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Foreword &, (/J“"‘!“ “‘?:é"‘ : e uc

The first American edition of Reference Data for Radio Engineers was
published by Federal Telephone and Radio Corporation in 1943. |t was
suggested by a 60-page brochure of that title issued in 1942 by Standard
Telephones and Cables limited, an English subsidiary of the international
Telephone and Telegraph Corporation.

Expanded American editions published in 1946 and 1949 were stimulated
by the widespread acceptance of the book by practicing engineers and
by universities, technical schools, and colleges, in many of which it has
become an accepted text. This fourth edition is sponsored by the Inter-
national Telephone and Telegraph Corporation in behalf of its research,
engineering, and manufacturing companies throughout the world.

Federal Telecommunication Laboratories Division of International Telephone
and Telegraph Corporation has continued its major role of directing and
approving the technical contents of all the editions published in the United
States.

While dominantly the cooperative efforts of engineers in the International
System, some of the material was obtained from other sources. Acknowl-
edgement is made of contributions to the third and fourth editions by J. G.
Truxal of the Polytechnic Institute of Brooklyn; J. R. Rogozzini and L. A.
Zadeh of Columbia University; C. L. Hogan and H. R. Mimno of Harvard
University; P. T. Demos, E. J. Eppling, A. G. Hill, and L. D. Smullin of Massa-
chusetts Institute of Technology, and by A. Abbot, M. S. Buyer, J. J. Caldwell,
Jr, M. ). DiToro, S. F. Frankel, G. H. Gray, R. E. Houston, H. P. Iskenderian,
R. W. Kosley, George Lewis, R. F. Lewis, E. S. Mclarn, S. Moskowitz, J. J. Nail,
E. M. Ostlund, B. Parzen, Haraden Pratt, A. M. Stevens, and A. R. Vallarino.

Special credit is due to W. L. McPherson, who compiled the original British
editions, and to H. T. Kohlhaas and F. J. Mann, editors of the first two and
the third American editions, respectively. The present members of the Inter-
national System who contributed to the fourth edition are listed on the
following page.

Editorial Board

A. G. Kandoian, chairman

L. A. deRosa R. E. Gray W. Sichak
G. A, Deschamps W. W. Macolpine H. P. Westman
M. Dishal R. McSweeny A. K. Wing, Jr.

H. P. Westman, edifor J. E. Schlaikjer, assistant editor
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CHAPTER 1 7

B Frequency data

Wavelength—frequency conversion

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

A = wavelength in feet
528 © S0 ¢ 0 100 10 200 300
Lt 1 T V1T | | A

f = frequency in megacycles

/

3
1] 15 % M L % 100

Am = wavelength in meters

for frequencies from multiply f by multiply A by
0.03 - 0.3 megacycles 0.01 100
03 - 3.0 megacycles 0.1 10
30 - 30 megacycles 1.0 1.0
30 - 300 megacycles 10 0.1
300 - 3000 megacycles 100 0.01
3,000 — 30,000 megacycles 1,000 0.001
30,000 —300,000 megacycles 10,000 0.0001
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Wavelength—frequency conversion

Conversion formulas

Propagation velocity ¢

Wavelength in meters Ay

Wavelength in feet A,

1 Angstrom unit A

1 micron u

continved

3 X 108 meters/second

300,000

300

f in kilocycles "~ fin megacycles

984,000

984

f in kilocycles

3.937 X 10~*% inch

1 X 1071 meter
1 X 10+ micron

3.937 X 10~ inch

1 X 10—¢ meter

1 X 10

Nomenclature of frequency bands

"~ fin megacycles

Angstrom units

In accordance with the Atlantic City Radio Convention of 1947, frequencies
should be expressed in kilocycles/second at and below 30,000 kilocycles,
and in megacycles/second above this frequency. The band designations as
decided upon at Atlantic City and as later modified by Comite Consultatif
International Radio Recommendation No. 142 in 1953 are as follows

band frequency \ metric Atlantic City
number range subdivision frequency subdivision
3

4 3~ 30 ke Myriametric waves VIF | Very-low frequency
5 30— 300 ke Kilometric waves LF | low frequency
[ 300- 3,000 ke Hectometric waves MF | Medium frequency
7 3,000— 30,000 k¢ Decametric waves HF High frequency
8 30— 300 me Metric waves VHF | Very-high frequency
9 300~ 3,000 me Decimetric waves UHF 1 Ultra-high frequency
10 3,000~ 30,000 mc Centimetric waves SHF | Super-high frequency
11 30,000~ 300,000 mc Millimetric waves EHF Extremely-high frequency
12 300,000~3,000,000 me Decimillimetric waves —_ —

Note that band “*N*' extends from 0.3 X 10¥ to 3 X 10V cy; thus band 4
designates the frequency range 0.3 X 10% to 3 X 10* cy. The upper limit
is included in each band; the lower limit is excluded.

Description of bonds by means of adjectives is arbitrary ond the CCIR
recommends that it be discontinued, e.g., ''ultra-high frequency" should not

be used to describe the range 300 to 3000 mc.
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Nomenclature of frequency bands  confinved

Letter designations for frequency bands: letters such as X have been
employed in the past to indicate certain bands. These terms were originally
used for military secrecy, but they were later mentioned in general technical
literature. Those most often used are shown in Fig. 4 of the chapter “Radar
fundamentals.”

The letter designations have no official standing and the limits of the band
associated with each letter are not accurately defined.

Frequency allocations by international treaty

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

- a_%’ /lel’% go° /40’ o° 40° 80 120" 160°__ 160"
|- é"/g)o 4 & ME»‘ . jad'
, % A | b
U e
) : P by ! P .
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Regions defined in table of frequency allocations. Shaded area is the tropical zones

The following table of frequency allocations pertains to the western
hemisphere (region 2). This allocation was adopted by the International
Telecommunications Conference at Atlantic City in 1947 and was confirmed
by the similar conference in Buenos Aires in 1952,

An asterisk (*} following a service designation indicates that the allocation
has been made on a world-wide basis. All explanatory notes covering
region 2 as well as other regions have been omitted. For these explanatery
notes consult the texts of the Atlantic City and Buenos Aires Conventions
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Frequency allocations by international treaty

continved

which may be purchased from the Secretary General, Internationat Tele-
communications Union, Palais Wilson, Geneva, Switzerland.

Frequency assignments in the U.S.A. below 25 mc are in general accord
with the following table. Above 25 mc, the U.S.A. assignments comply with
the table, but the various bands have been subdivided among many services
as shown in the listings on pages 12 to 15,

Assignments of frequencies in each country are subject to many special
conditions. For the U.S.A. consult the Rules and Regulations of the Federal
Communications Commission, which may be purchased from the Superin-
tendent of Documents, Government Printing Office, Washington 25, D.C

kilocycles service kilocycles service
10- 14 Rodio navigation* 3200- 3400  Broadcasting,* Fixed,* Mo-
14— 70 Fixed,* Maritime mobile® bile except aeronautical mo-
70— 90 Fixed, Maritime mobile bile*
90- 110  Fixed,* Maritime mobile,* Ra- 3400- 3500  Aeronautical mobile*
dio navigation* 3500- 4000 Amateur, Fixed, Mobile ex-
110- 160  Fixed, Maritime mobile cept aeronavutical
160- 200  Fixed 4000~ 4063  Fixed™*
200- 285  Aeronoutical mobile, Aero- 4063~ 4438  Maritime mobile*
nautical navigation 4438- 4650  Fixed, Mobile except cero-
285- 325  Maritime navigation (radio noutical
beacons! 4650~ 4750  Aeronautical mobile*
325~ 405  Aeronautical mc_)l::il:f,“l Aero- 4750~ 4850  Broadcasting, Fixed
nautical navigation 4850~ 4995  Broadcasting,* Fixed,* land
405- 415  Aeronautical mobile, Aero- mobile*
nautical navigation, Maritime | 4o0c_ 5005 Standord frequency™®
g:;'i?‘g)"“ radio direction | go0s— 5060 Broodcasting,* Fixed*
415~ 490  Maritime mobile* 5060~ 5250 Fixed ,
450- 510  Mobile distress and callingl® | 5250~ 5450 Fixed, Land mobile
510- 535 Mobile 5450 5480  Aeronautical mobile
535~ 1605  Broadcasting® 5480~ 5730 Aero:uuricul mobile*
1605— 1800 Aeronavuticel navigation, 5730- 5950 Fixed -
Fixed, Mobile 5950- 6200  Broadcasting
1800- 2000  Amateur, Fixed, Mobile ex. | 6200~ 6525  Maritime mobile®
cept aeronautical, Radio nav- 6525~ 6765  Aeronautical mobile*
igation 6765~ 7000  Fixed*
2000- 2065  Fixed, Mobile 7000- 7100  Amateur*
2065— 2105  Maritime mobile 7100~ 7300  Amoteur
2105- 2300 Fixed, Mobile 7300 8195 Fixed*
2300- 2495  Broadcasting, Fixed, Mobile 8195~ 8815  Maritime mobile*
2495- 2505  Standard frequency 8815 9040  Aeronautical mobile*
2505 2850  Fixed, Mobile 9040- 9500  Fixed*
2850~ 3155  Aeronautical mobile* 9500 9775  Broadcasting®
3155~ 3200  Fixed,* Mobile except aero- | 9775- 9995  Fixed*
nautical mobile® 9995-10005 - Standard frequency™
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Frequency allocations by international treaty  continved
kilocycles service | megacycles service
10005-10100  Aeronautical mobile* 88 — 100 Broadcosting®
10100-11175  Fixed* 100 — 108 Broadcasting
11175-11400  Aeronautical mobile* 108 — 118  Aeronautical navigation®
11400-11700  Fixed* 118 — 132 Aeronautical mobile®
11700-11975  Broadcasting® 132 — 144  Fixed, Mobile
11975-12330  Fixed™* 144 — 146  Amateur®
12330-13200  Maritime mobile* 146 — 148  Amateur
13200-13360  Aeronautical mobile® 148 — 174  Fixed, Mobile
13360-14000  Fixed* 174 — 216 Broadcasting, Fixed, Mo-
1400014350  Amateur* bile .
1435014990 Fixed* 216 — 220 Fixed, Mobile
14990-15010  Standard frequency™ 220 - 225 Amateur
1501015100  Aeronautical mobile® 225 - 235  Fixed, Mobile
15100-15450  Broadcasting™® 235 — 328.6 Fixed,* Mobile*
15450-16460  Fixed* 3286~ 3354 Aeronautical navigation®
16460-17360  Maritime mobile* 3354— 420  Fixed,* Mobile*
1736017700  Fixed* 420 — 450  Aeronautical navigation*
17700-17900  Broadcasting® Amateur*
17900-18030  Aeronautical mobile* 450 - 460  Aeronautical navigation,
18030-19990  Fixed* Fixed, Mobile
19990-20010  Standard frequency™ 460 — 470 Fixed,* Mobile*
20010-21000  Fixed* 470 — 585 Broadcasting®
21000-21450  Amateur* 585 — 610 Broadcasting
21450-21750  Broadcasting* 610 — 940  Broadcasting®
21750-21850  Fixed* 940 — 960  Fixed
21850-22000  Aeronautical fixed, Aero- | 960 ~ 1215 Aeronautical navigation®
nautical mobile* 1215 — 1300  Amateur*®
22000-22720  Maritime mobile* 1300 - 1660  Aeronautical navigation
22720-23200  Fixed* 1660 — 1700  Meteorological aids (radio-
23200-23350 *© Aeronautical fixed,* Aero- sonde)
nautical mobile* 1700 — 2300  Fixed,* Mobile*
23350-24990  Fixed,* Lland mobile* 2300 — 2450 Amateur*
24990~25010  Standard frequency® 2450 — 2700  Fixed,* Mobile*
2501025600  Fixed,* Mobile except qero- 2700 — 2900  Aeronautical navigation®
nautical® 2900 — 3300 Radio navigation*
2560026100  Broadcasting® 3300 - 3500 Amateur
26100-27500 Fixed,* Mobile except aero- 3500 — 3900 Fixed, Mobile
nautical* 3900 — 4200  Fixed,* Mobile*
27500-28000  Fixed, Mobile 4200 — 4400  Aeronautical navigation®
2800029700  Amateur® 4400 - 5000  Fixed,* Mobile*
5000 —~ 5250  Aeronautical navigation®
megacycles  service 5250 - 5650 Radio navigation*
5650 — 5850  Amateur®
29.7—- 44  Fixed, Mobile 5850 — 5925  Amateur
44 — 50 Broadcasting, Fixed, Mobile 5925 - 8500  Fixed,* Mobile*
50 — 54  Amateur 8500 — 9800  Radio navigation®
54 —~ 72  Broadcasting, Fixed, Mobile 9800 ~10000  Fixed,* Radio navigation®*
72 - 76  Fixed, Mobile 10000 -10500  Amateur*
76 — 88 Broadcasting, Fixed, Mo- Above 10500 Not allocated by Atlantic
bile City Convention
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Frequency allocations above 25 mc in U.S.A.

The following listings show the frequency bands above 25 mc allocated to
various services in the U.S.A. as of 21 November 1956.* Note that many of
these bands are shared by more than one service.

Government

Armed forces and other departments of the national government.

24,99 — 25.01 34.00 — 3500 162.00 — 174.00 4400 - 5000
2533 — 25.85 36.00 — 37.00 216.00 - 220.00 7125 — 8500
26,48 — 26.95 38.00 — 39.00 225.00 — 328.60 9800 — 10000
27.54 — 28.00 40.00 - 42.00 335.40 — 400.00 13225 — 16000
29.89 — 29.91 132.00 — 144.00 406.00 — 420.00 18000 — 21000
30.00 — 30.56 148.00 = 152.00 1700  —1850 22000 — 26000
32.00 — 33.00 157.05 — 157.25 2200 2300 above 30000

Public safety

Police, fire, forestry, highway, and emergency services.
27.23 - 27.28 42.00 — 4294 453 — 454 3500 - 3700
30.84 — 32.00 44,60 — 47.68 458 — 459 6425 — 6875
33.00 — 33.12 72.00 - 76.00 890 — 940 10550 -~ 10700
33.40 — 34.00 153.74 — 154.46 952 — 960 11700 ~ 12700
37.00 — 37.44 154.61 — 157.50 1850 — 1990 13200 — 13225
37.88 — 38.00 168.70 — 162.00 2110 - 2200 16000 — 18000
39.00 — 40.00 166.00 — 172.40 2450 — 2700 26000 — 30000

Industrial

Power, petroleum, pipe line, forest products, motion picture, press relay,
builders, ranchers, factories, etc.

2501 — 2833
27.255

27.28 — 27.54
29.70 — 29.80
30.56 — 30.84
33.12 - 33.40
35.00 — 3520
3572 — 35.96
37.44 — 37.88

Land transportation

4296 — 43.20
47.68 — 50.00
72.00 — 76.00
152.84 - 153.74
154.46 — 154.61
158.10 — 158.46
169.40 — 169.60
170.20 — 170.40
171.00 — 171.20

Taxicabs, railroads, buses, trucks.

27.255

30.64 — 3116
3548 — 3572
35.96 — 36.00
43.68 — 4440
72.00 — 76.00

152.24 — 152.48
157.45 — 157.74
159.48 — 161.85

452 - 453
457 - 458
8950 — 940

171.80 — 172.00
173.20 — 173.40
406.00 — 406.40
412.40 — 412,80
451.00 — 452.00
456.00 — 457.00
890 -~ 940
952 -~ 960
1850 -19%90
952 — 960
1850 — 1990
2110 — 2200
2450 — 2700
3500 — 3700

2110 — 2200
2450 - 2700
3500 — 3700
6425 — 6875
10550 — 10700
11700 — 12700

13200 — 13225
16000 ~ 18000

26000 — 30000
6425 — 6875
10550 — 10700
11700 — 12700
13200 — 13225
16000 — 18000

26000 — 30000

* These allocations are revised at frequent intervals. Specific information can be obtained
from the Frequency Allocation and Treaty Division of the Federal Communications Commission;

Washington 25, D. C
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Frequency allocations above 25 mc in U.S.A.  continved

Domestic public

Message or paging services to persons and to individual stations, primarily
mobile.

3520 — 35.68 157.74 — 158.10 2450 — 2500 11700 — 12200
4320 — 43.68 158.46 — 158.70 3500 —- 3700 13200 — 13225
152.00 — 152.24 454  — 455 6425 — 6575 16000 — 18000
152.48 — 152.84 459 - 460 10550 —10700 26000 — 30000

Citizens radio

Personal radio services.

27.255
460 — 470
Common carrier fixed

Point-to-point telephone, telegraph, and program transmission for public
use.

26.955 *76.00 — 88.00 2450 - 2500 10700 — 11700
29.80 — 29.89 88— 100 3700 — 4200 13200 — 13225
29.91 — 30.00 198 - 108 5925 — 6425 16000 — 18000
72,00 — 76.00 716 — 940 10550 —10700 26000 — 30000

* Territories of Alaska and Hawaii only.
T Territory of Alaska only.
1 Territory of Hawaii only.

International control

links between stations used for international communication and their
associated control centers.

952 — 960 2100 — 2200 6575 — 6875
1850 — 1990 2500 — 2700 12200 — 12700

Television broadcasting

54 — 72 76 — 88 174 — 214 470 - 890

Frequency-modulation broadcasting
88 — 108

Television pickup, links, and intercity relay

Studio-to-transmitter links, efc.
890 — 940 (Sound only} 1990 — 2110 6875 — 7125 12700 ~ 13200
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Frequency allocations above 25 mc in U.S.A.  continued

FM and standard broadcasting links and intercity relay

Studio-to-transmitter links, etc.

890 — 952

Standard broadcasting remote pickup

2585 — 26.48 166.0 — 170.2 455 — 456
152.84 — 153.38 450.0 — 451.0

Aeronautical fixed

29.80 — 29.89 2500 — 2700 12200 — 12700
29.91 — 30.00 6575 — 6875 13200 — 13225
72.00 — 76.00 10550 — 10700 16000 —~ 18000
2450 — 2500 26000 — 30000

Aeronautical, air-to-ground

108 - 132 6425 — 6575 13200 - 13225
2450 — 2500 10550 — 10700 16000 — 18000
3500 — 3700 11700 — 12200 26000 — 30000

Flight-test telemetering
2174 - 217.7 2193 - 219.6

Aeronavutical radio navigation

Instrument landing systems, ground control of approach, very-high-frequency
omnidirectional range, tacan, etc.

75.0 960 — 1215 2700 — 3300 5000 — 5650
108.0 — 118.0 1300 — 1660 4200 — 4400 8500 — 9800
328.6 —~ 3354

Radio navigation and radio location

Civilian radar, racon, etc.

2900 — 3300 5250 - 5650 8500 — 9800

Meteorological aids

Radiosondes, etc.
400 — 406 1660 — 1700 2700 -~ 2900
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Frequency allocations above 25 mc in U.S.A.  confinued

Maritime

Communication between ships and/or coastal stations.

27.255 43.0 — 432 *72.0 — 76.0 156.25 — 157.45
35.04 — 35.20 161.85 — 162.00

* For point-to-point use only.

Amateur
2696 — 27.23 220 - 225 2300 — 2450 ° 10000 — 10500
28.00 — 29.70 420 - 450 3300 — 3500 21000 — 22000
50.00 — 54.00 1215 — 1300 5650 — 5925 Above 30000

144.00 — 148.00
Industrial, scientific, and medical equipment
27.12 915 5850 18000

40.68 2450

International call-sign prefixes

AAA-ALZ United States of America ETA-ETZ Ethiopia
AMA~-AQZ Spain EUA~EZZ Union of Soviet Socialist
APA—ASZ Pakistan Republics
ATA-AWZ India FAA~FZZ Fronce and Colonies and
AXA-AXZ Commonwealth of Australia Protectorates
AYA-AZZ Republic of Argentina GAA-GZZ Great Britain
BAA-BZZ China HAA-HAZ  Hungary
CAA-CEZ  Chile HBA-HBZ  Switzerland
CFA-CKZ  Conada HCA-HDZ Ecuvador
CIA-CMZ  Cuba HEA-HEZ Switzerland
CNA-CNZ Morocco HFA-HFZ Poland
COA-COZ Cuba HGA-HGZ Hungary
CPA-CPZ Bolivia HHA-HHZ  Republic of Haiti
CQA~CRZ Portuguese Colonies HIA-HIZ Dominican Republic
CSA-CUZ  Portugal HIA-HKZ  Republic of Colombia
CVA-CXZ  Uruguay HLA-HMZ  Korea
CYA-CZZ Canada HNA-HNZ Iraq
* DAA-DMZ  Germany HOA-HPZ  Republic of Panama
DNA-DQZ Belgian Congo — Ruanda-Urundi | HQA-HRZ  Republic of Honduras
DRA-DTZ Byelorussian Soviet Socialist HSA-HSZ  Siam
Republic HTA-HTZ  Nicaragua
DUA-DZZ  Republic of the Philippines HUA-HUZ Republic of El Salvador
EAA—EHZ Spain HVA—-HVZ  Vatican City State
EIA-EJZ Ireland HWA-HYZ France and Colonies and
EKA—EKZ Union of Soviet Socialist Protecforatés
Republics HZA-HZZ Kingdom of Saudi Arabia
ELA—ELZ Republic of Liberia IAA-ZZ ltaly and Colonies
EMA-EQZ  Union of Soviet Socialist JAA-JSZ Japan
Republics JTA-IVZ Mongolian People’s Republic
EPA-EQZ Iran JWA-IXZ Norway
ERA—ERZ Union of Soviet Socialist JYA-IYZ Hashimite Kingdom of Jordan
Republics JZA-IZZ Netherlands New Guinea
ESA-ESZ Estonia KAA—KZZ United States of America
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International call-sign prefixes

LAA-LNZ
LOA-IWZ
LXA—IXZ
LYA-LYZ
LZA~-1ZZ
MAA-MZZ
NAA-NZZ
OAA-OCZ
ODA-ODZ
OEA-QOEZ
OFA-0OJZ
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-SUZ
SVA-SZZ
TAA-TCZ
TDA-TDZ
TEA-TEZ
TFA-TFZ
TGA-TGZ
THA-THZ

TIA-TIZ
TIA-TZZ

UAA-UQZ
URA-UTZ
UUA-UZZ

VAA-VGZ
VHA-VYNZ
VOA-VOZ
VPA-VSZ

VTA-VWZ
VXA-VYZ
VZA-VZZ
WAA-WZZ
XAA-XIZ
XJA-XOZ
XPA-XPZ
XQA—XRZ
XSA-XSZ
XTA-XTZ

XUA—XUZ

Norway

Argentine Republic

Luxembourg

Lithuania

Bulgaria

Great Britain

United States of America

Peru

Republic of Lebanon

Austria

Finland

Czechoslovakia

Belgium and Colonies

Denmark

Netherlands

Netherlands Antilles

Republic of Indonesia

Brazil

Surinam

(Service abbreviations)

Union of Soviet Socialist
Republics

Sweden

Poland

Egypt

Greece

Turkey

Guatemola

Costa Rica

Icelond

Guatemala

France and Colonies and
Protectorates

Costa Rica

France and Colonies and
Protectorates

Union of Soviet Socialist
Republics

Ukranian Soviet Socialist
Republic

Union of Soviet Socialist
Republics

Canada

Commonwealth of Australia

Canada

British Colonies and
Protectorates

India

Canada

Commonwealth of Australia

United States of America

Mexico

Canada

Denmark

Chile

China

Fronce and Colonies and
Protectorates

Cambodia

' continued

XVA-XVZ
XWA-XWZ
XXA-XXZ
XYA-XZZ
YAA-YAZ
YBA-YHZ
YIA-YIZ
YIA-YIZ
YKA-YKZ
YLA-YLZ
YMA-YMZ
YNA-YNZ
YOA-YRZ
YSA-YSZ
YTA-YUZ
YVA-YYZ
YZA-YZZ
ZAA—ZAZ
ZBA-ZJZ

ZKA-ZMZ
INA-ZOZ

ZPA-ZPZ
ZQA-ZQZ

ZRA-ZUZ
IVA-ZZZ
2AA-2ZZ
3AA-3AZ
3BA—3FZ
3GA-3GZ
3HA-3UZ
3VA-3VZ
3WA-3WZ
3YA-3YZ
3ZA-3ZZ
4AA—4CZ
4DA—4I1Z
4JA-41Z

4AMA—4MZ
4NA-40Z
4PA—4SZ
ATA—4TZ
4UA—4UZ
4VA—4VZ
AWA—4WZ
4XA—4XZ
4YA—4YZ

5AA-5AZ
5CA-5CZ
6AA—6ZZ
7AA-727
8AA-8ZZ
9AA—-9AZ
INA-9NZ
9SA—9SZ

Viet-Nam

Laos

Portuguese Colonies

Burma

Afghanistan

Indonesia

Iragq

New Hebrides

Syria

Latvia

Turkey

Nicaragua

Roumania

Republic of El Salvador

Yugoslavia

Venezuela

Yugoslavia

Albania

British Colonies and
Protectorates

New Zealand

British Colonies and
Protectorates

Paraguay

British Colonies and
Protectorates

Union of South Africa

Brazil

Great Britain

Principality of Monaco

Canada

Chile

China

Tunisia

Viet-Nam

Norway

Poland

Mexico

Republic of the Philippines

Union of Soviet Socialist
Republics

Venezuela

Yugoslavia

Ceylon

Peru

United Nations

Republic of Haiti

Yemen

Israel

International Civil Aviation
Organization

Libya

Morocco

{Not allocated)

{Not allocated)

INot allocated)

San Marino

Nepal

Saar
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frequency band |

type of service and power
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| tolerance in percent

10-535 ke Fixed:stations
10-50 ke ; 0.1
50 kc—end of band | 0.02
Land stations ‘
Coast stations
Power > 200 watts 0.02
Power < 200 watts I 0.05
Aeronautical stations i 0.02
Mobile stations
Ship stations 0.1
Aircraft stations 0.05
Emergency Ireserve) ship transmitters, and
lifeboat, lifecraft, and survival-craft
transmitters 0.5
Radionavigation stations 0.02
Broadcasting stations 20 cycles
535-1605 ke Broadcasting stations 20 cycles
1605-4000 ke Fixed stations !
' Power > 200 watts ‘ 0.005
Power < 200 watts | 0.01
t
Land stafions ]
Coast stations [
Power > 200 watts 0.005
Power < 200 watts ‘ 0.01
Aeronautical stations !
Power > 200 watts 0.005
Power < 200 watts 0.01
Base stations
Power > 200 watts 0.005
Power < 200 watts 0.0t
Mobile stations
Ship stations 0.02
Aircraft stations 0.02
land mobile stations 0.02
Radionavigation sj’qtions
Power > 200 watts 0.005
Power < 200 watts 0.01
Broadcasting stations 0.005
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Frequency tolerances confinued

frequency band

type of service and power | tolerance in percent

4000-30,000 ke Fixed stations
Power > 500 watts 0.003
Power < 500 watts 0.01
Land stotions
Coast stations 0.005
Aeronautical stafions
Power > 500 watts 0.005
Power < 500 watts 0.01
Base stations
Power > 500 watts 0.005
Power < 500 watts 0.01
Mobile stations
Ship stations 0.02
Aircraft stotions 0.02
Land mobile stations 0.02
Transmitters in lifeboats, lifecraft, ond sur-
vival craft 0.02
Broadcasting stations 0.003
30-100 me Fixed stations 0.02
land stations 0.02
Mobile stations 0.02
Radionavigation stations 0.02
Broadcasting stations 0.003
100-500 me Fixed stations 0.01
land stations | 0.01
Mobile stations i 0.01
Radionavigation stations ! 0.02
Broadcasting stations i 0.003
500-10,500 mc ( 0.75

Note: Requirements in the U.S.A. with respect to frequency tolerances are in all cases at
least as restrictive {and for some services more restrictivel than the tolerances specified by
the Atlantic City Convention. For details consuit the Rules and Regulations of the Fedaral
Communications Commission.

Intensity of harmonics  Atlantic City, 1947

In the bond 10-30,000 kilocycles, the power of-a harmonic or a parasitic
emission supplied to the antenna must be“at teast 40 decibels below the
power of the fundamental. In no case shall it exceed 200 milliwatts (mean
power). For mobile stations, endeavor will be made, as far as it is practicable,
to reach the above figures.
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Designation of emissions

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

type of supplementary
modulation type of transmission characteristics symbol
Amplitude Absence of any modulation —_ A0
modulation

Telegraphy without the use of modulating
audio frequency lon-off keying) _ Al

Telegraphy by the keying of a modulating
audio frequency or audio frequencies, or by
the keying of the modulated emission (Spe-
cial .case: An .unkeyed modulated emission.) —_— A2

Telephony Double sideband, full
carrier A3

Single sideband, re-
duced carrier A3a

Two independent
sidebands, reduced

carrier A3b
Facsimile _ A4
Television _ AS
Composite transmissions and cases not cov-
ered by the above —_ A9
Composite transmissions Reduced carrier A9c
Frequency Absence of any modvulation _— FO
{or phase)
modulation Telegraphy without the use of modulating
audio frequency [frequency-shift keying) _— Fi
Telegraphy by the keying of .a modulating
auvdio frequency or audio frequencies, or by
the keying of the modulated emission (Spe-
cial case: An unkeyed emission modulated by
audio frequency.) _— F2
Telephony _— F3
Facsimile —_— F4
Tefevision _— Fs

Composite transmissions and cases not cov-
ered by the above — F9
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Designation of emissions

cantinued

type of supplementary
modulation type of transmission characteristics symbol
Pulse Absence of any modulation intended to carry
modulation information —_— PO
Telegraphy without the use of modulating
audio frequency —_— P1
Telegraphy by the keying of o modulating | Audio frequency or
audio frequency or audio frequencies, or by | audio frequencies
the keying of the modulated pulse (Special | modulating the pulse
case: An unkeyed modulated pulse.) in amplitude P2d
Audio frequency or
audio frequencies
modulating the width
of the pulse P2e
Audio frequency or
auvdio frequencies
modulating the phase
{or positionl of the
pulse P2f
Telephony Amplitude modulated P3d
Width modulated P3e
Phase {or positionl
modulated P3f
Composite transmission and cases not cov-
ered by the above %4
Note: As an exception to the above principles, damped waves are designated by B.

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

The necessary bandwidth is that required in the over-all system, including
both the transmitter and the receiver, for the proper reproduction at the
receiver of the desired information and does not necessarily indicate the
interfering characteristics of an emission.

The following tables present some examples of the designation of emissions
as a guide to the principles involved.
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Designation of emissions continved

description designation

Telegraphy 25 words/minute, international Morse code, carrier

modulated by keying only 0.1A!

Telegraphy, 525-cycle tone, 25 words/minute, international Morse

code, carrier and tone keyed or tone keyed only 1.15A2

Amplitude-modulated telephony, 3000-cycle maximum modulation,

double sideband, full carrier 6A3

Amplitude-modulated telephony, 3000-cycle maximum modulation,

single sideband, reduced carrier 3A3a

Amplitude-modulated telephony, 3000-cycle maximum modulation,

two independent sidebands, reduced carrier 6A3b

Vestigial-sideband television lone sideband partially suppressed), full

carrier lincluding a frequency-modulated sound channel) 6000AS, F3

Frequency-modulated telephony, 3000-cycle modulation frequency,

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

75,000-cycle deviation 180F3
One-microsecond pulses, unmodulated, assuming a value of K = § 10000P0

Determination of bandwidth  Atantic City, 1947

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

B =
N/T =

telegraph speed in bauds (see pp. 541 and 846)

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

= maximum modulation frequency expressed in cycles/second

= half the difference between the maximum and minimum values of the

instantaneous frequencies; D being greater than 2M, greater than
N/T, or greater than B, as the case may be. [nstantaneous frequency
is the rate of change of phase

= pulse length expressed in seconds

= over-all numerical factor that differs according to the emission and

depends upon the allowable signal distortion and, in television, the
time lost from the inclusion of @ synchronizing signal
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Determination of bandwidth

Amplitude modulation

description
and class
of emission

necessary bandwidth in
cycles/second

continved

examples

details

designation
of emission

Continuous- | Bandwidth = BK Morse code at 25 words/minute,
wave B = 20;
telegraphy where
Al K = 5 for fading circuits bandwidth = 100 cycles 0.1A1
= 3 for nonfading circuits
Four-channel multiplex  with 7-
unit code, 60 words/minute/chan-
nel, B=170,K = §;~
bandwidth = 850 cycles 0.85A1
Telegraphy Bandwidth = BK + 2M Morse code at 25 words/minute,
modulated 1000-cycle tone, B = 20;
at audio where
frequency K = 5 for fading circuits bandwidth = 2100 cycles 2.1A2
A2 = 3 for nonfading circuits
Commercial | Bandwidth = M for single | For ordinary single-sideband
telephony sideband telephony,
A3 = 2M for dou-
ble sideband | M = 3000 3A3a
For high-quality single-sideband
telephony,
M = 4000 4A3a
Broadcasting | Bandwidth = 2M M is between 4000 and' 10,000 de-
A3 pending upon the quality desired | 8A3 to 20A3
Facsimile, . KN Total number of picture elements
carrier mod. | Bandwidth = T +2M {black+white) transmitted per sec-
vlated by ond = circumference of cylinder
tone and by | where [height of picturel X lines/unit
keying K=15 length X speed of cylinder rota-
Ad4 tion {revolutions/second). If diam-
eter of cylinder = 70 millimeters,
lines/millimeter = 3.77, speed of
rotation = 1/second, frequency
of modulation = 1800 cycles;
bandwidth = 3600 4 1242
= 4842 cycles 4.84A4
Television Bandwidth = KN/T Total picture elements (black 4
AS white) transmitted. per second =
where number [ines forming each image
K = 1.5 (This allows for | X elements/line X pictures trans-
synchronization and | mitted/second. If lines = 500, ele-
filter shaping.) ments/line = ‘500, pictures/second
Note: This band can be re- | = 25;
duced when asymmetrical A
transmission is employed bandwidth =2 9 megacycles 9000AS
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Frequency modulation

description
and class
of emission

necessary bandwidth in
cycles/second
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continved

examples

details

designation
of emission

Frequency-
shift
telegraphy™®

Bandwidth = BK + 2D

where

Morse code at 100 words/ min-
ute. B = 80, K = 5 D = 425;

R K = 5 for fading circvits bandwidth = 1250 cycles 1.25F1
= 3 for nonfading circuits
Four-channel multiplex with 7-unit
code, 60 words/minute/channel.
Then, B = 170, K = 5, D = 425;
bandwidth = 1700 cycles 1.7F1
Commercial | Bandwidth = 2M + 2DK | For an average case of commercial
telephony telephony, with D = 15,000 and
and broad- | For commercial telephony, | M = 3000;
casting K = 1. For high-fidelity
F3 transmission, higher .values | bandwidth = 36,000 cycles 36F3
of K may be necessary
Facsimile Bandwidth (See facsimile, amplitude modula-
F4 __ KN tion.) Cylinder diameter = 70 milli-
T +2M + 20 meters, lines/millimeter = 3.77,
cylinder rotation speed = 1/sec-
where ond, modufation tone = 1800 cy-
K= 15 cles, D = 10,000 cycles;
bandwidth == 25,000 cycles 25F4
Unmodulated | Bandwidth = 2K/t t=3X 10%and K = §;
pulse where K varies from 1 to 10
PO according to the permissible | bandwidth = 4 X 108 cycles 4000P0
deviation in each particular
case from a rectangular
pulse shape. In many cases
the valve of K need not ex-
ceed 6
Modulated Bondwidth depends upon
pulse the particular types of mod-
P2 or P3 | vlation used —_— —

* CCIR Recommendation No. 87 {london, 1953) for F1 emission was
0.58 + 2.5D for 2.5 < 2D/B < 8
2.58 4+ 2.0D for 8 < 2D/B < 20

Bandwidth =
Bandwidth
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Standard frequencies and time signals

WWV and WWVH* s of March, 1956

The National Bureau of Standards operates radio stations WWV (near
Washington, D.C.} and WWVH (Maui, Hawaiil which transmit standard
radio frequencies, standard time intervals, time announcements, standard
musical pitch, standard audio frequencies, and radio propagation notices.

Standard frequencies are transmitted continuously day and night except as
follows:

WWYV is silent for approximately 4 minutes beginning at 45 mmutes:!:
15 seconds after each hour.

WWHVH is silent for 4 minutes following each hour and each half hour.

WWVH is silent for 34 minutes each day beginning at 1900 UT (Universal
Timel.

Vertical dipole antennas are employed and 100-percent amplitude double-
sideband modulation is used for second pulses and announcements. The audio
tones on WWYV are transmitted as a single upper sideband with full carrier.
Power output from the sideband transmitter is about one-third of the carrier
power.

standard WWV WWVH
frequency in mc power in kw power in kw

25 0.7 -—_

5 8.0 20
10 9.0 . 20
15 9.0 20
20 1.0 —
25 0.1 —_

Audio frequencies and musical pitch: Two standard audio frequencies, 440
and 600 cycles per second, are broadcast on all carrier frequencies. The
audio frequencies are given alternately, starting with 600 cycles on the hour
for 3 minutes, interrupted 2 minutes, followed by 440 cycles for 3 minutes,

* Based on U.S. Dept. of Commerce, National Bureau of-Standards, Letter Circular LC 1009
with corrections. Information on these services may be obtained from the Rodio Standards
Division, National Bureau of Standards; Boulder, Colorado.
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Standard frequencies and time signals  continved

and interrupted 2 minutes. Each 10-minute period is the same. The 440-
cycle tone is the standard musical pitch A above middle C.

Time signals and standard time intervals: The audio frequencies are in-
terrupted for intervals of precisely 2 minutes. They are resumed precisely
on the hour and each 5 minutes thereafter, They are in agreement with
the basic time service of the U.S. Naval Observatory so that they mark
accurately the hour and the successive 5-minute periods.

Universal Time (Greenwich Civil Time or Greenwich Mean Time) is an-
nounced in international Morse code each five minutes starting with 0000
{midnight). Time announcements in Morse code are given just prior to and
refer to the moment of return of the audio frequencies.

A voice announcement of Eastern Standard Time is given each 5 minutes
from station WWYV; this precedes and follows each telegraphic-code
announcement,

A pulse or tick, of 0.005-second duration, occurs at intervals of precisely
1 second. Each pulse on WWYV consists of 5 cycles of 1000-cycle tone and
each pulse on WWVH consists of 6 cycles of 1200-cycle tone.

The tones of WWV are interrupted precisely 40 milliseconds each second
except at the beginning and end of each 3-minute tone interval. The time
pulse commences precisely 10 milliseconds after commencement of the 40-
millisecond interruption. An additional pulse, 0.1 second later, is transmitted
to identify the beginning of each minute. No pulse is transmitted at the
beginning of the last second of each minute.

Accuracy: Frequencies transmitted from WWV and WWVH are accurate
to within 1 part in 10%; this is with reference to the mean solar second,
100-day interval, as determined by the U.S. Naval Observatory with a
precision of better than 3 parts in 10% Time intervals, as transmitted, are
accurate within 4= 2 parts in 108 4 1 microsecond.

Frequencies received may be as accurate as those transmitted for several
hours per day during total light or total darkness over the transmission path
at locations in the service range. During the course of the day, errors in
the received frequencies may vary opproximately between -3 to +3
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Standard frequencies and time signals  continved

each hour
15
{WWVH silent 1900-1934 UT)
* One-minute announcement intervals:
I{stort onnouncement interval end announcement intorval}l

wv L | code’ 1 voice 1 code ivoice|
wwy I | propagation | calland EST| UT |EST]
notice
wwnl code’ code i ]
I propagation H UT and call letters | I
notice
30 60

fime in secands

* North Atlantic propagation notice at 19.5 and 49.5 minutes past each hour.
#+ North Pacific propagatian notice at 9 and 39 minutes past each hour.

Audio freq les and ments of WWV and WWVH.
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Standard frequencies and time signals  continved

parts in 107, During ionospheric storms, transient conditions in the propa-
gating medium may cause momentary change as large as 1 part in 108

Time intervals, as received, are normally accurate within &= 2 parts in
108 + 1 millisecond. Transient conditions in the ionosphere at times cause
received pulses to scatter by several milliseconds.

Radio propagation notices:* WWYV broadcasts for the North Atlantic path
at 193 and 493 minutes past every hour. The forecosts are changed daily
at 0500, 1200, 1700, or 2300 Universal Time and remain unchanged for the
following 6 hours. The letter—digit combination is sent as a modulated tone
in international Morse code, the letter indicating conditions at 0500, 1200,
1700, or 2300 UT, respectively, and the digit the conditions forecast for the
following é-hour period. On WWVH, the forecasts as broadcast are changed
at 0200 and 1800 UT and are for the next 9-hour period, these WWVH
forecasts being broadcast at 9 and 39 minutes past each hour for the North
Pacific path.

The letters and digits signify radio propagation quality as follows:

condition at 0500, 1200, propagation
1700, or 2300 UT forecast conditions

W 1 Useless
W . 2 Very poor
W Disturbed 3 Poor
W 4 Poor to fair
U Unsettied 5 Fair
N 6 Fair to good
N 7 Good
N Normol 8 Very good
N 9 Excellent

* Abstracted from, “North Atlantic Radio Warning Service,” CRPL.RWS.31, March 19, 1956,
Nationa! Bureau of Standards; Box 178, Fort Belvoir, Virginia and “North Pacific Radio Warning
Service,”" CRPL-RWS-30, March 19, 1956, National Bureau of Standards; Box 1119, Anchorage,
Alaska. The latest issues of these bulletins should be consulted for further information.
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Standard frequencies and time signals  continved

Other standard-frequency stations as of August, 1954

Rughy Tokyo Torino Johannesburg
Country England Japan Italy South Africa
Call sign MSF ny IBF ZUo
Carrier power in kw 0.5 1 0.3 0.1
Days per week 7 7-2 Tuesday 7
Hours per day 248 24 &b 24
Carriers in mc 2.5, 5, 10° 2.5, 51, 1084 5 5
Modulotions in ¢/s 18, 1000 1, 1000 1b, 440, 1000 1*
Duration of tone ot
modulation in minutes | 5 in each 15 9 in each 20 5in each 10! _
Duration of time
signals in minutes 5 in each 15 continuous 5 in each 10 continuous

8 Total interruption of transmission from minute 15 to minute 20 of each hour.
b From 0800 to 1100 and from 1300 to 1600 UT.
° Transmissions are also made on 40 ke.

d Transmissions are also made on 4 and 8 mc.
¢ Daily from 0700 to 2300 UT.

t Mondoys.

& Wednesdays.

B 5 cycles of 100-c/s moduiation pulses.

i Interruptions for 20 milliseconds.

i 440- and 1000-c/s tones alternately.

x 100 cycles of 1000-c/s modulation pulses.

See also list of foreign rodio time signals in “Radio Navigational Aids,” U. S. Navy Hydro-
graphic Office publication 205 for sale by the Hydrographic Office, Washington 25, D. C.
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B Units, constants, and conversion factors

Conversion factors

conversely,
to convert into multiply by multiply by
Acres’ Square feet 4.356 X 10¢ 2.296 X 1075
Acres Square meters 4047 2471 X 1074
Ampere-hours Coulombs 3600 2778 X 1074
Amperes per sq cm Amperes per sq inch 6.452 0.1550
Ampere-turns Gilberts 1257 0.7958
Ampere-turns per cm Ampere-turns per inch 2.540 0.3937
Atmospheres Mm of mercury @ 0° C 7460 1.316 X 1073
Atmospheres Feet of water @ 4° C 33.90 2.950 X 1072
Atmospheres Inches mercury @ 0° C 29.92 3342 X 1072
Atmospheres Kg per sq meter 1.033 X 104 9.678 X 1073
Atmospheres Newtons per sq meter 1.0133 X 108 0.9869X 107
Atmospheres Pounds per sq inch 1470 6.804 X 1072
Btu Foot-pounds 778.3 1.285 X 1073
Btu Joules 1054.8 9.480 X 107
Btu Kilogram-calories 0.2520 3.969
Btu Horsepower-hours 3.929 X 10 2545
Bushels Cubic feet 1.2445 0.803%

o <]

Centigrade (Celsius) Fahrenheit {ce +C40)X><9/95/5_=F (F:12+ 40)
Chains {surveyor's) Feet 66 1.515 X 1072
Circular mils Square centimeters 5.067.X 107% 1.973 X 10
Circular mils Square mils 0.7854 1.273
Cubic feet Cords 7.8125 X 1073 128
Cubic feet Galions {lig US) 7.481 0.1337
Cubic feet Liters 28.32 3.531 X 1072
Cubic inches Cubic centimeters 16.39 6.102 X 1072
Cubic inches Cubic feet 5787 X 107 1728
Cubic inches Cubic meters 1.639 X 107% 6.102 X 104
Cubic inches Gallons (lig US) 4,329 X 1073 231
Cubic meters Cubic feet 35.31 2.832 X 1072
Cubic meters Cubic yards 1.308 0.7646
Degrees {anglel Radians 1.745 X 1072 57.30
Dynes Pounds 2.248 X 107¢ 4.448 X 10*
Ergs Foot-pounds 7.376 X 1078 1.356 X 107
Fathoms Feet 6 0.16667
Feet Centimeters 30.48 3281 X 1072
Feet Varas 0.3594 2782
Feet of water @ 4° C Incnes of mercury @ 0¥ C 0.8826 1.133
Feet of water @ 4° C Kg per sq meter 304.8 3.281 X 1073
Feet of water @ 4° C Pounds per sq foot 62.43 1.602 X 1072
Foot-pounds Horsepower-hours 5050 X 1077 1.98 X 108
Foot-pounds Kilogram-meters 0.1383 7.233
Foot-pounds Kilowatt-hours 3766 X 1077 2.655 X 108
Gallons {liq US) Cubic meters 3785 X 1078 264.2
Gallons {lig USI Gallons (lig Br Imp) [Canada)  0.8327 1.201
Gausses Lines per sq inch 6.452 0.1550
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Conversion factors  continued
conversely,
to convert into multiply by multiply by
Grains {for humidity Pounds lavoirdupois} 1.429 X 1074 7000
calculations}
Grams Dynes 980.7 1020 X 1073
Grams Grains 15.43 6481 X 1072
Grams Qunces lavoirdupois) 3.527 X 1072 28.35
Grams Poundols 7.093 X 1072 14.10
Grams per cm Pounds per inch 5600 X 1078 178.4
Grams per cu cm Pounds per cu inch 34613 X 1072 27.68
Grams per sq cm Pounds per sq foot 2.0481 0.4883
Hectares Acres 2471 0.4047
Horsepower (boiler) Btu per hour 3347 X 10t 2986 X 107
Horsepower [metric) Bty per minute 41.83 2390 X 1072
1542.5 ft-Ib per sec]
Horsepower {metricl Foot-lb per minute 3.255 X 10* 3.072 X 107
(542.5 ft-|b per sec)
Horsepower {metric) Kg-calories per minute 10.54 9.485 X 107
{542.5 ft-Ib per sec)
Horsepower Bty per minute 42.41 2357 X 107
(550 ft-lb per sec)
Horsepower Foot-lb per minute 3.3 X 104 3.030 X 107
{550 ft-ib per sect
Horsepower Kilowatts 0.745 1.342
(550 ft-Ib per secl
Horsepower (metric} Horsepower 0.9863 1.014
(542.5 ft-1b per sec) {550 ft-Ib per sec)
Horsepower Kg-calories per minute 10.49 9.355 X 1072
(550 ft-Ib per sec)
inches | Centimeters 2.540 0.3937
Inches Feet 8333 X 1072 12
Inches Miles 1.578 X 1075 6.336 X 104
Inches Mils 1000 0.001
Inches Yards 2778 X 107 3%
Inches of mercury @ 0° C Lbs per sq inch 0.4912 2.036
Inches of water @ 4° C  Kg per sq meter 2540 3937 X 107
Inches of water @ 4° C  Ounces per sq inch 0.5782 1.729
Inches of water @ 4° C  Pounds per sq foot 5.202 0.1922
inches of water @ 4° C  In of mercury 7.355 X 1072 13.60
Joules Foot-pounds 0.7376 1.356
Joules Ergs 107 1077
Kilogram-calories Kilogram-meters 426.9 2343 X 107°
Kilogram-calories Kilojoules 4.186 0.2389
Kilograms Tons, long favdp 2240 1b) 9.482 X 107 1016
Kilograms Tons, short (avdp 2000 ib) 1.102 X 1073 907.2
Kilograms Pounds (avoirdupois} 2.205 0.4536
Kilograms per kilometer Pounds (avdp} per mile {statl 3.548 0.2818
Kg per sq meter Pounds per sq foot 0.2048 4.882
Kilometers Feet 3281 3.048 X 1074
Kilowatt-hours Bty 3413 2.930 X 1074
Kilowatt-hours Foot-pounds 2655 X 108 3.766 X 1077
Kilowatt-hours loules 3.6 X 10° 2778 X 1077
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continued

multiply by

conversely,
multiply by

Kilowatt-hours
Kilowatt-hours
Kilowatt-hours
Kilowatt-hours

Kilowatt-hours

Knots*® (naut mi per hour)
Knots
Knots
lamberts
Llamberts
leagues
Links
Links {surveyor's})
Liters
Liters
Liters
Liters
liters
Liters
logs Nor in N
Lumens per sq foot
Lux
Meters
Meters
Meters per min
Meters per min
Microhms per cm cube
Microhms per cm cube
Miles (nauticall™®
Miles (nauticall
Miles (navuticall
Miles (stafutel
Miles Istatute)
Miles per hour
Miles per hour
Miles per hour
Millibars
Miliibars

{10% dynes per sq cm}
Nepers
Newtons
Newtons
Newtons
Newtons
Ounces (ftvid}
Ounces lavoirdupois)
Pints
Pounds of water (dist)

Kilogram-calories

Kilogram-meters

Pounds carbon oxydized

Pounds water evaporated
from and at 212° F

Pounds water raised
from 62° to 212° F

Feet per second

Meters per minute

Miles (statl per hour

Candles per sq cm

Candles per sq inch

Miles (approximately}

Chains

Inches

Bushels (dry US}

Cubic centimeters

Cubic meters

Cubic inches

Gallons (liq US}

Pints {liq US)

logio N

Foot-candles

Foot-candles

Yards

Varas

Feet per minute

Kilometers per hour

Microhms per inch cube

Ohms per mil foot

Feet

Meters

Miles (statute)

Kilometers

Feet

Kilometers per minute

Feet per minute

Kilometers per hour

Inches mercury (32° F}

Pounds per sq foot

Decibels
Dynes
Kilograms
Poundals
Pounds {avdp}
Quarts

Pounds

Quarts llig US}
Cubic feet

860
3.4671 X 108
0.235
3.53

2275

1.688
30.87
1.1508
0.3183
2.054
3
0.01
7.92
2.838 X 1072
1000
0.001
61.02
0.2642
2113
0.4343
1
0.0929
1.094
1.179
3.281
0.06
0.3937
6.015
6076.1
1852
1.1508
1.609
5280
2.682 X 1072
88
1.609
0.02953
2.089

8.686

106

0.1020

7.233

0.2248

3.125 X 1072
625 X 1072
0.50

1.603 X 1072

1.163 X 1073
2724 X 1078
4.26
0.283

4395 X 1072

0.5925
0.03240
0.86%0
3,142
0.4869
0.33
100
0.1263
3524
0.001
1000
1.639 X 1072
3785
0.4732
2.303
1
10.764
0.9144
0.848
0.3048
16.67
2.540
0.1662
1.646 X 1074
5.400 X 10
0.8690
0.6214
1.894 X 107
37.28
1.136 X 1072
0.6214
33.86
0.4788

0.1151
1075
9.807
0.1383
4.448
32
16
2
62.38
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Conversion factors continved

conversely,
to convert inte multiply by multiply by
Pounds of water (distl 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 (statutel Kg per kilometer 0.2818 3.548
Pounds per cu foot Kg per cu meter 16.02 6.243 X 1072
Pounds per cu inch Pounds per cu foot 1728 5787 X 10~
Pounds per sq foot Pounds per sq inch 6.944 X 1072 144
Pounds per sq foot Kg per sq meter 4.882 0.2048
Pounds per sq inch Kg per sq meter 703.1 1.422 X 1073
Poundals Dynes 1.383 X 10¢ 7.233 X 1075
Poundais Pounds lavoirdupois) 3,108 X 1072 32.17
Quarts Gallons {liq US) 0.25 4
Rods Feet 16.5 6.061 X 1072
Slugs (mass} Pounds lavoirdupois) 32174 3.108 X 1072
Sq inches Circular mils 1.273 X 108 7.854 X 1077
Sq inches Sq centimeters 6.452 0.1550
Sq feet Sq meters 9.290 X 1072 10.7¢6
Sq miles Sq yards 3.098 X 108 3.228 X 1077
Sq miles Acres 640 1.562 X 107°
5q miles Sq kilometers 2.5%0 0.3861
Sq millimeters Circular mils 1973 5067 X 1074
{Temp rise, °C) X U.S.  Watts 264 379 X 1073

gal water) /minute
Tons, short {avoir 2000 bl Tonnes {1000 kg) 0.9072 1.102
Tons, long lavoir 22401b]  Tonnes (1000 kg) 1.016 0.9842
Tons, long lavoir 2240 (bl Tons, short {avoir 2600 tbl 1.120 0.8929
Tons {US shipping} Cubic feet 40 0.025
Watts Btu per minute 5689 X 1072 17.58
Watts Ergs per second 107 1077
Watts Foot-lb per minute 44,26 2.260 X 1072
Watts Horsepower (550 ft-Ib per 1.341 X 1073 745.7
sec)
Watts Horsepower Imetric) 1.360 X 1073 735.5
542.5 ft-Ib per sec)

Watts Kg-calories per minute 1,433 X 1072 69.77
Woatt-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 Inter-
national 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.

Examples

a. Required, the conversion factor for pounds {avoirdupoisl 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 kilogrom. A number of conversions have been
collected under the name, pounds. The desired factor appears under pounds per inch. Since
the reciprocal is tabulated, the factors must be interchanged, so the desired one is 0.05600.
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Centigrade-to-fahrenheit conversion chart

o¢c ©F o¢ ©oF o OoF o oF o ©oF
v Y vy vy v .y v v
[¢) 0 +32 100 212 800 8,000 9,000

+20 200
=50
- - 90 450 4,500
50 10 o 8000

=100 200

[ 180
<100 -150 -20 80 400 4,000

7,000
~200 ‘ 700

- 180
~«150 =30 20 70 350 3,800
-250

6,000
=300 €00

-200 -40 -40 60 140 300 3,000
=350
$,000

-400 500

~250 =50 50 250 2,300
2 =80 120

=273.8 -489.72
absolute zero 4,000

-0 %0 200~ %% 2000
-80 100

3,000
-70 30 150 300 1,500

-100 80

2,000
~-80 20 100 1,000
200

-50 0 50 sop 1000

100

-14p 40

degrees Kelvin {centigrade absolute ) =°C+273.18
degrees Rankine (fahrenheit obsolute) =°F +459.72

=100 -148 ] 32

o
-]
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Principal physical atomic constants*

Centimeter-gram-second units

vsval symbo! | denomination 1 value ond vunits
F' = Ne/c Faraday's constant (physical scalel 9652.19 =4 0.11 emu {g mole) 1
N Avogadro's constant Iphysical scalel {6.02486 =+ 0.00016] X 102 (g molel !
] Planck's constant 16.62517 4= 0.00023) X 1079 erg sec
m ! Electron rest mass 9.1083 4 0.0003) X 1078 g
e {4.80286 == 0.00009) X 10710 esy
——————————| Electronic charge .
e =efc 11.60206 = 0.00003} X 1020 emu
e/m {5.27305 + 0.00007) X 1017 esu g~
——————————| Charge-to-mass ratio of electron
e /m = e/imc) 11.75890 =+ 0.00002) X 107 emy g1
H Velocity of light in vacuumt 299,793.0 & 0.3 km sec™?
h/(mc) Compton wavelength of electron 24.2626 £ 0.00020 X 1071 em
a0 = h?/(4n2me? First Bohr electron-orbit radius 1529172 = 0.00002} X 107% cm

w2k 8rd _ _ _ -
il i=trs Stefan-Boltzmann constant {0.56687 £ 0.00010) X 1074 erg cm™2 deg™4 sec™!
AmaxT Wien displacement-law constant 10.289782 == 0.000013} cm deg
wo = he/l4wmc) Bohr magneton 0.92731 = 0.00002) X 10720 erg gauss™!
Nm Afomic mass of the electron (5.48763 £ 0.00006] X 10™¢
iphysical scale)
Mp/Nm Ratio, proton mass to electron mass 1836.12 & 0.02
Fo=¢e - 103/c Energy associated with 1 ev 11.60206 = 0,00003) X 10712 erg B
{mc2/Eg) X 1076 Energy equivalent of electron mass 0.510976 == 0.000007} Mev
k = Ro/N Boltzmann's constant 11.38044 =4 0,00007) X 10716 erg deg™!
Reo Rydberg wave number for infinite mass | (109,737.309 & 0.012) cm™!
H Hydrogen atomic mass (physical scalel | 1 008142 + 0.000003
Ro Gas constant per mole {physica! scalel | (8.31696 = 0.00034) X 107 erg mole™! deg™?
Vo Standard volume of perfect gas {22,420.7 &= 0.6) cm3 atmos mole™1
Iphysical scalel

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

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

continued

Meter-kilogram-second rationalized units

The following table is derived from that on p. 34; for further details regarding
symbols and probable errors, refer to that table.

usual symbo! denominatian valve and units
F Faraday's constant 9.652 X 107 coulomb (kg-mole}—!
N Avogadro's constant 6.025 X 1028 (kg-molel 1
h Planck's constant 6.625 X 1073 joule sec
m Electron rest mass 9.108 X 1073 kg
e Electronic charge 1.602 X 10~ coulomb
e/m Electron charge/mass 1.759 X 101 coulomb kg~1
c Velocity of light in vacuum 2.998 X 108 meters sec™!
h/me Compton wavelength of electron 2.426 X 10712 meter
ao First Bohr electron-orbit radius 5.292 X 1071 meter
o Stefan-Boltzmann constant 5.669 X 1078 watt meter™2 [deg KI—¢
AmaxT Wien displacement-law constant 2.898 X 1078 meter {deg K}
o Bohr magneton 9.273 X 10724 joule meter? weber™! )
Nm Atomic mass of the electron 5.488 X 1074
Mp/Nm Ratio, proton mass to electron mass 1836
vo Speed of 1-ev electron 5.932 X 105 meter sec™?
Fo Energy associated with 1 ev 1.602 X 1071 joule
mc?/Eo Energy equivalent of electron mass 0.5110 X 108 ev
k Boltzmann's constant 1.380 X 1072 joule {deg K11
R Rydberg wave number for infinite mass | 1.097 X 10" meter—1
H Hydrogen atomic mass 1.008
Ro = PY/MT Gas constant 8.317 X 103 joule lkg-mole) 1 (deg K1
Note: joule = [newton/meter? meter?
Vo Standard volume of perfect gas at 0° C | 22.42 meter? tkg-mole) =1
and 1 atmosphere (p.

Properties of free space

Velocity of light = ¢ = 1/{u,e,) "

2.998 X 108 meters per second
186,280 miles per second

= 984 X 10° feet per second. -
Permeability = p, = 47 X 1077 = 1.257 X 107% henry per meter.
Permittivity = €, = 8.85 X 1072 = (36w X 10° ! farad per meter.
Characteristic impedance = Zg = (u,/ €)% = 376.7 = 1207 ohms.
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Unit conversion table

Compiled by J. R. Ragazzini and L. A. Zadeh, Columbia University, New York.
The velocity of light was taken as 3 X 10! centimeters/second in computing the conversion factors.
Equations in the second column are for dimensional purposes oaly.

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

sym=| mks(r) (rationalized) | mks(nr) pract esu emu {nonrational-
quaniity bot units vnit units units ized) unit
fength ! meter {m) 1 102 102 102 meter (m)
mass m kilogram 1 102 108 108 kilogram
time ——t— seecond 1 1 1 1 second
force F F=ma newton 1 105 108 108 newton
work, energy W |W=F joule 1 1 107 107 joule
power P |(P=Wn watt 1 1 107 107 watt
electric charge q coulomb 1 1 3X10° 101 coulomb
volume charge density p p=gq/v coulomb/m3 1 10-¢ 3108 107 coulomb /m?
surface charge density o =q/A coulomb/m? 1 107 3108 10-5 eoulomb/m?
electric dipole t P p=d coulomb-meter 1 102 3101 10 coulom b-mete:
polarization P P=p/v | coulomb/m? 1 10-¢ 3108 105 | coulomb/m?
electric fleld intensity E E=F/g | volt/m 1 102 10-¢/3 108 volt/m
permittivity € | F = ¢/4xel| farad/m dr | dwX10-0 | 36w X100 | g 5cq0u
displacement D |D=< coulomb/m? 4x 4o X104 | 12xX10°8 | 451078
displacement flux ¥ v= DA coulomb 4r in 127 X10° | 4107t
emf, electric p ial V |V=E volt 1 1 107%/3 108 volt
current _I__ I=q/t ampere 1 1 3X108 101 ampere
volume current density _J_ J=1/A ampere/m? 1 104 3X 108 105 ampere/m?
surface current density _L K=1I/ ampere/m 1 102 3X107 102 m
resistance _R_ R=V/I ohm 1 1 1071/9 100 ohm
conductance G |G=1/R mho 1 1 X101 10~ mho
resistivity p |p=RA/l |ohm-meter 1 102 10-9/9 1ou ohm-meter
conductivity Y y=1/p mho/meter 1 107 9X10° 1071 | mho/meter
capacitance _C_ C=q/V farad 1 1 9101 10— farad
elastance 8 8=1/C daraf 1 1 10711/9 10° daraf
magnetic charge “n weber VAx | 104x | 102/12x | 109/4x
magnetic dipole moment —m— m=m] weber-meter 1/4x 1010 /4x 1/12x 1019 /4
magnetization M |M=m/v | weber/m? 1/4x 104/4x | 1076/120 | 104/4x
magnetic fleld intensity T H=nl/l ampere-turn/m dx 4xX1072 | 122X107 | 4% X102
permeability s | P=m2/dxpit| henry/m Vx| 1004x | 10719/36x | 107/4x
induction "B |B=uH | weber/m 1 100 | 1003 | 100 | weber/m?
induction flux T &=PBA weber 1 108 10-2/3 108 weber
mmf, magnetic potential T M=H ampere-turn 4x 4y 1071 | 12xX10% | 4xX1071
reluctance T R= M/® |amp-turn/weber 4r 4x X109 | 36 X10u | 4w X107°
permeance —:P__ P =1/R weber/amp-turn | 1/4x 10%/4x | 10712/36x | 10%/4x
inductance —L_ L=9a/1 henry 1 1 10-11/9 100 henry
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equivalent
equivalent number of number of quival
practical sy number of emu

brits | o | emo P o | emu Uns
102 102 102 centimeter (cm) 1 1 centimeter (ecm) (G) 1 centimeter (cm)
102 108 103 gram 1 1 gram [(¢))] 1 gram

1 1 1 second 1 1 second @) 1 second
108 108 108 dyne 1 1 dyne Q@ 1 dyne

1 107 107 joule 107 107 erg @ 1 erg

1 107 107 watt 107 107 erg/second ()} 1 erg/seeond

1 3X10° 101 coulomb 3X10° 10t | statcoulomb (G) | 1029/3 ] abcoulomb
10-¢ 3x102 107 | coulomb/cm? 3x10° 107t | statcoulomb/cm? (G) | 10719/3 ] abcoulomb/cm?
107 3X108 10-% | coulomb/cm? 3X10° 10t | statecoulomb/cm? (G) | 1071%/3 | abcoulomb/cm?
102 3x101 10 coulomb-em 3X100 101 | statcoulomb-em (G) | 1071¢/3 | abcoulomb-cm
10—+ 3x10% 10~% { coulomb/cm? 3X10° 1071 | statcoulomb/cm? (G) | 1071%/3 | abcoulomb/cm?
102 10—4/3 108 volt/em 10-2/3 108 statvolt/cm (G) | 3X10w | abvolt/ecm
10— 9Xx108 101 91018 102 (G)| 102/9
104 3X108 10~ 3X10° 10— (G) | 10m19/3

1 3X10° 107! 3X108 10 (G){ 107173

1 1072/3 108 volt 1072/3 108 statvolt (G) | 3xX10w® |abvolt

1 3IX10° 103 ampere 3X109 107! |} statampere (G) | 1071%/3 1 abampere
104 3X108 10~ | ampere/cm? 3xX100 107! | statampere/em? (G)| 10719/3 | abampere/cm?
102 3IX107 10~* | ampere/cm 3109 101 | statampere/cm (G) | 10719/3 | abampere/cm

1 101/9 10° ohm 10-1/9 100 statohm (G)| 9X102 |abohm

1 9x101 10~ | mho 9101 107 | statmho (G)| 1072/9 |abmho
102 107%/9 101 chm-¢m 10-11/9 10° statohm-cm (G)| 9X10% | abohm-em
102 9x10° 101 | mho/cm 9x 101 10* | statmho/cm (G)| 1020/9 |abmho/cm

1 9x10u 10~ | farad 9101 10 |statfarad (cm) (G) | 10720/9 | abfarad

1 1071/9 10° daraf 10711/9 10° statdaraf (G)| 9X102 |abdaraf
108 1072/3 108 10-19/3 1 3101 | unit pole &)
1010 1/3 1010 10-10/3 1 3X101¢ | pole-cm @)
108 10-¢/3 104 1071¢/3 1 310w | pole/cm? Q)
102 3107 10-* | cersted 3x 10w 1 10-1/3 | oersted G)
107 10713/9 107 gauss/oersted 1072/9 1 9X1020 | gauss/oersted (&)
104 107¢/3 104 gauss 10-10/3 1 3X10° | gauss [(&)]
108 107%/3 108 maxwell (line) 10710/3 1 3X10' | maxwell (line) (G)
10t 3xX10° 101 | gilbert 3x10w 1 1071073 | gilbert [(&)]
10—° 9x 101 109 | gilbert/maxwell 9x102 1 1072/9 | gilbert/maxwell (G)
10° 10-14/9 10° maxwell/gilbert 10-20/9 1 9X10% | maxwell/gilbert (G)

1 1071/9 100 henry 10-1/9 109 stathenry (G) 1 9x102 | abhenry (cm) [(&)]

G = Gaussian unit.
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Metric multiplier prefixes

Multiples and submultiples of fundamental units such as: meter, gram, liter,
second, ohm, farad, henry, volt, ampere, and wott may be indicoted by the
following prefixes.

prefix I abbreviation multiplier prefix abbreviation multiplier
tera T 1012 deci d 107!
giga G 10° centi c 1072
mega M 108 milli m 1073
myria ma 10* micro I 107¢
kilo k 102 nano n 107°
hecto h 102 pico p 10712
deca da 10

Fractions of an inch with metric equivalents

fractions of | decimals of illimet fractions of | decimals of Mimet
an inch an inch millimeters an inch an inch millimeters

% 0.0156 0.397 3% 0.5156 13.097

1% 0.0313 0.794 174 0.5313 13.494

31 0.0469 1.191 35, 0.5469 13.891

W 0.0625 1.588 He 0.5625 14.288

31 0.0781 1.984 3% 0.5781 14.684

3 0.0938 2.381 196 0.5938 15.081

% 0.1094 2.778 3%, 0.6094 15.478

4 0.1250 3.175 3% 0.6250 15.875

% 0.1406 3.572 il 0.6406 16.272

34 0.1563 3.969 216 0.6563 16.669

B 0.1719 4,366 134 0.6719 17.066

1) 0.1875 4.763 134 0.6875 17.463

136 0.2031 5.159 454 0.7031 17.859

Y 0.2188 5.556 2% 0.7188 18.256

154, 0.2344 5953 4% 0.7344 18.653

Ya 0.2500 6.350 Y4 0.7500 19.050

174 0.2656 6.747 1%, 0.7656 19.447

% 0.2813 7.144 254 0.7813 19.844

19 0.2969 7.541 51, 0.7969 20.241

5% 0.3125 7.938 134 0.8125 20.638

2 0.3281 8.334 53¢, 0.8281 21.034

114 0.3438 8.731 276 0.8438 21.431

234, 0.3594 9.128 55 0.8594 21.828

3% 0.3750 9.525 1% 0.8750 22,225

2%, 0.3906 9.922 5% 0.8906 22.622

136 0.4063 10.319 2% 0.9063 23.019

274 0.4219 10.716 5%, 0.9219 23.416

Us 0.4375 1n.113 154 0.9375 23.813

2%, 0.453] 11.509 LA 0.9531 24.209

154 0.4688 11.906 310 0.9688 24.606

3 0.4844 12.303 636, 0.9844 25.003

) 0.5000 12.700 —_ 1.0000 25.400
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Greek alphahet

name capital  small commonly used to designate

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

BETA B B & Angles, coefficients, phase constant

GAMMA T v Complex propagation constant {capl, specific gravity, angles,
electrical conductivity, propagation constant

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

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

ZETA Z ¢ Coordinates, coefficients

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

THETA (¢} J 8 Angular phase displacement, time constant, reluctance, angles

I0TA | i Unit vector

KAPPA K £ Susceptibility, coupling coefficient

LAMBDA A A Permeance lcap), wavelength, attenuation constant

MU M U Permeability, amplification factor, prefix micro

NU N v Reluctivity, frequency

X! = £ Coordinates

OMICRON O )

P1 n T 3.1416

RHO P P Resistivity, volume charge density, coordinates

SIGMA > o Summation {cap), surface charge density, complex propagation
constant, electrical conductivity, leakage coefficient

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

UPSILON T v

PHt (3} ¢ ¢ Scalar potential (cap), magnetic flux, angles

CHI X X Electric susceptibility, angles

PSI v 1// Dielectric flux, phase difference, coordinates, angles

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

Small letter is used except where capital (cap) is indicated.
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Decibels and power, voliage, and current rafios

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

number of db = 10 |ogm§1
2

It is also used to express voltage and current ratios;

number of db = 20 logso :% = 20 loge ?

2 2
Strictly, it can be used to express voltage and current ratios only when the
voltages or currents in question are measured ai places having identical
impedances.

voltage vaitage
power and current declbels power and current decibels
ratio ratio ratio rotio
1.0233 1.0116 0.l 19.953 4,4668 13.0
1.0471 1.0233 0.2 25119 5.0119 14.0
1.0715 1.035) 0.3 31423 5.6234 15.0
1.0965 1.0471 0.4 39.811 6.3096 16.0
1.1220 1.0593 0.5 i 50.119 7.0795 17.0
1.1482 - 1.0715 0.6 63.096 7.9433 18.0
11749 1.0839 07 79.433 8.9125 19.0
1.2023 1.0965 0.8 100.00 10.0000 20.0
1.2303 1.1092 09 158.49 12.589 2.0
1.2589 1.1220 1.0 251.19 15.849 24.0
1.3183 1.1482 1.2 398.11 19.953 26,0
1.3804 1.1749 1.4 630.96 25.119 28.0
1.4454 1.2023 1.6 1000.0 31.623 30.0
1.5136 1.2303 18 1584.9 39.811 320
1.5849 1.2589 2.0 2511.9 50.119 34.0
1.6595 1.2882 22 3981.1 63.096 36.0
1.7378 1.3183 24 6309.6 79.433 38.0
1.8197 1.3490 24 104 100.000 40.0
1.9055 1.3804 2.8 108 X 1.5849 125.89 42.0
1.9953 1.4125 3.0 04 X 25119 158.49 44.0
2.2387 1.4962 3.5 104 X 3.9811 199.53 46.0
2.5119 1.5849 40 104 X 6.3096 251.19 48.0
2.8184 1.6788 45 L 31623 500
3.1623 1.7783 50 108 X 1.5849 398.11 520
3.5481 1.8836 585 105 X 2.5H19 501.19 54.0
3.9811 1.9953 6.0 108 X 3.9811 630.96 56.0
50119 22387 7.0 105 X 6.3096 794.33 58.0
6.3096 25119 8.0 108 1,000.00 60.0
7.9433 2.8184 9.0 107 3,162.3 70.0
10.0000 3.1623 10.0 108 10,000.0 80.0
12.589 3.5481 11.0 108 31,623 90.0
15.849 3.9811 12.0 1010 100,000 100.0
To convert

Decibels to nepers multiply by 0.1i5]
Nepers to decibels multiply by 8.686

Where the power ratio is less than unity, it is usual to invert the fraction and express the answer
as a decibel loss.
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CHAPTER 3 4]

B Properties of materials

fement bol atomic atomic elomont symbol atomic atomic
elemén symbol  qumber waight 4 number weight
Actinium Ac 89 227 lead Pb 82 207.21
Aluminum Al 13 26.98 Lithium L 3 6.940
Americium Am 95 =241 Lutetium Llu 71 174.99
Antimony Sb 51 121.76 Magnesium Mg 12 2432
Argon A 18 39.944 Manganese Mn 25 54.93
Arsenic As 33 7491 Mercury Hg 80 200.61
Astatine At 85 211 Molybdenum Mo 42 95.95
Barium Ba 56 137.36 Neodymium Nd 60 144.27
Berklinium Bk 97 =243 Neon Ne 10 20.183
Beryllium Be 4 9.013. Neptunium Np 93 =239
Bismuth Bi 83 209.00 Nickel Ni 28 58.69
Boron B 5 10.82 Niobium Nb 41 9291
Bromine Br 35 79.916 Nitrogen N 7 14.008
Cadmium Cd 48 112.41 Qsmium Os 76 190.2
Calcium Ca 20 40.08 Oxygen [e] 8 16.0000
Californium Cf 98 ==244 Pallodium Pd 46 106.7
Carbon C 6 12.010 Phosphorus P 15 30.975
Cerium Ce 58 140.13 Platinum Pt 78 195.23
Cesium Cs 55 13291 Plutonium Py 94 =238
Chlorine Cl 17 35457 Polonium Po 84 210.0
Chromium Cr 24 52.01 Potassium K 19 39.100
Cobailt Co 27 58.94 Praseodymium Pr 59 140.92
Copper Cu 29 63.54 Promethium Pm 61 147
Curium Cm 96 =242 Protactinium Pa N 231
Dysprosium Dy 56 162.46 Radium Ra 88 226,05
Erbium Er 68 167.2 Radon Rn 86 222
Europium Ev 63 152.0 Rhenium Re 75 186.31
Fivorine F 9 19.00 Rhodium Rh 45 102.91
Francium Fr 87 223 Rubidium Rb 37 85.48
Gadolinium Gd 64 156.9 Ruthenjum Ru 44 1017
Gallivm Ga 31 69.72 Samarium Sm 62 150.43
Germanium Ge 32 72.60 Scandium Sc 21 44.96
Gold Au 79 197.2 Selenium Se 34 78.96
Hafnium Hf 72 178.6 Silicon Si 14 28.09
Helium He 2 4.003 Silver Ag 47 107.880
Holmium Ho 67 164.94 Sodium Na n 22997
Hydrogen H 1 1.0080 Strontium Sr 38 87.63
Indium In 49 114.76 Sulfur S 16 32.06
lodine i 53 126.91 Tantalum Ta 73 180.88
Iridivm {r 77 193.1 Technetium Te 43 98
Iron Fe 26 5585 Teilurium Te 52 127.61
Krypton Kr 36 83.80 Terbium Tb 65 159.2
Lanthanum la 57 138.92 Thallium Tl 81 204.39

|

* From "Handbook of Chemistry and Physics,” 34th edition,” Chemical Rubber Publishing Com-

pany; Cleveland, Ohio.
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Atomic weights conlinved

atomie atomie alomic  afomic
element symbol number weight element symbol number  weight
Thorium Th 90 232.12 Yonadivm \ 23 5095
Thulium Tm 69 169.4 Xenon Xe 54 131.3
Tin Sn 50 118.70 Ytterbivm Yb 70 173.04
Titanium Ti 22 47.90 Yttrium Y 39 88.92
Tungsten W 74 183.92 Zinc Zn 30 65.38
Uranium U 92 238.07 Zirconium Zr 40 91.22
Electromotive force
Series of the elements
element volts ion element volits fon
Lithium 2.9595 Lit Tin 0.136 Sntt
Rubidium 2.9259 Rb* lead 0.122 Pbtt
Potassium 2.9241 K+ fron 0.045 Fett+
Strontium 2.92 Sr++ Hydrogen 0.000 H
Barium 290 Batt Antimony —0.10 Sprt+
Calcium 2.87 Catt Bismuth —0.226 Bttt
Sodium 27146 Nat Arsenic —0.30 Asttt
Magnesium 2.40 Mgtt Copper —0.344 Cytt
Alyminum 170 Al Oxygen —0.397 =
Beryllium 1.49 Bett Polonium —0.40 pott++
Uranium 1.40 ytt++ Copper —0.470 Cut
Manganese 1.10 Mnt+ lodine —0.5345 I~
Tellurium 0.827 Te ™ Tellurium —0.558 Tett++
Zinc 07618 Zntt Silver —0.7978 Ag*
Chromium 0.557 Crt* Mercury —0.7986 Hgtt
Sulphur 0.51 Nl lead —0.80 Pttt
Gallium 0.50 Gattt Paliadium —0.820 pdtt
Iron 0.441 Fett Platinum —0.863 Pt
Cadmium 0.401 Cdtt Bromine —1.0648 B
Indium 0.336 Int+t Chlorine —1.3583 CcI-
Thollium 0.330 Tt Gold —1.360 Ayttt
Cobalt 0.278 Cot* Gold —1.50 Aut
Nickel 0.231 Nit* Fluorine —1.90 F
Position of metals in the galvanic series
Corroded end (anodic, 18-8 Stainless lactivel Silver solder

or least noble)
Magnesium
Magnesium alloys
Zinc

Aiuminum 2§
Cadmium
Aluminum 17ST

Steel or lron
Cast Iron

Chromium-iron {activel
Ni.Resist

18—-8-3 Stainless lactive}

lead-tin solders

lead
Tin

Nickel tactive)
Inconel (active)

Brasses
Copper
Bronzes

Copper-nickel alloys

Monel

Nickel (passive)
inconel {passive)

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

Silver

Graphite

Gold
Platinum

Protected end {cathodic,
or most noble)
Note: Groups of metals indicate they are closely similar in properties.
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Electromotive force continved

Periodic chart of work functions*

group
period 1 | " | [} | v | \4 | vi lvn Vit
A|B | A|B I A[{BIA|B|AIB|A[B|A]|B
Li Be | B C
2 239 3.37 4.5 4.39
3 Na Mg Al Si P S
2.27 346 374 4.1 — —
4 K Ca Sc Ti v Cr Mn fFe | Co |Ni
2.15 276 - 4.09 4an 4.5 395 436 ] 4.18 | 484
Cu Zn Ga Ge As Se
447 3.74 3.96 4.56 5.1 4.72
5 Rb Sr Y Zr Chb Mo Tc Ru [Rh |[Pd
213 235 — 3.84 3.99 4.27 —_— 4.52 [ 465 | 4.82
Ag Cd In Sn Sb Te
4.28 3.92 —_ 4.1 4.08 473
6 Cs Ba la Hf Ta W Re Os |Ir Pt
1.89 2.9 33 353 4.2 4.50 5.1 4.55 | 4.57 | 5.29
Au Hg T Pb 8i Po
4,58 4.52 3.76 4.02 4,28 —_
7 Fa Ra Ac Th Pa U
— — — 3,41 - 3.74
Rare Ce |Pr Nd | Sm
earths |27 |27 [33 {32

* Mean of published data, 1924—1949. From, H. B. Michaelson, “Work Functions of the Elements,”
Journal of Applied Physics, vol. 21, pp. 536—540; June, 1950.

Temperature—emf characteristics of thermocouples™*

2 100
-g 90 /
G
. 80 P
< 70 G
€ Q
[
o HP
50 / V4 A4
oo AU
40 / Qolco “\e\/°
/ A = | Ieﬁ?//:—" Rh/92Rh 8Re
30 s e 20% 1/60Rh40Ir
20 S —_ el W/1Fe99Mo
o A | /00 py/sopniorh L b— 1TIT T
-~ e . —
) = —— 1r/901r 10Ru
||
0 200 400 600 . 800 1000 (200 1400 1600 1800 2000
degrees centigrade z 600
£ 500 »
[ G
* From R. L. Weber, “Temperoture Measurement and Control," € a00 —0\6\}
Blakiston Co., Philadelphia, Pennsylvania; 1941: see pp. 68~71. 300 (l
1000 1400

deg C
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Physical constants of various metals and alloys

avg cooff
relative temp specific | coeff of | thermal | melting
material resist- coeff of gravity | thermal | expan point

ance* resistivity cond | (X1079) °c
Advance (55 Cu, 45 Nil see | Constantan
Aluminum 1.64 0.0039 2.70 2.03 28.7 660
Antimony 24.21 0.0036 6.7 0.187 10.9 630
Arsenic 19.33 0.0042 573 — 3.86 | sublimes
Bismuth 69.8 0.004 9.8 0.0755 13.4 271
Brass (66 Cu, 34 Zn) 3.9 0.002 8.47 1.2 20.2 920
Cadmium 44 0.0038 8.64 0.92 31.6 321
Carbon, gas 2900 ~—0.0005 — — — 3500
Chromax {15 Cr, 35 Nij,

balance Fe) 58.0 0.00031 7.95 0.130 —_— 1380
Cobalt 5.6 0.0033 8.9 — 12.4 1495
Columbium see | Niobium
Constantan {55 Cu, 45 Ni} 28.45 =+-0.0002 8.9 0.218 14.8 1210
Copper—annealed 1.00* 0.00393 8.89 3.88 16.1 1083

hard drawn 1.03 0.00382 8.94 —_ —_ 1083
Duralumin 3.34 0.002 27 1.603 —_ 500-637
Eureka (55 Cu, 45 Ni) see | Constantan
Gallium 56.8 — 5.903-6.093 0.07-0.09 18.0 29.78
German silver 16.9 0.00027 8.7 0.32 18.4 1110
Germanium =65.0 —_ 535 — —_ 958.5
Gold 1.416 0.0034 19.32 2.96 14.3 1063
Ideal {55 Cu, 45 Ni) see | Constantan
Indium 9.0 0.00498 7.30 0.057 33.0 156.4
tron, pure 5.6 0.0052—0.0062 7.86 0.67 121 1535
Kovar A {29 Ni, 17 Co,

0.3 Mn, balance Fe} 28.4 — 8.2 0.193 6.2 1450
lead 12.78 0.0039 11.34 0.344 29.4 327
Magnesium 2.67 0.004 1.74 1.58 29.8 651
Mangonin {84 Cu, 12 Mn,

4 Ni) 26 =+0.00002 8.5 0.63 —_ 910
Mercury 55.6 0.00089 13.55 0.063 —_ ~38.87
Molybdenum, drawn 33 0.0045 10.2 1.46 6.0 2630
Monel metal (67 Ni, 30

Cu, 1.4 Fe, 1 Mnl 27.8 0.002 8.8 0.25 16.3 1300-135C
Nichrome I (65 Ni, 12

Cr, 23 Fel 65.0 0.00017 825 0.132 — 1350
Nickel 5.05 0.0047 8.9 0.6 15.5 1455
Nickel silver (64 Cu, 18

Zn, 18 Ni) 16.0 0.00026 8.72 0.33 MG
Niobium 13.2 0.00395 8.55 — 7.1 25000
Palladium 6.2 0.0033 12.0 0.7 11.0 1549
Phosphor-bronze (4 Sn,

0.5 P, balance Cul 545 0.003 8.9 082 16.8 1050
Platinum 6.16 0.003 214 0.695 9.0 1774
Silicon — — 2.4 0.020 4.68 1420
Silver 0.95 0.0038 10.5 4.19 18.8 960.5
Steel, manganese (13 Mn,

1 C, 86 Fel 411 — 7.81 0.113 — 1510
Steel, SAE 1045 {0.4-0.5

C, balance Fel 7.6-12.7 — 7.8 0.59 15.0 1480
Steel, 18—8stainless {0.1C,

18Cr, 8Ni, balance Fe) | 52.8 — | 79 0.163 19.1 1410

* Resistivity of copper =

1.7241 X 1078 ohm-centimeters.
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Physical constants of various metals and alloys  continved

avg cooff
relative temp specific | coeff of | thermal | melting
material resist- coeff of gravity | thermal | expan point
ance® resistivity cond | (X107%) °C
Tantalum 9.0 0.003 16.6 0.545 6.6 2900
Thorium 18.6 0.0021 11.2 — 12.3 1845
Tin 6.7 0.0042 7.3 0.64 26.9 231.9
Titanium 47.8 — 4.5 0.41 8.5 1800
Tophet A {80 Ni, 20 Cr} 62.5 0.00014 84 0.136 — 1400
Tungsten 3.25 0.0045 19.3 1.6 4.6 3370
Uranium 32-40 0.0021 187 1.5 — ==1150
Zine 34 0.0037 7.14 1.12 26.3 419
Zirconium 2.38 0.0044 6.4 — 50 1900

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

R = pL/A

where

p = resistivity, the proportionality constant
L = length

A = cross-sectional area

R = resistance in ohms

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

Relative resistance = p divided by the resistivity of copper (1.7241 X 10—$¢
ohm-centimeters)

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

The resistance at any temperature is
R = Rao [1 + o (T = 201]

where
Rzo = resistance in ohms at 20 degrees centigrade
T = temperature in degrees centigrade

azg = temperature coefficient of resistivity/degree centigrade at 20 de-
g9 g
grees centigrade
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Physical constants of various metals and alloys  continved

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

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

= WL/AAT
where

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

Coefficient of thermal expansion: The coefficient of linear thermal expansion
is the ratio of the change in length per degree to the length at 0° C. It is
usually given as an average value over a range of temperatures cnd is
then called the average coefficient of thermal expansion.

Temperature charts of metals

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

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

Melting points: The melting-point chart is a thermometer-type graph upon
which are placed the melting points of metals, alloys, and ceramics most com-
monly used in electron tubes and other components in the electronics industry.
Pure metals are shown opposite their respective melting points on the right
side of the thermometer. Ceramic materials and metal alloys are similarly
shown on the left. The melting temperature shown for ceramic bodies is that
temperature above which no crystalline phase normally exists. No attempt
has been made to indicate their progressive softening characteristic.
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Temperature charts of metals  confinved

Soldering, brazing, and welding processes™®

alloys for soldering and brazing

temp operation fux temp components remarks name
v \4 v \ A 4 v v
QF 'c ’
2400+
220041200
welding <
2000
OF .c
1800 100 L
high=
temperature dry borox
brazing
|soo-1r 16004871 [54.€u,46 20 pelter |
paste brazing
10 borax+ alloy
B boric ocid 50 4g,34Cu,!  ganeral
800 + water 1425774 16 2n purpose ETX
14004 45;3.230 Cu,
hord solder n silver solder
A 4 [handy flux< |1340¢4727 only Fee—
t [ y for
| silver solder 13004704 54950 Cu,5 Pb nom-ferrous Sif Fos
- eneral .
1200 n7seas |-{508a6Ca] | | 90irioee: || Eosy-Flo
18Cd,16Zn iron,stein-
L 600 . 11001593 less steel,
Yross,
1000+ copper, ¢fc.
.
intermedit_:fe1
800- solder @ intermediate
a L 2049,3 Cu solder
; 400 paste (7507399 le Zn;q';s Sn}
& pgfrolctum,
[ NFQ Ct
600
| ?’ b s545] 205 [-30.50,70Pb
Ra one) 50 Sn, 50Pb halt_and_ hatt
e [ (c)o 4644240 n, 0f _and hal
4 401Zn Clp, .
4004-200 | soft solderd 20 NH‘:&' 361183 [-8350,37Pb a:‘ge:f:':‘ eutectic
40 H'O ot some
(d) temp.
rosin
200 -
i 50Bi13¢d Woods metol
00 192261 ‘{25»129-}

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

Melting points of metals, alloys, and ceramics*

olloys temperature
ceramics °F °¢c metals
v v v v
7,000 b= 4,000
Thario (Th Og) ——— Graphite
1 A d 8,
caleio (Go0) 5,000 ] 3,000 1 Ta 9!
Beryllio (8@ O)——— . l L———Molybdenum
) I 600 —] 2,000 Niobium
Strontia Sr O 3 -
Aluming Alg Oy 3,500 -1 .
Baria BoO————r——;'aoo ("] 1,900 Zircor
- Thorium
3,300 I~ - 1,800 Titani
3,200 |- 1 Ploti
Cuariz S0y 3,100 1, 700
[ v
3,000 ]
2,900 - ] 77600 Chromium
2,800 ] FGN“I:-\::
- 1,500 _
Duraloy i8-8 2,700 |- - ! Nickel
Kovar 2,600 — 1 200 L—  ___ Silicon
Nichrome IV d 5500 C ] 1,400 :
Inconel J ! - geryllium
Tophet A 2,400 -1 300
2,300 ]
Nickel Coinage, Pre-War U.S.A: 2,200 f—] 1,200
Platinum Solder 37700 = Uranium
’ ]
2,000 "] 1,100 copper
F ] 6
Au 375, Cu sz.s:_l,soo = Gold
Brass Cu 85,15Zn 1,800 i Silver
200 |- [ X
Au80, Cu 20 4,700 |- 900 Germanium
1,600 [— 1 Borlum
BT 1,500 (—_] 800 Gaicium
1,400 1 ___-L—-———-S"omium
1,300 [~ 700 -
- b Al H
Easy-fFlo 3 1,200 — T T e Mognesium
Eosy-FIo45————'__——'m - 600
* o
Gold 80, Indium 20 1000 |—
) =]
900 [~ 500
Sn 60, Ag 40 - .
' 800 ] %00 - Zin'c
700 |~ .
600 [ - Mercury (boils)
[ Lead
30-70 Soft Solder 555 £ ] 300
$0-50 Soft Solder. L. ] Tin
400 [—-i 200
63-37 Soft Solder ~— 300 |~ Indium
200 :-F'E 100
100 I~ Gallium
-0

* By K. H. McPhee. Reprinted by permission from Electronics, vol. 21, p. 118; December, 1948.
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Wire tables*

Solid copper—comparison of gauges

Amer- | Birming-| Brifish diameter area weight
ican (Shcl':‘ ) licndd-
tubs’, ar square per per
(Eﬂfr.s ) | Piron | (NBS) | mits | milli- | circular [y square | 1000 feet | kilometer
gauge wire wire mefers mils meters inches in in
gavge | gavge pounds | kilograms
- 0 - 340.0 8.436 115600 58.58 0.09079 350 521
0 - - 324.9 8.251 105500 53.48 0.08289 319 475
- - 0 324.0 8.230 105000 53.19 0.08245 318 472
- 1 1 300.0 7.620 90000 45.60 0.07069 273 405
1 - - 28%9.3 7.348 83690 42.41 0.06573 253 377
- 2 - 284.0 7.214 80660 40.87 0.06335 244 363
- - - 283.0 7.188 80090 40.58 0.06290 242 361
- - 2 276.0 7.010 76180 38.40 0.05943 231 343
- 3 - 259.0 6,579 67080 33.99 0.05249 203 302
2 - - 257.6 6.544 64370 33.63 0.05213 201 299
- - 3 252.0 6,401 63500 3218 0.04988 193 286
- 4 - 238.0 6.045 56640 28.70 0.04449 173 255
- - 4 2320 5.893 53820 27.27 0.04227 163 242
3 - - 229.4 5827 52630 26.67 0.04134 159 237
- 5 - 220.0 5.588 48400 24.52 0.03801 147 217
- - 5 212.0 5.385 44940 2277 0.03530 136 202
4 - - 204.3 5.189 41740 21.18 0.03278 126 188
- 6 - 203.0 5.156 41210 20.88 0.03237 125 186
- - é 192.0 4.877 36860 18.68 0.02895 12 166
5 - - 181.9 4.621 33100 1677 0.02600 100 149
- 7 - 180.0 4.572 32400 16.42 0.02545 98.0 146
- - 7 176.0 4.470 30780 15.70 0.02433 93.6 139
- 8 - 165.0 419N 27220 13.86 0.02138 86.2 123
6 - - 162.0 4,116 26250 13.30 0.02062 79.5 118
- - 8 160.0 4.064 25600 12,97 0.02011 77.5 115
- 9 - 148.0 3,759 21900 | 11.10 0.01720 66.3 98.6
7 - - 144.3 3.665 20820 10.55 0.01635 63.0 93.7
- - ? 144.0 3.658 20740 10.51 0.01629 62.8 934
- 10 - 134.0 3.404 17960 9.098 0.01410 543 80.8
8 - - 128.8 3.264 16510 8.366 0.01297 50.0 74.4
- - 10 128.0 3.251 16380 8.302 0.01267 49.4 738
- n - 120.0 3.048 14400 7.297 0.01131 43.6 64.8
- - " 116.0 2.946 13480 6.818 0.01057 40.8 0.5
9 - - 114.4 2.906 13090 6.634 0.01028 3%.6 58.9
- 12 - 109.0 2769 11880 6.020 0.009331 35.9 53.5
- - 12 104.0 2.642 10820 5.481 0.008495 327 48.7
10 - - 101.9 2.588 10380 5.261 0.008155 314 468
- 13 - 95.00 2413 9025 4.573 0.007088 27.3 40.6
~ - 13 92.00 2337 8464 4.289 0.006648 25.6 38.1
1 - - 90.74 2.305 8234 4.172 0.006467 24.9 37.1
- 14 - 83.00 2.108 4889 3.491 0.005411 20.8 31.0
12 - - 80.8) 2.053 6530 3.309 0.005129 19.8 294
- - 14 80.00 2.032 6400 3.243 0.005027 19.4 28.8
- 15 15 72.00 1.829 5184 2627 0.004072 16.1 234
13 - - 71.96 1.828 5178 2.624 0.004067 157 233
- 16 - 65.00 1.651 4225 2.141 0.003318 128 19.0
14 - - 64.08 i.628 4107 2.081 0.003225 124 18.5
- - 16 64.00 1.626 4096 2.075 0.003217 123 18.4
- 17 - 58.00 1,473 3364 1.705 0.002642 10.2 15.1
15 - - 57.07 1.450 3257 1.650 0.002558 9.86 147
- - 17 56.00 1.422 3136 1.589 0.002463 9.52 141
16 - - 50.82 1291 2583 1.309 0.002028 7.82 11.6
- 18 - 49.00 1.245 2401 1.217 0.001886 727 10.8
- - 18 48.00 1.219 2304 1.167 0.001810 6.98 10.4
17 - - 4526 1.150 2048 1.038 0.001409 6.20 9.23
- 19 - 42.00 1.067 1764 0.8938 0.001385 534 7.94
18 - - 40.30 1.024 1624 08231 0.001276 492 7.32
- - 19 40.00 1.016 1600 0.8107 0.001257 4.84 7.21
- - 20 36.00 0.9144 1294 0.6567 0.001018 393 5.84
19 - - 35.89 0.9116 1288 0.6527 0.001012 3.90 5.80
- 20 - 35.00 0.8890 1225 0.6207 0.0009621 371 5.52
- 21 21 32.00 0.8128 1024 0.5189 0.0008042 3.1 4.62
20 - - 31.96 0.8118 1022 0.5176 0.0008023 3.09 4.60

* For information on insulated wire for inductor windings, see pp. 114 and 278.
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Annealed copper (AWG)

AWG | diam- cross section ohms per

ft per ohm | ohms per Ib
1000 ft Ibs per ° ©
BA&S | eferin N ‘3 ft per Ib at 20° C at 20° C
aevge | “mis' | Coler | wauore | 4207 | Tooo wn | ern
0000 | 440.0 211,600 0.1662 0.04901 | 640.5 1.561 | 20,400 0.00007652
000 | 409.6 167,800 0.1318 0.06180 | 507.9 1.968 | 16,180 0.0001217
00 | 3448 133,100 0.1045 0.07793 | 402.8 2482 | 12,830 0.0001935
Q | 3249 105,500 0.0828% 009827 | 319.8 3,130 | 10,180 0.0003076
11 2893 83,690 0.06573 0.1239 | 2533 3.947 | 8,070 0.0004891
2 | 25746 66,370 0.05213 0.1563 | 200.9 4977 | 6,400 0.0007778
3 | 2294 52,640 0.04134 0.1970 {159.3 6276 | 5,075 0.001237
4 | 2043 41,740 0.03278 0.2485 | 126.4 7914 | 4025 0.001964
5| 1819 33,100 0.02600 0.3133 | 1002 9.980 {1 3,192 0.003127
6 | 1620 26,250 0.02062 0.3951 79.46 12.58 | 2,53 0.004972
7 | 1443 20,820 0.01635 0.4982 | 63.02 1587 | 2,007 0.007905
8 | 1285 16,510 0.01297 0.6282 | 49.98 20.01 1,592 0.01257
9 | 1144 13,090 0.01028 07921 39.63 2523 1,262 0.01999
10 | 1019 10,380 0.008155 09989 | 31.43 31.82 1,001 0.03178
n 90.74 8,234 0.006467 1.260 2492 40.12 794 0.05053
12 80.81 6,530 0.005129 1.588 19.77 50.59 629.6 0.08035
13 71.96 5178 0.004067 2.003 15.68 63.80 499.3 0.1278
14 64.08 4,107 0.003225 2.525 12,43 80.44 396.0 0.2032
15 57.07 3,257 0.002558 3.184 9.858 101.4 3140 0.3230
16 50.82 2,583 0.002028 4.016 7.818 1279 249.0 0.5136
17 4526 2,048 0.001609 5.064 6200 1613 197.5 0.8167
18 40.30 1,624 0.001276 6.385 4917 203.4 156.6 1.299
19 3589 1,288 0.001012 8.051 3.899 256.5 1242 2.065
20 31.96 1,022 0.0008023 10.15 3.092 3234 98.50 3.283
21 28.46 810.t 0.0006363 12.80 2.452 407.8 78.11 5221
22 25.35 642.4 0.0005046 16.14 1.945 5142 61.95 8.301
23 22.57 509.5 | 0.0004002 20.36 1.542 648.4 49.13 13.20
24 20.10 404.0 | 0.0003173 25.67 1.223 817.7 38.96 20.99
25 17.90 320.4 0.0002517 3237 09699 1,031.0 30.90 3337
26 15.94 254.1 0.0001994 40.81 07492 1,300 24.50 53.06
27 14.20 201.5 | 0.0001583 51.47 0.6100 1,639 19.43 84.37
28 12.64 159.8 | 0.0001255 64.90 04837 | 2,067 1541 1342
29 11.26 126.7 | 0.00009953 81.83 0.3836 | 2,607 1222 2133
30 10.03 100.5 | 0.00007894 103.2 0.3042 | 3,287 9.691 3392
31 8.928 79.70 1 0.00006260 130.1 02413 | 4,145 7.685 5393
32 7.950 63.21 | 0.00004964 164.1 01913 | 5227 6.095 857.6
kx} 7.080 50.13 | 0.00003937 206.9 0.1517 6,591 4.833 1,364
34 6.305 39.75 | 0.00003122 260.9 01203 | 8,310 3.833 2,168
35 5.618 31.52 | 0.00002476 3290 0.09542 | 10,480 3.040 3,448
36 5.000 2500 | 0.00001944 4148 0.07568 | 13,210 2.411 5,482
7 4.453 19.83 | 0.00001557 5231 0.04001 | 16,660 1912 8,717
38 3.965 1672 | 0.00001235 659.6 0.04759 | 21,010 1.516 13,860
39 3.531 12.47 | 0.000009793 | 831.8 0.03774 | 26,500 1.202 22,040
40 3.145 9.888 1 0.000007766 { 1049.0 0.02993 | 33,410 0.9534 35,040

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

R = Ry [14 sz (T— 201]

where Ry is the resistance at 20 degrees centigrode and agg is the temperature coefficient of
resistance ot 20 degrees centigrade. For copper, az = 0.00393, That is, the resistance of a
copper conductor increases approximately 4/10 of 1 percent per degree centigrade rise in
temperature.
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Hard-drawn copper (AWG)*

weight " s tional
AWG wire breaking ] area
84S | diometer load in ""i:g"' pounds pounds {ohms per
gouge | ininches | pounds Ibs/in? per per ng?)' clrculor square
1000 foet mile mils inches
4/0 0.4600 8143 49,000 640.5 3382 0.05045 211,600 0.1662
3/0 0.4096 6722 51,000 507.9 2682 0.06363 167,800 0.1318
2/0 0.3648 5519 52,800 402.8 2127 0.08021 133,100 0.1045
1/0 0.3249 4517 54,500 319.5 1687 0.1011 105,500 0.08289
i 0.2893 3488 56,100 253.3 1338 0.1287 83,690 0.06573
2 0.257¢ 3003 57,600 200.9 1061 0.1625 66,370 0.05213
3 0.2294 2439 59,000 159.3 841.2 0.2049 52,430 0.04134
4 0.2043 1970 60,100 126.4 667.1 0.2584 41,740 0.03278
5 0.1819 1591 61,200 100.2 529.1 0.3258 33,100 0.02600
- 0.1650 1326 62,000 82.41 4351 0.3961 27,225 0.02138
6 0.1620 1280 42,100 79.46 419.6 0.4108 26,250 0.02062
7 0.1443 1030 63,000 63.02 3327 0.5181 20,820 0.01635
- 0.1340 894.0 63,400 54,35 287.0 0.600¢ 17,956 0.01410
8 0.1285 826.0 63,700 49,97 263.9 0.6533 16,510 0.01297
9 0.1144 661.2 64,300 39.63 209.3 0.8238 13,090 0.01028
- 0.1040 550.4 64,800 32.74 1729 0.9971 10,814 0.008495
10 0.1019 529.2 64,900 3143 1659 1.039 10,380 0.008155
1" 0.09074 4229 65,400 24.92 131.6 1.310 . 0.006467
12 0.08081 337.0 65,700 1977 104.4 1.652 6,530 0.005129
13 0.071%6 268.0 65,900 15.68 82.77 2.083 5,178 0.004067
14 0.06408 213.5 66,200 12.43 65.64 2.626 4,107 0.003225
15 0.05707 169.8 66,400 9.858 52.05 3.312 3,257 0.002558
16 0.05082 135.1 66,600 7.818 41,28 4.176 2,583 0.002028
17 0.04526 107.5 66,800 6.200 3274 5.266 2,048 0.001609
18 0.04030 85.47 67,000 4917 25,96 6.640 1,624 0.001274

*Courtesy of Copperweld Steel Co., Glossport, Pa. Based on ASA Spscification H—4.2 and
ASTM Specification B-1.

Modulus of elasticity is 17,000,000 tbs/inch?, Coefficlent of linear expansion is 0.0000094 /degree Fahrenheit.
Weights are based on a density of 8.89 grams/cm? at 20 degrees centigrade {equivalent to 0.00302699 Ibs/circular
mi! /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 centigrade {97.16 percent conductivity) for sizes 0.325 inch and larger, and 10.785 ohms/circular-
mil foot at 20 degrees centigrade {96.16 percent conductivity) for sizes 0.324 inch and smaller.

Tensile strength of copper wire (AWG)*

hard drawn medivm-hard drown saff or annealed
wire inl breaking ini brecking maximum breaking
AWG diameter tensile load tentile foad tensile load
84S in strength in strength in strength in
gauge inches 1bs /in? pounds Ibs /in? pounds 1bs /in? pounds
1 0.2893 56,100 3488 46,000 3024 37,000 2432
2 0.2576 57,600 3003 47,000 2450 37,000 1929
3 0.2294 59,000 2439 48,000 1984 37,000 1530
4 0.2043 60,100 1970 48,330 1584 37,000 1213
5 0.1819 61,200 1591 48,660 1265 37,000 961.9
- 0.1650 62,000 1326 — —_ — —_
[ 0.1620 62,100 1280 49,000 1010 37,000 7629
7 0.1443 63,000 1030 49,330 806.6 37,000 605.0
- 0.1340 63,400 894.0 - — — —
8 0.1285 63,700 826.0 49,660 643.9 37,000 479.8
9 0.1144 64,300 661.2 X 514.2 37,000 380.5
- 0.1040 64,800 550.4 —_ — _ -_—
10 0.1019 64,900 529.2 50,330 4104 38,500 314.0
n 0.09074 65,400 4229 50,660 327.6 38,500 249.0
12 0.08081 65,700 337.0 51,000 261.6 38,500 197.5

*Courtesy of Copperweld Steel Co., Glassport, Pa.
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Voltage drop in long circuits

The table below shows the conductor size (AWG or B&S gauge) necessary to
limit the voltage drop to 2-percent maximum for various loads and distances.
The calculations are for alternating-current circuits in conduit.

cur- distance in feet distance in feet
rent
in
am- | 25 | 50 | 75 | 100|150 (200|300 400{500| 25 | 50 | 75 | 100 | 150 | 200 | 300 | 400 | 500
peres
single-phose—110 volts single-phase—220 volts
V=~ = =1 =] —| 4] 2| W]|—|—j—|~|—|—|—1]—][ 14
WS5l—}—|—1]— 141 140 12 10 0} — — | — |~ | —j— 14| 14| 12
2 —_ == - 143 12| 101 10 8| — | —| =] -] —=|— 141 12| 12
3 —_—| - 4| 14} 12| 10 8 8 6f — 1 — | — | - 14| 14 12 10| 10
4 —_— - 14} 12| 10| 10 8 é 6l — | =} —|— 143 121 10| 10 8
5 —_ 14 12| 12| 10 8 é é 4 — | — | — 141 127 12| 10 8 8
é -— 4] 121 10 8 8 [} 4 4{— | — 4 14 121 10 8 8 é
7 —_— 14] 12| 10 8 8 é 4 2] — | — 14 14} 12| 10 8 8 é
8 — 12| 10| 10 8 é 4 2 2| — | — 14| 12| 10| 10 8 é é
9 F—1 12| 10 8 8 6 4 2 20— | 14 14 12 10 8 8 [ 4
10 14 12 10 8 6 6 4 2 2| — 147 123 12 10 8 é -] 4
12 14] 10 8 8 ] 4 2 1 1|\ — 14| 12| 10 8 8 [} 4 4
14 14 10 8 8 6 4 2 0 ol — 14 12( 10 8 8 é 4 2
16 12| 10 8 é 4 4 2 g 00| — 12 10} 10 8 [} 4 4 2
18 12 8 8 [} 4 2 §1 00| 00| 14 12| 10 8 8 [} 4 2 2
20 12 8 é é 4 2 1( 00,0001 14 12} 10 8 ] ] 4 2 2
25 10 8 é 4 2 2 0| 00010000} 14| 10 8 8 é 4 2 2 1
30 10 ] 4 4 2 1 00} — | — 12| 10 8 é 4 4 2 1 0
35 10 é 4 2 2 0/000| — ({ — 120 10 8 6 4 2 2 0) 00
40 8 6 4 2 1] 0010000 — | —} 12 8 6 6 4 2 1] 00 (0000
45 8 4 4 2 0f 00| — | — | — 10 8 é 4 4 2 0| 00 {0000
50 8 4 2 2 01000 — | — | — 10 8 é 4 2 2 0 | 000 |0000
60 [} 4 2 1{ 000000 — | — [ — 10 é 4 4 2 1 00 {0000 | —
70 6 2 2 000} — |~ ]| —|— 10 é 4 2 2 0000 — | —
80 ] 2 11 00J0000| — | — | — | — 8 6 4 2 1 00 0000 | — | —
90 4| 2 0 00| — | — | —|—{— 8 4 4 2 ol 00| —|— | —
100 4 2 0(000| — | —)|—]—|— 8 4 2 2 0000 — | — | —
120 4 1) 0010000) — | — | — | — | — 6 4 2 14 000000 — | — [ —
three-phase—220 volis three-phase=-440 volts
1 e — | == —- | = = == = | — [ =] = — | = = =
5|l — | - | —| = |—|—1]— 4 ¥Y|l—— |- |- -]t — -
2 —_— ]~ =] =] — |- 4} 4| 2| — | —fj=| —]| —|—|—]|—| —
3 —_ - === 4| 12| 2| 9| —|—{=—]|—{—[|—1{— 4 i4
4 —_— == — 14| 14 12| 10| W] — | — |~ | ~— ]| ~]| — 14| 14! 12
5| — | ~—j—1—| 14! 12, 101 10 Bl — i — 1 — | — | — = 14] 12] 12
] _ - — 14 121 12| 10 8 gl —(—{—{— | — 14 12 127 10
7 | —i— 14| 14, 12| 10 8 8 6|l — | — | — |~ | t4| 14| 12| 10} 10
8 _— - 14| 14 127 10 8 ] bf—j—|— | — 141 144 12 10| 10
9 —_ - 40 124 10| 10 8 é b{—{ — i —{— 141 124 100 10 8
10 —_] — 14 12 101 10 8 é bl — | — | — | — 14| 12| 107 10 8
12 _ 14 12| 12( 10 8 [} ] 4| — | — | — 14| 121 12| 10 8 8
14 | — | 14 127 10 8 8 ] 4 4 — | — | 14| 14 12, 10 8 8 6
16 - 14| 12| 10 8 8 6 4 22— — 141 14| 12 10 8 8 6
18 | — | 12] 105 10 8 [ 4 4 2l — | — | 14 12| 10| 10 8 6 6
20 {— (12 10 10 8 [ 4 2 21 — 1 — | 140 12] 10/ 10 8 6 6
25 141 12] 10 8 6 6 4 2 11 — 141 12| 12| 10 8 [} [] 4
30 4|10 8 8 [} 4 2 2 o — | 14 12) 10 8 8 6 6 4
35 12{ 10 8 ] 4 4 2 ] oy — 12 10| 10 8 [} 4 4 4
40 12| 10 8 [} 4 2 2 g 00— 12| 10} 10 8 [} 4 2 2
45 12 8 é [} 4 2 1 0|000{ 14| 12} 10 8 ] [} 4 2 2
50 12; 8 é 4 4 2 0] 00] 000} 14| 12] 10 8 [ 6 4 2 1
60 10 8 6 4 2 2 01000 — | 14| 10 8 8 [ 4 2 2 0
70 10 6 4 4 2 11 00|0000; — 12| 10 8 é 4 4 2 1 0
80 10 ] 4 2 2 0/000) — | — 121 10 8 ] 4 2 2 0] 00
90 8 é 4 2 1 00000 — | — 12 8 [} é 4 2 1 0| 000
100 8 6 4 2 0f 00| — | — | — 12 8 6 6 4 2 0| 00 000
120 8 4 2 2 010000 — [ — | — ] 10 8 6 4 2 2 0| 000 |0000
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Fusing currents of wires

The current [ in amperes at which a wire will melt can be calculated from:
I = Kd¥?2

where d is the wire diameter in inches and K is a constant that depends on
the metal concerned. The table below 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.

’ german
AWG diam copper aluminum silver iron tin
B&S din (K = (K = (K = K= K=
gavge inches 10,244) 7585) 5230) 3148) 1642)
40 0.0031 177 1.31 0.90 0.54 0.28
38 0.0039 2.50 1.85 127 0.77 0.40
36 0.0050 3.62 2.68 1.85 L 0.58
34 0.0063 5.12 3.79 2.61 1.57 0.82
32 0.0079 7.19 532 3.67 2.21 1.15
30 0.0100 10.2 7.58 5.23 3.15 1.64
28 0.0126 144 10.7 7.39 445 232
26 0.0159 20.5 152 10.5 6.31 3.29
24 0.0201 29.2 216 14.9 8.97 4.68
22 0.0253 - 4.2 30.5 21.0 127 6.61
20 0.0319 58.4 43.2 29.8 17.9 9.36
19 0.035% 69.7 51.6 35.5 214 1.2
18 0.0403 82.9 61.4 423 25.5 13.3
17 0.0452 98.4 729 50.2 30.2 15.8
16 0.0508 117 86.8 59.9 36.0 18.8
15 0.0571 140 103 714 43.0 224
14 0,0641 166 123 849 51.1 26.6
13 0.0719 197 146 101 60.7 3.7
12 0.0808 235 174 120 723 377
1 0.0907 280 207 143 86.0 449
10 0.1019 333 247 170 102 534
9 0.1144 39 293 202 122 63.5
8 0.1285 472 349 241 145 75.6
7 0.1443 561 416 287 173 90.0
é 0.1620 . 668 495 341 205 107

Courtesy of Automatic Electric Company; Chicago, Ml
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Physical properties of various wires*

copper
aluminum
properly annealed hard=drawn 99 percent pure
Conductivity, Matthiessen’s standard in percent 99 to 102 96 to 99 61 t0 63
Ohms/mil-foot at 68°F = 20°C 10.36 10.57 167
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 coefficlent 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 paint 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 40, 24,000
Values in ) Elastic limit 6,000 to 16,000 25,000 to 45,000 14,000
pounds/in2 Average elastic limit 15,000 30, 14,000
Modulus of elasticity 7,000,000 to 13,000,000 to 8,500,000 to
17,000,000 ,000, 11,500,000
Average modulus of elasticity 12,000,000 16,000,000 9,000,000
Concentric Yenslle strength 29,000 to 37,000 43,000 to 65,000 25,800
strand Average tensile strength 35,000 54,000 —_
Elastic limit 5,800 10 14,800 23,000 to 42,000 13,800
Values in ) Average elastic kmit 27,000 —
pounds/in? Modulys of elasticity 5,000,000 to 12,000,000 Approx
12,000,000 10,000,000
* Reprinted by permission from “Transmission Towers," American Bridge Company, Pittsburgh, Pa.; 1925: p. 169,
Stranded copper (AWG)*
»
AWG number l""::.':"" cable area weight welght r'::.;'::':
creuior | B&S | o | diamin | dlem | square | loeper | Ibsper | opmy /1000
miis gauge inches mile at 20° €
211,600 4/0 19 0.1055 0.528 0.1662 4533 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 0.41% 0.1045 410.9 2,170 0.08097
105,500 1/0 19 0.0745 0.373 0.08286 3257 1,720 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 002600 1022 539.6 0.3256
26,250 [} 7 0.0612 0.184 0.02062 81.05 427.9 0.4105
20,820 7 7 0.0545 0.144 0.01635 64.28 339.4 0.5176
16,510 8 7 0.0486 0.146 0.01297 50.98 269.1 0.6528
13,090 9 7 0.0432 0.130 0.01028 40.42 2134 0.8233
10,380 10 7 0.0385 0.116 0.008152 3205 169.2 1,038
6,530 12 7 0.0305 0.0915 | 0.005129 20.16 106.5 1.650
4,107 14 7 0.0242 0.0726 0.003226 12.68 6695 2.624
2,583 16 7 0.0192 0.0576 0.002029 7975 42.11 4,172
1,624 i8 7 0.0152 0.0456 | 0.001275 5.014 26.47 6.636
1, 20 7 0.0121 0.0363 | 0.0008027 3.155 16.66 10.54

* The resistance valves In this table are trade maxima for soft or annealed copper wire and are highar than the
average values for commercic) cable. The following values for the conductivity and resistivity of copper at 20 degrees
centigrade were used:
Conductivity in terms of Inter
Resistivity in pounds per mile-ohm:
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.,

Nanal A led Copper Standard:

98.16 percent
891.58
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steel crucible plow steel, copper~lad
iron (Siemens= steel, high extra~high
{Ex BB) Martin) sfrength sirength 309, cond 407, cond
148 87 —_ —_ 294 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 2775 2075
0.0028 0.00278 0.00278 0.00278 0.0024 —
0.0050 0.00501 0.00501 0.00501 0.0044 0.0041
77 7.85 785 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
.13 ALY _ - — -
2,975 2,480 - - —_ e
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, 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, 29,000,
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, 180,000 80,000 —_
—_ 37,000 to 49,000 - —_ - —
— 40,000 70,000 110,000 - —
— 12,000,000 15,000,000 15,000,000 — —
Machine screws
Head styles—method of length measurement
Sianda rd
round fillister hexagonal
ﬁ ﬁ ﬁ ﬁ < L
Special
washer oval fllister fiat-top straight-side
binding binding binding binding
L L L ﬁ L ﬁ L L
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Drill sizes®*

L
drill Inches drill Inches drill inches drill Inches
0.10 mm 0.003937 1.30 mm 0.051181 3.10 mm 0.122047 no 4 0.209000
0.15 mm 0.005905 no 55 0.052000 Y in 0.125000 5.40 mm 0.212598
0.20 mm 0.007874 1.35 mm 0.053149 3.20 mm 0.125984 no 3 0.213000
0.25 mm 0.009842 no 54 0.055000 3.25 mm 0.127952 5.50 mm 0.216535
0.30 mm 0.011811 1.40 mm 0.055118 no 30 0.128500 % in 0.218750
no 80 0.013000 1.45 mm 0.057086 3.30 mm 0.129921 5.60 mm 0.220472
no 7944 0.013500 1.50 mm 0.059055 3.40 mm 0.133858 no 2 0.221000
0.35 mm 0.013779 no 53 0.059500 no 29 0.136000 5.70 mm 0.224409
no 79 0.014000 1.55 mm 0.061023 3.50 mm 0.137795 575 mm 0.226377
no 7814 0.014500 L in 0.062500 no 28 0.140500 no ! 0.228000
no 78 0.015000 1.60 mm 0.062992 % in 0.140625 5.80 mm 0.228346
Y% in 0.015625 no 52 0.063500 3.60 mm 0.141732 5.90 mm 0.232283
0.40 mm 0.015748 1.65 mm 0.064960 no 27 0.144000 Itr A 0.234000
no 77 0.016000 1.70 mm 0.066929 3.70 mm 0.145669 B¢ in 0.234375
0.45 mm 0.017716 no 51 0.067000 no 26 0.147000 6.00 mm 0.236220
no 76 0.018000 1.75 mm 0.068897 3.75 mm 0.147637 Itr B 0.238000
0.50 mm 0.019685 no 50 0.070000 no 25 0.149500 6.10 mm 0.240157
no 75 0.020000 1.80 mm 0.070846 3.80 mm 0.149606 Itr C 0.242000
no 7434 0.021000 1.85 mm 0.072834 no 24 0.152000 6.20 mm 0.244094
0.55 mm 0.021653 no 49 0.073000 3.90 mm 0.153543 Itr D 0.246000
no 74 0.022000 1.90 mm 0.074803 no 23 0.154000 6.25 mm 0.246062
no 73% 0.022500 no 48 0.076000 3 in 0.156250 6.30 mm 0.248031
no 73 0.023000 1.95 mm 0.076771 no 22 0.157000 Itr E } 0.250000
0.60 mm 0.023622 % in 0.078125 4,00 mm 0.157480 Yin *
no 72 0.024000 no 47 0.078500 no 21 0.159000 6.40 mm 0.251948
no 71144 0.025000 2.00 mm 0.078740 no 20 0.161000 6.50 mm 0.255905
0.65mm | 0.025590 2.05 mm 0.080708 4.10 mm 0.161417 Itr F 0.257000
no 71 0.026000 no 46 0.081000 4.20 mm 0.165354 6.60 mm 0.259842
no 70 0.027000 no 45 0.082000 no 19 0.166000 tr G 0.261000
0.70 mm 0.027559 2.10 mm 0.082677 4.25 mm 0.167322 6.70 mm 0.263779
no 6914 0.028000 2.15 mm 0.084645 4.30 mm 0.169291 g in 0.265625
no 69 0.029000 no 44 0.086000 no 18 0.169500 6.75 mm 0.265747
no 6814 0.029250 2.20 mm 0.086614 g in 0.171875 Itr H 0.266000
0.75 mm 0.029527 2.25 mm 0.088582 no 17 0.173000 6.80 mm 0.267716
no 68 0.030000 no 43 0.089000 4.40 mm 0.173228 6.90 mm 0.271653
no 67 0.031000 2.30 mm 0.090551 no 16 0.177000 Itr t 0.272000
LG in 0.031250 2.35 mm 0.092519 4.50 mm 0.177165 7.00 mm 0.275590
0.80 mm 0.031496 no 42 0.093500 no 15 0.180000 ltr § 0.277000
no é6 0.032000 36 in 0.093750 4.60 mm 0.181102 7.10 mm 0.279527
no 65 0.033000 2.40 mm 0.094488 no 14 0.182000 Itr K 0.281000
0.85 mm 0.033464 no 41 0.096000 no 13 0.185000 % in 0.281250
no 64 0.035000 2.45 mm 0.096456 4.70 mm 0.185039 7.20 mm 0.283464
0.90 mm 0.035433 no 40 0.098000 4.75 mm 0.187007 7.25 mm 0.285432
no 63 0.035000 2.50 mm 0.098425 36 in 0.187500 7.30 mm 0.287401
no 62 0.037000 no 39 0.099500 4.80 mm 0.188976 Itr L 0.290000
0.95 mm 0.037401 no 38 0.101500 no 12 0.189000 7.40 mm 0.291338
no 61 0.038000 2.60 mm 0.102362 no 11 0.191000 Itr M 0.295000
no 6014 0.039000 no 37 0.104000 4.90 mm 0.192913 7.50 mm 0.295275
1.00 mm 0.039370 2.70 mm 0.106299 no 10 0.193500 19 in 0.296875
no 60 0.040000 no 36 0.106500 no ¢ 0.196000 7.60 mm 0.299212
no 59 0.041000 2.75 mm 0.108267 5.00 mm 0.196850 Itr N 0.302000
1.05 mm 0.041338 T4 in 0.109375 no 8 0.199000 7.70 mm 0.303149
no 58 0.042000 no 35 0.110000 5.10 mm 0.200787 7.75 mm 0.305117
no 57 0.043000 2.80 mm 0.110236 no7 0.201000 7.80 mm 0.307086
1.10 mm 0.043307 no 34 0.111000 B3 in 0.203125 7.90 mm 0.311023
1.15 mm 0.045275 no 33 0.113000 no b 0.204000 3 in 0.312500
no 56 0.046500 2.90 mm 0.114173 5.20 mm 0.204724 8.00 mm 0.314960
3 in 0.046875 no 32 0.116000 no § 0.205500 tr O 0.316000
1.20 mm 0.047244 3.00 mm 0.18110 5.25 mm 0.206692 8.10 mm 0.318897
1.25 mm 0.049212 no 31 0.120000 5.30 mm 0.208661 8.20 mm 0.322834

* From New Departure Handbook.
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Drill sizes continved
L]

drlll inches drffl inches drill inches drill inches
ltr P 0.323000 9.60 mm 0.377952 B¢, in 0.544875 3% in 0.781250
8.25 mm 0.324802 9.70 mm 0.381889 14,00 mm 0.551180 20.00 mm 0.787400
8.30 mm 0.326771 9.75 mm 0.383857 % in 0.562500 Slg in 0.794875
g in 0.328125 9.80 mm 0.385826 14.50 mm 0.570865 20.50 mm 0.807085
8.40 mm 0.330708 Itr W 0.386000 ¥g, in 0.578125 B4 in 0.812500
Itr Q 0.332000 9.90 mm 0.389763 15.00 mm 0.590550 21.00 mm 0.824770
8.50 mm 0.334645 2B in 0.390625 g in 0.593750 53 in 0.828125
8.60 mm 0.338582 10.00 mm 0.393700 ¥4 in 0.609375 74 in 0.843750
Ite R 0.339000 Itr X 0.397000 15.50 mm 0.610235 21.50 mm 0.846455
8.70 mm 0.342519 ftr ¥ 0.404000 3% in 0.625000 55 in 0.859375
g in 0.343750 3¢ in 0.406250 16.00 mm 0.629920 22.00 mm 0.866140
8.75 mm 0.344487 ltr Z 0.413000 416 tn 0.640625 % in 0.875000
8.80 mm 0.344456 10.50 mm 0.413385 16.50 mm 0.649605 22,50 mm 0.885825
itr S 0.348000 74 in 0421875 g in 0.656250 576 in 0.890625
8.90 mm 0.350393 11.00 mm 0.433070 17.00 mm 0.669290 23.00 mm 0.905510
9.00 mm 0.354330 s in 0.437500 4 in 0.671875 % in 0.906250
rr T 0.358000 11.50 mm 0.452755 14 in 0.687500 9 in 0.921875
9.10 mm 0.358247 39 in 0.453125 17.50 mm 0.688975 23.50 mm 0.925195
B¢ in 0.359375 BGin 0.448750 484 in 0.703125 184 in 0.937500
9.20 mm 0.362204 12.00 mm 0.472440 18.00 mm 0.708640 24.00 mm 0.944880
9.25 mm 0.364172 g in 0.484375 BGin 0.718750 8l in 0.953125
9.30 mm 0.366141 12.50 mm 0.492125 18.50 mm 0.728345 24.50 mm 0.964565
ItrU 0.368000 15 in 0.500000 ¢ in 0.734375 N in 0.968750
9.40 mm 0.370078 13.00 mm 0.511810 19.00 mm 0.748030 25.00 mm 0.984250
9.50 mm 0.374015 33 in 0.515625 ¥ in 0.750000 %3¢ in 0.984375
8% in 0.375000 176 in 0.531250 ¥4 in 0.765625 1in 1.000000
itr v 0.37700C 13.50 mm 0.531495 19.50 mm 0767715

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
below.

proprietary

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 —_ WaM
Steel sheet us —_
Tank steel BWG —
Zine sheet "“Zinc gavge"
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Sheet-metal gauges  continued

Comparison of gauges*

The following table gives o comparison of various sheet-metal-gauge
systems. Thickness is expressed in decimal fractions of an inch.

Birming- Wash. & British Unifed American
AWG ham or A::» o standard London or States Standard
gauge B&S Stubs wam NBS old English | standard | preferred
BWG SWG us Athicknesst
0000000 — —_ 0.490 0.500 - 0.50000 —_
000000 0.5800 —_ 0.460 0.464 _ 0.46875 —
00000 0.5165 - 0.430 0432 — 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 0.324% 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 0276 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 0.181% 0.220 0.2070 0212 0.220 0.218750 0.180
é 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 0.185 0,171875 0.125
9 0.1144 0.148 0.1483 0.144 0.148 0.156250 0.112
16 0.1019 0.134 0.1350 0.128 0.134 0.140625 0.100
11 0.09074 0.120 0.1205 0.116 0.120 0.125000 0.090
12 0.08081 Q.109 0.1055 Q.104 0.109 0,109375 Q.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 0.043
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 0.02844 0.032 0.03175 0.032 €.0315 €.0343756 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 0.017%90 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 0.0144 0.0187 0.0171875 0.014
28 0.01264 0.014 0.01620 0.0148 0.0165 0.0156250 0.012
29 0.0112% 0.013 0.01500 0.0134 0.0155 0.0140625 0.011
30 0.01003 0.012 0.01400 0.0124 0.01372 0.0125000 0.010
3t 0.008928 0.010 0.01320 0.0116 0.01220 0.01093750 0.00%
32 0.007950 0.009 Q.al28¢ 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 el
37 0.004453 — 0.00850 0.0068 0.00650 0.006640625 bd
38 0.003965 - 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 —_ -

* Courtesy of Whitehead Metal Products Co., Inc.

t These thicknesses are intended to express the desired thickness in decimals, They have no
relation to gauge numbers; they are approximotely related to the AWG sizes 334,
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Commercial insuvlating materials*

The tables on the following pages give a few of the important electrical
and physical properties of insulating or dielectric materials. The dielectric
constant and dissipation factor of most materials depend on the frequency
and temperature of measurement. For this reason, these properties are
given at a number of frequencies, but because of limited space, only the
values af room tempercture are given. The dissipation factor is defined os
the ratio of the energy dissipated fo the energy stored in the dielectric
per cycle, 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 fac-
tor of the dielectric, which is the cosine of the phase angle by which the
current leads the voltage.

Many of the materials listed are characterized by a peak dissipation factor
occurring somewhere in the frequency range, this peak being accompanied
by a rapid change in the dielectric constant. These effects are the result
of a resonance phenomenon occurring in polar materials. The position of
the dissipation-factor peak in the frequency specirum is very sensitive to
* Most of the data listed in these tables have been taken from “Tables of Dielectric Materials,”
vols. -1V, prepared by the laboratory for Insulation Research of the Massachusetts Institute

of Technology, Cambridge, Massachusetts; Janvary, 1953 and from, “Dielectric Materials and
Applications,” A. R. von Hipple, editor; John Wiley & Sons, Inc., New York, N. Y.: 1954,

dielectric constant ot
{frequency in cycles/second)
material composition T ‘ ! l R | 2.5
oc | 60 | 108 | 100 [ 108 | 00 ' xiov | 60
|

ceramics
AiSiMag A-35 Magnesium silicate 23| 6.14! 5.96] 5.84] 5.75; 5.60 5.36 0.017
AlSiMag A-196 Magnesium silicate 25| 5.90| 5.88| 5.70| 5.60| 5.42 5.18 0.0022
AlSiMag 211 Magnesijum silicate 25! 6.00( 5.98( 5.97| 5.96] 5.90 — 0.012
AlSiMag 228 Magnesium silicate 25! 6.41! 6.40; 6.36) 6.20] 597 583 0.0013
AlSiMag 243 Magnesium silicate 22| 6.32 6.30| 6.22) 6.10{ 5.78 5.75 0.0015
Ceramic NPCT96 - 25| — [29.5 [29.5 129.5 — — —
Ceramic N750T96 — 25\ — 183.4 183.4 (83.4 | 83.4
Ceramic N1400T110 — . 25| — 1130.8(130.2{130.0f — — —
Coors AI-200 Aluminum oxide 25| — | 8.83| 8.80| 8.80[ 8.79 —
Crolite 29 Oxides of aluminum, silicon, magnesium,

calcium, barium 24 — | 6.04] 6.04] — 5.90 — —
Magnesium oxide —_ 25| — | 9.65| 9.65 9.65] — — —
Porcelain Dry process 25 5.5 | 5.36] 5.08) 5.04] — 0.03
Porcelain Wet process 25] 8.5 | 6.24) 587/ 5.80) — — 0.03
Steatite 410 - 25| 5.77| 5.77| 5.77| 5.77) 5.7 — —
TamTicon B Barium titanatet 26(1250 [1200 {1143 | — 600 100 0.056
TamTicon MC Magnesium titanate 251 — (13.9 13.9 {13.9 13.8 13.7 —
TamTicon C Calcium titanate 25| 168 |167.7|167.7,167.7] 165 0.006
TamTicon S Strontium titanate 25, — 1233 | 232|232 — — —
TI-Pure R-200 Titanium dioxide (rutile) 26| — (100 [ 100 { 100 — — —
Zirconium poreclain Zi-4 — 25| — | 6.40] 6.32] 6.30) 6.23 — —

1 Dielectric constant and dissipation factor are dependent on

electrical field strength,
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temperature. An increase in the tem-
perature increases the frequency at
which the peck occurs, as iflustrated
qualitatively in the sketch at the right.
Nonpolar moterials have very low
losses without a noticeable peak; the
dielectric constant remains essentially
unchanged over the frequency range.

o7

dissipation factor

logarithmic frequency

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

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

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

dissipation factor at dielectric dc volume | thermal ex- molsture
(frequency in cycles/second) strength in resistivity in pansion absorp~
3 .5 volts/mil at | ohm~cm af (linear) in | softening point tion in
10% 100 108 X108 X 1010 25°C 25°C parts /°C in°¢C percent
0.0100 | 0.0038 | 0.0037 [ 0.0041 0.0058 225 (%) >1014 8.7X108 1450 <0.1
0.0059 | 0.0031 | 0.0016 | 0.0018 0.0038 240 (17) >10u 8.9X10¢ 1450 <0.1
0.0034 | 0.0005 { 0.0004 | 0.0012 — — >10u 9.2X107¢ 1350 0.1-1
0.0020 0.0012 0.0010 0.0013 0.0042 — — 6-8X10¢ 1450 <0.05
0.00045{ 0.00037) 0.0003 | 0.0006 0.0012 200 (1) >10u 10.5X107¢ 1450 <0.1
0.060049| 0.00016| 0.0002 — — — - — — —
0.00045] 0.00022| 0.00046 —_ - —_ — —
0.00055; 0.00030] 0.00070; — —_ — — — — —
0.00057| 0.00033] 0.00030| 0.0010 —_ - — - —
0.0019 | 0.0011 — 0.0024 7.7X10°¢ 1325
<0.0003 [<0.0003 1<0.0003 — — — — — — —
0.0140 { 0.0075 | 0.0078 — — — — — — —
0.0180 { 0.0090 | 0.0135 —_ — - — — — —
0.0030 | 0.0007 | 0.0006 | 000089 — — — — — —
0.0130 | 0.0105 — 0.30 0.60 75 1012-10:2 - 1400-1430 0.1
0.0011 | 0.0004 | 0.0005 | 0.0017 0.0065 — — — — -
0.00044|  0.0002 — 0.0023 —_ 100 1012-104 - 1510 <0.1
0.0011 | 0.0002 | 0.0001 — — 100 10121014 — 1510 0.1
0.0015 | 0.0003 | 0.00025, — — — — — - -
0.0040 | 0.0023 | 0.0025 | 0.0045 — — — — — —
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Commercial insulating materials  continved
dielectric constant ot
(f , in cynle:/ d)
materlal composition T ’ } l 2.3
°C| 60 | 108 IO’ 108 XIO' X 1010 60
glasses
Corning 0010 Soda-potash-lead silicate ~20%, lead oxide| 24 6.70| 6.63] 6.43{ 6.33] 6.10 5.87 0.0084
Corning 0120 Soda-potash-lead silicate 23| 6.76] 6.70) 6.65! 6.65 6.64 6.51 0.0050
Corning 1990 Iron-sealing glass 24) 8.41) 8.38) 8.30{ 8.20| 7.99 7.84 —
Corning 1991 24| 810! 8.10] 8.08] 8.00f 7.92 — 0.0027
Corning 7040 Soda- otash-borosilicate 25| 4.85] 4.82) 4.73] 4.68) 4.67 4.52 0.0055
Corning 7050 Soda-borosilicate 25) 4.90] 4.84] 4.78| 4.75] 4.74 4.64 0.0093
Corning 7060 (Pyrex) Soda-borosilicate 25] — | 4.97) 4.84) 4.84] 4.82 4.65 —
Corning 7070 Low-alkali, potash-lithiaborasilicate 23] 4.00] 4.00| 4.00} 4.00] 4.00 3.9 0.0006
Corning 7720 Soda-lead borosilicate 24| 4.75) 4.70] 4.62{ — 4.60 — 0.0093
Corning 7750 Soda-borosilicate~ 80% silicon dioxide 25 — | 4.42) 4.38] 4.38| 4.38 — —
Corning 7900 969 silicon dioxide 20| 3.85] 3.85; 3.85| 3.85{ 3.84 3.82 0.0006
Fused silica 915¢ Silicon dioxide 25( — { 3.78; 3.78] 3.7 3.78 — —
Quartz (fused) 100% silicon dioxide 26! 3.78 3.78[ 3.78| 3.7SI 3.78 3.78 0.0009
plastics
Alkyd resin Foamed diisocynate 25| — 11.2231.218] 1.20] 1.20 — —
Araldite CN-501 Epoxy resin 25| — | 3.67t 3.62| 3.35| 3.09 — —
Araldite CN-504 Epoxy resin 25| — | 3.99{ 3.69] 3.38] 3.15 — —
Bakelite BM120 Phenol-formaldehyde 25| 4.90| 4.74] 4.36! 3.95| 3.70 3.55 0.08
Bakelite BM250 Phenol-formaldehyde, 669, asbestos fiber,
preformed and preheated 251 — 22 31501 50 5.0 -
Bakelite BM262 Phenol-aniline-formaldehyde, 629, mica 25! 4,87] 4.80| 4.67) 4.65) — 45 0.010
Bakelite BT-48-306 100% phenoi-formaldehyde 24| 86 | 7.15) 54 | 4.4 3.64 - 0.15
Beetle resin Urea-formaldehyde, cellulose X 27| 6.6 | 6.2 ) 5.65 5.1 4.57 —_ 0.032
Bureat of Standards casting | 32.5%, polystyrene, 53.5% poly-2,5-di-
resin chlorostyrene, 139, hydrogenated ter-
phenyl, 0.5% divinyl-benzene 251 — | 2.62| 2.62 2.62] 259 — —
Catalin 200 base Phenol-formaldehyde 22188 (8270 — 4.89 - 0.05
Chemelec MI-405 75% Teflon, 25%, calcium fluoride 25{ — | 2.50{ 2.50{ 2.50/ 2.50 — —
Chemelec MI-407 889 Teflon, 129, ceramic 25! — | 3.02] 2.71) 2.63] — - -
Chemelec MI-411 75% Teflon, 259, Fibreglas 250 — | 2.14| 2.14) 2.14] — — —
Chemelec MI-422 809, Teflon, 209, titanium dioxide 25| — | 2.72| 2.92] 2.79) — - ~
Cibanite 100% aniline-formaldehyde 25| 3.60| 3.58| 3.42] 3.40| 3.40 0.0030
DC 996 Methyl, phenyl, and methyl-phenyl
polysiloxane resin 25) — | 2.80) 2.90} 2.90] — — —
DC 2104 laminate X1~269 | 35% methyl and phenyl polysiloxaneresin,
65% ECC~181 Fibreglas 25| — | 4.14; 4.13{ 4.10] 4.07 - —
Dilectene-100 1009, aniline-formaldehyde 25) 3.701 3.68] 3.58] 3.50 3.44 - 0.0033
Dilecto (Mecohoard) 45% cresol-phenol formaldehyde, 15% tung
oil, 15%, nylon 25| — | 3.98! 3.46] 3.28; 3.11 -—_ —
Dilecto (Teflon laminate 65—68% 'Ig:ﬂon, 32-359%, continuous-

GB-112T) filament glass base 25| — | 2.74] 273} 2.73| — — -—
Durez 1601 natural Phenol-formaldehyde, 679, mica 26[ 5.1 | 4.94| 4.60] 4.51{ 4.48 - 0.03
Durite 500 Phenol-formaldehyde, 65%, mica, 4% .

lubricants 24} 5.1 | 5.03| 4.78] 4.721 4.T1 -— 0.015
Epon resin RN—48 Epoxy resin 25( — i 3.63( 3.52{ 3.32] 3.04 —
Formica FF41 Melamine-formaldehyde, 55%, filler 26, — | 6.00) 5.75) 5.5 — ~ —
Formica XX Phenol-formaldehyde, 50% paper laminate | 26/ 5.25{ 515/ 4.60; 4.04) 3.57 — 0.025
Formvar E Polyvinyl formal 26| 3.20] 3.12{ 2.92| 2.80) 2.76 2.7 0.003
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dielectric dc volume | thermal ex- ! molsture
(frequency in cycles/second) strength in resistivity In pansion absorp-
3 2.5 volts /mil at ohm—cm at | {linear) in | softening point tion in
108 108 108 X1 Xiow 25° C 25°C parts /°C in°C percent
0.00535| 0.00165| 0.0023 | 0.0060 0.0110 — 100 at 250° 90X107 626 [
0.0030 ; 0.0012 | 0.0018 | 0.0041 0.0127 — 100 at 250° 87X1077 630 —
0.0004 | 0.0005 | 0.0009 ; 0.00189] 0.0112 — 1010 at 250° 1321077 484 Poor
0.0009 | 0.0005 | 0.0012 | 0.0038 — — 4X10° at 250° | 128X1077 527
0.0034 | 0.0019 | 0.0027 | 0.0044 0.0073 -— 5X10° at 250° 49X10°7 697 —
0.0056 | 0.0027 | 0.0035 | 0.0052 0.0083 — 108 at 250° 46X1077 703
0.0055 | 0.0036 | 0.0030 | 0.0054 0.0090 — 7X107 at 250° 501077 693
0.0005 | 0.0008 | 0.0012 | 0.0012 0.0031 — 101 at 250° 31X107 746 —
0.0042 | 0.0020 — — — — 6108 at 250° 36X1077 756
0.0033 ( 0.0018 — 0.0043 — - 3X10°at 250° 42X1077 701 -
0.0006 | 0.0006 | 0.0006 | 0.00068| 0.0013 - 5X10° at 250° 8X10~7 1450 -
0.00026{ 0.00001| 0.00003| 0.0001 — — - — — —
0.00075l 0.0001 | 0.0002 | 0.00006] 0.00025 410 (3N >101 5.7X10™ 1667 -
0.00147| 0.0041 0.0038 0.0034 —_ —_ — — —_
0.0024 | 0.018 0.034 0.027 — 405 37 >3.8X10? 4.77X107% | 109 (distortion) 0.14
0.0104 | 0.027 0.030 0.031 — — — - —
00220 | 0.0280 | 0.0380 | 0.0438 0.0390 300 (39 101 30-40X 1070 | <135 (distortion) | <0.6
0.370 0.125 — — 0.032 — — — 145 (distortion) —
0.0082 | 0.0055 | 0.0057 — 0.0089 325-375 (17) 21014 10-20X107® |100~115 (distortion)] 0.3
0.082 0.060 0.077 0.052 — 277 ") — 8.3-13X107%| 50 (distortion) 042
0.024 0.027 0.050 0.0555 — 375 (0.0857) — 2.6X107% 152 (distortion) 2
0.00156! 0.00047( 0.0011 | 0.0005 — — — — — —
0.0290 | 0.050 — 0.108 — 200 3") - 7.5-15X107% | 40-60 (distortion) —
0.00051{ 0.0005 | 0.000¢ | 0.00068 - - - — — —
0.070 0.015 0.0158 — — - — — —
0.00096| 0.0007 , 0.0010 — — — — —
0.00077) 0.00020( 0.00024) — — - — — — —
0.0041 | 0.0078 | 0.0039 | 0.0029 600 37) — 6.49X10°% 126 0.05-0 08
0.0015 | 0.0018 | 0.00165) — — — — — — —
0.0029 0.0022 0.0034 0.0071 —_ — — —_ — —
0.0032 | 0.0061 | 0.0033 | 0.0026 - 810 (0.0687) >0 5.4X107% 125 0.06-0.08
00344 | 0.0263 ) 0.0216 | 0.0220 - — — — - —
0.00061; 0.00058| 0.00118] — — — — — - -
0.021 0.0080 | 0.0064 | 0.0062 — -— — — —_ —
0.0104 | 00082 | 0.0115 | 0.0126 — - - - — —
0.0038 | 0.0142 | 0.0264 [ 0.021 — - - L= - -
0.0119 | 0.0115 { 0.020 ) — — — — CLTX107¢ — 0.6
00165 | 0034 | 0.057 ‘ 0.060 — — — — — -
0.0100 | 0.019 0.013 0.0113 | 0.0115 860 (0.0347) >5X10 7.7X107% 190 13
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Commercial insulating materials  confinved
dielécirlc tonstent af
(frequency in cycles /sacond}
moterlal composition T 3 .5
oC 10¢ 108 | X10° X101 60

plastics~—continved
Geon 2046 59% polyvinyl-chloride, 30% dioctyl

phosphate, 69 stabiliger, 5%, filler 28, 7.5 | 6.10| 3.55{ 3.00; 2.89 — 0.08
Hardman 51 Permo potting

compound Alkyd resin 25 — | 2.95( 2.70{ 2,59 2.53 — —
Hydrogenated polystyrene | Polyvinylcyclohexane 24| — | 2.25 2.25| 2.25; 2.25 - —_
Hysol 6020 Epoxy resin 25 — | 3.90] 3.54! 3.29; 3.1 — —
Hysol 6030, flexible potting

compound Epoxy resin 25 — | 6.15] 4.74) 3.611 3.20 — —

el-F Polychlorotrifluoroethylene 25{ 2.72| 2.63) 2.42| 2.32] 229 2.28 0.015
Kel-F, grade 300P25 Plasticized polychlorotnﬂuomethylene 25 — | 2,75 2.51) 237 231 — —
Koroseal 5C5-243 63.7% polyvinyl-chloride, 33.1% di-2-

ethylhexyl-phthalate, lead silicate 27| 6.2 | 5.65| 3.60] 2.9 2.73 — 0.07
Lumarith 22361 Ethylcellulose, 13% plasticizer 241 8.12| 3.06) 2.92) 2.80) 2.74 2.65 —
Marco resin MR-25C Unsaturated polyester 25| — | 3.24] 3.10| 2.90| 2.77 — —
Melmac molding compound | Melamine-formaldehyde, 40% wood flour,

1500 187, plasticizer 25\ — | 6.31] 5.85] 5.10( 4.20 - —
Melmac resin 592 Melamine-formaldehyde, minera) filler 27| 8.0 | 6.25 5.20| 4.70| 4.67 -—_ 0.08
Micarta 254 Cresylic acid—formaldehyde, 509,

a-cellulose . A 25| 5.45| 4.95( 4.51) 3.85) 3.43 3.21 0.098
Nylon 616 Polyhexamethylene-adipsmide 25| 3.7 | 3.50] 3.14| 3.0 2.84 2.73 0.018
Pernafil 3256 Cross-linked addition polymer 24| — | 4.22) 3.86 3.5 - 3.0 —
Plaskon alkyd special

electrical granular Alkyd resin 251 — | 5.10{ 4.76] 4.55 4.50 — —
Plaskon melamine Melamine-formaldehyde,a-cellulose 24| — | 7.57| 7.00{ 6.0 4.93 — —
Plaskon 911 Unsaturated polyester 24| — | 8.81( 3.56) 3.25( 3.67
Plastieell Expanded polyvinyl chloride 25| — | 104} 1.04{ 104 104 — —
Plastic CY-8 97% poly-2,5~dichlorostyrene 24 2.61! 2.60| 2-60! 2.60 2.59 —
Plexiglass Polymethyl methacrylate 27| 345) 3.12( 2.76) — | 2.60 - 0.064
Polyethylene DE-3401 0.1% antioxidant 25| 2.26] 2.26] 2.26! 2,26/ 2.26 226 |<0.0002
Polyethylmethacrylate — 221 — | 2.75| 2.55| 2.52] 2.1 2.5 —
Polyisobutylene — 25| 2.23] 2.23) 2.23! 2.23, 223 - 0.0004

Polystyrene - . 25| 2.56) 2.56| 2.56( 2.55| 2.55 2.54 <0.00005
Po]ystyrene fibers Q-107 1-micron-diam fibers 26| — | 2.14) 2.14[ 2,14 2.1 —
Polyvinyl chloride W~174 65% Geon 101, 35%, Paraplex G-25 250 — | 4.77) 3.52| 3,000 — — —
Pyralin Cellulose nitrate, 25% camphor 27|14 | 84 [ 66 ( 5.2 3.74 — 2.0
Red Glyptal 1201 Alkyd resin 35 — {4538 — — -— —
Rexolite 1422 - 25 2.55( 2.55( 2.55) 2.54 —
Saran B-115 Vinylidene-vinyl ehloride copolymer 23) 5.0 | 4.65! 3.18) 2.82] 2.71 — 0.042
Styraloy 22 Copolymer of butadiene, styrene 23/ 24 124124 ) 24 24 2.40 0.001
Styrofoam 103.7 Foamed polystyrene, 0. 25 filler 25( 1.03] 1.03) 1.03] — 1.03 1.03  1<0.0002
Teflon Polytetrafluoroethylene 22) 2.1 (21} 21])21 ) 2 2.08 [<0.0005
Tenite I (G08A, Hy) Cellulose acetate, plastieized 26| 4.59] 4.48| 3.90] 3.40f 3.25 3.11 0.0075
Tenite I (2054, o) Cellulose acetate-butyrate, plasticized 26| 3.60 3.48| 3.30| 3.08; 2.91 — 0.0045
Vibron 140 Cross-linked polystyrene 250 2.59{ 2.59{ 2.58 2.58 2.58 —_ 0.0004
Vinylite QYNA 1009, polyvmyl—chlorlde 200 3.20{ 3.10| 2.88{ 2.85| 2.84 — 0.0115
Viaylite YG5901 62.5%, polyvinyl-chloride-acetate, 20%

plasticizer, 8.5% mise 25 — (85134130 2.88 — —
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dielectric dc volume | thermal ex- molsture
({frequency in cycles/second, strength in resistivity in pansion absorp-
3 2.5 volts /mil at ohm=cm at | (linear) in | softening point | tion in
108 108 108 X100 X101 25°C 25°C parts/°C in°C percent
0.110 | 0.089 | 0.030 | 00116 — 400 (0.0757) 8104 - 60 (stable) 0.5
0.041 0.0124 | 0.0120 | 0.0125 — — — - — -
0.0002 | <0.0002 | <0.0002 | 0.00018 - — — - - —
0.0113 | 0.0272 | 0.0299 | 0.0274 - — — - -~ -
0.048 | 0.084 0.090 | 0.038 — — — - — —
0.0270 | 0.0082 — 0.0028 |  0.0053 — 1018 - - -
0.0207 | 0.0175 | 0.0186 | 0.0093 — - — — — -
0.100 | 0093 | 0.030 0.0112 — — — — - —
0.0048 | 0.0115 | 0.0160 | 0.0196 | 0.630 522 (A7) 51018 - 51 (distortion) 1.50
0.0072 | 0.0138 | 0.0190 | 0.0130 - — - — — —
0.0173 | 0.032 0.050 | 0.052 — — — — — —
0.0470 | 0.0347 | 0.0360 | 0.0410 - 450 (A7) 3X101 3.5X105 | 125 (distortion) 0.1
0.033 | 0036 | 0035 | 0051 0.038 1020 (0.0337) 3101 3X1078 >125 1.2
0.0186 | 0.0218 | 0.0200 { 0.0117 | 0.0105 400 (37) 8X 1014 10.3X10~* | 65 (distortion) 15
0.0120 | 0.030 0.034 — 0.029 600 (0.060”) — 10-13X 1075 | >150 (distortion) 0.07
0.0236 | 0.0149 | 0.0138 | 0.0108 — - - — -
0.0122 | 0.041 0.085 0.103 — 300~400 — — 99 (stable) 0.4-0.6
0.0125 | 0.0240 | 0.0220 | 0.0175 - — — — _
0.0011 | 0.0010 { 0.0010 | 0.0055 — — — - — -
<0.0002 |<0.0002 | 0.00025] 0.00031| 0.0029 — — — — —
0.0465 | 0.0140 — 0.0057 — 990 (0.0307) >5X1018 8-9X10 | 70-75 (distortion) | 0.3-0.6
<0.0002 |<0.0002 | 0.0002 | 0.00031| 0.0006 | 1200 (0.033%) 1017 19X10~ | 95-105 (distortion)|  0.03
(varys)
0.0204 | 0.0090 — 0.0075 |  0.0083 — — = 60° (distortion) Low
0.0001 | 0.0001 [ 0.0003 | 0.00047 — 600 (0.0107) — — 25 (distortion) Low
<0.00005| 0.00007/<c0.0001 | 0.00033) 0.0012 | 500-700 (37) 1018 6-8X1075 ‘ 82 (diatortion) 0.05
0.00063; 0.0003 | 0.0004 | 0.00063 — — — — 70-80° (distortion) | Slight
0.0930 | 0.0550 | 0.0415 — — — — — — il
0.100 | 0.064 0.103 0.165 —_ — -_ 0.8X1078 —
0.060 0.032 . i — - = >i - 2_3
0.00011| 0.00013) 0,00038 0.00048 — - —_ —_ —_ —
0.063 | 0.057 0.0180 | 0.0072 — 300 (37) 10141018 158X 1075 150 <0.1
0.0006 | 0.0012 | 0,0052 | 0.0032 | 0.0018 | 1070 (0.030%) 61014 5.9%1078 125 0.2-0.4
<0.0001 |<0.0002 — 0.0001 — — — —_ 85 Low
<0.0003 {<0.0002 {<0.0002 [ 0.00015 0.0006 1000-2000 1017 0.0X1075 | 66 (distortion, 0.00
(0.0057-0.0127) stable to 300)
0.0175 | 0.039 0.038 0.031 0.030 290-600 (37) - 8-16X10—8 60-121 2.9
0.0097 | 0.018 0.017 0.028 — 250-400 (37) — 11-17X10°8 60-121 2.3
0.0005 | 0.0016 | 0.0020 | 0.0019 — — — — - —
0.0185 | 0.0160 | 0.0081 | 0.0055 — 400 (47) 1014 6.9X10°8 | 54 (distortion) | 0.05-0.15
0.118 0.074 0.028 0.0106 — - —_ pu— L - —
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Commercial insulating materials  continved

dielectric consfant af
(fr in cycles/second)
material composition T 3 25
9C | 60 | 10° | 10°{ 108 X10° X101 60
plus’lcs—co;ﬂinued
Vinylite VG5904 54% polyvinyl-chloride-acetate, 41%
plasticizer, 5% mise, 25 — | 75|43 3.3 2.94 —_ —
Vinylite VYYNW Polymer of 95% vinyl-chloride, 5%
vinyl-acetate 20| — | 3.15] 2.90! 2.8 2.74 - —
organic liquids
Aroclor 1254 Pentachlorobiphenyl 25, 5.05, 5.05, 3.70( 2.75; 2.70 — 0.0002
Aviation gasoline 100 octane 25| — | — | 1.94] 194 1.92 — —
Bayol-D 77.6% paraffins, 22.4% naphthenes 24] 2.06] 2.06} 2.06] 2.06] 2.06 — 0.0001
Benzene Chemically pure, dried 251 2.28] 2.28| 2.28! 2.28) 228 2.28 1<0.0001
Cable oil 5314 Aliphatic, aromatic hydrocarbons 25; 2.25! 2.25| 2.25| 2.25) 2.22 - 0.0006
Carbon tetrachloride - 25| 2.17| 2,17} 2.17| 2.17) 217 — 0.007
DC-550 Methyl and methyl~phenyl polysiloxane 25| — | 2.90| 2.90] 2.88) 2.77 -
DC-710 Methyl and methyl-phenyl polysiloxane 25| — | 2.98( 2.98] 2.95( 2.79 - -
Ethyl aleohol Absolute 25( — | — [24.5 123.7 6.5 —
Ethylene glycol — 251 — 1+ — 41 |41 12 — —
Fraetol A 57.4%, paraffiing, 42.69; naphthenes 26 2.17) 2.17| 2.17| 2.17] 217 212 }<0.0001
Halowax oil 1000 60% mon-, 409 di-, triechloronaphthalenes | 25| 4.80| 4.77] 4.74] — 3.52 - 0.30
Ignition-sealing compound ¢4 | Organo-siloxane polymer 25) 2.75| 2.75] 2.75} 2.74| 2.65 — 0.002
IN-420 Chlorinated Indan 24{ 5.77] 571 — | — — — 0.00004
Jet fuel JP-3 - 250 — | — | 2.08( 2.08] 2.04 — —
Kel-F grease, grade 40 Polychlorotrifluoroethylene 25 — | 2.88) 2.78] — 2.20 -~ —
Kel-F oil, grade 1 Polyehlorotrifiuoroethylene 25 — | 2.61) 2.61 2.58] 2.34 — —
Mareol 72.4% parafling, 27.6%, naphthenes 240 2.14] 2.14) 2.14) 2.14] 2.14 —_ <0.002
Methyl aleohol Absolute analytieal grade 25 — | — (31, (310 | 23.9 — —
Primol-D 49.4%, paraffins, 50.6% naphthenes 24) 217} 2.17) 2.17) 2.17] 217 — <0.002
Pyranol 1467 Chlorinated benzenes, diphenyls 25| 4.40| 4.40| 4.40| 4.08) 2.84 —
Pyranol 1476 Isomerie pentachlorodiphenyla 26; 5.04) 5.04) 3.85) — 2.70 — —
Pyranol 1478 Isomerie trichlorobenzenes 26| 4.55| 4.53| 4.53! 4.5 3.80 — 0.02
Silicone fluid SF96-40 — 25| — | 271 2.71] 271 270 — —
Silicone fluid SF96-1000 — . 25| — | 2.73| 2.73| 2.73] 2.71 — —
Silicone fluid 8C200 Methyl or ethyl siloxane polymer (1000 cs){ 22{ 2.78f 2.78] 2.78| — 2.74 — 0.0001
Silicone fluid 3C500 Methyl or ethylsiloxane polymer (0.65¢3) | 22/ 2.20] 2.20] 2.20| 2.20; 2.20 213 [<0.001
Styrene dimer — . 28 — | —~ 12727 2.5 — —
Styrene N-100 Monomeric styrene 221 240! 2.40] 2.40| 2.40] 2.40 — 0.01
Transil oil 10C Aliphatic, aromatic bydrocarbons 26| 2.22| 2.22| 2.22| 2.20( 2.18 — 0.001
Vaseline - 25| 2.161 2.161 2.16' 2.16' 2.16 —_ 0.0004
waxes
Acrawax C Cetylacetamide 24 2.607 2.58 2.54( 2.52| 2.48 244 0.025
Beeawax, yellow — X 23] 2.76; 2.66| 2.53 2.45| 2.39 — —
Ceresin, white Vegetable and mineral waxes 25231232323 25 — 0.0009
Halowax 11-314 Dichloronapbthalenes 23) 314 304 2,08 2.931 2.89 — 0.10
Halowax 1001, cold-molded | Tri- and tetrachloronapbtbalenes 26| 545} 545 5.40j 42 | 292 28¢ | 0.002
Kel-F-wax 150 Polychlorotrifiuoroethylene 25| 7 | 2.97| 2.52 2.25( 2.23 —_ —
Opalwax Mainly 12-hydroxystearin 24142 1103 | 8.2 | 2.7 | 255 2.5 0.12
Paraffin wax, 132° ASTM Mainly Css to Cuw aliphatio, saturated
hydrocarbons 25| 225! 2.25! 2.25( 2.5/ 2.25 22 [<0.0002
Vistawax Polybutene 25 2.34| 2.34| 2.3¢] 2.30] 2.27 - 0.0002
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disslipation factor at dielectric dec volume | thermal ex- moisture
(frequency in cycles/second) th in resistivity in pansi ohsorp-
3 2.5 volts fmll at ohm-cm at {linear) in | softening point | tion in
108 108 108 X109 X 1010 25° C 25° C parts/°C in° percent
0.071 0.140 0.067 0.034 — ‘ — -~ — — —
0.0165 | 0.0150 | 0.0080 | 0.0059 — - — — — —
0.00035, 0.238 0.0170 | 0.0044 — — — — — —
— — 0.0001 | 0.0014 — — - — — —
<0.0001 | <0.0003 | 0.0005 [ 0.00133 — 300 (0.1007) —_ 1x10-2 —26 (pour point) | Slight

<0.0001 |<0.0001 (<0.0001 |<0.0001 | <0.0001 —
<0.00004| 0.0008 — 0.0018 - 300 (0.1007)
0.0008 |<0.00004|<0.0002 | 0.0004 - —

(N
1

—40 (pour point) -

0.0170 | 0.00038 — 0.021 — —_ —
0.00016| 0.0010 — 0.014 — — —_ —_ — —
— 0.090 0.062 0.250 — — —_ — —
— 0.030 0.045 1.00 — — — —_ — —
<0.0001 |<0.0003 | 0.0004 | 0.00072| 0.0019 300 (0.1007) —_ 7.06X10~4 |<—15 (pour point)| Slight
0.0050 |<0.0002 — 0.25 — — — 2.1X10~4 —38 (melts) il
0.0006 | 0.0004 | 0.0015 | 0.0092 — 500 (0.0107) 1X10% 63X1078 — —
0.0010 — — — — — 101 — 10 (pour point} —
— 0.0001 — 0.0055 — — — —_ _ —
0.00038{ 0.043 — 0.014 — — — — — —
0.00023| 0.00020| 0.014 0.087 —_ — — — — -
<0.0001 |<0.0002 — 0.00097 — 300 (0.1007) — 7.5X107¢ | —12 (pour point) | Slight

- 0.20 0.038 0.64 - —

<0.0001 |<00002 | — 000077  —~ — — A.91X10~¢ |<—15 (pour point)| Slight
0.0003 | 0.0025 | 0.13 012 - 300 (0.1007) — Z — =
0.0006 | 0.25 — 00042 | — - - - 10 int, —
00014 | 00002 | 0014 | 023 - — - - {pour point) -
<0.000003] <0.0001 | — 0.0005 | — — — - _ Z
<0.000003{<0.0001 | — 00108 | — - - — — -
0.00008 <0.0003 | — 00096 | — — - — — —
<0.00004|<0.0003 | 0.00014| 0.00145/ 0.0060 |250-300 (0.1007) - 1.508 X108 i —68 (melts) Nit
— 0.0003 | 0.0018 | 0.011 — — — — ‘ — —
0005 |<0.0003 | — 00020 | — 300 (0.1007) 3X 102 - - 0.06
<0.00001{<0.0005 | 0.0048 | 0.0028 | — 300 (0.100%) - — —40 (pourpoint) | —
0.0002 |<0.0001 |<0.0004 | 0.00066] — - - -~ — -
0.0068 | 0.0020 | 0.0012 | 00015 | 0.0021 - - — 137-139 (melts) -
00140 | 00092 | 00080 | 00075 | — - —_ — 45-64 (melts) —
0.0006 | 0.0004 | 0.0004 | 0.00026] — - = - 57 Z
00110 | 00003 | 00017 | 00037 | — - — - 35-63 (melts) Nil
00017 | 0.0045 | 027 | 0058 | 0.020 — = - 91-04 Low
0.0093 | 0054 | 0027 | 00113 — - - il o
0.21 0.145 | 0.027 | 00167 | 0.0160 - — - 86-88 (melts) —
<0.0002 {<0.0002 (<0.0002 | 0.0002 | <0.0003 | 1060 0.027%) | >5X10 | 13.0%10-% 36 Very |
0.0003 i 0.00133| 0.00133 0.0009 — - Z ol 2 ery low
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Commercial insulating materials  continved
] dieleckric constant ot
(frequency in cycles/second)
material composition T ! ‘ 3 2.3
oC | 60 { 10% 108 | X100 X 1010 60
rubbers .
GR-1 (buty] rubber) Copolymet of 98~99%; iscbutylene, 1-2%,
isoprene . . 25| 2.39] 2.38) 2.35) 2.35| 235 - 0.0034
GR-I compound 100 pts polymer, 5 pts zinc oxide, 1 pt
tuads, 1.5 pts sulfur 25} 2.43| 2.42| 2.40| 2.30{ 2.38 - 0.005
GR-8 (Buna 8) cured Styrene-butadiene copolymer, fillers, lubri-
cants, ete. 25( 2.96{ 2.96| 2.90| 2.82| 275 - 0.0008
GR-S (Buna 8} uncured Copolymer of 75% butadiene, 25% styrene| 26 2.5 | 2.5 | 2.50| 2.45| 245 — 0.6005
Gutta-percha — 25| 2.61| 2.60] 2.53| 2.47| 2.40 — 0.0005
Heves rubber Pale crepe 251 24 1 24 124 ] 24 2.15 — 0.0030
Hevea rubber, vuleanized 106 pts pale crepe, 6 pts sulfur 27| 2.94] 2.94| 2.74| 2.42] 2.36 — 0.005
Hycar OR Cell-tite Based on butadiene polymer 25 140! 1.38! 1.38] 1.38 — —
Kralastic D Natural Nitrile rubber 25( — | 3.54( 3.20] 2.78; 2.66 — —
Neoprene compound 389% GN . 24 6.7 | 6.60} 6.26) 4.5 4.00 4.0 0.018
Royalite 149-11 Polystyrene-acrylonitrile and
polybutadiene-acrylonitrile 25! — | 5.20] 4.41} — 3.13 —_ —
SE~-450 Silicone-rubber compound 25| — | 3.08; 3.07) 3.05} 2.97 — —
SE~972 Silicone-rubber compound 25 — | 3.35} 3.20) 3.16{ 3.13 — —
Silastic 120 509 siloxane elastomer, 507, titanium
_dioxide 25| 5.78 5.76| 5.75{ 5.75{ 5.73 — 0.056
Silastic 152 Siloxane elastomer 25 2.95) 2.95) 2.95] 2.90 — —
Silastic 181 457, siloxane elastomer,55% silicon dioxide) 25| — | 3.30| 3.20{ 3.18] 3.11 — —
Silastic 6167 33%, siloxane elastomer, 677 titanium
dioxide 25) — [10.1 {10 (10 10 — —
Thioko! FA Organic polysulfide, fillers 231 — 12260110 (30 16 13.6 —
woads®
Balsawood - 26 1.4 | 1.4 | 1.37] .30 1.22 — 0.058
Douglas Fir - 25 2.05 2.00} 193 1.88] 1582 178 | 0.004
Douglas Fir, plywood — 25) 2.1 {21190 — — 1.6 0.012
Mahogany - 95| 2.42] 2.40| 225 2.07) 1.88 1.6 0.008
Yellow Birch - 25| 2.0 | 2.88) 2.70] 2.47] 213 187 | 0.007
Yellow Poplar 25) 1.85{ 1.79] 1.75| — 1.50 1.4 0.004
miscelloneovs
Amber Fossil resin 250 2.7 1 2.7 1 2.65; — 2.6 — 0.0010
Cenco Sealstix DeKhotinsky cement 23| 3.95] 3.75] 3.23 2.96 — 0.049
Plicene cement — 25, 2.48) 2.48] 2.48) 247 240 — 0.005
Gilsonite 99.9% natural bitumen 26] 2.69 2.66| 2.58] 2.56] — — 0.006
Shellac (natural XL) Containg ~ 3.5% wax 28! 3.87] 3.81) 3.47| 3.10] 2.86 — 0.006
Mycalex 400 Mica, glass 25| — | 7.45| 7.39 — —
Mycalex K10 Mica, glass, titanium dioxide 24 — [ 93190 — — —_ —_
Mykroy, grade 8 Mica, glass 25 6.81] 6.73| 6.72] 6.68 8.66
Ruby mica Muscovite 26! 5.4 ) 5.4 | 54 | 54 54 —_ 0.005
Paper, Royalgrey — 25| 3.30 3.29) 2.99) 2.77( 2.70 — 0.010
Selenium Amorphous 25 — | 6.00) 6.00] 6.00 6.00 6.00
Quinterra Asbestos fiber, chrysotile 25 4.80] 3.1 | — - | — -~
Quinorgo 3000 859, chrysotile asbestos, 159, organic
materia 250 — | 64 )33 — -~ — —
Sodium ehloride Fresh crystals 25| — | 5.90] 5.90] — 5.90 —_
Soil, sandy dry — 25 — | 2.81) 258 2,55 2.55 — —_
Soil, loamy dry - i 25 — | 2 2.53) 2.48] 2.44 — —_
Ice From pure distilled water —12f — | — | 415 345 320 - —_
Snow Freshly fallen snow —20] — | 3.33] 1.20| 1.20] 1.20 —_ —
Snow Hard-packed snow followed by light rain | —6] — | — 1.55l — J 1.5 ‘ — —_
Water Distilled 25| — | — [ 782/ 18 | 767 34 —_

*Field perpendicular to grain,
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dissipation factor at dielecht de volume | thermal ex- moisture
(freq y in cycles/ d) gth in osistivity In pansi R absorp-
3 2.3 vaolts /mil at obhm-cm at {lineor} in softening point. | tion in
108 I 108 108 X109 ] X101 25°C 25°C parts /°C in°cC . | percent
0.0035 | 0.0010 | 0.0010 ) 0.0009 — - — - — -
0.0060 | 0.0022 | 0.0010 | 0.00093 — — — - - -
0.0024 | 0.0120 | 0.0080 ! -0.0057 - 870 (0.0407) 2X 101 — — —
0.0009 | 0.0038 | 0.0071 | 0.0044 — — —
0.0004 | 0.0042 | 0.0120 | 0.0060 — — 101 — — —
0.0018 | 0.0018 | 0.0050 | 0.0030 — - — — — -
0.0024 | 00446 | 0.0180 | 0.0047 - — — — -
0.0058 | 0.0036 | 0.0047 | 0.0039 — - — - - -
0.0052 | 0.053 0.027 0.0093 - -
0.011 0.038 0.090 0.034 0.025 300 37) gx1012 — — Nil
0.0165 | 0.108 - 0.020 — - — — - —
0.00072| 0.0011 | 0.0030 | 0.0158 — - — — bl -
0.0067 | 0.0030 | 0.0032 | 0.0097 - — - -~ - -
0.0030 0.0008 0.0027 0.0254 —_ —_ —_ - - —_
0.00052{ 0.00054] 0.0020 | 0.0100 — 350 (37) — — - -
0.0067 | 0.0037 | 0.0029 | 0.0100 — 450 (37) - - - —
0.0026 | 0.00095| 0.0027 | 0.045 — - — - — -
1.29 0.39 .28 0.22 0.10 - - - - -
0.0040 | 0.0120 | 0.0135 | 0.100 —_ - - -
0.0080 | 0.026 0.033 0.027 0.032 - — — - -
0.0105 | 0.0230 — - 0.0220 - - - — -
0.0120 | 0.025 0.032 0.025 0.020 — - - - e
0.0090 | 0.029 0.040 0.033 0.026 - - - - -
0.005¢ | 0.019 - 0.015 0.017 - — - - —
0.0018 | 0.0056 — 0.0090 - 2300 (}7) Very high | — 200 -
0.0335 | 0.024 — 0.021 — — - 9.8X107% 80-85 -
0.00355| 0.00255) 0.0015 | 0.00078 — — — — 60-65 -
0.0035 | 0.0016 | 0.0011 — — — — — 155 (melts) —
0.0074 | 0.031 0.030 0.0254 — - 1018 — 80 Low after
baking
0.0019 | 0.0013 — — — — — - — -
0.0125 { 0.0026 - 0.0040 — — — 400 <0.5
0.0066 | 0.0026 | 0.0025 | 0.0038 0.0081 — — — - -
0.0006 | 0.0003 | 0.0002 [ 0.0003 — 3800-5600(.040%) 5X 101 — -
0.0077 | 0.038 0.066 0.056 — 202 34) — — - —
0.0004 |<0.0003 |<0.0002 | 0.00018] 0.0013 — - - - -
0.15 0.025 — — — — — — -
0.231 0.087 — — ~ — — — - —
<0.0001 |<0.0002 — — <0.0005 - - -~ d -
0.08 0.017 — 0.0062 ; — — - — - —
0.05 0.018 — 0.0011 i — — - — - -
— 0.12 0.035 0.0009 | ~— - - — -_ —
0.492 0.0215 - 0.00029\ — — — - —
— 0.29 — 0.0009 — — — — —_ —
— 0.040 0.005 0.157 0.2650 - 100 nd - -
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Ferrites

Ferrite is the common term that has come to be applied to a wide range of
different ceramic ferromagnetic materials. Specifically, the term applies to
those materials with the spinel crystal structures having the general formula
XFe2QO4, where X is any divalent metallic ion having the proper ionic radius
to fit in the spinel structure. To date, ferrites have been prepared in which
the divalent ion has been manganese, iron, cobalt, nickel, copper, cadmium,
zinc, and magnesium. All of the known ferrites are mutually soluble in each
other without limit; a wide range of magnetic and electrical properties can
be obtained from specially formulated mixed ferrites that can be thought
of as solid solutions of any two of the simple ferrites described above. Thus
nickel—zinc ferrite con be prepared with the composition NisZnsFesQy,
where & can take any value from zero to unity.

Several ceramic ferromagnetic 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. Thus, “lithium ferrite” has been prepared; the
chemical formula of this material can be written as (lig.sFeq.5FesO4. It can
be seen that in this compound, the divalent X ion has been replaced by
equal amounts of monovalent lithium and trivalent iron. Certain microwave
applications have made it imporfant to obtain ferrites with high Curie
temperatures and lower saturation moments than can be obtained from any
of the mixed ferrites discussed above. This has been accomplished by
replacing part of the trivalent iron by some other trivalent ion such as
aluminum. Thus a typical composition might be NiAlFes ,O4 where x
could, in principle, vary from zero to two. Strictly speaking, these materials
are not ferrites, but common usage includes them in the ever-growing list
of ferrite materials. This substance can be thought of as a solid solution of
nickel aluminate in nickel ferrite. Both moterials have the spinel crystal
structure and like all spinels, are completely soluble in each other.

The spinel crystal structure consists of a cubic close-packed oxygen lattice
throughout which the metallic ions are distributed.* Two types of interstices
exist in the oxygen lattice that will accommodate the metallic ions. In one
of these interstices, the metallic ion is surrounded by four oxygen ions
that occur at the corners of a regular tetrahedron. In the other, the metallic
ion is surrounded by six oxygen ions occurring at the corners of a regular
octahedron. The tetrahedral positions are commonly referred to as the
A positions and the octahedral as the B positions, following the notation
of Néel who developed the first satisfactory theoryt explaining the mag-

* For a very clear and concise description of the spinel structure see: A, F. Wells, “Structural
iporganic Chemistry,” Oxford University Press, london, England; 1946: pp. 85-87 and 375—38S.
T L. Néel, “Magnetic Properties of Ferrites: Ferromagnetism and Antiferromagnetism,” Annales
de Physique, volume 3, pp. 137—-198; 1948,
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netic properties of these materials. There ore twice as many B positions
occupied in the spinel lattice as there are A positions; a spinel is known
as a normal or inverse spinel depending upon how the metallic ions are
distributed between the A and B positions. Thus, if both trivalent ions in
the molecule are in the B positions and the divalent ion is in the A position,
the spinel is normal. Many ferrites, however, are inverse spinels, and in
these the trivalent iron ions are equally divided between the A and B
positions, and the divalent metallic ion is in the B position. The distribution
of ions can be inferred from magnetic data, but neutron-diffraction experi-
ments give the most direct and unequivocal evidence available today for
determining the ionic distribution. Evidence from both sources indicates
that zinc, cadmium, and manganese ferrites are normal spinels, while all
other known ferrites except magnesium are inverse. Magnesium is partially
inverse and partially normal, the exact distribution of ions between the two
sites depending upon the exact heat treatment of a particular sample.

The presently accepted theory of ferrites, verified to some extent by neutron-
diffraction experiments, indicates that the magnetic moment of the ions in
the A sites is aligned antiparallel to the magnetic moment of the ions in the
B sites. Thus, basically, ferrites belong to the class of antiferromagnetic
rather than ferromagnetic materials. However, they constitute a special
class of antiferromagnetic substances, since the magnetic moment in one
site normally is larger than that in the other site and hence there is a net
magnetic moment in one direction. Thus, even though ferrites are funda-
mentally antiferromagnetic, macroscopically they exhibit the properties of
ferromagnetism. Néel has suggested that materials that exhibit this property
of uncompensated antiferromagnetism constitute a special class of materials
and has proposed the name of ferrimagnetism to describe the phenomenon.
In most of their important macroscopic properties, however, ferrites can
be treated as ordinary ferromagnetic materials.

This theory quite accurately accounts for the saturation moment of most
ferrites, and in addition, it explains how it is possible to add a diamagnetic
ion such as divalent zinc to nickel ferrite and to increase the saturation
moment of the material. Thus in pure nickel ferrite, half of the trivalent iron
ions are in the A sites and half are in the B sites, while all of the divalent
nickel is in the B sites. Since the magnetic moment of the ions in the A sites
is aligned antiparallel to the moments in the B sites, the magnetic moments
of the iron ions effectively cancel each other and the net saturation moment
of nickel ferrite is due to the nicke! ions alone. Since divalent nickel has two
unpaired electrons, it is expected that the saturation moment of nickel
ferrite should be 2 Bohr magnetons per molecule. It is experimentally
measured to be 2.3 Bohr magnetons. When zinc is added to nickel ferrite
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Ferrites  continved

to form the mixed ferrite, NiisZnsFe2Qy, the zinc enters the A site and
displaces § ions of trivalent iron, forcing them over to the B sites. Thus in
this material, the A sites are occupied by § ions of zinc and {1 — &) ions of
iron per molecule and the B sites are occupied by (1 4 8) ions of iron and
{1 — &) ions of nickel. Since trivalent iron has § unpaired electrons, giving
it a magnetic moment of 5 Bohr magnetons, it is to be expected that the
saturation moment of nickel—zinc ferrite will be {2 4 88) Bohr magnetons
per molecule. It is found experimentally that the moment of nickel-zinc
ferrite follows this formula approximately until about half the nickel has
been replaced by zinc li.e., § = 0.5). On further additions of zinc, the
exchange fields that account for the ferromagnetic property become so
greatly weakened that the material rapidly becomes paramagnetic at room
temperature.

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 constont and conductivity show a
relaxation as a function of frequency with the relaxation frequency varying
from 1000 cycles/second to several megacycles/second. Most ferrites
appear to have relatively high resistivities (= 10° 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 appreciable
amount of divalent iron, then both the conductivity and dielectric constant
are very high. Relative dielectric constants as high as 100,000 and resistivi-
ties less than 1 ohm—centimeter have been measured in several ferrites
having a small amount of divalent iron in their composition.

The accompanying table lists some of the pertinent information with respect
to the more-important ferrites. Properties such as electrical conductivity
and dielectric constant, which are extremely structure-sensitive, are not
listed since slight changes in method of preparation can cause these prop-
erties to change by several orders of magnitude. Also not included in the
table is the initial permeability of ferrite materials since this is also a
structure-sensitive property. The initial permeability of most ferrites lies
between 100 and 2000. In general, the ferrites listed in the table have the
following properties in common.

Thermal conductivity = 1.5 X 1072 calorie/second/centimeter?/degree C
Specific heat = 0.2 calorie/gram/degree C

Young's modulus = 1.5 X 10" dynes/centimeter?



76 CHAPTER 4

W Components

Standards in general

Standardization of electronic components or parts is handled by several
cooperating agencies. The Radio-Electronics-Television Manufacturers'
Association (RETMA) and the American Standards Association (ASA) are
active in the commercial field. Electron-tube standardization is handled by
the Joint Electron Tube Engineering Council (JETEC), a cooperative effort
of RETMA and the Nafional Electrical Manufacturers Association (NEMAI.

Military (MIL) standards are issued by the U. S. Department of Defense or
one of its agencies such as the Armed Services Electro-Standards Agency
(ASESA).

These organizations establish standards for electronic components or parts
land in some cases, for equioments) for the purpose of providing: inter-
changeability among different manufacturers’ products as to size, per-
formance, and identification; minimum number of sizes and designs; uniform
testing of products for acceptance; and minimum manufacturing costs. In
this chapter is presented a brief outline of the requirements, characteristics,
and designations for the major types of component parts used in electronic
equipment.

Color coding

The color code of Fig. 1 is used for marking electronic components.

Fig. 1—Standard electronics-industry color code.

significant decimal tolerance voltage character-

color figure multiplier in percent* rating istic
Black 0 1 +20 (M) — A
Brown 1 10 +1 100 B
Red 2 100 +2 (G) 200 C
Orange 3 1,000 +3 300 D
Yeliow 4 10,000 GMVE 400 E
Green 5 100,000 +5t 500 F
Blue é 1,000,000 +6 600 G
Violet 7 10,000,000 +12.5 700 -
Gray 8 0.01t =+30 800 |
White 9 0.1% +10t 900 J
Gold - 0.1 +5 U 1000 -
Silver - 0.01 210 K) 2000 -
No color - —_— +20 500 -

* Letter symbol is used at end of type designations in RETMA standards and MIL specifications
to indicate tolerance. =3, 6, +12.5, and +30 percent are tolerances for ASA 40-, 20-,
10-, and 5-step series,

t Optiona!l coding where metallic pigments are undesirable.

1 GMV is —0-to-4100-percent tolerance or Guaranteed Minimum Value.
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Standards in general  continved

Tolerance

The maximum deviation allowed from the specified nominal value is known
as the tolerance. It is usually given as a percentage of the nominal value,
though for very small capacitors, the tolerance may be specified in micro-
microfarads (uufl. For critical applications it is important to specify the
permissible tolerance; where no tolerance is specified, components are
likely to vary by ==20 percent from the nominal value.

Preferred valves

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

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

— 10,—

numbers based on V10 and \0/10 as listed in Fig. 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 =+20-, +10-, and ==5-percent
tolerances in the electronics-component indusiry, a series of values based on

\6/16, 1\2/1_6, and V10 has been adopted by the RETMA and is widely used
for small electronics components, as fixed composition resistors and fixed

ceramic, mica, and molded paper capacitors. These values are listed in
Fig. 2.

Voltage rating

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

Characteristic

This term is frequently used to include various qualities of a component
such as temperature coefficient of capacitance or resistance, Q value,
maximum permissible operating termperature, stability when subjected to



]8 CHAPYER 4

Standards in general

continyed

repeated cycles of high and low temperature, and deterioration experienced
when the component is subjected to moisture either as humidity or water
immersion. One or two letters are ossigned in RETMA or MIL type designo-
tions, and the characteristic may be indicated by color coding on the
component. An explanation of the characteristics applicable to a component
will be found in the following sections covering that component.

Fig. 2~~ASA and RETMA preferred volues. The RETMA series is standard in the elecironics

industry.

American Standard

RETMA standard*

Name of series us “10" +209, £109, *5%,
Percent step size 40 25 =40 20 10
Step multiplier  |/10 = 1.58] /10 = 1.26 | /10 = 146 | /10 =121 | /70 = 1.10
Values in the
series 10 10 10 10 10
- 12.5} - ~ 1"
- 12 - 12 12
- - - - 13
- - 15 15 15
16 16 - - 16
- - - 18 18
- 20 - - 20
- - 22 22 22
- - ~ - 24
25 25 -~ - -
- - ~ 27 27
- 31.5} - - 30
- {321 - - -
- - 33 33 33
- - - - 36
- - - 39 19
40 40 - - -~
-~ - - - 43
- - 47 a7 47
- 50 P - -
- - - - 51
- -~ - 56 56
- -~ - -~ 62
63 63 - - -
- - 68 68 68
- - - - 75
- 80 - - -
- - - 82 82
- - - - 1)
100 100 100 100 100

* Use decimal muitipliers for smaller and larger values. Associate the tolerance +20%, +10%,
or £5% only with the values listed in the corresponding column: Thus, 1200 ohms may be
either 410 or =45, but not 20 percent; 750 ohms may be +5, but neither 20 nor 10

percent.
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Resistors—flxed composition

Color code

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

] ]

axial radial

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

value. If no color appears herse, tolerance is 4= 20%,

Fig. 3—Retistor color coding. Colors of Fig. 1 determine values,

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

band designation
resistance in ohms
and tolerance A B C D
3300 & 209, Orange Orange Red Black or no band
510 & 59, Green Brown Brown Gold
1.8 megohms + 109, Brown Gray Green Silver
Tolerance

Standard resistors are furnished in 4=20-, 2=10-, and J=5-percent tolerances,
and in the preferred-value series previously tabulated. “Even” values, such
as 50,000 ohms, may be found in old equipment, but they are seldom used
in new designs.
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Temperature and voltage coefficients

Resistors are rated for moximum wattoge at an ambient temperature of
40 or 70 degrees centigrade; above these temperatures it is necessary to
operate at reduced wattage rotings. Resistance values are found to be a
function of voltage as well as temperature; current Mlt specifications allow
a maximum voltage coefficient of 0.035 percent/volt for %- and %-watt
ratings, and 0.02 percent/volt for larger ratings. Specification MIL-R-11A
permits o resistance—temperature characteristic as in Fig. 4.

Fig. 4—Temperature coefficient of resistance,

charac- perceni maximum allowable change from resistance
teristic at 25 degrees centigrade
Nominol 0 > 1000 >10,000 | >0.1 meg| >1meg | >10meg
resistance to to to to fo to
in ohms 1000 10,000 0.1 meg 1.0 meg 10 meg 100 meg
At —55 deg
cent ambient +6.5 +10 413 +20 +26 +35
At +105 deg
cent ambient +5 +46 +7.5 +10 +18 +22

The separate effects of exposure to high humidity, salt-water immersion
lapplied to immersion-proof resistors only}, and a 1000-hour rated-foad
life test should not exceed a 10-percent change in the resistance value.
Soldering the resistor in place may cause a maximum resistance change of
=+3 percent. Simple temperature cycling between —55 and +85 degrees
centigrade for 5 cycles should not change the resistance value as measured
at 25 degrees centigrade by more than 2 percent. The above summary of
composition-resistor performance indicates that tolerances closer than
#+5 percent may not be satisfactorily maintained in service; for a critical
application, other types of small resistors should be employed.

Resistors—fixed wire wound low power types

Color coding

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



COMPONENTS 8]

Resistors—flxed wire wound low power types  continued

Maximum resistance

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

3-watt: 470 ohms T-watt: 2200 ohms 2-watt: 3300 ohms

Wattage

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

Temperature coefficient

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

value | RETMA | MIL
Above 10 ohms =+ 0.025 percent/°C =+ 0.030 percent/°C
10 ohms or less + 0.15 percent/°C + 0.065 percent/°C

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 employ a thin layer of resistive material deposited on an
insulating core. The low-power types are more stable than the usual
composition resistors. Except for high-precision requirements, film-type
resistors are a good alternative for accurate wire-wound resistors, being
both smaller and less expensive.

The power types are similar in size and performance to conventional wire-
wound power resistors. While their 200-degree-centigrade maximum
operating temperature limits the power rating, the maximum resistance value
available for a given physical size is much higher than that of the corre-
sponding wire-wound resistor.
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Construction

For low-resistance values, a continuous film is applied to the core, a range
of values being obtained by varying the film thickness. Higher resistances
are achieved by the use of a spiral pottern, 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 currently used are microcrystalfine carbon, boron—
carbon, and various metallic oxides or precious metals.

Deposited-carbon resistors have a negative temperature coefficient of
0.01 to 0.05 percent/degree centigrade for low-resistance volves and
somewhat farger for higher values. Cumulative permanent resistance changes
of | to 5 percent may result from soldering, overload, low-temperature
exposure, and aging. Additional changes up to 5 percent are possibie from
moisture penetration and cyclic temperatures.

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/degree centigrade is typical. Similorly, a metallic
dispersion in the carbon film provides a negative coefficient of 0.015 to
0.03 percent/degree centigrade. 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
coefficients are predominantly positive, varying from 0.03 to as little as
0.0025 percent/degree centigrade.

Applications

Power ratings of film resistors are based on continuous direct-current or
on root-mean-square operation. Power derating is necessary for the
standard units above 40 degrees centigrade; for hermetically-sealed
resistors, above 70 degrees centigrade. In pulse applications, the power
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dissipated during each pulse and the pulse duration are more significant
than average power conditions. Short high-power pulses may cause instan-
taneous 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 experimentally.

Film resistors are fairly stable up to about 10 megacycles. Because of the
extremely thin resistive film, skin effect is smail. At frequencies above 10
megacycles, 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 resistors 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 is frequenily reported in all types of film
resistors. Silver-plated caps and core-ends effectively overcome this
problem.

Capacitors—fixed ceramic

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

Color code

If the capacitance tolerance and temperature coefficient are not printed
on the capacitor body (Fig. 5), the color code of Fig. 6 may be used.

Rl CC 20 C H100K

RETMA class -——J TL_—- tolerance on capacitance
i number of zeros acit
ceramic capacitor significant figures capacitance

tolerance ontemperature coefficient
style {case size) temperature coefficient

Fig. 5—Type designation for ceramic capacitors. RETMA class is omitted on MIL-
specification capacitors.
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temperature coeffi- first significant figure
cient—band or dot
at inner-electrode

end

second significant figure
decimal multiplier
capacitance tolerance

% %

Tk
; 4604
axial lead 414 14 1. xa

7
alternate radial lead —-‘-——'h:‘: "

capacitance tolerance
temperature
significant | decimal in percent in uuf coefficient in
color figure multiplier | (€ > 10uuf) | (C K 10uuf) | parts/million/°C
Black 0 1 +20 (M} 20 (G 0(Q
Brown 1 10 +1 {F) +0.1 (B =30 (H)
Red 2 100 +2 (G} —_— —80 {l)
Orange 3 1,000 e —_— — 150 (P}
Yellow 4 10,000 —— —— —220 (R)
Green 5 —_ +5 1 +0.5 (D} — 330 {S)
Blue é — —_— _— —470 (T
Violet 7 — _ _ —750 (U)
Gray 8 0.01 —_— +0.25 (C) +30
White 9 0.1 =+10 (K) 1.0 (A +100 to —750
(RETMA general
purposel
Silver - -_— e -_— See Fig. 7,
(RETMA class 4)

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

Fig. 6—Color code for fixed ceramic capacitors.

Capacitance and capacitance tolerance

Preferred-number values on RETMA and MIL specifications are standard for
capacitors above 10 micromicrofarads (uuf). The physical size of a capacitor
is determined by its capacitance, its temperature coefficient, and its class.
Note that the capacitance tolerance is expressed in uuf for nominal
capacitance values below 10uuf and in percent for nominal capacitance
values of 10 uuf and larger.

Temperature coefficient

The change in capacitance per unit capacitance per degree centigrade
is the temperature coefficient, usually expressed in parts per million parts
per degree centigrade (ppm/°C). Preferred temperature coefficients are
those listed in Fig. 6.
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Temperature-coefficient tolerance: Because of the nonlinear nature of the
temperature coefficient, specification of the tolerance requires a statement .
of the temperature range over which it is o be measured f{usually —55 to
+-85 degrees centfigrade, or 425 to +85 degrees centigrade), and a

Fig. 7—Quality of fixed ceramic capacitors. Summary of test requirements.

RETMA class

specification
MIL-C-20 1 | 2 ’ 3 f 4
Minimum initial insulation re-
sistance in megohms >7500 7500
Minimum Q for C > 30 uuf
{See Fig. 8 for smaller C} > 1000 1000 500 350 250
Maximum allowable capaci-
tance drift with tempera- 0.2%
ture cycling (percent or or 0.3% or 0.25 uuf -
puf, whichever is greoter) ~ 0.25 uut
Maximum capacitance change
in percent over range — 55 —_ —_ -—_ — 425
to+85C
Working voltage = sum of
dc and peak ac —_ 500 350
Humidity test 100 hours exposure ot 40°C, 95%, relative humidity
1000 hours,
750 vdc plus
Life test ot 85°C 250 vac at | 1000 hours, 1000 volts 1000 hours,
: 750 volts
100 cycles
or fess
Minimum Q
After (C > 30 uuf) > % initial limits 170 50
humidity
test or Minimum insula-
life test tion resistance > 1000 1000 100
in megohms
R Maximum
Aﬁ;:;"'fe copacitance 1% 19, or 0.5 uuf
change
Temperature compen- | Intermediate High-capacitance
Application sation; stable, general- | quality general-purpose,
purpose uses noncritical  uses
only
Volume efficiency (uuf/inch?} low low High
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statement of the measuring procedure to be employed. Standard tolerances
bosed on +25 to 485 degrees centigrade are symmetrical:

Tolerance in ppm/°C ] 15 | 4+£30 | 460 | 4120 | 4250 | <4500
Code fw® o o ] ] W

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

Quality

Insulation resistance, internal loss & 1000 ——
(conveniently expressed in ferms € 600

of Q), capacitance drift with fem- £

perature cycling, together with € 600 class? |
the permissible effects of humidity 400 1l cioss 3 .
and accelerated life tests, are 200 Cioss 4
summarized in Fig. 7. These data o — 1

will be a guide to the proba- 0 5 10 15 20 25 30 35 40
ble performance under favorable nominal capacitance in puf

or moderately severe ambient Fig. g—Minimum Q requirements for ceramic
conditions. capacitors where capacitance <30 ppuf.

General-purpose ceramic capacitors

Ceramic materials suitable for temperature-compensating capacitors must
have nearly linear temperature characteristics in the operating tem-
perature range and high dielectric properties. Only low- and medium-K
{dielectric-constant] ceramics meet these limitafions.

For many circuit applications, nonlinear capacitance~temperature char”
acteristics and power factors of 1 to 2 percent are not objectionable.
Capacitors having high-K ceramic bodies {up to K=46000) foll in this class.
The high dielectric constant results in an extremely small unit. Generally,
the higher the K, the greater the nonlinearity and the greater the power
factor.

Six basic styles are manufactured. In lead-mounted types, tubular and disc
configurations are available. Feedthrough and standoff types are made in
both tubular and discoidal constructions.

Inductance in the leads and element causes porollel resonance in the
megacycle region. The user is advised to exercise care in their application
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obove about 50 megacycles for tubular styles and about 500 megacycles
for disc types. Precise frequency limits cannot be cited because of the inde-
terminate inductive effects of lead length, lead dress, and variations in
construction.

Capacitors—molded mica dielectric

Type designation

Small fixed mica capacitors in molded plastic cases are manufactured to
performance standards established by the RETMA or in accordance with
a MIL specification. A comprehensive numbering system, the type designation,
is used to identify the component. The mica-capacitor type designations
are of the form shown in Fig 9.

0 M

yvaah

RETMA component case RETMA class or capacitance tolerance

prefix MIL characteristic
Fig. 9—Type designation for mica-dielectric capacitors.

Component designation: Fixed mica-dielectric capacitors are identified by
the symbol CM for MIL specification, or RCM for RETMA standard.

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

Characteristic: The MIL characteristic or RETMA class is indicated by a single
letter in accordance with Fig. 10.

Capacitance value: The nominal capacitance value in micromicrofarads is
indicated by a 3-digit number. The first two digits are the first two digits of
the capacitance value in micromicrofarads. The final digit specifies the
number of zeros that follow the first two digits. If more than two significant
figures are required, additional digits may be used, the last digit always indi-
cating the number of zeros.
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Capacitance tolerance: The symmetrical capacitance tolerance in petcent
is designated by a letter as shown in Fig. 1.

Color coding

The significance of the various colored dots for RETMA-standard and MIL-
specification mica capacitors is explained by Fig. 12. The meaning of each
color may be interpreted from Fig. 1.

Fig. 10—Fixed-mi pacit requinmenﬁ by MIL characteristic and RETMA class.*
Mil=specification requirementst |  ° U RETMA=standard qul t
maximum ‘ . maximum minimum
MIL char | maximum range of range of insulalion
or paci perature i peratur 1
RETMA drift in coefficient i i fhici in minimum
class percent (ppm/°C}1 Q drift {ppm/°C)1 | megohms
. 30, of
A — - =15% + .=1000 3000 RETMA
i 1 auf) valve
in Fig. 11,
B _ - - =039 + =500
B - g U puft S
a2, EY
c +0.5 *=200 282 | =05%+ =200 e
. g 5 'é 0.5 pufl | . 3_8
1 — - $o% |=03%+ —50 to Se
or 0.2 pufl +150 6000 <a
=3 x>
.8 Y o
D =03 =100 8¢ | =w03%+ =100 o>
&g 0.1 puf =0
$=2 -2
4 — — we & | +102% + —50 to o5
0:2 ppf) +100 ]
~ §3
E + 01% + | —2010 4100 =01z + ~20 1o s B
0.1 puh ‘ O uph +100
F £ 10.05% +] Oto +70 — — —
01 uuh >

* Where no data are given, such characteristics are not included in that particular standard.
1 Insulation resistance of ali Mil capa-

citors must exceed 7500 megohms. © 5000
o, s . £
1 ppm/°C = parts/million/degree centi- H] 4 e
grade. & 1000 SV iaing
€ 4
%/5‘0 \
/ «
100§

Fig. 11=—Minimum Q versus capacitance
for MIL mica capacitors (Q od ot ‘

. i 10

1.0 "‘.f":""‘ale)' and ::’ ;E;AgA,o'";‘_; 510 100 1000 10,000 47,000

megacyclas). capacitanca in upf
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MIL mica—Dblack first significant figure
RETMA mica—white ! __E second significant figure
y
O O

O

—

MIL characteristic
or RETMA class

decimal multiplier

s
t

tolerance

Fig. 12—Standard code for fixed mica capacitors. See color code, Fig. 1.

Examples
fop row botfom row
(tolerance | multiplier
type loft center right fett contfer right description
RCMZOAQQIM' white | red red black black l brown 220 puf = 20%, RETMA class A
CM30Cé81) black { blue aray red gold brown 680 upf = 5%, characteristic C
Capacitance

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

Temperature coefficient

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

MIL: +25 —40, —10, 425, 445, +65, 185 +25

RETMA: 425, —20, 425, +-85, 425

Dielectric strength

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

Humidify and thermal-shock resistance

RETMA-standard capacitors must withstand a 120-hour humidity test: Five
cycles of 16 hours at 40 degrees centigrade, 90-percent relative humidity,
and 8 hours at standard ambient. Units must pass capacitance and dielectric-
strength tests, but insulation resistance may be as low as 1000 megohms for
class A, and 2000 megohms for other classes.
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ML specification capacitors must withstand 5 cycles of +25, +85, +25,
~55, +25 degree-centigrade thermal shock followed by 2 cycles of water
immersion at +65 and 4-20 degrees centigrade. Units must pass capacitance
and dielectric-strength tests, but insulation resistance moy be as low as
3000 megohms.

Life

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

Capacitors—fixed mica dielectric butfon style

Color code

“Button” mica capacitors are color coded in several different ways, of
which the two most widely used methods are shown in Fig. 13.

identifier (black)

third figure multiplier

first figure

second figure % tolerance

i P second figure
» '€b‘ o

N~
K!ZO'min

Commerciol method MIL method

first figure chorocteristic

multipliee

% tolerance
choracteristic

Fig. 13—Color coding of button-mica capacitors. See Fig. 1 for color code. Commercial
color code for characteristic not standardized; varies with manufactorer.

Characteristic

The table of characteristics for button-style mica capacitors is given in
Fig. 14. lnsulotion resistance after moisture-resistance test should be at
least 100 megohms for characteristic X capacitors; at least 500 megohms
for all other MIL or commercial characteristics.
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Initial Q values should exceed 500 for capacitors § to 50 puf; 700 for capac-
itors 51 to 100 uuf; and 1000 for capacitors 101 to 5000 ppf. Initial insulation
resistance should exceed 10,000 megohms. Dielectric-strength tests should
be made at twice rated voltage.

Fig. 14—Requiremenls for bution-style mica capacitors.

characteristic

max range of temp coeff | maximum capacitance

ML commercial {ppm/°C) drift
— C 4200 +0.5%
D or X — © 4100 +0.3% or 0.3 uuf,
whichever is greater
— D +100 + 0.05 uuf +10.3% + 0.05 puf)
— E {—20 to +100) + 0.05 puuf | =10.19% + 0.05 puf)
— F 0 to +70) + 0.05 puf +10.05% + 0.05 ppufl

Thermal-shock and humidity tests

These are commercial requirements. After 5 cycles of 425 —55, 485,
+-25 degrees centigrade, followed by 96 hours at 40 degrees centigrade
and 95-percent relative humidity, capacitors should have an insulation
resistance of at least 500 megohms; a Q of at least 70 percent of initial
minimum requirements; a capacitance change of not more than 2 percent
of initial value; and should pass the dielectric-strength test.

Capacitors—impregnated paper dielectric

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

Life—voliage and ambient temperature

Normal paper-dielectric-capacitor voltage ratings are for an ambient
temperature of 40 degrees centigrade, and provide a life expectancy of
approximately 1 year continuous service. For ambient temperatures outside
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2 100 ] M~ 100 2
B P ¥ 5
3 N\ 5 AN \ o
2 80 80 &
: \\ N\ | 3
> . >
% 60 AN ST\ 60 5
g 14\ MUE
S \ £
g 40 \\ 0%
3 2 «ta ?
B - 5
s 3 2
§ 20 20§
a 8
0 0

-40 20 40 60 80 100 120 140 40 60 80
ombient temperoture in degrees centigrade

MIL specification RETMA standard
ML | watt-second voltage watt-second | voltage
char rating rating curve rating rating curve
|
;o>s50 Al 1 >50 1500 and
| over
| 5-50 Al 2 4
J 2000 and
D J 0.5-5 All, plus those ex- below
£ . cluded from grouvp 3 5-50
| of curve 4 2500 and
F ‘ above 7
0-0.5 1500 v and below—
smali cased tubular 05 All
styles; 4
I 1000 v and below—
g other styles
0-0.8 600 v and below—
small cased tubular
K styles; 5
400 v and below-—
other styles

Fig. 15—Llife-expectancy rating for paper capacitors as a function of ambient tem-
perature.
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the range 0 to 440 degrees centigrade, the applied voltage must be reduced
in accordance with Fig. 15.

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

where

C = capacitance in farads

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.

Longer life in confinyous service may be secured by operating at voltages
lower than those determined from Fig. 15. Experiment has shown that
the life of paper-dielectric capacitors having the usual oil or wax impreg-
nants is approximately inversely proportional to the 5th power of the applied
voltage:

desired life in years {at ambient =~ 45°C) | v+ | 2 | 5 | 10| 2
applied voltage in percent of rated voliage | o0 | 8 | 70 | 60 | 53

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

Waveform

Normal filter capacitors are rated for use with direct current. Where
alternating voltages are present, the adjusted-voltage rating of the capacitor
should be calculated as the sum of the direct voltage and the peak value
of the olternating voltage. The alternating component must not exceed
20 percent of the rating at 40 cycles, 15 percent at 120 cycles, é percent at
1000 cycles, or 1 percent at 10,000 cycles.

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

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



g+ o1 1+ 9— o1 0l— Q0 olSY— SF SF ES epoiByued seaibap 67 4o
anjoA woij @Bubyd 9ouD}12DdPD JuUIdI8y
L= §LOZ0 ” gotl ) gohl 91 04 €0 l 9017 . Juediad U] JO4OP} 18MOJ '
ost ' — ’ 0001l ‘ osl _ osv 009 ﬂ oslL , swyoBaw Ul 92uDjsisal uoyD|NsUL wnwiui V
ot ' - # 00t f ol d sl ’ 114 ~ oz — [ ” wnwiujw uoypd119edg ainy
{ _ }spoipjosoiu -oladwe}
0z — s ~ 001 J oe , o¥ ~ [+]} ” |PUIWON ’ X swyobey jusiquo
-ybiy
[243 g8 (1] (1] S8 (1] oppJByjuad 10 sjusw
sooibap u! ainjpiadway 4s94 jueiquo-ybiy -aInsDaW
e S I I O R N N
jusosed vy
§o= * S'L 0150 ’ € 0150 ’ £0> €0 p 0> ’ s/2 09 ﬂ 10}opy JaMO4
000°Z1 i — ’ 0009 ‘ooh— ~ 00sY ’ 0009 ’ 00s1 _ swyoBaw u) 8IUD|SISAS UOHR(ASU WUy
—— | juelquo
000V E — _ 000Z _ 0001 ‘ 00Ss1 ‘ ‘ 000Z . 00§ ‘ wawuiw UOLDIYIIIdg 2.5
; {spoipjosdtul | 4o sjuew
000°0Z , 000°51 # 000€ | 0009 # 000L ﬁ 0051 ~ |oUIWON f X swyobayy ~2Inspa
_ ’ — ﬂ — # g d — d | — ’ 5 , — , piopuDls YWLIY woi
4 oHs14940040YD
3 - - — | H , 1 — | a VSZ-D-TIW
~ v uoyooyIadg woiy
sioysoAjod Jo XDM (oueyjuis (suayiuis 1o no Apedoad
‘spiny euodiis joIeu sus|oyiydou | pepuliofyd) [LILUTO J043Dd
rsouajnqosihjod pejounio]yd) +310I03sD
XDMO|OH 7

94 CHAPTER 4

supejalp 1edod paipubaidun — saojidpdp)  ponunuod

-sJop0do> Jedod Joy sjunuBaidwi jo $3143[194PDIOYDY—9 1 By



COMPONENTS 95

'sjuoweJInbes 9dUD|SISeI-uolD|NSU] BYY JO $58DXS Ul §1ONpoId poIDjOIIW X wyobaw
AOYs O} peyoedxe Jou 2D 510520dd ‘einjoliadwsy ysey Aup gy 49BiD| JO polojosdiw £ Ajeypwixosddo jo si04100dod 04 sanddo ‘epoiblyusd sealbep Gz w1

T

“Al@Ad9dses ‘4 Pud J $2SII9JODIDYD Iy JO SUOISIA 8)1|-BUO| AJ(DIUSSSS 8O (SAOQD P4OINGD JOU) g PUd Y SIUYS118400404D YGZT-D-TIW |
4o usesul ‘y [OUDYAQ ‘|OUDIAZ JOI204Y SewDu epol |
"Atiedoud oyy 40} spwil| pIDpUDIS-YNLIY 10 YSZ-D—IIW UONDIYDadg Bio uOKD|NgD} U saInbly plog

sjuswsaiinb
MO||0 -84 Ajjgoys
$IIUN xom -yBIH pejiw|
-O|oH uoyy efiuos auny e|qowwpoyut | “suoyod|ddo s eBuoy
suoypoliddo oBups ‘dway -piadwsy -UON dwey-ybiy sinypiadway
‘dwey-ybiy 19PIM 18A0 pajiw)| 10A0 20 pun {0 pup §1 00 08|y
f5p asodind op esodind op esodind op esodund 2op 9sodind *op esodind
BLIETEYS) -[pJBUR D) -[p18UB L) -|pJoues) -[odeuss) -|pJjsusn) sasn papuewwolIey
sel gel 0oL ool Sel 00t (82uny;opdod jONbs jo
Sjlun Joyj) BWN|OA JO4120dOd BAlD|9Y
STl 05 55— Sg-+ o4 S5+ 01 0Z— | 58+ 04 65—~ | 68+ 01 56— | 58+ ol 56— epoibilusd seaibep ul abupd ojop
eJnjosadway Jus|quD pepuswwolay uoyooyddy
|
0og— ot —
oL — - oL— o4 0t— | §F |st1— o4 0f — | whwxow UOKDOYIdadg opoibyusd
s+ s+ seatbap 7
10 @njoA Woyy
sbuoy> ascuoy
T— oi5— C— 09— | §—Ol0l— |0T— %40E— | T+ ©40t— | v+ 04 0Z— JoUIoN | -opdDd Jusdlay
(=] yoig yoiS0 €01 g0 € 0460 ¥ 01 §°| juadsed u) 10400} JomOy SIn}
~pJedwey
jusiIquo
-MO)
cS— GG — oz— or— |Ss— |[Ob— |SS— |Ob— | 66— apoibyuad ssasbap | 0 sjuew
uy einyosedwed 4584 JuSIGWD-MO] -eunsoayy




gB CHAPTER 4

Capacitors—impregnated paper dielectric  confinved

Capacitor impregnants

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

Insvlation resistance

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

The insulation resistance of a capacitor is a function of the impregnant;
its departure from moximum value is an indication of the care token in
manufacture to avoid undesirable contamination of the impregnant. For
example, if an askarel-impregnated capacitor has the same insulation
resistance as a good castor-oil-impregnated capacitor of equal rating, the
askarel impregnant is strongly contaminated, and the capacitor life wiil be
considerably reduced.

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

Power factor

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

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

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

Temperature coefficient of capacitance

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

Life tests

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

Capacitors—metalized paper

When dielectric breakdown occurs in conventional paper—foil capacitors,
conducting particles or carbonized areas in the paper establish conduction
between the foils. Since the foils are capable of carrying substantial current,
sustained conduction results, carbonizing a large area of paper, and
permanently short-circuiting the capacitor.

In the metalized-paper capacitor (construction shown in Fig. 17}, the metallic
film is extremely thin. On breakdown, this film immediately burns away,
leaving the capacitor operable, but with slightly reduced capacitance. This
phenomena results in self-healing capacitors.

Minor defects (pin holes, thin
spots, and conducting particles)
are unavoidably present in all
capacitor papers. Therefore, con-
ventional paper capacitors em-
ploy not less than two layers of
paper. Since the metalized-paper
types are self healing, a single
layer may be used. Metalized-

impregnant

interleaved
poper for
higher
voltages

paper c.opocitors designed .to impraghant metallic™ film
Eperli;e just below ﬂ"'te dielectric- Gonventional paper Metollized paper
rea wn ti -
© potential are appre Fig. 17—Construction of conventional and

ciably smaller than conventional- metalized-type paper capacitors.
construction paper capacitors.
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Characteristics

Characteristics of metalized-paper capacitors may best be illustrated by
comparing them with conventional paper capacitors.

The space saving possible with metalized-paper capacitors is their out-
standing characteristic. At 200-volts rating they are one-quarter the volume

o
o

conventional paper, \X

chor K
wax gnd minergl— A polyester

oif - metaiiized paper resin~

l ] \ metoilized

so conventional paper,
chor E

25 L[ I

percent rated voltage
~
pod

8 20 T 1.

c polyester resin |

2, [N

o +o — 1

é o . ‘:L< mineral oil

2 -t = T~

2 A - [ ———te wOX

a =io l

o

® -20

& 3 R T

8 lyester rasin

§ 2 ‘\\ pey ' Fig. 18—From top fo botlom,

- \\ L1 /r‘r voltage derating, capacitance

H L \ N ) oil ond chonge, and power factor as a

§ 0 — mﬁ{—o o'l on I” ox function of temperature for
-a0 o +a0  +80  +120 talized-paper capacitors.

temperature in degrees centigrade

of conventional paper construction; at 600-volts rating, the ratio increases
to 0.8. Above 600-volts rating, metalized-paper capacitors provide no size
advantages.

Electrical performance, including temperature chorocteristics, depends
largely on the impregnant. Since an occasional arcover is normal, the
impregnant must be one that does not breck down os the result of arcing.
This limits impregnants to mineral waxes and oils ond, for high-temperature
use, certain polyester resins. Except for upper-temperature operation, these
impregnants give similar results,
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The insulation resistance is significantly lower than that of paper—foil
construction, being in the order of 500 megohm—microfarads, compared to
6000 for paper—foil. Capacitance change at high- and low-temperature
limits normally does not exceed § to 6 percent for mineral-wax- or oil-
impregnated capacitors and 10 to 20 percent for polyester-resin-impregnated
capacitors. The power factor at 1000 cycles/second is about 0.03 at low
temperature and 0.01 to 0.02 at room temperature and above. For operation
at elevated temperatures, voltage derating is recommended; see Fig. 18.
The variation of capacitance and power factor is also indicated in Fig. 18.

Applications

Internal noise is probably the greatest deterrent to the general use of
metalized-paper capacitors. This characteristic limits their use to bypassing
and filtering. When operated at 75 percent of rated voltage, random
arcing is negligible, but space advantage is less significant.

To be sure that faults will burn out, it is important that sufficient volt—-amperes
be available in the circuit. Similarly, it is necessary to limit the resistance in
series with the capacitor. Most faults have a resistance of between 1 and
100 ohms. While a voltage of about 4 volts or a current of 10 milliamperes
will eventually clear the capacitor, higher values are recommended for
reliable performance.

Capacitors—plastic film

Where extreme-stability, low-loss, high-temperature, or high-frequency
operation is required, paper capacitors offer, at best, marginal performance.
Mica capacitors in high-capacitance values are large and expensive. One
or more of these operating characteristics are obtainable in a superior
degres, in certain of the plastic-film capacitors. Other plastic-film capacitors
are practical for general use, because of space factor, price, and per-
formance under moderate conditions.

Fig. 19 shows capacitance~temperature and voltage-derating curves, while
Fig. 20 lists general characteristics of the various film types. Since some
conflict exists between sources, the information is conservatively stated.
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Fig. 19—Top, voltage derating and below, capacitance variation as a function of tempera-
ture for plastic-film capacitors, CA = cellul tate, MY = Mylar, PE = polyethylene,
PS = polystyrene, and TE = Teflon.
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Fig. 20~Characteristics of hermetically led plastic-film capacitors.
cellulose poly- l poly- l l
property acetate ethylene styrene Mylar Teflon
Operating temperature —60 —60 -—9%0 —60 —40
range in °C to to to to to
+105 +75 +85 +140 +200
Relative Below 1.25 2.50 4.50t0 6.50 0.75 1.70to0 2.10
size 1000 V
compared
to paper Above | 0.80t00.85| 0.50t0 0.75 —_ 0.30t0 0.35 | 0.70to 1.60
1000 V
Voltage range in volts 4600 to 1000 to 100 to 300 to 200 to
30,000 30,000 1000 8000 30,000
tnsulation 25°C 4000 108 3.5x 107 108 2.5 x 108
resistance in
megohms X High 10 0% 4 x 108 6.5 x 108 0%
microfarads temp
Low 0.02 0.0003 0.0002 0.015 0.0005
temp
Power factor
at 25°C 0.01 0.0005 0.0002 0.005 0.0005
o0 cycles/
second High 0.01 0.001 0.00075 0.015 0.002
temp
Dielectric low 5 0.01 to 0.02 0.05 0.5 0.01t0 0.05
absorption temp
in percent
High — 0.3 0.35t0 1.1 8 -—_—
temp
Normal life at 10,000 hes | 10,000 hrs { 2000 hrs 2000 hrs 10,000 hrs
rated voltage at 85°C at 65°C at 75°C at 125°C | at 150°C

Capacitors—electrolytic,

The electrolytic capacitor consists essentially of two electrodes immersed
in an electrolyte with a chemical film that constitutes the dielectric on ore
{Fig. 21} or both electrodes. Extremely thin dielectric films are practical
because of the substantial dielectric properties and the uniformity of this
chemical layer. Since the electrolyte is conductive, the effective electrode
spacing is small and the capacitance correspondingly large. An electrolytic
capacitor is characterized by a very-high volume efficiency.
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Construction

The dielectric film, which is formed by applying o potential between
electrodes, is unidirectional, having high resistance in one direction and
being conductive in the other. Thus, when only one plate is “formed,” the
capacitor is polarized and must be operated with one electrode positive
with respect to the other. By forming both plates, a nonpolar unit results.
This unit, because of the double film, has half the capacitance of the equiva-
lent polor type.

For o given case size, the capaci-
cothode  dielectric film, apode

tance can be increased by a factor electrode electrode
of 2 to 4 by eiching the formed 252052008 3955000,

. 038 OOccgo oo
electrode prior to assembly. By . ogooconduchnq?,g +

T H th ogooalocvrolmo 00
substituting metalized cloth gauze 388 §°a°ooa

or a porous slug for the conven- ook
tional foil electrode, similar results
are obtained. These units are elec-

trically inferior to plain foil (un-

etched), having larger power factors, = serias resistance
higher low-temperature impedances, e eteea®s Ry

and greater capacitance change = leakage resistance
ith temperature of dielectric film

Wi P ) Fig. 21—Basic cell and simplifled equiva-

lent circuit for polar electrolytic capacitor.

Types

The ideal electrode metal is one whose dielectric film provides perfect
“valve" action; that is, has zero direct-current resistance in one direction
ond infinite resistance in the other. This metal must also be completely
insoluble in the electrolyte and have high conductivity. While not ideal,
aluminum and tantalum approach these requirements, with tantalum being
superior to aluminum.

Aluminum-foil electrolytic capacitors have a space factor of approximately
1/6 that of paper capacitors. For low voltages (under 100 volts}, this space
advantage is even greater. Single aluminum e ectrolytic cells are practical
up to 450 direct volts, above which cells must be used in series and the space
factor then approaches that of paper capacitors.

By using tantalum in place -of aluminum, further size reduction is achieved,
the space factor being only 1/20 that of paper capacitors., The performance
of these exceeds the aluminum fype in such characteristics as film stability,
temperature range, leakage current, power factor, and life.
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In one type of tantalum capacitor, foil construction and a neutral electrolyte
are employed. These units will operate at temperatures up to 125 degrees
centigrade and are available in polar and nonpolar types. A single cell is
not practical above 150 volts. Their outstanding feature is the reduced
possibility of leakage and danger of corrosion.

Another type of tantalum electrolytic capacitor employs a porous slug of
tantalum as the anode (formed electrodel, the cathode being the silver-
plated can. In these, sulphuric acid is the electrolyte. Only polar construction
is feasible, with single-cell voltages up to about 80 volts. Because of the
type of electrolyte, operation up to 175 degrees centigrade is possible,
provided voltage is derated and a
substantial life reduction can be
tolerated.

5 -
AI,-40°C
WA vs ~s5°¢

A third type of tantalum capacitor
has a coiled tantalum wire as the
anode. It is a low-voltage, polar
device being useful primarily for
microminiature assemblies where
temperature fluctuations are small
ond operating conditions mode-

capacitive reactance
H

i——
e

rate, !

% | 2 3 4 50
Performance qui series resistance
Electrolytic capacitors have defi- & 3
nite limitations. Compared to 3 W
other types of capacitors, losses f 2 —{AL25°C Al,85°C
are large llarge leakage currents 2 V) v/
and high power factorl. The §& , To25°C Ta,85%¢
capacitance change with temper- s
ature is large. With increasing

frequency, the capacitance de- o T T2 o T 1 T2

. i i istan
creases, Whlle power fOCTOr be- equivalent series registance

comes greater, Fig. 22—Typical 120-cycle/second impedance
diagrams for aluminum (Al) and tantalym
(Ta) plain-foil polar electrolytic capacitors of

At subzero temperatures, the series  150-volt rating at low, high, and roam fem-
resistance increases sharply, while ~ Peratures. Resistance and redct are

R g drawn to same arbitrary scale for all charts.
capacitance falls off. (See Figs. 22

and 23.) Thus, at low temperatures,
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the impedance IFig. 23) is substantiolly larger than at room temperature. Aside
from electrical considerations, the freezing and boiling temperatures of
the electrolyte determine absolute temperature limits.

Referring to Fig. 21, Ry represents tha lumped series resistance of leads,
electrodes, and electrolyte. In o weli-constructed unit, only the resistance

= 140 f
g
]
£ 120 4
: % /
5 4
S
g 100
S Ta
807/
60 Z Al
%
V.
40
20
: TN
o
H
bl
g2 6
o
E N
b
§E 5
-1
L3
a
E
4
SB5
2 < Ja
high-temperotuwre Ta
r—-——&\ﬁ
) T S e s
-5 -40 ~-20 [»} 20 40 60 80 100 120 140
temperoture in degrees cenfigrode
Fig. 23—Top, capacitance and below, 120-cycle/ di d as a function of tem-

perature for aluminum (Al) and tantalum (Ta) electrolytic capacﬂors.
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of the electrolyte is significant. Resistance Rs, which is many times greater
than Ry, represents the leakage path through the imperfect dielectric.

With direct voltage impressed on the capacitor, leakage current through
Ry accounts for practically all the internal heating. However, when an
alternating-current component is present, the resultant charging current
flowing through R; generates additional heat in the electrolyte. The effect
of ripple heating, therefore, is determined by the ripple current. Heat
tolerance and heat dissipation {the latter, largely a factor of case sizel
determine ripple-current limits

Applications

Space factor and price account for the extensive use of electrolytic
capacitors. Electrical performance usually limits electrolytic capacitors to
circuit applications such as bypassing at power and audio frequencies where
circuit requirements are satisfied by minimum rather than precise capacitance
values.

For the polar type, when operated within max'mum ripple-current limits, the
large power factor and associated losses generally present no problem.
Except for some reduction in maximum operating temperature, the resultant
internal heating is not serious. However, for the nonpolar unit, internal
heating, when operated in alternating-current circuits, limits the capacitor
to an intermittant cycle. A duty cycle of twenty 3-second periods/hour is
typical.

The dielectric film is not completely stable, particularly in aluminum electro-
lytics. Theretore, some film deterioration occurs in storage. When voltage
is applied, the film reforms; but, while reforming, high leakage current
flows. In extreme cases, the resultant heating may genercte vapor and
burst the case.

Because of the film instability, extensive voltage derating of electrolytics
is impractical. A 450-volt capacitor operated on 300 volts eventually becomes
a 300-volt capacitor. Surge-voltage limitations must also be observed, since
high leakage (and heating) will occur during surges. Where such limits may
be exceeded, protective circuitry must be provided or another type of
capacitor substituted.

When these capacitors are used in series, it is imperative that equalizing
resistors be provided. An equalizing resistor, shunted across each capacitor,
prevents unequal voltage distribution across the capacitor chain.
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Since the case is in contact with the electrolyte, there is a conducting poth
between the case and the element. This condition makes necessary external
insulation between the case and the chassis, whenever the chassis and the
negative terminal are not at the same potential.

IF transformer frequencies!

Recognized standard frequencies for receiver intermediate-frequency
transformers are

Standard broadcost {540 to 1600 kilocycles)........ 458, 260 kilocycles
Standerd broodcast (vehicular}.................. 262.5 kilocycles
Very-high-frequency broadcast.................. 10.7 megacycles
Very-, ultra-, and super-high-frequency equipment. . . .30, 60, 100 megacyclies {common practice)
Television: sound carrier.....covvvveienenns «...41.25 megacycles
picture corrier...... PN 45.75 megacycles

Color codes for transformer leads

Radio power transformers?

Primary Black General Use
if tapped: Filament No. 1. Green
Common Black Center tap Green-Yellow
Tap Black-Yellow Filoment No. 2 Brown
Finish Black-Red Center tap Brown-Yellow
Filoment No. 3 Slate
Rectifler Center tap Slate-Yellow
Plate Red
Center tap Red-Yellow
Filoment Yellow
Center tap Yellow-Blue

Intermediate-frequency fransformers?

Primary For full-wave transformer:

Plate Blue Second diode Violet

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

Grid or diode Green . Second diode Green-Biock
Grid return White

1 RETMA Standard REC-109-C.
2 Old RMA Standard M4—505,
8 RETMA Standard REC-114,

¢ Old RMA Standard M4—506.
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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.

Soldering is done in one operation instead of connection-by-connection.

Uniformity: A more uniform product is produced because wiring errors are
eliminated and because distributed copacitances are constant from one
production unit to another.

Avutomation: The printed-circuit method of construction lends itself to auto-
matic assembly and testing machinery.

Flexibility: The printed circuit consists of printed wiring but may also
include printed components such as capacitors and inductors. Capacitors
may be produced by printing conducting areas on opposite sides of the
wiring board, using the board material as the dielectric. Spiral-type in-
ductors may also be printed. Both types of components are illustrated in
Fig. 24.

Printed-circuit capocitor Printed-circuit inductor

Fig. 24—Formation of reactive elements by printed-circuit methods.

Printed-circvit base materials

Printed-circuit base materials are available in thicknesses varying from 1/64
to 1/2 inch. The important properties of the usual materials are tabulated
in Fig. 25. For special applications, other laminates are available having base
insulation of:

a. Glass-cloth Teflon (polytetrafluoroethylenel.
b. Kel-F (polymonochlorotrifiuoroethytene).

c. Silicone rubber iflexible).

d. Glass-mat-polyester-resin.

The most widely used base material is NEMA-XXXP paper-base phenolic.
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Fig. 25~—Properties of typical printed-circuit dielectric base materials.

| abra- maxi-
mois- sive mum
me- ture arc action | temper-
maferial punch- | chanical | resist- insulo- | resist- on ature
ability | strength ance tion ance tools | indegC
NEMA type-P
paper-base Good Good Poor Fair Poor No —
phenolic
NEMA type-XXXP
paper-base Fair Good Good Good Fair No 125
phenolic
NEMA type-G5 ]
glass-cloth Fair | Excellent| Poor* Good Good Yes 135
melamine
NEMA type-Gé
glass-cloth Fair Good Good | Excellent|{ Good Yes 200
silicone
NEMA type-G7
glass-cloth Fair Good Poor* | Excellent| Good Yes 200
silicone
Glass-cloth
epoxy _ — Excellent | Excellent| Good Yes 160
resin

* Along glass fibers,

Conductor materials

Conductor materials avoilable are silver, brass, aluminum, and copper;
copper is the most widely used. Laminates are available with copper foil
on one or both sides and are furnished in the thicknesses of foil listed in
Fig. 26. The current-carrying capacity in amperes for copper conductors
1/16-inch wide are also listed in Fig. 26.

Fig. 26~Weigh! of foil and current-carrying capacity.

current-carrying capacity in amperes

weight in
inches thickness ounces /foot? | for 10°C rise for 20°C rise | for 40°C rise

0.0013 |
0.0027 ’

1
2 3.5 6 8



COMPONNETS ] []9

Printed circuits  confinved

Manufacturing processes
The most widely used production methods are:

Etching process, wherein the desired circuit is printed on the metal-clad
laminate by photographic, 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 a commonly used mordant for copper-clad laminates). After the etching
is completed, the ink or lacquer is removed to leave the conducting pattern
erposed.

Plating process, wherein the designed circuit pattern is printed on the unclad
base material using an electrically conductive ink and, by electroplating,
the conductor is built up to the desired thickness. This method lends itself
to plating through punched holes in the board for the purpose of making
connections from one side of the board to the other.

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.

¢. Hot-rolled or plated solder coat gives good solderabil'ty and uniform
coating thickness.

s = e

d. Other finishes for special purposes are: Gold plate for corrosion re-
sistance and solderability and electroplated rhodium over nickel for wear
resistance. Nonmetallic finishes, such as acrylic spraoys ond epoxy and
silicone-resin coatings, are sometimes applied to circuit boards to improve
moisture resistance. On two-sided circuit boards, where the possibility of
components shorting out the circuit patterns exists, a thin sheet of insulating
material is somefimes laminated over the circuit before the parts are
inserted.
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Design considerations

Diameter of punched holes in circuit boards should not be less than 2/3 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 =4=0.005 inch on the
diameters.

Hole sizes should be approximately 0.010 inch larger than the diameter of
the wire to be inserted in the hole.

Tolerances on fractional dimensions under 12 inches should not be less
than =£1/64 inch; over 12 inches, not less than =41/32 inch. Copper-
conductor widths should not be less than 1/16 inch unless absolutely
necessary.

Conductor spacing should not be less than 1/16 inch unless absolutely
necessary. In spacing conductors carrying high voltages, a good rule of
thumb is to allow 5000 volts/inch for XXXP phenolic,

Preparation of art work

Workmanship: In preparing the master art work for printed circuits, careful
workmanship and accuracy are important. When circuits are reproduced
by photographic means, considerable retouching time is saved if care is
taken with the original art work.

Materials: Art work should be prepared on a dimensionally stable glass-
cloth tracing cloth using a good grade of permanent black ink. Where
tolerances will permit, a less stable material such as good-qudlity tracing
paper or high-grade bristol board may be used for the art work.

Scale: Art work 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.
. good poor
Bends: Avoid the use of sharp corners when Fig. 27—Proper design of bends

laying out the circuit. See Fig. 27. for printed-circuit conductors.



COMPONENTS ] ] ]

Printed circuits  continued

Holes to be drilled or punched in the circuit board should have their centers

indicated by a circle of 1/32-inch diameter (final size after reductionl. See
Fig. 28.

(-

Fig. 28——Indication for hole.

Registration of reverse side: When drawing the second side of a printed
circuit board, corresponding 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 designations, operating instructions,
and other information may aiso be added.

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 components
should be inserted on the side opposite the circuit. This allows all connec-
tions 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. A five-second dip in a 40/40 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.
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M 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

it the accompanying chart, Fig. 1.

form factor, a function of the ratio d/1 Value of F may be read from

= number of turns

n =
d = diameter of coil linches), between centers of conductors
] = length of coil linches)

= n times the distance between centers of adjacent turns,

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

Example: Required a coil of 100 microhenries inductance, wound on a
form 2 inches diameter by 2 inches winding length. Then d/I = 1.00, and
= 0.0173 in Fig. 1.

\/ \/ 100 = 54 turns
Fd 0.0173 X 2

Reference to magnet-wire data, Fig. 2, will assist in choosing a desirable
size of wire, allowing for a suitable spacing between turns according to the
application of the coil. A slight correction may then be made for the in-
creased diometer [diameter of form plus two times radius of wirel, if this
small correction seems justified.

Approximate formula

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

2
L = n? ———— microhenries
‘ 9r + 10/
where r = d/2.
* Calculation of copper losses in single-layer solenoids is treated in F. E. Terman, "“Radio

Engineers Handbook,” 1st edition, McGraw-Hill Book Company, Inc., New York, N. Y.; 1943
pp. 7780,

} Formulas and chart (Fig. 1) derived from equations and tables in Bureau of Standards Circvlor
No. C74.
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Inductance of single-layer solenoids  continued
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For solenoids where the
diameter/length is less than
0.02, use the formula

on00sF—r e
diameter

F = 0.0250 length

N
&é

o’ﬁ

N Fig. 1—Inductance of a single-layer solenoid, form factor = F.
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Inductance of single-layer solenoids

General remarks

continued

In the use of various charts, tables, and calculators for designing inductors,
the following relationships 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, inductance is proportional to n2

b. If the proportions of the coil remain unchanged, then for a given number
of turns the inductance is proportional to the dimensions of the coil. A

Fig. 2—Magnet-wire data.

bare | enam bare enamefed
AWG| nom | nom | SCC* | DCC* | SCE* | SSC* | DSC* | SSE*
B&S| diam | diam | diam | diam | diam | diam { diam | diem | min max min | diam*
gougel in in in in in in in in diom | diam } diam n
inches | inches | inches | inches | inches | inches | inches | Inches | inches | inches | Inches | inches

10 1019 1039 1079 1129 1104 —_ — —_— 4009 i L1029 | 1024} L1044
1N} 0907 | 0927 | 0957 | .1002 [ .0982 —_ - — | 0898 | .0917 } 0913 | .0932
12 .0808 | .0827 .0858 | .0903 | .0882 —_ - —_ .0800 | .0816 | .0814 | .0832
13 | 0720 | 0738 | .0770 | 081§ | .0793 —_ - — {0712 | 0727 } 0726 | 0743
14 0641 0659 | 0691 0736 | 0714 — -— — 0634 | 0647 | 0648 0664
15 0571 0588 | .0621 0666 | 0643 | .0591 061 0613 | .0565 ) 0576 § 0578 | 0593
16 0508 | .0524 | 0558 | 0603 | 0579 | .0528 | 0548 | .0549 | 0503 }| .0513 | .0515 | .0529
17 0453 | 0469 0503 | 0548 | .0523 | 0473 | 0493 | .0493 |} 0448 | 0457 | .0460 | .0473
18 | 0403 | .0418 | 0453 | 0498 | .0472 | .0423 | .0443 | .0442 } 0399 | .0407 | .0410 | 0422
19 0359 | .0374 0409 { 0454 | 0428 | .0379 | .039% | .0398 } .0355 | .0363 | .0366 | .0378
20 0320 | 0334 ( 0370 [ .0415 | .0388 | .0340 | .0360 ; .0358 } .0316 .0323 ) .032¢ .0338
21 0285 | .0299 | .0335 | .0380 | 0353 | .0305 | .0325 } .0323 | .0282 | .0287 0292 | .0303
22 | 0253 | .0266 { 0303 { .0343 | .0320 | 0273 [ .0293 | 0290 | .0251 | 0256 | .0261 | .0270
23 | 0226 | 0238 | 0276 | 0316 | 0292 | .0246 | 0266 | 0262 | .0223 | 0228 | .0232 | 0242
24 | 0201 { 0213 ( .0251 | 0291 | 0266 | .022) | .0241 | 0236 ] .0199 | .0203 | .0208 | 0216
25 0179 | .0190 | 0224 | .0264 | .0238 | .0199 | .021% | 0213 | 0177 0181 0186 0193
26 Q159 | 0169 | 0204 | 0244 | 0217 | 0179 | .0199 0192 | 0158 | .0161 0166 0172
27 Q142 | 0152 | 0187 | .0227 | .0200 [ .0162 0182 | .0175 | .0141 0144 0149 0155
28 0126 | 0135 | 017 0211 0183 | 0146 0166 | .0158 [ .0125 | .0128 0132 (0138
29 L0113 ) 0122 | 0158 | .0198 0170 0133 0153 | 0145 | 0112 0114 0119 | .0i128
30 0100 | .0108 0145 0185 0156 | 0120 0140 | .0131 0099 0101 0105 | .0tit
3 L0089 | .0097 0134 | 0174 0144 | 0109 | 0129 L0119 | 0088 | 0090 { .0094 0099
32 .0080 | .0088 0125 0165 0135 | .0100 | .0120 0110 | .0079 | .0081 .0085 1 .009C
33 0071 0078 | .0116 0156 0125 | .009 0111 0100 | 0070 | .0072 [ .0075 | .0080
34 0063 | .0069 .0108 | .0148 0116 | .0083 | .0103 | .0091 0082 | .0064 0067 | .0071
35 0056 | .0061 0101 0141 0108 | 0076 | .0096 | .0083 [ .0055 { .0057 | 0059 | .0063
36 L0050 | 0055 | .0090 | .0130 | .00%7 | .0070 | .0090 | .0077 { .0049 0051 0053 | 0057
37 | 0045 | 0049 | .0085 | .0125 | .0091 | .0065 | .0085 | .0071 | .0044 | .0046 | .0047 | .005)
38 | 0040 | 0044 | 0080 | .0120 | 0086 | .0060 | .0GBO { .0066 | .003% | .0041 | .0042 | 0046
39 | .0035 | .0038 | 0075 | 0115 | 0080 | .0055 | .0075 | .0060 | .0034 | .0036 } .0034 | .0040
40 | .0031 | .0034 | 0071 | .OV11 | 0076 4 .Q0S1 | 0071 | .0056 | 0030 | .0032 } 0032 | .

4 0028 | .0031 — — — - —_ —_ .0027 | 0029 | .0029 | .0032
42 0025 | 0028 _ —_ — — _ — 0024 | 0026 | .0026 | .0029
43 | 0022 | 0025 — — — — - —_ 0021 | .0023 | .0023 | 0026
44 | 0020 [ 0023 — — — — —_ — 1.0019 | 0021 ¥ 0021 1 .0024

* Nominal bare diameter plus

maximym additions.

For additional data on copper wire, see pp. 50-57 and p. 278,
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Inductance of single-layer solenoids continved

coil with all dimensions m times those of a given coil lhaving the same num-
ber 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 re-

* RCA Application Note No. 48; june 12, 1935,
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Inductance of single-layer solenoids  continued

duced by a factor given in the accompanying chart, Fig. 3. This effect has
been evaluated by considering the shield to be a short-circuited single-turn
secondary. The curves in Fig. 3 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 radivs of the coil. For square shield
cans, take the equivalent shield diometer {for Fig. 3} as being 1.2 times
the width of one side of the square.

Example: let the coil winding fength 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

Referring to Fig. 3, the actual inductance in the shield is 72 percent of
the inductance of the coil in free space.

Reactance charts

Figs. 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 straight edge laid across the correct chart for the frequency
under consideration.

Example: Given a capacitance of 0.001 pf, find the reactance at 50 kilo-
cycles and inductance required to resonate. Place a straight edge through
these values and read the intersections on the other scales, giving 3180
ohms and 10.1 millihenries. See Fig. 5.
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Reactance chards continved

inductance € reactonce XL or XC capacitance € frequency 1.
hd h 4
— 2000
. — 10— — 1000
— =
: ™ -
= 1000 5 C- 50 "
= - . — w00 2 5
— 500 [ [ '3
[ . - 200 % — 500
. = — s00 _T -
— 05 1000 400
== 200 - } [ 0.001 [~
- - ¥ o002 300 ¥
— 0.2 -
— 100 - < - 0.005 3
- - O — 0.0 = 200
— 50 — 0.05 [ 0.02 =
- - 4 - 150
— 0.02 — 0.0% -
20 - — 0.1 -
= |— o0.01 C o2 v [— 100
=10 — 0005 E_ . 3 N
- — [
- [~ — 5 "
. —oooz| 2
[~ oooid | t— 50
- = 10004 [ -
N ~§ E — S A — 40 !
-, 2 500 | |- 1o - 3
-1 - <
- B . 20 —30 &
— 200 o =
E-l - . 5o
- = 100 L— 100 — 20
0.5 — 50 — 200 E
- B * I s00 [~
02 kad | _ 000~ -
[ 0.00i+
[ o. .
- - 10 - 0.002 10
| — [~ s - =
- 04 = 2 [ o005 .
o B < |— o0t N
L, o [  /
—0.03 n = 002 .
—t n o
= = — 0.05 — 4
— 0.02 [~ 0.5 — 01 3 - y
- ') - — 2 — 3 f
— 0.2 8
L 0.01 — 0.2 o .
- ™ — 0.5
- E_ o.t L — 2
[— 0.005 — 0.05 2 S
N B . 5 C
— 0.02 -
—0.002 - L~ 10 ~
— L 0.0 . 20 —1

Fig. 4—Chart covering 1 cycle to 1000 cycles.
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Reactance charts  continved
inductance L eeactance XL or XC copacitance
A 4
— 2000 0
— 1000 — 5
500 2
R
£
l— 200 — 0.5
— - | N S ]
|- 0.2 - g
f—- 100 = k - 5 _:_L
= E g o L
[ %0 [ 005 , 20
B 002 | [
L 20 - — 100
L =~ 0.01 [ 200
F -
[— 10 — 0.005 [ 500
- - | 1000 —
0.00t—
- 0.002 -
— 5 - — 0.002
o 00014 |-
- k4 E 19997 |- o.008
= i _
—2 £ [ 800 — 0.0t
£ - L— 0,02
i £ —~ 200 - v
1 - - 0.05
- - 100 L~ 0.1
— 0.5 F— 50 — 0.2
o ™ vy -~
|- 20 0.5 _.é
0.2 o &
- e — 2 'Y
(= 04 — 5 =¥
- 3
- -~ ,_E — 10
- 0.05 — 2 % 5
[ =~ -
- = — 50
— 0.02 — 0.5 — 100
- = [ 200
= 0.2 o
= - = 500
= e o — :?ggl
. E L. 9905
B — 0.05 - — 0.002
L o -‘-;
_ 0.0 — 0.008 §
o002 t_ L~ 0.01
o.o C . .00

Flg. 5—Chart covering 1 kilocycle to 1000 kilocycles.
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inductance L

Ev— 2000

l— 1000

H henrigs
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- eapacitance €

v
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L— 0.01
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- 20

Fig. 6=~Chart covering 1 megacycle to 1000 megacycles.
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Impedance formulas

Parallel and series circuits and their equivalent relationships

Parallel circvit

B:-1/X,
—_—
Lp Cp :L,: GE
Py
-I IsYE
Conductance G = — parallel circuit
Ry
Susceptance B = — l
P X,
1
= C —
@ wly
w = 2xf
X, = wly
Reactance X, = T
Admittance Y ! ] G+ /8
irra = - = — =
E Z
= VG 8 L—¢=|Y]|L—¢
Impedance Z = g = _]
I Y
Ry Xp )
Rt X, e T R
X
P 'p
= Ld=|2Z] L
Viiraate=1zl 40
Phase angle —¢ = tan~! —q
9 G
= COS—I“G—‘ = —fgn_l _P
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Impedance formulas continved

Series circuit

x‘
—A—
P |
~YY IF—"
Ll cl e»‘l"

E 'xo!
L *

AN\~ >—»

I R

. equivalent series circuit
Resistance = R,

Reactance X, = wly, — —

wC,
mpedance Z = §I= R+ =VRE+ X2 Ld=12Z| L9
|
Phase angle ¢ = tan™! X cos™l

Rs | Z |

For both circvits

Vectors £ and I, phase angle ¢, and Z, Y are identical for the parallel
circuit and its equivalent series circuit

Q=[f0n¢|=l%:l_'_§_:l_%

Zr =R+ X2 = Rpf”_?_(";pz = RRp = XX,
R'=€=%=R”RJYXJ=R"QZLH
X=X o B _x R _y 1

Xy v OTPRAE X T4/
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Impedance formulas  confinved

Approximate formulas

2
Reactor R, = ;L and X = X, = X, (See Note 1, p. 123

7

2
Resistor R = R, = Rp and X, = )E(— (See Note 2, p. 123)

»

Simplified parallel and series circuits

Xp = wly B=—w_l_,, X: = wl,
oot o
L] y 4
_wle _ Ry
Q= Re  wl,
R,
pfl =
VRE 4 WL
Ls
_ wl, >
v Rp? + w?L,? € ot
. ¢
(pfl = g opProx {See Note 3, p. 123 R, IRl
1 . 1+ ja
Rs RPQ2+I » = R Q% T Q@

1 1 -
b=by e L”_L'<]+Q_2> AR
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Impedance formulas  continved

-1 ~1

_—_ — — X‘ —
Xp <. B = wC, o
.__| Rr
tan ¢ = wC‘R‘ = _prRp
Q= ! = wC,4R
wC,R, e
wC,R, }
pfl = =
V14 wCR2 V1 + wC,R,?
(pf) = L {See Note 3)
Q
1
R, > R, =R, Q2+ 1)
C =C (1 + i) C,=Ch >
' ? Q? ? 1 1/Q2
1—jQ 114+ 5Q
Z=R Y =—
P14 @2 R, 1+ Q2

Approximate formulas
Inductor R, = w2?/R, andL =L, =1L, (See Note 1]

Resistor R =R, =R, andl, = R2/w?, (See Note 2

Capacitor R,

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

Note 1: (Small resistive component) Error in percent = — 100/Q?
ffor Q = 10, error = 1 percent low)

Note 2: {Small reactive component) Error in percent = — 100 Q2
{for Q = 0.1, error = 1 percent low)

Note 3: Error in percent = <+ 50/Q? approximately
{for Q = 7, error = 1 percent high)
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Skin effect

Symbols

A = correction coefficient
D = diameter of conductor in inches
f = frequency in cycles/secona
Rsc = resistance at frequency f
R4c = direct-current resistonce
Rsq = resistance per square
T = thickness of tubular conductor in inches
T1 = depth of penetration of current
§ = skin depth
M = free-space wavelength in meters

pr = relative permeability of conductor material (u, = 1 for copper and
other nonmagnetic materials)

p = resistivity of conductor material at any temperature
pe = resistivity of copper at 20 degrees centigrade
= 1.724 microhm-centimeter
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 ot least three)
times the skin depth. Imagine the conductor replaced by o cylindrical shell
of the some surface shape but of thickness equal to the skin depth; with
uniform current density equal to thot which exists at the surface of the actual
conductor. Then the total current in the shell and its resistance are equal
to the corresponding values in the actual conductor.

The skin depth and the resistance per square l(of any size), in meter-
kilogram—second lrationalized) units, are

8 = (N mouc)t meter
Rig = 1/80 ohm
where
¢ = velocity of light in vacuo = 2.998 X 10® meters/second

pu = 47 X 1077 u, henry/meter
1/o = 1724 X 1078 p/p. ohm-meter
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Skin effect  continued

For numerical computations:
6 = (3.82 X 107 N9 k; = (6.61/F%)k; centimeter
8 = (1.50 X 107 M%) k; = (2.60/F8k, inch
bm = (2.60/Fm®) ky mils
Reg = (4.52 X 1073/W%) ky = (261 X 1077 4 kq ohm

where
ky = [(1/u) p/p*

ke = lurp/po)*t

ki, ke = unity for copper

Example: What is the resistance/foot of a cylindrical copper conductor of
diameter D inches?

R=-:r—2DR.q=%X2.6I X 1077 (A%
= 0996 X 1078 (1*/D ohm/foot
If
£ = 1.00 inch
f =100 X 10° cycles/second,
R = 0996 X 1078 X 10* = 1 X 1072 ohm/foot.

General considerations

Fig. 7 shows the relationship of R4/R4. versus DV'F for copper, or versus
DV -0¢/ p for any conductor material, for an isolated straight solid con-
ductor of circular cross section. Negligible error in the formulas for R,
results when the conductor is spaced at least 10D from adjacent conductors.
When the spacing between axes of parallel conductors carrying the same
current is 4D, the resistance R, is increased about 3 percent, when the
depth of penetration is small. The formulas are accurate for concentric lines
due to their circular symmetry.

For values of D\/? V 1.0/ p greater than 40,

Rac _ 00960 DV'F Vinpofp + 0.26 m

de



ratio of Ras/Ra.
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Skin effect  continued
RN,

1 I /
7
| / /
/
[ 1/ .
FiFi
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/1 /]
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/|
20 108 / 10

AW/

Y y
/ /

s < / / 3
T3 / / 3
0 10O prrryo /“ € s .IO s

DV'¥ for copper at 20°C, or DViVv, p./p for any conductor material

Flg. 7—Resistance ratio for isolated straight solld conduciors of circular cross section.
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The high-frequency resistance of an isolated straight conductor: either solid
or tubular for T < D/8 or Ty < D/8; is given in equation (2. If the current
flow is along the inside surface of a tubular conductor, D is the inside
diameter.

Rae = ‘/f #,”x 10-¢ ohm/foot 2

Pe

The values of the correction coefficient A for solid conductors and for
tubular conductors are shown in Fig. 8.

Fig. 8—Skin-effect correction coetficient A for solid and tubular conductors.

solid conductors tubular conductors
J
D‘\/fv;tr& A Vi “rpu A Rao/Ras
p e
> 370 1.000 = B where
220 1.005 B> 3.5} 1.0 0384 B
160 1.010 3.5 1.00 135
3.15 1.01 123
98 1.02 2.85 1.05 1.15
48 1.05
26 110 2.40 1.10 1.10
2.29 1.20 1.06
13 1.20 2.08 1.30 1.04
9.4 1.30
53 2.00 177 1.50 1.02
< 3.0 Rae = Rg. 1.31 2.00 1.00
1037 o -8 = B where 240
Rae==p7~ X 107 ohm/foot B< 1.3} 8 1o

The value of ™'t ,u.,.pc/p that just makes A = 1 indicates the penetration of
the currents below the surface of the conductor. Thus, approximately,

35
Ty = —7 4/-2— inches. : @
Vi Vo, y

When Ty < D/8 the value of Ry, as given by equation (2) (but not the value
of Rue/Rae in Fig. 8, "tubular conductors'} is correct for any value T > Ty

Under the limitation that the radius of curvature of all parts of the cross
section is appreciably greater than Ty, equations (21 and (3] hold for isolated
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straight conductors of any shape. in this case the term D = [perimeter of
cross section) /.

Examples

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

b. A steel shield with 0.005-inch copper plate, which is practically equiva-
fent in Re. to an isolated copper conductor 0.005-inch thick, has a volue of
A = 128 at 200 kilocycles. This 23-percent increase in resistance over that
of a thick copper sheet is satisfactorily low as regards its effect on the losses
of the components within the shield. By comparison, a thick aluminum sheet

has a resistance \/p/pc = 1.28 times that of copper.

Network theorems

Reciprocity theorem

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

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

Thévenin's theorem

If an impedance 7 is connected between two points of a linear network, the
resulting steady-state current I through this impedance is the ratio of the
potential difference V between the two points prior to the connection of Z,
and the sum of the values of (I} the connected impedance Z, and {2} the
impedance Z; of the network measured between the two points, when all
generators in the network are replaced by their internal impedances:

v

= ——
Z+ 2z

Corollary: When the admittance of a linear network is Y13 measured be-
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tween two points with all generators in the network replaced by their internal
impedances, and the current which would flow between the points if they
were short-circuited is I,., the voltage between the points is Viz = I,./Y12.

Principle of superposition

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

In the application of this theorem, it is to be noted that for any impedance
element Z through which flows a current I, there may be substituted a virtual
source of voltage of value —Z1

Formulas for simple R, L, and C networks*

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

L = %0[7,353 loge ]%J - 6.386] microhenries

where

mean radius of ring in inches
diameter of wire in inches

> 25

Qi o0

2. Capacitance

a. For parallel-plate capacitor

IN-1NA IN -1 A"

C = 0.0885¢, — = 0.225 ¢, v micromicrofarads

* Many formulas 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 25, D.C.
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where

A = area of one side of one plate in square centimeters
A" = area in square inches
N = number of plates
t = thickness of dielectric in centimeters
t" = thickness in inches
e, = dielectric constant relative to air

This formula neglects “fringing” at the edges of the plates.

b. For coaxial eylindrical capacitor. Per unit axiol fength,

2mere,
C = ST
loge (b/al
= w farod/meter e
c loge (b/al
where

¢ = velocity of light in vacuo, meters per second (see pp. 34-35)

¢, = dielectric constant relative to air
¢, = permittivity of free space in farad/meter isee p. 35
C= 02416 ¢ micromicrofarad /centimeter
logie (b/a)
- OoMe micromicrofarad/inch
IOgm (b/a)
7.36 € ) ]
= l_gg;;(bi/;) micromicrofarod/foot
When 1.0 < (b/a) < 1.4, then with accuracy of one percent or better,
C =850 ¢ Mi——] micromicrofarad/foot
b/a) ~1

3. Reactance of an inductor

X = 2rnfl ohms
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where

f = frequency in cycles/second
L = inductance in henries

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

At 159.2 megacycles, 1.00 microhenry has
X = 1000 ohms

At 60 cycles, 1.00 henry has
X = 377.0 ohms

4. Reactance of a capacitor

X=——‘——ohms

27fC
where

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

This may be written X = — ]_?‘;C—g ohms

where

f = frequency in kilocycles/second
C = capacitance in microfarads
or f in megacycles and C in millimicrofarads (0.001ufl.

At 159.2 megacycles, 1.00 micromicrofarad has
X = — 1000 ohms

At 60 cycles, 1.00 microfarad has
X = — 2653 ohms
5. Resonant frequency of a series-tuned circuit

1
f= m cycles/second

where

L = inductance in henries
C = capacitance in farads
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25,330
{2

This may be written LC =

f = frequency in kilocycles

L = inductance in millihenries

C = capacitance in millimicrofarads (0.001uf}
or f in megacycles, L in microhenries, and C in micromicrofarads;
or fin cycles, L in henries, and C in microfarads.

At 60 cycles
LC = 7.036 henries X microfarads

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

L
r = - = — ohms
R CR
where
X =l =1/wC
R=n+r

= resistance in ohms
L = inductance in henries
C = capacitance in farads

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

7. Porallel impedances

if Zy and Z, are the two impedances that are connected in parallel, then
the resultant impedance is

oz
Zy+ 7,

Refer also fo page 127.

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

27,

Zy = 2L

-2
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8. Input impedance of a 4-terminal network™
Zy = Ru + jXu

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

Zys = Roo + jXo2

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

Zy2 = Riz + jXiz

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

Then the impedance looking intoc terminals ' 2y
1 — 1 with load Z; across terminals 2 — 2 is equivalent circuit
. Z%, , Ri2 — X% + 2jRiaX1e
2V =R A =T — =2 = Ry + X —
R K = g T R K e R e X0
When
R12 = 0
, X2
Z ! —_ R ! X ! . Z
1 e . f! 11"‘2———-‘22_1_22

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

Zy = joly
Zoo+Z3 =Ry sinceXaa+ Xg =0 M

L L C
le=}'wM Z_:-’: 'Ei 2;;; % 2

0)2M2

2

Then Z)) = jowl, +

* Scope and limitations: The formulas for 4-terminal networks, given in paragraphs 8 to 12
inclusive, are applicable to any such network composed of linear passive elements. The elements
may be either lumped or distributed, or a combination of both kinds.
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9. Input admittance of a 4-terminal network*

Yi = admittance measured at terminals
1 — 1 with terminals 2 —2 short-
circuited.

Y22 = admittance measured at terminals
2 — 2with load Yy disconnected,
and terminals 1 — 1 short-
circuited.

equivalent circuit

Y12 = transfer admittance, i.e., the short-circuit current that would flow at
one pair of terminals when unit voltage is impressed across the other

pair.

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

across 2 — 2 is
Y%

Y, = G/’ By =Yy — ———
1 1+ JB 1 Ya V2

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

When Z; and Zs are such that 72/ = 7,
and Z” = Z, they are called the image
impedances. let the input impedance
measured at terminals 1T — 1 with fer-
minals 2 — 2 open-circuited be Z’,
and with 2 — 2 short-circuted be Z/,..
Similarly Z”,. ond Z”, measured at
terminals 2 — 2. Then

%
Z/ = [Z/oczlcc]% = [le (le - Z'_Z_IE)]
Z22

‘ 2
2" = (2" 2" )t = I:Zzz (Zzz - @)]
Zu

i

tanh {« -+ jB)

* See footnote on p. 137.

ZI., ¥ Z”u
:!: [Zlar,] = :b [Z,loc

Y% %
R
YnYae A
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The quantities Zy1, Zgs, and Zy2 are defined in paragraph 8, above, while
Y1, Yoz, ond Yye are defined in paragraph 9.

{a + jB) is called the image transfer constant, defined by

vihn - v'Zy 2

— 6—2(¢+}'5) — 6—211/__2B

complex volt-amperes into load from 2-2\ _ wvais _ vo?Z) _ i?Z,
complex volt-amperes into network at 1-1

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

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

11. Currents in a 4-terminal network*

zZy

222
e > 5 o3
211222 -7 12

equivalent circuit

o Rea + jXoe
1
{R11Re2 — XuXee — R%12 + X21o) + jlRuXes + ReaXu — 2R12X1o!

Z
=e15———-
ZuZyy — 7%,

12. Voltages in a 4-terminal network*
Let

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

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

equivalent circuit

* See footnote on p. 137.
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Y2 = admittance measured across terminals 2 — 2 with load connected
and terminals 1 — 1 short-circuited.

Y12 = transfer admittance between terminals 1T — 1 and 2 — 2 {defined in
paragraph 9 above).

Then the voltage across terminals 1 — 1, which are on the end of the net-
work nearest the generator, is

ilac Y22

vl = —
YuYa — Yo

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

l.lm:Y12

T YnYa ~ Yia

Ve

13. Power transfer between two impedances connected directly

let Z; = R; + jX1 be the impedance of the source, and Z; = R2 + jX2 be
the impedance of the load.

The maximum power transfer occurs when
Rz = Rl and Xz = "‘X]

P 4RiR,
P Rt RIT+ X+ Xo)?

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

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

14, Power transfer between two meshes coupled reactively

In the general case, X;1 and Xz are not
equal to zero ond X may be any re-
active coupling. When only one of the
quantities Xi1, Xe2, and X2 can be varied,
the best power transfer under the cir-
cumstances is given by: Ry
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For Xg2 variable

XX . -
Xag = __12_11_2 (zero reactance looking into load circuit}
R211 + x 11
For Xu variable
x212x22

Xy = ——=—=
YT Rey 4 X2y

For X2 variable
X212 = \/(R211 + qu’ (R222 + X%

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

X2y = V R%y + X)) (RZz + X2)

(zero reactance looking into source circuit)

and

Xu _ Xe -

—R— = — (both circuits of same Q or phase anglel
11 22

For perfect impedance match the current is

i €1 -1 Ru
g = ———— /[ tan~! U
2V RyRez Xu
In the most common case, the circuits are tuned to resonance Xi3 = 0 and
Xss = 0. Then X% = RyRee for perfect impedance match.

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

From the last result in paragraph 14, maximum power transfer {(or on im-
pedance match) is obtained for w?M? = RR; where M is the mutual in-
ductance between the circuits, and R; and Ry are the resistances of the
two circuits.

16. Coefficient of coupling—geometrical consideration

By definition, coefficient of coupling k is

-_M

= \/L—Iz

where M = mutual inductonce, and L; and Ly are the inductances of the
twe coupled circuits.

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

17. T—7 or Y—A transformation

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

Yy = 1/Zy, Yo = 1/Z., etc.

T or Y network T or A network
Impedance equations Admittance equations
7 = ZiZy + 2123 + ZoZs Y = Y1Ye
© Zs C Vit Yet s
7 = D12y + v Zs + ZoZs Y. = Y1Ys
e Z, Y4+ Y
Z\Zy 4+ 2123 + 2225 YaYs
Zb = Yb = —
Z Yi 4 Yo+ Y3
ZaZc Yayb + YaYc + YbYc
Zo+ Zs + 2. Ys
7, = Oz . Yo = YYs + YaYe + YaYe
2 = m————————— =
Zo+ 2 + Za ! 2
7, 2.2, y, = YeYo F Yoo + Yo,

T Z. Yt 4+ Z Y.
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These relationships can be written as six equations in matrix form. Included
are the transformations between the open-circuit impedances and short-
circuit admittances, paragraphs 8, 9, and 19.

Z, 2y Zs Yo Yo Y.
- s 1v]
Zu 2Ly Zyg Yo Yoo Ya

and | Y| =1/|2Z]|

where the determinants | Y | and | Z | are given in the tabulations of
T and 7 sections, paragraph 19.

18. General circuit parameters

linear passive four-terminal network with source and load.

Vi = AV, + Bl 2y, 1, 1,
Il = CV2 + DIz - g Y A,8,C.0 Y Zy0
vl A B Vz
= X
Il C D 12

Vi=E1 — Zy 11

Vz = Zgo 12
(Vo =DVi+8I(-1)
l(-I) =cvi+ A (=1
A D B Vi
= X
-1 C A -5

The determinant of the matrix of the general circuit parameters is equal to
unity

AD — BC =1
When a network is symmetrical

A=D



] 44 CHAPTER 5

Formulas for simple R, L, and C networks  continued

Two two-terminal-pair networks in coscade
Vi A B A g Vs

= X X
I o) c Iy

The expansion of this product and other operations of matrix algebra
are given in the section, "Matrix algebra”, of chapter “Mathematical for-
mulas™, pp. 1090-1097.

A,8,C,0 V.T A,8C0 V,I z,

19. Tabulation of matrixes

description ) diagram | matrix
z A B 1z
Series ! o A4 © ‘ =
impedance ! i
Cc D 0 1
o o
| |
|
!
o— » o
1 0
Shunt Y
admittance
Y 1
O -& —0
o tin )
1/n 0
Ideal
transformer
n = turns ratio 0 n
[, -0
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description diagram matrix
o M -0
; — M2
Inductively LM jollils—M) /M
coupled [ Le
elements — /oM L2/M
O-= -0
¢ Zm ?
Z,
zn
' zm 2 Zﬂ + Zm 2Zmzn
Symmetrical Zzn—Zm In—1In
lattice
or bridge
section L_2_ MJ
Zn — Znm Zn — Zn.,
T section A B
Vi =2Znuh + Zpl—1) =
CcC D
Vo = Zyly + Znl—1y
F0+2/Z9  |2]/25]
Determinant of
he i :
the impedances: L 1/2, 0424/75 ]
| Z | = ZuZas — 21
= 2,Z V4v4 Z:Z — —
at 1Zs o+ 22, Zy =2, +2; = A/C Z1/Z12 [2]/212
= (Y4 Yot Y5l /Y1YoY, =
Zn =123 4+ 25 = D/C
=1/]Y] =8/C L1/Z: Z29/Z12]
Zyy=12n=23=1/C
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description | diagram | matrix

T section A B
{I, = YaoVs + Yarl=Va} -
C D

12 = Yz,.,V; + Ybb(—V2)

Determinant of
the admittances:

| Y| = YooY — Yar?

[“'{"Yb/Yc) I/Yc-\

|Y|/Ye G4Ya/Yd

=YY + Ya¥e + Yo¥e | Yoa = Yo + Y. =D/8B Yo/ Yo 1Yo
= lzu+zb+zc)/znzbzc Yoo =Y + Y= A/B =
=1/]z{=c/8 Yob = Yoa = Yo = 1/8 [Y]/Yos  Yao/Yabl
Tronsmission
line See pp. 555 and 557

Example 1: Determine the ABCD parameters for a T section.

Method 1: Consider the section under open- or short-circuit conditions at
either pair of terminals. The parameters in the equations for Vi and I, at
the beginning of paragraph 18 can then be found by inspection.

With output open-circuited, I; = O and
A= Vi/Vs= (Zy+ Zi) /23
C=I/Vs=1/Zs

With input open-circuited, [; = O and
D = CVy/i=1) = (Z, + Z3) /Z3

With input short-circuited, V; = O and

Zl +Zs 2123
AVo/(=1) =
/1= Zs (Z’ T I z,)

Z\Zy + Z5Z3 + Z:Z9) [ Z4

Method 2: Start with the impedance equations for Vi and Vs in terms of
I and ;. Translate into the ABCD form for V3 and I in terms of V2 and .

B

Method 3: Combine the individual series-impedance and shunt-admittance
elements by multiplication of the matrixes.
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Example 2: Determine the ABCD parameters for a symmetrical lattice
section. Refer to the diagroms of the lottice in the tabulation of matrixes.
In accordance with the definitions in paragroph 8, page 137, the open-
circuit input and transfer impedances are

2y = 2y = Zn+ 2, /2
212 = (Z,, - Zm)/2

When these are substituted in the ABCD matrix for the T section, the matrix
for the lattice results.

20. Elementary R-C, R-L, and L-C fllters and equalizers

Simple attenuating sections of broad frequency-discriminating characteris-
tics, as used in power supplies, grid-bias feed, etc. are shown in Figs. 9 and 10.
The output load impedance is assumed to be high compared to the impedance
of the shunt element of the filter. The phase angle ¢ is that of E,y with
respect to E,;.

The relationships for low-pass filters are plotted in Figs. 11 and 12

R-C Section
(Figs. 10A and B)

R-L Section

Fig. 9—Circle diagrams for R-L and R-C filter sections.

Examples of low-pass R-C filters
a. R = 100,000 ohms
C

0.1 X 1078 (0.1 uft

Then T = RC = 0.0] second
At f = 100 cps: Eows/Ein = 0.16—
At f = 30,000 cps:  Eom/Ein = 0.00053
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Fig. 10==Simple filter sections containing R, L, and C. See also Fig. 9.

time constant|
diagram type or formula and approximation
resonant freq
A Bowr 1 1
low-pass} T =RC B VT4 ol
kC ¢4 = —tan™! RwC}
Eout -1 =~ T
B Ein \x T
high-pass| T = RC + T3
R-C
¢85 = tan™ {1/RwC}
C Eout 1 1
L —_— = &
low-pass| T = ? En V1o ol
R-L
¢c = —tan™! (wL/R)
D Eout = L =~ ol
high I \/ 14—
igh-pass =z e
RL R w?T
¢p = tan”! {R/wl)
L. —
. Em 1 —LC 1 — P/
x [ o 01592 . o
ow-pass | 0 T "= ~ — — N
pa vic «ALC r
¢p=0frf<fo; ¢=mlorf>f
LT N—
E Ein 1—1/fC 1 — {3/
bk [ = 01592 n
igh-pass} fo = —— _ __r
L-C vic = -l = -
o =0forf>fy; ¢ =mforf<h

R in ohms; L in henries; C in farads (1uf = 10~¢ farad).
T = time constant (seconds!, fy = resonant frequency lcps), w = 2xf,

2r = 628, 1/20 = 01592, 4x® = 39.5, 1/4x = 0.0253.
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a
&
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H
o
2
[ N
2
c N
2
k)
: N
& -e0DB -2008
o 000 0.
=) o ]
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ine gt == —
-0 08 =40 D8 T N N
00000 001 AN AN
N\ Al AN N,
N N N\ N AN
A
@ < A\ \ N
-§ 3 NN T NN
N N \\ N
- -6008 \ V
35088 %o A
10XN  scale A I00XN 1000 X N 10,000 XN
1000 XN scale B 10,000 X8 100,000% 8 0%

frequency in cycles/second

Fig. 11—Low-pass R-C and R-L filters. N is any convenient factor, usually taken as an
Integral power of 10.

b. R

1,000 ohms

C = 0.001 X 1078 farad

T =1 X 10-%second = 0.1/N, where N = 105
At f = 10 megacycles = 100 X N: Em/E;,. = 0.016—

Example of low-pass L-C filter
At f = 120 cps, required E,,.a/E;,. = 0.03
Then from curves: LC = é X 10~ approximately.

Whence, for C = 4 uf, we require L = 15 henries.
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a .o 1
~ - 1+t
RS LAY
3 WA
° \
5 A
o
-
5 \
5 \
.a
s sa—H
® ’ o valve of LC 1]
S
] A
> X
3
curvesiniorse?'hi' . \ \
lingatf = —
~aoppl o Lc \
Q.01 ‘\ “
A Y
\
\
\ AUANEA VAN
\\
\ E N
6008 \ \ \
0.001 \ \
10X N WOXN 1000 XN 10,000X N

frequency in cycles/second

Fig. 12—Low-pass L-C filters. N is any convenient factor, usually taken as an integral
power of 10.

Effective and average values of alternating current

{Similar equations apply to ac voltages!

i = Isin wt

Average valve I, = ~ I

31N

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

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

Effective or root-mean-square (rms} value Ly =
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When
i= I+ Lsinwt+ ksinwdt~+ ....

Ipy=VIE+ 3+ 5+ ...)

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

Power

The power at a point in an alternating-current network is
P = (real)l ¥V I* = (real) ¥* I

the first form of which is the real part of the product of the root-mean-
square complex sinusoidal voltage by the conjugate of the corresponding
current. This expression is useful in analytical work,

Example: let V' = V/¢ and I = I/y

Then
P=1-y

and
P=1tlreal VI/p — =V Icosb

Transients—elementary cases

The complete transient in a linear network is, by the principle of superposi-
tion, the sum of the individual transients due to the store of energy in each
inductor and capacitor and to each external source of energy connected to
the network. To this is added the steady-state condition due to each ex-
ternal source of energy. The transient may be computed as starting from any
arbitrary time t = 0 when the initial conditions of the energy of the network
are known.

Time constant (designated T): Of the discharge of a copacitor through a
resistor is the time t; — t; required for the voltage or current to decay to
1/e of its value at time h. For the charge of a capacitor the same definition
applies, the voltage "decaying” toward its steady-state value. The time con-
stont of discharge or charge of the current in an inductor through a resistor
follows an analogous definition.
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Energy stored in a capacitor = § CE? joules {watt-seconds)

Energy stored in an inductor = % LI? joules (watt-seconds)

e=2718 1/e=103679  logwe = 04343 T and f in seconds

Rin ohms Lin henries Cinfarads E in volts Iin amperes

Capacitor charge and discharge

Closing of switch occurs at time t = 0 }i
Initial conditions {at + = Q): Battery = Ey; e, = E,. R
Steady state latt = o): i=0; e =F

Transient:

Ey — B0 - -
'.=bR VR — | e VERC

oo (1) = _ 04343,
g10 3 RC

3
e, = Eo +(l: J idt = Eg e R 4 Ey (1 — V79

0

Time constant: T = RC

Fig. 13 shows current: i/Io = ¥T

Fig. 13 shows discharge {for E5 = 0):  e,/Eq = ¢~ 7

Fig. 14 shows charge lfor £y = 0): e./Bp=1— ¢ "7

These curves are plotted on a larger scale in Fig. 15.

P -e™T
3
) 1.0
t- (el
t~l/e
Ve
(e’
> > 1/T
0 1.0 20" /T ) 0 20

Fig. 13—Capacitor discharge. Fig. 14-—Capacitor charge.
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Two capacitors

Closing of switch occurs at time t = 0

Initial conditions (at t = Q):
e1 = Ey; es = Fa.
Steady state latt = ©):

FUNDAMENTALS OF NETWORKS ]53
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e1=Eyjea= —Epi =0
EC — EC , GG,
G+ G CG+G _L—O/ O—'\/\/\'l
Transient:
lezT G2 . ClT & T
P = B+ E ¢~ VEC i g
R
exponential YT
0.010 0020 0.030 0050 0070 0100 020 030 050 070 1.0
g 0 LI ¥ T 7 -
(2 () (&) (&)
c
'§ g | € € € s/
Q
HE- T
o, e
-~ /
L
|
3 v
) /
0..’99 098 097 095 093 090 Q.80 0.70 050 030 0.00

exponential 1 —e_t/T

Use exponential ¢~ *7 for charge or
discharge of capacitor or discharge of
inductor:

{current at time 1)
(initial current)
Discharge of capacitor:
{voltage at time 1)
“{initial voltage)

Use exponential 1 — ¢~ %7 for charge of
capacitor:

(voltage at time 1}
(battery or final voltage)}
Charge of inductor:
(current at time 1)

{final current)

Fig. 15—Exponential functions ¢ /7

L-R circults.

and 1 —¢

ur applied to transients in R-C and
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Transients—elementary cases continuved

’
e1r=FE;+ (Bt —Ep V% =E — (E, + E) %_ Lz
1

s
eg = — Ey 4 (E2 4 Ejf) VB = E, — (E + E) % 11 — ¢ VR
2

Original energy = % (CiE:2 + CoE2? joules

Final energy = % (C; 4+ G E,? joules
Loss of energy = J i2Rdt = § C’ {Ey + E5)? joules
0

(Loss is independent of the value of R)

Inductor charge and discharge

initial conditions {at t = O}:
Battery = Eb; i=1

Steady state lat t = ®):i = I; = E/R

Transient, plus steady state:
i=1I 1 — ™5 - L ®*
er = —Ldi/dt = —(Ey — R}~ ™"
Time constant: T = L/R
Fig. 13 shows discharge {for Ey = O): i/ly = ¢~ %7
Fig. 14 shows charge (for [y = O} i/l =(1 — %)

These curves are plotted on a larger scale in Fig. 15.

Series R-L-C circuit charge and discharge

Initial conditions (at t = 0):
Battery = Ey; e, = Ep; i = Iy
Steady state latt = ©):i =0;e, = Ep

Differential equation:

1 (f di
b~ o C Jof ' dt 0
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dl i
when d2+ —+E=0

Solution of equation:

= 21Ey — Eo) — RIp ., Rt Rt /=
= ~mar| 250 T Pl T R0 goh T A/D 4 fy cosh —\/D]
i [ o5 sin o 4+ Iy cos o

where D—‘—l_:%

Case 1: When k:'—C is small

i Ey — Eo ] -t a4+ 4424y
= — LA+ Al |
(1 — 2A — 2A% {[ R o A+ AN e

— _B 4
+ [Io(l —A—ay B E . E°]e z 4 ‘“}

L

where A = ﬁ—c

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

Case 2: When I—:;—LC <1 for which VD is real

R TR e

+ [%’(1 + \/5) - -EL;E];%"B}

Case 3: When D is a small positive or negutive quantity

o R {2(5,, — Eo [&-I— 1 (&)3'3]
R 2L 6\
2 1 /Rt
+I“[' 2t (2L) (2L) D]}

This formula may be used for values of D up to =0.25, at which values the
error in the computed current i is approximately 1 percent of Iy or of
Ey — Eo,

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

+1,0 —
- i HEp-E,
omfazen (o8] R gEE
\
0 |
ori = iy < iy, plotted in Fig. 16. For prac- i/ Tq
tical purposes, this formula may be used ~®%¢ 1+ 2 3 4 s
when 4L/RXC = 1 = 0.05 with errors of 1 Rt/ 2t
percent or less. Fig. 16—Transients for 4L/R2C =1.
4L . = .
Case 4: When e >1 for which V/D is imaginary
j = ¢ BV [E—b_—E9 — —Ri]sin wet + Iy cos wot
wol 2wl
= Ine” P2 gin (wot + ¥
\/ R
where g = A|— — —
LC 412
2
Im = l Ey — Eg — &@) + o2l 2y ¢ = tan-1 wol. 1o
woL 2 R[g
Ey — Eo — D)

The envelope of the voltage wave across the inductor is:

- 1 Rig\?
g m/u____\/ £, — g, — Ro 2272
VTS p— b= 3 + wol?lo

Example: Relay with transient-suppressing capacitor.

Switch closed till time t = 0, then opened.

let L = 0.10 henry, Ry = 100 ohms,
E = 10 volts

Suppose we choose
C = 10"% forads
Rz = 100 ohms
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Then

R = 200 ohms

Iy = 0.10 ampere
Eo = 10 volts

wo = 3 X 10°

fo = 480 cps

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

It is preferable that the circuit be just nonoscillating (Case 3a) and that it
present a pure resistance at the switch terminals for any frequency [see
note on p. 127).

Rz = R1 = R/Q = 100 ohms
AL/R*C =1
C = 107% farad = 10 microfarads

At the instant of opening the switch, the voltage across the paralle! circuit
is Eo - Rz[o = 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
the accompanying illustrations, the closing of the
switch occurring at time t = 0. In the equivalent
circuit, the steady state is due to the source e
acting continuously from time t = — , while
the transient is due to short-circuiting the source
—e at time t = (.

actual circuit

Source: e = Fsin lwt + al
Stoody stater i = £ £ g = gsin (of - a — ¢
where
2
-]
2 C —
tan ¢ = 9—:%?——]

equivalent circuit

The transient is found by determining current i = Iy



]58 CHAPTER 5

Transients—elementary cases continued

and capacitor voltage e, = Eg at time t = 0, due o the source —e. These
values of Iy and Eq are then substituted in the equations of Case 1, 2, 3, or
4, above, according to the values of R, L, and C.

At time t = 0, due to the source —e:

i=Ig=—§sin(a—¢)

E
ec=E0=(;(—:zCOS(a—d>)

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

Transients—operational caleulus and Laplace transforms

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

If we have a function v = f(}, then by definition the laplace transform is
L[fi] = F (p), where

Flp} = J e Pt fl) dt {4)
0

The inverse transform of Fip) is fif}. Most of the mathematical functions en-
countered in practical work fall in the class for which Laplace transforms
exist. Transforms of functions are given on pages 1081 to 1083.

In the following, an abbreviated symbol such as [([i] is used instead of
L[it1)] to indicate the Laplace transform of the function i1,

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

Take the circuit of Fig. 17, in which the switch is closed at time t = 0.
Prior to the closing of the switch, suppose the capacitor is charged; then
at t = 0, we have v = V,. It is required fo find the voltage v across capac-
itor C as a function of time.

Writing the differential equation of the circuit in
terms of voltage, and since i = dq/dt = Cldv/dH, R
the equation is
€ 3
T T

elt) = v+ Ri = v+ RCldv/di (5)
where elfl = E Fig. 17.

Referring to the table of transforms, the applied voltage is E, multiplied by
unit step, or B3S_1(f); the transform for this is Ey/p. The transform of v is .L[v].
That of RCldv/dtl is RC[pLlv] — v(0!], where vi0) = Vy = valve of v
at + = 0. Then the transform of (8) is

% = L1 + RCp LD — Vi)

Rearranging, and resolving into partial fractions,

& RYVe _ . (1_ 1 Ve
= /e T T rc E"(p p+1/RC)+p+l/Rc “

Now we must determine the equation that would transform into (6). The
inverse transform of L[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 t 2> 0,

v = Epll — e YEC) + Vo e VEC {7)

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

Circuit response related to unit impulse

Unit impulse is defined on page 1081. It has the dimensions of time™L. For
example, suppose a capacitor of one microfarad is suddenly connected to
a battery of 100 volts, with the circuit inductance and resistance negligibly
small. Then the current flow is 1074 coulombs multiplied by unit impulse.

The general transformed equation of a circuit or system may be written
L] = ¢lp) Lle] + ¢ip) 8)

Here .C[i] is the transform of the required current lor other quantity), Lle] is
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the transform of the applied voltage or driving force effl. The transform
of the initial conditions, at t = 0, is included in ¢{pl.

First considering the case when the system is initially at rest, ¥{p) = 0.
Writing ig for the current in this case,

Llis) = ¢lp) Lle] {9)
Now apply unit impulse Solt} [multiplied by one voli-second}, and designate
the circuit current in this case by B{fl and its transform by J([B]. By pair 13,
page 1083, the transform of Soft} is 1, so

L[B] = ¢ip) (10}
Equation (9} becomes, for any driving force
Llis] = L8] Llel an

Applying pair 4, page 1082,

1 t .

ig = f Blt — N elN) A\ = J BN elt — N d\ (12!
0 ]

To this there must be added the current iy due to any initial conditions that

exist. From (8},

Llio]= ¢lp) (13)

Then ig is the inverse transform of Y(pl.

Circuit response related fo unit step

Unit step is defined and designated S—{t} = 0 for + < 0 and equals unity
for t > 0. It has no dimensions. lis transform is 1/p as given in pair 12,
poge 1083. let the circuit current be designated Altl when the applied
voltage is e = S—i{t} X (1 voltl. Then, the current ig for the cose when
the system is initially at rest, and for any opplied voltage e(t}, is given by
any of the following formulas:

[

]
ic = Alt) elO) +J Alt— N e’ I

]

= Al (0} J AN e’lt— A} dA
0

¢ ( (14
= A0} elt) + J A’(t — N e\ dA
0

= Al0} elt) + J A" elt — N d

o

where A’ is the first derivative of A and similarly for e’ of e.
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As an example, consider the problem of Fig. 17 and (5 to (7) above. Sup-
pose Vo = 0, and that the battery is replaced by a linear source

el) = Et/Ty
where Ty is the duration of the voltage rise in seconds. By {7}, setting E5 = 1,
Al =1 — ¢ VEC

Then using the first equation in {14} and noting that el0) = 0, and e’}
= E/T1 when 0 < t £ Ty, the solution is

Et  ERC
v=—— — (1 — ¥R

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

Heaviside expansion theorem

When the system is initially at rest, the transformed equation is given by (9)
and may be written

. Mp)

ia) = —— (15)
Llia) ™ Llel
Mipl and Glp} are rational functions of p. In the following, M(p) must be
of lower degree than Glpl, as is usually the case. The roots of Glp} = 0
are p, where r =1, 2, .... n, and there must be no repeated roots. The
response may be found by application of the Heaviside expansion theorem.

For a force e = Epay € applied at time t = 0,

igt) Ml ., Mip,) ePr*
= MUl _ Mip) & (16a)
Emex Gliw & (o, — jo) G'lp,)
Jewt bid y
€ < (16b)

=+
Zljo) A (o, — je) Z'(p))

The first term on the right-hand side of either form of (14) gives the
steady-state response, and the second term gives the transient. When
e = Epnax cos wt, take the real part of (18), and similarly for sin wt and the
imaginary part. Zl(p) is defined in (19) below. If the applied force is the
unit step, set @ = 0 in (14).

Application to linear networks

The equation for a single mesh is of the form

i ) .
AT Aad a8 g = e (17)
d dt
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System initially at rest: Then, (17} transforms into
(App* + ... F Ap + Ao + Bp~ U L[i] = Lle] (18

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

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

Designating any two meshes by the letters h and k, the driving force elf) being
in either mesh and the mesh current ilf) in the other, then the fraction
Mlp) /Glp) in 115) becomes

Mpx(p) i
—_— = = Yxilpl {19)
G(p) th(p} REIP

where Yirlp) is the operational transfer admittance between the two

meshes. The determinant of the system is Gip), and Myklp) is the cofactor
of the row and column that represent elt) and ilf.

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), elt) = 0, and each term is transformed according to

dni e Cand
£ [&7] =pLlil— Y p [dr'—‘ ]‘_o (20q)

r=1

L‘[ J ; idr] - F—l.C[i] + é[ J idt l_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 elt) commences to act.

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 fraction be hlp)/glp} where
hip} is of lower degree than gipl, for example 3p + 21/(p* + 5p + 8).
If hip) is of equal or higher degree than glpl, 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 glp) = 0, ond {p — pal for a root ps repeated m times.
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hip) i il
AL, 21a)
glp) r; p— pr rg b~ pa )”‘"“

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 hip)
and the reformed numerator are equated and the resulting equations
solved for the constants. More formally, they may be evaluated by

A, = Dl =[ hip) ] 21b)
g lp,) g(p)/(p — P P=p,
= i 21c)
c—u P ¢
where
tp) = p — pa)"'ﬂp—)
glp}

and 177 [p,) indicates that the {r — 1ith derivative of flp) is to be found,

after which we set p = p,.

Ap + As

p? + ?
Ap + A _Alp+a + Bw

p?+ 2ap + b o+ al? + w?

where b > a? and w? = b — a? need not be reduced further. By pairs 8

23, and 24 of the table on pages 1082 and 1083, the inverse transform of
(224 is

Fractions of the form or, more generally,

(22q)

€% (A cos wt + B sin wil {22b)
where
hi{— o) h{—a — jw)
A= hlzodjel | hiza=je (22c)
g'l—a+jo  gl—a— jw
Jhi—a 4+ jw hli—a — jw :l
B = -
[g’(—u +jot g'l—a — jw (224

Alp 4+ al + Ba

o+ a2 — a?

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

Similarly, the inverse transform of the fraction
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B Filters, image-parameter design

General

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

Fundamental filter equations

1 3
o z,/2 ¢ -0
Image impedances Z; and Z,
-z—-’ RZ, <+
The element-value design equa- v Zr
tions to be given are derived by 2 4
o L )

assuming that the network is
terminated with impedances that
change with frequency in accord-
ance with the following image- o— z,/2 ® 2,/2
impedance equations. - Unfortu-

A—Half section

nately, this assumption can be 2
only approximately satisfied. z,l : er
- | -

. .. . B—Full T~section
Zy = mid-series image impedance

= impedance looking into
1-2 (Fig. 1A) with Z, con- 2z,
nected across 3—4. |

—> |2z,
Iy

Iy

Z. = mid-shunt image impedance

impedance looking into o ¢

3-4 (Fig. 1A) with Zy con. O Full wosection

nected across 1-2, Fig. 1—Basic fiiter sections.

1L—- Nﬁ
.

I



FILTERS ]BS
IMAGE-PARAMETER DESIGN

Fundamental filter equations  confinved

Formulas for the above are
Zr = V2,2, + Z:%/4
= V72, V1+ Zy/4Z, ohms
7. = 217,
V2.7, + 72/4
= M—vﬂ_ﬁ_o ms
V1 + 2,/4Z,
Z1Z, = 2174

Image transfer constant ¢

The transfer constant @ = a + j8 of o network is defined as one-half the
natural logarithm of the complex ratio of the steady-state volt-amperes
entering and leaving the network when the latter is terminated in its image
impedance. The real part a of the transfer constant is called the image
attenuation constant, and the imaginary part 8 is called the image phase
constant.

Formulas in terms of full sections are

cosh 8 =1 + 21/222

Pass band
a = 0, for frequencies making — 1< Z;/4Z,< 0
B8 = cost {1 + Z,/2Zy) = &2 sin! \/—21/422 radians

Image impedance = pure resistance

Stop band

@ = cosh™! [1 4 Z,/27,| = 2 sinh! \/21/422 nepers for Z,/4Z, > 0
B = 0 radians

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

Image impedance = pure reactance

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

type and
half section impedance characteristics
Constant-k
t° -
Lk b 4 z l //
Comndddtanny samnd R | /2 Zme = RV — w/wd
Zne\| / N
» R
0 y Z
- Cyor - w, & Lk
Zrk k Zak : /o’ VT = Hwd
| .
- | _/zvk
i, Vv
Series m-derived
211 = 27
Inf| I 2z, /'// T1 Tk
| 4./ 5 7oy = R — 0/
in I/ i ’ ;'__. ke V= ?/wd
NCI A”. ©
VA R[l—“in—m’)]
il S S |
| Vi = W/ wet
o !
Shunt m-derived
® V1 — F]
Ly I 2 i Z1s = %
L P e
ir; | — 373
G o i I Sy 1= e
o X o we| ) 11— 50—
T2 me i ) / (A%
/- C——" W~ :Z / = R2/Zx1
- Vv
Zxs = Zng
Notations:
Z in ohms, @ in nepers, and B in radians m=v1= wlt/w,?
we = 2mf. = angular cutoff frequency R = nominal terminating resistance
= 1/VLiCx = V0/Cs
we = 27f, = angular frequency of peak = \/Zi'rl, Zaxk

attenuation
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design formulas
full-section haif-section half-section
attenvation a and phase (3 characteristics series arm shunt arm
7 |
{
a | When 0 L o § we
: a=20
0 LAY JEPYC L]
w, ® we .
R
Ly = — Ci = —
k 4 We wok
T Whenw, < w < o
| B=m=
8 \ w
: a = 2 cosh™ —
0 1 u—¥ “
w, ©
T
! i/l o
l = L, = ul Le
o | w—=p L = mls
w, W, ©
Co = mC;
T T
B4
(
° 1 o
W, W, o©
When we < w < Wy, B = mand Ly = miy
1 _ 2 -
a = cosh™! [2 ——~—I/w°° 1/ — I] Cz = mC
Vwg? = 1/a? 1~ m?
m2 C = Ce
= cosh™| 2 e — 1
cos [2 wt/w? — (1 — m?) ]
When 0 £ o we @ =0o0nd
1/wep? — 1/we?
= cos~! L %m ™ /%
B = cos [l 21/“)‘702__]/“,2
- m? For constant-k type
=cos |1 -2 ——F—7——
[ wd/? — (1— m’l] R = Zyx Zar = k2
When w, < w < ©, 8 =0 and For m-derived type
= cosh—1 [1 _9 wo? = 1/wd Curves drawn for m =£0.6
/we? — 1/u? R = Zye Zm
2 = 71 (sori Z2(sh
= cosh™! ['l —2 -~ ] 1(seriea-1) £2(shunt-m)
wtfe? — (1 —mY = Zi(shunt-m) Z2(sories-m)
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High-pass filter design

type and
half section impedance characteristics
Constant-k
2
Zrx =R \/1 -2
* o?
w—pp R
L) Zxx = 3
wWe'
B
Series m-derived
T ® ;Zr: Zr1 = 2tk
¢, 2z { 2y,
o T/ f(1-%)
1 @—p _ «?
L, [+} Zm = NN YIS
— - lw'/{”c @ 1 — wd/d
in c Zm '{ II wl
2 ! Au R[]——”n— 2)]
-, i l - \/, —_ wcz/wz

Shunt m-derived

e = RV —wcz/wz

1 — wg?/wt

RV = wdfu

2
w,
1— =10 —m

R2/21rl

= Znk

Notations:

Z in ohms, « in nepers, and 8 in radians

we = 2mf, = angular cutoff frequency
=1/VLiCs
Wy = 2nf, = angular frequency of peak

attenuation

m=V1l— oyl
R = nominal terminating resistance

= V14/Cx

= \/Z’I‘kz'xk
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design formulas
full-section half-section half-section
attenvation a and phase 8 characteristics series arm shunt arm
] l
f | When 0 < w < w,
¢ |
. | w a = 2 cosh™! r—f
we o f=— 1 R
Cy = R g = —
o g W Whenw, < w < ® e e
1 ! :
B | a=0
I g = —2sin71 Pe
@
-7 .
©
£ A
a N i
I\ L = Le
I\ w—p m
0 1 ~ Cy = Ci
W, W © m
Cy = 3 Cs
W—p 1—m
f o Wy [@ ©
|
B |
RJ
When
Yo S < e a = cosh™! 20,3 wmz _]] !
B = —rand o W L1=I_m2Lk
2 _ L
= cosh™| 2 — i —1 Cr Lz = o
%
s — 1 —ml G=—
W, m
When
0 < w < wy ® wl
- =cosh| 1 —2=2=2 >
B = 0and @ = cos [ wo! — o i
R _t
=cosh™| 1+ 2 T
-t - For constant-k type
o* R? = ZyZoy =kt
When
we<w< ™ B=cosmi[1—2 wet — w? For m-derived type
a = 0and W ? — w? Curves drawn for m== 0.6
m? Rt = Z19Zm
=cos1}{1+2
Py =7 (seriea-m) Zl(ahunt-m)
0n—m ——
¢ = Zi(shunt-m) Z2(series-m)
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Band-pass filter design

Notations:

The following notations apply to the charts on band-pass filter design that appear on pp.
170-179.

Z in ohms, @ in nepers, and 8 in radians
wy = 2nf; = lower cutoff angular frequency
wy = 2mfy = upper cutoff angular frequency
w = Vwiwz = midband angular frequency.
wz— w1 = width of pass band
R = nominal terminating resistance
Wi = 2uf,,, = lower angular frequency of peak attenuation

wo = 2wf,, = upper angular frequency of peak attenuation

wiwsg

—g+h
Yaw
m = Py
Wi
1=
wiyo
g+ h e
Wity
mg = =
Wiy
1= ==
Do
type and
holf section impedance characteristics
Constant-k T o
Ltk Ck L

_ RV 1w — oA lw?f— wffl

Zrk
w(wg - wﬂ

?ﬁ(mz — wy)

Vi — Dot — wd

Zng =




L1Cir

FILTERS
IMAGE-PARAMETER DESIGN

11

2
— Yo
w??

2
. Wiew
\/(‘ w? ) (‘
— — -

\/(’ 2)(

1 1
LyyCop = — = —

wiwe Wy

Lue _ Lu
Ca  Cix
Zik Zox = K2
21k Zxk

=2 (series-m) Z2 (shunt-m)

= Z2(serips-m) Z\(shunt—m)

I

ZT (series-m)

Zx (shunt-m)

attenuation o and phase 3 characteristics

Z (shiat-m) Zr(series-m)

= Zrk

Zxk

full-sec'i‘on

for any one pair of m-derived half-sections

frequen- design formulas
cies of

peak o

half-section
series arm

half-section
shunt arm

W,

@ o W
1
|

When w2 < w < ®, 8 = 7 and

a = 2 cosh™!

When 0 < »

a = 2cosh™!

w? — wy?

wiwe — wy}

]

<wy, § =—mand
wo’—wz

[w(wg b wﬂ

When w1 < w < wg, « = 0 and

B = 2sin™! [

W — wit
wlws — wi)

| ’

1 ]
.LJL...."'.

@«

R Rilwe—<wy}
sz:ﬁ’_z“i

Lig = —7—
wiw =0 w2 wy wp

wro = ® wroen e o]

Riws— wy!

Cix

Ry
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Band-pass filter design*

type and
half section

continved

impedance characteristics

3-element series |
L G

o__nrv-n._{ 0
Zt1 = 7Tk
? Co=x 2—
T m Rlwz + wi) 4 Jo* — wr?
Zm = PR
L [A) w2
3-element shunt |
L, T © ]
b4 R Zn / /
Zyz | //z" 7 Rw A fwe? — w?
1} w——p T2 = T 7 T
- -— t {w w) VP — wi?
2 C. 2 Zy, ° W Uy W D 2+ o !
1
: : '/ = R/Zx
' ' /2
! V' " Zm=ZIm
- [}
3-element series Il
L, Cy
p——0
Zts = 7Tk
2
,T3 ™ Rwlwg + wi) 4 Jw? — o?
Zr3y = 2 2 2
—e—t—0 Wy ! — w)
3-element shunt }l
Ci
o——f—¢—
2o = Ruws? \/oﬂ — w?
- ¢ .L_|: -— ™= wlwy + w;) Yw? — w?
Zrs 2L E3 Zma
' = Rz/Zra
: Zrs = Ixk
]

o

* See notations on pp. 170~171.
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FILTERS
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design formulas

full-section frequen-
attenuvation o and condi- cies of half-section half-section
phase 3 characteristics fions peak a series arm shunt arm
T
t b
H 1
a ] 1
i
N : Li=Lln
w-—p
1—
° h Wy W, 3 Cy = 1+:2
k4 ] C, = &
] : mg
B o o>
M @ W @
] |
- : d m =1
W20 = @
When 0 < @ < @, B = 0and my =2
w? — wi? w2
a = cosh™l [] - 2—2——2]
w2 — wy
L= Lot
When @y < w < ws, a = 0and : 2T
0,2 _— 2 —mz
B =cos“[l —2—2-%:' Lo= 1+m
w2’ — wy
Ca = Cap
Whenwz<w< @, f =7 and
(J)lz
a = cosh™! LZ ——— =1
w2 - w1
®
$ L
1
a 1
! i
1 1
! ' Ly = mlix
e e
W, W, W, © Ly = Lag
1—m
T L4 ': : Cr=Cui
1 1
} I w—
ﬁ o‘
it ) £
)
Lt [l @
-1 ] m o= j
= — 2
When0<w<w21; 2B— 2P1rc1nd wiw =0
_ wi*lw? — o =1
= h—1 M e v mg
a = c¢os [2 T S 1 :I
When oy < w < we, & = 0 and I+ Lo = Lo
m
5=c°s-1[1_2‘°1_"‘*’ﬂ] = 5 Cue
2 . 2 -
wPwe — w2 C2 = mCni
When w2 < w < ©, f = 0and
2002
wtws? — wz):l
= h—1 —prwz mW?
@ = cos [l Plof — o)
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Band-pass filter design*

type and
half section

|

conlinued

impedance characleristics

4-element series | P
L ¢ t
° i z R Zt1 = Ztx
L I B T
? z- W, T wlwr — o) Yo — of
n (o ™ o /l |
2 I /4" : : X [ — wp?
o i / IZﬂ i ] + m12(w22 - wg)]
[ [
- 1 |
4-0lement shunt |
L
Zog = Rwlwe— wy)
T2 (w?— w1l +milw? — o
C| X Vﬁ)zb - w12
—» C2 L23 o w? — ol
T2 Zr2
= R2/Zn
Zx2 = Znk
4.clement series 1l
L C
I Zrs = ZTk
LZ 7 \/wz — w?
E;a 2.;3 3 w(wz — wy) — w?
€ I X [leg?— wl +my2lw?— e )
4.element shunt li
o Zroe = Rwlws— wy)
T e — ot Fmtlet— w?)
fod — oo
X w2 4]
b Cé Lz - o — wl,
2
ore Zms = R/Zx3
Zr4 = Znt

* See notations on pp. 170-171.
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IMAGE-PARAMETER DESIGN

5]

full-section fre- design formulas
attenuation o and condi- quency [ half-secfion | half-saction
phase 3 characteristics tions of peak | series arm | shunt arm
Lz =
L = miluk 1—m? Lix
my
_Cuie
C = ma Ce =
= m2
B —C
, 5| € T—mg
- I I ol
E 3
When o < w < ws, a = 0 and e
B = coslA &, ) I b=
3 8 m_
When 0 < w < wiw, B = 0 and ~ | '_‘@‘ 3 T—mg? ¥ L,:l"_"
a = cosh™l A 3 “E mg
+
When w1 < w < w;, 8§ = —=and - CL= Co = miCa
a = cosh™! (— A] | l—mg
- LCw
When we < w < o, B8 =0and I t
a = cosh™ A <
o) o Ly =
313 ,
1—
4 o L1z
gl Li=m L my
| Bl 8 C =
31«; 3 Ci = _';‘_" G
2
] | m2
—_ —_ ,3' - 1—mg? Cu
B L
“~ N—'
' S[E
3 g
When we < w < wag, B = 7 and
a = cosh™! [— B) =% i b=
5|3 s | m
>N
L
When 0 < w < wi, 8 = 0 and N,.'“% 3 T—ma L,=E’$
5 2
a = cosh™18 2 "é-'
+
When w; < w < w3, a = 0 and — Cy = C2 = mi Cax
B =cos'B | T1—m?
- mml Cax
When wie < @ < ®, §=0and f !
@

a = cosh™1 8
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Band-pass filter design®  continved

type and I

half section impedance characteristics

5-element series |

Zr1 = 2Tk

Zy =
R wlwsl 4 wi?— 2wema) 4wt (me?—1) ]
wlwg—w) V o — o) lf— o)

Zrz = R*/Zm

212 = Z‘nk

Zr1 = Ztk

Zuy = Wk
(w2 — wy)

wel+wi?—2wpm; Fwlim2—1)

Vied— o) ot —wl

5-element shunt li

e mf
: | /N /|
R | 2 Y
o L_ ! Ilzn |9y Zrp = R/Zn
‘ ,wl "z- (-] .
// { {‘l‘; {/ Zrz = Znk
Va W4
ol Ve
- ] /

¥ See notations on pp. 170~171.
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full-section fre- design formulas
attenuation a and |condi- | quency | half-secti half-secti
phase 8 ~haracteristics tions |of peaka| seriesarm | shunt arm
I
& )
£l o E| &
LR LIS
— 3 Sle |3 3,
LN ) i w tlg *
513 PR el <
I = v 3T f
| 1€ B
o JE G A=
When B | |S T
w < w < wz 5|3 |E NI 3 5
a =0 and : -3
! 2 g - ¥ o
lw? — e =
B=cos_‘[1— —s 2 wo'mal g 3 S
W w4 w1 —2wi?ma) + wef (mg2—1) + | T HEE .
When 0 < w < wio, 8 = 0 and NE';? T s |=| 1IF
— wdma? ~ 3 T A .
a = cosh™1 [] — o 22((”2 wi'ms) ] [l 8 8% . ! 3E §
w?lwgd 4 wi?—2wePma) 4wyl m2— 1) £ £ 5 §1 3, 3 I 1]
When wiwo < w < w1, B8 = —w and '3=|N3 K < ¢
— widmal? 3 e a
a = cosh™1 I: 5 22(‘”2 we'ma) -1 S §|_J JE
w w4 wi—2wePma) +wet (mg2— 1) e 8!
When we < w < o, 8 = 7 and f U,;E "—
a = same formula os for 0 < w < Wi L R
i !‘_‘I
T © /=
= L&
a & &
g
- 5, [T
I = 3
£ U =, IR
i S8 F
a3 S
3Ty F
s v_.R: -
When = 'T #
w2 < w < wag il.,- S =
B8 = m and
2 22 £
_ 2{wlm; — wl =
a = cosh™ 11 — I
{ w?ws? + w1 —2wmi + W imi? — 1)]} 'E ==
When 0 < w < w,, B = —rand | LE
2lw’m; — wd)? % T 3
a = cosh™! - (39 (§)
{w2[w22+wl=—2w&m1+aﬁlml=—n] ’ {EES 3 &
When w; < o < w3, « = 0and ‘i_,i'.f 5 Il-- Lﬂy
Py — wdl? 3 o -
1 S,
w’[wz “+ i —2w02m1+w’(m1’—l)] ‘EL Uﬁ 1
When wae < w < ©, B8 =20and ] fl ]
a = same formula as for 0 < w < wy = S5 g
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continued

Band-pass filter design™

fypa and
half section

impedance characteristics

6-element? series

{we?— o) [w?— B + lwolme — w?m) 2

Vi< et —wd)

6-elemen? shunt
Ly
L

Cy

full-gection aenvation & and p

Zre = R?/Zrl

Zzy = Zxi

hase 3 characteristics

When an < w < w,

a = 0 and
2Mw?m; — wolmal?

= —1 —
cos’ [l P —

When w3 < @ < wiw,

(.;)ozmz)2 + lwg? ~
el

= q and
2(w?m; — wlmg?

lw? (w? — an¥

] te

0

a = cosh™!
{w?

When 0 € w < wiw,

m— woimg)? + (w2 — o ? — wi?

8 = 0 and
2{w?my ~ wdmg)?

a
,+|]‘

k.

= cosh=t| 1 —
@ = cos [ (Fmy — witmal? + lof — o lo?

When wijw < w < w;, 8 = —mand

2{w?m; — wolmy)?

ot
—wﬁ)]

[}
T

a = cosh™! 2
{w?my —

When waw < w < ®, f# = 0ond
a = same formula as for 0 < w < Wim

* See notations on pp. 170-171.

wtmd? + (wf — At — o

1] :
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design formvulas

half-section series arm

half-section shunt arm

Lig [ wz — wil? {m; — mg?
L2 — 3 -
me wq mimg
1— m;z
Ly L
Ly = my Lz 2 my 1k
C C
C, = “l'f Cq Mi™1k 2
me fwg — w)?  lmi — ma)
we? my ma
ma
Co C
2 1 — mzz 1k
my Lok
L= 2 2
{wg — wi} {my — mg)
we? my ma
lwe — wi)? (my — mal? L
cl=91=[wz ol fmy = ma =l
ma wy’ my m3 mz
ma Cz = m Cap
L=y
i py R
1~ m
o = —"Lcu
mi
conditions | frequency of peak
. ? 2 — 2wptmim
9"+'hm—lm wid + wib =2 + o zwo =
we? 1T — mi
m ]__wlgo m = .l__wlgo-
wed wad

Band-stop filter design

Notations
Z in ohms, & in nepers, and B in radians
w1 = lower cutoff angular fre-
quency
wz = upper cutoff angular fre-
quency
w = Vows = 1/ViaCy
= 1/v/LauCan
wg — w1 = width of stop band

lower angular frequency
of peak attenuation

Wi

1 —
wid X wid =wo( m’)

l—ml

w2w = upper angular frequency of
peak attenuation

= nominal terminating.resistance

g ik Lub

Cax Cue

ZywZak = ZriZnr = k2

= Zl(uenes—m) Zﬂ(shunb—m)

= Z‘z(uenes—m) Zz 1(shunt-m)
= Z132Zn;

£
[
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Band-stop filter design™

continued

fype and
half section

impedance characteristics

Constant-k

Lik

[} —
I Zmy, "/ Zye = RV w2 — ;’12’ (wzwz) — o)
R Zn, {a® —
Zrk
W —p Rlwg® — P
] Zre =

w, /w° wz Vit —~ w1 w? —~ wzzi

Z"‘/ / ZTI
i

W

For the pass bands, use | w? —
in the above formulas

Series m-derived

t o
T = 2
4 Zm l an b TE
R4
I I. Z Z1r1
0 “’hw n —’ " wlws — wi)
ol Gy § T=l=mi = |
|I '
I b.’ V- [
Zml) z"ll ot @
-

curves drawn for m = 0.6

Shunt m-derived

U o 3Lk
— -~
Z1y Zya

©
INE
Z
R )
Ity = =—
0 Z1r1
Zxy = Zxk
-o

curves drawn for m = 0.6

* See notations on preceding page.
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FILTERS

181

freq .
full-section of design formulas
aftenuation a and condi-|{peak| half-secti hatf-secti
phase 3 characteristics tions | a series arm shunt arm
When w = ayp
a = o
When wy < w < w2
{wa — wy)
o = 2cosh™ m—w:u—_——wf:%-
g=—n
Rlwz— 1) R
§ [lix = el Log =
When we < w < @ wiw? wy — Wy
a=0 L
— 8 1 wy —w
= pgpmr Wz — @t 3 |{Cu= Cy = 22791
B = 2sin P — 1k FY——— 2k 1ok
When w; < w < wp
wlwy — wy) When 0 < w < w0y
a = 2cosh™l ———~ a =20
8= w — of _2__lw(wz—w1)
A P
1—m?
Ly = Lie
Li=m
1 1k Co = - Cus
c I—m
C, ==k .
m L = -
m
curves drawn C' = mCax
form = 0.6
When we < w < @, & = 0 and e«
£ = same formula as for 0 < w < wn 5
I L1 = mly
When weee < 0 < wg, § = —~m and 8
a = same formula as for w; € w < Wi 3 c
g8 1Cy i)
_ [ 3 m Lok
When0 < w < wy, a = 0 and & Ly = —
_ 2w?m? (we— wy)? m
B= o | 1 = oA —ed T i — L=——in
! 2 w2 @l 1—m? | C2 = mCa
When w1 < 0 < wiw, B = 7 and C’—‘_m2C
a = cosh™? 2m g — wi)? —_ l] b *
{w? — w13 (0?— wA) +w?m?lwa—wy)?
When w1 < w0 < wie, 8 = 0 and
20miws — wy)?
a = cosh™| 1 — -
[ (w’—wlz) (w’—wzzl-i—wzmzlwz—wl)z]
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Building up a composite filter

Ly Ly 1y Zy YA
— > > , >
' |
' |
' |
1 L
‘ ) |
terminal | terminal
holf-T  hg————————— intermediate T" >  hatf-T
section | 1 section

Zy
<

terminat | ’ ) ' terminat
holt-7 |g———————— intermediote ¥ sections ———————————Py holf-w
section eection
Fig. 2—Method of building up a composite filter.
g P \
< 14 190%
< . /
H - /)i}“ 1 \\ ‘
& Pt s AN
" = 202 N
N e I Ty u ~] A ‘
e 0.6
10 N |
——— I~ 107 ™~ \
B T
0.8 = N M 2 5 ~ \
\\ o ’-‘S‘\\\ \\ \
s, T~
o '0‘:\ NN \
\\\\ \
0.4 N \\\
N
0.2
o]

o] -a.t -Q2 -Q3 “04 =05 =06 Q7 -0.8 -0.9 -L0
Zi/4Z;

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

The intermediate sections {Fig. 2} are matched on an image-impedance basis,
but the attenuation characteristics of the sections may be varied by suitably
choosing the infinite attenuation frequencies of each section. Thus, the
frequencies attenuated only slightly by one section may be strongly attenu-
ated by other sections. However, the image impedance will be far from
constant in the passband and therefore the use of true resistors for ter-
minations will change the attenuation shape.

Some improvement in the uniformity of the image impedance is obtained
by using suitably designed terminating half sections. For these terminating
sections, a value of m = 0.6 is usually vsed (Fig. 3).

Example of low-pass image-parameter design

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

Constant-k midsection

R 600
bh=—= 0o = 637 102 h
* We {6.28) (15 X 10%) ‘ X enry

1 1

= = 0.0177 X 10~¢ farad
wR (6.28} (15 X 10%) (600}

Cr =

a=2cosh 12 =2 cosh™! —f

W, 15 o__.{VVY\nIYM—o
G G
1 @ — "I I'l
B = 2sin o 2 sin T ° i 0

where a is in nepers, 8 in radians, and f in kilocycles.

m-derived midseclipn

m=V1— ow.t =V — 15/30°
= V075 = 0.866

L = mlx = 0.866 (6.37 X 109

552 X 10-3 henry
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Example of low-pass image-parameter design  continued

Lg=

1 — m2L [I — (0.866)2
k=

J7 X107 =184 X 107%h
0868 ] (6.37 X 84 X1 enry

m

Co = mCy = 0.866 10.0177 X 1079 = 0.0153 X 10~¢ farad

2
a = cosh™| 1 — -2—2"—, = cosh™!| | — 2—2€]~5—~
We
2
B8 = cos™! l———2—2—m—~~ = cos™t 1—2—53-]'—5———
& = ma | 22 025
w? f2
End sections m = 0.6
Ll Ll
L = mly = 0.6 (637 X 1079
= 3.82 X 1073 henry L, L,
] — m?

= ¥ [
b=—""hL o ‘T o

3 [1 — (0.6)2

0% ] {6.37 X 107% = 6.80 X 107 henry

&

it

mCi = 0.6 10.0177 X 10~% = 0.0106 X 10~°farad

Frequency of peak attenuation f,

fo = \/ 2 = \/“5 X109 18.75 kilocycles
1 — m? 1 — (0.6)2

Filter showing individual sections

382mh | 6.37mh 6.37mh | 5.52 mh 5.52mh | 3,82mh

: 0.0177ut

| 1.8amn
0.0177puf |

tgamh | g.80mh

I ! |
0,0106 uf | !0.0|53 ut anOISSpf | 0,0106 ut
° I f 4 t—o

]

6.80mh




Example of low-pass image-parameter design

FILTERS
IMAGE-PARAMETER DESIGN

183

continved

Filter after combining elements

11.9mh

0.92mh
0.0354uf

0.0306uf I

0.0106f

1 3 e mtad al

uiio; of each ti

P N g d

Solid line = constant-k
midsection. Dashed =
m-derived midsection.
Dash-dot = m-derived
ends.

Image altenuation
and phase
characteristics

Given at the right
and on the following
page are the image-
terminated attenua-
tion and phase char-
acteristics. These
shapes are not ob-
tainable when 600-
ohm resistors are
used in place of the
terminating Z.

Image-terminated ahenu-
ation of composite filter.

a« in nepers

@ in nepers

T e cm ] —— ]

e

[
S N
—

<
1
!
5

/7 \‘_

n
o — -
o —

r—-———-—

0 10 20 30

f = frequency in kilocycles/second

40 50 60

i

|

!

H
l

|

]

|

!

|
!
|

|

]

o

(o] 10 20 30

f = frequency in kilocycles/second

40 50 60
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Example of low-pass image-parameter design  continued
24 T
2 i
BT i
. £ H
{ g fod rl.. pog 2
characteristic of each sec-
tion. Solid line = con-
stant-k midsection. o
Dashed = M-derived mid- 9
section, Dash — dat :lm- 0 10 20 30 40 %0 60
derived ends. f = frequency in kilocycles/second
510 .
T 37t |
£ F |
[
27| ’ ‘
6
1, ge-H PV rL '
characteristic of compo- |
site filter. 4 - 1
Tl |
!
2 'l }
] |
| |
o I |
0 10 20 30 40 50 60
f = frequency in kilocycles/second
Impedance required for proper termination
w?
. R[]"‘;’?(]—'mz,] é,eoo
= £
’ V1 — wt/wl .g 760
N 720
600 [1 — 0.64 (£/15)7] !
= e 680 {
V1 — (/152 J
640 Z r
o 600 4
I maday p— ~7 [
560 |- —— —~+
% Bl o ol
0 2 4 6 8 0 12 14 16
L__>o.— —0

f = frequency in kilocycles/second
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B Filters, modern-network-theory design

The design information in this chapter results from the application of modern
network theory to electric wave filters. Only design results are supplied
ond a careful study of the references cited will be required for an under-
standing 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 (p. 165).

(21/422)f=fc = —] and O (”
Zop = (Zy ZY2 (1 + (Z4/4Z 12 2

Z, and Zy, the full series- and shunt-arm impedances, respectively, must be
suitably reloted to moke (1) true at the desired cutoff frequencies and
the generator and load impedance must satisfy (2). Under the image-
parameter theory, the resulting attenuation for the low-pass case is

V,/V =10, lo/w) < ]}

(3)
= exp {In — 1) cosh™ (w/w)], lw/w) > 1

- r‘———ﬂ

Fig. 1A 7-element low-pass fller considered on the basis of image-parameter theory of
A and of modern nelwork theory at B.
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Limitations of image-parameter theory  confinued

where n is the number of arms in the network of Fig. 1 and V,/V and @ are
as in Fig. 3. It is this attenuation shape that is plotted in the tabulations of
chapter 6.

Equation (1) offers no problems., The application of (2} to Fig. 1 demands
terminating impedances that are physically impossible with a finite number of
elements. The generator and load impedances for Fig. 1A must be pure
resistances of (L/CI!/2 ohms at zero frequency. As frequency increases,
the value of resistance must decrease fo a short-circuit at the cutoff fre-
quency, and with further increase in frequency must behave like a pure
inductance starting at zero value at the cutoff frequency and increasing
to L/2 at infinite frequency.

The physical impracticability of devising such terminating impedances is
why element values obtained by {1} cannot simultaneously satisfy (2}. The
relative attenuation indicated by (3) is similarly incorrect and cannot be
realized in practice.

Lattice-configuration filters also require impractical terminating impedances
when designed by image-parameter theory. (Constant-resistance latftices
are an exception but are seldom used for filtering.) The practical use of
resistive terminations automatically mokes element values computed on
the basis of ideal impedance terminations incorrect.

For more than three 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 opproximate 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 the application of Kirchhoff's laws. Modern
network theory does just this and then solves the equations to find the net-
work parameters that will produce optimum performance in some desired
respect.



FILTERS ‘I 89
MODERN-NETWORK-THEORY DESIGN

Modern-network-theory design  confinved

A block diagram of a generalized filter is illustrated in Fig. 2. This may be of
low-pass, high-pass, band-pass, band-rejection, phase-compensating, or
other fype. The elements of the filter include resistors, capacitors, self- and
mutual-inductors, and possibly coupling elements such as electron tubes
or transistors, all according to the design. The terminations shown are a
constant-voltage generator (the
same voltage at all frequencies!
with a series resistor at the input

and a resistive load. (Frequently it R,

is preferable to stipulate a con- filter v Ry
stant-current generator with a

shunt conductance.} The generator E? ¢

and load resistors need not be
equal and they con be assigned
any valve between zero and in-
finity. Characteristic impedance
plays no part in the modern network theory of filters.

Fig. 2—Black diagram of a filter with gener-
otor and_load.

Either or both the generator or load can be reactive, in which case the
reactances are absorbed 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
cycles per second in a band terminated on one side by zero frequency
ond on the other by the actual frequency. The actual frequency 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 cycles per second
between two particular frequencies {anywhere in the pass or reject regions)
with the requirement that their geometrical mean be equal 1o the geometrical
midfrequency fy of the pass or reject band.

A typical filter characteristics is plotted in Fig. 3 for a low-pass filter. In
Fig. 3A, the magnitude 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 moximum voltage that could be
developed across the load were it matched to the generator through an
ideal network. Symbo! 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.
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Modern-network-theory design

continved

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 bandwidth (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 lincluding
generator and load) composed of
lumped linear passive elements is
always equal to a constant mul-
tiplied by the ratio of two
polynomials in {jw). Modern filter
theory has derived various ex-
pressions 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
between the accept and reject
bands for a given number of filter
compongnts, with a specified
allowable equal ripple in the
accept band, and a specified re-
quired equal ripple in the reject
band. See Fig. 4 for typical
shapes of attenuation character-
istic for band-pass filters.

The phase and transient response,
in a majority of filter applica-
tions, are not as important as the
amplitude response. Most of the
following treatment refers to this
latter type of problem.

vi»

%
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s
]
|
]
1
|
{
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&
i /\I
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20 log [Vp/V]
-
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C

B W/we —p»

Fig. 3—Low-pass-filler output voltage versus
frequency at A; alfenuation versus normalized
frequency at B. A is the actual voltage across
the load as a function of frequency and is far
the low-pass case. B uses the information in A
to produce a plot of relative altenuation against
relative bandwidth.
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Chebishev and Bufterworth performance with constant-K and

equivalent configurations

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

A B [ -
(bw), (bw), —_— (bw), '
Y%
: v

(bw),
=(bw), (bw),
Vv v,
w (bw), —Vi (bw)g
M\ metomf N A o JUN
(bw),=(bw),- (bw)y=(bw),
Vp_
W
(bw),
=(bw), (bw),
v A
Y {bw)y, TV"
Fig. 4—A, B, C, are the opti relative att tion shapes of (4) and (5) that can be pro-

duced by constant-K-type networks. D, E, F, are the optimum relative oftenuation shapes
of (8), (12), (13), (16) that can be derived by M-derived-type networks.

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.

Chebishev:

Ve _ VoY ] . —1i>
(V) =14+ l:(v’) —~ 11 cosh?{ n cosh ” (4)

Butterworth:

vp>2 % 2n
(V =14 (;;;) {5)

where

v
Vo

output voltage at point x

]

peak output voltage in pass band
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Chebishev and Butterworth performance with constant-K and

-

equivalent configurations  continved
2

g,

V, = valley output voltage in pass band

= 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 re- °
actances in the filter. For band-pass and band-reject, n = total
" number of resonators in the fifter.

x = a variabie found in the following tabulations.

%, = value of x at point on skirt where attenuation equals valley attenua-
tion.

xaap = value of x at point on skirt where attenuation is 3 decibels below V.
Significance of x

Low-pass filters:
x=w = 2nf
High-pass filters:
= —1/w= ~1/2xf
Symmetrical band-pass filters:
x = lw/wy — wo/w) = (fy — f1} /fy = bw)/fy
Symmetrical band-reject filters:
X = -]/(w/wo - wo/w) = —fo/(bw)
where

fo

{f1 f)Y2 = midfrequency of the pass or reject band

fi, f2 = two frequencies where the characteristic exhibits the same attenua-
tion.

Working charts for these filters, derived from (4} and (5 are presented in
Figs. 5 to 10 for value of n from 2 to 7, respectively.

These curves give

(V,,/V)db = 20 |°glO (Vp/V)

versus x/xsap

For low-pass and band-pass filters,

x/xsap = (bw)/(bw)sap
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Chebishev and Bufterworth performance with constant-K and

equivalent configurations coninued

(bw)/(bw)sgp for low-pass and band-pass
(bw),qp /(bw) far high-pass and band-reject
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Fig. 5—Relative attenuation for a 2-pole network.
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Chebishev and BuHerworth performance with constant-K

and

equivalent configurations  conrinued

{bw)/(bwy,, for low-pass and band-pass
{bw)yyy, /(bw) for high-pass and band-reject
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Chebishev and Bufterworth performance with constant-K and

equivalent configurations  continved

(bw)/(bw)yy, for low-pass and band-pass

(bwlyy,, / (bw) for high-pass and band-reject
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Chebishev and Butterworth performance with constant-K and

equivalent conflgurations  continued
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Chebishev and Butterworth performance with constant-K and

equivalent conflgurations  continved

(bw)/(bw),, for low-pass and bond-pass
(bw)yqy /(bw) for high-pass and band-reject
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Chebishev and Bufterworth performance with constani-K and

equivalent configurations  continved

(bw)/(bw),, for low-pass and band-pass
{bw)ygp /(bw) for high-pass and band-reject
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Chebishev and Butterworth performance with constant-K and

equivalent conflgurations  continved

For high-pass and band-reject filters, the scale of the abscissa gives
(bwi 3db/(bW)

On each chart, Figs. 5 to 10, 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.

Thus, in Fig. 5, curve 3 has been stopped at 0.3 decibel, which is the value
of {Vu/ Vi) gp for which the curve was computed. {See table on chart, Fig. 5.

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-parameter theory" are approxi-
mations that are actually unattainable in practice.

Low- and band-pass filters—required unloaded Q

Constant-K and equivalent filters can be constructed that will actually give
the attenuation shapes predicted by modern network theory. To attain this
result, it is required that the unloaded Q of each element be greater than a
certain minimum value®. The gmiy column on each chart is used in the fol-
lowing manner to obtain this minimum allowable value: For the internal
reactances of low-pass circuits,

Quin = Gum

For the internal resonators of band-pass circuits,

Quin = Gmnn [fo/ {bw! 3qn]

*S. Darlington, “Synthesis of Reactance 4-Poles,” Journal of Mathematics and Physics, vol. 18,
pp. 257-353; September, 1939. Also, M. Dishol, "'Design of Dissipative Bond-Pass Filters Pro-
ducing Desired Exact Amplitude-Frequency Characteristics,” Proceedings of the IRE, vol. 37, pp.
1050-1069; September, 1949: also, Efectrical Communication, vol. 27, pp. 56—81; March, 1950.
Also, M. Dishal, "Concerning the Minimum Number of Resonators and the Minimum Unloaded
Q Needed in a Filter,"” Transactions of the IRE Professional Group on Vehiculor Communication,
vol. PGVC-3, pp. 85-117; June, 1953: also, Electrical Communication, vol. 31, pp. 257-277;
December, 1954,
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Chebishev and Butterworth performance with constant-K and

equivalent conflgurations  continued

Examples

a. in o low-pass filter without any peaks of infinite attenuation at a finite
frequency, how few elements are required to satisfy the following
specifications, and what minimum Q must they have? Response to be 1
decibel down at 30 kilocycles, and 50 decibels down at not more than 75
kilocycles, compared to the peak response.

The allowable ripple is 1 decibel in the pass band.

Then,
{bw} BOdb/(bW) 1ab < 75/30 =25
{(Vp/Vo)ap < 1.0 decibel

Since (bw) 1qp will be slightly less than (bw) 3, we must have (bw) soan/ (bw) zap
a little less than 2.5 when (V,/V}ap = 50 decibels. Consulting the charts,
Figs. 5 to 10, and examining curves for {V,/V,daw = 1.0, it is found that a

5-pole network (Fig. 8) is the least that will meet the requirements. Here,
curve 6 gives

{bw) 5Odb/(bW) 3dp = 2.14

while

(bw) ldb/ {bw} 3dp = 0.97.

Then
{bw) 50db/(bW)1db = 2.]4/097 = 220

The 3-decibel frequency will be
30 (bwlzqp/ (bw! 1an = 30/0.97 = 31 kilocycles

At this frequency, the Q of each capacitor and inductor must be at least
equal 10 Qmin = 11.8 as shown in the table on Fig. 8.

b. Consider a band-pass filter with requirements similar to the above:
bandwidth 1-decibel down to be 30 kilocycles, 50 decibels down at 75
kilocycles bandwidth, and 1-decibel allowable ripple. Further, lei the
midfrequency be fo = 500 kilocycles. The solution at first is the same as
above, and a 5-pole network is required.
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Chebishev and Butterworth performance with constant-K and

equivalent configurations  continved

The 3-decibel bandwidth is 31 kilocycles and the Q of each resonator
must be at least

11.8 fo/ (bwlzgp = 11.8 X 500/31 = 190

where 11.8 is gmin as read from the table on Fig. 8. If a Q of 190 is not
practical to attain, a greater number of resonators can be used. Suppose
7 resonators or poles are tried, per Fig. 10. Then curve 2 gives

(bW)5odb/(bW) 1dp = 2‘0/093 = 226,
The table shows the peak-to-valley ratio of 107° decibel and qmin = 5.9.
The 3-decibel bandwidth is 30/0.93 = 32.2 kilocycles. Then, the minimum Q

of each resonator can be 59 X 500/32.2 = 92, which is less than half
that required if 5 resonators are used.

¢. In the band-pass filter, suppose the filter is subdivided into N identical
stages in cascade, isolated by electron fubes or decoupling capacitors
or resistors. For each stage the response requirements are the original
number of decibels divided by N. For N = 2 stages,

{bw) 25db/(bW) 0-5ap < 2.5
(V/Valap < 0.5 decibel

Proceeding as before, it is found that a 3-pole network (Fig. 6) for each
stage will just suffice, curve 4 giving

(V,,/V,,)db = 0.3
and

(bw) 25db/(bW)0-Edb = 2.]/084 =25

To find the required minimum Q of each of the é resonators, the 3-decibel
bandwidth of each stage is

30/0.84 = 358 kilocycles
for curve 4, qmin = 3.4, so the minimum allowable Q for each resonator is

3.4 X 500/358 = 47.5

Maximally linear phase response

In the design of filters where the linearity of the phase characteristic inside
the pass band is important, certain changes in design are necessary compared
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Chebishev and Butterworth performance with constant-K and

equivalent configurations  continued

to the previously considered cases.For constant-K-type filters, rate of change
of phase with frequency becomes more-and-more linear as the number of
arms is increased, provided the design produces a complex relative attenua-
tion characteristic given by the polynomical of (6¥).

vV, ol &2 20 =ntf, xY
vV (2n)!,§, riln —rll (J Xﬁ) tel

where r is a series of integers and the other symbols are described under (5},
The magnitude of (6} is plotted in Figs. 11 and 12 for several values of n.

The former is for the relative attenuation inside the 3-decibel points and
the latter for the response outside these points. The curves for n = @ are
plotted from {7}, which is the Gaussian shape that the attenuation charac-
teristic approaches as n approaches infinity.

10 log (Vp/V12 = 3 (x/x3ap)? 7

With a constant-K-configuration network that produces only poles, a
maximally linear phase response can be produced only at the limitation of o
rounded attenuation shape in the pass band as illustrated in Figs. 11 and 12.

The column labeled gmin on Fig. 11 gives the minimum allowable Q, measured
at the 3-decibel-down frequency, of the inductors and capacitors of a
low-pass filter. For band-pass filters, the minimum allowable unlocaded Q
at the midfrequency fo is gmin fo/ (bw)sap. For the phase response figures
on Fig. 11, the symbols are as follows.

Low-pass filter

th = d0/dw
= slope of phase characteristic at zero frequency in radians per radian
per second.

tsan = slope at faap
faap = frequency of 3-decibel-down response
Band-pass filter
to = slope at midfrequency
tsap = slope at 3-decibel-down bandwidth

fagb = % {bw) 3an
= one-half the total 3-decibel bandwidth

* W, E. Thomson, “Networks with Maximalty Flat Delay," Wireless Engineer, vol. 29, pp. 256~
263; October, 1952,
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equivalent configurations  confinved

The column {ty — t3ap! fzap shows the group-delay distortion over the pass
band. It shows numerically that the phase siope becomes much more constant
as the number of elements is increased, in a filter designed for this purpose.
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Chebishev and Butterworth performance with constant-K and

equivalent configurations  continved
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M-derived and equivalent filters

Typical attenuation curves for M-der
The modern network theory of these fj
Darlington.* The attenuation shapes

inverse-hyperbolic and are optimum

between the accept and reject bands
elliptic-function shape.

CRBCRE

v Ve
cd = lcn/dnl, the ratio of the twa

n =
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ved filters are shown in Figs. 4D, E, F.
Iters has been treated by Norton and
produced may be called elliptic and
in the sense that the rate of cutoff
is a maximum. Equation (8) gives the

()]

elliptic functions cn and dnt

=

X

Xy

v

(8)
Ky

number of poles, or arms in the M-derived configuration

x = a bandwidth variable described under (5}

K,, K; = complete elliptic integrals

f the first kind, evaluated for the

modulus value given by the respective subscript.

Referring to the symbols on Fig. 4, the moduli v and f are given in (9) and (10).

W/ Va2 = 1 |

1/2
I:(VI,/V)-I)2 — ]jl

f = x/xa = bw,/(bwl; |

These are not independent, but must satisfy the equation

log q, = n log gf

(9}

(10}

an

where gy is called the modular constant of the modulus value k, the latter
I
being equal to v or f, respectively. A tabulation of log g is available in

the literature.t

In the limit, when V,/V, = 1.0 or zerb decibels (Fig. 4F), the ripples in the
accept band vanish. Then (8} reduces to the inverse hyperbolic shape;

of (12.

R

v

(Vp/Vi)? — 1
cosh? [n cosh™ (xa/x)]

12y

Curves plotted from (8) and {12) arg presented in Figs. 13 to 18. Those

labeled V,/V, = 0 decibels, for n g

oles, m zeros, are plotted from (12}

* S. Darlington, “Synthesis of Reactance 4-Poles” Journal of Mathematics and Physics, vol. 18,

pp. 257-353; Septomber, 1939.

T G. W. and R M. Spencely, “Smithsonian.
Smithsonian Institution; Washington, D. C.: 1947,

Elliptic Function Tables,” (Publication 3863},

{ E. Jahnke and F. Emde, “Table of Functions LNith Formulas and Curves,” 4th Edition, Dover
Publications; New York, N. Y., 1945: see pp. 4951,
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M-derived and equivalent filters  continued

while the others are from (8). For the M-derived shapes, n = the number
of poles = the number of arms in the ladder network. When n is an even
number, the number of zeros m = n. When nis odd, m = n — 1. The
following description of Fig. 13 can be extended to cover the entire group
of figures mentioned above.

The moximum rates of cutoff obtainable with 2-pole no-zero and 2-pole
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M-derived and equivalent filters  coninved

2-zero networks are plotted in Fig. 13 for several ratios of V,/V,. Two
insert sketches drawn in the figure show typical shapes of the attenuation
curves for these two cases. The main curves give the relative coordinates of
only two points on the skirt of the attenuation curve. These two points are
the 3-decibel-down bandwidth and the "hill bandwidth” (where the response
first equals that of the "response hills”, where occur the uniform minimum
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M-derived and equivalent filters  continued

attenuation in the reject band). Thus each point specifies a different relative
attenuation shape.

Comparison of the curves for 2-poles no-zero with those for 2 poles
2 zeros shows the improvement in cutoff rate that is obtainable when zeros
are correctly added to the network. More complete attenuation information
on the 2-pole no-zero configuration has been presented on Fig. 5. Again, it
is stressed that data of Figs. 5 and 13 represent the actual attenuation
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M-derived and equivalent filters  continued

shapes and rate of cutoff attainable with filters using finite-Q elements
{except for a rounding off of the infinite attenuation peaks). In contrast,
the rates of cutoff and the attenuation shapes predicted by the simple
“image” theory are unobtainable in physically realizable networks.

The rates of cutoff shown are the best that are possible of attainment with
the specified number of poles and zeros, and with equal-ripple-type
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continyed

M-derived and equivalent filters

Resisfive ferminations and n even

it is evident from the attenuation shapes of Figs. 13, 15, and 17 that for an
M-derived network having an even number of arms, the optimum shape
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M-derived and equivalent filters  continved

given by (8} produces a finite attenuation at an infinite frequency. This
requires a completely reactive termination at one end of the network.
If resistive terminations must be used, then the optimum shape that is prac-
tically realizable with an even number of arms is given by
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M-derived and equivalent filters  continued

where

» 2 1/2 )
v = SC;_I {[(%) — ]:I Cﬂ%ﬁ{/_ﬂ} “4)

The modulus v is given by (9} and the modulus f by (10).

Solving (13] then gives the ratio of hill-to-valley bandwidth as

Xh 1

X0 fodr (Ke/n) s

This optimum attenuation shape (13} produces two fewer points of infinite
rejection, or response zeros than response poles. In contrast, (8] requires an
equal number of zeros and poles.

If the ripples in the pass band approach zero decibels (V,/V,= 1) then, as
a limit, {13) becomes

V,\? (Vy/Vii2 —
<_p> =1 +_L"__.__]_ (16)

v cosh? [n cosh™t yl

where

Xk 90\? 90 2
y=|l—cos — ) + sin? —
X n n

Based on {13) and (16}, the rates of cutoff have been plotted in Figs. 19
and 20 for 4-pole 2-zero and for é-pole 4-zero filters. Fig. 5 already has
presented the data for a 2-pole no-zero network, the simplest case. An
increase in rate of cutoff results when n —2 response zeros are suitably
added to n response poles as shown by the dotted curves in Figs. 19 and
20; the data being derived from Figs. 7 and 9.

Circvit-element values

This section concerns the values of the circuit elements required to produce
the optimum relative-attenuation shapes of constant-K-configuration filters.
There are two convenient ways of expressing the element values for these
ladder networks.

a. The reactive and resistive components of each element may be related
to one of the terminating resistances {or to a completely arbitrary normalizing
resistance Ry) and also to a definite bandwidth, usually the 3-decibels-down
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Circvit-element values  continved

value. The numerical results are called ladder-network coefficients or singly
loaded Q's.

b. The reactive component of each element may be related to the reactive
part of the immediately preceding element, and to a definite bandwidth
such as the 3-decibel-down value. These numerical results are called the
normalized coefficients of coupling. The resistive component of each ele-
ment is related 1o its reactive part and the numerical values are called nor-
malized decrements or, when inverted, normalized Q's.

The latter form of normalized coefficients of coupling k and normalized
Q's (= q) will be used because the numerical values may be applied
directly to the adjustment and checking of actual filters.

Figs. 21-24 relate the normalized k and g to the inductance, capacitance,
and resistance values for various types of filters.

For low-pass filters, Fig. 21 shows that k gives the ratio of resonant frequency

L, R La
p 4
Gn
Gy =~ Cs or
Ro
4
N NN—— .
! b R, L3 b
L Rq
Ry G, ¢ G, =, or
Gn
] y

B

Fig. 21—Relations among normalized k and g and values of inductance, capacitance, and
resistance for low-pass and large-percentage-band-pass circvits.

A—Shunt arm at one end. 1/(CiL)"/2=kyxwsdb, 1/(L2Cs)1/2=koswsab, 1/(Cala)/2=ksewsdb, ete.
G1/Ci1=(1/q1)waab, g2 = {wsdb L2)/Ra g3 = {wsab C3)/Gs, q4 = {wsav La)/Ry, ete.

B—Series arm at one end, 1/(L,C:)'/2 = kizwsab, 1/{Cala)V/2 = kpswaab, V/{L3€)M2 = ksywsan,
ete. Ri/L, = (1/q1)wsdb, @2 = (wsab €2)/Ge, g3 = (wsap L3)/Rs, g1 = (wsdp Cq)/Gy, ete.

To design a bandpass circuit, the total required 3-decibel-down bandwidth should replace
wsdb, an inductor should be connected across each shunt capacitor, and a capacitor put in
series with each series inductor; each such circvit being resonated to the geometric mean
frequency fo = (f, ) /2
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of two immediotely adjocent elements to the over-alt 3-decibels-down
frequency. The resonant frequency of C; and Lp in this example must be
ki times the required over-all 3-decibels-down bandwidth.

R,
or
Gn
A -]
Fig. 22—Relations among normalized k and q and valyes of induct , capacit , and

resistance for high-pass and large-percentage-band-reject circvits.
A—Shunt arm at one end. 1/(L1C)'/2 = (1/ka)wsdp, (1/Cala)1/2 = (l/kz;)wsdb, 1/(L; C)\/2

= (1/ksg)wsab, etec. (Ry/L;) = quwidb. All reactances are dto be |
B—Series arm at one end. 1/(Cil)V/2 = (V/kisdwaan, 1/{L2Ca)'? = (¥ /kasdwsdb, I/(C;L.)”"’
= (1/ksg)widb, etc. (G1/C1) = quwsap. Al react are d to be lossl Tod

a band-reject circuit, the total required 3-decibel-down bandwidth should replace wsdb,
a capacitor should be placed in series with each shunt inductor, and an inductor in shunt of
each series capacitor; each such circuit being r ted to the g tric mean frequency

fo = (f f2)1/2-

Fig. 23—Relations among normalized k and q and values of induct . P , and

P

resistance for small-percentage-band-pass circuits.

A—~—Parallel-resonant circuits. Ci2/(C1C2)"/2 = kyp[(bw)adn/fol, (L2 L:)1/2/Las = kesltbw)san/Fol,
Mo/ (LsL)1/2== keaq[(bw)aan/Fol, ete. Q; = qy [fo/(bW)aab], g2 = Q2/[fo/(bw)aab), 43 = Q3/[Fo
/(bw)zdb), g4 = Qu/(fo/(bw)zap), elc. Any adjacent pair of resonators may be coupled by
any of the three methods shown. Each node must resonate at f; with all other nodes
short-circuited.

B—Series-resonant circuits. Lyo/(LL) 2 = kya[(bw)aan/fo), (CaCa)l/?/€Cos = knpltbw)san/fol,
Mat/(LLI? = kyal(bw)san/fol, etc. Q1 = qulfo/(bwhsan], g2 = Qo/[fo/(bwlsab) @ = Qu/
[fo/(bw)zabl, g« = Qulfo/(bw)iab]. Any adjacent pair or resonators may be coupled by any
of the three methods shown. Each mesh mus! resonate at fy with all other meshes open-
circuited.
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Circuit-element valves continved

Fig. 21 also gives as the inverse of g, the ratio of the 3-decibels-down
bandwidth of a single element resulting from the resistive toad and losses
associated with it, to the required 3-decibels-down bandwidth of the over-
all filter. Thus, 1/R:1C; is the 3-decibeis-down radian bandwidth of C; and
the conductance G; that must be shunted across it. If C; and G are properly
chosen, the measured bandwidth of these elements at their 3-decibels-down
point will be 1/q; times the required over-all 3-decibels-down bandwidth
of the filter.

The legend of Fig. 21 shows how it is applicable also to large-percentage
band-pass filters.

Fig. 22 gives the required information for high-pass and large-percentage
band-reject filters.

Similar data are given in Fig. 23 for small-percentage bardpass filters. It
should be noted that the required actual coefficient of coupling between
resonant circuits, Ma/ (Lsls} 12 for example, may be obtained by multiplying
the required over-all fractional 3-decibels-down bandwidth by the nor-

hd T N e0o

Fig. 24—Relati g normalized k and q and values of induct , copacit , and
resistance for small-percentage-band-reject circuits.

A—Series-resonant circuits. X5/ (XiXo)2 = (1/ki){(bw)san/Fol, Xoa/(XaXaP2 = (1/kss)
[(bw)san/fo], etc. Xi/R1 = (1/qu) [flbw)an], Xn/R = (1/an) [fo/(bW)sap). All resonant
circuits are d to be loss) Any adj t pair of r tors may be coupled by
either of the two 7 (or their dual T) couplings shown. The reactances X are measured ot
the midfrequency of the reject band.

B—Parallel-resonant circuits. Biy/(BiB)Y2 = (1/kip)[(bw)san/fo), Bas/(BaBa)'2 =(1/ kss)
[(bw)san/fol, ete. Bi/Gy = (1/q1) [fo/(bw)san] Bo/Gn = (1/qn) [fo/(bw)sap].
All resonant circuits are d to be lossl Any adjacent pair of resonators may be

coupled by either of the twe T (or their dual x) couplings shown. The susceplances B are
measured at the midfrequency of the reject band.
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Circuit-element values continved

malized coefficient of coupling. The required aclual resonant-circuit Q
results from multiplying the fractional midfrequency by g. An experimental
procedure for checking k and g values is available.* Fractional midfrequency
fo/ lbwl sqp = reciprocal of fractional 3-decibels-down bandwidth.

Fig. 24 supplies the data for small-percentage band-reject filters.

Butterworth, Chebishev, and maximally linear phase designs

Elegant closed-form equations for k and g values producing optimum
Chebishev and Butterworth response shapes for filters having any number
of total arms may be obtained if lossless reactances are used.T The design
data in Figs. 2530 are based on such equations. The k and g values for the
maximally linear phase shape result from the Darlington synthesis procedure
applied to (6). The tables provide data for two limiting cases of ter-
minations; equal resistive loading at the two ends of the filter and resistive
loading at only one end.

For Figs. 25-30, the {Vp/V.}ap column gives the ripple in decibels in the
passband, and the corresponding curves on Figs. 5-10 give the complete
attenuation shape.

For 'OW'_pOSS Clrc.mfs’ Fig. 25—2-pole no-zero filter 3-decibel-down k and ¢
gs,3.4 - - . is the required values.

unloaded Q, measured at

(Vp/Vaw | q | kio Q2

the required 3-decibel- = l

down frequency, of the Equal resistive terminations

internal inductors and ca- . Linear phase 0.576 0.899 215
pacitors to be used. For 0 1414 0.707 1414
band-pass circuits, the un- 03 1.82 0717 1.82

1.0 221 0.739 221

loaded resonator Q re- 3.0 313 0779 313

quired in the internal

. . Resistive termination at only one end
resonators is obtained by

multiplying the required “"e"(’) phase g-‘;g? :-gé ;12
3-decibel fractional mid- 0.3 0:9|0 0:904 >18
frequency [fy/ (bw)3an] by 1.0 n 0.866 >23
Q2.4 3.0 1.56 0.840 >32

* M. Dishal, "Alignment and Adjustment of Synchronously Tuned Multiple-Resonant-Circuit
Filters,” Proceedings of the IRE, vol. 39, pp. 1448-1455; November, 1951: Also, Electrical Com-
munication, vol. 29, pp. 154—164; June, 1952.

t V. Belevitch, “Tchebyshev Filters and Amplifier Networks,” Wireless Engineer, vol. 29,
pp. 106~110; April, 1952, H. J. Orchard, “Formulae for Ladder Filters,” Wireless Engineer, vol.
30, pp. 3-5; January, 1953, E. Green, “Exact Amplitude—Frequency Characteristics of Ladder
Networks," Marconi Review, vol. 16, no, 108, pp. 25-68; 1953. M. Dishal, "Two New Equations
for the Design of Filters,” Electrical Communication, vol. 30, pp: 324-337; December, 1952,
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It should be realized that designs can be made that call for unloaded Q’s
that are one-tenth of those called for in these designs.

For the detailed way in which the g and k columns fix the required element
values see Figs. 21, 22, 23, and 24 and related discussion.

The first column of the tables gives the peak-to-valley ratio within the
pass band.

Except for Fig. 25, the second column gives the unloaded g of the elements
on which the remaining design values are based. Proceeding across the
table, figuratively from the left end of the filter, the next column gives q;

Fig. 26—3-pole n o filter 3-decibel-down k and q valuves.

(Vp/Vodap | q2 | qr | kyo f kos | q3

Equal resistive terminations

linear phase >10 0.338 1.74 0.682 2.21
0 >20 1.00 0.707 0.707 1.00
0.1 >29 1.43 0.665 0.665 1.43
1.0 >45 221 0.645 0.645 221
3.0 >67 3.36 0.647 0.647 3.36

Resistive termination at only one end

linear phase >10 0.293 2.01 0.899 >10
0 >20 0.500 1.22 0.707 >20
0.1 >29 0.714 0.961 0.661 >29
1.0 >45 1 0.785 0.645 >45
3.0 >67 1.68 0.714 0.649 >67

Fig. 27—4-pole no-zero filter 3-decibel-down k and q valuves.
(Vo/Vidab | @3 | qi | kg | ko3 | ks | q4

Equal resistive terminations

linear phase >10 224 0.644 1.175 2.53 10233
Q >26 0.766 0.840 0.542 0.840 | 0766
0.01 >36 1.05 0.737 0.541 0.737 1.05
0.1 > 46 1.34 0.690 0.542 0.690 1.34
1.0 >76 221 0.638 0.546 0.638 2.21
3.0 >118 3.45 0.624 0.555 0.624 3.45

Resistive termination at only one end

linear phose >10 021 2.78 1.29 0.828 >10
0 >26 0.383 1.56 0.765 0.644 >26
0.01 >36 0.524 1.20 0.666 0.621 >36
0.1 >46 0.667 1.01 0.626 0.618 >46
1.0 >76 1.10 0.781 0.578 0.614 >76

3.0 >18 1.72 0.692 0.567 0.609 >118
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from which with the aid of Figs. 21-24 the relation between the terminating
resistance Ry and the first reactance element is obtained. The next column
for ki with Figs. 21—24 provides for the relation between the first and second
reactances. Continuing across the table, all relations between adjacent
elements will be obtained including that of the right-hand terminating
resistance.

Example

Reverting to the previous example, a filter is required having (bw) soqp/ (bW! 141

Fig. 28—S5-pole no-zero filter 3-decibel-down k and g values.

(V,/V.)ab | a@ae | @ | ke ] ks | ks | ks | g5
Equal resistive terminations
|
0 >32 0.618 1.0 0.556 0.556 1.0 0.618
0.001 >43 0.822 0.845 0.545 0.545 0.845 0.822
0.1 >68 1.29 0.703 0.535 0.535 0.703 1.29
1.0 >118 2.21 0.633 0.535 0.538 0.633 221
3.0 >182 347 0.614 0.538 0.538 0.614 347
Resistive termination at only one end
Linear phase >10 0.162 3.62 1.68 1.14 0.804 >10
0 >32 0.309 1.90 0.900 0.655 0.619 >32
0.001 >43 0412 1.48 0.760 0.603 0.606 >43
0.1 >68 0.649 1.044 0.634 0.560 0.595 > 68
1.0 >118 1.105 0.779 0.570 0.544 0.595 >118
3.0 > 182 1.74 0.679 0.554 0.542 0.597 >182
Fig. 29—6-pole no-zero filter 3-decibel-down k and q values.
(Vp/Vidab | qesas | q [ ke | ks | ke | ks | ks | gs
Equal resistive terminations
0 >39 0.518 117 0.606 0.518 0.606 1.17 0.518
0.001 > 51 0.679 0.967 0.573 0.518 0.573 0.967 0.679
0.01 >69 0.936 0.810 0.550 0.518 0.550 0.810 0.936
0.1 >95 1.27 0716 0.539 0.518 0.539 0.716 1.27
1.0 >168 225 0.631 0.531 0.510 0.531 0.631 2.25
3.0 >261 3.51 0.610 0.582 0.524 0.582 0.610 | 3.51
Resistive termination at only one end
linear phase | >11 0.129 4.55 2.09 1.42 1.09 0.803 >11
0 >39 0.259 2.26 1.05 0.732 0.606 0.606 >39
0.001 >51 0.340 1.76 0.689 0.650 0.573 0.596 >51
0.01 >69 0.468 1.34 0.725 0.591 0.550 0.591 >69
0.1 >95 0.637 1.06 0.642 0.560 0.539 0.589 >95
1.0 > 168 1.12 0.771 0.566 0.533 0.531 0.589 > 168
3.0 >261 175 0.673 0.546 0.529 0.531 0.591 >261%
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= 2.5 and V,/V,< 1 decibel. The 5-pole no-zero response with a pass-
band peak-to-valley ratio of 1 decibel in Fig. 8 satisfied the requirement.

Fig. 28 is for 5-pole networks and if the terminations are to be equal
resistive loads, the upper part of the table should be used. If a shunt capaci-
tance is to appear at one end of the low-pass filter, Fig. 21A will apply.

Reading along the fourth row for (V,/Vy) g = 1, the second column requires
normalized unloaded Q's of at least 118 at the over-all 3-decibels-down
frequency, which for this example is 31 kilocycles. Realize that much-lower
unloaded-Q designs can be accomplished.

The required value of g1 = 221 is found in the third column. From Fig.
21A, 1/RiCy = 0.451wzqp from which Ry or C; may be obtained. Experi-
mentally, the 3-decibels-down bandwidth of RiC; must measure 0.451 times
the required 3-decibels-down bandwidth or 31 X 0.451 = 14 kilocycles.

From the table, a value of 0.633 is obtained for ki, and from Fig. 21A it is
found that 1/(Cila)? = 0.633wsqp. This means that a resonant circuit
made up of C; and Ly must tune to 0.633 times the required 3-decibels-down
bandwidth or 31 X 0.633 = 19.7 kilocycles.

In this fashion, all the remaining elements are determined. Any one of them
may be set arbitrarily (for instance, the input load resistance Ry, but once
it has been set, all other values are rigidly determined by the k and g
factors.

Fig. 30~7-pole no-zero filter 3-decibel-down k and q values.
(Vo/Vodab | assase | @ | ks | ks | ks | kis | ks | ket | a7

Equal resistive termination

0 >45 0.445 | 1.34 0.669 | 0.528 | 0.528 | 0.669 | 1.34 0.445
0.00001 >59 0.580 | 1.10 | 0.611 | 0.521 | 0.521 | 0.611 | 1.10 0.580
0.001 >75 0741 | 0.930 | 0.579 | 0.519 | 0.519 | 0.579 | 0.930 | 0.741
0.01 >93 0.912 | 0.830 | 0.560 | 0.519 | 0.519 | 0.560 | 0.830 | 0.912
0.1 >127 1.26 0723 | 0.541 | 0.517 | 0.517 | 0.541 | 0723 | 1.26
1.0 >223 225 | 0.631 | 0.530 | 0.517 | 0.517 | 0.530 | 0.631 | 2.25
3.0 >353 3.52 0.607 | 0.529 | 0.519 | 0.519 | 0.529 | 0.607 | 3.52

Resistive termination at only one end

linear phase > 0.105 | 553 | 2.53 1.72 1.33 1.08 10804 | >
0 >45 0.223 | 2.62 1.20 | 0.824 | 0.659 | 0.579 | 0.598 | >45
0.00001 >59 0.290 | 205 | 0.981 | 0.710 | 0.601 | 0.552 | 0.589 | >58
0.001 >75 0.370 | 1.64 | 0.830 | 0.642 | 0.570 | 0.541 | 0.588 | >75
0.01 >93 0.456 | 1.38 | 0744 | 0.602 | 0.551 | 0.538 | 0.588 | >93
0.1 >127 0629 | 1.08 | 0.648 | 0.560 | 0.531 | 0.530 | 0.587 | >127
1.0 >223 112 | 0770 | 0.564 | 0.530 | 0.521 | 0.527 | 0.587 | >223

3.0 >353 176 | 0.669 | 0.542 | 0.523 | 0.520 | 0.528 | 0.588 | >353
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Circuit-element values continved

Elements of lower Q

Designs may be based on elements having unloaded Q's of only 1/10th
those given in Figs. 25-30. These designs are necessary for small-percentage
band-pass filters. As is evident from Fig. 23, the Q of the internal resonators
measured at the midfrequency must be the normalized g multiplied by the
fractional midfrequency fo/ {bw) sap. If the bandwidth percentage is small, the
fractional midfrequency and therefore the actually required Q will be large.

Practical values of end g's and all k's will result if the internal elements
have finite g's above the minimum values given in Figs. 5-10. For a required
response shape, such as for 0.1-decibel pass-band ripple, the resulting data
can be expressed as in Figs. 31-36. These curves are for zero-decibel
ripple (Butterworth) and for the maximally linear phase shape.

10
0.9

0.8 =«

N k 0.707
or Bk _ N S T At I, _“___...__..._____l_ N

06 s S .- |
/ M —— 0.500
—--’

05 / i e
04 /
03

0.25 I

——— —

0.2

Q.15

Q.1
20 25 3 4 5 6 7 8910 15 20 25 30 40 50

9.

Fig. 31—3-pole fllter of finite-Q elements producing @ maximally flat amplitude shape. See
curve 1 of Fig. 5.
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Circvit-element valves  confinved

Example

a. The filter to be designed must have a relative attenuation of (bwl}ygan/
{bwl 3ap = 5 and there must be no ripple in the pass band. Curve 1 of Fig. 8
satisfies these conditions and calls for a 5-pole network.

b. The specified fractional midfrequency is 20 {pass band = 5 percent of the
midfrequency), the Qun from Fig. 8 becomes 3.24 X 20 = 65. Assume
further that resonators with unloaded midfrequency Q's of 100 are available.
As the normalized unloaded q is the actual unloaded Q divided by the
fractional midfrequency, the filter must produce a Butterworth shape with
5 resonators having normalized unioaded q's of 100/20 = 5,

¢. There are three possible generator and load conditions.

2.5

- PR 2.01
L1
5

10
0.9 V4 Fos 0899
0.8 / o
07
06 I\
05

0.4 P

T b 0.293

0.3

0.25

Q2

0.15

| 1.5 2 25 3 4 5 6 7 8910 15 20 25 30 40
92,3

Fig. 32=—3-pole filter of finite-Q el ts producing a maximally linear phase shape. See
Figs. 11 and 12.
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Circuit-element values continved

1. Resistive generator and resistive load. It is usually desirable to maximize
the ratio of the power delivered to the load to that available from the
generator. The generator resistance and the load resistances will have 1o be
tapped onto their associated resonators to obtain the required g1 and ga.

2. Resistive generator and reactive load or vice versa. The function to be
considered here is the transfer impedance or admittance. Again the resistive
impedonce must be transformed by tapping it onto the associated resonator.

3. Reactive generator and load. The transfer impedance or admittance is
the significant factor and a loading resistance must be added to either or
both end resonators.

2
15 >
o (.55
/"”—'——k;_——
L~
10
0.9 pe
08 ¥ 0.765
or ~L_ K23 et b ——t ———l—b
T e i e _..——..‘-_.L
06 < 1 ] kaq o6az )
<
05 B
7 \\.J\ q
04 / Bl S S
/1 T T e
o3l
ozsi
0.2
0.15
0. -
2.6l 4 5 6 7 8910 15 20 25 30 40 50 60
q2,!.h

Fig. 33—4-pole filter of finite-Q elements producing a maximally fiat amplitude shape. See
curve 1 of Fig. 6.
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Circuit-element values  continved

Figs. 31-36 provide optimum design data for cases (2} and (3).

Assuming a high-impedance filter to be required, the network of Fig. 37
might well be used. High-side capacitance coupling will be employed and
the element values will be obtained from Fig. 35.

a. The gy curve of Fig. 35 intersects the abscissa value of 5 at 0.405. By
tapping a resistive generator or load onto it, or placing a resistor across it,
the resonator CiL; must be looded to produce an actual Q of

0.405 fo/ (bwl 30 = 8.1 (see Fig. 23A).

b. As a convenience, the same size of inductor may be used for resonating
each node, say 4 millihenries. For a required midfrequency of 80 kilocycles

3 I

k2
es " ) 275
/ "
2 ]
L~
1.5 /

r k23
J/—"’T"—_ 1.29

—— kss 0.828

r/'

Lo
0.9
0.8

0.7
06

0.5

/Vaﬁgk ]

04 AN

0.3 ~]
0.25 —

r~r—+__ 9, 0.24

0.2

0.15

|

1004 1.5 2 25 3 4 5 6 7 8910 15 20 25 30

qZ.!.O

Fig. 34—4-pole filter of finite-Q elements producing @ maximally linear phase shape. See
Figs. 11 and 12.
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Circuit-element values confinved

for this example, each node jotal copacitance will be 1000 micromicro-
farads.

¢. Again from Fig. 35, we get kiz of 1.35 for an abscissa value of 5. From
Fig. 23, Ciz = 1.35 [IbWagn/fo] {C:Ca¥/2 = 1.35 X 0.05 X 1000 = 67.5
micromicrofarads. At the midfrequency of 80 kilocycles, node 1 must be
resonant when all other nodes are short-circuited. To produce the required
capacitance in shunt of Ly, C; must be 1000 — 67.5 = 933 micromicrofarads.

d. from Fig. 35, a value of 0.67 is obtained for kg3, and Cpz = 0.67 X 0.05 X
1000 = 33.5 micromicrofarads. To resonate node 2 at the midfrequency
with all other nodes short-circuited Cp = 1000 — 33.5 — 67.5 = 899 micro-
microfarads.

2 1
- I PR 180
15
e |
l.O/
09 1= ____k_zi_____. 090
0.8 =S
I~ A1
or >J:‘F - ks 0.655
A T e L e ] :
.4 —_— > = -
06— e Kap G619
05 >‘ —<
04 ~
\h.
I/ T 9 0309
o3}
ozsll
i
oz
015
ol
3244 5 6 78 910 15 20 25 30 40 50 607080
q:.!.‘.l

Fig. 35=~5-pole fllter of finite-Q el ts producing a imally flat amplitude shape. See
-urve 1 of Fig. 7.
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Circuit-element values  continved

s - 3.62

k 1.68
s / 23

\

1.0
0.9
0.8
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0.6

Kag 0.804
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0.2 P —

— M 0.62
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0.15

[oX]

I 1.5 2 253 4 5 6 789100 I5 20 2530
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Fig. 36—5-pole filter of finite-Q elements producing @ maximally linear phase shape. See
Figs. 11 and 12,

Fig. 37—5-resonator fllter with high-side capacitance coupling.
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Circuit-element values continued

e. Additional computations give values for Cs4 of 0.53 X 0.05 X 1000
26.5 micromicrofarads, C, = 1000 — 33.5 — 24.5 = 940, Cs5 = 0.73
0.05 X 1000 = 36.5 C4 = 1000 —~ 36.5 — 26.5 = 937, and C, = 1000
36.5 = 963.5 micromicrofarads.

X

All inductances will be identical and of 4 millihenries and there will be no
inductive coupling among them.

Stagger tuning of single-tuned interstages

Butterworth response (Figs. 4 and 38}

The required Q's are given by
i (bw)p/fo sin <2m bl ] 90°>

n

Qn YV, Vi — |

The required stagger tuning is given by

(bw) s m—1_
—_ =" 90
o= W = [V, V7 — 17 °°s< n )

{fo + folm = 26y

) by
'0
ms} -~ |
l °|
'oa : L 'bz
.I_ 1 < L
me2 T ' T~
Q, I Q
1
Mmax = -2|_ - (n odd)}
n -~ .
Mmex = 5 {n even)
_ 0 b ¢ Fig. 38—Stagger-tuned interstages for
n= '°'°d number o response shape B. Each circult coupled
tuned circuits Q, to the next only by the tube.
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Stagger tuning of single-tuned interstages continued

The amplitude response is given by
Vo/V = {1 4+ [IV,/Val2 — 1] [(bw)/ (bwig]2n} 12

bw) _ [(v,,/w2 —1 ]1/2'-
bwlg  LIVy/Ve2 — 1

V,/V)2 — 1
| e
_ [(vp/vw— 1]

"7 2 log [tbw) / tbwlg]
. gm
Stage = —2— [(V,/Vgl2 — 1] 12
9% 99 = o lbw)aC [Vs/Vs ]
or
o (total gain)
AR 7 I
gm
log| ————
9 <27r(bw)5C>
where
gm = geometric-mean transconductance of n tubes
C = geometric-mean capacitance

Chebishev response (Figs. 4 and 39/

The required Q's are given by

1 (bw)g o 2m -1
= S, <m ™ " gpe
a. fo sin [ " 90 ]

i 1
N (O B
o {n M [V, Vel — 111/2}

The required stagger tuning is given by

Sn

(fg — fo)m = (bw)sCp cOS (2"’ — 1 9o°>
n

{fa + folm = 26

1 1 ‘
Cn = h{-sinh!l —m78 ——
o {n S W /Va® = 1]1/2}
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Stagger tuning of single-tuned interstages continued

Shape outside pass band is

- _V_, 2 _ 2[ o {bw) ] }1/2
{l + I:(Vﬁ> ]]{cosh n cosh ol

_?
v
2 _ 1/2
L cosh lcosh“1 [______(V,,/V) ! ] }
ow) n Vo /Vaz— 1] |

2 172
o [(v,,/w ]
_ V,/Va? — 1
cosh™ [{bwl / (bwig]

v

Shape inside pass band is

2 1/2
!’—’ = {1 -+ [ Y3> - I] cos? [n cos™1 (bwl]
v Vg (bwl g
OWlorese _ <2m — i 900)
(bW)p n

(oW erougn _ cos (gT 90°>

(bW)p n
fuu ftn
fo
ms| |
Q, l Q
Yo = foa !
" % T % ' T
o | o
1
Mmax = 2 -: (n odd)
n . N
Myax = 2 (n even) T~
n = total number of Flg. 39—Stagger-tuned interstages for
tuned circvits response shape C. Each circuit coupled
Q, to the next only by the tube.
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Stagger tuning of single-tuned interstages continued

Sta in = —9" [V./VJ2 — |1/
ge gain 21/"7r(bw)pC[ »/Vs ]

| (total gain)
O LF v, Vet — i

g[ Om ]
wibw)gC

gm = geometric-menan transconductance of n tubes

L

n =

where

C = geometric-mean capacitance

Quartz-crystal band-pass filters

When a filter requires a small-percentage bandwidth as well as a high rate
of cutoff, it is not practical to obtain sufficiently high unloaded Q in ordinary
L-C resonators. Such filters can be constructed utilizing piezoelectric quartz
crystals or mechanically resonant rods of some low-mechanical-loss material
such as NiSpan-C.

The design information presented in Figs. 25-31 can be applied to filters
of the constant-K type using rods. However, frequent use is made of quartz
crystals in a lattice structure, to which the foliowing design information is
applicable.

High-impedance lattice filters

An "open-circuited” lattice is shown in Fig. 40. The arrangements of the
impedance arms Z4 and Zg are shown in Fig. 41. In each arm there is an
L-C parallel-resonant circuit shunted by (n/2) — 1 quartz crystals. The
number of complex poles in the
transfer function is equal the n. The

L-C circuit is loaded by R, to give

the required Qp = wiCpRp. ts
capacitdnce includes those of the
crystal holders and it is resonant to f
(fo + Afy}l as shown in the dia- !
grams. The motional capacitance

Ci, Cq Cs, etc., must have a par-
ticular value, and each crystal must

be resonant to a particular fre- Fig. 40—High-imped lattice secti
quency, (fy = Afy), (fo = Afl, etc.
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Quanrtz-crystal band-pass filters

continved

Frequently, divided-electrode crystals are used so one crystal can be used
for the identical resonators in the two series arms, and [ikewise in the

lattice arms.

The structure can be modified
by converting the lattice to its
equivalent in accordance with
Fig. 42. The elements Z that are
lifted out of the arms and
shunted across the terminals
consist of Ly, Ry, and most of C,.

Design information

The data of Fig. 43 is for the
Chebishev and Butterworth
response shapes of 4-pole
no-zero networks forwhich the
relative attenuation is plotted

-at, +Af, -Bf, +bf,

Fig. 41~—Detailed structure of the laHtice arms

indicated in Fig. 40.

in Fig. 7. Similarly, Fig. 44 is for é-pole no-zero networks, plotted in Fig. 9.

Examination of the tables shows that the required Q, of the L-C parallel-
resonant circuit is roughly the same as the fractional midfrequency. This

Fig. 42—Equivalent lattices.

limits the practical design to fo/{bw) gy less than about 250, A fower limit
to the fo/ lbwl 3ap is of the order of 10 due to the fact that C,/Cy is roughly
equal to the square of fo/lbw)sa, and C, includes those of the crystal



Quartz-crystal band-pass filters

FILTERS 233
MODERN-NETWORK-THEORY DESIGN

continved

holders and coil and stray distributed capacitances, so cannot be reduced

indefinitely.

The impedance Z in (Fig. 42!, must include the equivalent-generator and
equivalent-load impedances. Since R, often comes to some hundreds of

[
141,
C/C Q
(V,/V.)ab Afi/Afsab [[fo/(bw)aanl?| fo/ (bw)aan

0 0.542 1414 0.766
0.001 0.541 1.64 0912
0.01 0.540 1.84 1.05
0.1 0.541 2.10 1.34
1.0 0.546 2.46 221
3.0 0.552 2.57 3.44

Fig. 43—4-pole no-zero lattice-filter design for Chebishev response. Note that Afzap is
one-half the total 3-decibel bandwith, or, 2Af3qp = (bw)zab.

Cp/C Q
(V/V.)ab Afy/Afyan Ci/C, Afy/AOfsap |[fo/(bw)aan]?] fo/ (bw)zan

o] 0.400 2.30 0.920 1.05 0.518
0.0001 0.370 2.40 0.889 1.51 0.680
0.01 0.350 2.47 0.869 2,14 0.936
[¢N} 0.339 2.53 0.859 273 1.28
1.0 0.330 2.57 0.850 3.49 2.25
3.0 0.332 2.58 0.858 372 3.51

Fig. 44—6-pole no-zero laMice-filter design for Chebishev response. Note that Afsap is
one-half the total 3-decibel bandwith, or, 2Af3ap = {(bw)3db.
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Quartz-crystal band-pass filters  continved

thousands of ohms, it is obvious that this type of filter requires a very-high-
impedance equivalent generator and load.

Example

Required, a filter for fo = 175 kilocycles, (bwlsgp = 2.0 kilocycles,
(bW)GOdb < 50 k“OCyC'eS, (V,./V,,)db < 0.3.

Then, fo/ (bwlaas = 87.5 and (bwlgpan/ (bWl san < 2.5. The latter require-
ment is satisfied by the curve for (V,/V,Jan = 0.1-decibel ripple on Fig. 9
with a 6é-pole, no-zero network. The internal resonators must have
Quin fo/ bwlzap = 9.5 X 87.5 = 831. This is far beyond L-C possibilities,
but crystal unloaded Q usually exceeds 25,000.

In Fig. 44, let C; = 0.020 micromicrofarads, which can be obtained. Lower
values for Cy can also be realized.

Co = C1/2.53 = 0.00800 micromicrofarads.
Af; = 0.339Af3q, = 0.339 X 1000 = 339 cycles

Then the first crystal in arm A is series-resonant at 175 kilocycles minus 339
cycles. In arm B, it is plus 339 cycles.

Similarly, Af, = 0.859 X 1000 = 859 cycles.
In the parallel-resonant circuits,
Cp = 273 C1[fo/ lbwl 3qp]? = 2.73 X 0.020 X (87.5)2 = 422 micromicrofarads

Since Fp, = 0, they are parallel-resonant at 175 kilocycles. The loaded
Qp = 1.28 x 87.5 = 112. The equivalent

Ry = Qp/2m fC, = 112/2r X 175 X 422 X 107 = 240,000 ohms

If the unloaded Q of the inductor L, is 200, the added loading due to
generator or load must be in excess of one-half megohm.

Low-impedance generator and load

A low-impedance generator and/or load may be used with above filter
design by the following procedure:

After the arms of Fig. 41 have been designed, convert the resulting lattice
of Fig. 40 to the configuration of Fig. 42 so that the Z across each end of the
filter consists of L,, R,, and most of C,. Then use either of the following two
steps:
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Quartz-crystal band-pass filters  continved

a. Couple the generator to one L, and load to the other L, via mutual
inductance, with an effective turns ratio that transforms the low impedance
to the value required to produce the proper R, across each Z.

b. In each Z, across the filter ends, open the inductor L, at its midpoint and
connect directly in series with L, a generator and load of the proper
resistance R, to produce the required Q,. The required terminal resistances
Rs; can be calculated from the simple relationship that, with series foading,

Qp = p/Ra-

With practical crystals, the value of R; is some tens of ohms for percentage
bandwidths around 1 percent, and some hundreds of ohms for bandwidths
around 5 percent.

Lattice equivalent*

An important lattice equivalent (Fig. 45) halves the number of crystals
required for the full-laitice filter. After the full-lattice design is completed,
it is merely necessary to double the reactances of one [-C resonator and
to center-tap it; halve the reactances of the second L[-C resonator and
ground its bottom side; and then, as shown in Fig. 45B, two arms of the full
lattice moy be omitted. This equivalence is valid when dealing with small-
percentage bandwidths and with high L-C-resonator loaded Q's (Q).

For forge-percentage bandwidths and/or low loaded Q's, it is necessary
to use an inductive center tap with o coupling coeflicient between the
two sides of the coil (L) approaching unity. The use of a capacitive center
tap greatly simplifies the problem of "trimming-in" the tap point, which is
always necessary in practice.

1. 0p

A. Full-lattice crystal filter. B. Modified equivalent crystal fitter.

Fig. 45—Modification of L-Cr tors to halve the required number of crystals.

* This late development was odded in the fourth printing of “Reference Data for
Radio Engineers," fourth edition. It also appears in a paper by M. Dishal, “Practical Modern
Network Theory Design Data for Crysta! Filters," IRE 1957 National Convention Record, Part 8.
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B Filters, simple bandpass design

Coefficient of coupling”

Several types of coupled circuits are shown in Figs. 1B to F, together with
formulos for the coefficient of coupling in each case. Also shown is the
dependence of bandwidth on resonance frequency. This dependence is
only a rough approximation to show the trend and may be altered radically
if L, M, or C,, are adjusted os the circuits are tuned to various frequencies.
k = Xio/V X10Xeo = coefficient of coupling

X120 = coupling reactance ot resonance frequency fy

X1 = reactance of inductor {or capacitor] of first circuit at fy

Xao

{bwlc = bandwidth with capacitive tuning

reactance of similar element of second circuit at f

bandwidth with inductive tuning

I

(bwl g,

Gain af resonance

Single circuit

In Fig. 1A,

Eo

— = —gm |X1e] Q
E, Gm [ Xo]
where

Eo = output volts at resonance frequency f,
E,
9m

input volts to grid of driving tube

It

transconductance of driving tube

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

Eo . — kQ
E_a = jgmV X10Xeo Q T+ o

This is maximum at critical coupling, where kQ = 1.

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

* Sae ofso “Coefficient of coupling—geometrical coﬁsideraiion," pp. 141-142,
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Gain at resonance  continved

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

Eo|  0lgm
Edl VG, bw

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

i

A=A AT A" AVAY4 UUV‘ AvAAd
\ I
|a 1l 24
it A
: 3 It 1l
J__v v = v 4 -
B P F G P B F G

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

Fig. 3—Connection wherein k, aids
k.. 1f mutual-inductance coupling is
reversed, k,, will oppose k. and there
will be a ftransfer minimum ot

f= £ “kon/kor

cavses k,, to aid k..

Selectivity far from resonance

The selectivity curves of Fig. 4 are based on the presence of only a single
type of coupling between the circuits. The curves are useful beyond the
peak region treated on pp. 241-246.

In the equations for selectivity in Fig. 1

E = output volts at signal frequency f for same value of E, as that pro-
ducing Eo

For inductive coupling

A=_Qf_[£_@>’_kz£2]:J; f_ oy
O AV f T+ e\l f

For capacitive coupling

A is defined by a similar equation, except that the neglected term is
—k2{fo/f1%. The 180-degree phase shift far from resonance is indicated by
the minus sign in the expression for Eo/E.
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Fig. 4—Selectivity for fraquencies far from resonance. Q = 100 and |k] Q = 1.0.

Example: The use of the curves, Figs. 4, §, and 6, is indicated by the following
example. Given the circuit of Fig. 1C with input to PB, across capacitor C;.
let Q = 50, kQ = 1.50, and f; = 16.0 megacycles. Required is the response
at f = 8.0 megacycles.

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

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

+*
N
o
+
»
o

+
~
o

¥
o
4
/.
+
»
o
decibels
hg
o
N

1
o

1
~
o

N

decibels for single circvit
o
(-]

decibels for double circvit

o
o

- 40 d [}

““§8§§ olklo

1 2 3

Flg. 5—Corraction for Q > 100. Fig. 6—~Correction for k|Q # 1.0.
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Selectivity of single- and double-tuned circuits near resonance

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

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

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

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

c. Otherwise the circuits need not be identical.

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

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

a. The reactance around each circuit is equal to 2Xg Af /f.
b. The resistance of each circuit is constant and equal to Xp/Q.

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

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

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

The following symbols are used in the formulas in addition to those defined
on pages 236 and 239.

Af _f—fy  (deviation from resonance frequency)

fo fo (resonance frequency)

(bw) = bandwidth = 2Af
Xo = reactance at f of inductor in tuned circuit
number of single-tuned citcvits
number of pairs of coupled circuits
= phase shift of signal at f relative to shift at fg
as signal passes through cascade of circuits

9 3 o
|
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Selectivity of single- and double-tuned circuits

near resonance  continved
L}

p = k¥Q? or p = k¥™Qz, a parameter determining the form of the
selectivity curve of coupled circuits

1/Q . Qu
B=p — 2422
P 2(02 + Q1>

Selectivity and phase shift of single-tuned circuits

E— = _]—. "
E 2
‘ \/ 1+ <2Q gf> s
fo 7
2
Af = = i <@>5 —1
fo 2Q E single-tuned

circuit

Decibel response = 20 logsp <§—>
0

{db response of n circuits) = n X (db response of single circuit)
¢ = ntan! <—-2Q A—f>
fo

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

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

_ fo_ lresonance frequency)
2Af {bandwidth) sqy,

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

These formulas can be used with reasonable
accuracy when Q; and Q; differ by ratios up to f

1.5 or even 2 to 1. In such cases use the value

Q = vVQQ:.
E _ ptl " T |

Eo Af\2 2
[(2@—) —{p -1 ] + 4p one of several types
fo of coupling
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Selectivity of single- and double-tuned circuits

near resonance  conlinved
32 TN
3 +10 peak
< N
£ 0 L_{peok 3 note change of decibel scale
o — NN "N
SRR,
& -5 N N
SULNRNAY
o N N\
N \
-15 \\\ \ \\\ \
S\
20 AV X
& \o ) 3% , | N
p=k202 \ 2 \\ \P {
~25
N N
ANAMAANY )
- N AN N
Q2 03 o4 o) Lo 4 20 3 13 10 4 20
2AfF b
Q e = (T:) The selectivity curves are symmeftrical about the

Fig. 7—Selectivity curves
showing response of a single
circuit n =1, and a pair of
coupled circuits m =1.

axis Q %f = 0 for practical purposes,
o

Extrapolation beyond lower limits of chart:

useful limit
A response -
for (bw) ' error
doubling Af clrcuit fo |becomes
— &6db |« single =] 06 \ 1to24db
— 12db - pair — 0.4 3to4db

abscissa

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

dinate decibels - -
bandwidth o ¢ ¢
Q (bw) kilocycles db response response forn = 1 forn =3
£ forn=1 forn =3
1.0 5.0 —3.0 -9 F45° F135°
3.0 15 —10.0 —30 F71%° F215°
10.0 50 —20.2 —61 F84° F252°

* ¢ is negative for f > f, and vice versa.
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.:% Q

._é x\ note change of @ 'Af—:-scalo
c -20 i
AN\

g oo \\& K

R RN

-80 \ .
\ \ single clrcuit

p=k*Q?
-100 \\ \\
NN
-120
| NAL
- RN
\\\‘ i
AN
-160 ~ \
-180
0 2 4 e 8 10 W 2 25 3 a4 s [ E4 []
AfF  _F— 1§
Q fo Q fo
‘ ) For f > £y, ¢ is negative, while for f < £,
Fig. 3‘:“‘{“‘""'" curves f?" a ¢ is positive. The numerical value is identical
single circuit n =1 and a pair of in either cose for the some |f — fy).

coupled circuits m = 1,
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Selectivity of single- and double-tuned circvits

near resonance  conlinuved
R

Af ] \/ \/ ENZ
e s (B -

For very small values of £/Eq the formulos reduce to

E [p+17

2
o (2@5’)
fo

Decibel response = 20 logi (E/Ey)

{db response of m pairs of circuits) = m X [db response of one pairl

—4c®
fo

2
b+1— (2@5’)
fo

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

¢ = m tan~}

The above equations are plotted in Figs. 7 and 8.

For overcoupled circvits (p > 1)

- N
Location of peaks: i‘ﬂ’if-o—ﬁ’ = = _QE)\/p 7
Amplitude of peaks: Epeax — (p +_])

Fo 2Vp

Phase shift at peaks: Ppeax = M fcn'l(*\/p -1)

Approximate pass band (where E/Ey = 1) is
fﬂnity —fo — —\/5 fpeak — fo - = ]_ 'P -1
fo fo Q 2

Case 2: General formula for any Q; and Qg

£ p+1 m

Eo FEEE ) {For B see top of p. 242.)
° \/[(zo‘%) -—B] + o+ 12— B P
0
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Af 1\/ Eo\ 2 ]%
== = —4[Bx|( e =2 — ¢ )2 4 B2
f e [p+ (E) p 4+ 112+

o] )
o))

For overcoupled circvits

. foux —fo VB _ 1(11 1
Location of peaks: LT = = el =|=.2. k2_§ 61_2+Q—22

Amplitude of peaks: 2% [_,B_tl__]"'
mplitude ot peaks: Ey \/(p+])2—82

Case 3: Peaks just converged to a single peak

Here B =0 or k2=l<] —I-—]—>

2\Q?
E_y___ 2 T
E, 4
NEOEX
fo
where Q" = ———~201Q2
Qi+ Qy

- P
g::g\_/_z l_{._]_ \/_E_());—"_‘
fo 4 1 Qe E

wd ]

¢ =m tan~1! —_ .__.__f_o.__~

2
2— (20’ f‘_f> J
fa
The curves of Figs. 7 and 8 may be applied to this case, using the value
= 1, and substituting Q' for Q.



CHAPTER 9 247

Bl Atienuators
Definitions

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

Three forms of resistance network that may be conveniently used to realize
these conditions are shown on page 252. These are the T section, the =
section, and the bridged-T section. Equivalent balanced sections also are
shown. Methods are given for the computation of attenuator networks, the
hyperbolic expressions giving rapid solutions with the aid of tables of hyper-
bolic functions on pages 1103-1105. Tables of the various types of atten-
vators are given on pages 255 to 262,

Ladder attenvator

Ladder attenuator, Fig. 1, input switch points Py, P1, Py, Ps at shunt arms.
Also intermediate point P,, tapped on series arm. May be either unbalanced,
as shown, or balanced.

Fo

input

source ZI

output

load Z,

L

Fig. 1—Ladder attenuator.

o]

O @ L > ®

Ladder, for design purposes, Fig. 2, is resolved into a cascade of 7 sections
by imagining each shunt arm split into two resistors. Last section matches Z,
to 2Z,. All other sections are symmetrical, matching impedances 27;, with a
terminating resistor 27, on the first section. Each section is designed for the
loss required between the switch points at the ends of that section.

2
Input to Py: Loss in decibels = 10 logy LQ_Z_lj___é)_
42,7,

Z_'z 217y

Input impedance Z,’ = -
Zy+ 22

Output impedance =
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Ladder attenuator  conlinved

Input to Py, Py, or P3: loss in decibels = 3 4 lsum of lesses of & sections
between input and output]. Input impedance Zy = Z;

Input to P, {on a symmetrical 7 section):

€9

= lm(l-—m) K —N242K
em 2 K—m({K—1

where
eg = output voltage when m = 0 (switch on Py

en = oOUtput voltage with switch on P,
K = current ratio of the section {from Py to Pa) K > 1

. , K~ N
Input impedance Z," = Zy| mll — m} P + 1
. , K — 1)?
Maximum Zy =2, 4K + 11 form = 0.5

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

output voltage with input on Py
output voltage with input on tap
A useful case
When Z; = Zs = 500 ohms.
Then loss on Py is 3.52 decibels.

Let the last section be designed for loss of 12.51 decibels. Then
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Riz = 2444 ohms (shunted by 1000 ohms)
Res = 654 ohms (shunted by 500 ohms)
Riz == 1409 ohms

I

I

ATTENUATORS 249

The table shows the location of the tap and the input and output impedances

for several values of loss, relative to the loss on Py:

relative tap input output
loss in R impedance impedance

decibels ohms ohms ohms

0 0 250 250

2 170 3648 304

4 375 478 353

6 615 562 394

8 882 600 428

10 1157 577 454

12 1409 500 473

Input to Py:  Output impedance = 0.6 Z  {See Fig. 3.)

Input to Py, Py, Py, or Pa: Loss in decibels = & <+ (sum of losses of 7 sections

between input and outputl. Input impedance = Z
Input to P,;:

e _1 mil —m) K — 1?4 4K

em 4 K—miK-—1

Input impedance:

7 = 7 [m(l — mQ)K(K—— l)-+ ]]

— 2
Maximum Z/ = Z [(—K—S?R -+ l] form = 0.5

2/2

o—=e

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

Effect of incorrect load impedance on operation of an attenuator

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

For the designed use of the network, let

Zy = input impedance of properly terminated network
Z: = load impedance that properly terminates the network
N = power ratio from input to output

K = current ratio from input to output

i Z
K= '*; = \XN72- {different in the two directions except when Zy = Z)
1

For the actual conditions of operation, let

(Zy + AZs} = Zz<| + é;ﬁ = actual load impedance
2

(Zy + AZY = Zl<1 + A—Z—Zl> = resulting input impedance
1

K + AK) = K(l -+ éKE> = resulting current ratio

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

AZy = ARy + AXey

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

The results for the actual conditions are

AZy _ 2AZ,/7, a Bk _ (N ~ 1) AZ,

= an
2
h 2N+(N—1)A$ZZ—2 « N4

2

Certain special cases may be cited

Case 1: For small AZs/Z,

AZy | AZs ]
_ 1Az AZ, = - AZ
L Nz O Tt

Aig 1 AZ,

iz 2 7,

201

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

Case 2: Short-circuited output
Az, - =2

Zy N+ 1

N—1
or input impedance = | —— ) Z; = Z; tanh 6
p p (N T ]> 1 1
where 0 is the designed attenuation in nepers.

Case 3: Open-circuited output

N+ 1

or input impedance =
put imp 5+

>Zl = Zl Cth ]

Case 4: For N = 1 (possible only when Z; = Z, and directly connected}

Az, _ oz,
Z; Zs
5K _
K

Case 5: For large N
AK 1 AZ,

K 2 7,
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Attenuator network design  see page 254 for symbols

configuration

description unbalanced ) balanced

Unbalanced T
and
balanced H
(see Fig. 8)

Symmetrical
Tand H

(Zl = Zy= Z)
{see Fig. 4)

Minimum-loss
pad matching
21 cnd Zg
(Z:>2,)

{see Fig. 7)

Unbolanced T
and
balanced O

Symmetrical

7 and O

(Zl = Zz = Z)
(see Fig. 5)

Bridged T
and
bridged H
{see Fig. 6)
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design equations

hyperbolic arithmetical checking equations
V7z _2VNZiZy
* " Sinh 6 s N—I1
. N+1)
=<l _ Ry= —PR
Ry tanh 8 R ! Zl(N—-] 3
Z3 (N-H)
= —_ Ry= 2T Y g
Rs tanh 6 Rs =11 N—1 d
2ZVN _ 27K o _a X
7 Re= N—1 KI—] Riks 14cosh @ z K-+n2
Ry=- 4 B cosh 8—1=2 sinh? §
sinh 8 = Rs 2
K—1/K K—0?
o N =
Ri=Z tanh _ _VN=1_ k=1 TR
2 Ri=Z———=Z2—
VN+1 K+ Z—R\/1+2&
=Z[1 — 2/ + 1] ! Ry
— Z2 RiRy= 2,7,
Ri=2Z \/1———
cosh 0=VZ—1 1=a Z Ri 7
Z; 2 R 7,

4
h 20=2—-—1
cos| 222

Rs=V'Z1Z, sinh 6 R _N=1 212,
‘_____\/__._
2 N

SR S—. 11 N-H) 1
Rt Zitanh 8 R = () ——
1 atanh G R Ry Zl(N—l Rs
__ i 1 J_1NFIy_
Rz Zatanh 6 Re R: Z:\N—1 Ry
N-—1 Kz_-, (K+”2
Rp=zZ 2 _ RiRs= 2211 h 6) =22
Ry=Z sinh 8 : 2/N 2K e Feos 2K
—1)2
7 =Z{K — 1/K) /2 :—‘=cosh 61 =‘K2K”
Rl—' N fe Y N _ K LR
anh 3 N T F;/_—_R‘
= Z[1 + 2/iK—1] 425
R1=Rz=z
R‘4R4=Z2
Re=Z(K—1)
7 R k=1
R o

Four-terminal netwarks: The hyperbolic equations above are valid for passive linear four-terminal
networks in general, working between input and output impedances matching the respective image
impedances. In this case: Z; and Z; are the image impedances; R;, Rz and R; become complex
impedances; and @ is the image transfer constant. 8 = a - jB, where « is the image attenuation
constant and B is the image phase constant.
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Symbols

Z; and Z; are the terminal impedances (resistivel to which the attenuator is
matched.

N is the ratio of the power absorbed by the attenuator from the source to
the power delivered to the load.

K is the ratio of the attenuator input current to the output current into the

load. When Z; = Z5, K = \/ﬁ Otherwise K is different in the two direc-
tions.

Attenuation in decibels = 10 logio N
Attenuation in nepers = 0 = 1 log, N

For a table of decibels versuspower and voltage or current ratio, see page 40.
Factors for converting decibels to nepers, and nepers to decibels, are given
at the foot of that table.

Notes on error formulas

The formulas and figures for errors, given in Figs. 4 to 8, are based on
the assumption that the attenuator is terminated approximately by its proper
terminal impedances Z; and Z,. They hold for deviations of the attenuator
arms and load impedances up to &= 20 percent or somewhat more. The error
due to each element is proportional to the deviation of the element, and the
total error of the attenuator is the sum of the errors due to each of the sev-
eral elements.

When any element or arm R has a reactive component AX in addition to a
resistive error AR, the errors in input impedance and output current are

AZ = AIAR + jAX)

Ai _ B AR + jAX

i R

where A and B are constants of proportionality for the elements in question.

These constants can be determined in each case from the figures given for
errors due to a resistive deviation AR.

The reactive component AX produces a quadrature component in the output
current, resulting in a phase shift. However, for small values of AX, the error
in insertion loss is negligibly small.

For the errors produced by mismatched terminal load impedance, refer to
Case 1, page 251.
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Symmetrical T or H attenuators

Interpolation of symmetrical T or H aftenuators (Fig. 4)

Column Ry may be interpolated linearly. Do not interpolate Ry column. For 0
to 6 decibels interpolate the 1000/R; column. Above 6 decibels, interpolate
the column logye Rs and determine R; from the result.

Fig. 4—Symmetrical T and H attenuator values. Z = 500 ohms resistive (diagram on
page 252).

attenuation series arm R; shunt arm R,

in decibels ohms ohms 1000/R; logio R,
0.0 0.0 inf 0.0000
0.2 5.8 21,700 0.0461
0.4 1.5 10,850 0.0921
0.6 17.3 7,230 0.1383 —_—
0.8 23.0 5,420 0.1845 _—
1.0 28.8 4,330 0.2308 —_
2.0 57.3 2,152 0.465
3.0 85.5 1,419 0.705
4.0 1131 1,048 0.954
5.0 140.1 822 1.216 _
6.0 166.1 669 1.494 2.826
7.0 191.2 558 _— 2.747
8.0 2153 4731 —_— 2,675
9.0 238.1 405.9 —_— 2.608
10.0 259.7 351.4 —_— 2.546
12.0 299.2 268.1 —_— 2.428
140 3337 207.8 —_— 2318
16.0 363.2 162.6 —_ 221
18.0 388.2 127.9 _— 2,107
20.0 409.1 101.0 _ 2.004
22.0 426.4 79.94 _ 1.903
240 440.7 63.35 —_ 1.802
26.0 452.3 50.24 —_— 1701
28.0 461.8 39.87 _— 1.601
30.0 469.3 31.65 _— 1.500
35.0 482.5 17.79 —_— 1.250
40.0 490.1 10.00 —_— 1.000
50.0 496.8 3.162 E— 0.500
60.0 499.0 1.000 _— 0.000
80.0 499.9 0.1000 —_— —1.000
100.0 500.0 0.01000 —_— —2.000
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Errors in symmetrical T or H aftenvators

Series arms Ry, and Ry in error: Error in
input impedances:

!
A21 = ARl “I" ﬁ ARg
and

O
AZz = AR‘z ‘+‘ E‘z AR;

Error in insertion loss, in decibels,

db = 4 Ak + ARy approximately
Zl Z>

Shunt arm R; in error (10 percent high)

nominally R, = Ry
L =2

error in input
designed loss, error in insertion impedance
in decibels loss, in decibels 100 ATZ percent

0.2 , —001 0.2

1 —0.05 1.0

6 —0.3 3.3

12 —0.5 3.0

20 —~0.7 1.6

40 —-0.8 0.2

100 —0.8 00

Error in input impedance:
AZ . K—1 AR
25 2
4 KIK=4 1 Ry

Error in output current:
Al K — 1 AR

i K+ 1R;

See notes on page 254.
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Symmetrical = and O attenuators

Interpolation of symmetrical = and 0 attenuators (Fig. 5.

Column R, may be interpolated linearly above 16 decibels, and R3 up to
20 decibels. Otherwise interpolate the 1000/R; and logie Rs columns, re-
spectively.

Fig. 5—Symmetrical = and O attenuator. Z = 500 ohms resistive (diagram, page 252).

attenvation shunt arm R; sories arm Rg
in decibels ohms 1000/ Ry ohms loguo Rs
0.0 © 0.000 0.0 —
0.2 43,400 0.023 1.5 -—
0.4 21,700 0.046 23.0 —
0.6 14,500 0.069 34.6 —
08 10,870 0.092 46.1 -
1.0 8,700 0.115 57.7 —
2.0 4,362 0.229 116.1 -—
3.0 2,924 0.342 176.1 -
40 2,210 0.453 238.5 -—
50 1,785 0.560 304.0 -
8.0 1,505 0.685 373.5 -
7.0 1,307 0.765 448.0 —_—
8.0 1,161.4 0.861 528.4 _
9.0 1,0459.9 0.952 615.9 -
10.0 962.5 1.039 711.5 —_—
12.0 835.4 1.197 932.5 -_
14.0 7493 1.335 1,203.1 —_—
16.0 488.3 1.453 1,538 -
18.0 4644.0 —_— 1,954 —_—
20.0 6111 — 2,475 3.394
22.0 586.3 — 3127 3.495
24.0 567.3 —_ 3,946 3.596
26.0 552.8 — 4,976 3.697
28.0 541.5 —_ 6,270 3.797
30.0 5327 — 7,900 3.898
35.0 518.1 — 14,050 4.148
40.0 510.1 —_ 25,000 4.398
50.0 503.2 —_ 79,100 4.898
60.0 501.0 —_ 2.50 X 108 5.398
80.0 500.1 —_ 250 X 108 6.398
100.0 500.0 - 2.50 X 107 7.398
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Errors in symmetrical = and O attenuators

Error in input impedance: .
AZ_ K= 1(MR T AR | 28R

yal K+ 1\ R K? R K Ra

Error in insertion loss,

© & > -0
. _ Aiy .
decibels = —8 ~‘_: {approximately} nominally R, = R; and Z' = Z
=4K___.](__A_R1..&+2%
K + 1 R]_ Rz RB

See notes on page 254.

Bridged T or H attenuators

Interpolation of bridged T or H aftenuators (Fig. 6!

Bridge arm Ry: Use the formula logy, (Rq + 500) = 2.699 + decibels/20 for
Z = 500 ohms. However, if preferred, the tabular volues of Ry may be inter-
polated linearly, between 0 and 10 decibels only.

Fig. 6—Valves for bridged T or H attenvators. Z = 500 ohms resistive, R, = R; =
500 ohms (diagram on page 252).

bridge shunt bridge shunt
attenuation aftenuation
arm R, arm R3 arm R, arm Ry
in decibels in decibels

ohms ohms ohms ohms
0.0 0.0 ® 12.0 1,491 167.7
0.2 11.6 21,500 14.0 . 2,006 124.6
0.4 23.6 10,610 16.0 2,655 94.2
0.6 358 6,990 18.0 3,472 72.0
0.8 48.2 5,180 20.0 4,500 55.6
1.0 61.0 4,100 25.0 8,390 29.8
2.0 129.5 1,931 30.0 15,310 16.33
3.0 206.3 1,212 40.0 49,500 5.05
4.0 292.4 855 50.0 157,600 1.586
50 389.1 642 60.0 499,500 0.501
6.0 498 502 80.0 500 X 108 0.0500
7.0 619 404 100.0 50.0 X 108 0.00500
8.0 756 3N —_ —_— —_—
9.0 909 275.0 e —_ _
10.0 1,081 231.2 —_— — —
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ATTENUATORS 2 59

Shunt arm R;: Do not interpolate R; column. Compute R; by the formula

Rs = 108/4R,

for Z = 500 ohms.

Note: For attenuators of 60 db and over, the bridge arm Ry may be omitted
provided a shunt arm is used having twice the resistance tabulated in the R
column. {This makes the input impedance 0.1 of 1 percent high at 60 db.}

Errors in bridged T or H attenuators

Resistance of any one arm 10 percent higher than correct value

designed loss
decibels A decibels® B percent* C percent*
0.2 0.01 0.005 0.2
1 0.05 0.1 1.0
6 0.2 2.5 25
12 0.3 5.6 1.9
20 0.4 8.1 0.9
40 0.4 10 0.1
100 0.4 10 0.0
* Refer to following tabulation.
element in error error in error in terminal mark
(10 percent high) loss impedance remarks
Series arm R) {anclogous | Zero B, for odjacent Error in impedance at op-
for arm Ry terminals posite terminals is zero
Shunt arm Ry —A C loss is lower than de.
signed loss
Bridge arm Ry A C loss is higher than de-

Error in input impedance:

v

== (%)

K2

K—1<A_R3

-+

a8,
R4

signed loss

For AZy/Z, use subscript 2 in formula in place of subscript 1.

Error in output current:

ar)

See notes on page 254.
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Minimum-loss pads

Interpolation of minimum-loss pads (Fig. 7!

This table may be interpolated linearly with respect to Zy, Zs, or Z1/Z5 except
when Z1/Z, is between 1.0 and 1.2. The accuracy of the interpolated value
becomes poorer as Z;1/Z, passes below 2.0 toward 1.2, especially for Rs.

For other terminations

If the terminating resistances are to be Z, and Zg instead of Z; and Z,,

4 4
respectively, the procedure is as follows. Enter the table at =24 ond

2 B

Fig. 7—Valves for minimum-loss pads matching Z; and Z;, both resistive (diagram
on page 252).

Z, Z, /%, loss in series arm R, shunt orm R;
ohms ohms decibels ohms ohms
10,000 500 20.00 18.92 9,747 513.0

8,000 500 16.00 17.92 7,746 516.4

6,000 500 12.00 16.63 5,745 5222

5,000 500 10.00 1579 4,743 527.0

4,000 500 8.00 14.77 3,742 534.5

3,000 500 6.00 13.42 2,739 547.7

2,500 500 5.00 12.54 2,236 559.0

2,000 500 4.00 11.44 1,732 577.4

1,500 500 3.00 9.96 1,224.7 612.4

1,200 500 2.40 8.73 916.5 654.7

1,000 500 2.00 7.66 707.1 7071

800 500 1.60 6.19 489.9 816.5
600 500 1.20 377 2449 1,224.7
500 400 1.25 4.18 223.6 894.4
500 300 1.667 6.48 316.2 4743
500 250 2.00 7.66 353.6 353.6
500 200 2.50 8.96 387.3 258.2
500 160 3.125 1017 412.3 194.0
500 125 4.00 11.44 433.0 1443
500 100 5.00 12.54 447.2 111.80
500 80 6.25 13.61 458.3 87.29
500 65 7.692 14.58 466.4 69.69
500 50 10.00 1579 474.3 5270
500 40 12.50 16.81 479.6 41.70
500 30 16.67 18.11 484.8 30.94
500 25 20.00 18.92 487.3 25.65
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Minimum-loss pads  continved

read the loss and the tobular values of Ry and R;. Then the series and shunt

4 z
arms are, respectively, MR; and MRs, where M = =2 = Z2.
Z, Zs
Errors in minimum-loss pads
impedance ratio
Z,/1, D decibels* E percent* F percent*
1.2 0.2 +4.1 +17
2.0 0.3 7.1 1.2
4.0 0.35 8.6 0.6
10.0 0.4 9.5 0.25
200 04 9.7 0.12

* Notes

Series arm Ry 10 percent high: Loss is increased by D decibels from above
table. Input impedance Z, is increased by E percent. Input impedance Z3 is
increased by F percent,

Shunt arm R3 10 percent high: Loss is decreased by D decibels from above
table. Input impedance Z3 is increased by E percent. Input impedance Zy is
increased by F percent.

Errors in input impedance

L B (s )

Z, Zi\ Rk N R;

‘_&__Z2=1h _& A_R3+]_ ARy

Zs Zy\ Rs N R,

Error in output current, working either direction

fﬁ:l\/]_é ARy _ AR
i 2 Zi\ Rs R

See notes on page 254.
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Miscellaneous T and H pads Fig. g)

Fig. 8—=Values for miscollansous T and N pads (diagram on page 252).

resistive terminations loss attenuator arms
o
Z, Z, declbels series R; series R, shunt R
ohms ohms ohms ohms ohms
5,000 2,000 10 3,889 222 2,222
5,000 2,000 15 4,165 969 1,161
5,000 2,000 20 4,462 1,402 639
5,000 500 20 4,782 190.7 319.4
2,000 500 15 1,763 165.4 367.3
2,000 500 20 1.838 308.1 202.0
2,000 200 20 1,913 76.3 127.8
500 200 10 ° 388.9 222 2222
500 200 15 416.5 96.9 116.1
500 200 20 446.2 140.2 63.9
500 50 20 478.2 19.07 31.94
200 50 15 176.3 16.54 36.73
200 50 20 183.8 30.81 20.20

Errors in T and H pads

Series arms R; and R; in error: Errors in input impedances are

Error in insertion loss, in decibels

A7, = AR, + ! ;‘ AR,

Shunt arm R; in error (10 percent high)

+

Z3

and AZy; = ARy + — Z_ ARy

(2
Z

AR

2

approximatel
Z) pPp Y

error in input impedance
designed lo.s error in loss AZ AZ,
7./1, decibels decibels 100 100
25 10 —04 11% 7.1%
25 15 —0.6 1.2 4.6
2.5 20 —0.7 0.9 2.8
4.0 15 —0.5 0.8 6.0
4.0 20 —0.65 0.6 3.6
10 20 —0.46 0.3 6.1
AZy 2

Z

i

NZz ARa
—_— — 2 )—
TN - 1( + Zz )Ra

o N+1—\/N<\/ + Z;)A_Ra

N—1

R

{for AZy7, interchange sub-.

{where iis the

scripts 1 and 2

output current.
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M Bridges and impedance measurements

In the diagrams of bridges below, the source is shown as a generator, and
the detector as a pair of headphones. The positions of these two elements
may be interchanged as dictated by detailed requirements in any individual
case, such as location of grounds, etc. For all but the lowest frequencies, a
shielded transformer is required at either the input or output {but not usually
at bothl terminals of the bridge. This is shown in some of the following
diagrams. The detector is chosen according to the frequency of the source.
When insensitivity of the ear makes direct use of headphones impractical,
a simple radio receiver or its equivalent is essential. Some selectivity is
desirable to discriminate against harmonics, for the bridge is often frequency
sensitive. The source may be modulated in order to obtain an audible
signal, but greater sensitivity and discrimination against interference are
obtained by the use of a continuous-wave source and a heterodyne
detector. An amplifier and oscilloscope or an output meter are sometimes
preferred for observing nulls. In this case it is convenient to have an audible
output signal available for the preliminary setup and for locating trouble,
since much can be deduced from the quality of the audible signal that
would not be apparent from observation of amplitude only.

Fundamental alternating-current or

Bridge with double-shielded transformer

Wheatstone bridge

Balance condition is Z, = Z,Z,/Zs
Maximum sensitivity when Z; is the
conjugate of the bridge output im-
pedance and Z, the conjugate of its

Zg

generafor
input impedance. Greatest sensitivity
when bridge arms are equal, e.g., for
resistive arms,

Zao=2a=2y=2,=2,=12,

Shield on secondary may be float-
ing, connected to either end, or to
center of secondary winding. It may
be in two equal parts and connected
to opposite ends of the winding. In
any case, its capacitance to ground
must be kept to a minimum.
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Wagner earth connection

None of the bridge elements are
grounded directly. First balance
bridge with switch to B. Throw switch
to G and rebalance by means of R
and C. Recheck bridge balance and
repeat as required. The capacitor
bolance Cis necessary only when the

B
G
R p
C
T
T NAAAST
————— -

frequency is above the audio range.
The tronsformer may have only a
single shield as shown, with the ca-
pacitance of the secondary to the
shield kept to a minimum.

Capacitor balance

Useful when one point of bridge
must be grounded directly and only
a simple shielded transformer is used.
Balance bridge, then open the two
arms at P and Q. Rebalance by

auxiliary capacitor C. Close P and
Q ond check balance.

=

Series-resistance-capacitance bridge

—©

Cz = Ca Rb/Ra
R, = R. Ru/Rb

Wien bridge

C: Ra Rz

CC: = 1/wRR,
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Wien bridge continved

For measurement of frequency, or in
a frequency-selective application, if

c—

we make C, = C, R. =R, and
Ry = 2R,, then

1

"= 2k
Owen bridge
L, = CoRaR4
R, = CwRa R,
Ca
-~

Resonance bridge

w?lC =1

Rz =R, Ra/Rb

©

Maxwell bridge

Ly = RaRpCe
o Rk
Rs
Ls
Q. = w—R: = wC,R,
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Hay bridge

For measurement of large inductance.

wl, _ 1
R. wC,R,

Q. =

Schering bridge

C, - C, Rb/Ra
I/O: = (JJC,R: = waRb
o

Substitution method for high impedances

Initial balance {unknown terminals

x— x open):
C; and R,

Final balance {unknown connected
to x—x):

Cy and Ry

Then when R, > 10/wC;, there re-
sults, with error < | percent,

C,=C,—CY
The parallel resistance is

i

R: = CTm = /7

If unknown is an inductor,

L= — ] = II] 7
?Cy — C))

w?C,
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Measurement wlith capacitor in series

Measurement of direct capacitance

with unknown

Initial balance {unknown terminals
x—x short-circuited):

C. and R;

Final balance {x— x un-shorted):
C') and R’}

Then the series resistance is

Re = Ry — RiYR4/Rs

RsCiC"}
Cp= —22=8
o RC = C)

’
= &C; (___E“_._l_. ])
Ra 8 s

-
©r

Ry
When Cy > CJ,

L =l Ra |_C_;
W0 RC! c’/

Connection of N to N’ places C,g
across phones, and C,, across Rp
which requires only o small re-
adjustment of R,.

)
(&
NI

Initial balance: lead from P discon-
nected from X; but lying as close to
connected position as practical.

Final balance: Lead connected to Xi.

By the substitution method above,
C’;q = C: -_ C';'

Felici mutual-inductance balance

At the null:

M, = —M,

My Mg
(D)—
&

Useful at lower frequencies where
capacitive reactances associated
with windings are negligibly small,
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Mutval-inductiance capacitance balance

Q-meter (Boonton Radio Type 160A)

e

Cs

()

1\
Using low-loss capacitor. At the null
M. = 1/w?C,
Hybrid-coil method

At null:
Zl = Zz

The transformer secondaries must be
accurately matched and balanced to

Z,
ground. Useful at audio and carrier
frequencies.

Q of resonant circult by bandwidth

For 3-decibel or half-power points.
Source loosely coupled to cireuit.
Adjust frequency to each side of
resonance, noting bandwidth when

v

i

0.71 X (v at resonancel

{resonance frequency)

[bandwidth)

Q:

' E
Y
)
e—<

Ry = 0.04 ohm
Ry = 100 megohms
V = vacuum-fube voltmeter
I = thermal milliammeter
L.R.Co = unknown coil plugged into
COIl terminals for measure-
ment.
NI * 4+ 4’"
Le G3R5 e H
R, 8
w R GND
RX

Corraction of Q reading

For distributed capacitance Co of coil

C+ G

Qe = Q

where

Q = reading of Q-meter lcorrected
for internal resistors Ry and Ry
if necessary!

C = copacitance reading of Q-

mefer

Measuvrement of Cp and trve L,

C plotted vs 1/f*is a straight line.
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Measurement of Co and true L,  conlinued

L, = true inductance
/B =/
47?2 (C, — C)
Co = negative intercept

fo = natural frequency of coil

When only two readings are taken
and fl/fz = 200,

Co = (C, — 4C1)/3
Using uh, me, and uuf,
L: = 19,000/f2, (C; — Cy)

Measvrement of admittance

Initial readings C'Q" LR, is any suit-
able coil)

3

conp,

d

COND
i/Z

unknown
Y

1/Z =Y =0G+j8=1/R+juC
Then

C - CI — C/I
1/Q = G/wC
/
- S (1 180) -
c\Q Q

If Z is inductive, C** > C’

Measurement of impedances lower than

those directly measurable

For the initial reading, C'Q’, COND
terminals are open.

)

<

N
COND

—1

On second reading, C’Q”, a ca-
pacitive divider C,Cy is connected
to the COND terminals.

a | a X
Y“ |Yb
- C
P S
22 X

Final reading, C"’Q’"’, unknown con-
nected to x—x.

X
o—it —o
Ym CO unknown
I "
Yo = Ga +jwca Yb = Gb +]wa

Gq and Gy not shown in diagrams.

Then the unknown impedance is

Yo V2
Z = III] 77
Yo+ Va/ Y/ —Y

1
Ya+ Yb

where, with capacitance in micro-
microfarads and ® = 27 X {fre-
quency in megacycles/second):

ohms
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Measurement of impedances lower than

those directly measurable  continved

1

m =
108/
1000 1000
Q7 — -—QT) X107V 4 jIC! —C'")

Usually G, and Gy may be neglected,
when there results

. ! :
‘ + Cb/Cu YIII — YII

T
Ty o

For many measurements, Cq may be
100 micromicrofarads. Cy = 0 for
very low values of Z and for highly
reactive valves of Z. For unknowns
that are principally resistive and of
low or medium value, Cy may take
sizes up to 300 to 500 micromicro-
farads. When C; = O

‘ 6

ohms

Z= v ——T +J e ohms
and the “second” reading above be-
comes the “initial", with C’' = C”’

in the formulas.

Parallel-T {(symmetrical)

Conditions for zero transfer are
w?CCy = 2/Ry?
w?Ci? = 1/2RiRy
CzRg = 4 C1R1

When used as o frequency-selective
network, if we make Ry = 2R, and

Cz = 2C1 fhen

{ = ]/27I'C1R2 = ]/21I'C2R1

For additional information, see G. E. Valley,
Jr. oand H. Wallman, “Vacuum Tube Ampli-

fiers,” McGraw-Hill Book Company, Inc.,
New York, N. Y.; 1948: pp. 387-389.

Twin-T admittance-measvuring circuit

(General Radio Co. Type 821-A)

This circuit may be used for measur-
ing admittances in the range some-
what exceeding 400 kilocycles to
40 megacycles. It is applicable to the
special measuring techniques de-
scribed above for the Q-meter.

Conditions for null in output

G + G; = Rw?C,C11 + C,/C3l
C+GC =1/wl

—C1C2< + = +C3>

With the unknown disconnected, call
the initial balance Cj and Cj.

With unknown connected, final bal-
ance is C’y and C;.
Then the components of the unknown
Y =G4 jwC are
C=¢C—-CY

Rw C1C2

— - c
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B Iron-core transformers and reactors

Iron-core transformers are, with few exceptions, closely coupled circuits
for transmitting alternating-current energy and matching impedances. The
equivalent circuit of a generalized transformer is shown in Fig. 1.

a1, ot Ry

a

G

([}

(&

I

I

Eo

Equt =

k

Fig. 1—Equivalent network of a transformer,

turns ratio = Np/N,

primary equivalent shunt capaci-
tance

secondary equivalent shunt capaci-
tance

root-mean-square generator volt-
age

root-mean-square output voltage
coefficient of coupling

[ |

[/ ('

primary inductance

primary leakage inductance
secondary leakage inductance
core-loss equivalent shunt
resistance

generator impedance

load impedance
primary-winding resistance
secondary-winding resistance

Major transformer types used in electronics

Power transformers

.
Power transformers operate from a source of nearly zero impedance at
a single low frequency, primarily to transfer power at convenient voltages.

Rectifier plate ond/or filament: Power rectifiers and tube heaters.

Vibrator power supply: Permit the operation of radio receivers from direct-
current sources, such as automobile batteries, when used in conjunction
with vibrator inverters.

Scott connection: Serve to transmit power from 2-phase to 3-phase sys-
tems, or vice versa.

Avtotransformer: Is a special case of the usual isolation type in that a part
of the primary and secondary windings are physically common. The size,
voltage regulation, and leakage inductance are, for a given rating, less
than those for an isolation-type transformer handling the same power.
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Major transformer types used in electronics  confinved

Audio-frequency transformers
Match impedances and transmit audio frequencies.
Output: Couple the platels! of an amplifier to an output load.

Input or interstage: Couple a magnetic pickup, microphone, or plate of a
tube to the grid of another tube.

Driver: Couple the platelsl of a driver stage (preamplifier) to the gridls)
of an amplifier stage where grid current is drawn.

Modulation: Couple the platels) of on audio-output stage to the grid or
plate of a modulated amplifier.

High-frequency transformers

Match impedances and transmit a band of frequencies in the carrier or
higher-frequency ranges.

Power-line carrier-amplifier: Couple different stages, or couple input and
output stages to the line.

Intermediate-frequency: Are coupled tuned circuits used in receiver inter-
mediate-frequency amplifiers to pass a band of frequencies {these units may,
or may not have magnetic cores).

Pulse: Transform energy from a pulse generator to the impedance level of
a load with, or without, phase inversion. Also serve as interstage coupling
or inverting devices in pulse amplifiers. Pulse transformers may be used to
obtain low-level pulses of a certain repetition rate in regenerative-pulse-
generating circuits (blocking oscillators).

Sawtooth-amplifier: Provide a linear sweep to the horizontal plates of a
cathode-ray oscilloscope.

Major reactor types used in electronics

Filter: Smooth out ripple voltage in direct-current supplies. Here, swinging
chokes are the most economical design in providing adequate filtering, in
most cases, with but a single filtering section.

Audio-frequency: Supply plate current to a vacuum tube in parallel with
the output circuit.

Radio-frequency: Pass direct current and present high impedance at the
high frequencies.

Wave-filter: Used as filter components to aid in the selection or rejection
of certain frequencies.
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Special nonlinear transformers and reactors

These make use of nonlinear properties of magnetic cores by operating
near the knee of the magnetization curve. See pp. 323-326.

Peaking transformers: Produce steeply peaked waveforms, for firing
thyratrons.

Saturable-reactor elements: Used in tuned circuits; generate pulses by
virtue of their saturation during a fraction of each half cycle.

Saturable reactors: Serve to regulate voltage, current, or phase in conjunc-
tion with glow-discharge tubes of the thyratron type. Used as voltage-
regulating devices with dry-type rectifiers. Also used in mechanical vibrator
rectifiers and magnetic amplifiers.

Design of power transformers for rectiflers

The equivalent circuit of a power P P
transformer is shown in Fig. 2.

a. Determine total output volt-am-

peres, and compute the primary ('1)59 Re °le§ OE gyt
and secondary currents from <

Ep]pxo.9= ]— [(Ea]dc) pl K+ (E])ﬂl]
7

Fig. 2=—Equivalen! network of a power trans-
, former. I, and I, may be neglected when there
], =K ]dc are no strict requirements on voltage regulation.

where the numeric 0.9 is the power factor, and the efficiency  and the
K, K" factors are listed in Figs. 3 and 4. E,l, is the input volt-amperes,
la. refers to the total direct-current component drawn by the supply; and

Fig. 3—Factors K and K’ for single-phase- Fig. 4—Efficiency of various sizes of
rectifier supplies. See pp. 306-307 for more power supplies.*
complex circvits.
approximate
waltls efficiency in
filter K K’ output percent
Full-wave: 20 70
Capacitor input 0717 1.06 30 75
Reactor input 0.5 0.707 40 80
Half-wave: 80 85
Capacitor input 14 22 100 86
Reactor input 1.06 1.4 200 90

* From "Radio Components Handbook,” Technical Advertising Associates; Cheltenham, Pa.,
May, 1948: p. 92.
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Design of power transformers for rectifiers  cantinved

the subseripts ol and fil refer to the volt-amperes drawn from the plate-
supply and filament-supply (if presentl windings, respectively. E; is the total
voltage across the secondary of the transformer.

E, = 235 Edc
for single-phase full-wave rectifier.

Eqc is the direct-current output voltage of the rectifier. Factor 2.35 is twice
the ratio of root-mean-square to average values plus an allowance for
5-percent regulation.

Where a transformer is operated at different loads according to a regular
duty cycle, the equivalent volt—-ampere (VAlg, rating is computed as follows:
(VAIZity 4+ VA2t 4 (VAR 4 . . . (VA)%tn:I%

httet+tat+ .. . th

VAl = [

where (VA); = output during time {t), etc.

Example: 5 kilovolt-ampere output, 1 minute on, | minute off.

000} 2 2 be] 2 %
VAl = [(5 0012 (1) 4 (O (]):I — [(5000) :I

141 2
= 5000/ (2}”% = 3535 volt-amperes

b. Compute the size of wire of each winding, on the basis of current
densities given by

For 60-cycle sealed units,

amperes/inch? = 2470 — 585 log Wy,

I (in amperes} 4
2470 — 585 log Wt

or, inches diameter = 1.13 [

For é0-cycle open units, uncased,
amperes/inch? = 2920 — 610 log Wy,

I (in amperes) <
2920 — 610 log W,

or, inches diameter = 1,13 [

¢. Compute, roughly, the net core area

A = VWi [60. bog
o= — Vout
5.58 § ‘nches
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Design of power transformers for rectiflers  continved

where fis in cycles (see also Fig. 5). Select a lamination and core size from
the manufacturer’s data book that will nearly meet the space requirements,
and provide core area for a flux density By, not to exceed the values shown
in Fig. 10. Further information on available core materials is given in Fig. 6.

d. Compute the primary turns N, from the transformer equation

Ep = 444 IN,ABn X 1078

with A, in square centimeters and B,, in gausses. Then the secondary turns
N, = 1.05(E,/E,)N,,

{this allows 5 percent for IR drop of windings).

e. Calculate the number of turns per layer that can be placed in the
lamination window space, deducting from the latter the margin space
given in Fig. 7 (see also Fig. 8).

Fig. 5—Equivalent LI? and EI rdfings of power transformers: B, = flux density in
gausses: EI = volt-amperes. This table gives the maximum values of LI? and EI rafings
at 60 and 400 cycles for various size cores. Ratings are based on a 50-degree-
contigrade rise above ambient. These values can be reduced to obtain a smaller
temperature rise. EJ ratings are based on a two-winding transformer with normal
operating voltage. When three or more windings are required, the EI ratings should
be decreased slightly.

tongue
at 60 cycles at 400 cycles width stack | amperes
El-type of E height per

LIz El Bm* El B»* |punchings |ininches | in inches | inch?
0.0195 3.9 14,000 9.5 5000 21 ¥ 3 3200
0.0288 58 14,000 15.0 4900 62.5 ] $ 2700
0.067 13.0 14,000 30.0 4700 75 3 2 2560
0.088 17.0 | 14,000 380 | 4600 75 3 ] 2560
011 24,0 | 13,500 50,0 | 4500 [h] } i 2330
0.200 37.0 | 13,000 80.0 | 4200 12 1 H 2130
0.300 54.0 | 13,000 110.0 | 4000 12 1 14 2030
0.480 82.0 | 12,500 180.0 | 3900 12.5 11 14 1800
0.675 1100 | 12,000 | 2300 | 3900 12.5 14 F3 1770
0.850 145.0 | 12,000 3250 | 3700 13 13 1% 1600
1.37 195.0 11,000 420.0 3500 13 13 2 1500
3.70 5250 | 10,500 | 11000 | 3200 19 13 13 1220

From “Radio Components Handbook,” Technical Advertising Associates; Cheltenham, Pa.;
May, 1948: see p. 92,

* B,, refers to 29-gauge silicon steel, 14 mils thick.
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IRON-CORE TRANSFORMERS AND REACTORS 279

Design of power transformers for rectiflers  continved

A.= core area = (gptk
a = height of coil
= coil-build
b = coil width '.';.:
g = width of lamination tongue
I, = average length of magnetic-flux path

stacking factor
0.90 for 14-mil lamination
0.80 for 2-mil lamination or ribbon-

ra

wound core
m = marginal space given in Fig. 7 3
p = height of lamination stack \ 4
t = thickness of interlayer insulation . I.__E_<.._—-.-.J
w = width of core window
7 = window length tolerance \
= 1/16 inch, total k
Fig. 8—Di i relating to the design of a fransformer coil-build and core.

f. Ffrom (d) and (el compute the number of layers n; for each winding.
Use interlayer insulation of thickness t as given in Fig. 7, except that the
voltage stress should be limited to 40 volts/mil.

g. Calculate the coil-build a:
a=LImD+n —+t+4+t]

for each winding from (bl and (fl, where D = diameter of insulated wire
and t, = thickness of insulation under and over the winding; the numeric 1.1
allows for a 10-percent bulge factor. The total coil-build should not exceed
85-90 percent of the window width, (Note: Insulation over the core may
vary from 0.025 to 0.050 inches for core-buitds of § to 2 inches.)

h. Compute the mean length per turn (MLT), of each winding, from the
geometry of core and windings as shown in Fig. 9. Compute length of each
winding N{MLT),

M, =20+ 0+ 264+ 0 + 7on
MIT)y = 2(r 4+ ) + 26 + ) 4+ w(20; 4 ad
where

a1 = build of first winding

a2 = build of second winding
J = thickness of winding form

r.s = winding-form dimensions
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Design of power transformers for rectiflers  continved

i. Calculate the resistance of each winding from (h) and Fig. 7, and deter-
mine IR drop and I?R loss for each winding.

j- Make corrections, if required, in
the number of turns of the windings
to allow for the IR drops, so as to
have the required E,:

E, = (E, — LRy No/N, — LR,

k. Compute core losses from weight
of core and the table on core mate-

rials, Fig. 10, or the graph, Fig. 11. (MLT), coit 1 —] (MLT), coit 2

- . Fig. 9—Di i lating 1 il
l. Determine the percent efficiency h;:g,h of ,LT:?:H;; relating fo pfl mean

n and voltage regulation lvr) from

_ Wone X 100
K Wou 1+ lcore loss) + lcopper loss)
2,
) = R NG/NGIR,]

E,

m. For a more accurate evaluation of voltage regulation, determine
leakage-reactance drop = lywl./27, and odd to the above (vrl the
value of ([ywl)/2rEs. Here, I, = leakage inductance viewed from the
secondary; see “Methods of winding transformers”, p. 299 to evaluate /..

Fig. 10—Typical operating conditions for core materials at various frequencies.

approxi- approxi-
lamination core flux mate core mate
frequency | thickness core density Bmaz loss in exciting
in cycfes | in inches material in gavsses | was/Ib (VA)/Ib
25 0.025 2.5-percent silicon 14,000 0.65 4.0
60 0.014 4-percent silicon 12,000 0.80 6.0
60 0.014 Grain-arient. silicon 15,000 1.0 6.0
400 0.0G4 Groin-orient. silicon 10,000 45 10.0
800 0.004 Grain-orient. silicon 6,000 4.5 10.0
16,000 —_ Ferrite 1,000 5.0 —_
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Design of power transformers for rectifiers  continved
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Design of power transformers for rectifiers  continued

n. Bring out all terminal leads using the wire of the coil, insulated with
suitable sleevings, for all sizes of wire heavier than 21; and by using 7-30
stranded and insulated wire for smaller sizes.

Effect of power frequency on design: Design procedure is similar to that
described above for 60-cycle transformers except for the flux density at
which the core is operated. Operation at lower frequencies requires a
larger core (see equation in paragraph {c) above) although reduction of
core loss partially compensates the size increase. As an example, a 25-cycle
transformer is approximately twice as large as its 60-cycle equivalent.

High-frequency operation (Fig. 10) normally results in size and weight
reduction and is used primarily in aircraft applications where power-supply
frequencies are usually 400 or 800 cycles. A smaller core results from in-
creased frequency; but greotly increased losses {Fig. 11) prevent propor-
tional size decrease from 60-cycle equivalent. Use of thinner laminations par-
tially compensates the effects of losses permitting further reduction in size.
Voltage drop due to leakage reactance has greater effect than at 60 cycles
and may require interleaved winding.

Television flyback transformers supply power at 16 kilocycles, where normal
core materials are not satisfactory since extremely thin, {0.001- to 0.002-
inch) and expensive laminations are required. Molded ferrite cores are
normally used due to their excellent loss characteristics at these frequencies.

Design of filter reactors for rectiflers and plate-current supply

These reactors carry direct current and are provided with suitable air-gaps.
Optimum design data may be obtained from Hanna curves, Fig. 12. These
curves relate direct-current energy stored in core per unit volume, L1, 2/V
io magnetizing field NI, /l. (where I, = average length of flux path in
core), for an appropriate air-gap. Heating is seldom o factor, but direct-
current-resistance requirements affect the design; however, the transformer
equivalent volt-ampere ratings of chokes (Fig. 5 should be useful in deter-
mining their sizes. This is based on the empirical relationship (VA),, = 188L/;2

As an example, take the design of a choke that is to have an inductance of
10 henries with a superimposed direct current of 0.225 amperes, and a
direct-current resistance < 125 ohms. This reactor shall be used for sup-
pressing harmonics of 60 cycles, where the alternating-current ripple
voltage {2nd harmonic} is about 35 volts.
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Design of filter reactors for rectiflers  continved

a. L* = 051, Based on data of Fig. 5 try 4-percent silicon-steel core,
type EI=12.5 punchings, with a core-build of 1.5 inches. From manufacturer’s
data, volume = 13.7 inches3; I, = 7.5 inches; A, = 1.69 inches?

b. Compute LI, 2/V = 0.037; from Fig. 12, Nly/l. = 85; hence, by substitu-
tion, N = 2840 turns. Also, gap ratio ;/l, = 0.003, or, total gap J, = 22 mils.

E X 108

————— = 210 gausses, where A, is
4.44fNA,

Alternating-current flux density B,, =

in square centimeters.

¢. Calculate from the geometry of the core, the mean length/turn, (MLT)
= 0.65 feet, and the length of coil = NI(MLT) = 1840 feet, which is to
have a maximum direct-current resistance of 125 ohms. Hence, Ry/NI(MLTI
= 0.068 ohms/foot. From Fig. 7, the nearest size is No. 28.

0.01 s} GoXo] ,//
{/ //
/
/
% ! %I ; MA/,; scale C
| /
Y,
5 4 /
5 74
: / 4
o.00t - Havay ,/
F“§i> _._0 A 1//' 7
A / 77 4
- ’(’/ 74
///V
B:1000g scale B 4
v/ AN RN 4
f W/
A
4
0.000! L_O-O014p00

| 2 5 10 2 : 5 100
0.387 X {ampere-turns/inch)

Fig. 12—Hanna curves for 4-percent silicon-steel core material.
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Design of filter reactors for rectiflers  continued

d. Now see if 2840 turns of No. 28 single-Formex wire will fit in the window
space of the core. (Determine turns per layer, number of layers, and coil-
build, as explained in the design of power fransformers.)

e. This is an actual coil design; in case lamination window space is too small
{or too largel change stack of laminations, or size of lamination, so that the
coil meets the electrical requirements, and the total coil-build =~ 0.85 to
0.90 X (window width).

Note: To allow for manufacturing variations in permeability of cores and
resistance of wires, use at least 10-percent tolerance,

Swinging reactors: Used where direct current in rectifier circuit varies.
Reactor is designed to saturate under full-load current while providing
adequate inductance for filtering. At light-load current, higher inductance
is available to perform proper filtering and prevent "capacitor effect.”
Equivalent size to 60-cycle power transformer is approximated as

(VAlyq = 188(lmax X Lmin”® Pac many

Design is similar to normal reactor and is based on meeting both L and Iy,
extremes. Typical swing in inductance is 4:1 for a current swing of 10:1.

Design of wave-filter reactors

Wave-filter reactors must have high Q to provide attenuation at frequencies
immediately off the pass band. Materials listed in Fig. 6 having both high
initial permeability and high resistivity are generally suitable. Additional
data on a few materials is given in Fig. 13.

Cores are usually molded from powdered materials or wound from very thin
strips to reduce eddy-current losses. They are usually of toroidal or “pot”
form to minimize leakage Aux. Maximum Q is obtained when:

(copper loss] = lcore loss)

The inductance is given by

1.25N%A
L = —=—""10"8 henries
Io 4 L/wo
where dimensions are in centimeters and ug = initial permeability. This vela-

tionship is valid primarily where the air-gap 1, is small. Where large gaps
are encountered, the effects of fringing flux at the gaps must be considered
since the effective gap is generally smaller than the physical gop.*

* P.K. McEiroy, “Those lron-Cored Coils Again”, General Radio Experimenter, vol. 21, pp.2-8;
January, 1947.
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Design of wave-filter reactors  continved

When using molybdenum-permalloy-dust toroidal cores, the inductance is
given by

2

L= ]—g%\}—éf e X 1078 for pey = 125
2

L = 085 1.25NA. per X 1078 for pe = 65

c

Ferrite cores may be used, but many ferrites have high temperature co-
efficients of resistance and low curie temperatures (see page 74).

Small gaps in filter cores will reduce losses, improve Q, stabilize constants
for varying alternating voltage, and reduce the effects of temperature
changes in the case of ferrite cores.

Design of audio-frequency transformers

Important parameters are: generator and load impedances Ry, R, respectively,
generator voltage E,, frequency band to be transmitted, efficiency (output
transformers only}, harmonic distortion, and operating voltages (for ade-
quate insulation}.

At mid-frequencies: The rela-
tive low- and high-frequency
responses are taken with re-
ference to mid-frequencies,

where
OEom, 1 6PE° He " oleg ™
E, {14 R,/R) + Ri/aR

At low frequencies: The equiv- _
alent unity-ratio network of a  Fig. 14—Equivalent network of an avdio-frequency

transformer becomes approx- transformer at low frequencies. Ry = R, - R, and

imatel h in Fiq. 14: R; = R, + Ri. In a good oulput transformer, R,, R,,

Imately as shown in rig. : and R. may be neglected. in input or infersiage
1 transformers, R. may be omitted.

V4 R o/ Xod?

’
. par

Rg Rp o Ry

~AM—AAA—AAA—

Amplitude =

Phase angle = tan™!
m

where

R]dez
Ri + Roa?

!/ —
Rpar"‘

Ri=R,+ R, Re=R 4 R Xm = 2rily
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Design of audio-frequency transformers  continved

At high frequencies: Neglecting the effect of winding and other capacitances
{as in low-impedance-level output transformers], the equivalent unity-ratic
network becomes approximately as in Fig. 15:

1 RgtRpra'Rs  lpeally
Amplitude = —m—
\a s —
V1 + Xi/R —\VV v
Xi
Phase angle = tan™ —
9 R qv) E a'Ry 19
where
R'ee = Ry 4 Roa? 'Fig. 15—Equivalent network of an audio-fre-
quency transformer at high frequencies, neglecting
X = 27rf1scp the effect of the winding shunt capacit
lsep = inductance measured across primary with secondary short-circuited
= I, + ol
2 1.0 == ratio
2
2 0 / \
2 1% w
2 // s
L3 -
2 ~
£ 0.8 / 7 60 ui
E /
y
0.7 7 40
//
06 .,
[
]
o5 phase / ) S
ongle [
A1 £
04 / // \ 20
a3 7~ a0
/
02 / o
/ 60 ¢
7/ d ¢
Ol 80 &
]
a2 1,0 50 G2 0 50
low-frequency range middle range high-frequency range
wlp/R par Whep /R s

Courtesy of McGraw-Hill Publishing Company
Fig. 16—Universal frequency and phase response of output transformers.
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Design of audic-freq'uency transformers  continued

These low- and high-frequency
Fig. 16.

If at high frequencies, the effect
of winding and other capaci-

responses are shown on the curves of

Rgo Rp’Rs lph Ig

Wv \aa's
tances is appreciable, the equiv- @ ¢ c
alent network on a 1:]-turns- ) 9 ® R, Eour
ratio basis becomes as shown l
in Fig. 17. The relative high-

frequency response of this net-

Fig. 17—Equivalent network of o 1:1-turns-ratio

work is given by audio-frequency transformer ot high frequencies
when effect of winding shunt capacit is appre-
Ry -+ Ral / Ry ciable. In a step-up iransformer, C; = equivalent

shunt capacitonces of both windings. In a step-

ductances and R,.

\/(E}__*_ &)2 + (&_&1__ ])2 down transformer, C, shunts both leakage in-

Xc Rl Xc Rl
T 42
£
]
ES
o
@
& 0
c \ _—
<] M~
E \ \\\'§§\
£ \ ; \\
: ~2 N N
: ™ a
6 -a \
£ X A
? K
/]
E -6
2 B8+:0.25 B=4.0 //% \‘
K] B205 8:2.0 /// \
-8 Br0.67 B=1.5 > \
B=0.8 B=1.25]
B:1.0 — = \
=10
-2
(o8] 0.2 a5 1.0 2.0
f/f, R, X
Reprinted from “Electronic Transformers and Circuits,”
by R. Lee, 2nd ed., p. 151, 1955; by permission, John
Wiley & Sons, N. Y.
Fig. 18~—Transformer characteristics at X =
¢ R, =R,

high freq ies for tched imped.
ances. At frequency £, X; = X, and
B = X./R;.
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Design of audio-frequency transformers continved

This high-frequency response is plotted in Figs. 18 and 19 for R, = R.
{matched impedances), and R, = o finput and interstage transformers)
based on simplified equivalent networks as indicated.

Harmonic distortion requirements may constitute a deciding factor in the
design of transformers. Such distortion is caused by either variations in
load impedance or nonlinearity of magnetizing current. The percent har-
monic voltage appearing in the output of a loaded transformer is given by*

En LR R
(percent harmonics) = — = 22par( | _ Zpar
E, I Xm 4Xm
where 100 1,/I; = percent of harmonic current measured with zero-
impedance source (values in Fig. 20 are for 4-percent silicon-steel corel.

*N. Partridge, “Harmonic Distortion in Audio-Frequency Transformers,” Wireless Engineer,
v. 19; September, October, and November, 1942, ;

+

@
—
——

—
/

+a

+2

JA1I\\N
JIANN
E
—

decibel variation from median frequency
- \ N
Yo
7%
/

\

:: AMIAN

0.05 [+ 1] 0.2 05 0
f/fr R, X4
Reprinted from “Electronic Transformers and Circuis,”
by R. Lee, 2nd ed., p. 153, 1955, by permission, John .
Wifey & Sans, N. Y. R,: @
X (class~ A grid)

Fig. 19—Inpul- or interstage-transformer
characteristics at high frequencies. At f,,
X; = X, and B = X./R,. [, S—
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Design of audio-frequency transformers  continved

Fig. 20—~Harmonics produced by various flux densities B,, in a 4-percent silicon-steel-

core avdio fransformer.

B percent 3rd harmonic percenf 5th harmonic
100 4 1.0
500 7 1.5
1,000 9 2.0
3,000 15 25
5,000 20 3.0
10,000 30 50

Insertion loss: loss introduced in circuit by addition of transformer. At
midband, loss is caused by winding resistance and core loss. Frequency
discrimination adds to this at low and high frequencies. Insertion Joss is
input divided by output expressed in decibels or, in terms of meosured

voltages and impedance:
El R

{db insertion foss) = 10 log TEZR,

Impedance motch: For maximum power tronsfer, the reflected load impe-
dance should equal generator impedance. Winding resistance should be

included in this calculation: For matching,
R, =a® R+ R) +R,

Also, in properly matched transformer,
R, = a? Ry = (Zoe X Zg)*t

where
Zo. = transformer primary open-circuit
impedance. R,= 108
w, = 0w
Zg = transformer primory impedance Ry =600 ohms
with secondary winding short- W =I6watts
circuited. N, Ry= 508
. wy= 5w
Where more than one secondary is
used, the turns ratioc to motch im-
pedances properly depends on the
. o R,= 1008
power delivered from each winding.
w,= Iw
N R Y
SOLIIE VRita Fig. 21—Multisecondary audio trans-
Np R, Wy former.
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Example: Using Fig. 21,

N. _ /10 _ 10Y*
N (600 X w) =0.102

N3 50 5\
N,,_<600X16> = 0.161
Ni _ m@xl)%
N, 400 77 16

Example of audio-output-transformer design

0.102

This transformer is to operate from a 4000-ohm impedance; to deliver
5 watts to a matched load of 10 ohms; to transmit frequencies of 60 to
15,000 cycles with a V./ Vi ratio of 71 percent of that at mid-frequencies
(400 cycles); and the harmonic distortion is to be less than 2 percent.
(See Figs. 14 and 15)

a. We have: E, = (W ,R)* = 7.1 volts
I, = Wou/Es = 0.7 amperes

It

(Ry/Ri}*E = 20

a

Then
I, = 1.11,/a = 0039 amperes, and E, = 1.1 of, = 156

b. To evaluate the required primary inductance to transmit the lowest
R1R202

R] + R202 !

where Ry = R, + R, and Ry = R; + R,. We choose winding resistances

Rs = Rp/a® = 0.05R, = 0.5

frequency of 60 cycles, determine R’y, = Ry + a%Ry and R’y =

Ria® X 100
(for a copper efficiency = W-:TQR_S(mp = 91 percent). Then,

R’se = 2Ry = 8400 ohms, and Ry, = Ry/2 = 2100 ohms.

¢. In order to meet the frequency-response requirements, we must have

]
according to Fig. 16, ——wk,’wLp =1= ———wh“l,h =2,

par se

L, = 5.6 henries and ,, = 0.089 henries

which yield
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d. Harmonic distortion is usually a more important factor in determining
the minimum inductance of output transformers than is the attenuation
requirement at low frequencies. Compute now the number of turns and
inductance for an assumed B, = 5000 for 4-percent silicon-steel core with
type El-12 punchings in square stack. From manufacturer's catalog, A.
(net} = 5.8 centimeters?, I, = 15.25 centimeters. From Fig. 22, p,, =~ 5000.

8
N, = E2 X0
4.44fA.B.
N, = 1.IN,/a = 111
. 21 .A
Ly = 125Ny e 25N],, Pal’e 5 10-8 = 97 henries

At 60 cycles, X = wlp = 36,600 and R’ jar/Xm = 0.06.
From vadlues of I/I, for 4-percent silicon-steel {See Fig. 20):

Eh _ ]h R,Dar(] _ %’

E I X. 4,

) = 0.012 or 1.2 percent

e. Now see if core window is large enough to fit windings. Assuming a
simple method of winding (secondary over the primary), compute from
geometry of core the approximate (MLT), for each winding (Fig. 9).

>
£ 5000 - - e
3 e ]
[-] - -
2 T2 T ==
3 2000 ] ] A
o ™ [ w05 44T A
- 11 T S o / »
2] - -
2 |t L— ) e L
< ] ot Hoz | L4+
@ 1000 ; X
5 800 B ] Ho®2 L
£ 600 = ot — \
I 400 eet=T"] Hqy3S et = -
o |oafpmguapen
] H =Io —-’
EY o R
it
200
100
10 50 100 500 1000 5000 10,000

B, = alternating flux density in gausses Courtesy of Allegheny-Ludlum Corp., Pittsburgh, Pa.

Fig. 22—Incremental permeability .. characteristics of Allegheny audio-transformer
“A"™ sheet steel at 60 cycles/second. No. 29 U.S. gauge, L-7 standard lamina-
tions stacked 100 percent, interleaved. This is 4-percent: silicon-steel core mate-
rial. Hy = maqnetizing field in oersteds.
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For the primary, {MLT) = 0.42 feet and N,IMLT) = 850 feet.
For the secondary, [MLT) = 0.58 feet and N,IMLT) = 65 feet.

For the primary, then, the size of wire is obtained from
Rp/NgpMLT} = 0.236 ohms/foot; and from Fig. 7, use No. 33.
For the secondary, R,/N,(MLT} = 0.008, and size of wire is No. 18.

f. Compute the turns/layer, number of layers, and total coil-build, as for
power transformers. For an efficient design, {total coil-built) = (0.85 to
0.90) X {window width)

9. To determine if leakage inductance is within the required limit of {c}
above, evaluate

_ 10.6NMLT) (2nc + a)
n*b X 10°

= (.036 henries

Lser
which is {ess than the limit 0.089 henries of {c). The symbols of this equation
are defined in Fig. 28. If leakage inductance is high, interleave windings as

indicated under “Methods of winding transformers”, p. 298.

Example of audio-input-transformer design

This transformer must couple a 500-chm line to the grids of 2 tubes in class-A
push-pull. Attenuation to be flat to 0.5 decibel over 100 to 15,000 cycles;
step-up = 1:10; and input to primary is 2 volts.

a. Due to low input power, use core material of high permeability, such as
4750 in Fig. 6. To allow for possible variation from manufacturer's stated
value of 9000, assume po = 4000. Interleave primary between halves of
secondary. Use No. 40 wire for secondary. For interwinding insulation use
0.010 paper. Use winding-space tolerance of 10 percent.

02R1R2 9
R I T
a’Ry + R, o
= 500 X 10% = 50,000 ohms

From universal-frequency-response curves of Fig. 16 for 0.5 decibel down
at 100 cycles (voltage ratio = 0.95),

b. Total secondary load resistance = R'y,; =

wlowL8

'
R par

= 3, or L, = 240 henries

c. Try Allegheny type Ei-68 punchings, square stack. From manufacturer's
catalog, A, = 3.05 centimeters, [, = 10.5 centimeters, and window
dimensions = 3} X 145 inches, interleaved singly: 1, = 0.0005.
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1.25N?A,
10 + jc/‘lfﬂ

From formula L = X 10-% and above constants, compute

N, = 4400
Np = Ng/c = 440

]

d. Choose size of wire for primary winding, so that R, = 0.1R, = 50 ohms.
From geometry of core, (MLTI = 0.29 feet; also, R,/Ny IMLTI = 0.392,
or No. 35 wire {D = 00062 for No. 35F.

e. Turns per layer of primary = 0.9b/d = 110; number of layers n,
= N,/110 = 4; turns per layer of secondary 0.9b/d = 200; number of
layers n, = N,/200 = 22,

f. Secondary leakage inductance

_ 10.6N2,IMLT) (2nc + a) X 107°
n’b

Loes = 0.35 henries

g. Secondary effective layer-to-layer capacitance

4C; 1
Co= (1 -2
3m( n;)

{see p. 299) where C; = 0.225A¢/t = 1770 micromicrofarads. Substituting
this value of C; into above expression of C,, we find

C, = 107 micromicrofarads

h. Winding-to-core capacitance = 0.225A¢/t = 63 micromicrofarads (using
0.030-inch insulation between winding and corel. Assuming fube and stray
capacitances total 30 micromicrofarads, total secondary capacitance

C, = 200 micromicrofarads
i. Series-resonance frequency of I, and C, is
1

fr = ————— = 19,200 cycles,
V' 1..C

Atf,, B = X,/Ry = 1/2xf,C,Ry = 0.83; at 15000 cycles, f/f, = 0.78.

From Fig. 18, decibels variation from median frequency is seen to be less
than 0.5.

If it is required to extend the frequency range, use Mumetal core material
for its higher uo (20,000i. This will reduce the primary turns, the leakage
inductance, and the winding shunt capacitance.
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Considerations in audio-transformer design

Output transformers

These are step-down low-impedance transformers in which the high-
frequency response is governed mainly by leakage inductance since dis-
tributed capacitance has little effect on the low load impedance. Commonly
used in the plate circuit of vacuum-tube amplifiers and thus has direct current
in the primary unless shunt feeding or push-pull operation is employed.
Usually employ silicon steel with gapped construction. Since transmission of
power is concerned, the efficiency should be high.

Input and interstage transformers

Such transformers are usually step-up type to obtain as much voltage gain
as possible to drive the grid of the following tube. The secondary works
into a high impedance represented either by a shunt resistor or the grid
itself. High-frequency response is analyzed in Fig. 19.

When direct current is present in the primary, the incremental permeability
is reduced as indicated in Fig. 22. This increases the number of winding turns
required and the resulting increase in shunt capacitance makes it difficult to
obtain good high-frequency response. When direct current is not present,
high-permeability core material should be

used. Since no power is transferred, the
secondary wire size is limited only by

- . . ¢
winding techniques and is as small as i
possible. Low-frequency response can be L “
manipulated where a coupling capacitor
exists by applying filter theory to the

coupling capacitance and .fo the ind?c- Fig. 23—Equivalent fiter used in de-
tances of the choke and primary winding  termining the iow-frequency resp
as indicated in Fig. 23. of shuni-fed interstage transformers.

Interstage transformers usually have ratios of 1:1 or slightly higher. Both

primary and secondary impedances are rather high and are thus susceptible
to shunt capacitances.

Modulation transformers

These transformers are treated similarly to output transformers except
that high power and low distortion must be given special consideration.
This transformer usually works from a class-B push—pull amplifier and it
is essential that the load impedance remain fairly constant with a power
factor near unity. Such a condition can be obtained in the normal modulation
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circuit by treating the inductance of the transformer secondary, the coupling
capacitance, and the inductance of the modulation choke as a high-pass
filter with a cutoff frequency of § to % of the lowest frequency to be passed
as indicated in Fig. 24A.

]
lc lscp
A - ot low frequencies B - ot high frequencies

Fig. 24~Equivalent filters used in determining the low- and high-frequency responses of
modulation transformers.

For the high-frequency end, the transformer primary capacitance, leakage
inductance, and secondary capacitance are treated as a low-pass filter
with cutoff frequency from 2
to 3 times the highest fre-
quency to be transmitted (Fig. L,

24B). Modulation transformers 6—§ ;ﬁ;;{y“n

to screen
grid

commonly used in low-power fo plate
gz‘k Y
1o plate o~ [

circuits dispense with the
modulation choke and coup-
. . . . supply
ling capacitor as indicated in

Fig. 25. Fig. 25—Typical low-power modulation circuit.

Driver transformers

These transformers are used to drive high-power class-B amplifiers where
the grids draw current over part of a cycle and thus require some power.
Good regulation is a requirement to prevent poor waveform. The best way
to do this is to employ a step-down ratio that will supply the necessary grid
swing with adequate margin of safety. low winding resistances and low
leakage inductance in each half of the secondary are required to maintain
good regulation.
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Class-A-amplifier transformers

These transformers are used in common single-tube amplifier stages coupled
by transformers. Since the tube is operated over the linear portion of its
characteristic, minimum distortion is experienced, provided the transformer
reflects the proper load to the tube. Unless shunt feed is used, the primary
winding of the transformer carries the direct plate current. The alternating-
current output consists of variations in the plate direct current. Input trans-
formers are essentially unloaded except for tube capacitance or shunt
resistance since the grid never draws current.

Class-B-amplifier transformers

Class-B amplifiers operate over a greater range of the tube characteristic
than in class A and distortion is greater since part of the characteristic
is nonlinear. Plate current flows essentially 3 cycle at a time since negative
swings of the grid cutoff plate current resulting in slightly lower average
current than in the class-A case. The primary of transformer-coupled
amplifiers carries direct current. The internal tube resistance varies greatly
with grid voitage, thus the high-frequency response is difficult to predict.
Input transformers have to supply some grid power and driver-transformer
theory applies to them.

Push-pull-amplifier transformers

Class-A: Both tubes draw plate current at all times and thus contribute to
output. For this reason, primary balance or coupling of the transformer is not
too important and one-half of the winding may be placed over the other.
Turns ratio of entire primary winding to secondary is equal to the square
root of the impedance ratio (Fig. 26). Average direct current of primary
is balanced out due to center feeding, although generally 5-percent un-
balance should be allowable to toke care of tube variations.

Class-B: In contrast to class-A operation, only one tube conducts at a
time since the other is biased off. Good coupling between primary halves
and the entire secondary is a requirement. Primary-to-primary leakage
inductance causes nicks in output wave because of transients as operation
switches from one tube to the other. Since only one tube operates at a
time, the turns ratio of each half of the primary to the whole secondary,
equals the square root of one tube impedance to the secondary impedance
(Fig. 27). Variations in tube impedance, which may become quite large,
offect the high-frequency response.
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Class-ABy: An intermediate case where the bias voltage is slightly higher
than class A but the grids draw no current. Coupling iransformers are
similar to class A.

Class-AB,: The tubes are biased near cutoff but not as far as class B. Grid
current is drawn and for a portion of each cycle the tubes act independently.
Class B transformer design applies.

R,= 1500 ohms

Ry =
N, 1500
e ohms

R,=1500 ohms

Rg=I500 ohms

b 3k

Ry =1500 ohms

1
in ‘s
No _ (3000Y%_, 4 e, (L"’—QQ) = 1 tfor each haif
Ng 1500 - Ng 1500 of primary)
NP/N: =2

Fig. 26—Push-pull class-A amplifler with a  Fig. 27—Push-pull class-B amplifier with a
1.4:1 tyrng ratio. 2:1 jurns ratio.

Methods of winding trunsformers

Most common methods of winding transformers are shown in Fig. 28. Lleakage

n:g
_ ~|}" |«
N hast A, 4
sscondary *socondary @ ISIFESIRS Y
¥ stHslls] & 1) (@
i [ =212 € 2
? a t primary ‘ n=2 § 5 § [}
g . I
c primary l secondary (1) i ol ® primary
‘—b—J L—"-—"‘ L——O———h‘ L———b——’l
A B C

D

Fig. 28-——Maethods of winding transformers.
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inductance is reduced by interleaving, i.e., by dividing the primary or
secondary coil in two sections, and placing the other winding between the
two sections. lnterleaving moy be accomplished by concentric and by
coaxial windings, as shown on Figs. 28B and C; reduction of leakage in-
ductance is computed from the equation

_ 10.6NFIMLT) (2nc - al

l
* n?b X 10°

henries

(dimensions in inches) to be the same for both Figs. 288 and C.

Means of reducing leakage inductance are

a. Minimize turns by using high-permeability core.
b. Reduce build of coil.

¢. Increase winding width.

d. Minimize spacing between windings.

e. Use bifilar windings.

Means of minimizing capacitance are

a. Increase dielectric thickness (t).
b, Reduce winding width b and thus area A.
<. Increase number of layers.

d. Avoid large potential differences between winding sections as the
effect of capacitance is proportional to applied potential.

Note: leakage inductance and capacitance requirements must be com-
promised in practice since corrective measures are opposites.

Effective interlayer capacitance of a winding may be reduced by sectionaliz-
ing it as shown in D. This can be seen from the formula

C. = ffg-I(l - l) micromicrofarads

where
n; = number of layers
Ci = capacitance of one layer to another

0.225A¢ .
= micromicrofarads

where



30[] CHAPTER 11

Methods of winding transformers  continved

>
]

area of winding layer
IMLT) b inches?

I

i

e = dielectric constant
= 3 for poper

Pulse transformers

Pulse transformers are designedto transmit

thickness of interfayer insulation in inches -

square waves or trains of pulses

as described in Fig. 7, page 538, while maintaining as closely as possible

the original shape. Fourier
onclysis shows that such pulse  avershoot
waveforms consist of a wide
range of frequency com-
ponents. Thus the trans- o0 |
former must haove suitable  pulse
bandwidth tg maintain fidel-

ity. X __}

Pulse transformers con be € back
onalyzed by considering the *él' . H swing
leading edge, top, and trail- :___{,'L?.".'._. E. ——_—f—
ing edge of the pulse sepa- width H

rately. Fig. 29 portrays a

Fig. 29—Outpu! pulse shape. In the strictest sense,

typical transformer output pylse rise and decay times are measured between the
pUlse compcred to input 10~ and 90-percent values; width between the 50-per-

pulse. Refer to page 541 for

- ceml:values.

pulse terminology. Fig. 30 snows the fundomental circuit and Fig. 31 illustrates
equivalent circuits for the various transient conditions.

leading-edge reproduction requires transmission of a wide bond of fre-
quencies and is controlled by leckage inductance /., and winding capaci-
tances C, ond C, as indicated in Fig. 31A, B, and C. Analysis for step-up
ond step-down transformers varies slightly as shown. leakage inductance

and winding capacitance must be mini-
mized to ochieve a sharp rise; however,
output voltage may overshoot input
voltage and oscillotion may be encoun-
tered where very abrupt rise times are
involved.

[,

pulse
genarator Ry

o

Fig. 30—Puvlse-transformer circuit.
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Pulse-top response is dependent on the magnitude of the open-circuit
inductance of the transformer as indicated in Fig. 31D. The greater the
inductance L,, the smaller the droop from input voltage level.

s R, Lico s R, leco

1 %1 [T

Fig. 31—Polse-transformers equivalent circuils.
A~—Leading-edge equivalent circuit. B—Leading-
edge equivalent circuit for step-up-ratio trans-
former. C—Leading edge equivalent circvit step-
down-ratio transformer. D—Top-of-pulse equiva-
lent circuit. E—Trailing-edge equivalent circuit.

. oL
7

4

Control of the trailing edge of the pulse is dependent on the open-circuit
inductance and secondary winding capacitance as shown in Fig. 31E. The
lower the capacitance, the faster the rate of voltage decay. Negative
backswing depends on the magnitude of the transformer magnetizing
current. The greater the magnetizing current, the greater the backswing.

Pulse-transformer design involves analysis of transient effects and thus
direct solution is complex. Empirical or graphical solution® is usually used.

Low-loss core materials such as grain-oriented silicon-steel loop cores
or nickel—iron alloys in 2-mil thickness are normally used. Small air gaps
are .commonly’ used to reduce remanent magnetism in core due to uni-
directional pulses. Windings are normally interleaved to reduce leakage
reactance. Where load impedance - is high, single-layer primary and
secondary windings are best; where low, interleaved windings are best.

*R. lee, “Electronic Transformers and Circuits,” 2nd edition, John Wiley & Sons, Inc,, New
York; New York; 1955 chapter 10, p. 292.
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Special winding techniques may be required to reduce winding capacitances.
Construction is normally of core type, single or double coil, since capa-
citance may be more easily controlled.

Temperature and humidity

Fig. 32—Classification of electrical insulating materials.*

limiting above 40°C ambient

lat

[ permissible rise in °C
I

temperature by resistance
class insvlating material (hottest spot)| by ther- or imbedded
ill Oc 'Y detect

O | Cotton, silk, poper and similar organic
materials when neither impregnated nor 90
immersed in a liquid dielectric

35 45

|

|

A (1} Cotton, silk, paper, and similar organic ‘
materials when either impregnated or im- r
mersed in a liquid dielectric; or {2) molded )
and laminated materials with cellulose
filler, phenolic resins and other resins of 105 50 60
similar properties;or (3} films and sheets of
cellulose acetate ond other cellulose de-
rivatives of similar properties; or (4} var-
nishes lenamel} as applied to conductors

1
B Mica, glass fiber, asbestos, etc., with
svitable binding substances. Other ma-
terials or combinations of materials, not
necessarily inorganic, may be included |
in this class if by experience or accept- 130 70 80
ance tests they can be shown to be
capable of operation at class-B tem-
perature limits

i

H Silicone elastomer, mica, glass fiber,
asbestos, etc, with suitable binding
substances such as appropriate silicone
resins. Other materials or combinations
of materials may be included in this 180
class if by experience or acceptance
tests they can be shown to be capable
of operation at class-H temperature

100 120

limits
C Entirely mica, porcelain, giass, quartz, and No fimit — —
similar inorganic materials selected

*Abridged from, “General Principles Upon Which Temperature Limits Are Based In the Rating
of Electrical Machines and Other Equipment,” American Institute of Electrical Engineers Standard
No. 1, with revisions proposed in a paper, "Probiems of Revising AIEE Standard No. 1,”
Electrical Engineering, vol. 75, pp. 344-348; April, 1956.
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Standard classes of insulating materials and their limiting operating tempera-
tures are listed in Fig. 32. A comporison of the propertfies of five high-
temperature wire insulating coatings is shown in Fig. 33,

Fig. 33—Comparison of five high-temperature wire-insulating materials.*

siicone formvar
characteristic modifled teflon enamel (vinyl plain
teflon DC1360 acetal) enamel
Upper temp. limit +250°C +250°C +180°C +105°C +80°C
Lower tamp. limit —100°C —100°C —40°C —40°C —40°C
Dielectric strength Excellent Very good | Very good Good Good
Dielectric constant 2.0—2.05t | 20205t | Inferior Inferior Inferior
[60cy—30,000mc) .
Power factor 0.0002t 0.0002% Inferior, Inferior Inferior
{60cy—10,000mc) about
0.006—0.007

Space factor Excellent Excellent Excellent Excellent Excellent
Solvent resistance Excellent Excellent Fair Fair Poor
Abrasion resistance Good Fair Very good Exceltent Good
Thermoplastic flow Good Fair Excellent Excellent Good
Crozing resistance Excelient Very good | Fair Fair Fair
Flame resistance Excellent Excellent Fair Poor Poor
Fungus resistance Excellent Excellent Good Good Poor
Moisture resistance Excellent Excellent Good Good Good
Continuity of insul. Excellent Excellent Good Good Good
Arc resistance Excellent Excellent Good Good Good
Flexibility Exceltent Yery good | Good Good Good

* Taken from, ). Holland, “Choosing Wire Insulation For High Temperatures," Electronic Design, vol. 2, p. 14; July, 1954
t Stable at temperatures up to 250° C.

Open-type constructions generally permit greater cooling than enclosed
types, thus aliowing smaller sizes for the same power ratings. Moderate
humidity protection may be obtained by impregnating and dip-coating or
molding transformers in polyester or epoxy resins; these units provide good
heat dissipation but are not as good in this respect as completely open
transformers.

Protection against the detrimental effects of humidity is commonly obtained
by enclosing transformers in hermetically sealed metallic cases. This is
particularly important if very-fine wire, high output voltage, or direct-
current potentials are involved. Heat conductivity to the case exterior may
be improved by the use of asphalt or thermosetting resins as filling materials.
Best conductivity is obtained with high-melting-point silica-filied asphalts
or resins of the polyester or epoxy types. Coils impregnated with these
resins dissipate heat best since voids in the heat path may be eliminated.
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Immersion in oil is an excellent means of removing heat from transformers.
An air space or bellows must be provided to accommodate expansion of oil
when heated.

Dielectric insulation and corona

For class-A, o maximum dielectric strength of 40 volts/mil is considered safe
for small thicknesses of insulation. At high operating voltages, due regard
must be paid to corona that occurs prior to dielectric breakdown and will
in time deteriorate insulation and cause dielectric failure. Best practice
is to operate insulation at least 25 percent below the corona starting
voltage. Approximate 60-cycle root-mean-square corona voltage V is:

V lin volts) 2
log ——— = = log {1001
% 800 399
where t = total insulation thickness in inches. This may be used as a guide

in determining the thickness of insulation. With the use of varnishes that
require no solvents, but solidify by polymerization, the bubbles present
in the usual varnishes are eliminated, and much higher operating voltages
and, hence, reduction in the size of high-voltage units may be obtained.
Fosterite, and some polyesters, such as the Intelin 211 compound, belong in
this group. In the design of high-voltage transformers, the creepage distance
required between wire and core may necessitate the use of insulating
channels covering the high-voltage coil, or taping of the latter. For units
operating at 10 kilovolts or higher, oil insulation will greatly reduce creepoge
and, hence, size of the transformer.
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B Rectifiers and filters

Half-wove rectifier (Fig. 1:: Most applications are for low-power direct
conversion of the type necessary in small ac-dc radio receivers (without

an intermediary transformer}, and
often with the use of a metallic
rectifier. Not generally used in
high-power circuits due to the low
frequency of the ripple voltage and
a large direct-current polarization
effect in the transformer, if used.

Full-wave rectifier {Fig. 2): Exten-
sively used due to higher frequency
of ripple voltage and absence of
appreciable direct-current polari-
zation of transformer core because
transformer-secondary halves are
balanced.

Bridge rectifier (Fig. 3): Transformer
utilization better than in circuit of
Fig. 2. Extensively used with semi-
conductor rectifiers (p. 311). Not
often used with tube rectifiers: re-
quiring 4 tubes and 3 well-insulated
filament - transformer secondaries.
Peak inverse voltage is half that of
Fig. 2, but rectifier voltage drop is
doubled (for same tube type).

Voltage multiplier {Fig. 4): May be
used with or without a line trans-
former. Without the transformer, it
develops sufficiently high output
voltage for low-power equipment;
however, lack of electrical insula-
tion from the power line:may be ob-
jectionable. May also be used for
Obtaining high voltages from a
transformer having relatively low
step-up rafio.

oi_Fhh

‘Fig. 1—Half-wave single-phase rectifier.

+ 1cycle

S¥F—

wave single~

| I phase rectifier.

" 1cycle
4
R

Fig. 3—Bridgae rectifier.

ta line or
transformer

+
[, S——

tcycle
Ry

Fig. 4—Voltage-doubler rectifier.
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Typical power rectifier circuit connections and circuit data

rectifier single-phase single-phase 3-phase 3-phase
full-wave full-wave half-wave half-wave
type (bridge)
of
cireult single-phase
transformer cenfer-tap single-phase delia-wye dello-zig zag
+
secondary s
f
clecolt
-
I—J’V“—l b
primary 5 I I
Number of phases of
supply 1 1 3 3
Number of rectifiers* 2 4 3 3
Ripple voltage 0.48 .48 018 0.18
Ripple frequency 2% o 3f N 3f
line voltage m 1B} 0.855 0.855
Line current 1 1 0.8%6 0.816
line power factor t 0.90 0.90 0.826 0.826
Transformer primary
volts per leg L (A1 0.855 0855
Transformer primary
amperes per leg 1 i 0471 0.471
Translormer primery
kilovoli~amperes iAY L1t 1.21 .21
Transformer average ;
kilovolt~amperes 1.34 1.1 1.35 1.46
Transformer second-
ary volts per leg 1L1A 1.11 0.855 0.4934
Transformer second-
ary amperes per leg 0.707 1 0.577 0.577
Transformer second-
ary kilovolt-amperes .57 L.t 148 171
Peak inverse voltage
per rectifier 314 1.57 2.09 209
Peak current per rec-
tifier 1 1 i }
Average current per
rectifier 0.5 0.5 ..0333 Q0.333

Unless otherwise stated, factors shown express the ratio of the root-mean-square valve of the
circuit quontities designated to the average direct-current=output values of the rectifier.
Factors are based on a sine-wave voltage input, infinite-inductance choke, and no transformer
or rectifier losses,
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6-phase 6-phase 6-phase 3-phase 3-phase
half-wave half-wave {double 3-phase) full-wave full-wave
half-wave
delta=double-
delta~6-phase wye with
delta—star fork balance coil delta-wye delta=delta
!‘ 1
J
’ ‘
d Y " |
- j L
* - - g
|
3 3 3 3 3
é é 6 6 ]
0.042 0.042 0.042 0.042 0.042
&f of &f &f &f
0.740 0.428 0.858 0.428 0.740
0.816 1.41 0.707 141 0.816
0.955 0.955 0.955 0955 0.955
0.740 0.428 0.855 0.428 0.740
0.577 0816 0.408 0.816 0.471
1.28 1.05 1.05 1.05 1.05
1.55 1.42 1.26 1.05 1.05
0.740A 0.428A 0.855A 0.428 0.740
0.5778
0.408 {osm2 } 0.289 0.816 0.471
1.81 1.79 1.48 1.05 1.05
2.09 2.09 2.42 1.05 1.05
1 1 0.5 1 ! 1
0.167 0.167 0.167 0.333 0.333

* These circuit factors are equally applicable to electron-tube or metallic-plate rectifiers.

t Wline power factor) = {direct-currens cutput watts) /{line volt-amperes.
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Semiconductor rectifiers

Applications

Foremost in the category of semiconductor- or dry-type rectifiers are
selenium, germanium, silicon, and copper-oxide rectifiers. The various fields
of application for the different types are governed by their basic voltage
and current characteristics, environmental conditions, size and weight
considerations, and cost.

The uses of semiconductor rectifiers cover o wide range of applications
that include battery chargers; radio, television, and miscellaneous direct-
current power supplies; magnetic amplifiers; servomechanism circuits; and
many special applications such as arc suppression, polarization of alter-
nating-current circuits ldirect-current restorers), drainage rectifiers {for
cathodic protectionl, and many others.

Equivalent circuit

Semiconductor rectifiers may be regarded as resistive devices having low
electrical resistance in the forward direction and high resistance in the
reverse direction. (For high-impedance circuits, the capacitance across the
rectifying layer may become important.) The voltage drop in the forward
direction must be taken into account when the alternating-current input
voltage of a rectifier is to be determined.

Aging

Some semiconductor rectifiers exhibit a phenomenon known as aging,
which manifests itself in an increase of forward as well as reverse resistance
with usage. The degree of aging is different for the various types. Depending
on the application, means for compensating for the aging effect may or
may not be required.

Rating of a rectifler cell

It is common practice fo rate a rectifier cell on the basis of the root-mean-
square sinusoidal voltage that it can withstand in the reverse direction and
on the average forward current that it will pass at a certain current density.
For selenium-rectifier cells, typical ratings ot 35 degrees centigrade ambient
are:

26 root-mean-square volts per cell
320 direct-current milliamperes per square inch of active rectifying area

The cell voltage ratings for copper-oxide rectifiers are lower than for
selenium; such rectifiers are used mostly in low-voltage circuits,
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Semiconductor rectifiers  continved

Voltage ratings of germanium and silicon rectifiers are higher than for
selenium, so such rectifiers can be employed more advantageously in high-
voltage circuits.

Forward voltage drop

Typical dynamic forward voltage-drop characteristics for selenium rectifiers
are shown in Fig. 5. The forward voltage drop per rectifying element or
plate is highest for battery-charging and capacitive load applications, due
to the high ratio of root-mean-square current to average direct current.

30 [
28

26
24 -
2.2 =
20
1.8
16
1.4
L2
.0
0.8
06
04

A

N>
A\
\ A\

L\

1"
] |t e c
1 -t

normat load

0.2

ol el
(0] 0.2 04 06 08 1.0 1.2 1.4 1.6 1.8 20 22 24
multiple of normal load direct current

approximate root-mean-square voltage drop per cetl

Fig. 5—Typical dynamic forward voltage-drop curves for selenium-rectifier cells, at 65-
degree-centigrade cell temperature. A~—BaHery or capacifive loads: Single-phase half-wave,
bridge, or center-tap. B——Resistive or inductive loads: Single-ph half-wave, bridge,
or center-tap; and 3-phase half-wave. C—All types of loads: 3-phase bridge or center-tap.

Rating of a selenium rectifier stack

Stacks are operated at a given temperature that is o safe value with
allowance for aging. Catalog rating is in most cases based on an ambient
temperature of 35 degrees centigrade. Ratings for higher temperatures
than that (Fig. 6] are based on reduction in forward current to reduce
torward-current losses, reduction in reverse voltage to reduce reverse-
current losses, or a combination of bath forward-current and reverse-voltage
reductions to obtain the desired operating temperature with good electrical
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Semiconductor rectifiers  continved

efficiency. The forward voltage drop and consequent heating depend to a
small degree on the temperoture of the rectifier cell, as does also the reverse
current.

The 35-degree-centigrade rating gloo =17 N

of a rectifier is based on o current B g I
density for a cell of obout 320 § input S
milliamperes per squore inch of 2 w0 \‘\
active rectifying orea. While each s

cell has this basic rating, it is g'ro output
common practice to increase the geo

current density for the same tem-

peroture rise by increasing the so

space between cells or by using w0

forced-air or oil cooling. The in-

crease in spacing allows for cur- 30

35 40 45 50 85 60 65 70

rent density increases from 20 to ambient tempercture in degrees centigrade

50 percent; the higher percenfcg‘e Fig. 6—Selenium-rectifier temperature de-
applies to smaller-size cells. This  rating curves (approximate), for root-mean-
causes some reduction in effi- square alternating input voltlage and average
. . direct output current bated on 35-degree-
ciency due to higher voltage drop.  centigrade ambient.
The cells at each end of a stack have the lowest temperature due to greatest
cooling there. Cell temperatures rise successively from each end toword the
center of the stack. In a long stack, the temperctures of o number of the
central cells are practically identical. As a consequence, some manufacturers
raise the rating of stacks of 1 to 8 cells as much as 50 percent, and of stacks
of 9 to 16 cells as much as 25 percent. These increases apply only to the
normal-spaced convection-cooled ratings ond not to the wide-spaced or
forced-air- or oil-cooled rotings.

Past practice for forced-air- or oil-cooled rectifiers has been to rate them
up to 2.5-times normal rating with adequate cooling. Experience shows that
up to 2-times normal is a better design figure to use when long life and good
efficiency and voltage regulation are factors.

Development of new techniques in selenium-rectifier manufacture permit
operating at higher reverse voltages, higher current densities, and higher
cell temperatures. This is in addition to ratings that may be given to regular
production stacks, which permit greater output or increased-temperature
operation coincident with a reduction in life expectancy. New processes
may also carry a reduction in life expectancy subject to further experience
in use and in the laboratory.
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Circuit design for semiconductor power rectifiers

For most applications, particularly with single-phase input, full-wave
bridge circuits are used, although haif-wave and center-tap rectifiers are
frequently used where low direct voltage is required. However, when direct-
voltage requirements exceed the output of a single series rectifier element,
use of the full-wave bridge circuit is preferred, since the same number of
rectifier plates are then required for hali-wave or center-tap connections
as for a full-wave bridge connection. A half-wave rectifier has a relatively
poor power factor, high ripple content in the output, and requires a larger
transformer than a full-wave bridge circuit. A center-tap rectifier requires
a somewhat larger transformer than an equivalent full-wave bridge rectifier,
with the added complication of bringing out the center tap.

The table on pages 306 and 307 for typical power-rectifier circuit connec-
tions and circuit data show the theoretical values of direct and alternating
voltages, current, and power for the basic rectifier and transformer ele-
ments of single-phase and polyphase conversion circuits, based on perfect
rectifiers and transformers.

The information in Figs. 7 and 8 can be used to determine the input valves of
alternating voltages and output direct currents and the number of rectifier
cells for various basic rectifier circuits.

The formulas and the values of the constants K and I,. are approximate, but
are sufficiently accurate for practical design purposes.

Symbols for Figs. 7 and 8

I,. = transformer secondary current in root-mean-square amperes

-3
o
]

average load direct current in amperes
K = circuit form factor
n = number of cells in series in each arm of rectifier

Va. = alternating root-mean-square input voltage per secondary winding
(see diagrams)

Vaca = phase-to-phase alternating input voltage for 3-phase full-wave
bridge

Va. = average value of direct-current output voltage
Vp = reverse root-mean-square voltage per plate (rating of rectifier cell)

AV = root-mean-square voltage drop per cell at I, lsee Fig. 5



3] 2 CHAPTER 12

Semiconductor rectifiers

continued

Fig. 7—Single-phase-rectifler circuvits, formulas, and design constants.

constant | holf-wave full-wave cenfer tap | full-wave bridge
Circuit
Ve KV4e + nAYV KVq4e + nAV KV4e + 2nAV
n KVae/Vp — AV 2KVae/ Wy — 24Y) KVa./Vp — 2AV)
/
Resistive Vs Vac/n 2Vas/n Vae/n
and
inductive
toads K 2.26 113 113
Tac,rms 1.57 Lic,avg 0.785 Idc'a?g 1.1 Igeo0
n KVae/Wp — 2AVI | 2KVao/(Vp — 2AV) KVae/ Vp — 24V
Battery Vo Wae/n 2V4e/n Vae/n
and
capacitive
loads
K 1.0 0.85 0.85
Lae,rms 23 Idc,uvn 135 Jacyang 1:65 Igc.ary
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Fig. 8—Three-phase-rectifier circuits, for

las, and d

RECTIFIERS AND FILTERS 3]3

tants. For all loads.

constant | half-wave full-wave bridge
~ Vo
Circuit \ 2P Tgc 4
[ Vae—"
i + m -
i
i
I
I
lnput Voo = KVae + nAV VaeA = KVae + 2nAV
n 1.73 KVg,/ (V, — 1.73AV) KVac/ WV, — 2AV)
Ve 1.73 Vae/n Vaca/n
K 0.855 0.74
Toc,rma 0.577 lic.arg 0.816 Ige.ang
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Rectiflers for magnetic amplifiers

Rectifiers used in conjunction with magnetic amplifiers {(chapter 13/ must
have low reverse leakage currents to obtain as high a gain as possible with
o given set of components. Rectifier leakage current behaves like negative
feedback, thus reducing amplification. Changes in the rectifier operating
temperature, which result in changes in the reverse leakage current, may
also result in objectionable unbalances between associated amplifiers. For
best amplifier performance the reverse leakage of rectifiers for magnetic-
amplifier applications should be held to opproximately 0.2 percent of the
required forward current. This can be achieved by reducing the operating
voltage per plate below the normal value.

Grid-conirolled gaseous rectifiers

Grid-controlled rectifiers are used to obtain closely controlled voltages
and currents. They are commonly used in the power supplies of high-power
radio transmitters. For low voltages, gas-filled tubes,
such as argon {those that are unoffected by tem-
perature changes! are used. For higher voltages,
mercury-vapor tubes are used to avoid flash-back
{conduction of current when plate is negative).
These circuits permit large power to be handled,
with smooth and stable control of voltage, and
permit the control of short-circuit currents through
the load by automatic interruption of the rectifier
output for a period sufficient to permit short-circuit ki .
arcs to clear, followed by immediate reapplication :L',":B': f::;::" ;:‘,‘;‘
of voltage. voltage.

plate voltage

critical grid voltage

In a thyratron, the grid has a one-
way control of conduction, and
serves to fire the tube at the instant
that it acquires a critical voltage.
Relationship of the critical voltage to
the plate voltage is shown in Fig. 9.
Once the tube is fired, current flow
is generally determined by the ex-
ternal circuit conditions; the grid
then has no control, and plate cur- ® — .
ront con be stopped only when the % 19bec hyraren seut. The i
plate voltage drops to zero. current components.

protective
resistor

confrol
voltage

ff 0
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AAAY

®

—-< T

tube fires

plate voltage

variable direct grid
voltage
criticat grid voltage

fixed aiternating
grid voltage

Fig. 11—Control of plate-current conduction period by means of variable direct grid

voltage. E; iags E, by 90 degrees.

Basic circuit

The basic circuit of a thyratron with alternating-current plate and grid
excitation is shown in Fig. 10. The average plate current may be controlled

by maintaining

a. A variable direct grid voltage plus a fixed alternating grid voltage that

lags the plate voltage by 90 degrees (Fig. 11).

b, A fixed direct grid voltage plus an alternoting grid voltage of variable

phase (Fig. 12).

J
|

2%

wpply

tube fires

plate voltage

fAxed direct grid
voltage

critical grid voltage

variable-phase grid
voltage

Fig. 12—Control of plate-current conduction perlod by fixed direct grid voltage (not
indicated In schematic) and alternating grid voitage of variabie phase. Either induc-
tance-resist or it esistance phase-shift networks (A and B, respectively)
may be used. L may bo a variable Inductor of the saturable-reactor type.
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Phase shifting

The phase of the grid voltage may be shifted with respect to the plate voltage
by:

a. Varying the indicated resistor in Fig. 12.
b. Variation of the inductance of the saturable reactor in Fig. 12.
¢. Varying the capacitor in Fig. 13.

Cn multiphase circuits, a phase-shifting transformer may be used.

phase-shifting network

Fig. 13—Full-wave thyratron
rectifler. The capacitor is the
variable element in the phase-
shifting network, and hence
gives control of output volt-
age.

£

supply

For a stable output with good voltage regulation, it is necessary to use an
inductor-input filter in the load circuit. The value of the inductance is critical,
increasing with the firing angle. The design of the plate-supply transformer
of a full-wave circuit {Fig. 13) is the same as that of an ordinary full-wave
rectifier, to which the circuit of Fig. 13 is closely similar. Grid-controlled
rectifiers yield larger harmonic output than ordinary rectifier circuits.

Filters for rectifler circuits

Rectifier filters may be classified into three types:

Inductor input (Fig. 14): Have good voltage regulation, high transformer-
utilization factor, and low rectifier peak currents, but also give relatively
low output voltage.
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Filters for rectifier circvits continved

current for infinite inductance-ﬁ

current for finite inductance

13t gection : 2nd gection I
{

rectifier output voltoge

load voltage 1supply
cycle
N\ N\
N/ \J
voltoge wave current wove

Fig. 14—Inductor-input filter.

Capacitor input (Fig. 15): Have high output voltage, but poor regulation,
poor transformer-utilization factor, and high peck currents. Used mostly in
radio receivers.

Le effective transformer
Ry R L, driving voltage

YYD
voltage | suppl
| VW across C, cycpley
R
¢ Cy R,
Y
h Y \

O
voltuqe waves current wave
through rectifier
R, = Y2 X {secondary-winding resistance}
L, = leakage inductance viewed from 2 secon-

dary winding
R, = equivalent resistance of tube IR drop

Fig. 15—Capacitor-input filter. C; is the input capacitor.

Resistor input (Fig. 16): Used for low-current applications.

Design of inductor-input fllters o AAA,

The constants of the first section
{Fig. 14) are determined from the
following considerations:

o

a. There must be sufficient induc-
tance 1o insure continuous opera- Fig. 16—Resistor-input filter.

tion of rectifiers and good: voltage

regulation. Increasing this critical value of inductance by a 25-percent
safety factor, the minimum value becomes
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R; henries m

I

Lmiu =

where

f, = frequency of source in cycles/second
R
K

maximum value of total load resistance in ohms

0.060 for fult-wave single-phase circuits

= 0.0057 for full-wave two-phase circuits
= 0.0017 for full-wave three-phase circuits
At 80 cycles, single-phase full-wave,

Loe = Ri/1000 henries 1A}

b. The LC product must exceed a certain minimum, to insure a required
ripple factor
E, V2 108 K’

_ B 00 _ )
" T En p—1 Qafpl®C, LG

where, except for single-phase half-wave,

fi

p = effective number of phases of rectifier
E. = root-mean-square ripple voltage appearing across Cy
E4e = direct-current voltage on

Ly is in henries and C; in microfarads.

For single-phase full-wave, p = 2 and

r=_0.__83 6_0 ’ l )
FAG 2A

For three-phase, full-wave, p = 6 and

r = {0.0079/LCy) (60/1,)? (2B)

Equations {11 and {2 define the constants L; and C; of the filter, in terms
of the load resistor R; and allowable ripple factor r.
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Swinging chokes: Swinging chokes have inductances that vary with the
load current. When the load resistance varies through a wide range, a
swinging choke, with o bleeder resistor Ry {10,000 to 20,000 ohms) connected
across the filter output, is used to guarantee efficient operation; i.e.,
Loim = R’/1000 for all loads, where R/’ = (RiRs) /(R 4+ Re). Swinging
chokes are economical due to their smaller relative size, and result in
adequate filtering in many cases.

Second section: For further reduction of ripple voltage En, a smoothing
section (Fig. 14} may be added, and will result in output ripple voltage E,q:

Esa/En = 1/(2nf,)2,C, (3)

where f, = ripple frequency

Design of capacitor-input fllters

The constants of the input capacitor {Fig. 15) are determined from:

a. Degree of filtering required.

r

E_ V2 000188 (lz_o) ”

T Ee 2eGR . CR \F,

where CiR; is in microfarads X megohms, or farads X ohms.

b. A maximum-allowable C; so as not to exceed the maximum allowable
peak-current rating of the rectifier.

Unlike the inductor-input filter, the source impedance ltransformer and
rectifier) affects output direct-current and ripple voltages, and the peak
currents. The equivalent network is shown in Fig. 15.

Neglecting leakage inductance, the peak output ripple voltage En facross
the capacitor] and the peak plate current for varying effective load re-
sistance are given in Fig. 17. If the load current is small, there may be no need
to add the L-section consisting of an inductor and a second capacitor.
Otherwise, with the completion of an L:Cs or RC; section (Fig. 15), greater
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filtering is obtained, the peak output-ripple voltage E,, being given by (3)

or

E,-g/Eﬂ = ]/wRC2 (5)
respectively.
‘§ = © y / 4
5|E /F/ s
M i » //
3z N~ L LA
Qo A L1 AP Y /2
2y A 1A /’/ o.oo//
oo 5
2 // j // P\ red
u“ 5 \°°Q/ 4 ‘) ’ O oa
g .o * 7/ / ” /‘I ',90 4
E l Re e @
4 / A
NN Se i
// /‘/-/ - 5’
3 /f/r/ A ] — G
[ - ;—;/// L=
\ =’//;—.’_//
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28 M /
=8
s R
o2 04 AN R=1000
a3 N N R=2008)
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effective load resistance = actual load resistance plus filter-choke resistance in ohms

Reprinted from ‘‘Radic Engineers Hondbook'' by F. E. Terman, _ .
Ist ed., p. 672, 1943; by permission, McGraw-Hill Book Co., N. Y. R=Rs+Rr (see Fig. ]5)

- input capacitance = -

Fig. 17—Performance of capacitor-input filter —_— = 8uf
for 60-cycle full-wave rectifier, assuming
negligible leakage-inductance effect. _—— - — = Auf
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Surge suppression and contact*protection *

When the current in an inductive circuit is suddenly interrupted, the resulting
surge can have several undesirable effects:

a. Contact arcing, producing deterioration that eventually results in circuit
failure due to mechanical locking or snagging, or to high contact resistance.

b. High-voltage transients resulting in insulation breakdown.
¢. Wide-band electrical interference.

One method of suppressing surges is to shunt a selenium rectifier across
the inductor as shown in Figs. 18 and 19.

i 4

e

i« ——Pld——¢

s

Fig. 18—Conventional method of using Fig. 19—Method of improving the re-
the selenivm rectifler as a spark sup- lease time by adding a second rectifler.
pressor.

The rectifier in Fig. 18 appreciably lengthens the release time (as when the
electromagnet is a relay coil). By connecting the rectifier across the contact
Ainstead of across the coil, a release time only slightly lengthened is secured.
This, however, is usually a less desirable connection, especially when there
are several contacts controlling the same coil. Also, when contact A is
open, a small reverse current flows, of the order of 0.5 milliampere. The
system of Fig. 18 is applicable to direct-current circuits only.

The system of Fig. 19 gives good protection with only a small lengthening
of the release time over that when no protection is used. It is applicable to
both alternating and direct-current circuits. When contact A is closed,
rectifier 1 blocks current flow from the battery. Upon opening contact A,
the reverse-resistance characteristic of rectifier 2 comes into play. It is
high at low voltages and decreases as the voltage is increased. The voltage
rise due to the inductive surge is thus limited 1o o value insuificient to

* H. F. Herbig and J. D. Winters, “Investigation of the Selenium Rectifier for Contact Pro-
tection,” Transactions of the American Institute of Electrical Engineers, vol. 70, part 2, pp. 1919-
1923; 1951: Also, Electrical Communication, vol. 30, pp. 96—105; June, 1953.
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cause arcing at the contact. However, the inductor is not immediately
short-circuited, so the current decays rapidly.

Typical performance data are shown in Fig. 20. For comparison, data are
included for cases where a capacitor with series resistor is shunted across

the coil; also for a silicon-carbide varistor in place of the rectifier shown in
Fig. 18.

Fig. 20—Peak voltages and release limes for electromagnets with different contact protections.*

teleph cluich magne! teleph relay
L = 0.485 henry = 3.45 henries
R = 164 ohms R = 1650 ohms
I=0.293 ampere I = 0:029 ampers
release peak release peak
fime in voltage fime in voltage
milli- at milli- of
contact protection d tact d tact
Three 9/32-inch-diameter cells (Figure 18) 4.0 83 55.0 57
Two 9/32-inch-diameter cells (Figure 1911 13 180 12.0 150
Three 1-inch square cells (Figure 19§ 1.3 192 10.9 169
Silicon-carbide varistor 1.3 210 12.8 140
0.5 microfarad + 510 ohms — arcing 10.9 160
0.1 microfarad 4 510 ohms —_ arcing 79 259
Unprotected 1.0 400 to 900 7.6 450 to 750

¥ Courtesy of Transactions of the AIEE.
t For each rectifier, 1 and 2.
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B Magnetic amplifiers

Elementary theory

The simple magnetic amplifiers of Figs. 1A and 1B consist of an iron-core
reactor T with windings 1-2 and 3—4, an inductor L, and a load resistor
Ri. Ep is the power supply, which must be an alternating voltage; Ec 4. is the
control voltage; .4 is the control current; and I; is the load current. In
Fig. 1B, rectifier RE permits unidirectional /; to flow only during half-cycles
of Ep. The practical magnetic amplifier of Fig. 1C uses two separate reactors
T and Ty to secure fullwave [;. The intermittent flow of I; induces voltages
in the control windings and the inductor restricts flow of resulting alternating
current in the control circuit. Amplification occurs because relatively small
variations in g4, or L 4 cause larger changes of E; or /.

- t El, ch+
A, Straight soturoting.

Al 4

L

C. Full-wave self-saturating.

Fig. 1—Simple magnetic-amplifier circuits. In A and B, symbol N = number of turns on
the reactors. In the circuits, arrows and =+ signs indicat tant directi

Referring to Fig. 1A, when E. 4. is zero, the inductive impedance of winding

1-2 is much greater than R; and most of E, appears across 1-2. When
E..q increases until I, 4. magnetically saturates the core, no further change
of flux can occur. Since an inductive voltage drop occurs only where
there is change in flux, only a small voltage drop then occurs across the
resistance of 1-2 and practically all of E, appears across R;.
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In Fig. 1B, assume E.a to be zero and assume the core material of T to
have a hysteresis loop similar to Fig. 2A. During part of each positive
half-cycle of Ej current flows in 1-2 and the flux density in T rises to
+Bumaz. Winding 1-2 now offers only a low impedance and f; is fimited
only by Ri. During the negative half-cycle, the flux density returns to +B,.

@ @
+8
"
> 2 Y
] 48, L. @
: "] $ i
® +8, o
3 "~a 3 ~Henin } :
= . /| . . - ""mu'n gl |
} s }
“Hmax A-FH, +Hmex : +Hmax
|
|
+-B
max -B’
magnetizing force =H mognetizing force=H
A. Conventional core material. B. Mognetic-amplifier core.

Fig. 2=—Hysteresis loops for magnetic core materials.

If now some value of E. 4, is applied in Fig. 1B, resulting in sufficient ampere—
turns to produce —Hmas the core becomes saturated. During negative
half-cycles, current in 1-2 is blocked by RE and the iron remains saturated.
Thus, no change in flux can occur and winding 1—2 absorbs only a small
voltage due to its resistance. Maximum possible I; flows through Ri.

If L4 is in the direction of and of a magnitude corresponding t0 —Humaz
while the flow of I; in 1-2 during positive half-cycles is sufficient to over-
come this and to saturate the core in the opposite direction, then flux
density varies from —Bmar t0 +Bmsr. Then maximum voltage drop occurs
across T and minimum current flows through R;.

The ampere—~turns needed for control depend on the B-H characteristic
of the iron, assuming an ideal rectifier. Smaller Hpe, values require less
control current. Hmq: is usually made as small as possible by employing
gapless toroidal cores wound of thin tape made from high-nickel-content
alloys or from grain-oriented steels. Hysteresis loops of such cores have
quasirectangular shapes as in Fig. 2B. In reactors using these materials,
maximum [; will flow even when E, 4. is zero. To secure control, I, ¢ must
produce magnetizing forces between —Hpmin and —Hane.. In practice,
rectifier RE has some reverse leakage and an increase in the ideal contro!
current is needed to overcome this.
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When I, 4. is such that it produces a magnetizing force in the control range
between —Hper and —Hnixs in Fig. 2B, a rapid transition of the magnetic
state of the iron from partial desaturation to saturation occurs during each
positive half-cycle of E,. The reactor ceases to provide counter-electro-
motive force very suddenly, since the change in flux stops abruptly as B,
is reached. At this instant, the full voltage and current appear on the load
and continue for the remaining portion of the half-cycle. The action is
similar to that of a thyratron tube. The time at which the transition occurs is
called the firing point or firing angle and is expressed in degrees of a cycle.
The firing point depends upon I, 4.

In straight saturating amplifiers, illustrated in their simplest form by Fig. 1A,
the ampere—turns of the control winding must be equal to the ampere—turns
of the output winding. Such amplifiers act as constant-current generators
and the voltage across the load depends on its impedance. Output current
is controlled by I, 4.

The more-common self-saturating amplifiers, illustrated by Figs. 1B and 1C
act as constant-voltage generators. Voltage across the load is virtually
independent of load impedance. Output voltage is controlled by I;a.

Control curves

A typical curve of output load voltage E; against signal current I, 4. for
a self-saturating magnetic amplifier using nickel-alloy cores is shown in
Fig. 3A. The solid curve is for an amplifier with ideal rectifiers while the

[y W
L4 L
g 7~ g
2 a4 3
3 / { a
3 It/ 3

I/

A

A B B0 A o 8
Ic. e Ic,dc

A. For nicket-iron alloy. B. For transformer-type steel.

Fig. 3—Typical conirol curves for different core materials.
dashed curves are for practical amplifiers using rectifiers having appreciable
leakage.

Control generally occurs when I, 4. has a valve between AO and BO on
this curve. The difference AB should be as small as possible for maximum



326 CHAPTER 13

Control curves continved

sensitivity. Values of OB and AB for typical cores are listed in Fig. 4. The
values are nearly independent of core dimensions for toroidal cores smaller
than 2 to 3 inches outside diameter.

To obtain control in the region AB, the relative directions of the mag-
netizing forces due to the control and load windings must be as indicated
by the arrows in Fig. IC.

To the left of point A, the control curve for amplifiers operating at low
frequencies, such as 60 cycles/second, slopes slightly upward as shown in
Fig. 3. At higher frequencies such as 400 cycles/second, there is a greater
upward slope to the left.

Fig. 4—Characteristics of cores for magnetic amplifiers. For toroidal cores up to 3 inches
outside diameter for groups A and B and up fo 2 inches for groups C and D materials.*

group A group B group C group D
Deltamax
Hipernik V HY-MU-80
Hypersil Orthenic 4-79 Mo
control range Magnesil Orthonol Permalloy
and flux Silectron ’ Permeron Squaremu Supermalloy
OB (bias) in ]
milliampere—turns 1,000 to 2,500 500 to 1,500 100 to 150 50 to 80
{Fig. 3A}
AB (signall in !
milliampere—turns 750 to 1,500 500 to 1,000 80 to 200 50 to 80
{Fig. 3A)
Saturation flux :
density 18,000 to 20,000 | 13,500 to 15,500 | 7,000 to 8,000 | 6,800 to 7,800
in gausses ;

* See pp. 276-277 for other similar materials.

To the right of point A, the voltage across the load is practically independent
of load impedance and is determined by signal ampere—turns and the core
material. It is generally not desirable to operate self-saturating amplifiers
in the region to the left of point A, since their characteristics then become
similar to straight saturating amplifiers, i.e., ampere~turns of the output
winding approximates the ampere—turns of the control winding on this
portion of the curve.

Fig. 3B is a typical control curve for a magnetic amplifier using cores of
grain-oriented or transformer-grade steel laminations. When using reactors
of transformer steel, rectifier leakage usually may be disregarded. In large
magnetic-amplifier cores including gaps, AB is about 5 ampere—turns/inch
of magnetic path for grain-oriented steels and up to 10 ampere—turns/inch
for lower grades of transformer steel.
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Bias winding

When the control curve of the magnetic amplifier is similar to the full line
of Fig. 3A, energy required from the control source can be reduced by
biasing the amplifier to point B. The full signal can then be used to produce
changes in I, 4. from point B to point A in the control region. A separate
direct-current bias winding capable of producing the OB ampere—turns
(listed in Fig. 4 for small cores! is used for this purpose.

Due to rectifier leakage or due to the shape of the hysteresis loop of the
core material, point B may fall on the zero axis or to the right of zero as
shown by the lower dashed line in Fig. 3A. In such cases, the bias winding
may be omitted, or it may be retained if available I, 4, or E, 4. does not have
the magnitude and polarity needed for operation at the desired initial
point on the hysteresis loop.

Control inductor

Referring to Fig. 1C, while one core is firing, the other is desaturating due
to the action of the control current. The voltages induced in the control
windings by these two actions oppose each other. Theoretically, the voltages
would be equal and opposite if the signal source had zero impedance and
the cores and rectifiers were perfectly matched. In practice, the net voltage
induced in the control windings is a function of the impedance of the signal
source, of the control point at which the amplifier is operating, and of the
mismatch of cores and rectifiers.

For design purposes, it may be assumed that the maximum total induced
voltage will not exceed the voltage that would be induced in one core
alone. The frequency of this voltage is equal to the power-supply frequency
for half-wave amplifiers like Fig. 1B and to twice the power-supply frequency
for full-wave amplifiers like Fig. 1C and Fig. 5.

It is good practice to put an inductor L in series with the control winding.
If this choke is omitted, additional control ampere—turns may be required
to offset alternating current circulating in the control circuit.

Direct-current loads

The circuits of Figs. 5A, B, or C may be used for direct-current loads. If
E1qc is the required voltage across the load, the required E, will depend
partially on the forward voltage drop through the rectifiers. Power-supply
voltage may be approximated for design purposes as in Fig. 6.
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The peak inverse voltage acrose the rectifiers is also given in Fig. 6. The
lower reverse leakage of Fig. 5C permits higher gains with this circuit, but
the speed of response of Fig. 5C is less than that of Fig. 5A.

O Ebias O Ee,0cQ™ —0 £, 0

-~
e |

T

BN -

A. Full-wave bridge circuit.

OFpiqs 2— _Ec,dcﬁ

control

ig\@l

Ry

B. Center-tapped full-wave circuit.

Fig. 5—Practical magnetic-omplifier circvits for direct-current output. Polarity of E. 4
depends on value of Jiiae
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0 Ebiusg-' __Ec,dcg_} \ 4 O ED S

T T

Y oy

HEEN =

i

+t£l.dc_j-

C. Like Fig. IC, with bridge rectifier RE;.

Fig. 5—Continued.

Fig. 6~—Required supply voliage and inverse rectifier voltage for circuits of Fig. 5.

circuit, E, using E, using germanium peak inverse voltage
Fig. 5 selenium rectifiers or silicon diodes across rectifiers RE, ,
A 1.6 Erge 14 Era 14 E,
B 32 Eyae 29 Erge 14 E,
C 17 Erge 1.6 Evge | 0.5 E,

Fig. 7 is a 3-phase amplifier with direct-current output. Six separate reactors
are used. The bias windings have been omitted in the figure. This circuit
may produce ripple Ejqac across the load as high as 0.3 Ej4.. Frequency of
the induced voltage across inductor L is 6 times the supply frequency.
Qutput turns required on each reactor can be calculated by assuming a
voltage across the reactor of E,/{3}1/2 Control ampere—turns required in
a 3-phase amplifier are higher than in a single-phase amplifier partly
because the inverse voltage across the rectifiers is higher for a longer
portion of each cycle and the effect of rectifier leakage is thus more pro-
nounced. The control curve of the Fig. 7 amplifier with selenium rectifiers is
similar to that of Fig. 3B. Using cores of group-B materials Fig. 4, AO would
be approximately 2 to 3 ampere—turns and OB would be between 1 and 7
ampere—turns.
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to 3-phase
tronsformee
E, O— ® ®
- &¢,de e T| Tz T

Ry
RS
Fig. 7=—Three-ph bridge magnetic amplifier.

Two-stage amplifiers

Fig. 8 shows a two-stage amplifier with direct-current output. This circuit
is useful where small control signals cre available and high outputs are
required. Cores of the first stage may be made of materials listed under

Eq ge O $ O E
3 oede? S Z—I
RE, RE, }
,,L‘

R
+LEl,ch-

Fig. 8—Two-stage magnetic amplifier. The bias circuit is omitted for simplicity.
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Two-stage amplifiers  continved

groups C or D in Fig. 4, while
cores of the second stage are
generally of group-A or -B
materials. Inductor Ly has the
same function asl; and,in addi-

tion, it prevents alternating cur- .

rents induced in control wind-
ings of the second stage from
flowing through rectifiers RE to
RE,, thereby causing unwanted
direct currents in the control
windings of the second stage
and the output windings of the
first stage.

Fig. 9 is a push-pull amplifier
driving a single stage. If well
designed and if the preampli-
fier push-pull stage uses group-
D core material, the power
stage can be driven to full
output with the application of
10 milliampere—turns of signal
at the preamplifier. In this
balanced circuit, E.q, may
assume either polarity.

! 3
H ‘—]g
a - A
luH- 4 f¥rd
? —_— ol
L4

o—
+
1G]

Ec ,de

\

Fig. 9—Push-pull magnetic amplifler driving a single-stage magnetic amplifier. The bias circuits are not shown.
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AC control signal

—0
e Ee.aeg"!
=)

output voitage = El, ae

control voltage = £, oc and
- + f_ [ A
control current =1Ip 4¢ (=) “hac (+)

Fig. 10—Magnetic amplifier controlled by alternating-current signal. The operating char-
acteristic of the circvit is olso given.

Fig. 10 is the basic circuit of
a magnetic amplifier con- | & "5
trolled by an alternating-
current signal. Control and
supply voltages are of the
same frequency and their
phase relationship must be
as shown in the figure. The
+ and — signs indicate rela-
tive instantaneous polarities
. e s +tE -
of the two waves, A. Bridge rectitication of output. 1,dc

The relationship between the

output voltage Eyq, control tf::j
+

voltage Ecq, and control

current L,q is shown in Fig. & 1\
10. With no voltage applied
to the control winding, the
amplifier operates at maxi-
Y ¥

mum output. When a signal
is applied, the output is re-
duced as indicated.

Fig. 11—Ampliflers with alfernat-
ing-current confrol and direct-cur- . +4
rant output are shown at the right, B Center-tap rectification of output. ELgc
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The basic circuit of Fig. 10 can be modified for direct-current output as
shown in Figs. 11A and B. The response times 7 of the three amplifiers are:
For Fig. 10, 1 £ 7 £ 4 cycles, for Fig. 11A, 0.5 £ 7 £ 2 cycles, and for
Fig. 11B, 0.5 £ 7 & 1 cycle.

The poor response time of Fig. 10 is due to circulating currents that may
occur in the reactors-and-rectifiers circuit indicated by the dashed oval.
Any circulating currents in Figs. 11A and B must flow through the load
impedance and they are thus minimized.

Combination transistor-magnetic amplifiers

To control a magnetic amplifier with an alternating-current signal, the signal
must be strong enough to change the flux of the core completely during a
half-cycle of the power-supply voltage. When the available signal is toe
small, a transistor preamplifier may be used.

Figs. 12 and 13 show two methods of coupling transistors to magnetic
amplifiers. Instead of the single-stage transistor amplifiers shown, there may
be several transistor stages in cascade.

In Fig. 12, an E. 4. of power-line frequency is impressed on a single-ended
transistor circuit. The transistor is biased on the emitter electrode to act
as a class-A amplifier and its output is coupled to the magnetic amplifier
by the inductor L and capacitor C. The control signal of the magnetic amplifier
is then the amplified version of the E.q. signal received by the transistor.

L N
:3” ILJ; ' by !

Fig. 12==Transistor coupled to alternating-current trolled gnetic amplifier. -
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Output of the magnetic ampli-
fier is dependent on phase
and amplitude of the output of
the transistor and thus of the
initial signal.

In Fig. 13, the transistor stage
has a push-pull output that
feeds a double-ended diode
phase discriminator {demodu-
lator). Alternatively, conven-
tional ring demodulators or
transistor demodulators® might
be used to secure control
direct current for this type of
magnetic amplifier. Output of
the magnetic amplifier will de-
pend on both the phase and
amplitude of the initial signal.

When very-low-level direct-
current signals have to be
used, a mechanical vibrator or
diode chopper or transistor
chopperf may be employed to
convert the direct into alter-
nating current. The resulting
E.qc is passed through a tran-
sistor stage to drive the mag-
netic amplifier.

*R. O. Decker, “Transistor Demodu-
lotor for High-Performance Magnetic
Amplifiers in A-C Servo Applications,”
Communicatian and Electronics, no. 17,
pp. 121-123; March, 1955

t A. P. Kruper, "'Switching Transistors
Used as a Substitute for Mechanical
low-level Choppers,"” Communication
ond Electronics, no, 17, pp. 141-144;
March, 1955,

b4

luﬂ.

oH

H

Fig. 13—Push-pull transistors coupled to direct-current-controlled magnetic amplifier. The bias circuit is not shown.
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Control curves of standa,d magnetic amplifiers as shown in Fig. 3 are

generally not linear. If a
linear relationship be-
tween signal current and
load current or voltage is
desired, negative feed-
back must be used. Fig. 14
shows typical feedback
circuits. It is desirable to
use an inductor in series
with the feedback winding
as indicated.

Note that the direction of
I. has been reversed;
since the feedback has a
polarity such that it tends
to reduce the output.

To illustrate the design of
a feedback circuit, as-
sume that the control curve
of an amplifier without
feedback is shown by the
solid curve of Fig. 3A and
that 1 ampere—turn of
control current is needed
for full output. Further, as-
sume that the maximum
departure of this control
curve from a straight line
is 0.5 ampere—turn while
the desired linearity should
be better than 10 percent.
The infrinsic nonlinearity
cannot be changed since
it is dependent principally

T AR T
= i

:

b e

A. Current feedback,

2 Ec,qc O
contrcl
, , fead-
back ¢

R
* +ON\§J

El,dc -

B. Voltage feedback,

Fig. 14—Circuits employing negative feedback for
improving linearity of control curve.

on the core material. However, if control ampere—turns can be increased
to 5 while keeping the nonlinearity at 0.5 ampere—turn, the desired result
will be achieved. The feedback winding in this case would be designed to
produce 5 ampere—turns in the negative direction when the amplifier gives
full output. Since these negative ampere—turns must be counteracted by
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the control current, a signal of opproximately § ampere—turns is now
required for full output.

Volits per turn

Voltage/turn of winding is o function of Bue. and the cross-sectional area
of the core. It may be expressed as follows for toroidal cores:

D, — D)) H K1 K2

]

Millivolts/turn

=2 A; K1 K
= 0.4 Ac K1 K2
where
A. = cross-sectional area® of core in centimeters?

A; = cross-sectional area of core in inches?

* In the equations there is an apparent discrepancy between oreas in square inches and square
centimeters. Cross-sectional areas in square inches are [{D, — D;1/2] X H. The housing is ex-
cluded but the space occupied by insulating coatings between turns of the iron tape is included in
square-inch areas. Cross-sectional oreas in square centimeters aré actual net iron areas and
include a stacking factor of approximately 80 percent. This different method of computing
square inches and square centimeters Is followed in most commercial catalogs of cores,

cross seclion of core in centimeters®
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Fig. 15—Approximate induced voltage/winding-turn for toroidal cores.
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D; = inside diameter in inches of core having a rectangular section
D, = outside diameter in inches of core having a rectangular section
H = height in inches of core having a rectangular section
Ky = 136 for group-A core materials (Fig. 4]

= 111 for group-B core materials (Fig. 4)

= 50 for group-C core materials (Fig. 4)

40 for group-D core materials {Fig. 4)
K2 = 1.0 for 60 cycles/second

6.7 for 400 cycles/second

The relationships are plotted in Fig. 15.

Design procedure

The following pertains to a single-stage full-wave self-saturating magnetic
amplifier using toroidal cores in circuits similar to Fig. 1C for alternating-
current output or to Fig. 5A for direct-current output. The same procedures
can be used to design each part of more-complex circuits.

a. Choose a supply voltage approximately 1.2 Ey 4. or from 1.4 to 1.6 Eg 4.
see "Direct-current loads” above.

If there is any choice of frequency, choose the highest available power-
supply frequency.

b. Make a preliminary selection of core material. If P, is the power available
from the signal source, materials listed in Fig. 4 may be chosen for toroidal
cores as follows:

For P. > 100 milliwatts, use group-A materials
For 100 milliwatts > P, > 1 milliwatt, use group-B materials
For 1 milliwatt > P, > 0.01 milliwati, use group-C materials
For 0.01 milliwatt > P, use group-D materials

The choice will depend to some extent on the required response time. For
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equal gains and outputs, the response time becomes progressively shorter
from group-A to group-D materials.

c. Determine the P; that the load will absorb and the power range over
which the load will have to be controlled. Use these data to make a pre-
liminary choice of core size. The following empirical relationship is an aid
to choice.

0.5 X P, X 108
' Braz X f

D; = inside diameter of toroidal core in inches

A; = cross-sectional area of core in inches?

>
]

load in watts

I

Bmar = saturation flux density in gausses (Fig. 4)

f = supply frequency in cycles/second

Another aid is the fact that a core with D; = 2 inches, D, = 2.5 inches,
and H = 0.5 inch, of group-B material, is good for 8-watts output at 60
cycles/second. Qutput is approximately proportional to volume of the
core, to frequency, and to Bgz.

These relationships are rough guides only and final selection may be a
core differing by a factor of as much as 2 or 3 from these rules. If the
designer has experience with amplifiers somewhat similar to the one to be
designed, it is preferable to rely on the experience rather than on these
empirical rules in selecting core sizes.

d. Toroidal cores for magnetic amplifiers are a commercial product. If
ready-made cores are to be used, consult manufacturers catalogs and
choose a core with parameters close to those estimated in (bl and ld).
Most commercial cores have molded housings. Note the inside diameter
and clear inside area of the housing.

e. From the table on p. 51 select a wire size for the output winding on the
basis of 1 circular mil/milliampere. In full-wave circuits, take the root-
mean-square current in the output winding of each reactor as 0.707 X laver-
age I).
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f. Determine millivolts/turn from Fig. 15 and calculate the number of output
turns. Increase the calculated turns by 10 percent for safety.

g. From the tables on p. 114 and p. 278, calculate cross-sectional area of
output winding. Increase this area by 75 percent to provide for control
and bias windings, insulation, winding clearances, etc. To the estimated
area of all windings, add the clearance hole for the shuttle of the winding
machine. {Shuttle rings vary in thickness from 1/4 inch for small cores with
small wire to 1 inch for the larger core and wire sizes.)

The total required area obtained in this way should be checked against
the clear inside area of the core. If there is not sufficient space, select
another core.

h. Select rectifiers on the basis of load current, forward voltage drop,
reverse leakage, and mechanical mounting arrangements.

i. Rectifier reverse leakage current in percent of I; may be estimated as
follows:

0.25 to 1.0 percent for selenium rectifiers operating at their full rated inverse
voltage (26 to 36 volts/plate, depending on type of plate).

0.10 to 0.25 percent for selenium rectifiers with extra plates or at reduced
voltage so that inverse voltage does not exceed 10 to 15 volts/plate.

0.1 to 0.5 percent for germanium diodes, depending on type and inverse
voltage.

0.01 to 0.10 percent for silicon diodes.

f. Calculate leakage ampere—turns due to the output winding by multiplying
the leakage current of (i) by the turns of {fl. From Fig. 4, obtain the control
ampere—turns AB required on the assumption of perfect rectifiers. Add the
two figures to obtain total control ampere—turns required (AB in Fig. 3).

k. Knowing the I, 4. that the signal source is capable of supplying, calculate
the turns on the control winding and select the wire size.

1. Calculate the resistance of the control winding and check that the signal
source can produce the required control current through both reactors
in series. If not, select o core requiring less control ampere—turns or
secure rectifiers of lower leakage.

m. Design the bias winding. It should be capable of at least the OB ampere—
turns shown in Fig. 4. Number of turns will depend on the current that
the bias source is capable of delivering.
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n. Colevlate the voltages induced in the control and bias windings by
multiplying the number of turns of the respective windings by the volts/turn
of Fig. 15.

0. Calculate the maximum alternating-current component to be permitted in
the control and bias circuits as 30 percent of the respective direct currents.

p. On the assumption that control and bias sources and windings offer
negligible impedance to the induced voltage, compute the inductance of
chokes to be used in series with the signal and bias windings to limit the
current to the value of (o) above when an assumed voltage of one coil
per (n) above is applied at twice the supply frequency.

Sample design

An E; 4 is to be controlled from zero to 18 volts with an [ 4, between
0 and 30 milliamperes. The available E, 4. varies from zero to 0.25 volt at
zero to 400 microamperes. Power supply of 60 cycles/second is available.

A circuit similar to Fig. 5A is chosen and Ep of 1.4 X 18 = 25 volts is assumed.
Maximum available P, is 0.1 milliwatt and group-C core material is selected.
Cores with D; = 1, D, = 1,3;, and H = % (inch) are selected from a manu-
facturers catalog. lron cross-sectional area of each core is 0.047 inch.
From Fig. 15, induced voltage is approximately 4.7 millivolts/turn. The
catalog shows the inside diameter of the housing of these cores as 0.93
inch, which provides a winding space of 0.67 inch?.

Effective load current in each reactor is 0.707 X 30 = 21 milliamperes. A
suitable wire size for the output winding is 37 AWG with a copper cross-
section of 19.8 circular mils. The output windings require 25/0.0047 = 5300
turns.

Peak inverse voltage across the rectifiers is 1.4 X 25 = 35 and forward
current is 21 milliamperes/rectifier. Germanium diodes type IN54 are
specified for the rectifiers. Reverse leakage current is estimated at approxi-
mately (0.1 percentl X {21 milliamperesl = 20 microamperes.

Leakage ampere—turns = 20 X 107® X 5300 =~ 100 milliampere—turns.

Fig. 4 indicates that the reactor can be controlled with about 140 milli-
ampere—turns. Control windings of 100 4 140 = 240 milliampere—turns are
therefore required. Since 400 microamperes are available from the source,
600 turns are needed on each control winding.
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Estimating 13 inches of wire/turn, total length of each control winding is
75 feet. Permissible resistance of the control winding on each reactor is
(0.5) X (0.25/400) X 107 = 310 ohms. Since 75 feet of 37 AWG wire has
a resistance of only 39 ohms, this size may be used for both control and
output windings.

The leakage of 100 milliampere~turns is about the same as the value OB
for group-C cores shown in Fig. 4. Therefore, a bias winding will be omitted.
{If a bias winding were used, 150 turns with a current of 1 milliampere
would be sufficient.)

Using 37 AWG wire for both windings, we have 5900 turns on each core.
Double-formvar-insulated 37 AWG wire has a dioameter 0.0054 inch and a
space factor of 0.87 as shown on p. 278. Inside diameter 0.93 inch of the
core housing will permit approximately x X 0.93 X {0.87/0.0054} = 500
close-wound turns on the first layer and less on the remaining layers. There
will be at least 12 layers of winding having a total thickness of about
12 X (0.0054/0.87), say, 0.10 inch. Area remaining for the shuttle of the
winding machine is {r/4) (0.93 =2 X 0.1012 = 0.42 inch? which is sufficient.

The induced voltage in each control winding will be (600 turns) X (4.7 milli-
volts) = 2.8 volts. This voltage at 120 cycles/second will be applied across
the inductor in series with the control supply. Permissible alternating current
in the control circuit is 0.3 X 400 = 120 microamperes. Impedance required
in the inductor is 2.8/{120 X 107% = 23,500 ohms. At 120 cycles/second,
the inductor should have a reactance of 31 henries.

Calculation of response time

Speed of response 7 is defined as the fime necessary for a magnetic
amplifier to reach 63 percent of ultimate output upon application of a step
signal voltage in the control circuit. It includes the time required to change
the flux in the control-circuit inductor. Response is fairly independent of the
number of turns on the output windings. It depends only upon the number of
turns N, of the control winding, the type and cross-section of the core, and
the voltage E. available from the signal source.

Response time in cycles can be approximated from the following empirical
formula. [t yields results which may be in error by 250 percent.

__ Ne X tvolts/turn)
e 2F,

Volts/turn may be obtained from Fig. 15.
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For example, the response time of the amplifier in the above sample design
would be:

600 X 47 X 107*

~ = |
T 2% 0.25 6 cycles

With &0-cycle/second supply, this would be 0.10 second.

Practical considerations

In amplifiers using two or more cores and rectifiers, the components should
be carefully matched. If this is not done, I, requirements may be 50-percent
higher than estimated.

For high-sensitivity amplifiers with moderate output, toroidal cores should
not be larger than D, = 2 to 3 inches. If selenium rectifiers are used, the
number of turns on the output winding should be held to a maximum of 3500
and the rectifiers should have enough plates 