

(Continued on p. 4-68)
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TABLE 40—PHysicAL PROPERTIES OF VARIOUS WIRES. Reprinted by permission from
Copper
Aluminum
Property Annealed Hard-Drawn 99 Percent Pure
Conductivity, Matthiessen’s standard in percent 99 to 102 96 to 99 61 to 63
Ohms/mil-foot at 68° F=20° C 10.36 10.57 16.7
Circular-mil-ohms/mile at 68° F=20° C 54 600 55 700 88 200
Pounds/mile-ohm at 68° F=20° C 875 896 424
Mean temp coefficient of resistivity/°F 0.00233 0.00233 0.0022
Mean temp coefficient of resistivity/°C 0.0042 0.0042 0.0040
Mean specific gravity 8.89 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 melting point in °C 1 100 1 100 625
Mean coefficient of linear expansion/°F 0.00000950 0.00000950 0.00001285
Mean coefficient of linear expansion/°C 0.0000171 0.0000171 0.0000231
Solid wire Ultimate tensile strength 30 000 to 42 000 45 000 to 68 000 20 000 to 35 000
Average tensile strength 32 000 60 000 24 000
(Values in Elastic limit 6 000 to 16 000 25 000 to 45 000 14 000
pounds/in,?) Average elastic limit 15 000 30 000 14 000
Modulus of elasticity 7 000 000 to 13 000 000 to 8 500 000 to
17 000 000 18 000 000 11 500 000
Average modulus of elasticity 12 000 000 16 000 000 9 000 000
Concentric strand Tensile strength 29 000 to 37 000 43 000 to 65 000 25 800
Average tensile strength 35 000 54 000 —
Elastic limit 5 800 to 14 800 23 000 to 42 000 13 800
(Values in Average elastic limit — 27 000 —
pounds/in.3) Modulus of elasticity 5 000 000 to 12 000 000 Approx
12 000 000 10 000 000
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“Transmission Towers,” American Bridge Company, Pittsburgh, Pa.; 1926: p. 169.
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Copper-Clad
Crucible Plow Steel,
Steel Steel, High Extra-High
Iron (Ex BB)  (Siemens-Martin) Strength Strength 309% Cond 409% Cond
16.8 8.7 —_ — 29.4 39.0
62.9 119.7 122.5 125.0 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 0.298 0.298
0.113 0.117 — — - -
2 975 2 480 == — — —
1 635 1 360 — —_ —_ —
0.00000673 0.00000662 - — 0.0000072 0.0000072
0.0000120 0.0000118 - _ 0.0000129 0.0000129
50 000 to 55 000 70 000 to 80 000 —_ — —_ —
55 000 75 000 125 000 187 000 60 000 100 000
25 000 to 30 000 35 000 to 50 000 — — — —
30 000 38 000 69 000 130 000 30 000 50 000
22 000 000 to 22 000 000 to == — — —
27 000 000 29 000 000
26 000 000 29 000 000 30 000 000 30 000 000 19 000 000 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 =
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where d is the wire diameter in inches and K is a constant that depends on the metal concerned. Table
39 gives the fusing currents in amperes for 5 commonly used types of wire. Owing to the wide variety of
factors that can influence the rate of heat loss, these figures must be considered as only approximations.

Physical Properties (Tables 40-41)

TasLE 41—PHysicaL ProPERTIES oF STRANDED CorPER (AWG)*.

*Maximum
Resistance
AWG Individual Cable Areain  Weight in Weight in in
B&S Number Wire Diam Diam in Square Lb per Lb per Ohms/1000
Circular Mils Gauge of Wires  in Inches Inches Inches 1000 Ft Mile Ftat20°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 518.1 2 736 0.06422
133 100 2/0 19 0.0837 0.419 0.1045 410.9 2 170 0.08097
105 500 1/0 19 0.0745 0.373 0.08286  325.7 1720 0.1022
83 690 1 19 0.0664 0.332 0.06573  258.4 1 364 0.1288
66 370 2 7 0.0974 0.292 0.05213 204.9 1 082 0.1624
52 640 3 7 0.0867 0.260 0.04134  162.5 858.0  0.2048
41 740 4 7 0.0772 0.232 0.03278 128.9 680.5  0.2582
33 100 5 7 0.0688 0.206 0.02600 102.2 539.6  0.3256
26 250 6 7 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 40.42 213.4  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 0.0051290  20.16 106.5 1.650

4 107 14 7 0.0242 0.0726 0.003226 12.68 66.95 2.624

2 583 16 7 0.0192 0.0576 0.002029 7.975 42.11 4.172

1 624 18 7 0.0152 0.0456 0.001275 5.014 26.47 6.636

1 022 20 7 0.0121 0.0363 0.0008027 3.155 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 at 20 degrees
Celsius were used:

Conductivity in terms of International Annealed 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 to 20 AWG.




TaABLE 42— MACHINE-SCREW DIMENSIONS AND OTHER DaTa.

Head
Tap Drillf
—_— Round Flat Fillister Hex Nut Washer
Screw Threads/in. Clearance Drill* Diameter —
Max Max Max Max Max  Across Across Thick- Thick-
No. Diam Coarse Fine No. Diam No. Inches mm OD Height OD OD  Height Flat Corner ness oD ID ness
0 0.060 — 80 52 0.064 56 0.047 1.2 0.113 0.053 0.119 0.096 0.059 0.156 0.171 0.046 — —_ —
1 0.073 64 72 47 0.079 53 0.060 1.5 0.138 0.061 0.146 0.118 0.070 0.156 0.171 0.046 — — —
2 0.08 56 64 42 0.094 50 0.070 1.8 0.162 0.070 0.172 0.140 0.083 0.187 0.205 0.062 Y 0.093 0.032
48 — 47 0.079 2.0
—_— . - 0.187 0.078 0.199 0.161 0.09 .187 . . ! . .
3 0.099 — = 37 0.104 5 0.082 2 1 5 0 0.205 0.062 u 0.105 0.020
40 — 43 0.089 2.3
= . _— 0.211 0.08 0.2 0.183 0.1 . . . s . .
4 0.112 — m 31 0.120 2 0.001 2.4 25 07 0.250 0.275 0.093 e 0.125 0.032
40 —_ 38 0.102 2.6
— — 1 _ 0.236 0.095 0.252 0.205 0.120 0.312 0.344 0.1 3 . .
5 0.125 — m 29 0.136 37 0.104 2.6 09 3% 0.140 0.032
32 — 36 0.107 2.7 5 0.026
. —_— —— 2 0.144 0.260 0.103 0.279 0.226 0.132 0.312 0.344 0.109 0.156
6 0.138 — 40 4 33 0.113 2.9 34 0.046
32 — 29 0.136 3.5 34 0.032
164 ——— ——— 18 0.170 —— —— 0.309 0.119 0.332 0.270 0.156 0.344 0.373 0.125 —==— (.18 ——<
B Golin — 36 29 0.136 3.5 1 0.046
— 7
10 0.190 l —_— 9 0.196 29 o) G 0.359 0.136 0.385 0.313 0.180 0.375 0.413 0.125 L 0.218 M
— 32 21 0.159 4.0 % 0.063
— 1
12 0.216 2 - - 2 0.221 16 o) 0 ol 0.408 0.152 0.438 0.357 0.205 0.437 0.488 0.156 L 0.250 0.063
— 28 14 0.182 4.6 %
20 —_ 7 0.201 5.1 0.437 0.488 0.203 %% 0.040
4 0250 — — — 17 0.472 0.174 0.507 0.414 0.237 0.281 ——
" — 28 4 3 0.213 5.5 0.500 0.577 0.250 5 21 5063

All dimensions in inches except where noted.
* Clearance-drill sizes are practical values for use of the engineer or technician doing his own shop work.
1 Tap-drill sizes are for use in hand tapping material such as brass or soft steel. For copper, aluminum, Norway iron, cast iron, bakelite, or for very thin material, the drill should

be a size or two larger in diameter than shown.
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TaBLE 43—DrILL Sizes. From New Departure Handbook.

Drill Inches Drill Inches Drill Inches Drill Inches
0.10 mm 0.003937 no 59 0.041000 no 41 0.096000 4.30 mm 0.169291
0.15 mm 0.005905 1.05 mm 0.041338 2.45 mm 0.096456 no 18 0.169500
0.20 mm 0.007874 no 58 0.042000 no 40 0.098000 154 in. 0.171875
0.25 mm 0.009842 no 57 0.043000 2.50 mm 0.098425 no 17 0.173000
0.30 mm 0.011811 1.10 mm 0.043307 no 39 0.099500 4.40 mm 0.173228

no 80 0.013000 1.15 mm 0.045275 no 38 0.101500 no 16 0.177000
no 7914 0.013500 no 56 0.046500 2.60 mm 0.102362 4.50 mm 0.177165
0.35 mm 0.013779 3, in. 0.046875 no 37 0.104000 no 15 0.180000
no 79 0.014000 1.20 mm 0.047244 2.70 mm 0.106299 4.60 mm 0.181102
no 7814 0.014500 1.25 mm 0.049212 no 36 0.106500 no 14 0.182000
no 78 0.015000 1.30 mm 0.051181 2.75 mm 0.108267 no 13 0.185000
14 in. 0.015625 no 55 0.052000 % in. 0.109375 4.70 mm 0.185039
0.40 mm 0.015748 1.35 mm 0.053149 no 35 0.110000 4.75 mm 0.187007
no 77 0.016000 no 54 0.055000 2.80 mm 0.110236 s in. 0.187500
0.45 mm 0.017716 1.40 mm 0.055118 no 34 0.111000 4.80 mm 0.188976
no 76 0.018000 1.45 mm 0.057086 no 33 0.113000 no 12 0.189000
0.50 mm 0.019685 1.50 mm 0.059055 2.90 mm 0.114173 no 11 0.191000
no 75 0.020000 no 53 0.059500 no 32 0.116000 4.90 mm 0.192913
no 7414 0.021000 1.55 mm 0.061023 3.00 mm 0.118110 no 10 0.193500
0.55 mm 0.021653 Y in. 0.062500 no 31 0. 120000 no9 0.196000
no 74 0.022000 1.60 mm 0.062992 3.10 mm 0.122047 5.00 mm 0.196850
no 7314 0.022500 no 52 0.063500 4 in. 0.125000 no8 0.199000
no 73 0.023000 1.65 mm 0.064960 3.20 mm 0.125984 5.10 mm 0.200787
0.60 mm 0.023622 1.70 mm 0.066929 3.25 mm 0.127952 no7 0.201000
no 72 0.024000 no 51 0.067000 no 30 0.128500 134 in. 0.203125
no 7114 0.025000 1.75 mm 0.068897 3.30 mm 0.129921 no 6 0.204000
0.65 mm 0.025590 no 50 0.070000 3.40 mm 0.133858 5.20 mm 0.204724
no 71 0.026000 1.80 mm 0.070866 no 29 0.136000 nos 0.205500
no 70 0.027000 1.85 mm 0.072834 3.50 mm 0.137795 5.25 mm 0.206692
0.70 mm 0.027559 no 49 0.073000 no 28 0.140500 5.30 mm 0.208661
no 6914 0.028000 1.90 mm  0.074803 %, in. 0.140625 no4 0.209000
no 69 0.029000 no 48 0.076000 3.60 mm 0.141732 5.40 mm 0.212598
no 684 0.029250 1.95 mm 0.076771 no 27 0.144000 no3 0.213000
0.75 mm 0.029527 56 in. 0.078125 3.70 mm 0.145669 5.50 mm 0.216535
no 68 0.030000 no 47 0.078500 no 26 0.147000 %% in. 0.218750
no 67 0.031000 2.00 mm 0.078740 3.75 mm 0.147637 5.60 mm 0.220472
1% in. 0.031250 2.05 mm 0.080708 no 25 0.149500 no 2 0.221000
0.80 mm 0.031496 no 46 0.081000 3.80 mm 0.149606 5.70 mm 0.224409
no 66 0.032000 no 45 0.082000 no 24 0.152000 5.75 mm 0.226377
no 65 0.033000 2.10 mm 0.082677 3.90 mm 0.153543 nol 0.228000
0.85 mm 0.033464 2.15 mm 0.084645 no 23 0.154000 5.80 mm 0.228346
no 64 0.035000 no 44 0.086000 86 in. 0.156250 5.90 mm 0.232283
0.90 mm 0.035433 2.20 mm 0.086614 no 22 0.157000 Itr A 0.234000
no 63 0.036000 2.25 mm 0.088582 4.00 mm 0.157480 156, in. 0.234375
no 62 0.037000 no 43 0.089000 no 21 0.159000 6.00 mm 0.236220
0.95 mm 0.037401 2.30 mm 0.090551 no 20 0.161000 Itr B 0.238000
no 61 0.038000 2.35 mm 0.092519 4.10 mm 0.161417 6.10 mm 0.240157
no 604 0.039000 no 42 0.093500 4.20 mm 0.165354 Itr C 0.242000
1.00 mm 0.039370 3 in, 0.093750 no 19 0.166000 6.20 mm 0.244094
no 60 0.040000 2.40 mm 0.094488 4.25 mm 0.167322 ltr D 0.246000
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TaBLE 43—CONTINUED.

Drill Inches Drill Inches Drill Inches Drill Inches
6.25 mm 0.246062 Itr O 0.316000 10.00 mm  0.393700 17.50 mm  0.688975
6.30 mm 0.248031 8.10 mm 0.318897 Itr X 0.397000 ¢, in. 0.703125

Itr E } 0.250000 8.20 mm 0.322834 ItrY 0.404000 18.00 mm 0.708660
Y in. ’ Itr P 0.323000 140 in, 0.406250 3¢ in. 0.718750
6.40 mm 0.251968 8.25mm  0.324802 Itr Z 0.413000 18.50 mm 0.728345
6.50 mm 0.255905 8.30 mm  0.326771 10.50 mm 0.413385 7€, in. 0.734375
Itr F 0.257000 ¢ in. 0.328125 ¢ in. 0.421875 19.00 mm 0.748030
6.60 mm 0.259842 8.40 mm  0.330708 11.00 mm 0.433070 % in. 0.750000
Itr G 0.261000 Itr Q 0.332000 s in. 0.437500 9% in. 0.765625
6.70 mm 0.263779 8.50 mm 0.334645 11.50 mm 0.452755 19.50 mm 0.767715
1% in. 0.265625 8.60 mm  0.338582 3 in. 0.453125 8% in. 0.781250
6.75 mm 0.265747 Itr R 0.339000 189 in. 0.468750 20.00 mm 0.787400
Itr H 0.266000 8.70 mm  0.342519 12.00 mm  0.472440 5l in. 0.796875
6.80 mm  0.267716 1% in. 0.343750 ¢ in. 0.484375 20.50 mm  0.807085
6.90 mm  0.271653 8.75mm  0.344487 12.50 mm  0.492125 134 in. 0.812500
Itr I 0.272000 8.80 mm  0.346456 14 in. 0. 500000 21.00 mm 0.826770
7.00 mm  0.275590 Itr 8 0.348000 13.00 mm  0.511810 53¢, in. 0.828125
Itr J 0.277000 8.90mm  0.350393 3¢ in. 0.515625 1% in. 0.843750
7.10 mm 0.279527 9.00 mm  0.354330 7% in. 0.531250 21.50 mm  0.846455
Itr K 0.281000 Itr T 0.358000 13.50 mm 0.531495 53¢, in. 0.859375
% in. 0.281250 9.10 mm  0.358267 3¢ in. 0.546875 22.00 mm 0.866140
7.20 mm 0.283464 3¢, in. 0.359375 14.00 mm  0.551180 %% in. 0.875000
7.25mm  0.285432 9.20mm  0.362204 % in. 0.562500 22.50 mm  0.885825
7.30 mm 0.287401 9.25 mm 0.364172 14.50 mm  0.570865 576 in. 0.890625
Itr L 0.290000 9.30 mm  0.366141 3¢, in. 0.578125 23.00 mm  0.905510
7.40 mm 0.291338 Itr U 0.368000 15.00 mm  0.590550 9% in. 0.906250
Itr M 0.295000 9.40 mm  0.370078 196 in. 0.593750 8%, in. 0.921875
7.50 mm 0.295275 9.50 mm  0.374015 3%, in. 0.609375 23.50 mm 0.925195
19 in. 0.296875 3% in. 0.375000 15.50 mm  0.610235 156 in. 0.937500
7.60 mm  0.299212 Itr V 0.377000 54 in. 0.625000 24.00 mm 0.944880
Itr N 0.302000 9.60 mm 0.377952 16.00 mm  0.629920 8l in. 0.953125
7.70 mm 0.303149 9.70 mm 0.381889 ¢ in. 0.640625 24.50 mm 0.964565
7.75 mm 0.305117 9.7 mm  0.383857 16.50 mm  0.649605 3% in. 0.968750
7.80 mm  0.307086 9.80 mm  0.385826 G in. 0.656250 25.00 mm 0.984250
7.90 mm 0.311023 Itr W 0.386000 17.00 mm 0.669290 8¢ in. 0.984375
G in. 0.312500 9.99mm  0.389763 43¢, in. 0.671875 1in. 1.000000

8.00 mm  0.314960  * in. 0.390625 'l in. 0.687500
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Machine Screws and Drill Sizes (Tables 42-43)

Head Styles—Method of Length Measurement (Fig. 5)

STANDARD
FLAT OvAL ROUND FILLISTER HEXAGONAL
‘IV I T | T C T
L L L _J L L
3
SIAZELL OvAL FILLISTER FLAT-TOP  STRAIGHT-SIDE
WASHER BINDING BINDING BINDING BINOING |
u L L u L L L
Fig. 5

Sheet-Metal Gauges

Systems in Use: Materials are customarily made to certain gauge systems. While materials can usually
be had specially in any system, some usual practices are shown in Tables 44 and 45.

TaBLE 44—CoMMON GAUGE PRACTICES.

Material Sheet Wire
Aluminum B&S AWG (B&S)
Brass, bronze, sheet B&S —
Copper B&S AWG (B&S)
Iron, steel, band, and hoop BWG —
Iron, steel, telephone, and telegraph wire — BWG
Steel wire, except telephone and telegraph — wW&M
Steel sheet Us —
Tank steel BWG —
Zinc sheet “Zinc gauge"

proprietary —
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TaBLE 45—ConmPARISON oF GauGEs. Courtesy of Whitehead Metal Products Co., Inc.

United American
Birmingham  Wash. & British States Standard
AWG or Stubs Moen Standard London or Standard Preferred
Gauge B&S BWG W&M NBS SWG Old English UsS Thickness*
0000000 — — 0.490 0.500 — 0.50000 —
000000 0.5800 — 0.460 0.464 — 0.46875 —
00000 0.5165 — 0.430 0.432 — 0.43750 —
0000 0.4600 0.454 0.3938 0.400 0.454 0.40625 —
000 0.4096 0.425 0.3625 0.372 0.425 0.37500 —
00 0.3648 0.380 0.3310 0.348 0.380 0.34375 —
0 0.3249 0.340 0.3065 0.324 0.340 0.31250 —
1 0.2893 0.300 0.2830 0.300 0.300 0.28125 —
2 0.2576 0.284 0.2625 0.276 0.284 0.265625 —
3 0.2294 0.259 0.2437 0.252 0.259 0.250000 0.224
4 0.2043 0.238 0.2253 0.232 0.238 0.234375 0.200
5 0.1819 0.220 0.2070 0.212 0.220 0.218750 0.180
6 0.1620 0.203 0.1920 0.192 0.203 0.203125 0.160
7 0.1443 0.180 0.1770 0.176 0.180 0.187500 0.140
8 0.1285 0.165 0.1620 0.160 0.165 0.171875 0.125
9 0.1144 0.148 0.1483 0.144 0.148 0.156250 0.112
10 0.1019 0.134 0.1350 0.128 0.134 0.140625 0.100
11 0.00074 0.120 0.1205 0.116 0.120 0.125000 0.090
12 0.08081 0.109 0.1055 0.104 0.109 0.109375 0.080
13 0.07196 0.095 0.0915 0.092 0.095 0.093750 0.071
14 0.06408 0.083 0.0800 0.080 0.083 0.078125 0.063
15 0.05707 0.072 0.0720 0.072 0.072 0.0703125 0.056
16 0.05082 0.065 0.0625 0.064 0.065 0.0625000 0.050
17 0.04526 0.058 0.0540 0.056 0.058 0.0562500 0.045
18 0.04030 0.049 0.0475 0.048 0.049 0.0500000 0.040
19 0.03589 0.042 0.0410 0.040 0.040 0.0437500 0.036
20 0.03196 0.035 0.0348 0.036 0.035 0.0375000 0.032
21 0.02846 0.032 0.03175 0.032 0.0315 0.0343750 0.028
22 0.02535 0.028 0.02860 0.028 0.0295 0.0312500 0.025
23 0.02257 0.025 0.02580 0.024 0.0270 0.0281250 0.022
24 0.02010 0.022 0.02300 0.022 0.0250 0.0250000 0.020
25 0.01790 0.020 0.02040 0.020 0.0230 0.0218750 0.018
26 0.01594 0.018 0.01810 0.018 0.0205 0.0187500 0.016
27 0.01420 0.016 0.01730 0.0164 0.0187 0.0171875 0.014
28 0.01264 0.014 0.01620 0.0148 0.0165 0.0156250 0.012
29 0.01126 0.013 0.01500 0.0136 0.0155 0.0140625 0.011
30 0.01003 0.012 0.01400 0.0124 0.01372 0.0125000 0.010
31 0.008928 0.010 0.01320 0.0116 0.01220 0.01093750 0.009
32 0.007950 0.009 0.01280 0.0108 0.01120 0.01015625 0.008
33 0.007080 0.008 0.01180 0.0100 0.01020 0.00937500 0.007
34 0.006305 0.007 0.01040 0.0092 0.00950 0.00859375 0.006
35 0.005615 0.005 0.00950 0.0084 0.00900 0.00781250 —
36 0.005000 0.004 0.00900 0.0076 0.00750 0.007031250 —
37 0.004453 — 0.00850 0.0068 0.00650  0.006640625 —
38 0.003965 o 0.00800 0.0060 0.00570 0.006250000 —
39 0.003531 — 0.00750 0.0052 0.00500 — —
40 0.003145 — 0.00700 0.0048 0.00450 — —

* These thicknesses are intended to express the desired thickness in decimal fractions of an inch. They have no relation
to gauge numbers; they are approximately related to the AWG sizes 3-34.
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Antifreeze Solutions (Table 46)

TaBLE 46—COMMERCIAL ANTIFREEZE SOLUTIONS. Data furnished by F. G. Church of the National
Carbon Co. and A. J. Kathman of Procter & Gamble Co.

Percent by Volume in Water with Freezing Points and Specific Gravities

Percent by Volume 10 20 30 40 50

Typical commercial methanol

antifreeze -5.2°C —12.0°C -21.1°C —32.2°C —45.0°C
Sp. gr. at 15°C/15°C* 0.986 0.975 0.963 0.950 0.935
Typical commercial ethanol
antifreeze —3.3°C —7.7°C —14.2°C —22.0°C —30.6°C
Sp. gr. at 15°C/15°C* 0.988 0.977 0.967 0.955 0.938
Commercial glycerinef
antifreeze —1.6°C —4.7°C -9.5°C —15.4°C —23.0°C
Sp. gr. at 15°C/15°C* 1.023 1.048 1.074 1.101 1.128
Typical commercial ethylene
glycolt antifreeze -3.8°C —8.8°C —15.5°C —24.3°C —36.5°C
Sp. gr. at 15°C/15°C* 1.015 1.030 1.045 1.060 1.074

* Specific gravity is measured for mixture at 15°C referred to water at 15°C.

1 Glycerine and ethylene glycol are practically nonvolatile. All types must be suitably inhibited to
prevent cooling-system corrosion. Commercial antifreeze solutions based on ethylene glycol (Prestone)
and on glycerine (Zerex) are in use at the present time.




CHAPTER 5

COMPONENTS OR PARTS

GENERAL STANDARDS

Standardization of electronic components or
parts is handled by several cooperating agencies.

In the US, the Electronic Industries Association
(EIA)*, and the USA Standards Institute
(USASI)t are active in the commercial field.
Electron-tube and semiconductor-device standards
are handled by the Joint Electron Device Engineer-
ing Council (JEDEC), a cooperative effort of
EIA and the National Electrical Manufacturers
Association (NEMA)t. Military (MIL) standards
are issued by the US Department of Defense or
one of its agencies such as the Defense Electronics
Supply Center (DESC).

International standardization in the electronics
field is carried out by the various Technical Com-
mittees of the International Electrotechnical Com-
mission (IEC)§. A list of the available IEC
Recommendations is included in the USASI Index
(outside the US, consult the national standardi-
zation agency or the IEC). IEC documents may
be used directly or their recommendations may be
incorporated in whole or in part in national stand-
ards issued by the EIA or USASI. A few broad
areas may be covered by standards issued by the
International Standards Organization (ISO).

These organizations establish standards for elec-
tronic components or parts (and in some cases,
for equipments) to provide interchangeability
among different products regarding size, perform-
ance, and identification; minimum number of sizes
and designs; and uniform testing of products for
acceptance. This chapter presents a brief outline

* EIA Engineering Dept., Washington, D. C. Index of
standards is available. EIA was formerly Radio-Electron-
ics-Television Manufacturers’ Association (RETMA).

t USASI, New York, New York. Index of standards is
available. USASI was formerly American Standards
Association (ASA).

1 NEMA, New York, New York. Index of standards
is available.

§ IEC, Central Office; Geneva, Switzerland. The US
National Committee for the IEC operates within the
USASI.

of the requirements, characteristics, and desig-
nations for the major types of component parts
used in electronic equipment. Such standardization
offers economic advantages to both the parts user
and the parts manufacturer, but is not intended
to prevent the manufacture and use of other parts
under special conditions.

There is a trend away from circuits assembled
of separate components and wiring and toward
integrated circuits that have the various resistors,
capacitors, inductors, and semiconductor devices
deposited on a common substrate. Such integrated
circuits offer advantages of minimum size, good
stability (with proper protection), and economical
manufacture in large quantities. However, field
repair and revisions of the circuit values after
manufacture are impracticable. Integrated-circuit
standards are being developed (1968); standard
outlines, systems of nomenclature, and methods
of reporting technical characteristics already have
been established.

Color Coding

The color code of Table 1 is used for marking
electronic parts.

Tolerance

The maximum deviation allowed from the speci-
fied 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 picofarads (pF). For critical appli-
cations it is important to specify the permissible
tolerance; where no tolerance is specified, com-
ponents are likely to vary by =20 percent from
the nominal value,

Do not assume that a given lot of components
will have values distributed throughout the ac-
ceptable range of values. A lot ordered with a
+209, tolerance may include no parts having
values within 5%, of the desired nominal value;
these may have been sorted out before shipment.

5-1
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TaBLE 1—STaNDARD CoLoR CopE OF ELECTRONICS INDUSTRY.

Significant Decimal Tolerance Voltage

Color Figure Multiplier in Percent* Rating Characteristic
Black 0 1 +20 (M) — A
Brown 1 10 +1 (F) 100 B
Red 2 100 +2 (G) 200 C
Orange 3 1 000 +3 300 D
Yellow 4 10 000 GMVi 400 E
Green 5 100 000 451, (0.5)§ 500 F
Blue 6 1 000 000 =+6, (0.25)§ 600 G
Violet 7 10 000 000 +12.5, (0.10)§ 700 —
Gray 8 0.011 =30, (0.05)§ 800 1
White 9 0.11  =x10% 900 J
Gold — 0.1 +5 (J), (0.5)]| 1 000 —
Silver — 0.01 =10 (K) 2 000 —
No color —_ — +20 500 —_

* Tolerance letter symbol as used in type designations has tolerance meaning as shown. =3, =6,
+12.5, and =30 percent are tolerances for USA Std 40-, 20-, 10-, and 5-step series, respectively.

1 Optional coding where metallic pigments are undesirable.

1 GMV is —0 to +100-percent tolerance or Guaranteed Minimum Value.

§ For some film and other resistors only.
|| For some capacitors only.

The manufacturing process for a given lot may
produce parts in a narrow range of values only,
not necessarily centered in the acceptable tolerance
range.

Preferred Values

To maintain an orderly progression of sizes,
preferred numbers are frequently used for the
nominal values. A further advantage is that all
parts 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.

USA Standard Z17.1 covers a series of preferred
numbers based on (10)¥* and (10)' as listed in
Table 2. This series has been widely used for fixed
wire-wound power-type resistors and for time-delay
fuses.

Because of the established practice of using
+20-, =10-, and ==5-percent tolerances, a series
of values based on (10)'6, (10)¥2, and (10)"
has been adopted by the EIA, and is now a USA
Standard (C83.2). It is widely used for such small
electronic components as fixed composition re-
sistors and fixed ceramic, mica, and molded paper

capacitors. These values are listed in Table 2.
(For series with smaller steps, consult the USA
Standard.)

Voltage Rating

Distinction must be made between the break-
down-voltage rating (test volts) and the working-
voltage rating. The maximum voltage that may
be applied (usually continuously) over a long
period of time without causing the part to fail
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 part.

Characteristic

This term is frequently used to include various
qualities of a part such as temperature coefficient
of capacitance or resistance, @ value, maximum
permissible operating temperature, stability when
subjected to repeated cycles of high and low tem-
perature, and deterioration when it is subjected to
moisture either as humidity or water immersion.
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TABLE 2—PREFERRED VALUES*,

USA Standard Z17.1} USA Standard C83.21
Name of Series “5" “10” +20%(E6) +10%(E12) +5%,(E24)
Percent step size 60 25 40 20 10

Step multiplier  (10)5=1.58 (10)/9=1.26 (10)"6=1.46 (10)"2=1.21 (10)"™=1.10

Values in the

series 10 10 10 10 10
(Use decimal — 12.5 — — 11
multipliers for — (12) — 12 12
smaller or larger - — — — 13
values) — e 15 15 15

16 16 — — 16
— — — 18 18
— 20 — — 20
— == 22 22 22
— — — — 24
25 25 — — —
— - — 27 27
— 31.5 — — 30
— (32) —_— - —_
— — 33 33 33
— — — — 36
— — — 39 39
40 40 — — —
— — — — 43
— — 47 47 47
— — — — 51
— — —_ 56 56
— — — 62

63 63 — — -
— 68 68 68

— — — — 75
— — — 82 82
— — — — 91
100 100 100 100 100

* USA Standard C83.2 applies to most electronics components; it was formerly EIA GEN 102 and is
similar to IEC Publication 63. USA Standard Z17.1 covers preferred numbers and is similar to ISO R3,
R17.

T 20" series with 12-percent steps ((10)%=1.22 multiplier) and a *40" series with 6-percent steps
((10)%=1.059 multiplier) are also standard.

1 Associate the tolerance #4-209,, 4109, or 4-5%, only with the values listed in the corresponding
column, Thus, 1200 ochms may be either =410 or 4=5, but not 4-20 percent; 750 ohms may be =45, but
neither 4-20 nor =4=10 percent.

One or two letters are assigned in EIA or MIL ENVIRONMENTAL TEST METHODS
type designations, and the characteristic may be

indicated by color coding on the part. An expla- Since many component parts and equipments
nation of the characteristics applicable to a com- have the same environmental exposure, environ-
ponent or part will be found in the following sec- mental test methods are becoming standardized.
tions covering that part. The principal standards follow.
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EIA Standard RS-186: Standard Test Methods
for Electronic Component Parts.

IEC Publication 68: Basic Environmental Test-
ing Procedures for Electronic Components and
Electronic Equipment (published in several parts).

MIL-STD-202: Military Standard Test Methods
for Electronic and Electrical Component Parts.

MIL-STD-810: Military Standard Environ-
mental Test Methods.

ASTM* Standard Test Methods—Primarily ap-
plicable to the materials used in electronic com-
ponent parts.

Wherever the test methods in these standards

REFERENCE DATA FOR RADIO ENGINEERS

are reasonably applicable, they should be specified
in preference to other methods. This simplifies
testing of a wide variety of parts, testing in widely
separated locations, and comparison of data.

When selecting destructive environmental tests
to determine the probable life of a part, distinguish
between the environment prevailing during normal
equipment operation and the environment used to
accelerate deterioration. During exposure to the
latter environment, the item may be out of toler-
ance with respect to its parameters in its normal
operating-environment range. Accelerated tests are
most meaningful if some relation between the de-
gree of acceleration and component life is known.
Such acceleration factors are known for many
insulation systems.

STANDARD AMBIENT CONDITIONS FOR MEASUREMENT

Relative Barometric Pressure
Temperature  Humidity
Standard (°C) (%) mm Hg mbar
Normal range RS-186 20-35 80 max — —_—

IEC-68 15-35 45-75 (645-795) 860-1060
MIL-STD-202 15-35 45-75 650-800 (866-1066)
MIL-STD-810 13-33 20-80 610-775 (813-1033)
Closely controlled range IEC-68 20+1 652 (645-795)  860-1060
IEC-68 23+1 502 (645-795) 860-1060
MIL-STD-202 2341 5042 650-800 (866-1066)
MIL-STD-810 23+1.4 505 650-775 (866-1033)
IEC-68 2741 652 (645-795) 860-1060

Notes:

1. Use the closely controlled range only if the properties are sensitive to temperature or humidity
variations, or for referee conditions in case of a dispute. The three temperatures 20°, 23° and 27°C
correspond to normal laboratory conditions in various parts of the world.

2. Rounded derived values are shown in parentheses ( ).

3. 2542°C, 20 to 509, relative humidity (RH) has been widely used as a closely controlled ambient

for testing electronics components.

OTHER STANDARD ENVIRONMENTAL
TEST CONDITIONS

Ambient Temperature

Dry heat, °C: 430, 440, (449), 455, (468),
+70, (4+71), 485, 4100, +125, +155, 4200
(values in parentheses not universally used).

Cold, °C: —10, —25, —40, — 55, —65.

* ASTM = American Society for Testing and Materials;
Philadelphia, Pa. Index of standards is available.

Constant-Humidity Tests

40°C, 90 to 95% RH; 4, 10, 21 (IEC-68),
28 (RS-186), or 56 days.

66°C, ~1009, RH: 48, 96, or 240 hours (pri-
marily for small items).

Cycling Humidity Tests

Figure 1 shows a number of cycling humidity
tests. (See applicable chart in standard for full
details.) Preconditioning is customary before start-
ing cycle series. RH=relative humidity.
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95-100% RH
+55—
PERIODIC VARIATION
4 TIMES/HOUR
T - RO 80-100% RH
+25 | |
o 2 18 21 24
HOURS
80-98 80-98
MIL-STD-202  90-99% RH_% RH _90-98% RH_%RH _ 90-98% RH

,-— ALTERNATE

+65 —I—-— s
/ | \
RS -186 c ' |
) | RATE OF CHANGE
MIL-STD-202 l ( UNSPECIFIED
+25 L=

I..____

1 | 3
IN 5 OUT OF 9 CYCLES —= '
Lo | o 1 1 R I
(o} 2.5 B35 8 10.5 135 16 18 21 24
HOURS
95% RM
471 -
MIL-STD-810 °C RH > 85%
+28 | |
o 2 8 24
HOURS
+65 -~
90-98% RH AT ALL TIMES
L ]
MIL-STD-810 C
+30 1\ '
+20- v ' T I
o a4 1216 37 38 4242 48
HOURS
2 95% RH
+60 -
MIL-STD~-810 °C
2 95 % RH
+30 -
+259 ' |
015 1€ 175 24
MAX MAX
HOURS

5-5

1, 2. 0R 6
24 -HOUR CYCLES

RS -186:
4,10, OR 28
24 -HOUR CYCLES
(NO RAPID-CHANGE
ALTERNATE)
MIL-STD -202:
10 24-HOUR CYCLES
(HAS RAPID-CHANGE
ALTERNATE)

10 24 -HOUR CYCLES

5 48- HOUR CVCI ES
5 48-HOUR CVCLEq PLUS

480 HOURS AT 30°C,
90-98%RH

S5 24 ~HOUR CYCLES

Fig. 1—Cyecling humidity tests. Relative humidity for RS-186 is 90-95%, but may be uncontrolled during

temperature changes.
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Approximate Corresponding

Pressure Altitude

mbar mm Hg in. Hg feet meters Standard
700 525 20.67 7 218 2200 IEC
600 450 17.72 11 483 3 500 IEC
533 400 16.74 14 108 4 300 IEC
586 439 17.3 15 000 4 572  MIL-202
466 349 13.75 20 000 6 096 RS-186
300 225 8.86 27 900 8 500 IEC
300 226 8.88 30 000 9 144  MIL-202, RS-186
116 87.0 3.44 50 000 15 240  MIL-202, RS-186
85 63.8 2.51 52 500 16 000 IEC

44 33.0 1.30 65 600 20 000 IEC

444 33.0 1.31 70 000 21 336  MIL-202

20 17.2 0.677 85 300 26 000 IEC

10.6 8.00 0.315 100 000 30 480  MIL-202

1.28 1.09 0.043 150 000 45720  MIL-202

3.18X10°% 2.40X10°%  9.44X1078 656 000 200 000  MIL-202
Notes:

1. The inconsistency in the pressure-altitude relation arises from the use of different model atmos-
pheres. For testing purposes always specify the desired pressure rather than an elevation in feet or

meters.

2. Values in italics are derived from the values specified in the associated standard.

Vibration Tests

The purposes of vibration tests are:

(A) Search for resonance.

(B) Determination of endurance (life) at reso-
nance (or at specific frequencies).

(C) Determination of deterioration resulting
from long exposure to swept frequency (or random
vibration).

Recommended Frequency Ranges for Tests:
Hertz: 1 to 10, 5 to 35, 10 to 55, 10 to 150,
10 to 500, 10 to 2000, 10 to 5000.

Recommended Combinations of Amplitude and
Frequency: IEC Publication 68 recommends testing
at constant amplitude below and constant acceler-
ation above the crossover frequency (57 to 62
hertz). MIL-STD-202 and MIL-STD-810 also
follow this principle but use different crossover
points and low-frequency severities. The choice of
frequency range and vibration amplitude or ac-
celeration should bear some relation to the actual
service environment. Successful completion of 107
vibration cycles indicates a high probability of no
failures in a similar service environment. Reso-
nances may make the equipment output unusable,
although the mechanical life may be adequate.

COMPONENT VALUE CODING

Axial-lead and some other components are often
color coded by circumferential bands to indicate
the resistance, capacitance, or inductance value
and its tolerance. Usually the value may be decoded
as indicated in Fig. 2 and Table 1.

Sometimes, instead of circumferential bands,
colored dots are used as shown in Fig. 3 and
examples.

Ezxamples:
Band or Dot Color
Component
Value A B C D
3300209, Orange Orange Red Black or
omitted
51109,  Green Brown Gold  Silver
or white
1.8 megohms Brown Gray Green Gold
+59, (as
applied to

a resistor)
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BLACK OR SILVER BAND
(NOT ALWAYS PRESENT)
INDICATES INDUSTRY OR
MILITARY SPECIFICATION

METALLIC COLOR
BANDS USUALLY
AT THIS END

START WITH BAND
NEAREST TO
END OF PART

Fig. 2—Component value coding. The code of Table 1

determines values. Band A color = First significant figure

of value in ohms, picofarads, or microhenries. Band B

color = Second significant figure of value. Band C color =

Decimal multiplier for significant figures. Band D color=

Tolerance in 9, (if omitted, the broadest tolerance series
of the part applies).

Semiconductor-Diode Type
Number Coding

The sequential number portion (following the
“IN” of the assigned industry type number) may
be indicated by color bands* as shown in Fig. 4.

Colors have the numerical significance given in
Table 1.

Bands J, K, L, M represent the digits in the
sequential number (for 2-digit numbers, band J is
black).

Band N is used to designate the suffix letter as
follows.

Suffix
Color Letter Number
Black — 0
Brown A 1
Red B 2
Orange C 3
Yellow D 4
Green E 5
Blue F 6
Violet G 7
Gray H 8
White J 9

Band N may be omitted in 2- or 3-digit number
coding if not required, but will always be present

* EIA Standard RS-236A.
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on 4-digit number coding (black if no suffix letter
is required).

Ezample:

Band Band Color
J Red Red Orange
K Green Green Blue
L Yellow Yellow Violet
M — — Red
N — Red Black

1N254 1N254B 1N3672

A single band indicates the cathode end of a
diode or rectifier.

—— o000 — °
88 ‘

Fig. 3—Alternative methods of component value coding.

o

CATHODE

END ;

—_
CATHODE
END \\

—

4-DIGIT SEQUENTIAL NUMBER

Fig. 4—Semiconductor-diode value coding.
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RESISTORS

Definitions

Watlage Rating: The maximum power that the
resistor can dissipate, assuming (A) a specific life,
(B) a standard ambient temperature, and (C) a
stated long-term drift from its no-load value. In-
creasing the ambient temperature or reducing the
allowable deviation from the initial value {more-
stable resistance value) requires derating the
allowable dissipation. With few exceptions, re-
sistors are derated linearly from full wattage at
rated temperature to zero wattage at the maximum
temperature.

Temperature Coefficient (Resistance-Temper-
ature Characteristic): The magnitude of change
in resistance due to temperature, usually expressed
in percent per degree Celsius or parts per million
per degree Celsius (ppm/°C). If the changes are
linear over the operating temperature range, the
parameter is known as ‘“‘temperature coefficient’’;
if nonlinear, the parameter is known as ‘“‘resistance—
temperature characteristic’’. A large temperature
coefficient and a high hot-spot temperature cause
a large deviation from the nominal condition; e.g.,
500 ppm/°C and 275°C result in a resistance
change of over 12 percent.

Mazimum Working Vollage: The maximum volt-
age that may be applied across the resistor (maxi-
mum working voltage) is a function of (A) the
materials used, (B) the allowable resistance devi-
ation from the low-voltage value, and (C) the
physical configuration of the resistor. Carbon
composition resistors are more voltage-sensitive
than other types.

Noise: An unwanted voltage fluctuation gener-
ated within the resistor. Total noise of a resistor
always includes Johnson noise, which depends only
on resistance value and the temperature of the
resistance element. Depending on type of element
and construction, total noise may also include
noise caused by current flow and noise caused by
cracked bodies and loose end caps or leads. For
adjustable resistors, noise may also be caused by
jumping of the contact over turns of wire and
by imperfect electrical path between contact and
resistance element.

Hot-Spot Temperature: The maximum temper-
ature measured on the resistor due to both internal
heating and the ambient operating temperature.
The allowable maximum hot-spot temperature is
predicated on thermal limits of the materials and
the design. Since the maximum hot-spot temper-
ature may not be exceeded under normal operating
conditions, the wattage rating of the resistor must
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be lowered if it is operated at an ambient temper-
ature higher than that at which the wattage rating
was established. At zero dissipation, the maximum
ambient around the resistor may be its maximum
hot-spot temperature. The ambient temperature
for a resistor is affected by surrounding heat-
producing devices; resistors stacked together do
not experience the ambient surrounding the stack
except under forced cooling.

Critical Resistance Value: A resistor of specified
power and voltage ratings has a critical resistance
value above which the allowable voltage limits the
permissible power dissipation. Below the critical
resistance value, the maximum permitted voltage
across the resistor is never reached at rated power.

Inductance and Other Frequency E fJects: For other
than wire-wound resistors, the best high-frequency
performance is secured if (A) the ratio of resistor
length to cross section is & maximum, and (B) di-
electric losses are kept low in the base material
and a minimum of dielectric binder is used in
composition types.

Carbon composition types exhibit little change
in effective dc resistance up to frequencies of about
100 kHz. Resistance values above 0.3 megohm
start to decrease in resistance at approximately
100 kHz. Above 1 MHz all resistance values de-
crease.

Wire-wound types have inductive and capacitive
effects and are unsuited for use above 50 kHz,
even when specially wound to reduce the induct-
ance and capacitance. Wire-wound resistors usually
exhibit an increase in resistance at high frequencies
because of ‘‘skin” effect.

Film types have the best high-frequency per-
formance. The effective dc resistance for most
resistance values remains fairly constant up to
100 MHz and decreases at higher frequencies. In
general, the higher the resistance value the greater
the effect of frequency.

Established-Reliability Resistors: Some resistor
styles can be purchased with maximum-failure-
rate guarantees. Standard-failure-rate levels are:

%,/1000 hours—1.0; 0.1; 0.01; 0.001.

Resistance Value and Tolerance Choice: A calcu-
lated circuit-resistance nominal value should be
checked to determine the allowable deviation in
that value under the most unfavorable circuit,
ambient, and life conditions. A resistor type, re-
sistance value, and tolerance should be selected
considering (A) standard resistance values (specials
are uneconomical in most cases), (B) purchase
tolerance, (C) resistance value changes caused by
temperature, humidity, voltage, etc., and (D) long-
term drift.
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RESISTORS—FIXED COMPOSITION

Color Code

ElA-standard and MIL-specification require-
ments for color coding of fixed composition re-
sistors are identical (see Fig. 2). The exterior
body color of insulated axial-lead composition
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resistors is usually tan, but other colors (except
black) are permitted. Noninsulated axial-lead com-
position resistors have a black body color.

If 3 significant figures are required, Fig. 5 shows
the resistor markings (EIA Std RS-279).

Another form of resistor color coding (MIL-
STD-221D) is shown in Fig. 6. Colors have the
following significance.

Brown Red Orange Yellow Green  White
Failure Rate Level:
Letter M P R S — —
Rate (%/1000 hrs) 1.0 0.1 0.01 0.001 - —
Terminal — — — — - Solderable
Special — — — = Fig. 6 —
Tolerance 40°C and 959, relative humidity may cause up

Standard resistors are furnished in +20-, £10-,
and =4=5-percent tolerances, and in the preferred-
value series of Table 2. “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 at an
ambient temperature of 40 or 70 degrees Celsius;
above these temperatures up to the maximum
allowable hot-spot temperature of 130 or 150 de-
grees Celsius, it is necessary to operate at reduced
wattage ratings. Resistance values are a function
of voltage as well as temperature; present specifi-
cations allow a maximum voltage coefficient of
resistance as given in Table 3 and permit a re-
sistance-temperature characteristic as in Table 4.

A 1000-hour rated-load life test should not cause
a change in resistance greater than 129, for }-watt
resistors and 109, for all other ratings. A severe
cycling humidity test may cause resistance changes
of 109, average and 15% maximum; 250 hours at

1

TOLERANCE

WIDER SPACE TO
IDENTIFY DIRECTION
OF READING

LEFT TO RIGHT

MULTIPLIER

siniFicanT | 15T
FIGURES 12"°

Fig. 5—Resistor value color code for 3 significant figures.
Colors of Table 1 determine values.

to 109, change. Five temperature-change cycles,
—55°C to +85°C, should not change the resistance
value by more than 49, from the 25°C value.
Soldering the resistor in place may cause a re-
sistance change of 3%,. Always allow }-inch-mini-
mum lead length; use heat-dissipating clamps
when soldering confined assemblies. The preceding
summary indicates that close tolerances cannot
be maintained over a wide range of load and
ambient conditions.

Noise
Composition resistors above 1 megohm have

high Johnson noise levels, precluding their use in
critical applications.

RF Effects

The end-to-end shunted capacitance effect may
be noticeable because of the short resistor bodies

FAILURE RATE LEVEL
ON ESTABLISHED
RELIABILITY TYPES
ONLY

TERMINAL ON FILM
TYPES (1.5 x WIDTH
OF OTHER BANDS}
GREEN-TESTED AFTER
LOAD CYCLE

(1.5 x WIDTH OF
OTHER BANDS )

SIGNIFICANT |1ST
FIGURES 2ND

MULTIPLIER

TOLERANCE

Fig. 6—Resistor coler code per MIL-STD-221D.
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TABLE 3—STANDARD RATINGS FOR COMPOSITION RESISTORS.

Voltage
Hot-Spot Critical Coefficient
Working Volts  Temperature* Resistance %/ Volt
Watts (maximum) (°C) (maximum) (megohms) (maximum)

1 150 150 0.22 0.05

1 250 130 0.25 0.035

3 350 130 0.25 0.035
1 500 130 0.25 0.02
2 500 130 0.12 0.02

* EIA (except 1/8W) and MIL ;znlbiexlf-femperature characteristic G. Maximum rated temperature:

characteristic G, 70°C; characteristic B, 40°C.

and small internal distance between the ends.
Operation at VHF or higher frequencies reduces
the effective resistance because of dielectric losses
(Boella effect).

Good Design Practice

Operate at } allowable wattage dissipation for
expected ambient temperature. Provide adequate
heat sink. Mount no other heat-dissipating parts
within 1 diameter. Use only in applications where
15% change from installed value is permissible or
where environment is controlled to reduce resist-
ance value change.

RESISTORS—FIXED WIRE-WOUND
LOW-POWER TYPES

Color Coding

Small wire-wound resistors in -, 1-, or 2-watt
ratings may be color coded as described in Fig. 2,
but band A will be twice the width of the other
bands.

Maximum Resistance

For reliable continuous operation, it is recom-
mended that the resistance wire used in the manu-
facture of these resistors be not less than 0.0015
inch in diameter. This limits the maximum re-
sistance available in a given physical size or
wattage rating to 3-watt—470 ohms; 1-watt—2200
ohms; and 2-watt—3300 ohms.

Wattage

Wattage ratings are determined for a temper-
ature rise of 70°C in free air at a 40°C ambient.

If the resistor is mounted in a confined area or
may be required to operate in higher ambient
temperatures, the allowable dissipation must be
reduced.

Temperature Coefficient

The temperature coefficient of resistance over
the range — 55 to 4110 degrees, referred to 25°C,
may have maximums as follows:

Value EIA

+0.025 percent/°C
=+0.15 percent/°C

Above 10 ohms

10 ohms or less

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

RESISTORS—FIXED FILM

Film-type resistors use a thin layer of resistive
material deposited on an insulating core. The low-
power types are more stable than the usual compo-
sition resistors. Except for very high-precision
requirements, film-type resistors are a good al-
ternative to accurate wire-wound resistors, being
both smaller and less expensive and having excel-
lent noise characteristics.

The power types are similar in size and per-
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formance to conventional wire-wound power re-
sistors. While their 200°C maximum operating
temperature limits the power rating, the maximum
resistance value available for a given physical size
is much higher than that of the corresponding
wire-wound resistor.

Construction

For low-resistance values, a continuous film is
applied to the core, a range of values being ob-
tained by varying the film thickness. Higher re-
sistances are achieved by the use of a spiral pattern,
a coarse spiral for intermediate values and a fine
spiral for high resistance. Thus, the inductance is
greater in high values, but it is likely to be far
less than in wire-wound resistors. Special high-
frequency units having greatly reduced inductance
are available.

Resistive Films

Resistive-material films presently used are micro-
crystalline carbon, boron—carbon, and various me-
tallic oxides or precious metals.

Deposited-carbon resistors have a negative tem-
perature coefficient of 0.01 to 0.05 percent/°C for
low resistance values and somewhat larger for
higher values. Cumulative permanent resistance
changes of 1 to 5 percent may result from soldering,
overload, low-temperature exposure, and aging.
Additional changes up to 5 percent are possible
from moisture penetration and temperature cycling.

The introduction of a small percentage of boron
in the deposited-carbon film results in a more
stable unit. A negative temperature coefficient of
0.005 to 0.02 percent/°C is typical. Similarly, a
metallic dispersion in the carbon film provides a
negative coefficient of 0.015 to 0.03 percent/°C.
In other respects, these materials are similar to
standard deposited carbon. Carbon and boron-
carbon resistive elements have the highest random
noise of the film-type resistors.

Metallic-oxide and precious-metal-alloy films
permit higher operating temperatures. Their noise
characteristics are excellent. Temperature coeffi-
cients are predominantly positive, varying from
0.03 to as little as 0.0025 percent/°C.

Applications

Power ratings of film resistors are based on
continuous direct-current or on root-mean-square
operation. Power derating is necessary for oper-
ation at ambient temperatures above the rated
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temperature. In pulse applications, the power dissi-
pated during each pulse and the pulse duration
are more significant than average power conditions.
Short high-power pulses may cause instantaneous
local heating sufficient to alter or destroy the film.
Excessive peak voltages may result in flashover
between turns of the film element. Derating under
these conditions must be determined experi-
mentally.

Film resistors are fairly stable up to about 10
megahertz. Because of the extremely thin resistive
film, skin effect is small. At frequencies above
10 megahertz, it is advisable to use only unspiraled
units if inductive effects are to be minimized (these
are available in low resistance values only).

Under extreme exposure, deposited-carbon re-
sistors deteriorate rapidly unless the element is
protected. Encapsulated or hermetically sealed
units are preferred for such applications. Open-
circuiting in storage as the result of corrosion
under the end caps has been reported in all types
of film resistors. Silver-plated caps and core ends
effectively overcome this problem.

Technical Characteristics

Stable equivalents for composition resistors;
axial leads; data for MIL “RL” series.

Watts & 3 1 2
Voltage rating 250 350 500 500

Critical resistance 0.25 0.25 0.25 0.12

(megohms)

Maximum temp for full load—70°C; for 0 load—
150°C

Resistance~temperature characteristic:
#4200 ppm/°C maximum

Life-test resistance change: 429, maximum
Moisture resistance test: £1.5%, maximum change

Resistance values: 24 series, same as composition
resistors; tolerances 2%, or 5%,.

The MIL “RN" series of film resistors is more
stable than the “RL” series and is available in a
wider range of ratings. Commercial equivalents
are also offered. Where stability and reliability
are desired, the “RN” series is economically very
competitive with the “RC"” or “RL” series.
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High-stability film resistors; axial leads; data for MIL “RD” series. Uninsulated commercial versions

have lower temperature limits and greater resistance change. Color coding is the same as previously
indicated for composition resistors.

Watts

% 16 3 i 3 i 1 2
Voltage Rating

ko

Characteristic
B — — — — - _ 500 750
D — — 200 300 350 500 — —
CE 200 200 250 300 350 — 500 —
Characteristic
B C D E
Maximum temp (°C):
Full load 70 125 70 125
0 load 150 175 165 175
Life-test resistance change (max) +19, +0.5%, +19% +0.5%
Resistance-temperature characteristic +500 =50 +200 +25
(max ppm/°C) — 500
+0.5%, +1.5%, =+0.59%,

Moisture resistance test (max change) =+1.59%,

Resistance Values: E96 series (EE48 preferred) : 19 tolerance;
E192 series (E96 preferred) : 0.5%, 0.25%, 0.19, tolerances.

Power-type film resistors, uninsulated.

Axial-Lead and MIL “RD” Series

Commercial Tab-Terminal Styles

Watts 2 4 8 7 23 25 55 115
Voltage rating 350 500 750 525 1380 2275 3675 7875
Critical resistance 61 62 70 39 83 208 245 540
(kilohms)
Maximum temperature
(°C):
Full load 25 25 25 25 25 25 25 25

235 235 235 235 235 235 235 235

275 (MIL) 275 (MIL) 275 (MIL)

Life-test resistance change: 4-59, maximum
Resistance-temperature characteristic: 2500 ppm/°C maximum
Moisture resistance test: +=3% maximum change
Resistance values: E12 series (approx. for MIL)
Tolerances: Axial lead: %, 1%, 2% (MIL “RD” Series), 5%, 10%,.
Tab lead: 1%, 2%, 5%, 10%, 20%,.

0 load

The wattage rating of an adjustable resistor is
based on using the full resistance element; if only
a portion of the element is used, the allowable
wattage is reduced approximately in the same

RESISTORS, ADJUSTABLE

General

Adjustable resistors are available with several
types of resistance elements: carbon composition,
wire-wound, and metallic film.

proportion as the resistance (for a linear-resistance-
vs-rotation characteristic).
At the extremes of movable-contact travel there
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TaBLE 4—TEMPERATURE COEFFICIENT OF RESISTANCE FOR COMPOSITION RESISTORS.

Charac- Percent Maximum Allowable Change from Resistance
teristic* at 25 Degrees Celsiust
At —55°C ambient F +6.5 +10 +13 +15 +20 +25
At 4+105°C ambient F +5 +6 +7.5 +10 +15 +15
Nominal resistance 0to1 000 >1 000 >10 000 >0.1 meg >1 meg >10 meg
in ohms to to to to to
10 000 0.1 meg 1.0 meg 10 meg 100 meg

* Resistance—temperature.

{ Up to 1 megohm, data also apply to MIL Established Reliability characteristic G (= former GF).

is a residual (hop-off) resistance between the end
contact and the movable contact having a maxi-
mum value (for linear tapers) approximately as

follows:

Element Type

Residual
Resistance
(ohms)

Composition, linear taper:

100 000 ohms
25 000, 50 000 ohms
5000, 10 000 ohms
Wire-wound, low power,
1 turn
Wire-wound, low power,
1 turn, reliable
Wire-wound, lead-screw
actuated
Wire-wound, lead-screw
actuated, reliable
Wire-wound, precision

Wire-wound, power, 1 turn

Nonwire-wound, lead-screw
actuated

0.05 % total R

35*

25*

1 ohm or 0.5%* of
total Rt

1 ohm or 3% of
total R}

1 ohm or 2% of
total Rf

1 ohm or 0.25%,
of total R}

5 ohms or 1%, of
total R

0.2 ohm or 0.29,
of total R}

20 ohms or 2%, of
total Rf

*EIA standard.
tWhichever is greater.

The usual form is a movable arm attached to a
rotating shaft with an angular travel (electrical
rotation) of about 300°. Multi-turn lead-screw-
actuated movable-contact resistors are available
with linear or circular resistance elements; locking
is less essential in high shock or vibration environ-
ments for this construction. Multi-turn movable-
arm styles are available for high-resistance or high-
resolution applications.

The common low-power resistors may be fitted
with a power switch that is actuated in the first
20° of mechanical motion preceding the electrical
rotation.

Composition Resistors

Carbon composition elements may be formed on
an insulating base such as paper-base phenolic
laminate, or they may be hot molded integral
with a molded base; the latter is more durable.
Thin-layer composition elements may be noisy and
tend to wear away with frequent use. The resistance
change is continuous.

In addition to a linear-rotation-vs-resistance
characteristic, composition elements can have a
wide range of nonlinear curves (tapers). Standard
tapers are shown in Fig. 7. Commercial units are
available with 2 taps in addition to the usual
3 terminals, permitting frequency-sensitive circuit
adjustments such as are required for tone controls.
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Usual ratings are as follows:
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Watts at 70°C* 3 2
Max operating temp 120°C 120°C
Case size in inches 0.50 dia 0.72 dia
(nominal, typical)
Resistance range 100 to 5 500 to 2.5
(min ohms to max
megohms)
Life expectancy-shaft
rotations:
Hot-molded 25 000 —
EIA RS-303 10 000 —

Single-Turn Shaft

Lead-Screw
Actuated
2,3 5 1
120°C 120°C 125°C
1.15dia  1.62X2.15 0.28X%X0.33X1.25
50to 5 50t0 2.5 100 to 2.5
>25 000 100 000 25 000
10 000 — —

* Derate 509, for other than linear taper, plus 509, if not mounted on metal panel (e.g., printed-wiring

board).

Hot-molded elements may change up to 5% in
resistance value after 100 hours at 40°C, 959,
relative humidity.

Film- and Ceramic-Element Resistors

Adjustable resistors using a metallic-film or
conductive-ceramic element are stepless and have
less inherent noise than units using a composition
element. They are a relatively new development.

They are available as linear and circular lead-
screw-actuated resistors and as single-turn re-
sistors. They may be operated from —65°C to
+150°C, but operation above 150°C is limited
primarily by the lubricant requirements for the
moving parts, and by the housing material. Life
expectancies are of the order of 107 shaft revolutions
for precision single-turn designs.

Usual ratings for nonwire-wound lead-screw-
actuated adjustable resistors are as follows:

Linear Type-Rectangular Case

Circular Type—-Square Case

Watts 3

Temp for rated watts 85°C

Max operating temp 150°C

Case size in inches (nominal)  0.30X0.37X1.25
0.20X0.33X1.25

Resistance range (min ohms to 10to 1
max megohms)
Life expectancy—-end-to-end 200

travel of wiper on re-
sistance element (cycles)

& 3 3 0.2
25°C 85°C 85°C 85°C
85°C 150°C  150°C  150°C

0.28X0.36X1.00 0.50sq 0.38sq 0.25sq
0.16X0.31X0.75

10to 1 10tol 10tol 10to1l

200 200 200 200

Wire-Wound Resistors

These are available as general-purpose low-
power resistors, precision resistors, and power re-
sistors.

Wire-wound elements are usually not suitable
for frequency-sensitive rf circuits because of in-
ductive and capacitive effects. High-resistance

wire-wound units are more subject to winding
damage because of the fine wire required; they
are impractical above a resistance value deter-
mined by the winding space available and the
smallest resistance wire that can be space-wound.

Resistors wound with wire smaller than 0.001
inch in diameter are not as rugged as those using
larger-diameter wire; composition or film elements
may be more suitable for high resistance values.
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The usual rotation-vs-resistance characteristic is
linear, but by tapering or otherwise shaping the
winding card, a limited amount of taper, log char-
acteristic, sine wave, or similar function can be
generated. By changing the resistance wire size or
material, different linear tapers may be obtained
on a uniform-width winding card.

Wire-wound elements, with rare exceptions,
change value in steps. There may be 20 steps in a
small low-resistance unit or 2000 steps (turns) in

Wire-Wound Low-Power Adjustable Resistors:
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a single-turn high-resistance unit; in some cases
this abrupt step characteristic may provide an
unwanted signal in the circuit. Noise arises from
motion of the wiper from turn to turn. Resolution
may be improved by using multi-turn adjustable
resistors. (If the desired resistance value is low
enough, resolution may also be improved by using
a resistor in which the wiper is in continuous
contact with a single-turn wire.)
Usual ratings follow (linear tapers).

Bushing-Mounted Single-Turn Shaft

Watts i o5 4*
Temp for rated watts 40°C 40°C 40°C
Max operating temp 105°C 105°C 105°C
Case size in inches (nominal) 0.75 dia 1.30 dia 1.72 dia
Resistance range (min ohms 15 to 0.0025 3 t00.015 3100.025
to max megohms)
Wire diameter in inches 0.00156 0.00156 0.00156
Rotational life-shaft turns 25 000 25 000 25 000

Linear Type—Rectangular Case

Lead-Screw Actuated

Circular Type—Square Case

Watts 3
Temp for rated watts 85°C
Max operating temp 105°C
Case size in inches
(nominal)

0.19X0.32X1.00 0.20X0.32X1.25

3 3 3

4 4 4
85°C 85°C 85°C
150°C 150°C 150°C

0.20X0.50sq 0.15X0.38 sq

Resistance range 100 to 0.005 10 t0 0.01 10 t0 0.01 10 t0 0.005
(min ohms to
max megohms)
Wire diameter 0.001 0.001 0.001 0.001
(inches)
Rotational life-shaft 2 500 4 000 4 000 3 000
turns
Multi-Turn Shaft
10¢ 10t 40¢
Watts 1.5 5 20
Temp for rated watts 40°C 40°C 40°C
Max operating temp 85°C 85°C 85°C
Case size in inches 0.88 dia 1.82 dia 3.32dia
(nominal)
Resistance range (min ohms 10 to 0.125 10 to 0.648 125-t0 5.3
to max megohms)
Rotational life-shaft turns 2X10° 2X10° 2X 108

* At 40°C, derate 509, for other than linear tapers, plus additional for other than metal panel mounting.
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Wire-Wound High-Power Adjustable Resistors:
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Watts at 25°C:
MIL 6 25 50 75 100
EIA 12.5 25 50 75 100
Max operating temp 340°C 340°C 340°C 340°C 340°C
Body diameter in inches 0.90 1.68 2.41 2.81 3.19
Resistance range* (min 1to 2 to 1to 2 to 2 to
ohms to max megohms) 0.0035 0.005 0.01 0.01 0.01

* Based on 0.0024-inch-diameter wire.

CAPACITORS

Definitions

Drelectric: A dielectric is a material that can
withstand high electric stress without appreciable
conduction. When such stress is applied, energy
in the form of an electric charge is held by the
dielectric. Most of this stored energy is recovered
when the stress is removed. The only perfect
dielectric in which no conduction occurs and from
which the whole of the stored energy may be
recovered is a perfect vacuum.

Relative Capacitivity: The relative capacitivity
or relative permittivity or dielectric constant is the
ratio by which the capacitance is increased when
another dielectric replaces a vacuum between two
electrodes.

Dielectric Absorption: Dielectric absorption is the
absorption of charge by a dielectric when subjected
to an electric field by other than normal polari-
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Fig. 7—Nominal resistance-vs-rotation characteristics for
standard tapers.

zation. This charge is not recovered instantane-
ously when the capacitor is short-circuited, and a
decay current will continue for many minutes. If
the capacitor is short-circuited momentarily a new
voltage will build up across the terminals after-
ward. This is the source of some danger with high-
voltage dc capacitors or with ac capacitors not
fitted with a discharge resistor. The phenomenon
may be used as a measure of dielectric absorption.

Tangent of Loss Angle: This is a measure of the
energy loss in the capacitor. It is expressed as
tané and is the power loss of the capacitor divided
by its reactive power at a sinusoidal voltage of
specified frequency. (This term also includes power
factor, loss factor, and dielectric loss. The true
power factor is cos(90—8).)

Insulation Resistance: This is a measure of the
conduction in the dielectric. Because this con-
duction takes a very long time to reach a stable
value, it is usually measured after 1 minute of
electrification for nonelectrolytic types and 3 min-
utes for electrolytics. It is measured preferably at
the rated working voltage or at a standardized
voltage.

The insulation resistance is usually multiplied
by the capacitance to give the ohm-farad value,
which is the apparent discharge time constant
(seconds). This is a figure of merit for the di-
electric, although for small capacitances a maxi-
mum value of insulation resistance is usually also
specified.

In electrolytics the conduction is expressed as
leakage current at rated working voltage. It is
calculated as ud/uFV, which is the reciprocal of
the ohm-farad value. In this case a maximum
value of leakage current is specified for small
capacitances.

Leakage Current: The current flowing between
two or more electrodes by any path other than the
interelectrode space is termed the leakage current,
and the ratio of this to the test voltage is the
insulation resistance.
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Impedance: Impedance is the ratio of voltage to
current at a specified frequency. At high fre-
quencies the inductance of leads becomes a limiting
factor, in which case a transfer impedance method
may be employed. This then measures the imped-
ance of the shunt path only.

DC or AC Capacitor: A dc capacitor is designed
to operate on direct current only. It is normally
not suitable for use above 200 volts ac because of
the occurrence of discharges in internal gas bubbles.
An ac capacitor is designed to have freedom from
internal discharges and low tangent of loss angle
to minimize internal heating. It is normally not
suitable for use on de.

Rated Voltage and Temperature: The rated volt-
age is the direct operating voltage that may be
applied continuously to a capacitor at the rated
temperature.

Category Voltage and Temperature: The category
voltage is the voltage which may be applied to the
capacitor at the maximum category temperature,
It differs from the rated voltage by a derating
factor.

Ripple Voltage: If alternating voltages are pres-
ent in addition to direct voltage, the working
voltage of the capacitor is taken as the sum of
the direct voltage and the peak alternating volt-
ages. This sum must not exceed the value of the
rated voltage.

In electrolytics the permissible ripple may be
expressed as a rated ripple current.

Surge Voltage: This is a voltage above the rated
voltage which the capacitor will withstand for a
short time.

Voltage Proof Test: This is the highest possible
voltage that may be applied without breakdown
to a capacitor during qualification approval testing
to prove the dielectric. The repeated application
of this voltage may cause failure,

Forming Voltage (Electrolytics): The voltage at
which the anodic oxide has been formed. The
thickness of the oxide layer is proportional to this

voltage.

Burnout Voltage (Metallized Types) : The volt-
age at which metallized types burn out during
manufacture.

Self-Healing Failure (Metallized Types) : A mo-
mentary partial discharge of a capacitor resulting
from a localized failure of the dielectric. Burning
away the metallized electrode isolates the fault
and effectively restores the properties of the ca-
pacitor.
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Volt-Ampere Rating (VA): This is the reactive
powet in a capacitor when an ac voltage is applied.
VA cosf gives the amount of heat generated in the
capacitor. Since the amount of heat that can be
dissipated is limited, the VA must also be limited
and in some cases a VA rating is quoted. (Note
that cosf= cos(90—5) = tand, when & is small.)

Scintillation: Minute and rapid fluctuations of
capacitance formerly exhibited by silvered mica or
silvered ceramic types but overcome by modern
manufacturing techniques.

Internal Discharge: Partial discharge of a ca-
pacitor due to ionization of the gas in a bubble
in the dielectric. On ac this may occur in unsuitable
dielectrics above 200 volts and is a major cause of
failure. On dc such discharges are very infrequent
and normally are not a cause of failure,

CLASSES OF CAPACITORS

Modern electronics circuits require the smallest
possible capacitors, which are usually made with
the thinnest possible dielectric material since they
are for operation at low voltages. There are three
broad classes of capacitors.

(A) Low-loss capacitors with good capacitance
stability. These are usually of mica, glass, ceramic,
or a low-loss plastic such as polystyrene.

(B) Capacitors of medium loss and medium
stability, usually required to operate over a fairly
wide range of ac and dc voltages. This need is
met by paper, plastic film, or high-K ceramic
types. The first two of these may have electrodes
of metal foil or electrodes of evaporated metal
which have a self-healing characteristic.

(C) Capacitors of the highest possible capaci-
tance per unit volume. These are the electrolytics,
which are normally made either of aluminum or
tantalum. Both of these metals form extremely
thin anodic oxide layers of high dielectric constant
and good electrical characteristics. Contact with
this oxide layer is normally by means of a liquid
electrolyte that has a marked influence on the
characteristics of the capacitor. In solid tantalum
the function of the electrolyte is performed by a
manganese-dioxide semiconductor.

PLASTIC FILM CAPACITORS

Advances in organic chemistry have made it
possible to produce materials of high molecular
weight. These are formed by joining together a
number of basic elements (monomers) to produce
a polymer. Some of these have excellent dielectric
characteristics.
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Physically they can be classified as thermoplastic
or thermosetting. In the former case the molecule
consists of long chains with little or no branching,
while in the latter the molecules are crosslinked.
Thermosetting materials have no clearly defined
melting point and are usually hard and brittle,
making them unsuitable for the manufacture of
plastic films. A cast film is usually amorphous
but by extrusion, stretching, and heat treatment,
oriented crystalline films are produced with good
flexibility and dielectric characteristics.

The electrical properties of these plastics depend
on the structure of the molecule. If the molecule
is not symmetrical it will have a dipole moment
giving increased dielectric constant. On the other
hand, the dielectric constant and tand are then
dependent on frequency. Generally speaking, non-
polar materials have electrical characteristics that
are independent of frequency, while polar materials
exhibit a decrease in capacitance with increasing
frequency, and tand may pass through a maximum
in the frequency range.

Figures 8, 9, and 10 show some characteristics
of several types of capacitors. At the present time
two classes of plastic film capacitors are recognized.

(A) Polystyrene Capacitors. Polystyrene is a
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Plastic films for capacitor manufacture are usu-
ally of the oriented crystalline type because of
their good combinations of characteristics. One
important feature of some of these films is that
they tend to shrink back to their original shape
after being heated. This fact is sometimes exploited
in manufacturing the capacitor.

Moisture usually has little effect on the dielectric
properties of plastic films, and capacitors made
from them require less protection than paper or
mica types. This, together with simple processing,
has permitted them to be mass-produced at rela-
tively low cost.

The electrical characteristics of capacitors made
with these materials depend on the construction
employed. The resistance of metallized electrodes
and the shape and method of connection to the
unit are particularly important.

Many plastic materials are being used in the
manufacture of capacitors for which there are no
internationally agreed specifications. In this case
it is necessary to obtain the relevant data from
the manufacturer. There is no doubt that in the
future the range of plastic film capacitors will be
considerably extended.

Polystyrene Film Capacitors with
Foil Electrodes

Polystyrene has excellent electrical character-
istics. The film employed is of the oriented crystal-
line type, which makes it flexible and suitable for
forming into thin films. On heat treatment the
film shrinks considerably and this is used in the
manufacturing process to obtain capacitance sta-
bility. The film is affected by greases and solvents,
and care must be taken both in manufacture and
in use to ensure that capacitors do not come into
contact with these materials.

The power factor of polystyrene is low over the
whole frequency range, but the resistance of the
electrodes may result in an increase of power factor
at high frequencies in the larger values, as shown
in Table 5.

Polyester Film Capacitors with
Foil Electrodes

This generic title is usually used to apply to
polyethylene terephthalate. It is a slightly polar
plastic film suitable for operation up to temper-
atures of 125°C. Capacitors are available with foil
electrodes.
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TaBLE 5—PoweER FacTtor oF POLYSTYRENE AT
VARIOUS FREQUENCIES.

Nominal Capacitance (pF)

1 000 10 000
Frequency Up to to to Above
(hertz) 1 000 10 000 100 000 100 000
800 0.0003 0.0003 0.0003 0.0003
10 0600  0.0003 0.0003 0.0003 0.001
100 000 0.0003 0.0005 0.001- —
0.003
1 000 000 0.001 0.002 0.005- —
0.02

Plastic Film Capacitors with
Metdallized Electrodes

These are tending to supersede metallized paper
capacitors on de applications because of superior
electrical characteristics, less tendency for self-
healing to occur during service, higher and more
stable insulation resistance, and approximately the
same space factors. Two types of film are generally
used, polyethylene terephthalate and polycarbon-
ate. For some purposes these are comparable, but
polycarbonate has a lower loss angle and smaller
change of capacitance with temperature. Poly-
carbonate is also available in thinner films, giving
an advantage of space factor.

ELECTROLYTIC CAPACITORS

Electrolytic capacitors (Fig. 11) employ for at
least one of their electrodes a “valve metal”. This
metal, when operated in an electrolytic cell as the

ANODE
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%$°:‘06°.°°°.°0' 0p(>0S

¥ 3::%'5%?'%008'000;"’ X
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DIELECTRIC FILM

c
Ry |
= SERIES RESISTANCE

(LEADS, ELECTRODES. Ry

AND ELECTROLYTE) = LEAKAGE RESISTANCE
OF DIELECTRIC FILM

Fig. 11—Basic cell and simplified equivalent circuit for
polar electrolytic capacitor.
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anode, forms a layer of dielectric oxide. The most
commonly used metals are aluminum or tantalum.
The valve-metal behavior of these metals was
known about 1850. Tantalum electrolytic ca-
pacitors were introduced in the 1950’s because of
the need for highly reliable miniature capacitors in
transistor circuits over a wide temperature range.
These capacitors were made possible by improved
refining and powder metallurgy techniques.

The term “electrolytic capacitor” is applied to
any capacitor in which the dielectric layer is formed
by an electrolytic method. The capacitor does not
necessarily contain an electrolyte.

The oxide layer is formed by placing the metal
in & bath containing a suitable forming electrolyte,
and applying voltage between the metal as anode
and another electrode as cathode. The oxide grows
at a rate determined by the current flowing, but
this rate of growth decreases until the oxide has
reached a limiting thickness determined by the
voltage. For most practical purposes it may be
assumed that the thickness of the oxide is pro-
portional to the forming voltage.

Properties of aluminum and tantalum and their
oxides follow.

Principal Dielectric Thickness

Metal Density Oxide Constant (&/V)
Aluminum 2.7 ALOs 8 13.5
Tantalum 16. 6 Ta,0s 27.6 17

The structure of these oxide layers plays an
important part in determining their performance.
Ideally they are amorphous but aluminum tends
to form two distinct layers, the outer one being
porous. Tantalum normally forms an amorphous
oxide which, under conditions of a high field
strength of the oxide layer, may become crystalline.
Depending on the forming electrolyte and the
surface condition of the metal, there is an upper
limit of voltage beyond which the oxide breaks
down. The working voltage is between 25 and 90
percent (according to type) of the forming voltage
at which stable operation of the oxide layer can be
obtained.

To produce a capacitor it is necessary to make
contact to the oxide layer on the anode, and there
are two- distinct methods of doing this. The first
is to use a working electrolyte that has sufficient
conductivity over the temperature range to give a
good power factor. There are many considerations
in choosing the working electrolyte, and the choice
is usually a& compromise between high and low
temperature performance. The working electrolyte
also provides a rehealing feature in that any faults
in the oxide layer will be repaired by further
anodization.
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In aluminum electrolytic capacitors the working
electrolyte must be restricted to those materials
in which aluminum and its oxide are inert. Cor-
rosion can be minimized by using the highest
possible purity of aluminum. This also reduces the
tendency of the oxide layer to dissolve in the
electrolyte, giving a better shelf life.

Tantalum, on the other hand, is very inert and
therefore allows a wider choice of electrolyte. Since
there is no gas evolution, better methods of sealing
can be employed. The characteristics of aluminum
and tantalum capacitors are shown in Figs. 12
and 13.

A major problem with all electrolytic capacitors
is to ensure that the electrolyte is retained within
the case under all operating conditions. In the
aluminum capacitor, allowance must be made for
gas evolution on reforming. Even the tantalum
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Fig. 12—Typical 120-hertz impedance diagrams for

aluminum (Al) and tantalum (Ta) plain-foil polar elec-

trolytic capacitors of 150-volt rating at low, high, and

room temperatures. Resistance and reactance are drawn
to the same arbitrary scale for all charts.
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capacitor usually must employ only organic ma-
terials for sealing, and these do not provide com-
pletely hermetic sealing. All organic materials have
finite moisture transmission properties and, there-
fore, at the maximum category temperature the
high vapor pressure of the electrolyte results in
some diffusion.

An elegant solution to this problem was found
by Bell Telephone Laboratories, using a semi-
conductor instead of an electrolyte. The semi-
conductor is manganese dioxide in a polycrystalline
form and has a higher conductivity than con-
ventional electrolyte systems. This material also
provides a limited self-healing feature at a fault,
resulting in oxidation of the tantalum and re-
duction of the manganese dioxide to a noncon-
ducting form.

Electrolytic capacitors take many forms and
the anode may be of foil, wire, or a porous sintered
body. The foil may be either plain or etched. The
porous body may be made with fine or with coarse
particles and the body itself may be short and
fat or long and thin. The aluminum-foil capacitor
has a space factor about 6 times better than that
of the equivalent paper capacitor, while tantalum
capacitors are even smaller and enjoy a space
factor up to 20 times better.

To operate electrolytic capacitors in series—
parallel, stabilizing resistors should be used to
equalize the voltage distribution. It should also
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be noted that, even when the case is not con-
nected to one terminal, a low-resistance path exists
between it and the electrodes. The case must be
insulated from the chassis, particularly if the
chassis and the negative terminal are not at the
same potential.

Aluminum Electrolytics

This is the most widely known electrolytic ca-
pacitor and is used extensively in radio and tele-
vision equipment. It has a space factor about
6 times better than the equivalent paper capacitor.
Types of improved reliability are now available
using high-purity (better than 99.99%,) aluminum.

Conventional aluminum electrolytic capacitors
which have gone 6 months or more without voltage
applied may need to be reformed. Rated voltage
is applied from a dc source with an internal re-
sistance of 1500 ohms for capacitors with a rated
voltage exceeding 100 volts, or 150 ohms for ca-
pacitors with a rated voltage equal to or less than
100 volts. The voltage must be applied for one hour
after reaching rated value with a tolerance of
+3 percent. The capacitor is then discharged
through a resistor of 1 ohm/volt.

Tantalum Foil-Type Electrolytics

This type of capacitor was introduced around
1950 to provide a more reliable type of electrolytic
capacitor without shelf-life limitation. It was made
possible by the availability of thin high-purity
annealed-tantalum foils and wires. Plain-foil types
were introduced first, followed by etched types.
The purity, and particularly the surface purity,
of these materials plays a major part in determining
the leakage current and their ability to operate
at the higher working voltages.

These capacitors are smaller than their aluminum
counterparts and will operate at temperatures up
to about 125°C (Figs. 14-16). The plain-foil types
usually exhibit less variation of capacitance with
temperature or frequency.

Tantalum Electrolytics with Porous
Anode and Liquid Electrolyte

This is the first type of tantalum electrolytic
capacitor to be introduced and still has the best
space factor. Types using sulphuric-acid electrolyte
have excellent electrical characteristics up to about
70 working volts. Other types contain neutral
electrolytes.

Basically it consists of a sintered porous anode
of tantalum powder housed in a silver or silver-
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Fig. 14—Variation of capacitance with temperature for
plain-tantalum-foil electrolytic capacitors.

plated container. The porous anode is made by
pressing a tantalum high-purity powder into a
cylindrical body and sintering in vacuum at about
2000°C.

Tantalum Electrolytics with Porous
Anode and Solid Electrolyte

This is the so-called solid tantalum capacitor
originally developed by Bell Telephone Labora-
tories. It developed from the porous-anode type
with liquid electrolyte by replacing the liquid with
a semiconductor. This overcame the problem of
sealing common to all other types of electrolytic
capacitors. Since there is no liquid electrolyte it is
possible to use a conventional hermetic seal.

CERAMIC CAPACITORS

Electrical ceramics have a wide range of electrical
characteristics, which makes them the most ver-
satile of capacitor dielectric materials. The low-K
materials have virtually linear characteristics and
their properties are independent of frequency over
the normal range. The materials are usually mag-
nesium titanate (which has a positive temperature
coefficient of capacitance) and calcium titanate
(which has a negative one). By combining these,
a range of controlled temperature coefficients can
be obtained. These materials, together with other
additions, produce a range of ceramics with di-
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electric constant of between 5 and 110 and temper-
ature coefficients from 4100 to —1500 ppm/°C
with tolerances as small as 415 ppm/°C. Their
properties are largely independent of voltage. For
these reasons they are sometimes known as the
temperature-compensating ceramics. Glass and
porcelain capacitors also have similar character-
istics although their temperature coefficients lie in
the range 0 to 140 only.

The high-K materials are the ferroelectrics. Be-
cause of their crystal structure, they sometimes
have very high values of internal polarization,
giving very high effective dielectric constants. In
this way these materials are comparable with ferro-
magnetic materials. Above the Curie temperature
a change of domain structure occurs which results
in a change of electrical characteristics. This region
is known as the para-electric region. In common
with the ferromagnetic materials, a hysteresis
effect is apparent and this makes the capacitance
voltage-dependent.

The ferroelectrics are based on barium titanate,
which has a peak dielectric constant of 6000 at
the Curie point of 120°C. Additions of barium
stanate, barium zirconate, or magnesium titanate
reduce this dielectric constant but make it more
uniform over the temperature range. Thus a family
of materials can be obtained with a Curie point at
about room temperature and with the dielectric
constant falling off on either side. The magnitude
of this change increases with increasing dielectric
constant. These materials exhibit a decrease of
capacitance with time and, as a result of the
hysteresis effect, with increasing voltage.

Low-K ceramics are suitable for resonant-circuit
or filter applications, particularly where temper-
ature compensation is a requirement. Disc and
tubular types are the best forms for this purpose.
Stability of capacitance is good, being next to that
of mica and polystyrene capacitors.

High-K ceramics are suitable for coupling and
decoupling applications where low tangent of loss
angle and stable capacitance are not requirements.
Inductance in the leads and element causes parallel
resonance in the megahertz region. Care is neces-
sary in their application above about 50 megahertz
for tubular styles and about 500 megahertz for

disc types.

Color Code

The capacitance tolerance and temperature co-
efficient are usually printed on the capacitor body.

Temperature Coefficient

Standard temperature coefficients of capacitance
expressed in parts per million per degree Celsius

5-23

are: +150, +100, 433, 0, —33, —75, —150,
—220, —330, —470, —750, —1500, —2200,
—3300, and —4700.

PAPER FOIL-TYPE CAPACITORS

General

Paper consists of a network of cellulose fibers,
usually produced today from kraft (wood pulp).
Very careful control in manufacture is necessary
to produce extremely fine tissues with the requisite
chemical purity and freedom from unreduced fibers
and conducting particles. Paper normally has a
moisture content of up to about 10 percent by
weight, and this is removed before the capacitor
is impregnated with an oil or wax.

Although paper capacitors have been largely
replaced by plastic film types in electronic circuits,
they are nevertheless still unsurpassed for high-
voltage dc and ac power applications. They fall
within the category of medium loss and medium
stability, and provide an economical solution in
this field.

The proper application of paper capacitors is a
complex problem requiring consideration of the
equipment, duty cycle, desired capacitor life, am-
bient temperature, applied voltage and waveform,
and the capacitor impregnant characteristics.

Construction

The paper capacitor element is manufactured by
winding together two aluminum foils interleaved
with an appropriate number of layers of capacitor
tissue. At least two layers normally are used to
avoid the effects of conducting particles in the
layer. For higher voltages a large number of layers
is preferred.

Contact to the aluminum foils is usually by
means of tinned copper tapes, which are preferably
welded to the aluminum foil. Circular elements are
wound on small-diameter mandrels but, if a large
mandrel is used, the element may be flattened to
fit conveniently in a rectangular case.

A wide variety of materials is used as impreg-
nants for paper capacitors and these are classified
generally as follows.

(A) Waxes. These are normally suitable for de
applications only. Chlorinated naphthalene has a
high dielectric constant and therefore gives a cost
and space saving. Chlorinated impregnants, how-
ever, must be stabilized to avoid electrochemical
deterioration. Waxes are not suitable for ac appli-
cations because of the formation of gas voids due
to shrinkage on cooling.

(B) Mineral oil, polyisobutylene, and silicone
oils. These are relatively nonpolar impregnants
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suitable for either dc or ac applications. Oils have
the advantage over waxes of not forming voids,
minimizing internal discharges which would other-
wise give rise to early failure on ac.

(C) Askarels. The most important of these are
the chlorinated diphenyls with trade names such
as Aroclor, Diconal, Inertene, and Pyranol. These
are polar impregnants having a dielectric constant
of about 6, but whose characteristics vary markedly
with temperature and frequency. They are used
mostly for ac power applications in which the
higher dielectric constant gives a cost and space
saving as well as an improvement in internal dis-
charge characteristics. D¢ operation is satisfactory
only if the impregnant is stabilized.

Life Derating

The energy content of a capacitor may be found
from

W=CE?/2 watt-second

where C'=capacitance in farads, and E=applied
voltage in volts.

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

Experiment has shown that the life of paper-
dielectric capacitors having the usual oil or wax
impregnants is approximately inversely propor-
tional to the 5th power of the applied voltage.

Desired life in years 1 2 5 10 20

(at ambient45°C)

prlied ;oltage in—percent 100 85 70 60 53
of rated voltage

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

Waveform

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

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

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

Applications

Paper capacitors cover & wide range of appli-
cations as follows.

(A) Low-voltage dc. Tubular capacitors for
coupling and decoupling in electronics circuits.

(B) High-voltage dec. Capacitors in smoothing
filters, power-separating filters, energy-storage ca-
pacitors, ete.

(C) Low-voltage ac. Motor start, fluorescent
lighting, interference suppression, and power-factor
correction.

(D) High-voltage ac. Power-factor correction,
power-line coupling, distribution capacitors for
high-voltage switchgear, voltage-dividing capaci-
tors for ac voltage measurement, etc.

METALLIZED PAPER CAPACITORS

General

Metallized capacitors use an evaporated metal
film as an electrode instead of the conventional
aluminum foil, as shown in Fig. 17. The metal
film is sufficiently thin so that in the event of
breakdown self-healing can occur. This consists of
burning away the film in the area of the fault to
isolate it. Higher working stresses can thus be
tolerated even with single layers of tissue, giving
an advantage of space factor in the lower voltage
ratings. At 200 volts they are one quarter of the
size of conventional paper types.

These capacitors are classified into type 1, which
does not normally self-heal in service, and type 2,
in which self-healing may occur under working
conditions. Healing requires a low-impedance cir-
cuit and does not occur unless adequate volt-
amperes are supplied for a very short time.

Construction

The capacitors are normally made by winding
together two sheets of tissue that have been
metallized with an offset electrode pattern. The
metallizing in paper capacitors is usually zine,
although aluminum is regarded as superior par-
ticularly for plastic film types.



COMPONENTS OR PARTS

IMPREGNANT
INTERLEAVED
PAPER FOR
HIGHER
VOLTAGES
IMPREGNANT METALLIC FILM
CONVENTIONAL METALLIZED
PAPER PAPER

Fig. 17—Construction of conventional and metallized-
type paper capacitors.

Connection to the film electrode is by spraying
the end of the unit with metal. This is a critical
operation which can result in poor contact with
the electrodes if not done right. Types of metal
vary widely and solder is satisfactory for making
connection with zinc. With aluminum it is usually
preferable to apply pure copper or zinc and to
follow this by solder.

Applications

Direct-Current: Metallized paper capacitors are
often used for coupling and decoupling applications
in which small size is particularly important. In
digital or other circuits where noise is important,
it is essential to use a type-1 capacitor. If a type-2
capacitor is operated at 75 percent of rated voltage,
self-healing is usually negligible but space ad-
vantage is less significant. The lower insulation-
resistance performance of type-2 capacitors should
be noted.

Alternating-Current: Special designs have been
developed for use on ac, particularly for motor-
starting and fluorescent-lighting applications.

MICA CAPACITORS

General

Mica capacitors fall within the classification of
low loss and good capacitance stability. Mica is
one of the earliest dielectric materials used and
has an unrivalled combination of physical and
electrical characteristics. It is of mineral origin
and, because of its monoclinic structure, can be
readily slit into thin plates. It has a dielectric
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constant of about 6 (largely independent of fre-
quency) together with a very low loss.

Construction

Types of mica capacitors follow.

(A) Clamp type with tin-foil electrodes. This
form of construction wag used in the manufacture
of the earliest filter-type capacitors and is still used
today in the construction of standard capacitors.
It has been largely superseded for other appli-
cations.

(B) Eyelet construction. Silvered mica plates
are eyeletted together to form stacks. Because of
the possibility of relative movement and bowing
of the plates, this construction has poor stability
of both capacitance and temperature coefficient.

(C) Bonded silvered mica construction. Mica
plates are silvered on both sides with appropriate
electrode areas, stacked, and bonded together by
firing. The result is dimensionally stable stacks of
good stability of capacitance and with character-
istics representative of the mica itself.

(D) Button styles. These are circular capacitors
with a metal band round the outer periphery
forming one terminal, and an eyeletted connection
at the center forming the other. They are par-
ticularly suitable for high-frequency operation if
mounted in a truly coaxial arrangement. These are
discussed in detail later in this chapter.

The environmental protection necessary in the
mica capacitor depends on the application. For
some applications unprotected capacitors can be
used, but the adsorption of water on the surface
gives rise to relatively poor electrical charac-
teristics. The two main methods of protection are
as follows.

(A) Epozy resin molding. Impregnated and
wired stacks are molded in an appropriate resin
having good moisture-protection properties. The
advantage of this construction is that the molding
has regular faces with good dimensional control.

(B) Dipping. A coating of resin is applied to
the capacitor either by dipped or by fluidized-bed
methods.

Applications

Because of their low temperature coefficient of
capacitance and good capacitance stability both
with temperature and frequency, mica capacitors
are invaluable for filter applications.

Type Designation

A comprehensive numbering system, the type
designation, is used to identify mica capacitors.
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Fig. 18—Type designation for mica-dielectric capacitors.
EIA at top; MIL at bottom.

Type designations are of the form shown in I'ig. 18.
MIL specifications now require type designation
marking. Color coding is now used only for EIA
standard capacitors.

Component Designation: Fixed mica-dielectric
capacitors are identified by the symbol CM. For
EIA, a prefix letter R is always included.

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

Characteristic: The MIL characteristic or EIA
class is indicated by a single letter in accordance
with Table 6.

Capacitance Value: The nominal capacitance
value in picofarads is indicated by a 3-digit number.
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The first two digits are the first two digits of the
capacitance value in picofarads. 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 indicating the number of zeros.

Capacitance Tolerance: The symmetrical capaci-
tance tolerance in percent is designated by a letter
as shown in Table 1.

Voltuge Rating: MIL voltage ratings are desig-
nated by a single letter as follows. A=100, B=250,
C=300, D=500, E=600, F=1000, G=1200,
H=1500, and J=2000 volts. EIA dc working
voltage is & number designating hundreds of volts.

Temperature Range: MIL specifications provide
for four temperature ranges all of which have a
lower limit of —55° Celsius and upper limits of
M=+4+70, N=+485 0=+125, and P=+150
degrees Celsius. The EIA uses only N and O, which
are identical to the MIL standard.

Vibration Grade: The MIL vibration grade is a
number, 1 corresponding to vibration from 10 to
55 hertz at 10g for 4.5 hours and 3 corresponding
to 10 to 2000 hertz at 20g for 12 hours.

Color Coding

The significance of the various colored dots for
ElA-standard and former MIL-specification mica
capacitors is explained by Fig. 19. The meaning
of each color may be interpreted from Table 1.

Examples
Top Row Bottom Row
Tolerance Multiplier
Type Left Center Right Left Center Right Description
RCM20A221M white red red black black brown 220 pF 4-20%,
EIA class A.
CM30C681J black blue gray red gold brown 680 pF 5%, MIL
characteristic C.
Capacitance are based on one cycle over the following temper-

Measured at 1 megahertz for capacitors of 1000
picofarads or smaller; larger capacitors are meas-
ured at 1 kilohertz.

Temperature Coefficient

Measurements to determine the temperature
coefficient of capacitance and the capacitance drift

ature values (all in degrees Celsius).

+25, —55, —40, —10, +25, 445, +65, +70,
+85, +125, +150, 425.

EIA uses 475 instead of +70. Measurements
at +85, +125, and +150 are not made if these
values are not within the applicable temperature
range of the capacitor.
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TaBLE 6—F1xEp-Mica-Caracitor REQUIREMENTS By MIL CHARACTERISTIC AND EIA CLass *

MIL-Specification Requirementst

ETA-Standard Requirements

Maximum
Range of
MIL Maximum Temperature
Characteristic Capacitance Coefficient
or EIA Class Drift (ppm/°C)
A _ _
B — _
C +(0.5%+0.1 pF) 3200
1 —_ —
D +(0.3%+0.1 pF) +100
J — —
E +(0.1%+-0.1 pF) —20 to +100
F +(0.05%+0.1 pF) 0Oto +70

Maximum

Range of Minimum

Maximum Temperature Insulation

Capacitance Coefficient Resistance

Drift (ppm/°C) (megohms)
+(5%+1 pF) 1000 3000
+(3%+1 pF) 3500 6000
3+(0.5%+40.5 pF) =200 6000
3+(0.3%+-0.2 pF) —50 to +150 6000
+(0.3%++0.1 pF) +100 6000
+(0.2%+0.2 pF) —50 to +100 6000
+(0.1%+-0.1 pF) —20 to +100 6000

* Maximun dissipation factors are given in the section on Dissipation Factor. Where no data are given in this table,
such characteristics are not included in that particular standard.
1 Insulation resistance of all MIL capacitors must exceed 7500 megohms.

Dissipation Factor

MIL specifications require that for molded and
dipped capacitors the dissipation factor not exceed
the values shown in Fig. 20. For potted and cast
epoxy capacitors, the dissipation factor shall not
exceed 0.35 percent from 1 to 1000 picofarads and
0.15 percent above 1000 picofarads.

EIA requires minimum @ as shown in Fig. 21 as
measured at 1 megahertz. Above 1000 picofarads

MIL MICA-BLACK FIRST SIGNIFICANT
EIA MICA-WHITE FIGURE
| SECOND SIGNIFICANT
| l_ FIGURE
——
A e Xe¥e
——— — ]
N ]

\_

[
LDECIMAL MULTIPLIER
TOLERANCE

( )

CHARACTERISTIC J

(
Q
1Q
LA

WHITE
TEMPERATURE RANGE

DC WORKING
VOLTAGE

Fig. 19—Standard code for fixed mica capacitors. See

color code in Table 1. 4 is the basic 6-dot form. The

9-dot form with B on the other side of the capacitor is
used if the additional data are required.

the dissipation factor measured at 1 kilohertz
shall not exceed the following values.

Dissipation
Capacitance Factor
1001-2000 0.0017
2001-3000 0.0016
3001-8000 0.0015
8000-30 000 0.0014
30 001-67 300 0.0013
67 301-100 000 0.00125

High-Potential or Withstanding-Voltage Test

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

10 -
“ ‘
Q10 ; + !
5 \
z |
°
(o4 ~ \‘__.
< 4673 ! "
2 1
a | |
-4
10 I
1 10 10 10° 10° 10°

CAPACITANCE IN PICOFARADS

Fig. 20—MIL maximum dissipation factor at 1 mega-
hertz for capacitance of 1000 picofarads or less and at
1 kilohertz for capacitance greater than 1000 picofarads.
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Humidity and Thermal-Shock Resistance

EIA standard capacitors must withstand a
5-cycle thermal-shock test in air from —55°C
to their rated maximum temperature followed by
72 hours at 75°C and 100% relative humidity.
Units must pass withstanding-voltage test. Capaci-
tance may change +6% for characteristic B and
+39%, for other characteristics. Insulation resist-
ance must exceed 3 gigaohms for 10 000 picofarads
or less and 30 megohm-microfarads for larger
capacitances.

MIL standard capacitors must withstand 5
cycles of 425, +85, 425, —55, 425 degrees C
thermal shock followed by & humidity test of 10
cycles (each of 24 hours) given for MIL-STD-202
in Fig. 1. Units must pass withstanding-voltage
tests. Insulation resistance may be as low as 30%
of the initial requirement. If capacitors are rated
above +4-85°C, the thermal shock test will be at the
maximum rated temperature.

Life

Capacitors are given accelerated life tests at 85
degrees Celsius with 150 percent of rated voltage
applied for 2000 hours for MIL specification or 250
hours for EIA standard. If capacitors are rated
above +85°C, the test will be at their maximum
rated temperature.

BUTTON MICA CAPACITORS
Color Code

Button mica capacitors are color coded in several
different ways, of which the two most widely used
methods are shown in Fig. 22.

Characteristic

The characteristics for button mica capacitors
are given in Table 7. Typical initial @ values are
approximately 500 for capacitors 5 to 50 picofarads,
700 for capacitors 51 to 100 picofarads, and 1000
for capacitors 101 to 5000 picofarads. Initial
insulation resistance shall exceed 7500 megohms
for resin-sealed units and 50 gigaohms for hermet-
ically sealed units. Withstanding-voltage tests are
made at twice rated voltage.
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1000 T
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NOMINAL CAPACITANCE IN PICOFARADS

Fig. 21—EIA minimum values of @ for capacitance up to
1000 picofarads.

Thermal-Shock and Humidity Tests

After 10 cycles of 24 hours each of the cycling
for MIL-STD-202 given in Fig. 1, capacitors
should have the following properties.

Resin  Hermetic
Seal Seal
Insulation Resistance 500 4000
in megohms (minimum)
Q factor, 9, of initial 50 75
requirement
Capacitance change, 3 2

maximum %, of initial
capacitance

Thermal shock and immersion tests are also
applied; they have less effect than the cycling
humidity test above.

I.F. TRANSFORMER FREQUENCIES

Recognized standard frequencies* for receiver
intermediate-frequency transformers are:

Standard broadcast (540 to 455 and 260 kilo-

1600 kilohertz) hertz
Standard broadcast 262.5 kilohertz
(vehicular)
Very-high-frequency broad- 10.7 megahertz
cast

30, 60, 100 mega-
hertz (common
practice)

Very-, ultra-, and super-high-
frequency equipment

TABLE 7—REQUIREMENTS FoR BuTTON Mica CAPACITORS.

Characteristic
Max Range of Temp Coeff Maximum Capacitance
MIL Commercial (ppm/°C) Drift
— C =200 =+0.59%,
D — +100 +0.39 or 0.3 pF,
whichever is greater
— E (=20 to 4+100)+40.05 pF == (0.1%+0.10 pF)
— F (0 to +70)40.05 pF = (0.05%-0.10 pF)

* EIA Standard REC-109-C.
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Television:

41.25 megahertz
45.75 megahertz

Sound carrier
Picture carrier

COLOR CODES FOR VARIOUS
COMPONENTS

Receiver Leads*

Antenna

Ground

Blue
Black

Intermediate-Frequency Transformerst

Primary:
Plate Blue
B+ Red
Secondary:
Grid or diode Green
Grid return White
For full-wave transformer:
Second diode Violet

Traveling-Wave Tubes and Klystrons
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IDENTIFIER (BLACK)

_—FIRST FiGURE

SECOND FIGURE

MULTIPLIER

% TOLERANCE
CHARACTERISTIC

THIRD FIGURE

SECOND FIGURE

FIRST FIGURE

MULTIPLIER

% TOLERANCE

CHARACTERISTIC

120° MIN
ALTERNATE COMMERCIAL METHOD

Fig. 22—Color coding of button mica capacitors. See
Table 1 for color code. Commercial color code for char-
acteristic not standardized; varies with manufacturer.

Body (Tracer)

TWT Element

Klystron

Grounds or grounded elements

Heater or filament off ground
Cathode or common heater—cathode

Black

Brownt

Yellowt

Red Collector
Orange Helix 1
Orange (green) Helix 2
Orange (blue) Helix 3
Orange (gray) Helix 4
Orange (black) —
Orange (white) —
Green Grid 1
Blue Grid 2
Gray Grid 3
White Grid 4
Green (black) Grid 5
Blue (black) Grid 6
Gray (black) Grid 7
White (black) Grid 8

EIA Standard RS-235.

Collector, if isolated
1st
2nd Reflector, phase modulation
3rd element, electrostatic
4th focussing element, etc.
5th
6th

Grid 1
Grid 2
Grid 3
Grid 4
Grid 5
Grid 6
Grid 7
Grid 8

1 If individual leads are provided for elements having internal connections, the body color will identify
the major element and a tracer will identify the internally connected element. For example: Brown
(yellow) indicates heater lead internally connected to the cathode.

Note:

No attempt is made to separate anode, control grid, modulating anode, etc. Elements are numbered
sequentially according to their relative position starting from the cathode. If two elements are equi-
distant from the cathode, the lower number indicates the lower-voltage element. Grids or helices not
available externally are omitted from the number sequence.

* EIA Standard RS-336.
t EIA Standard REC-114.
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Crossed-Field Devices*—Magnetrons, BWQO's, etc.

Voltage-Tunable Backward-Wave

Color Magnetron Magnetron Oscillator (M-type)
Black Body or other grounded elements

Brown Heater or filament off ground

Yellow Cathode or common heater-cathode

Red Anode Anode Delay line
Orange — — Sole

Green — Injector Grid

Blue —_ — Accelerator
White — Cold cathode —

Gray Turnoff electrode in crossed-field amplifiers

Electromagnet Leads (When Electromagnet is Integral Part of Microwave-Tube Package)

Orange tracer on black, red, white, or other color body.

Hall Generator Devices—Wiring

Black Control Current-Negative
Red Control Current-Positive
Yellow Output-Negative
Blue Output—Positive
Stereo Pickup Leads}
Right Left
No.of — Return or
Leads High Low High Low Ground
3 red — white — black
4 red green white blue =
5 red green white blue black

OTHER MARKING CODES

Single Band or Mark at One End

Semiconductor diode cathode end
Capacitor, wound-foil type outside-electrode end
Capacitor, ceramic-tube type inner electrode

* EIA Standard RS-235.
t EIA Standard RS-336.
1 EIA Standard RS-243.
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Symbols

Electrolytic capacitor sections—terminal mark-
ings.

o ] A No mark

Intermediate

Highest

Lower Lowest

The sequence applies first to voltage rating of
section. If voltage ratings are the same, the se-
quence applies to capacitance value. For fewer
than 4 terminals any mark may be omitted, but
interpretation of marks used follows preceding
rules.

Connections

Stereo Headphone 3-Contact Plugs:

Sleeve (barrel) common

Ring left phone

Tip right phone

Polarization with 4 on tip or ring, diaphragm

moves toward listener’s ear
(— on barrel).

Phasing of Microphones*

Terminal or Lead:

In phase red (or 1)
Out of phase black (or 2)
Ground G

PRINTED CIRCUITS

A printed circuit consists of a conductive circuit
pattern applied to one or both sides of an insulating
base. Printed circuits have several advantages over
conventional methods of assembly using chassis
and wiring harnesses.

(A) Soldering is done in one operation instead
of connection by connection.

(B) A more uniform product is produced be-
cause wiring errors are eliminated and because
distributed capacitances are constant from one
production unit to another.

* EIA Standard RS-221.
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PRINTED - CIRCUIT CAPACITOR

PRINTED - CIRCUIT INDUCTOR

Fig. 23—Formation of reactive elements by printed-
circuit methods.

(C) The printed-circuit method of construction
lends itself to automatic assembly and testing
machinery.

(D) The printed circuit consists of printed
wiring but may also include printed components
such as capacitors and inductors. Capacitors can
be produced by printing conducting areas on
opposite sides of the wiring board, using the board
material as the dielectric. Spiral-type inductors
can also be printed. Both types of components are
illustrated in Fig. 23.

(E) Using appropriate base materials, flexible
cables or flexible circuits can be built.

(F) By using several layers of circuits (in
proper registry) in a sandwich construction, with
the conductors separated by insulating layers, rela-
tively complex wiring can be provided.

Printed-Circuit Base Materials

Rigid printed-circuit base materials are available
in thicknesses varying from g to 3 inch. The
important properties of the usual materials are
given in Table 8. For special applications, other
rigid or flexible materials are available as follows.

(A) Glass-cloth Teflon (polytetrafluoroethyl-
ene, PTFE) laminate.

(B) Kel-F (polymonochlorotrifluoroethylene)
laminate.

(C) Silicone rubber (flexible).

(D) Glass-mat~polyester-resin laminate.

(E) Teflon film.

(F) Ceramic.

The most widely used base material is NEMA-
XXXP paper-base phenolic.
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Material

NEMA type XXXP paper-base
phenolic

NEMA type XXXPC paper-base
phenolic

NEMA type FR-2 paper-base
phenolic, flame resistant

NEMA type FR-3 paper-base
epoxy, flame resistant

NEMA type FR4 glass-fabric-base
epoxy, general purpose, flame
resistant

NEMA type FR-5 glass-fabric-base
epoxy, temperature and flame
resistant

NEMA type G-10 glass-fabric-base
epoxy, general purpose

NEMA type G-11 glass-fabric-base
epoxy, temperature resistant

Glass-fabric-base polytetrafluoro-
ethylene

Glass-fabric-base fluorinated
ethylene propylene

Comparable

PX

GF

GH

GE

GB

GT

Mechanical Moisture
MIL Type Punchability -Strength Resistance
© Good  Good Good

Very good Good Very good
Very good Good Very good
Very good Very good Very good
Fair Excellent Excellent
Fair Excellent Excellent
Fair Excellent Excellent
Poor Excellent Excellent

— Good Excellent

== Good Excellent

FEP

Insulation

Good

Good

Good
Very good

Excellent

Excellent

Excellent
Excellent
Excellent

Excellent

* MIL-STD-275B rating shown in parentheses if diﬁ'erent, from industr;r;ting.

Arc
Resistance

Poor
Poor
Poor
Good

Very good

Very good

Very good
Very good
Excellent

Excellent

Abrasive
Action on  Max Temper-

No

No

No

No

Yes

Yes

Yes

Yes

Tools

ature (°C)*

105

105
105
105

130
(125)

155
(150)

130

(125)

155
(150)

(150)

(150)

ceE-S

SYIINIONI OIAVY YOd4 Vivad IDNJYI4N
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Conductor Materials

Copper is used almost exclusively as the con-
ductor material, although silver, brass, and alumi-
num also have been used. The common thicknesses
of foil are 0.0013 inch (1 oz/sq ft) and 0.0027 inch
(2 oz/sq ft). The current-carrying capacity of a
copper conductor may be determined from Fig. 24.

Manufacturing Processes

The most widely used production methods are:

(A) Etching process, wherein the desired circuit
is printed on the metal-clad laminate by photo-
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graphic, silk-screen, photo-offset, or other means,
using an ink or lacquer resistant to the etching
bath. The board is then placed in an etching bath
that removes all of the unprotected metal (ferric
chloride is & commonly used mordant for copper-
clad laminates). After the etching is completed,
the ink or lacquer is removed to leave the con-
ducting pattern exposed.

(B) Plating process, wherein the designed cir-
cuit pattern is printed on the unclad base material
using an electrically conductive ink and, by electro-
plating, the conductor is built up to the desired
thickness. This method lends itself to plating
through punched holes in the board for making
connections from one side of the board to the other.
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Fig. 24—Current-carrying capacity and sizes of etched copper conductors for various temperature rises above ambient.
From MIL-STD-275B, 18 December 1964.
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(C) Other processes, including metal spraying
and die stamping.

Circuit-Board Finishes

Conductor protective finishes are required on the
circuit pattern to improve shelf-storage life of the
circuit boards and to facilitate soldering. Some of
the most widely used finishes are:

(A) Hot-solder coating (done by dip-soldering
in a solder bath) is a low-cost method and gives
good results where coating thickness is not critical.

(B) Silver plating is used as a soldering aid but
is subject to tarnishing and has a limited shelf life.

(C) Hot-rolled or plated solder coat gives good
solderability and uniform coating thickness.

(D) Other finishes for special purposes are gold
plate for corrosion resistance and solderability,
and electroplated rhodium over nickel for wear
resistance. Insulating coatings such as acrylic,
polystyrene, epoxy, or silicone resin are sometimes
applied to circuit boards to improve circuit per-
formance under high humidity or to improve the
anchorage of parts to the board. Conformal coat-
ings are relatively thick and tend to smooth the
irregular contour of the mounted items; they add
less mass than encapsulation. A protective organic
coating (unless excessively thick) will not improve
the electrical properties of an insulating base ma-
terial during long exposure to high humidity. On
two-sided circuit boards, where the possibility of
components shorting out the circuit patterns exists,
a thin sheet of insulating material is sometimes
laminated over the circuit before the parts are
inserted.

Design Considerations

Modular Layout: All features (terminal areas,
contacts, board boundaries, holes, ete.) should be
arranged to be centered at the intersections of a
0.100-, 0.050-, or 0.025-inch rectangular grid, with
preference in the order stated. Many components
are available with leads spaced to match the
standard grids. Devices with circular lead con-
figurations and a few other multilead devices are
exceptions that require special attention and di-
mensioning. Following this grid-layout principle
simplifies drafting and subsequent machine oper-
ations in board manufacture and assembly.

Drilled holes must be employed if the stated
requirements for punched holes cannot be met,
or if the material is not of a punching grade.
Drilling is less detrimental to the laminate sur-
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rounding the hole; punching may cause crazing or
separation of the laminate layers.

Diameter of punched holes in circuit boards should
not be less than % the thickness of the base material.

Distance between punched holes or between holes
and the edge of the material should not be less
than the material thickness.

Punched-hole tolerance should not be less than
+0.005 inch on the diameters.

Hole sizes should be approximately 0.010 to
0.030 inch larger than the diameter of the wire
to be inserted in the hole. With smaller holes,
hand insertion of the wire is difficult. Machine
insertion requires the larger allowance. Clinching
of the lead is desirable if the clearance is larger.

Tolerances with respect to the true-position-grid
location for terminal area centers.and for locating
edges of boards or other locating features (datums)
should not exceed on the board: 0.014 inch diameter
for conductor widths and spacings above 0.031
inch; 0.010 inch diameter for conductor widths
and spacings 0.010 to 0.031 inch, inclusive. Toler-
ances on other dimensions (except conductor widths
and spacings) may be larger. Closer tolerances may
be needed if machine insertion is required.

Terminal area diameters should be at least (A)
0.020 inch larger than the diameter of the flange
or projection of the flange on eyelets or standoff
terminals, or the diameter of a plated-through hole,
and (B) 0.040 inch larger than the diameter of an
unsupported hole. Since the terminal area should
be unbroken around the finished hole, the diameter
should be further increased over the above mini-
mum to allow for the permitted hole-position
tolerance.

Conductor widths should be adequate for the
current carried. See Fig. 24. For a given conductor-
width and copper-thickness intersection, proceed
vertically to the allowable temperature-rise line
and then horizontally to the left to determine the
permissible current. An additional 15%, derating
is recommended for board thicknesses of g% inch
or less, or for conductors thicker than 0.004 inch
(3 o0z). The normal ambient temperature sur-
rounding the board plus the allowable temperature
rise should not exceed the maximum safe operating
temperature of the laminate. For ordinary work
copper conductor widths of 0.060 inch are con-
venient; with high-grade technique (extra cost)
conductor widths as small as 0.010 inch can be
readily produced.
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Conductor spacing requirements are governed by the applied voltage, the maximum altitude, the con-
ductor protective coating used, and the power-source size. The following guide is suggested.

Minimum Spacing Between Conductors (inches)

Conformal Coated

Uncoated Boards Boards
Voltage Between Sea Level to
Conductors 10 000 F't Over 10 000 Ft All Altitudes
0-30 0.025 0.025 0.010
31-50 0.025 0.025 0.015
51-100 0.025 0.060 —
51-150 0.025 — 0.020
101-170 — 0.125 —
151-300 0.050 — 0.030
171-250 — 0.250 —
251-500 — 0.500 —
301-500 0.100 — 0.060
Above 500 0.0002 0.001 0.00012
per volt per volt per volt

Preparation of Artwork

Workmanship: In preparing the master artwork
for printed circuits, careful workmanship and accu-
racy are important. When circuits are reproduced
by photographic means, much retouching time is
saved if care is taken with the original artwork.

Materials: Artwork should be prepared on a
dimensionally stable material; specially treated
(toothed) polyethylene terephthalate (Mylar,
Cronar) base drafting films are used for most
work. Tracing paper and bristol board are now
outmoded. The desired pattern is drawn using
permanent black ink, or pressure-sensitive tape
may be run between terminal area appliques of
similar material. In another technique, an opaque
strippable film is cut to form the desired conductor
pattern and then stripped from its transparent
backing film to form the master pattern.

Scale: Artwork should be prepared to a scale
that is two to five times oversize. Photographic
reduction to final negative size should be possible,
however, in one step.

Bends: Avoid the use of sharp corners when
laying out the circuit. See Fig, 25.

Holes: The centers of holes to be manually drilled
or punched in the circuit board should be indicated
by a circle of gz-inch diameter (final size after
reduction). See Fig, 26. This feature is not needed
on each board if templates or numerically con-

trolled machine tools are used for hole preparation;
however, it is still a convenience for checking
drawings, master artwork, and photographic nega-
tives.

Registration of Reverse Side: When drawing the
second side of a printed-circuit board, correspond-
ing centers should be taken directly from the back
of the drawing of the first side.

Reference Marks: In addition to the illustration
of the circuit pattern, the trim line, registration
marks, and two scale dimensions at right angles
should be shown. Nomenclature, reference desig-
nations, operating instructions, and other infor-
mation may also be added.

GOOD POOR

Fig. 25—Proper design of bends for printed-circuit
conductors.

 ———

Fig. 26—Indication for hole.
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Assembly

All components should be inserted on one side
of the board if practicable. In the case of boards
with the circuit on one side only, the parts should
be inserted on the side opposite the circuit. This
allows all connections to be soldered simultaneously
by dip-soldering.

Dip-soldering consists of applying a flux, usually
a rosin-alcohol mixture, to the circuit pattern and
then placing the board in contact with molten
solder. Slight agitation of the board will insure
good fillets around the wire leads. In good present
technique, the circuit board with its components
assembled (on one side only) has its conductor
pattern passed through the crest of a “wave” of
molten solder; all junctions are soldered as the
hoard progresses through the wave. The flux, board
temperature, solder temperature, and immersion
time are interrelated and must be adjusted for best
results. Long exposure to hot solder is detrimental
to the insulating material and to the adhesive that
joins the copper foil to the insulation. For hand

REFERENCE DATA FOR RADIO ENGINEERS

dipping, a 5-second dip in a 60/40 tin-lead solder
bath maintained at a temperature of 450 degrees
Fahrenheit will give satisfactory results.

After solder-dipping, the residual flux should be
removed by a suitable solvent. Be sure the solvent
is compatible with the materials used in the com-
ponent parts mounted on the board; solvents fre-
quently dissolve cements or plastics and marking
inks, or cause severe stress cracking of plastics.

To secure the advantages of machine assembly:

(A) Components should be of similar size and
shape, or separate inserting heads will be required
for each different shape of item.

(B) Components of the same size and shape
must be mounted using the same terminal lead
spacing at all points.

(C) Different values of a part, or even different
parts of similar shape and size (if axial-lead style)
may be specially sequenced in a lead-taped package
for insertion by one programmed insertion head.

(D) A few oddly sized or shaped components
may be economically inserted by hand after the
machine insertion work is completed.



CHAPTER 6

FUNDAMENTALS OF NETWORKS

INDUCTANCE OF SINGLE-LAYER
SOLENOIDS*

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

L= Fn*d microhenries

where F=form factor, a function of the ratio
d/l (value of F may be read from Fig. 1), n=
number of turns, d=diameter of coil (inches)
between centers of conductors, and !=Ilength of
coil (inches)=n times the distance between centers
of adjacent turns.

The equation 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
equation 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 in diameter
by 2 inches winding length. Then d/!=1.00, and
F=0.0173 in Fig. 1.

n=(L/Fd)'*
=[100/(0.0173X 2) ]2

=54 turns.

Reference to Table 1 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
increased diameter (diameter of form, plus two

* Calculation of copper losses in single-layer solenoids
ig treated in F. E. Terman, ‘“Radio Engineers Handbook,”
1st edition, McGraw-Hill Book Company, Inc., New
York, N.Y.; 1943: pp. 77-80.

t Equations and Fig. 1 are derived from equations and
tables in Bureau of Standards Circular No. C74.

times radius of wire), if this small correction seems
justified.

Approximate Equation

For single-layer solenoids of the proportions
normally used in radio work, the inductance is

R F
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Fig. 1—Inductance of a single-layer solenoid, form
factor="F.
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TABLE 1—MAGNET-WIRE DATA.

Bare Enameled

Bare Enam
AWG nom nom SCC* DCC* SCE* 8SC* DSC* SSE* min max min
B&S diam diam diam diam diam diam diam diam diam diam diam diam*

gauge (in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.)

10 0.1019 0.1039 0.1079 0.1129 0.1104 == — — 0.1009 0.1029 0.1024 0.1044
11 0.0907 0.0927 0.0957 0.1002 0.0982 — == — 0.088 0.0917 0.0913 0.0932
12 0.0808 0.0827 0.0858 0.0903 0.0882 — — — 0.0800 0.0816 0.0814 0.0832
13 0.0720 0.0738 0.0770 0.0815 0.0793 — == — 0.0712 0.0727 0.0726 0.0743
14 0.0641 0.0659 0.0691 0.0736 0.0714 — — — 0.0634 0.0647 0.0648 0.0664

15 0.0571 0.0588 0.0621 0.0666 0.0643 0.0591 0.0611 0.0613 0.0565 0.0576 0.0578 0.0593

16 0.0508 0.0524 0.0558 0.0603 0.0579 0.0528 0.0548 0.0549 0.0503 0.0513 0.0515 0.0529
17 0.0453 0.0469 0.0503 0.0548 0.0523 0.0473 0.0493 0.0493 0.0448 0.0457 0.0460 0.0473
18 0.0403 0.0418 0.0453 0.0498 0.0472 0.0423 0.0443 0.0442 0.0399 0.0407 0.0410 0.0422

19 0.0359 0.0374 0.0409 0.0454 0.0428 0.0379 0.0399 0.0398 0.0355 0.0363 0.0366 0.0378
20 0.0320 0.0334 0.0370 0.0415 0.0388 0.0340 0.0360 0.0358 0.0316 0.0323 0.0326 0.0338
21 0.0285 0.0299 0.0335 0.0380 0.0353 0.0305 0.0325 0.0323 0.0282 0.0287 0.0292 0.0303

22 0.0253 0.0266 0.0303 0.0343 0.0320 0.0273 0.0293 0.0290 0.0251 0.0256 0.0261 0.0270
23 0.0226 0.0238 0.0276 0.0316 0.0292 0.0246 0.0266 0.0262 0.0223 0.0228 0.0232 0.0242
24 0.0201 0.0213 0.0251 0.0291 0.0266 0.0221 0.0241 0.0236 0.0199 0.0203 0.0208 0.0216

25 0.0179 0.0190 0.0224 0.0264 0.0238 0.0199 0.0219 0.0213 0.0177 0.0181 0.0186 0.0193
26 0.0159 0.0169 0.0204 0.0244 0.0217 0.0179 0.0199 0.0192 0.0158 0.0161 0.0166 0.0172
27 0.0142 0.0152 0.0187 0.0227 0.0200 0.0162 0.0182 0.0175 0.0141 0.0144 0.0149 0.0155

28 0.0126 0.0135 0.0171 0.0211 0.0183 0.0146 0.0166 0.0158 0.0125 0.0128 0.0132 0.0138
29 0.0113 0.0122 0.0158 0.0198 0.0170 0.0133 0.0153 0.0145 0.0112 0.0114 0.0119 0.0125
30 0.0100 0.0108 0.0145 0.0185 0.0156 0.0120 0.0140 0.0131 0.0099 0.0101 ¢.0105 0.0111

31 0.0089 0.0097 0.0134 0.0174 0.0144 0.0109 0.0129 0.0119 0.0088 0.0090 0.0094 0.0099
32 0.0080 0.0088 0.0125 0.0165 0.0135 0.0100 0.0120 0.0110 0.0079 0.0081 0.0085 0.0090
33 0.0071 0.0078 0.0116 0.0156 0.0125 0.0091 0.0111 0.0100 0.0070 0.0072 0.0075 0.0080

34 0.0063 0.0069 0.0108 0.0148 0.0116 0.0083 0.0103 0.0091 0.0062 0.0064 0.0067 0.0071
35 0.0056 0.0061 0.0101 0.0141 0.0108 0.0076 0.0096 0.0083 0.0055 0.0057 0.0059 0.0063
36 0.0050 0.0055 0.0090 0.0130 0.0097 0.0070 0.0090 0.0077 0.0049 0.0051 0.0053 0.0057

37 0.0045 0.0049 0.0085 0.0125 0.0091 0.0065 0.0085 0.0071 0.0044 0.0046 0.0047 0.0051
38 0.0040 0.0044 0.0080 0.0120 0.0086 0.0060 0.0080 0.0066 0.0039 0.0041 0.0042 0.0046
39 0.0035 0.0038 0.0075 0.0115 0.0080 0.0055 0.0075 0.0060 0.0034 0.0036 0.0036 0.0040

40 0.0031 0.0034 0.0071 0.0111 0.0076 0.0051 0.0071 0.0056 0.0030 0.0032 0.0032 0.0036

41 0.0028 0.0031 - — — - — — 0.0027 0.0029 0.0029 0.0032
42 0.0025 0.0028 — — — — == —  0.0024 0.0026 0.0026 0.0029
43 0.0022 0.0025 — — — — == — 0.0021 0.0023 0.0023 0.0026
4  0.0020 0.0023 — == == == = — 0.0019 0.0021 0.0021 0.0024

* Nominal bare diameter plus maximum additions.
For additional data on copper wire, see pp. 4-48-4-58 and 12-6.
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Fig. 2—Curves for determination of inductance decrease when a solenoid is shielded. By permission of RCA, copyright
proprietor.

given to an accuracy of about 1 percent by
L=nr?/(9r+10l) ] microhenries
where r=d/2.

General Remarks

In the use of various charts, tables, and calcu-
lators for designing inductors, the following rela-
tionships are useful in extending the range of the
devices. They apply to coils of any type or design.

(A) If all dimensions are held constant, induc-
tance is proportional to n2

(B) If the proportions of the coil remain un-
changed, 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 number of turns)
has m times the inductance of the given coil. That
is, inductance has the dimensions of length.

Decrease of Solenoid Inductance
by Shielding*

When a solenoid is enclosed in a cylindrical
shield, the inductance is reduced by a factor given
in Fig. 2. This effect has been evaluated by con-
sidering the shield to be a short-circuited single-
turn secondary. The curves in Fig. 2 are reasonably
accurate provided the clearance between each end
of the coil winding and the corresponding end of
the shield is at least equal to the radius of the coil.
For square shield cans, take the equivalent shield
diameter (for Fig. 2) as being 1.2 times the
width of one side of the square.

Ezample: Let the coil winding length be 1.5
inches and its diameter 0.75 inch, while the shield
diameter is 1.25 inches. What is the reduction of
inductance due to the shield? The proportions are

(winding length) / (winding diameter) =2.0
(winding diameter)/ (shield diameter)=0.6.
* RCA Application Note No. 48; 12 June 1935.
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RATIO OF LENGTH/DIAMETER
Fig. 3— Q of unshielded coil.

Referring to Fig. 2, the actual inductance in
the shield is 72 percent of the inductance of the
coil in free space.

Q of Unshielded Solenoid

Figure 3 can be used to obtain the unloaded @
of an unshielded solenoid.

REACTANCE CHARTS

Figures 4, 5, and 6 give the relationships of
capacitance, inductance, reactance, and frequency.
Any one value may be determined in terms of two
others by use of a straightedge laid across the
correct chart for the frequency under consideration.

Ezxample: Given a capacitance of 0.001 micro-
farad, find the reactance at 50 kilohertz and
inductance required to resonate. Place a straight-
edge through these values and read the intersec-
tions on the other scales, giving 3180 ohms and
10.1 millihenries. See Tig. 5.

SKIN EFFECT
Symbols

A= correction coeflicient
D=diameter of conductor in inches

f=frequency in hertz
R..=resistance at frequency f
Rg.= direct-current resistance
R.q=resistance per square
T'=thickness of tubular conductor in inches
Ty=depth of penetration of current
é=skin depth
A=free-space wavelength in meters
u,=relative permeability of conductor material
(=1 for copper and other nonmagnetic
materials)
p=resistivity of conductor material at any
temperature
pe.=resistivity of copper at
microhms-centimeter.

20°C=1.724

Skin Depth

The skin depth is that distance below the surface
of a conductor where the current density has
diminished to 1/e of its value at the surface. The
thickness of the conductor is assumed to be several
(perhaps at least three) times the skin depth.
Imagine the conductor replaced by a cylindrical
shell of the same surface shape but of thickness
equal to the skin depth, with uniform current
density equal to that which exists at the surface of
the actual conductor. Then the total current in
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the shell and its resistance are equal to the corre-  where
sponding values in the actual conductor. . L
The skin depth and the resistance per square c¢=velocity of light in vacuo
.(of any §1ze), in meter-kilogram-second (rational- — 2.998% 108 meter/second
ized) units, are
8= (\/mauc)!2 meter p=4wX10"7 u, henry/meter

Reyq=1/8c ohm 1/6=1.724X 108 p/p, ohm-meter.
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For numerical computations

0= (3.82X10~\V2) K,

= (6.61/fY2)k; centimeter

5= (150X 10~\V2) ky
= (2.60/f2)k, inch
Om=(2.60/fmc'*) ky mil
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Req= (452X 10-3/\12) k,
= (2.61X1077f12) k; ohm

where

k=L (1/u:)p/pc]?
ko= (uro/pe) *
k1, ka=unity for copper.
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Ezample: What is the resistance/foot of a cylin-
drical copper conductor of diameter D inches?

R=(12/xD) R,
= (12/xD) X 2.61X 10-7( f1*2)
=0.996X 10-%( f1/2) /D ohm/foot.

If D=1.00 inch and f=100%X10° hertz, then
R=0.996)X 10~X 104 ~ 1X 10~2 ohm/foot.

General Considerations

Figure 7 shows the relationship of R,./ R4, versus
D( f12) for copper, or versus D(fY2)(u,p./p)"? for
any conductor material, for an isolated straight
solid conductor of circular cross section, Negligible
error in the equations for R,, results when the
conductor is spaced at least 10D from adjacent
conductors, When the spacing between axes of
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parallel conductors carrying the same current is
4D, the resistance R, is increased about 3 percent,
when the depth of penetration is small. The
equations are accurate for concentric lines due to
their circular symmetry.

For values of D( f¥2) (u,p./p)"/* greater than 40

Ruc/Rac=0.0960D( f¥2) (u,p/p)"2+0.26. (1)

The high-frequency resistance of an isolated
straight conductor (either solid or tubular for
T<D/8 or T1< D/8) is given in Eq. (2). If the
current flow is along the inside surface of a tubular
conductor, D is the inside diameter.

Ro= A[( f%)/D 1k (p/pc) 32X 10-¢ ohm/foot.
(2)

The values of the correction coefficient A for
solid conductors and for tubular conductors are
given in Table 2.

The value of T( f/2) (u,pc/p)"/? that just makes
A=1 indicates the penetration of the currents
below the surface of the conductor. Thus, approxi-
mately

T1=[3.5/(1*)J(p/ppe)'* inch.  (3)

When T,<D/8 the value of R, as given by
Eq. (2) (but not the value of Ry./Rg. in Table 2,
“Tubular Conductors”) is correct for any value
T2 T

REFERENCE DATA FOR RADIO ENGINEERS

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

Ezamples:

(A) At 100 megahertz, a copper conductor has
a depth of penetration T7=0.00035 inch.

(B) A steel shield with 0.005-inch copper plate,
which is practically equivalent in Ry to an isolated
copper conductor 0.005-inch thick, has a value of
A=1.23 at 200 kilohertz. 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 compari-
son, a thick aluminum sheet has a resistance
(p/pc)¥2=1.28 times that of copper.

TaBLE 2—SKIN-EFFECT CORRECTION COEFFICIENT
A FOR SoLip AND TuBuLAR CONDUCTORS.

Solid Conductors
D( 1) [ur (pe/p) 3 A
>370 1.000
220 1.005
160 1.010
98 1.02
48 1.05
26 1.10
13 1.20
9.6 1.30
5.3 2.00
<3.0 Rnoszo

Rao= (10.37/D%) (p/pc) X 10~® ohm/foot

Tubular Conductors

T( f”z)[l-‘r(Pc/P)]m A Rlc/Rdo
=B where B> 3.5 1.00 0.384B

3.5 1.00 1.35

3.15 1.01 1.23

2.85 1.05 1.15

2.60 1.10 1.10

2.29 1.20 1.06

2.08 1.30 1.04

1.77 1.50 1.02

1.31 2.00 1.00

=B where B<1.3 2.60/B 1.00
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(5

Fig. 8—Coaxial cylindrical capacitor.

EQUATIONS FOR SIMPLE R, L, AND
C NETWORKS*

Self-Inductance of Circular Ring of
Round Wire ot Radio Frequencies, for
Nonmagnetic Materials
L= (a/100)

X [[7.353 logio (16a/d) —6.386 ] microhenry

where a=mean radius of ring in inches, d=diam-
eter of wire in inches, and a/d>2.5.

Capacitance
For Parallel-Plate Capacitor:
C=00885¢[ (N—1) A/t
=0.225¢,[ (N—1) A”/t"] picofarad
where

A=area of one side of one plate in square
centimeters
A"'= area in square inches
N=number of plates

I'mpedance Equations:
Zo= (Z1\Z2o+2)\Z3+2923) | Zs
Zo=(Z2\Zs+2\Z3s+2:25) [ Z
Zv=(Z1Zo+2\Z5+2Z:2s) | 2,
Zl= Zazc/(za+zb+zc)
Zy= szc/ (Za+zb+zc)
Zy=2.2v/(ZatZv+2Z.)

6-9

t=thickness of dielectric in centimeters
"= thickness in inches
¢,= dielectric constant relative to air.

This equation neglects “fringing” at the edges of
the plates.

For Coazial Cylindrical Capacitor (Fig. 8): Per
unit axial length

C=2w¢e,/[log. (b/a)]
={(5X10%,)/[c?log, (b/a)]} farad/meter
where

c=velocity of light in vacuo, meter per second
=2.998 X108

e,=dielectric constant relative to air

e,=permittivity of free space in farad/meter
=8.85X1012

C=0.2416¢,/[logo (b/a)] picofarad/centimeter
=0.614¢,/[logi (b/a) ] picofarad/inch
=7.36¢,/[logio (b/a)] picofarad/foot.

When 1.0< (b/a)<1.4, then with accuracy of
1 percent or better

(b/a)+1

C=8.50¢, (b/a)—1

picofarad/foot.

T-r or Y-A Transformation

The two networks (Fig. 9) are equivalent, as
far as conditions at the terminals are concerned,
provided the following equations are satisfied
(either the impedance equations or the admittance
equations may be used)

Y1== l/Zl

Y=1/Z,, etec.

Admittance Equations:
Ye=1Yo/ (Y1t Yot 1s)
Yo= 1Y/ (Y1+ Yo+ Ys)
Y=Y, Yo/ (Y14 Yot Ys)
Yi=(YoYst+ Y. Y4V Yo)/Ye
Y2= ( Ya Yb+ Ya Y¢+ Yb Yc)/ Ya
YVs= (Y Yot Y. Y A4V, Vo) /Y.

Fig. 9—T or Y network (left) and = or A network.

* Many equations for computing capacitance, inductance, and mutual inductance will be found in Bureau
of Standards Circular No, C74, obtainable from the Superintendent of Documents, Government Printing Office,

Washington, D.C. 20402.
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Eb C]\ €.

Fig. 10.

TRANSIENTS—ELEMENTARY CASES

The complete transient in a linear network is,
by the principle of superposition, 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 external source of energy. The transient may
be computed as starting from any arbitrary time
t=0 when the initial conditions of the energy of
the network are known.

Time Constant (Designated T)

The time constant of the discharge of a capacitor
through a resistor is the time &,— required for the
voltage or current to decay to 1/e of its value at
time 4. For the charge of a capacitor the same
definition applies, the voltage “decaying” toward
its steady-state value. The time constant of dis-
charge or charge of the current in an inductor
through a resistor follows an analogous definition.

Energy stored in a capacitor=%CE? joules (watt-
second)

Energy stored in an inductor=%LI? joules (watt-
second)

€e=2.718 1/e=0.3679 logie=0.4343

T and ¢ in seconds, R in ohms, L in henries, C in
farads, E in volts, and I in amperes.

YAl
!

1.0

/e

wa®

> /T

] 1.0 2.0

Fig. 11—Capacitor discharge.
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Capacitor Charge and Discharge

Closing of switch (Fig. 10) occurs at time {=0.
Initial conditions (at{=0) : Battery= Ej; e.= Ej.
Steady state (at t=c0):1=0; ;= E.

Transient:
i=[(Es—Eo)/R] exp(—t/RC)
=Iyexp(—{/RC)
logio (i/1o) = — (0.4343/ RC)¢

e tT
4

1.0
- (sl

1-(l/¢)

/T

] 1.0 2.0

Fig. 12—Capacitor charge.

EXPONENTIAL ¢~¥/T

OO.OIO 0020 0030 0050 00700100 020 030 050070 10
T T

0 N H £ 1

— (&) @@ (&)
- | /
=
l-gz |
88 |
Il " T
Qs !
J|Z
wiE
' a
-] /

5

099 098 097 095093090 080 070 0.50 0.30 000

EXPONENTIAL 1-¢-+/T

Fig. 13—Exponential functions exp(—t/T) and 1 —
exp(—t/T) applied to transients in R-C and L-R circuits.
Use exponential exp(—t/T) for charge or discharge of
capacitor or discharge of inductor:

(current at time ¢)/(initial current).
Discharge of capacitor:
(voltage at time t)/(initial voltage).
Use exponential 1 —exp(—t/T) for charge of capacitor:
(voltage at time t)/(battery or final voltage).
Charge of inductor:

(current at time ¢)/(final current).
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¢
ec= Eo-C / idt

0 L
= Eyexp(—¢/RC)+E[1—exp(—t/RC)]. §eu c R§
b

Time constant:

T=RC. i
Figure 11 shows current: Fig. 15.
t/Ie=exp(—¢/T).
Figure 11 shows discharge (for E,=0):
e/Eo=exp(—t/T).
Figure 12 shows charge (for Eo=0):
e/ Ev=1—exp(—t/T).

Inductor Charge and Discharge (Fig. 15)

Initial conditions (at t=0):
Battery=Ep; i=1I,.

. . Steady state (at t=):
These curves are plotted for a wider range in S G (E3056)

Fig. 13. i=1I,=E,/R.
Transient, plus steady state:
Two Capacitors t=I,[1—exp(—Rt/L)]+Ioexp(—Rt/L)
Closing of switch (Fig. 14) occurs at time {=0. ev=—L di/dt
Initial conditions (at t=0): =— (Ey—RI,) exp(—Ry/L).
a=E; e=E. Time constant:
Steady state (at t=o): T=L/R.
a=E;; e=—E;; 1=0 Figure 11 shows discharge (for E;=0):
E;= (E\Ci— ExC,)/ (C1+Cy) t/Ie=exp(—t/T).
C'=CCo/ (Ci+Co). Figure 12 shows charge (for I,=0):
Transient: i/I;=[1—exp(—t/T)].
i=[(EitEr)/R] exp(—t/RC") These curves are plotted for a wider range in
a=E;+ (E,;—E;) exp(—t/RC") Fig. 13.
= E\— (Ex+E») (C'/Cy)[1—exp(—¢/RC")]
e=— Eg+ (Eyt+ E;) exp(—t/RC’) Series R-L-C Circuit Charge and Discharge
= B (BB (C'/C)[1—exn(—y/RC)].  (Fig. 16)
Original energy=4 (C:E*+C,E7?)  joule Initial conditions (at t=0):
Final energy=73 (Cy+ Cy) E/? joule Battery= Ey; e,=Eo; i=1I.
Loss of energy= / T 2R dl Steady state (at t=):
0 1=0; e.=E,.
=1C'(Ey+E2)? joule.

(Loss is independent of the value of R.)

Fig. 14. Fig. 16.
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Differential equation:

3
Ey— Eo—C- f i di— Ri— L(di/dt)=0
0
when

L(d%/de)+ R(di/dt)+ (i/C)=0.
Solution of equation:

2(Ey— Eo) —RIy

E(D'") sinh (Rt/2L)

i=exp(— Rt/2L) [

X (DM2) I cosh (Rt/2L) (D'2) ]

where D=1— (4L/R?C).
Case 1: When L/R?C is small

1= (1—24—242)"! {[@ —Io(A+A’)]
t
Xexp (— RO (1+A+2A2))
+ [10(1—A—A2)— @’]

Xexp (— B (1—A—A’))}
L
where A= L/R?C.
For practical purposes, the terms A? can be

neglected when A4<0.1. The terms A may be
neglected when 4<0.01.

Case 2: When 4L/R*C<1 for which D2 is real

i exp(— Rt/2L) “:Eb; E, YA (I—Dm)]

Dz
fnhid o 1/2
X exp(2 I D

+ [%10(1+D”’) —@] exp (— 51% D"’)} .

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

D) {2(E6R—E0) [ % n é ( Ez%)ab]

Rt  1(/R\> 1/[R\
+01- g+ 5 () -3 (&)}
This equation may be used for values of D up to
=0.25, at which values the error in the computed

current ¢ is approximately 1 percent of I, or of
(Ey—Eo)/R.
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+1,0 T T
Ii,/(_E.h‘_E")
+0,5 R
N
0 \'\-
i:/Io
s 0 ) 2 3 4 5
Rt/2L

Fig. 17—Transients for 4L/R:C=1.

Case 3A: When 4L/R?*C=1 for which D=0,
the equation reduces to

. Eyv—E, Rt Rt
t=exp(— Rt/2L) [ B I +1I (1 EI—J):I
or i=11-+1,, plotted in Fig. 17. For practical pur-
poses, this equation may be used when 4L/R?C=

14+0.05 with errors of 1 percent or less.

Case 4: When 4L/R2C>1 for which DYz is
imaginary

i exp(— Ev—E _ Rl
t=exp(—Rt/2L) [( oL 2woL)
X sinwgt-+ Iy coswot]
=Inexp(—Rt/2L) sin (wot-+y)

where
wo=[(LC)™'— (R?/4L?) ]
Im= (woL) Y[ Es— Eo—3 (RIo) P+wi? L2 2}
y=tanwoLIo/[ Ev— Eo—3 (RIo) ]}.

The envelope of the voltage wave across the
inductor is

=exp(—Rt/2L)[wo(LC) 2}
X {[Es— Eo—} (RIo) P+w L2122,

Ezample: Relay with transient-suppressing ca-
pacitor (Fig. 18). The switch is closed until time
{=0, then opened.

Fig. 18.
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Let L=0.10 henry, BR;=100 ohms, and E=10
volts,

Suppose we choose C=10~% farad, and R,=100
ohms.

Then R=200 ohms, Ip=0.10 ampere, Eo=10
volts, wp=3X 10%, and fo=480 hertz.

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

Nonoscillating Condition: 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.

R,= R,=R/2=100 ohms.
4L/R*C=1
C=10-% farad= 10 microfarads.

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

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
Fig. 19, the closing of the switch oceurring at time
t=0. In the equivalent circuit, the steady state is
due to the source e acting continuously from time
{= — oo, while the transient is due to short-circuit-
ing the source --¢ at time {=0.

Source:
e= E sin(wi+a).

Steady state:
1= (E/Z) sin(wt+a—¢)

where

Z={R*[wL— (1/wC) P}
tang= (w*LC—1) /wCR.

The transient is found by determining current
1=1I, and capacitor voltage e,;= Ej at time (=0,
due to the source —e. These values of Iy 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 (=0, due to the source —e

1=I=—(E/Z) sin(a—¢)
ee=Ey= (E/wCZ) cos(a—9¢).

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

Fig. 19—Actual circuit (left) and equivalent circuit.

—e are determined, the periodic voltage being
resolved into its harmonic components for this
purpose, if necessary. Then the instantaneous
values =1, and e,= E, 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 E,.

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 trans-
form.

If we have a function v=f(¢), then by definition
the Laplace transform is £ f(¢) J= F(p), where

Fo)= [Tew(-por @ ()
0

The inverse transform of F(p) is f(¢). Most of
the mathematical functions encountered in prac-
tical work fall in the class for which Laplace
transforms exist. Transforms of functions are
given on page 44-34.

In the following, an abbreviated symbol such
as £[7] is used instead of £[7(¢)] to indicate the
Laplace transform of the function ¢(¢).

The electrical (or other) system for which a
solution of the differential equation is required, is
considered only in the time domain (>0. Any
currents or voltages existing at (=0, before the
driving force is applied, constitute initial condi-
tions. Driving force is assumed to be 0 when {<0.

Example

Take the circuit of Fig. 20, in which the switch
is closed at time {=0. Before the closing of the
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switch, suppose the capacitor is charged; then at
t=0, we have v=V,. It is required to find the volt-
age v across capacitor C as a function of time.

Writing the differential equation of the circuit
in terms of voltage, and since 1= dg/dt= C'(dv/dt),
the equation is

e(t)=v+Ri=v+RC (dv/dt)

where ¢(t) = E.

Referring to the table of transforms, the applied
voltage is Ey multiplied by unit step, or EyS_;(f);
the transform for this is Es/p. The transform of
vis £[v]. That of RC(dv/dt) is RC[pL[v]—v(0)],
where v(0)=V,=value of v at t=0. Then the
transform of (5) is

Ey/p=L[v]+RC[pL[v]— Vo).
Rearranging, and resolving into partial fractions

_E RCV,
L) Saxrep) T i+RCr

(5)

+

— B y Yo
= Bl =+ /RO T o

Now we must determine the equation that would
transform into (6). The inverse transform of £[v]
is v, and those of the terms on the right-hand side
are found in the table of transforms. Then, in the
time domain {20

v=Ey[1—exp(—t/RC)J+Voexp(—t/RC). (7)

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

(6)

Circuit Response Related to Unit Impulse

Unit impulse (see Laplace transforms) has the
dimensions of time™. For example, suppose a
capacitor of 1 microfarad is suddenly connected to
a battery of 100 volts, with the circuit inductance
and resistance negligibly small. Then the current
flow is 10~ coulomb multiplied by unit impulse.

The general transformed equation of a circuit
or system may be written

£lil=o(p)Llel+¥(p). (8)

Here £[+] is the transform of the required current
(or other quantity) and £[¢] is the transform of
the applied voltage or driving force e(f). The
transform of the initial conditions, at (=0, is
included in y(p).

REFERENCE DATA FOR RADIO ENGINEERS

First considering the case when the system is
initially at rest, ¥ (p) =0. Writing 7, for the current

in this case
Llia)=¢(p)2le]. (9)

Now apply unit impulse S;(¢) (multiplied by 1
volt-second), and designate the circuit current in
this case by B(f) and its transform by £[B]. The
Laplace transform of So(t) is 1, so

£[B]=¢(p)- (10)

Equation (9) becomes, for any driving force

£lt.]=L[B]ele]. (11)

Applying the convolution function (Laplace
transform)

S [; B(t=N)e(A) d

- / "BOe(t=)) d. (12)
0

To this there must be added the current 4, due
to any initial conditions that exist. From (8)

Llio]=v(p).

Then ¢, is the inverse transform of ¥ (p).

(13)

Circuit Response Related to Unit Step

Unit step is defined and designated S_,(¢)=0
for t<0 and equals unity for £>0. It has no dimen-
sions. Its Laplace transform is 1/p. Let the cir-
cuit current be designated A(f) when the applied
voltage is e= S_;(£)X (1 volt). Then, the current 1,
for the case when the system is initially at rest,
and for any applied voltage e(f), is given by any of

f= A()e(0)+ / " A=\ e dn
0

= A()e(0)+ ['A(x)e'(z—x) \
0

= A(0)e(t) + /‘A’(t—x)e(x) i
0

— A(0)e(t)+ [ “AO0)e(t=)) dn (18)
0

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

As an example, consider the problem of Fig. 20
and Egs. (5) to (7) above. Suppose Vo=0, and
that the battery is replaced by a linear source

e(t) = Et/Tl
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where T) is the duration of the voltage rise in
seconds. By Eq. (7), setting Ey=1

A(t)=1—exp(—¢/RC).

Then using the first equation in (14) and noting
that ¢(0)=0, and ¢’ (t)= E/T, when 0<(< T, the
solution is

v=(Et/T\)— (ERC/T))[1—exp(—t/RC)].

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

Heaviside Expansion Theorem

When the system is initially at rest, the trans-
formed equation is given by Eq. (9) and may be
written

£liJ=[M (p)/G (p)IeLe].

M (p) and G(p) are rational functions of p. In
the following, M (p) must be of lower degree than
G(p), as is usually the case. The roots of G(p)=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.

For a force e= E.x exp( jwt) applied at time
=0

(15)

ta(t) _ M(jw) exp ( wt)+ > M(p,) exp(p-)

Emex  G(jw) =1 (pr—j) G (p)
(16A)
_exp(jwt) | &  exp(pd)
=2 &z B

The first term on the right-hand side of either
form of (16) gives the steady-state response, and
the second term gives the transient. When e=
E ax coswt, take the real part of (16), and similarly
for sinwt take the imaginary part. Z(p) is defined
in Eq. (19). If the applied force is the unit step,
set w=0in Eq. (16).

Application to Linear Networks

The equation for a single mesh is of the form

An(drifdem) 4+ -+ Ay (di/de)
+Ag+B / idi=e(f). (17)

System Initially at Rest: Then, Eq. (17) trans-
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forms into
(App™++ -+ Ap+ Aot-Bp) £li]=£[e]

where the expression in parentheses is the opera-
tional 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
11, %, ***, tm. The m algebraic equations like (18)
are solved for £7;], 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 sepa-
rately and the responses added.

Designating any two meshes by the letters A
and k, the driving force e({) being in either mesh
and the mesh current ¢(¢) in the other, then the
fraction M (p)/G(p) in (15) becomes

Mu.(p)/G(p)=1/Zn(p)= Yu(p)

where Yu(p) is the operational transfer admit-
tance between the two meshes. The determinant of
the system is G(p), and M (p) is the cofactor of
the row and column that represent e(f) and ¢(¢).

(18)

(19)

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), e(f)=0, and each term
is transformed according to

£ldvi/de])=pre[i]— r}_:l pr—Ld—i/dr17m

(20A)

.c[ /; ‘idz]=p—'.c[i]+p-l [ / idt]‘_o (20B)

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 {=0, the instant when the driving force
e(!) begins to act.
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Resolution into Partial Fractions: The solution of
the operational form of the equations of a system
involves rational fractions that must be simplified
before finding the inverse transform. Let the frac-
tion be h(p)/g(p) where h(p) is of lower degree
than g(p), for example (3p+2)/(p*+5p+8). If
h(p) is of equal or higher degree than g(p), 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 p, of the
equation g(p)=0, and (p—p.) for a root p,
repeated m times.

n Ar m B

Mp) g 4 4 &

r

g9(p) = p=pr = (p—pa)™ T’
There is a summation term for each root that is
repeated. The constant coefficients A, and B, can
be evaluated by reforming the fraction with a
common denominator. Then the coefficients of
each power of p in A(p) and the reformed numer-
ator are equated and the resulting equations solved
for the constants. More formally, they may be
evaluated by

h(pr) — [
g (pr)
B=[1/(r—1) 115" (p,)

where
f(p)= (p—pa)™[h(p)/9(p)]

(21A)

h(p)
g(p)/(p-p,)],_,,, (21B)

(21C)

A=
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and f©V(p,) indicates that the (r—1)th deriva-
tive of f(p) is to be found, after which we set
P=Pa.

Fractions of the form (Aip+A4.)/(p*+w?) or,
more generally

Aipt+4: _ A(pta)+Bw
p*+2apt+d  (pta)’+o?
where b>a? and w?=b—a? need not be reduced

further. From the Laplace transforms the inverse
transform of (224) is

(224)

exp(—at) (A coswt+ B sinwt) (22B)
where
_ h(—atjw) | h(—a—jw)
4= G cati) To(camiy 29
_ | M—atpw)  h(—a—jw)
B_][g’(—a-i-jw) g'(—a—jw)]' $)

Similarly, the inverse transform of the fraction

[4(p+a)+Ba)/[(p+a)*—a’]

isexp(—at) (A coshat+ B sinhat), where A and B
are found by (22C) and (22D), except that jw
is replaced by a and the coefficient j is omitted in
the expression for B.



CHAPTER 7

FILTERS, IMAGE-PARAMETER DESIGN

GENERAL

The basic filter half section and the full sections
derived from it are shown in Fig. 1. The funda-
mental filter equations follow, with filter character-
istics and design equations 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. Note
that while the impedance characteristics and design
equations are given for the half sections as shown,
the attenuation and phase characteristics are for
full sections, either T or .

FUNDAMENTAL FILTER EQUATIONS

Image Impedances Z: and Z,

The element-value design equations to be given
are derived by assuming that the network is termi-
nated with impedances that change with frequency
in accordance with the following image-impedance
equations. Unfortunately, this assumption can be
only approximately satisfied.

Zr=mid-series image 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
Zy connected across 1-2.

Equations for the above are
Zr=(Z\Zy+Z:2/4)'2
= (212,)'1*(14-Z,/4Z,)"* ohm
_ Z\Z,
(Z1Zy+2Z2/4)'2

_ (Z Z )1/2
= (14242 ™

ZyZ,=17)\Z,.

Zy

Image Transfer Constant

The transfer constant 6=a+jB of a network is
defined as 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.

1 3
— 2z, <+
Zy Zy

2 AL a

(o -O
A—HALF SECTION

o— 2Z,/2 r—T—- 2,/2 —0
— Z, —
ZT zT

o _ o

B—FULL T-SECTION

o T Z
Y 2z, 2z,
Z,r z'

o—a— —

C—FULL w-SECTION

Fig. 1—Basic filter sections.



7-2
Equations in terms of full sections are
coshf=142,/22,.
Pass Band:
a=0), for frequencies making —1<2,/42,<0
B=cos(14+2,/22,)
=42 sin1(— Z,/4Z,)" radian
Image impedance= pure resistance.
Stop Band:
a=cosh™ | 14-2,/22, |
=2sinh~1(Z,/4Z,)"? neper for Z,/42,>0
=0 radian
a=cosh™ | 142,/2Z, |
=2cosh™1(—Z,/4Z,)'? neper for Z,/4Z,<—1
==+~ radian

Image impedance= pure reactance.

The above equations are based on the assump-
tion that the impedance arms are pure reactances

with zero loss.

LOW-PASS FILTER DESIGN

Notations
Z in ohms, « in nepers, and B in radians
w.=2wf.= angular cutoff frequency
=1/(LCi)?

wo,= 2wf, = angular frequency of peak
attenuation

m= (1—wl/w,?)?
R=nominal terminating resistance
= (Ly/Ci)'
= (ZriZu)'?
For constant-k type:
R=ZuZy=k
For m-derived type:
Curves drawn for mx0.6
RP=Z1eZn
= Z1(seriea—m)Z2(shunt—m)

= Z(shunt—m) Z2(veries—m)

REFERENCE DATA FOR RADIO ENGINEERS

Constant-k

Half Section

Impedance Characteristics

+ z
7
z /| -
i > | /T
™ l/ w—> ZT),= R(l—w’/wcz)”’
o] T
R £ Za=R/(1—utfud)it
I ./
(g T
a0 v

Full-Section Attenuation a and Phase 8 Character-

18tics

e

When 0<w<w,
& w—> a=0
w,
¢ ® B=2sin (w/w)
? 4 e When w,<w<
8 | B=mw
| =
. 1 — a=2 cosh™ (w/w.)
Ue [ J
Design Equations, Half-Section Sertes Arm
Lk= R/w;

Design Equations, Half-Section Shunt Arm
Ck= l/ch

Series m-Derived

Half Section



FILTERS, IMAGE-PARAMETER DESIGN 7-3

Impedance Characteristics Design Equations, Half-Section Series Arm
©
IR 4 Li=mL
Z g | |/y
> |,1 Ao Design Equations, Half-Section Shunt Arm
T AT L=[(1—m?) /mLs
I,/ : Co=mC}
I I
Zn=Zm Shunt m-Derived
7 R(1- ~w/we?)
R (T 2)1/2 Half Section
L,
_R[1— (/ed) (1—m)] .
T (=)
C
Full-Section Atlenuation « and Phase 8 Character- —» C == o
slics © : Zy; Zy,
o/ R
|
: Impedance Characteristics
| w— ©
° [ © T Ly, ’1
z ] : /|
z !
v n /.
T ( o 2y w P
8 | “p /T.',
| v
: i Iz l
0 W, w, © |, 7,
- V'pin
When w.<w<w,, 8= and _ 21
Zoa= R(1—w/we?)
1—w?/we?

1| o Vwe2—1/we
a=cosh™? = —1
e o

m? T 1= (@wd) (1—m?)
=cosh™| 2 W— 1
we m =R? / Zrl
When 0<w<w,, a=0 and Zeo=2n
B=rcos™ [1 2 I;w = i;:;] Full-Section Attenuation o and Phase 8 Character-
1siics
—cost | 1=2 m? Same as for series m-derived.
- wlfuP— (1= m?)

Design Equations, Half-Section Series Arm
When w,<w< e, =0 and e f-Se

=ml
a=cosh™|1— l/wau 1/‘*’1:2 R
—co 1/ 2—1/u? Ci=[(1—m?) /m]C,
m? Design Equations, Half-Section Shunt Arm
=cosh™ [ 1-2 — 5 —
wi/wt— (1—m?) Cy=mC,
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HIGH-PASS FILTER DESIGN

Notations
Z in ohms, a in nepers, and § in radians
w.= 2nf,= angular cutoff frequency
=1/ (LsCi)'?

we= 2nf,=angular frequency of peak
attenuation

m= (1—w/w?)?
R=nominal terminating resistance
= (Li/Ce)'
= (ZnZa)'"
For constant-k type:
R*=ZyZu=K
For m-derived type:
Curves drawn for m~0.6
R’=ZryZn
= Z1(series—m)Z3(shunt—m)

=Z 1(lhunb-m)Z2(leris-m)

Constant-k
Half Section

Cx
—i
2

Lk

I'mpedance Characteristics

Pl e
M/

’

o 4

I zrl
|
|
flwe
|
|
|

zvk w —p
®

/

Tk
-0k |

Zn=R[1— (w/w?) I
Z= R/[l_ (“’cz/“’z) ]m

REFERENCE DATA FOR RADIO ENGINEERS

Full-Section Attenuation o and Phase 8 Character-
18l1c8

!

When 0<w<we
o w—»  a=2 cosh™ (w./w)
wg L
? 0 "f‘ “—: When w.<w< o
B : a=0

B=—2sin" (w,/w)

-l

Design Equations, Half-Section Series Arm
Ci= l/ch

Design Equations, Half-Section Shunt Arm
Li= R/wc

Series m-Derived

Half Section
C,
o—rof
L2
z Zn,

Zm="Zm:
_ R[1— (we*/e?)]
T (1—wdfe?)

_ R[1— (w&/u?) (1—m*) ]
- (1_0,‘2/“,2)11:

Zy




FILTERS, IMAGE-PARAMETER DESIGN 7-5

Full-Section Attenuation a and Phase B Character- Impedance Characteristics

o N\ | T
I\ LY
Y s
© W, w, @ o
w—p
? g Wy, l“'c o
]
B i -
J | z _R(l_‘&’c’/“"z)”z
-7 ™ 1—(0.!“.‘,2/0?2
When w,<w<w, f=—= and _ R(1—wl/w?)12
2__,, 2 Ty (a2 —m2)
a=cosh™! r2 ::—_:2 - 1] 1= (w/e) (1—m?)
L G = Rz/Z,l
— h—! F2 m? -1 Zp= Y/
— OO ed) = (1=
_ Full-Section Attenuation o and Phase 8 Character-
When 0<w<wq,, B_O and istics
2.2
a=cosh™ F1—2 :"’2_:: ] Same as for series m-derived.
- m? Design Equations, Half-Section Series Arm
= —1
cosh™ | 142 oy = (w’/wc’)] Li=[m/(1—m*)]Ls
When w,<w< %, a=0 and C1=Ci/m
2__ 2
B=cos™ r1—2 H] Design Equations, Half-Section Shunt Arm
% m? R
- 1
cos™ _1+2 (=) = (w’/w.,’)]

Design Bquations, Half-Section. Series Arm BAND-PASS FILTER DESIGN

Ci=C/m
Design Equattons, Half-Section Shunt Arm Notations
Le=Ly/m
Cy=[m/ (1—m?) ]C, The notations apply to the charts on band-pass

filter design that appear on the following pages.
Z in ohms, a in nepers, and 8 in radians
Shunt m-Derived w1=2mfi=lower cutoff angular frequency
Half Section we= 2mfp= upper cutoff angular frequency
wo= (wiw2)'2=midband angular frequency
wy—w=width of pass band

R=nominal terminating resistance

Wie= 27f1,= lower angular frequency of peak
attenuation
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wee= 27fas=upper angular frequency of
peak attenuation
- _ (nful) g
T (0ie/020)
_ R (/o)
™ = (i)
g= {[1— (WPro/en?) J[1— (P1e/e0e?) ]2
h={[1— (/) J1— (r*/e%20) 1}
LuCu= LuCou= 1/wyn=1/cx?
R*=Ly/Cu= Lu/Cue
= ZuZ2k= kz
=ZriZak

= Zl(miu—m)zﬂnhunt—m)
= Z2(uriu—m)z 1(shunt—m)

= Z(shunt—m) Zx(series—m) | fOr 8Ny onE pair
z =7 of m-derived
wl i U half sections.

Z, (shunt—m)= Zo

Constant-k
Half Section
Lk c|k
p—O
—» C -q.‘ -
zn 2k elak .

Impedance Characteristics

_R[(wf—e?) (P—w) ]

Z
b w(wr—w)

7 — Rw (w2—wn)
* [(wr—o?) (P—wf) 2

REFERENCE DATA FOR RADIO ENGINEERS

Full-Section Attenuation a and Phase 8 Character-
18t1cs

a=2 cosh™!

When 0<w<w), 8=—m and
" adei? ]
Lw(wz—wn)_

When o <w<ws, a=0 and

B=2sin™! [ﬂ]
w (wz—wl)

Frequencies of Peak o

a=2 cosh™

w1,=0
o=

Destgn Equations, Half-Section Series Arm
Ly=R/ (wr—w)
Cu= (wy—w1) /Rux?

Design Equations, Half-Section Shunt Arm
L= R(w—w) /o0’
Cu=1/R(2—w1)

3-Element Series |

Half Section
Ly (e
—e—o
— Com o
2y Im
SO




FILTERS, IMAGE-PARAMETER DESIGN

I'mpedance Characteristics
t° /
z

'* 4
w—>
o [

7/

£

- @.

Z 1l

- R (w2+w1) [w’ —wlz:l‘/ 2

w wol—w?

Full-Section Altenuation o and Phase B Character-
1stics o

o

N

!
|
1
|
|
|

w—>
° W, W, W, ©
4 t
! ST
A ﬂ
2 ) W Wy ®
| |
| |
- ' |

When 0<w<w, =0 and

ot
a=cosh—‘[l—2 o w’]

wz?_ ‘-"12

When wy<w<w,, a=0 and

wi—w?
B=cos™ [1—2 —,]

wzz— wy'

When wo<w< o, f=m and

2,2
a=cosh™ [2 %— l]

Wy —au’
Conditions
m=1
m2=w1/w2
Frequencies of Peak a
Woy, = ®©

Design Equations, Half-Section Series Arm
Li=Ly
C1=Cu/m,
Design Equations, Half-Section Shunt Arm
Ce=[(1—my)/(14+mz) ]Cu

7-7
3-Element Shunt |

Half Section

Zm=[Ro/ (wrtw) J(w'—o?) / (—w?)
= R’/Z,l
Zl2= Zlk

Fu.ll-Section Attenuation o and Phase 8 Character-
18lcs
Same as for 3-element series I.
Conditions
Same as for 3-element series I.
Frequencies of Peak o
Same as for 3-element series I.
Design Equations, Half-Section Series Arm
Ly=[(1—my)/(1+m2) JLu
Design Equations, Half-Section Shunt Arm
Lo= Lo/ my
Co=Cu

3-Element Series Il

Half Section




7-8 REFERENCE DATA FOR RADIO ENGINEERS

Impedance Characteristics

3-Element Shunt ll
Half Section .
h—{(:—o——o
i
. L
l i z T4 Cz Lz Z ma
[}
|
caV ! |
Zn=12
o I'mpedance Characteristics
Zn=[Ro (wrtw) /w1 (wp—o?)/ (=) T -
Full-Section Attenuation o and Phase 8 Character- T
tsiics Z R

NG
N

W, W, w, L
v ' ! o
! A
Y S - Zry=[Rortfos (o) L (@—wf)/ (of—o?)
: : =R? / Zra
-7 1
When 0<w<w, f=— and Ze=Zak
20, 9 Full-Section Altenuation o and Phase 8 Character-
a=cosh™| 2 M_ 1 18lics
o? (w—wr?)
Same as for 3-element series I1.
When w<w<ws, a=0 and .
* (wmi) Condilions
» w? (wol—
B=cos™! [1'—2 a_:;(_wzran’)] Same as for 3-element series I1.
When w2<w<°°, B=0 and Frequencies Of Peak o
I [1—2 ot (co— w’)] Same as for 3-element series I1.
w? (wt—wn?) Design Equations, Half-Section Series Arm
C=[(14+m 1—m) ]C
Conditions =L(4m)/(1—m;)]Cu
M= wy/ws Design Equations, Half-Section Shunt Arm
me=1 Ly=Ly
. Co=mCox
Frequencies of Peak o
wW1,=0 4-Element Series |
Design Equations, Half-Section Series Arm Half Section
L, (e
L1= m le o]
Cl= Clk Lz
Design Equations, Half-Section Shunt Arm At Zm

C2
Ly=[(14+m)/(1—=m)]Lx _——I—c



FILTERS, IMAGE-PARAMETER DESIGN

Impedance Characteristics

4

Zm=2Zm
2_w2 1/2
B[/ (o) ] o]

X[ (w?—awn?) +me? (w—e?) ]
Full-Section Attenuation o and Phase 8 Character-
18lics
T ®

o]
L4

2

4
° '."‘o 2 @
| |
-1 |

When w<w<ws, a=0 and
B=cos™4
When 0<w<w,,,, =0 and
a=cosh™4
When wy,<w<w;, B=—m and
a=cosh™1(—A4)
When w,<w< o, =0 and

a=cosh™4
Conditions
2
[ (P—wi?) /md (wr?—w?) ]

[l

m/me=w/w,

A=1-

Frequencies of Peak o

[wlz_wzzmlzjr/z
W=7

1—m12

7-9
Design Equations, Half-Section Series Arm
Li=mLy
Ci=Cu/my
Design Equations, Half-Section Shunt Arm
Ly=[(1—ms?) /m] L
Co=[ma/ (1—mz?) 1Cu

4-Element Shunt |

Half Section .

G

—» C, L3 o
Z12 T 22

— 1

Impedance Characteristics

P Rw (wy—un) (w’—wlz)‘”
™ (w’—wl’) +m? (w22—w2) wol—w?
=R? / Zrl
Zr2= Zrk

Full-Section Atlenuation o and Phase 8 Character-
18tics

Same as for 4-element series I.
Conditions
Same as for 4-element series I.
Frequencies of Peak o
Same as for 4-element series I.
Design Equations, Half-Section Series Arm
Ly=[ms/ (1—m7*) ]Ln
Ci=[(1—m?) /m]Co
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Design Equations, Half-Section Shuni Arm

Ly=Lo/m,

Cg = mlCu

4-Element Series Il

L C
o_fvw\_.'
L,
— -~
Z13 Zns
.

Impedance Characteristics

Half Section

Zrs=Zmi

Z3=[R/w(wr—a) ](o:‘;z—__o:;)llz

X I: (wzz— w? ) +7II12 (w’— wlz) ]

REFERENCE DATA FOR RADIO ENGINEERS

Conditions
2
14+-[ (wP—o?) /md (wP—en?) ]

1— (wo ) \V2
™ (1— E:*fa,*:g)
my/mp=wofw
Frequencies of Peak o
_ (ml’wlz— wzﬂ)‘/’

m12— 1

B=1-

Design Equations, Half-Sectton Series Arm
Li=mLu
C\= Cu:/ me
Design Equations, Half-Section Shunt Arm
Ly=[(1—m?) /m]Lu
Co=[ma/ (1—mz?*) JCu

4-Element Shunt Il
Half Section .
(o

Full-Section Attenuation o and Phase 8 Character-

istics

b

When w,<w<wi,, == and
a=cosh™!(— B)
When 0<w<w, =0 and
a=cosh™'B
When w<w<ws, =0 and
B=cos™'B
When wy,,<w< %, =0 and

a=cosh™B

Rw (wy—w1)

w22__w2 1/2
o= (w—w?) +mi? (W —or) (w’—wx’)
=R/Z,s
Ze=Znk
Full-Section Attenuation o and Phase B Character-

18tics
Same as for 4-element series II.
Conditions

Same as for 4-element series II.



FILTERS, IMAGE-PARAMETER DESIGN

Frequencies of Peak a
Same as for 4-element series I1.

Design Equations, Half-Section Series Arm
Ly=[ms/ (1—mg?) JL
C=[(1—m?)/m]Cxn

Design Equations, Ilalf-Section Shunt Arm

L= Lﬂc/ me

Cz= m1C21,

5-Element Series |

Half Section

L

o| . @ @
/7

2

Y AN

Zn=2n

Z.=R [w’(wz’-l-wx’— og'mz) +a’ (me?— 1)]
" w(w—w) [ (wP—a?) (P—wy?) ]

Full-Section Altenuation o and Phase 8 Character-
1stics

When w;<w<ws, a=0 and

_ 2(w—wo?my)? ]
o? (W wiP— 2wePme ) +ax’ (m?— 1)

B=cos™ [l

7-11

When 0<w<wy,, 8=0 and
_ 2 (u—ufm:)? ]
w? (wPwl— 2gPms) +wgt (mg?— 1)
When w, <w<w;, 8=—= and
_ 2 (w?—w2my)?
o= cosh™ [wz (w22+w12—( 2gPmy) '|‘)¢4>o4 (m2—1) " l]
When we<w< w, B=7 and

a=cosh™ [l

a=same equation as for 0<w<w,,
Conditions
m= 1
M= (WPieo/w0) +[ (1= ePi/r?) (1= /) P2
Frequencies of Peak a
q 1— "122 1/2
Dl [wz2+w12— 2490"’"2]
W=
Design Equations, Half-Section Series Arm
Li=Ly
C\= Clk/ my
Design Equations, Half-Section Shunt Arm
L=l [(wz—wx)’ (l—mz)’]
== 2
ma wy my

—w)?  (1—my)?
C’z=C’u/[(w2woz (0 mrznz) ]

Cy'=[ma/ (1~mg?) ICue

5-Element Shunt |
Half Section 0 ¢
L e
—» -'L_‘ -«
Zy, G t&z 2
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Full-Section Attenuation o and Phase 8 Character-
1stics

Same as for 5-element series 1.
Conditions

Same as for 5-element series 1.
Frequencies of Peak o

Same as for 5-element series 1.

Design Equations, Half-Section Series Arm
L1=L21,/[(w2—;"l)2 (l—ma)’]
Wy

ma

c,= [(wz—:ox)’
my

wy
Ly'=[ms/ (1—mz?) JLax
Design Equations, Half-Section Shunt Arm
Ly=Lox/me
Co=Cn

(l—mz)’]

ma

5-Element Series Il

Half Section

o i
Zmy=Zr
7= wR  wlHwl—2wPmytw? (mi—1)
T wmw)  [(f—o?) (=) B

REFERENCE DATA FOR RADIO ENGINEERS

Full-Section Attenuation o and Phase 8 Character-
18tics

When w,<w<ws,, 8= and

_ 2 (w?*m—uy?)? ]
WA wownd— 2omit-o? (m—1) ]

When 0<w<w;, §=—= and

a= cosh™! [ 2(w'm—ox®)? ]

a=cosh™! [1

o= 2otm ot (mp—1)]
When vy <w<ws, =0 and

2 (wPm—w?)? ]
wHwt+wl—2wtmitw?(mi—1) ]
When wy, <w<o, =0 and

a=same equation as for 0 <w<w,

B=cos™ [1—

Conditions
M= (wo/ota) +[ (1—writ/etes) (1—wi/ wo) T2
my=1
Frequencies of Peak o
Wi =0
_ (e’ —20"m\ V2
Vo™= 1—- m,’
Design Equations, Half-Section Series Arm
Li=mLy
Cx= Cu;
Design Equations, Half-Section Shunt Arm
(we—wn)?  (ma— 1)2]

w? m

—_ )2
Co=mCu / [(ﬁbwo:u)

Ly'=[(1—m?)/m]Lu

L2=Lu[

(m— 1)’]

m



FILTERS, IMAGE-PARAMETER DESIGN

5-Element Shunt Il

Half Section

° ]
T Z"'W /|
L e A

|

° ,‘fn 0, @, %- © A Z
w2 = Lixk
// : [Zy, L?’
/’zn : = ‘/;/z
—of [ A b

f‘uu-Section Attenuation a and Phase 8 Character-
1stics
Same as for 5-element series II.
Conditions
Same as for 5-element series 11.
Frequencies of Peak a
Same as for 5-element series I1.

Design Equations, Half-Section Series Arm
— )2 —1)2
L1=m1Lu/|:(w2 (:l) (ml l)]
Wy

m
il (]

w? m
=[(1=ms?)/m]Cn
Design Equations, Half-Section Shunt Arm
Ly=Ly,

Cz= mlcy,

6-Element Series

Half Section
LI cI
o—I'VVV\—i
Ca L
— -—
Iy Lz 32m

7-13

I'mpedance Characleristics

k)
Ne———

T

N

S

ZIn=2mn
__ R
w(we—w)
(‘-*’22 w?) (P—w?) + (wePme—w?my)?
[(w—o?) (P—wr?) ]2

Full-Section Attenuation a and Phase 8 Character-
istics T .
a

Zﬂ=

When ) <w<wg, =0 and
2 (wPm—wy’my)? ]

(Pm—aitms)*+ (@ri—o?) (= wr?)
When w,<w<ws,, =7 and
a=cosh™!

[ 2(wrm—wi'ms)? i1]
(P —witms)?+ (w?—o?) (WP—wr?) *

When 0<w<wy,, 8=0 and

B=cos™! [l—

a=cosh™!
x[l_ 2 (wm—wi'ms)? ]
(w?my— wetms) 2+ (w— w?) (w?—wy?)

When w,<w<w), 8=—m and
a=cosh™

[__ 2(wPm—wr'm,)* _ 1]
(whm—wePme) *+ (0t —w?) (wP—wr?)

When w;,, <w< o, 3=0 and

a=same equation as for 0<w<wi,
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Conditions
o g(nfut)+h
- (/o)
o 1 (P1a/?)
1— (WPro/wsn)
Frequencies of Peak a
wtwr— 2ogtmym
sty =2 2,

— )
w’xmxwzzm=wo‘(l m'z)

1—my?
Design Equations, Half-Section Series Arm
Li=mLy
C1=Cu/m,
Design Equations, Half-Section Shunt Arm
T [(wz—wx)2 (mx—mz)’]

me ! mms
Ly'=[(1—ms)/m]Lu

Co= miCu
7 [ (wr—w1) Yo ]— [ (my—ma) ¥/ myms]

Cy'=[my/ (1—mz?) JCue

6-Element Shunt

Half Section

-

o W Wrag
I Y s
VAT
e

Full-Section Altenuation o and Phase 8 Character-

18t1cs

Same as for 6-element series.

REFERENCE DATA FOR RADIO ENGINEERS

Conditions
Same as for 6-element series.
Frequencies of Peak a
Same as for 6-element series.
Design Equations, Half-Section Series Arm
L= mLog.
[ (we—en) /e ]— [ (my—m2)?/mym, ]

= C_gk [(w?—“’l)z_ (ml_mz)z]

my [ w’ myms
Ly'=[ma/ (1—ms*) JLa
C/=[(1—m?)/m]Cu

Design Equations, Half-Section Shunt Arm

Ly= Lu/m,

Cz= mlCz;,

BAND-STOP FILTER DESIGN

Notations

Z in ohms, & in nepers, and B in radians
wy=lower cutoff angular frequency
w,= upper cutoff angular frequency
wp= (wiw2)' =1/ (LuCu)*?

=1/ (LuCar)
wy— w1 = width of stop band

wi,=lower angular frequency of peak attenu-

ation

wae=upper angular frequency of peak attenu-

ation
R=nominal terminating resistance
R?= Ly/Cox= Lot/ Cue
=ZuZou=ZrxZ =k
= Zy(series—m)Z2(shunt—m)
= Za(series~m)Z1(shunt—m)

=2Zmiln



FILTERS, IMAGE-PARAMETER DESIGN

Constant-k

Half Section

Impedance Characteristics

®
T ../ -
4
l
Zox ™
w—p

Y 0’- /“’o w,

Z"‘l/ /Z“

o 1 !

R[ ("= w?) (=) 2
T (w—?)
R(wi—w?)

2= M=) () PP

For the pass bands, use |w?—w?| in the above
equations.

Full-Section Attenuation a and Phase 8 Character-
18tics

In=

a—p
8
Char" _ _ _.

°
L)
8

-m

When w=wq
a= o0
When wy<w<w,

o (wo—
a=2 cosh™ ——i;’z_w‘;;l)
f=-—=

When w,<w< ©
a=0
B=2sin™! w__(wz w)

0’02— w2

7-15

When w,<w<wg
@ (wr—w)
a=2 COSh 1 _wo’——wz
==
When 0<w<w,
a=0

_y w(w2—0y)
B=2sin™ = 5

Frequencies of Peak o
W= wp
Design Equations, Half-Section Series Arm
L= R(wy—wy) fwwe
Cu=1/R(w—w)
Design Equations, Half-Section Shunt Arm
L= R/ (we—c)

Cu= (wz—wx)/wxsz

Series m-Derived

Half Section

. z,.' 'z...
(Curves drawn for m=0.6)
Im=2Zn
Z,=R {1— (l—m’)[w(wz—wx)/(wo’—aﬂ)]’}
’ {1—[w(w—w1)/ (we—o?) F}'?
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Full-Section Attenuation a and Phase 8 Character- Shunt m-Derived

1stics
Half Section
L
Ci
%

(Curves drawn for m=0.6) Impedance Characteristics
When w,<w< o, a=0 and T &

B=same equation as for 0<w<w, Ze
When wy, <w<ws, f= — and o

a=same equation as for w;<w<wi,

When 0<w<w;, a=0 and

B=cos™ [l Hor—w)? ] (Curves drawn for m=0.6)

(@) (P w?) FoPm? (wr—wr)?

When w;<w<wy, B=7 and Zny=RYZ,

20?m? (w)—w1)2 Zx2=Zxx

o OO | ) (=) F e ()

L L o A Full-Section Attenuation a and Phase 8 Character-
When wi, <w<ws,, 8=0 and wstics

i 20?m? (wy—w; )2 Same as for series m-derived.
a=cosh™ | 1— (=) () Tt (ap—aon)

- Conditions
Conditions Same as for series m-derived.

={1— )2/ (o g ) 211112
m= {1—[ (2= 1) ¥/ (02— 1) ]} Fre es of Peak o

Frequencies of Peak o

Same as for series m-derived.
e’ Design Equations, Half-Section Series Arm
Ly=mLy
C1=Cu/m
Li'=[m/(1~m?) JLax

¢/ =[(1—m?)/m]Cu

Destgn Equations, Half-Section Sertes Arm
Li=mLy
C,=Cu/m
Design Equations, Half-Section Shunt Arm
Ly=[(1—m?)/m]Ly
Cy=[m/(1—m?) JCu Design Equations, 11alf-Section Shunt Arm
L= Ly/m Ly=Ly/m

Cg'= mCQk Cz= mC2k



FILTERS, IMAGE-PARAMETER DESIGN
BUILDING UP A COMPOSITE FILTER

The intermediate sections (Fig. 2) are matched
on an image-impedance basis, but the attenuation
characteristics of the sections may be varied by
suitably choosing the infinite attenuation fre-
quencies 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 pass band and therefore the use of true resistors
for terminations will change the attenuation shape.

Some improvement in the uniformity of the
image impedance is obtained by using suitably
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designed terminating half sections. For these termi-
nating sections, a value of m~0.6 is usually used
(Fig. 3).

EXAMPLE OF LOW-PASS
IMAGE-PARAMETER DESIGN

To cut off at 15 kilohertz; to give peak attenu-
ation at 30 kilohertz; with a load resistance of
600 ohms; and using a constant-k midsection and
an m-derived midsection. Full T-sections will be
used.

g Zy Zy Zy p2%
—> +“——> +——> +—> <+
‘ |
' |
' [
! H
X T
TEK'&!N#L | | TERMINAL
- HALF-T
SECTION EQ—INTERMEDIATE T SECTION —————%  gEcTion
Zy e s Zy Zy
—> > 4> >
o )
Fig. 2—Method of building TERMINAL | TERMINAL
HALF-w HALF-
up & composite filter. section ¢ (NTERMEDIATE = SECTION " secTion
| L~
1.4 0y 0.7-
be )}“/ — N ‘
"~ N
1.2 ,/{ ‘,0.5 \
L~ 45// < \\
— 0.6
1.0 \\ i
K P 207 SN N
~ LS
"3 . \\v-: ~l:0g M~ L \
x \\ \,&‘2‘:\ N \ \
« ~ <
< as 1o TN \ \
N ‘\
\\\\ A\
0.4 S \\Q
\
0.2
Fig. 3—Effect of design
parameter m on the image- 0
impedance characteristics o -al 02 03 -04 -05 -06 -07 -0.8 -09 L0

in the pass band.



Fig. 6

Constant-k Midsection (Fig. 4)

600
(6.28) (15X 10°)

=6.37X107% henry

L),= R/wc=

1
= (6.28) (15X 10°) (600)

=0.0177 X10~* farad
a=2 cosh™ (w/w;)=2 cosh™! ( f/15)
B=2 sin™ (w/w,) =2 sin™1 ( f/15)

C),= l/ch

where a is in nepers, 8 in radians, and 7 in kilohertz.

m-Derived Midsection (Fig. 5)
m= (1—wl/wy!)'?
= (1—15%/30%)12
= (0.75)12=0.866

REFERENCE DATA FOR RADIO ENGINEERS

Ly=mL,=10.866(6.37 X 107%)
=5.52X107% henry
Ly=[(1—m?)/m]Ls

_[1—(0.866)* ,

= [W](G.?ﬂx 10-%)
=1.84X1072 henry

C2=mCy=0.866(0.0177X 10%)

=0.0153X 107 farad

ol m
a=cosh [1 (wcz/wz)—(l—mz)]

—eoch1{1—. 15
SCE 1[1 (225/f*‘)-—0.25:|

- ____2m2 )
B=cos [1 (w.,?/wz_—)—(l—mz)]

oot 1= 15
- (225/f)—0.25

End Sections m =0.6 (Fig. 6)

Li=mL;=0.6(6.37X10-%)
=3.82X1072 henry
Ly=[(1—m?)/m]L

_[1— (0.6)2
| o6

](6.37)( 107%)

=6.80XX 1072 henry
Ca=mCi=0.6(0.0177X 10~%)
=10.0106X10"* farad.

Frequency of Peak Attenuation f_
Jo=L18/ (1—m?) I
= {(15X10*)*/[1— (0.6)2]}'
=18.75 kilohertz.



FILTERS, IMAGE-PARAMETER DESIGN 7-19

Filter Showing Individual Sections (Fig. 7)

3.82MH | 6.37TMH 6,37 MH [ 5.52MH 5.52MH | 3.82MH

[
1.84 MH : 6.80 MH

I
|
6.80MH | | 1.8amH
| 001TTuF 0.0177uF |
I | |
olo.oaospr-' | | 0.0153 uF 0.0153uF | 0,0106 uF
i ; W0 Nt T
Fig. 7
Filter After Combining Elements (Fig. 8)
[_’ o0— VY'Y Y'Y\ -—
10.2MH * 1.SMH 9.34 MH
6.80MH 0.92MH 6.80MH
Z, ;J: 0.0354uF Z,
0.0106uF 0.0306uF 0.0106uF
—» O- T L g T L -0 «+—
Fig. 8
- To]
| | |
| U
(2] \ (74
£ . £ '
o i ] w 6 t
w \ w |
z 2
2 \ 2 !
[\ )‘ '/‘% [\ 4 |
——_—— [
|
] T
1
i
1 — _J = J%- _J 0 1
(o] 10 20 30 40 50 60 (o] 10 20 30 40 50 60
f = FREQUENCY IN KILOHERTZ f= FREQUENCY IN KILOHERTZ
Fig. 9—Image-terminated attenuation of each section. Fig. 10—Image-terminated attenuation of composite
Solid line, constant-k midsection. Dashed, m-derived filter.
midsection. Dash-dot, m-derived ends. 4 ] - -
(2] ] 1
2 L
H Vi s
o ]
a2 /4 }
Image Attenuation and Phase z . ! :
Characteristics a | | i
°% 10 20 30 40 %0 e
Figures 9 through 12 are the image-terminated () YIS U (LR

attenuation and phase characteristics. These shapes  Fig. 11—Image-terminated phase characteristic of each
are not obtainable when 600-ohm resistors are used  section. Solid line, constant-k midsection. Dashed,
in place of the terminating Z,. m-derived midsection. Dash-dot, m-derived ends.
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Impedance required for Proper Termination s
(Fig. 13) o

_RO1— (od) 1=)] 2, Z,
( l—wz/wf) 1/2

_ 600[1—0.64( //15)4] o 0«

[1—(/15)*]"

Z

10 7 -
3mt |
I— [ 800 I
8 }
l | 760 :
|
g emt 720 .
a6 | n '
b4 i Z 680
4 I |
2 | o |
- 4 T Z 640 N
@ <
! / ] S /1!
| 60 t
z i ~11 [
| ] 560 — 4
| e PASS BAND »
! i 0! L1 I
oo 10 20 30 40 50 60 0O 2 4 6 8 10 12 4 |6
f= FREQUENCY IN KILOHERTZ f = FREQUENCY IN KILOHERTZ
Fig. 12—Image-terminated phase characteristic of com- Fig. 13

posite filter.



CHAPTER 8

FILTERS, MODERN-NETWORK-THEORY

The design information in this chapter results
from the application of modern network theory to
electric wave filters. Only design results are sup-
plied, and a careful study of the cited references is
required for an understanding of the synthesis
procedures that underlie these results.

LIMITATIONS OF
IMAGE-PARAMETER THEORY

Consider the simple low-pass ladder network of
Fig. 1A. Two simultaneous design equations, (1)
and (2), are provided by classical image-parameter
theory (refer to Chapter 7).

(21/422)1_1,;:— 1and 0 (1)
Za= (Z122)""[1+ (2:/4Z,) . (2)

Zyand Z,, the full series- and shunt-arm imped-
ances, respectively, must be suitably related to
make (1) true at the desired cutoff frequencies,
and the generator and load impedance must satisfy
(2). Under the image-parameter theory, the re-
sulting attenuation for the low-pass case is

Vy/V=10, (w/we) <1
=exp[ (n—1) cosh™ (w/w.)], (w/we)>1
(3)

where n is the number of arms in the network of
Fig. 1 and V,/V and w are as in Fig. 3. It is this
attenuation shape that is plotted in the tabulations
of Chapter 7.

Equation (1) offers no problems. The applica-
tion of (2) to Fig, 1 demands terminating imped-
ances that are physically impossible unth a finite
number of elements. The generator and load imped-
ances for Fig. 1A must be pure resistances of
(L/C)' ohms at zero frequency. As frequency in-
creases, the value of resistance must decrease to a
short-circuit at the cutoff frequency, and with
further increase in frequency must behave like a
pure inductance starting at zero value at the cutoff

DESIGN

frequency and increasing to L/2 at infinite fre-
quency.

The physical impracticability of devising such
terminating impedances is why element values ob-
tained by (1) cannot simultaneously satisfy (2).
The relative attenuation indicated by (3) is simi-
larly incorrect and cannot be realized in practice,

Lattice-configuration filters also require im-
practical terminating impedances when designed
by image-parameter theory. (Constant-resistance
lattices are an exception but are seldom used for
filtering.) The practical use of resistive terminations
automatically makes element values computed on
the basis of ideal impedance terminations incorrect.

For more than four decades, filters have been
designed according to the image-parameter theory.
Their commercial acceptance is due in no small
part to the highly approximate requirements for
most filters. Where more-exact characteristics are
required, shifting of element values in the actual
filter has usually resulted in an acceptable design.
For precise amplitude and phase response in the
pass band, the simple and approximate solutions
obtained through image-parameter theory must
give way to equations based on modern network
theory.

MODERN-NETWORK-THEORY DESIGN

Relative Attenuation

A typical low-pass filter with resistive generator
and load is shown in Fig. 1B. It is composed of
lumped inductors, capacitors, and the resistive
elements unavoidably associated therewith. The
circuit equations for the complete network can be
written by applying Kirchhoff’s laws. Modern net-
work theory does just this and then solves the
equations to find the network parameters that will
produce optimum performance in some desired
respect.

A block diagram of a generalized filter is illus-
trated in Fig. 2. This may be of low-pass, high-
pass, band-pass, band-rejection, phase-compen-

8-1
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T ]

T 1T

I
LI L_—__ 1 L_—_1

Fig. 1—A 7-element low-
pass filter considered on the
basis of image-parameter
theory at A and of modern

Y

sating, or other type. The elements of the filter
include resistors, capacitors, self- and mutual-
inductors, and possibly coupling clements such as
electron tubes or transistors, all according to the
design. The terminations shown are a constant-
voltage generator (the same voltage at all fre-
quencies) with a series resistor at the input and a
resistive load. (Frequently it is preferable to stipu-
late a constant-current generator with a shunt
conductance.) The generator and load resistors
need not be equal and they can be assigned any
value between zero and infinity. Characteristic
impedance plays no part in the modern network
theory of filters.

Either or both the generator or load can be
reactive, in which case the reactances are ahsorbed
inside the block of Fig. 2 as specified parts of the
filter. Either, but not both, R, or R, can be zero or
infinite.

The term bandwidth as used herein has two
different meanings, according to the type of filter.
For low- or high-pass filters, it is synonymous
with the actual frequency of the point in question,
or equivalent to the number of hertz in a band
terminated on one side by zero frequency and on
the other by the actual frequency. The actual fre-
quency can be anywhere in the pass or the reject
region. For symmetrical band-pass (Fig. 4) and
band-reject filters, it is the difference in hertz
between two particular frequencies (anywhere in

R, REACTIVE
AND
RESISTIVE| VY Ry
? ELEMENTS
€

Fig. 2—Block diagram of a filter. The generator and
load must be considered part of the filter.

network theory at B.

the pass or reject regions) with the requirement
that their geometric mean be equal to the geometric
midfrequency fp of the pass or reject band.
Typical filter characteristics are plotted in Fig.
3 for a low-pass filter. In Fig. 3.\, the magnitude

—_— —— — e ———

s [

-—

>

20109 |Vp/V]|
C
’

B wiwg, —

Fig. 3—Low-pass-filter output voltage versus frequency

at A; attenuation versus normalized frequency at B.

A is the actual voltage across the load as a function

of frequency and is for the low-pass case. B uses the

information in A to produce a plot of relative attenuation
against relative bandwidth.
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B Cc
(bw), ‘1’ (bw),
Y%
v
(bw)
(b:)a %
v A (bw),
E U /U F
(bw)p=(bw), \[
v %
W v
(bw),
Ve
b 24x
(bw), v

Fig. 4—A, B, C, are the optimum relative attenuation shapes of (4) and (5) that can be produced by networks supply-
ing only transfer-function poles. D, E, F, are the optimum relative attenuation shapes of (8), (12), (13), (16) that can
be produced by networks supplying both transfer-function poles and zeros.

of the output voltage V is plotted against radian
bandwidth w. Several specific points are indicated
on the diagram. V, is the peak voltage output,
while V,, is the maximum voltage that could be
developed across the load were it matched to the
generator through an ideal network. Symbol wg
designates a specified frequency or bandwidth
where some particular characteristic is exhibited
by the filter, such as the point where the response
is 3 decibels down from the peak, for example.

The characteristic of major interest to the filter
engineer is the plot, shown in Fig. 3B, of relative
attenuation versus relative bandwidth. Relative
attenuation is defined as the ratio of the peak
output voltage V, to the voltage output V at the
frequency being considered. Relative bandwidth
is defined as the ratio of the bandwidth being
considered to a clearly specified reference band-
width (e.g., the 3-decibel-down bandwidth).

It should be noted that the elements of a filter
are not uniquely fixed if only a certain relative
attenuation shape is specified; in general it is
possible also to demand that at one frequency the
absolute magnitude of some transfer function be
optimized.

The complex relative attenuation of a complete
filter (including generator and load) composed
of lumped linear passive elements is always equal
to a constant multiplied by the ratio of two poly-
nomials in (jw). The complex roots of the numera-

tor polynomial are commonly called attenuation
poles or transfer-function zeros; the complex roots
of the denominator polynomial are commonly
called attenuation zeros or transfer-function poles.
Modern filter theory has derived various expres-
sions for optimum relative attenuation shapes
that can be physically realized from these complex
expressions. The shapes are optimum in that
they give the maximum possible rate of cutoff
hetween the accept and reject bands for a given
number of filter components, with a specified
allowable equal ripple in the accept band, and a
specified required equal ripple in the reject band.
See Fig. 4 for typical shapes of attenuation char-
acteristic for band-pass filters.

CHEBISHEV AND BUTTERWORTH
PERFORMANCE WITH FILTERS
SUPPLYING ONLY TRANSFER-
FUNCTION POLES

The attenuation-curve shapes illustrated in Figs.
4A and 4B are termed Chebishev and that in
Fig. 4C is termed Butterworth. The equations for
these shapes are (4) and (5), respectively. The
Butterworth shape is the same as the limiting case
of the Chebishev shape when we set V,/V,=1.0.
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Chebishev

(Vp/V)2= 1+[(Vp/Vv)2— 1]
X cosh?[n cosh™ (z/z,)]. (4)

Butterworth

(Vo/V)*=1+(2/71a8)*" (5)

where V=output voltage at point z, V,=peak
output voltage in pass band, V,=valley output
voltage in pass band, and n=number of poles,
equal to the number of arms in the ladder network
being used. For low-pass and high-pass filters,
n=number of reactances in the filter. For band-
pass and band-reject, n=total number of reso-
nators in the filter, z=a variable found in the
following tabulations, z,=value of z at point on
skirt where attenuation equals valley attenuation,
and z3p = value of z at point on skirt where attenu-
ation is 3 decibels below V.

Significance of x

Low-Pass Fillers:
z=w=2nf.

High-Pass Fillers:

=—1/w=—1/2xf.
Symmetrical Band-Pass Filters:

z= (w/wi—wo/w) = ( fr—11) /fo= (bW) /fu.
Symmetrical Band-Reject Filters:
z=—1/ (w/wy—wo/w) = —fo/ (bw)

where fo= ( f1 f;)2= midfrequency of the pass or
reject band and fj, fo=two frequencies where the
characteristic exhibits the same attenuation.

Working charts for these filters, derived from
(4) and (5), are presented in Figs. 5 through 12
for values of n from 1 through 8, respectively.
These curves give

(Vo/V)ap=20 logy(Vs/V)

versus z/Zsds.
For low-pass and band-pass filters

z/zsap= (bw)/(bw)3as.

For high-pass and band-reject filters, the scale of
the abscissa gives (bw)aap/ (bw).

In Figs. 5 through 12, the family of curves
toward the right side gives the attenuation shape
for points where it is less than 3 decibels, while
those toward the left are for the reject band
(greater than 3 decibels). Each curve of the former
family has been stopped where the attenuation is
equal to that of the peak-to-valley ratio.

REFERENCE DATA FOR RADIO ENGINEERS

Thus, in Fig. 6, curve 3 has been stopped at
0.3 decibel, which is the value of (V,/V,)as for
which the curve was computed. (See chart on
Fig. 6.)

The curves give actual optimum attenuation
characteristics based on rigorous computation of
the ladder network. In contrast, the commonly
used attenuation curves based on “image-param-
eter theory” are approximations that are actually
unattainable in practice.

Time-Delay and Phase-Shift
Characteristics of Butterworth
Response Shape

The symbols of Figs. 13 and 14 may be applied
to low-pass or band-pass responses as follows:

lo= dO/dw

=slope of phase characteristic in radians per
radian per second at zero frequency for
low-pass filters, or at the midfrequency for
band-pass filters

t=slope of phase characteristic at a frequency
Af removed from zero frequency for low-
pass filters, or from the midfrequency for
band-pass filters

Afsas= 3-decibel-down bandwidth of the low-pass
filter or half the total 3-decibel-down band-
width of the band-pass filter, in hertz.

Low- and Band-Pass Filters—Required
Unloaded Q

Filters supplying only transfer-function poles
can be constructed that will actually give the at-
tenuation shapes predicted by modern network
theory. To attain this result, it is required that the
unloaded @ of each element be greater than a
certain minimum value*. The guin column on the
charts in Figs. 5 through 12 is used in the follow-
ing manner to obtain this minimum allowable

*S. Darlington, “Synthesis of Reactance 4-Poles,”
Journal of Mathematics and Physics, vol. 18, pp. 257-
353; September 1939. Also, M. Dishal, “Design of
Dissipative Band-Pass Filters Producing Desired Exact
Amplitude-Frequency Characteristics,” Proceedings of
the IRE, vol. 87, pp. 1050-1069; September 1949: also,
Electrical Communication, vol. 27, pp. 56-81; March
1950. Also, M. Dishal, “Concerning the Minimum Num-
ber of Resonators and the Minimum Unloaded @ Needed
in a Filter,” Transactions of the IRE Professional Group
on Vehicular Communication, vol. PGVC-8, pp. 85-117;
June 1953: also, Electrical Communication, vol. 81, pp.
257-277; December 1954.
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(bw)/(bw) 355 FOR LOW—-PASS AND BAND-PASS

(DW)SDB/(DW) FOR HIGH-PASS AND BAND-REJECT
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Fig. 6—Relative attenuation for a 2-pole network.
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