


for 

REFERENCE DATA 

RADIO ENGINEERS 

second edition 

federal Telephone and Radio Corporation 
an associate of 

International Telephone and Telegraph Corporation 

67 Broad Street New York 4, N. Y. 



Copyright 1946 by 
Federal Telephone and Radio Corporation 

Second Edition 

Printed in the U.S.A. by 
J. J. Little & Ives Co., N. Y. 4199 



REFERENCE DATA FOR RADIO ENGINEERS 3 

Foreword 

Widespread acceptance of the four printings of the first edition of Refer- 
ence Data for Radio Engineers prompted this larger and improved second 
edition. Like its predecessor, it is presented by the Federal Telephone and 
Radio Corporation as an aid in the fields of research, development, produc- 
tion, operation, and education. In it will be found all the material that 
proved so useful in the first edition along with much additional data -some 
the result of helpful suggestions from readers, others stemming from rapid 
advances in the art, and still others now made possible by declassification 
of many war developments. 

While the general arrangement remains unchanged, the present edition has 
been greatly enlarged and a subject index included. Chapters on trans- 
formers and room acoustics have been added. The material on radio 
propagation and radio noise has been revised. Because of their importance 
in television, in radar, and in laboratory technique, the data on cathode -ray 
tubes have been considerably expanded. 

The section on electrical circuit formulas has been greatly enlarged; addi- 
tions include formulas on T -II and Y -A transformations, amplitude modula- 
tion, transients, and curves and numerous formulas on selective circuits. 
The attenuator section contains comprehensive design formulas and tables 
for various types of attenuators. The number of mathematical formulas 
also has been considerably increased. 

As revised, the wave -guide chapter includes equations for both rectangular 
and cylindrical guides plus illustrations of field distribution patterns. Several 
methods of coupling to the TEo,i mode are illustrated. A table of standard 
rectangular wave guides and connectors, giving useful frequency range and 
attenuation, has been added. Design curves for the gain and beam width 
of rectangular electromagnetic horn radiators are included, and a simple 
formula for the gain of a paraboloid reflector is given. 
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Conversion factors 

to rt 

CHAPTER ONE 11 

General information 

into multiply by 
Feely 

multiply by 

Acres 
Acres 
Ampere -hours 
Amperes per sq cm 

Ampere turns 
Ampere turns per cm 
Atmospheres 
Atmospheres 
Atmospheres 
Atmospheres 
Atmospheres 
Btu 
Btu 
Btu 
Btu 
Bushels 
Centigrade 
Circular mils 

Circular mils 
Cubic feet 
Cubic feet 
Cubic feet 
Cubic inches 
Cubic inches 
Cubic inches 
Cubic inches 
Cubic meters 
Cubic meters 
Degrees (angle) 
Dynes 
Ergs 
Fathoms 
Feet 
Feet of water Q 4°C 
Feet of water Q 4°C 

Square feet 
Square meters 
Coulomb 
Amperes per sq inch 
Gilberts 
Ampere turns per inch 
Mm of mercury @ 0°C 
Feet of water a 4° C 
Inches mercury Q 0° C 
Kg per sq meter 
Pounds per sq inch 
Foot -pounds 
Joules 
Kilogram -calories 
Horsepower -hours 
Cubic feet 
Fahrenheit 
Square centimeters 
Square mils 

Cords 
Gallons (liq US) 
Liters 
Cubic centimeters 
Cubic feet 
Cubic meters 
Gallons Iliq US) 
Cubic feet 
Cubic yards 
Radians 
Pounds 
Foot -pounds 
Feet 
Centimeters 
Inches of mercury Q 0 
Kg per sq meter 

°c 

4.356 X 106 

4,047 
3,600 

6.452 
1.257 
2.540 

760 
33.90 ' 
29.92 

1.033 X 106 

14.70 
778.3 

1,054.8 
0.2520 
3.929 X 10-4 
1.2445 

(C° X 9/51 32 
5.067 X 10-6 
0.7854 
7.8125 X 10-1 
7.481 

28.32 
16.39 
5.787 X 10-6 
1.639 X 10-6 
4.329 X 10-1 

35.31 
1.308 
1.745 X 10-1 
2.248 X 10-6 
7.367 X 10-8 
6 

30.48 
0.8826 

304.8 

2.296 X 10-6 
2.471 X 10-4 
2.778 X 10-t 
0.1550 
0.7958 
0.3937 
1.316 X 10-8 
2.950 X 10-2 
3.342 X 10-1 
9.678 X 10-6 
6.804 X 10-1 
1.285 X 10-1 
9.480 X 10-'6 

3.969 
2,545 

0.8036 
(F° - 32) X 5/9 

1.973 X 106 

1.273 
128 

0.1337 
3.531 X 10-2 
6.102 X 10-2 

1,728 
6.102 X 104 

231 
2.832 X 10-2 
0.7646 

57.30 
4A48 X 106 

1.356 X 107 

0.16666 
3.281 X 10-2 
1.133 
3.281 X 10-2 
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Conversion factors continued 

toc rt Into multiply by 
rsely 

multiply by 

Feet of water @ 4° C 
Foot -pounds 
Foot-pounds 
Foot -pounds 
Gallons 
Gallons lliq US) 
Gauss 
Grams 
Grams 
Grams 
Grams 
Grams per cm 
Grams per cu cm 
Grams per sq cm 
Hectares 
Horsepower (boiler) 
Horsepower (metric) 

(542.5 ft -lb per sec) 
Horsepower (metric) 

(542.5 ft -lb per sec) 
Horsepower (metric) 

(542.5 ft -lb per sec) 
Horsepower 

1550 ft -lb per sec) 
Horsepower 

(550 ft -lb per sec) 
Horsepower (metric) 

(542.5 ft -lb per sec) 
Horsepower 

1550 ft -lb per sec) 
Inches 
Inches 
Inches 
Inches 
Inches 
Inches of mercury ©0° C 
Inches of water @ 4°C 
Inches of water 
Inches of water 
Joules 
Joules 
Kilogram -calories 
Kilogram -calories 
Kilograms 
Kilograms 
Kilograms 
Kg per sq meter 
Kilometers 
Kilowatt -hours 
Kilowatt -hours 
Kilowatt -hours 
Kilowatt -hours 
Kilowatt -hours 
Kilowatt -hours 
Kilowatt -hours 

Pounds per sq foot 
Horsepower -hours 
Kilogram- meters 
Kilowatt -hours 
Cubic meters 
Gallons (liq Br Imp) 
Lines per sq inch 
Dynes 
Grains 
Ounces (avoirdupois) 
Poundals 
Pounds per inch 
Pounds per cu inch 
Pounds per sq foot 
Acres 
Btu per hour 
Btu per minute 

Foot -lb per minute 

Kg- calories per minute 

Btu per minute 

Foot -lb per minute 

Horsepower 
(550 ft -lb per sec) 

Kg- calories per minute 

Centimeters 
Feet 
Miles 
Mils 
Yards 
Lbs per sq inch 
Kg per sq meter 
Ounces per sq inch 
Pounds per sq foot 
Foot -pounds 
Ergs 
Kilogram- meters 
Kilojoules 
Tons, long (avdp 2240 lb) 
Tons, short lavdp 2000 lb) 
Pounds (avoirdupois) 
Pounds per sq foot 
Feet 
Btu 
Foot -pounds 
Joules 
Kilogram -calories 
Kilogram- meters 
Pounds carbon oxydized 
Pounds water evaporated 

from and at 212° F 

62.43 
5.050 X 10-7 
0.1383 
3.766 X 10-7 
3.785 X 10-3 
0.8327 
6.452 

980.7 
15.43 
3.527 X 10-2 
7.093 X 10-2 
5.600 X 10-2 
3.613 X 10-2 
2.0481 
2.471 
3.347 X 104 

41.83 

3.255 X 104 

10.54 

42A1 

3.3 X 104 

0.9863 

10.69 

2.540 
8.333 X 10-2 
1.578 X 10-6 

1,000 
2.778 X 10-2 
0.4912 

25.40 
0.5781 
5.204 
0.7376 

107 

426.9 
4.186 
9.842 X 10-+ 
1.102 X 10-6 
2.205 
0.2048 

3,281 
3,413 

2.655 X 106 

3.6 X 106 

860 
3.671 X 106 

0.235 
3.53 

1.602 X 10-2 
1.98 X 106 

7.233 
2.655 X 106 

264.2 
1.201 

0.1550 
1.020 X 10-3 
6.481 X 10-1 

28.35 
14.10 

178.6 
27.68 
0.4883 
0.4047 
2.986 X 10-6 
2.390 X 10-2 

3.072 X 10-6 

9.485 X 10-2 

2.357 X 10ß 

3.030 X 10-6 

1.014 

9.355 X 10-2 

0.3937 
12 

6.336 X 101 

0.001 
36 
2.036 
3.937 X 10-2 
1.729 
0.1922 
1.356 

10-7 
2.343 X 10-6 
0.2389 

1,016 
907.2 

0.4536 
4.882 
3.048 X 10-4 
2.930 X 10-1 
3.766 X 10-7 
2.778 X 10-7 
1.163 X 10'6 
2.724 X 101 
4.26 
0.283 
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Conversion factors continued 

into multiply by 
rsely 

multiply by to convert 

Kilowatt -hours Pounds water raised 
from 62° to 2)2° F 

22.75 4.395 X 10-1 

liters Bushels (dry US) 2.838 X 10i 35.24 
Liters Cubic centimeters 1,000 0.001 
Liters Cubic meters 0.001 1,000 
Liters Cubic inches 61.02 1.639 X 10-1 
Liters Gallons (liq US) 0.2642 3.785 
Liters Pints (liq US) 2.113 0.4732' 
Log. N or 1 N Logic, N 0.4343 2.303 
Lumens per sq foot Foot -candles 1 1 

Lux Foot -candles 0.0929 10.764 
Meters Yards 1.094 0.9144 
Meters per min Knots (nautical mi per 

hour) 
3.238 X 10-2 30.88 

Meters per min Feet per minute 3.281 0.3048 
Meters per min Kilometers per hour 0.06 16.67 
Microhms per cm cube Microhms per inch cube 0.3937 2.540 
Microhms per cm cube Ohms per mil foot 6.015 0.1662 
Miles (nautical) Feet 6,080.27 1.645 X 10-4 
Miles (nautical) Kilometers 1.853 0.5396 
Miles (statute) Kilometers 1.609 0.6214 
Miles (statute) Miles (nautical) 0.8684 1.1516 
Miles (statute) Feet 5,280 1.894 X 10-4 
Miles per hour Kilometers per minute 2.682 X 10-1 37.28 
Miles per hour Feet per minute 88 1.136 X 10-6 
Miles per hour Knots (nautical mi per 

hour) 
0.8684 1.1516 

Miles per hour Kilometers per hour 1.609 0.6214 
Pounds of water (dist) Cubic feet 1.603 X 10-2 62.38 
Pounds of water (dist) Gallons 0.1198 8.347 
Pounds per cu foot Kg per cu meter 16.02 6.243 X 10-1 
Pounds per cu inch Pounds per cu foot 1,728 5.787 X 10-4 
Pounds per sq foot Pounds per sq inch 6.944 X 10-2 144 
Pounds per sq inch Kg per sq meter 703.1 1.422 X 10-2 
Poundals Dynes 1.383 X 104 7.233 X 10'4 
Poundals Pounds (avoirdupois) 3.108 X 10-2 32.17 
Sq inches Circular mils 1.273 X 106 7.854 X 10-7 
Sq inches Sq centimeters 6.452 0.1550 
Sq feet Sq meters 9.290 X 10ß 10.76 
Sq miles Sq yards 3.098 X 106 3.228 X 10-7 
Sq miles Acres 640 1.562 X 10-0 
Sq miles Sq kilometers 2.590 0.3861 
Sq millimeters Circular mils 1,973 5.067 X 10-4 
Tons, short lavoir 2000 (b) Tonnes (1000 kg) 0.9072 1.102 
Tons, long (avoir 2240 lb) Tonnes (1000 kg) 1.016 0.9842 
Tons, long (avoir 2240 lb) Tons, short (avoir 2000 lb) 1.120 0.8929 
Tons (US shipping) Cubic feet 40 0.025 
Watts Btu per minute 5.689 X 10'1 17.58 
Watts Ergs per second 107 10-7 
Watts Foot -lb per minute 44.26 2.260 X 10i 
Watts Horsepower (550 ft -lb per 

sec) 
1.341 X 10-3 745.7 

Watts Horsepower (metric) 1.360 X 10-1 735.5 
1542.5 ft -lb per sec) 

Watts Kg- calories per minute 1.433 X 10-2 69.77 
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Fractions of an inch with metric equivalents 

fractions of 
an inch 

decimals of 
an inch millimeters fractions of decimals of 

an inch an inch millimeters 

34 

1/16 

N 

ÿf6 

TA 

f6 

1 

1ÿÿd 

3f6 

15ÿl 

1/2 

34 

34 

4, 
2,4 

4, 

% 

lÿß 

154 

13 

14i 

214 

2ÿ(w 

25>ti 

27,4 

294 

1% 

.0156 

.0313 

.0469 

.0625 

.0781 

.0938 

.1094 

.1250 

.1406 

.1563 

.1719 
.1875 
.2031 
.2188 
.2344 
.2500 
.2656 
.2813 
.2969 
.3125 
.3281 
.3438 
.3594 
.3750 
.3906 
.4063 
.4219 
.4375 
.4531 
.4688 
.4844 

.5000 

0.397 
0.794 
1.191 
1.588 
1.984 
2.381 
2.778 
3.175 
3.572 
3.969 
4.366 
4.763 
5.159 
5.556 
5.953 
6.350 
6.747 
7.144 
7.541 
7.938 
8.334 
8.731 
9.128 
9.525 
9.922 

10.319 
70.716 
11.113 
11.509 
11.906 
12.303 
12.700 

% 

%6 

19 

% 

2) 
1 X16 

2 

3/4 

2 

1ÿf6 

27., 

% 

242 

I Sf6 

s 

- 

334 

5 

174 

394 

43 

43 

454 

47,6 

4 

514 

544 

554 

5 

5 

63( 

63( 

.5156 

.5313 

.5469 

.5625 

.5781 

.5938 

.6094 

.6250 

.6406 

.6563 

.6719 

.6875 

.7031 

.7188 

.7344 

.7500 

.7656 

.7813 
.7969 
.8125 
.8281 
.8438 
.8594 
.8750 
.8906 
.9063 
.9219 
.9375 
.9531 
.9688 
.9844 

1.0000 

13.097 
13.494 
13.891 
14.288 
14.684 
15.081 
15.478 
15.875 
16.272 
16.669 
17.066 
17.463 
17.859 
18.256 
18.653 
19.050 
19.447 
19.844 
20.241 
20.638 
21.034 
21.431 
21.828 
22.225 
22.622 
23.019 
23.416 
23.813 
24.209 
24.606 
25.003 
25.400 

Miscellaneous data 

1 cubic foot of water at 4° C (weight) 6243 lb 
1 foot of water at 4° C (pressure) 0 43352 lb per sq in 

Velocity of light in vacuum 186,284 mi per sec 
Velocity of sound in dry air at 20° C 1129 ft per sec 
Degree of longitude at equator 69 17 miles 
Acceleration due to gravity, g, at sea -level, 40° N 

Latitude (NY) 32 1578 ft per sq sec 

2g 8 02 

1 inch of mercury 1 133 ft water 
1 inch of mercury 04912 lb per sq in 

1 radian 180° - a = 57.3° 
360 degrees 9 71- radians 
7r 31416 
Sine 1' 0 0002929 

Side of square 0 707 diagonal of square 
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Greek alphabet 

name capital small commonly used to designate 

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

BETA B ß Angles, coefficients, phase constant 

GAMMA r y Complex propagation constant Icap, specific gravity, angles, 
electrical conductivity, propagation constant 

DELTA A S Increment or decrement Icap or small), determinant (cap), 
permittivity (cap), density, angles 

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

ZETA Z j' Coordinates, coefficients 

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

THETA A 6 O Angular phase displacement, time constant, reluctance, angles 

IOTA I t Unit vector 

KAPPA S K Susceptibility, coupling coefficient 

LAMBDA A ñ Permeance (cap), wavelength, attenuation constant 

MU M A Permeability, amplification factor, prefix micro 

NU N p Reluctivity, frequency 

XI e Coordinates 

OMICRON O o 

Pl II a 3.1416 

RHO P p Resistivity, volume charge density, coordinates 

SIGMA F. c T Summation (cap), surface charge density, complex propagation 
constant, electrical conductivity, leakage coefficient 

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

UPSILON T u 

PHI 43 ¢ rp Scalar potential (cap), magnetic flux, angles 

CHI X X Electric susceptibility, angles 

PSI ' ry Dielectric flux, phase difference, coordinates, angles 

OMEGA SZ co Resistance in ohms (cap), solid angle (cap), angular velocity 

Small letter is used except where capital is indicated. 
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Unit Conversion Table 

cos 

NeehashaNC 
unit 

É 
e 

Z 

I 

N 
1 

cas 
electromagnetic 

unit 
symmehic 

or Gaussian 
unit 

a 

17 

Éó 
o a -z 

N 
1 

a 

7 

.ó 
ó á 
- Z 
N quantify sym- be, puation 

length / centimeter 1 

1 

centimeter centimeter 1 1 

mass At gram gram gram 
time f second 1 second second 1 

I 
1 

1 

1 velocity s s= //t cm/sec 1 cm /sec 
cm /secs 

cm /sec 
cm /secs acceleration a a = v/1 cm /sec, 1 1 

force P F = tea dyne 1 dyne dyne 

work, energy W 

P 
W = FI erg 1 erg erg 10'1 10-, 

power P = Wit erg /sec 1 erg /nee ' erg /sec 10-1 10-1 

permittivity of space eo i statfarad/cm 1 1/ce abfarad /cm 1 statfarad /car 

charge q F = qwr /Er9 statcoulomb 
statcoulomb /cros 

1/c abcoulomb statcoulomb 10 /o 10 

10 surface charge density e e = n/A 1/o abcoulomb /ems abcoulomb /cm9 10 /c 
volume charge density p 

E 
p = oh etateoulomb /ems 1/c abcoulomb /cros statcoulomb /ems 10 /o 10 

electric field strength E = -grad V statvolt/cm o abvolt /em atatvolt/cm o /109 10-9 

electric flux density 
displacement density 

D D = 1% statcoulomb 
ua 

1 /yr abcoulomb Ws- statcoulomb 
10 /43 

cros cm' cros 

electric flux 
displacement 

4, r = DA line = 1/r statcoulomb 
1/o 3-r abcoulomb line %r statcoulomb 

10%o 

capacitance C C = e/V statfarad = cm 1/0 abfarad statfarad or cm 101 /c9 109 

elsstance S S = I/C etatdaraf c1 abdaraf vtatdaraf c9 /109 10-9 
polarization P etatcoulomb /cros 1/c abcoulomb /cros statcoulomb /cros 10 /c 
potential 
potential difference 

V V = Fe = 
W 

q 
statvolt o abvolt etatvolt c /101 10-e 

emf e e = - d4+ /d1 statvolt a abvolt statvolt 
statampero 

c /100 10-9 
current I I = dq;dt 

s = I/A 
statampere 1/c 

1/e 
c9 

abampere 13/c 10 

current density s statampere/cros abampere /cros atatampere/cros 10 /e 10 

resistance R R =e /I =V /I statohm abohm statohm 0/ 10, 10-9 
resistivity p statohm X cm cs abohm X am statohm X cm c9/101 10-9 
conductance G G = 1/R atatmho 1 /c9 

1 /c9 
abmho statmho 101 /c1 10-9 

conductivity y y = 1/p atatmho /cm abmho /cm atatmho /em 101 /c9 10-9 

permeability of space w 
1 etat 

abhenry/cm abhenry/cm 
cr cm 

reluctivity to u = 1/p 
pole strength es F = mima /µr9 statunit o unit pole unit pole 
magnetic moment = m / statpole X cm o pole X cm pole X cm 
intensity of magnetization J pole /cm9 pole /cros 
magnetic potential U 1/e 

magnetic potential cliff 
magnetomotive force 

if 1/c gilbert gilbert 10 /c 10 

magnetizing force N H = Mil 1/o oersted oersted 10 /o 10 

magnetic nus density 
magnetic Induction 

B B = pH statweber /cros a gauss gauss c/109 10-s 

magnetic flux ' = BA ntatwcber e maxwell or line 
or abvolt-sec 

maxwell or line 
or abvolt -sec 

c /10s 10-s 

reluctance 1 R.= W. 1 /c9 gilbert /maxwell gilbert/maxwell 101/c9 101 

permeance P P = 1 /7Z, c9 maxwell /gilbert maxwell /gilbert 

Inductance L L = e /(dI /ä) statbenry cs abhenry or cm abhenry or cm o9 /l09 10-9 
from "Radio," May, 1944 (comp led by John M. Borst) 
The table gives the name and defining equation for each unit in six systems and shows factors for the conversion of all units from one 
system Into any other. 
Column 3, "equation,' of the table lists the relationships of the physical quantities involved. Consider, as on example, column 5,. 
1 emu = N emu. The conversion factor in this column can be applied in any of the following ways: 
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'radical unit 

ac 

Z 

E 

N. 
unrational 

an 

Z 

EE 

N 1 

¡zed 

put 

p 
3Z 

N .` 

MKS 

unrotlonalized 
MKS or 
Giorgi unit 

to 
Y 

wZ 
,- II 

N . 
MKS subrational- 

lied 

N 
at 

EZ 
, Y 

N 1 subrationalized 
MKS or 
Giorgi unit 

^ 

7 aY 

oZ 
,- , II 

N 
MKS subration- 

allied 

2 ̂  
it' . 
Z - II 

N 1 

Centimeter 10 -2 10 2 lu-2 meter 10 -2 10 -2 meter 1 10 -2 

kilogram t 
10-3 10-, kilogram 10-, 10-, 

1 1 second 1 1 

10-1 recond 1 1 1 second 
meter /second 1 

2g1 /see 10-, 10 -1 

10-1 

10 -1 

10 -1 

meter /second 10'3 
IO -, 10-, 

10-, meter /sees 1 10"3 
ten /mss 10-3 meter/sec, 

joule 
= newton 

meter 
1 101 10-6 101 10-1 

joule 
newton 

meter 

joule 10-7 10 -7 1 joule 10-7 10"r joule _1 
1 

1 

watt 1 

watt 10'7 10-, I watt 10-7 10'7 

1 farad /m I grad /cm 
(9 XX 1011) 

1 /(9Xlp) farad 
(30TX101) meter 

10 /0 10 coulomb 1 

1 

1 
coulomb 10 /o 10 I coulomb 

coulomu /m3 104 
/cm, 101/o 103 104 coulomb /m3 101/o IOs 

coulomb 
coulomb /cm, 107 /o 107 103 coulomb /m3 107 /c 10, coulomb /m3 1 10' 

volt /m 1 

Xr 
103 

volt /cm 0103 10' 103 volt /m 0/116 10-3 

coulomb /m, 
103/0 103 

Xr coulomb 106/4r 
meter, 

coulomb %x 
10 /0 10 Xs. coulomb 10 /4rc 10 /4r 

farad 1 1 

fa-ad 103 /cz 103 

10-, 
1 farad 116 /cz 

os /103 
103 

daraf 1 l 10' daraf 0/103 1 daraf 
coulomb /mr 1 10s/o 10, 

101 /o 10, coulomb /ms 

volt 1 1 
volt o /10, 10-, 1 volt 010, 10-6 

volt c /101 10-6 1 volt e /102 10-6 volt I 1 

ampere 10 /0 10 1 ampere 10 /o 10 ampere 1 1 

ampere /mr 1 104 106 /o 106 ampere/cm, 106 /e 10, 104 ampere/m, 
ohm 1 1 

ohm 0/10, 10-, 1 ohm cs/10s 10' 
ohm X meter 1 101 0/1011 

10, /c, 
1011 /c, 

10-11 
ohm X cm 0/1011 10-11 10, ohm X meter 

10, mho 1 1 
mho 101/¢, 10, 

1011 

1 mho 
mho X meter 1 10-3 mu 

mho /cm 1011 /cs 10-, mho /meter 
4r X 10-2 henry 

10-, henry /cm 10-1 henry /m meter 

111 -, weber 4r 4rc /10, 4r/101 c /101 
weber X meter 4r 

4r e /1010 10 -10 4rc /101, 4x/1010 
weber /m, 

c /104 10-4 4ec /104 4r/104 
10 /4re 10 /4x 1/ 1x 

5áx 
10 /c 10 1 

Hr amp two 10 /c 10 1 5ár amp turn 
pra-gilbert 

10 /4ro 10 /4r ampere turn 3r 

ráx amp turn 101 /c 10, 10, 
tjr amp turn 
praocreted 

101 /41.c 101 /4r ampere turn /m 3jr 10,/4r 

weber /cm, 104/c 104 104 weber /mz c /104 

c /106 

10-4 weber / m, 1 104 

1 weber = volt-sec 1 10-1 weber or volt -sec 10,/o 10, 1 weber volt -sec 

103 /4xcz 101/4e amp turn /weber Xs. or 1,4 e amp turn 114/c, 10, 1 4rweber 
turn 

weber 

4xc3/101 4r /U6 weber /amp turn 4r weber 
1.s / 1111 10-1 1 

5.w amp turn 5áx amp turn 

henry c2/101 10-' 1 beery d/106 Br, henry 1 1 

1.'Multiply number of esu by N to obtain emu 

2. Number of emu /number of esu = N 
3. Magnitude of 1 esu /magnitude of 1 emu = N 
To convert from emu to esu multiply by 1/N: 

c- 2.998X 1010 c,. 988 X 10 
1/c- 3.335X 10-11 I /c,- 1.112X 10-1 
4r - 12.57 5ár - 0.7958 

noten MKS (R) - subrationalized MKS unit 
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Electromotive force series of the elements 

element volts ion element volts Ion 

Lithium 2.9595 Tin 0.136 
Rubidium 2.9259 Lead 0.122 Pb++ 
Potassium 2.9241 Iron 0.045 Fe+++ 
Strontium 2.92 Hydrogen 0.000 
Barium 2.90 Antimony -0.10 
Calcium 2.87 Bismuth -0.226 
Sodium 2.7146 Arsenic -0.30 
Magnesium 2.40 Copper -0.344 Cu++ 
Aluminum 1.70 Oxygen -0.397 
Beryllium 1.69 Polonium -0.40 
Uranium 1.40 Copper -0.470 Cu+ 
Manganese 1.10 Iodine -0.5345 
Tellurium 0.827 Tellurium -0.558 Te++++ 
Zinc 0.7618 Silver -0.7978 
Chromium 0.557 Mercury -0.7986 
Sulphur 0.51 Lead -0.80 Pb++++ 
Gallium 0.50 Palladium -0.820 
Iron 0.441 Fe++ Platinum -0.863 
Cadmium 0.401 Bromine -1.0648 
Indium 0.336 Chlorine -1.3583 
Thallium 0.330 Gold -1.360 Au++++ 
Cobalt 0.278 Gold -1.50 Au+ 
Nickel 0.231 Fluorine -1.90 

Position of metals in the galvanic series 

Corroded end (anodic, 
or least noble) 

Magnesium 
Magnesium alloys 

Zinc 

Aluminum 2S 

Cadmium 

Aluminum 17ST 

Steel or Iron 
Cast Iron 

Chromium -iron (active) 

Ni- Resist 

18 -8 Stainless (active) 
18-8 -3 Stainless (uctive) 

Lead -tin solders 
Lead 

Tin 
Note: Groups of metals indicate they a 

Nickel (active) 
Inconel (active) 

Brasses 

Copper 
Bronzes 
Copper -nickel alloys 
Monel 

Silver solder 

Nickel (passive) 
Inconel (passive). 

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

Silver 
Graphite 
Gold 
Platinum 

Protected end (cathodic, 
or most noble) 

re closely similor in properties. 



Atomic weights 

element symbol atomic 
number 

atomic 
weight 

Aluminum Al 13 26.97 

Antimony Sb 51 121.76 

Argon A 18 39.944 

Arsenic As 33 74.91 

Barium Ba 56 137.36 

Beryllium Be 4 9.02 

Bismuth Bi 83 209.00 

Boron B 5 10.82 

Bromine Br 35 79.916 

Cadmium Cd 48 112.41 

Calcium Ca 20 40.08 

Carbon C 6 12.010 

Cerium Ce 58 140.13 

Cesium Cs 55 132.91 

Chlorine CI 17 35.457 

Chromium Cr 24 52.01 

Cobalt Co 27 58.94 

Columbium Cb 41 92.91 

Copper Cu 29 63.57 

Dysprosium Dy 66 162.46 

Erbium Er 68 167.2 

Europium Eu 63 152.0 

Fluorine F 9 19.00 

Gadolinium Gd 64 156.9 

Gallium Ga 31 69.72 

Germanium Ge 32 72.60 

Gold Au 79 197.2 

Hafnium Hf 72 178.6 

Helium He 2 4.003 

Holmium Ho 67 164.94 

Hydrogen H 1 1.0080 

Indium In 49 114.76 

Iodine I 53 126.92 

Iridium Ir 77 193.1 

Iron Fe 26 55.85 

Krypton Kr 36 83.7 

Lanthanum La 57 138.92 

Lead Pb 82 207.21 

lithium Li 3 6.940 

lutecium Lu 71 174.99 

Magnesium Mg 12 24.32 

Manganese Mn 25 54.93 

Mercury Hg 80 200.61 

GENERAL INFORMATION 19 

element symbol atomic 
number 

atomic 
weight 

Molybdenum Mo 42 95.95 

Neodymium Nd 60 144.27 

Neon Ne 10 20.183 
Nickel Ni 28 58.69 

Nitrogen N 7 14.008 

Osmium Os 76 190.2 

Oxygen O 8 16.0000 

Palladium Pd 46 106.7 

Phosphorus P 15 30.98 

Platinum Pt 78 195.23 

Potassium K 19 39.096 

Praseodymium Pr 59 140.92 

Protactinium Pa 91 231 

Radium Ra 88 226.05 

Radon Rn 86 222 

Rhenium Re 75 186.31 

Rhodium Rh 45 102.91 

Rubidium Rb 37 85.48 

Ruthenium Ru 44 101.7 

Samarium Sm 62 150.43 

Scandium Sc 21 45.10 

Selenium Se 34 78.96 

Silicon Si 14 28.06 

Silver Ag 47 107.880 

Sodium Na 11 22.997 

Strontium Sr 38 87.63 

Sulfur S 16 32.06 

Tantalum Ta 73 180.88 

Tellurium Te 52 127.61 

Terbium Tb 65 159.2 

Thallium TI 81 204.39 

Thorium Th 90 232.12 

Thulium Tm 69 169.4 

Tin Sn 50 118.70 

Titanium Ti 22 47.90 

Tungsten W 74 183.92 

Uranium U 92 238.07 

Vanadium V 23 50.95 

Xenon Xe 54 131.3 

Ytterbium Yb 70 173.04 

Yttrium Y 39 88.92 

Zinc Zn 30 65.38 

Zirconium Zr 40 91.22 

From the Journal of the American Chemical Society, 1943. 
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Atmospheric pressure chart 
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Weather data 

Compiled from Climate and Man, Yearbook of Agriculture, U. S. Dept. of Agriculture, U. S. 

Govt. Printing Office, Washington, D. C., 1941. 

Temperature extremes 
United States 

Lowest temperature 
Highest temperature 

Alaska 
Lowest temperature 
Highest temperature 

World 
Lowest temperature 
Highest temperature 
Lowest mean temperature (annual) 
Highest mean temperature (annual) 

Precipitation extremes 
United Status 

Wettest state 
Dryest state 
Maximum recorded 
Minimum recorded 

World 
Maximum recorded 

Minimum recorded 

World temperatures 

-66° F Riverside Range Station, Wyoming (Feb. 9, 19331 

134° F Greenland Ranch, Death Valley, California Uuly 10, 19331 

- 78° F Fort Yukon (ion. 14, 1934) 

100° F Fcrt Yukon 

-90° F Verkhoyansk, Siberia (Feb. 5 and 7, 18921 

136° F Azizia, Libya, North Africa (Sept. 13, 19221 

-14° F Framheim, Antarctica 
Mossawa, Eritrea, Africa 86° jr 

louisiano overage annual rainfall 55.11 inches 

Nevada -overage annual rainfall 8.81 inches 
New Smyrna, Fla., Oct. 10, 1924 -23.22 inches 'n 24 hours 

Bagdad, Calif., 1909 -1913 -3.93 inches in 5 years 
Greenland Ranch, Calif.-1.35 inches annual overage 

Cherrapunji, India, Aug. 1841 -241 inches in 1 month 
(Average annual rainfall of Cherrapunji is 426 inches) 

Bogui, Luzon, Philippines, July 14 -15, 1911 -46 inches in 24 hours 

Wadi Haifa, Anglo- Egyptian Sudan and Awan, Egypt are in the "rainless" 
area; average annual rainfall is too small to be measured 

territory 
maximum 

°F I 

minimum 
°F territory 

mas um minimum 

NORTH AMERICA ASIA continued 
Alaska 100 -78 India 120 -19 
Canada 103 -70 Iraq 123 19 

Canal Zone 97 63 Japan 101 -7 
Greenland 86 -46 Malay States 97 66 

Mexico 118 11 Philippine Islands 101 58 

U. S. A. 134 -66 Siam 106 52 

West Indies 102 45 Tibet 85 -20 
Turkey 111 -22 

SOUTH AMERICA U. S. S. R. 109 -90 
Argentina 115 -27 
Bolivia 82 25 AFRICA 
Brazil 108 21 Algeria 133 1 

Chile 99 19 Anglo- Egyptian Sudan 126 28 

Venezuela 102 45 Angola 91 33 
Belgian Congo 97 34 

EUROPE Egypt 124 31 

British Isles 100 4 Ethiopia 111 32 

France 107 -14 French Equatorial Africa 118 46 

Germany 100 -16 French West Africa 122 41 

Iceland 71 -6 Italian Somaliland 93 61 

Italy 114 4 Libya 136 35 

Norway 95 -26 Morocco 119 5 

Spain 124 10 Rhodesia 103 25 

Sweden 92 -49 Tunisia 122 28 

Turkey 100 17 Union of South Africa 111 21 

U. S. S. R. 110 -61 
AUSTRALASIA 

ASIA Australia 127 19 

Arabia 114 53 Hawaii 91 51 

China 111 -10 New Zealand 94 23 

East Indies 101 60 Samoan Islands 96 61 

French Indo-China 113 33 Solomon Islands 97 70 
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World precipitation 

highest average 
territory Jan April July Oct 

inches Inches Inches 1 Inches 
Jan 

Inches 

lowest average 
April July 
Inches I Inches 

Oct 
Inches 

awsragye 
inches 

NORTH AMERICA 
Alaska 13.71 10.79 8.51 22.94 .15 .13 .93 .37 43.40 
Canada 8.40 4.97 4.07 6.18 .48 .31 1.04 .73 26.85 
Canal Zone 3.74 4.30 16.00 15.13 .91 2.72 7.28 10.31 97.54 
Greenland 3.46 2.44 3.27 6.28 .35 .47 .91 .94 24.70 
Mexico 1.53 1.53 13.44 5.80 .04 .00 .43 .35 29.82 
U. S. A. 29.00 
West Indies 4.45 6.65 5.80 6.89 .92 1.18 1.53 5.44 49.77 

SOUTH AMERICA 
Argentina 6.50 4.72 2.16 3.3.5 .16 .28 .04 .20 16.05 
Bolivia 6.34 1.77 .16 1.42 3.86 1.46 .16 1.30 24.18 
Brazil 13.26 12.13 10.47 6.54 2.05 2.63 .01 .05 55.42 
Chile 11.78 11.16 16.63 8.88 .00 .00 .03 .00 46.13 
Venezuela 2.75 6.90 6.33 10.44 .02 .61 1.87 3.46 40.01 

EUROPE 
British Isles 5.49 3.67 3.78 5.57 1.86 1.54 2.38 2.63 36.16 
Fronce 3.27 2.64 2.95 4.02 1.46 1.65 .55 2.32 27.48 
Germany 1.88 2.79 5.02 2.97 1.16 1.34 2.92 1.82 26.64 
'celand 5.47 3.70 3.07 5.95 5.47 3.70 3.07 5.59 52.91 
toly 4.02 4.41 2.40 5.32 1.44 1.63 .08 2.10 29.74 
Norway 8.54 4.13 5.79 8.94 1.06 1.34 1.73 2.48 40.51 
Spain 2.83 3.70 2.05 3.58 1.34 1.54 .04 1.77 22.74 
Sweden 1.52 1.07 2.67 2.20 .98 .78 1.80 1.60 18.12 
turkey 3.43 1.65 1.06 2.52 3.43 1.65 1.06 2.52 28.86 
J. S. S. R. 1.46 1.61 3.50 2.07 .49 .63 .20 .47 18.25 

ASIA 
Arobla 1.16 .40 .03 .09 .32 .18 .02 .09 3.05 
China 1.97 5.80 13.83 6.92 .15 .61 5.78 .67 50.63 
last Indies 18.46 10.67 6.54 10.00 7.48 2.60 .20 .79 78.02 
trench Indo.China .79 4.06 12.08 10.61 .52 2.07 9.24 3.67 65.64 
ndia 3.29 33.07 99.52 13.83 .09 .06 .47 .00 75.18 
raq 1.37 .93 .00 .08 1.17 .48 .00 .05 6.75 
upon 10.79 8.87 9.94 7.48 2.06 2.83 5.02 4.59 70.18 
vlalay States 9.88 7.64 6.77 8.07 9.88 7.64 6.77 8.07 95.06 
'hilippine Islands 2.23 1.44 17.28 10.72 .82 1.28 14.98 6.71 83.31 
Siam .33 1.65 6.24 8.32 .33 1.65 6.24 8.32 52.36 
Turkey 4.13 2.75 1.73 3.34 2.05 1.73 .21 .93 25.08 
J. S. S. R. 1.79 2.05 3.61 4.91 .08 .16 .10 .06 11.85 

4FRICA 
llgeria 4.02 2.06 .35 3.41 .52 .11 .00 .05 9.73 
knglo. Egyptian Sudan .08 4.17 7.87 4.29 .00 .00 .00 .00 18.27 
kngola 8.71 5.85 .00 3.80 .09 .63 .00 .09 23.46 
lelgian Congo 9.01 6.51 .13 2.77 3.69 1.81 .00 1.88 39.38 
.gyps 2.09 .16 .00 .28 .00 .00 .00 .00 3.10 
:thiopia .59 3.42 10.98 3.39 .28 3.11 8.23 .79 49.17 
Tench Equatorial Africa 9.84 13.42 6.33 13.58 .00 .34 .04 .86 57.55 
Tench West Africa .10 1.61 8.02 1.87 .00 .00 .18 .00 19.51 
talion Somaliland .00 3.66 1.67 2.42 .00 3.60 1.67 2.42 17.28 
ibya 3.24 .48 .02 1.53 2.74 .18 .00 .67 13.17 
Aorocco 3.48 2.78 .07 2.47 1.31 .36 .00 .23 15.87 
'hodesia 8.40 .95 .04 1.20 5.81 .65 .00 .88 29.65 
'unisia 2.36 1.30 .08 1.54 2.36 1.30 .08 1.54 15.80 
Inlon of South Afrit.s 6.19 3.79 3.83 5.79 .06 .23 .27 .12 26.07 

AUSTRALASIA 
lustrolia 15.64 5.33 6.57 2.84 .34 .85 .07 .00 28.31 
lawaii 11.77 13.06 9.89 10.97 3.54 2.06 1.04 1.97 82.43 
Jew Zealand 3.34 3.80 5.55 4.19 2.67 2.78 2.99 3.13 43.20 
moan Islands 18.90 11.26 2.60 7.05 18.90 11.26 2.60 7.05 118.47 
olocton Islands 13.44 8.24 6.26 7.91 13.44 8.24 6.26 7.91 115.37 
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Principal power supplies in foreign countries 

territory I dc volts 

NORTH AMERICA 
Alaska 
British Honduras 
Canada 
Costa Rica 
Cuba 
Dominican Republic 
Guatemala 
Haiti 
Honduras 
Mexico 
Newfoundland 
Nicaragua 
Panama (Republic) 
Panama (Canal Zone) 
Puerto Rico 
Salvador 
Virgin Islands 

WEST INDIES 
Bchamas Is. 
Barbados 
Bermuda 
Curacao 
Jamaica 
Martinique 
Trinidad 

SOUTH AMERICA 
Argentina 
Bc livia 
Brazil 
Chile 
Colombia 
Ecuador 
Paraguay 
Peru 
Uruguay 
Venezuela 

EUROPE 
Albania 
Austria 
Azores 
Belgium 
Bulgaria 
Cyprus IBr.) 
Czechoslovakia 
Denmark 
Estonia 
Finland 
Fronce 
Germany 
Gibraltar 
Greece 
Hungary 
Iceland 
Irish Free State 
Italy 

Latvia 
Lithuania 
Malta 
Monaco 
Netherlands 
Norway 
Poland 
Portugal 
Rumania 
Russia 
Spain 
Sweden 
Switzerland 
Turkey 

110, 
110 
110 
110, 
110 
220, 

110, 
110, 

110 

110, 
110, 
110, 

110 

*220 
110 
110, 
220, 

*220 
220, 
220 
110, 

220 
220, 
220 
220, 
220, 

*220 
220, 
220, 

*220, 
*120, 

110, 
220, 
440, 

*220, 
220, 

*220 
110, 

220, 
220, 

220 
220 
220, 
220, 

*220, 
220, 

110, 
220, 
220, 
110, 

220 

220 

125 

220 
220 

220 
220 
220 

120, 
110 

110 

220 

110, 

110, 
120 

120, 
110 
110 
220, 
220, 
110, 
220 
110, 
110, 

125, 

110 
110 

110 
150, 
110, 
110, 
120, 
110, 
120, 
220 

220 

150 

120 

150, 

110 
120, 
120, 

150 
120 

150, 

125 
105, 
120, 
115, 
120, 
110, 

110 

125 
250 

220, 

. 

120 
115, 
105 
115, 
150 

250, 

250 

250 

160 

cm volts I frequency 

110, 

50 

220 

*110, 150, 115, 230 
*110 
*110, 220 
*110, 220 
*110, 220 

110, 220 
*110, 220 
*110, 125, 115, 220, 230 

110, 115 
*110 

110, 220 
110 

*110 
*110 

115 
110 
110 
127 
110 

*110 
110, 220 

*220, 225 
*110, 220 

110, 115, 120, 125, 220, 230 
*220 
*110, 220, 150 

110, 220 
220 

*220, 110 
*220 
*110 

*220, 125, 150 
*220, 120, 127, 110 

220 
*220, 127, 110, 115, 135 
220, 120, ISO 

110 
*220, 110, 115, 127 
*220, 120, 127 

220, 127 
220, 120, 115, 110 

*110, 115, 120, 125, 220, 230 
*220, 127, 120, 110 
*110 
*127, 110, 220 
*100, 105, 110, 220, 120 

220 
*220, 200 
*150, 125, 120, 110, 115, 260, 220, 

135 
*220, 120 
*220 

105 
110 
220, 120, 127 

*220, 230, 130, 127, 110, 120, 150 
*220, 120, 1'0 
*220, 110, 125 

120, 220, 110, 115, 105 
*120, 110, 220 
*120, 125, 150, 110, 115, 220, 130 
*220, 127, 110, 125 
*120, 220, 145, 150, 110, 120 
*220, 110 

60 

60, 25 
60 
60 
60 
60, 50 
60, 50 
60 
60, 50 
50, 60 
60 
60, 50 
25 
60 
60 

60 
50 
60 
50 
40, 60 
50 
60 

50, 60, 43 
50, 60 
50, 60 
50, 60 
60, 50 
60, 50 
50 
60, 50 
50 
50, 60 

50 
50 
50 
50, 40 
50 
50 
50, 42 
50 
50 
50 
50, 25 
50, 25 
76 
50 
42, 50 
50 
50 
42, 50, 45 

50 
50 
100 
42 
50 
50 

50, 42 
50, 42 
50 
50 
50, 20, 25 
50, 40 
50 
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Principal power supplies in foreign countries continued 

territory de volts I ac volts 

EUROPE continued 
United Kingdom 230, 220, 240 *230, -240, others 
Jugoslavia 110, 120 *120, 220, 150 

ASIA 
Arabia 230 
British Malaya 

Fed. Malay States 230 
Non -Fed. Malay States 230 
Straits Settlements *230 230 
North Borneo 110 

Ceylon 220 230 
Chino 220, 110 *110, 200, 220 
Hawaii 110, 220 
India 220, 110, 225, 230, 250 230, 220, 110, others 
French Indo -China 110, 120, 220, 240 *120, 220, 110, 115, 240 
Iron (Persia) 220, 110 220 
Iraq *220, 200 220, 230 
Japan 100 *100, 110 
Manchuria 110 
Palestine 220 
Philippine Islands 220 
Syria 110, 115, 220 
Siam 100 
Turkey 220, 110 *220, 110 

AFRICA 
Angola (Port) 110 
Algeria 220 *115, 110, 127 
Belgian Congo 220 
British West Africa *220 230 
British East Africa *220 *240, 230, 110, 100 
Canary Islands 110 *127, 110 

Egypt 220 200, 110, 220 
Ethiopia (Abyssinia) 220, 250 
Italian Africa 

Cyrenaica 150 *110, 150 
Eritrea 127 
Libya (Tripoli) 125, 110, 270 
Soma lilond 120 *230 

Morocco IFr.I 110 115, 110 
Morocco (Spanish) 200 *127, 110, 115 
Madagascar (Fri 120 
Senegal (Fri 230 120 
Tunisia 110 *110, 115, 220 
Union of South Africa 220, 230, 240, 110 *220, 230, 240 

OCEANIA 
Australia 

New South Wales *240 *240 
Victoria 230 *230 
Queensland 220, 240 *240 
South Australia 200, 230, 220 *200, 230, 240 
West Australia *220, 110, 230 250 
Tasmania 230 *240 

New Zealand 230 *230 
Fiji Islands 240, 110, 250 
Society Islands 120 
Samoa 110 

frequency 

Note: Where both at and dc are available, an asterisk f*1 Indicates the type of supoly and 
voltage predominating. Where approximately equal quantities of at and dc are available, an 
asterisk precedes each of the principal voltages.. Voltages and frequencies are listed in order 
of preference. 

The electrical authorities of Great Britain have adopted a plan of unifying electrical distrIbu- 
tion systems. The standard potential for both at and dc supplies will be 230 volts. Systems 
using other voltages will be changed over. The standard oc frequency will be 50 cycles. 

Caution: The listings in these tables represent types of electrical supplies most generally used 
in particular countries. For power supply characteristics of particular cities of foreign coun- 
tries, refer to the country section of World Electrical Markets, a puolicatlon of the U. S. De- 
partment of Commerce, Bureau of Foreign and Domestic Commerce, Washington, D. C. In coses 
where definite information relative to specific locations is necessary, the Electrical Division of 
the above -named Bureau should be consulted. 

50, 25, 40 
50, 42 

50 

50, 60, 40 

50 
60 
50, 60 
50, 60, 25 
60, 25 
50, 25 
50 
50 
50 
50, 60 
60, 50, 25 
50 
60 
50 
50 
50 

50 
50 
60 
50 
50, 60, 100 
50 
50, 40 
50 

50 
50 
50, 42, 45 
50 
50 
50 
50 
50 
50 
50 
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Wavelength vs frequency chart 
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Frequency tolerances 

Cairo revision 1938 

frequency bands (wavelengths) column 1 column 2 

A. From 10 to 550 kc (30,000 to 545 meters): 

a. Fixed stations 
b. Land stations 
c. Mobile stations using frequencies other than those of 

bands indicated under Id) 

d. Mobile stations using frequencies of the bands 110 -160 kc 

12,727 to 1,875 meters), 365 -515 kc 1822 to 583 meters) t 
e. Aircraft stations 
f. Broadcasting stations 

0.1% 
0.1% 

0.5% 

0.5oió* 
0.5% 

50 cycles 

0.1% 
0.1% 

0.1% 

0.3%* 
0.3% 

20 cycles 

B. From 550 to 1,500 kc 1545 to 200 meters): 

a. Broadcasting stations 
b. Land stations 
c. Mobile stations using the frequency of 1,364 kc (220 

meters) 

50 cycles 
0.l% 

0.5% 

20 cycles 
0.05% 

0.1% 

C. From 1,500 to 6,000 kc (200 to 50 meters): 

a. Fixed stations 
b. land stations 
c. Mobile stations using frequencies other than those of 

bands indicated in IdI: 
1,560 to 4,000 kc 1192.3 to 75 meters) 

4,000 to 6,030 kc 175 to 50 meters) 

d. Mobile stations using frequencies within the bands: 

4,115 to 4,165 kc 172.90 to 72.03 meters) 

5,500 to 5,550 kc 154.55 to 54.05 meters) f 
e. Aircraft stations 
f. Broadcasting: 

between 1,503 and 1,600 kc (200 and 187.5 meters) 

between 1,600 and 6,000 kc 1187.5 and 50 meters) 

0.03% 
0.04% 

0.1 %' 
0.04% 

0.1%* 

0.05% 

50 cycles 
0.01% 

0.01 % 
0.02% 

0.05%* 
0.02% 

0.05%' 

0.025% 

20 cycles 
0.005% 

D. From 6,000 to 30,000 kc 150 to 10 meters): 

a. Fixed stations 
b. land stations 
c. Mobile stations using frequencies other than 

bands indicated under Id) 

d. Mobile stations using frequencies within the 

6,200 to 6,250 kc (48.39 to 48 meters) 

8,230 to 8,330 kc (36.45 to 36.01 meters) 

11,000 to 11,100 kc (27.27 to 27.03 meters) 

12,340 to 12,500 kc (24.31 to 24 meters) 

16,460 to 16,660 kc (18.23 to 18.01 meters) 

22,000 to 22,200 kc (13.64 to 13.51 meters) 

e. Aircraft stations 
f. Broadcasting stations 

those of 

bands: 

0.02% 
0.04% 

0.04% 

0.1%' 

0.05% 
0.01% 

0.01% 
0.020% 

0.02% 

0.05%' 

0.025% 
0.005% 

Column 1: Transmitters in service now and until January 1, 1944, after which dote they will 

conform to the tolerances indicated in column 2. 

Column 2: New transmitters installed beginning January 1, 1940. 

'ee preamble, under 3. 
tlt is recognized that o great number of spark transmitters and simple self. oscillator trans- 

mitters exist in this service which are not able to meet these requirements. 
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Frequency tolerances continued 

The frequency tolerance is the maximum permissible separation beween the 
actual frequency of an emission and the frequency which this emission should 
have (frequency notified or frequency chosen by the operator). 

This separation results from the following errors: 

a. Error made when the station was calibrated; this error presents a semi- 
permanent character. 

b. Error made during use of the station (error variable from one transmis- 
sion to another and resulting from actual operating conditions: ambient 
temperature, voltage of supply, antenna, skill of the operator, et cetera). 
This error, which is usually small in other services, is particularly important 
in the case of mobile stations. 

c. Error due to slow variations of the frequency of the transmitter during a 
transmission. 

Note: In the case of transmissions without a carrier wave, the preceding definition applies to 
the frequency of the carrier wave before its suppression. 

In the case of ship stations, the reference frequency is the frequency on 
which the transmission begins, and the figures appearing in the present 
table, marked by an asterisk, refer only to frequency separations observed 
during a ten -minute period of transmission. 

In the frequency tolerance, modulation is not considered. 

Note 1: The administrations shall endeavor to profit by the progress of he art in order to 
reduce frequency tolerances progressively. 

Note 2: It shall be understood that ship stations working in shared bands must observe the 
tolerances applicable to land stations and must conform to article 7, paragraph 21 12) 1a). 
[No. 186.] 

Note 3: Radiotelephone stations with less than 25 watts power, employed by maritime beacons 
for communications with beacons isolated at sea, shall be comparable, with reference to fre- 
quency stability, to mobile stations indicated in C above. 

Note 4: Ships equipped with a transmitter, the power of which is under 100 watts, working in 

the band of 1560 -4000 kc 1192.3 -75 meters), shall not be subject to the stipulations of column 1. 

Reproduced from "Treaty Series No. 948, Telecommunication -General Radio Regulations 
(Cairo Revision, 1938) and Final Radia Protocol (Cairo Revision, 1938) annexed to the Tele- 
communication Convention (Madrid, 19321 Between the United States of America and Other 
Powers," Appendix 1, pp. 234, 235 and 236, United States Government Printing Office, Wash- 
ington, D. C. References refer to this publication. 



32 

Frequency -band widths occupied by the emissions Cairo revision, 1938* 

The frequency bands necessary for the various types of transmission, at the present state of 
technical development, are indicated below. This table is based solely upon amplitude modula- 

tion. For frequency or phase modulation, the band widths necessary for the various transmissions 
are many times greater 

type of transmission total width of the band in cycles 
for transmission with two sidebands 

40 Continuous waves, no signaling 

M Telegraphy, pure, continuous wave 
Morse code 
Boudot code 
Stop -start printer 

Scanning -type printer 

Numerically equal to the telegraph speed in bauds 
for the fundamental frequency, 3 times this width 
for the 3d harmonic, etc. 

[For a code of 8 time elements (dots or blanks) per 
letter and 48 time elements per word, the speed 
in bauds shall be equal to 0.8 times the speed in 

words per minute.] 
300 -1,000, for speeds of 50 words per minute, 

according to the conditions of operation and the 
number of lines scanned (for example, 7 or 121. 

(Harmonics are not considered in the above 
values.) 

A2 Telegraphy modulated to musical 
frequency 

Figures appearing under Al, plus twice the highest 
modulation frequency. 

A3 Commercial radiotelephony 

Broadcasting 

Twice the number indicated by the C.C.I.F. Opinions 
(about 6,000 to 8,000).1 

15000 to 20,000. 

A4 Facsimile Approximately the ratio between the number of 
picture components' to be transmitted and the 
number of seconds necessary for the transmission, 

AS Television Approximately the product of the number of picture 
components' multiplied by the number of picture s 

transmitted per second. 

1 It is recognized that the bond width may be wider for multiple- channel radiotelephony and 
secret radiotelephony. 
2 Two picture components, one black and one white, constitute a cycle: thus, the modulation 
frequency equals one halt Yee number of components transmitted per second. 
* See Footnote under Frequency Tolerances, Treaty Series No. 948, Telecommunication. 

Tolerances for the intensity of harmonics 

of fixed, land, and broadcasting stations' Cairo revision, 1938* 

frequency sands toter 

Frequency under 3,000 kc (wavelength The field intensity produced by any harmonic must be 

above 100 meters) under 300 µv /m at 5 kilometers from the trans- 
mitting antenna. 

Frequency above 3,000 kc (wavelength The power of a harmonic in the antenna must be 

under 100 meters) 40 db under the power of the fundamental, but in 

no case may it be above 200 milliwatts 2 

t With regard fo tolerances for mobile stations, on attempt shall be made to achieve, so far as 

possible, the figures specified for fixed stations. 
2 A transmitter, the harmoni- intensity of which is not above the fqures specified but which 

nevertheless couses interference, must be subjected to special measures intended to eliminate 
such irterference. 
*See Footnote under Frequency Tolerances, Treaty Series No. 948, Telecommunication 
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Classification of emissions Cairo revision, 1938' 

1. Emissions shall be classified below according to the purpose for which 

they are used, assuming their modulation or their possible keying to be only 

in amplitude. 

a. Continuous waves: 

Type AO. Waves the successive oscillations of which are identical under 

fixed conditions.) 
Type Al. Telegraphy on pure continuous waves. A continuous wave which 

is keyed according to a telegraph code. 
Type A2. Modulated telegraphy. A carrier wave modulated at one or more 

audible frequencies, the audible frequency or frequencies or their combi- 

nation with the carrier wave being keyed according to a telegraph code. 

Type A3. Telephony. Waves resulting from the modulation of a carrier wave 

by frequencies corresponding to the voice, to music, or to other sounds. 

Type A4. Facsimile. Waves resulting from the modulation of a carrier wave 

by frequencies produced at the time of the scanning of a fixed image with 

a view to its reproduction in a permanent form. 

Type A5. Television. Waves resulting from the modulation of a carrier wave 

by frequencies produced at the time of the scanning of fixed or moving 

objects.2 

Note: The band widths to which these emissions correspond are indicated 
under Frequency -Band Widths Occupied by the Emissions. 

b. Damped waves: 

Type B. Waves composed of successive series of oscillations the amplitude 

of which, after attaining a maximum, decreases gradually, the wave trains 

being keyed according to a telegraph code. 

2. in the above classification, the presence of a carrier wave is assumed in 

all cases. However, such carrier wave may or may not be transmitted. 

This classification does not contemplate exclusion of the use, by the admin- 

istrations concerned, under specified conditions, of types of waves not in- 

cluded in the foregoing definitions. 

3. Waves shall be indicated first by their frequency in kilocycles per second 

lkcl or in megacycles per second (Mc). Following this indication, there shall 

be given, in parentheses, the approximate length in meters. In the present 

Regulations, the approximate value of the wavelength in meters is the quo- 

tient of the number 300,000 divided by the frequency expressed in kilocycles 

per second. 

1 These waves are used only in special coses, such as standard frequency 

emissions. 
2 Objects is used here in the optical sense of the word. 
'See Footnote under Frequency Tolerances, Treaty Series No. 948, Tele- 

communication. 



34 

Relation between decibels and power, voltage, and current ratios 

The decibel, abbreviated db, is a unit used to express the ratio between two 
amounts of power, P1 and P2, existing at two points. 

By definition the number of db = 10 logro - P2 

It is also used to express voltage and current ratios. 

The number of db = 20 logro - V2 
= 20 logy) 

ri 

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

power 
ratio 

voltage 
and curant 

ratio 
decibels pourer 

ratio 

voltage 
and current 

ratio 
decibels 

1.0233 1.0116 0.1 19.953 4.4668 13.0 
1.0471 1.0233 0.2 25.119 5.0119 14.0 
1.0715 1.0351 0.3 31.623 5.6234 15.0 
1.096.5 1.0471 0.4 39.811 6.3096 16.0 

1.1220 1.0593 0.5 50.119 7.0795 17.0 
1.1482 1.0715 0.6 63.096 7.9433 18.0 
1.1749 1.0839 0.7 79.433 8.9125 19.0 
1.2023 1.0965 0.8 100.00 10.0000 20.0 

1.2303 1.1092 0.9 158.49 12.589 22.0 
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 1.8 1584.9 39.811 32.0 
1.5849 1.2589 2.0 2511.9 50.119 34.0 
1.6595 1.2882 2.2 3981.1 63.096 36.0 

1.7378 1.3183 2.4 6309.6 79.433 38.0 
1.8197 1.3490 2.6 104 100.000 40.0 
1.9055 1.3804 2.8 104 X 1.5849 125.89 42.0 
1.9953 1.4125 3.0 104 X 2.5119 158.49 44.0 

2.2387 1.4962 3.5 104 X 3.9811 199.53 46.0 
2.5119 1.5849 4.0 104 X 6.3096 251.19 48.0 
2.8184 1.6788 4.5 106 316.23 50.0 
3.1623 1.7783 .5.0 10' X 1.5849 398.11 52.0 

3.5481 1.8836 5.5 101 X 2.5119 501.19 54.0 
3.9811 1.9953 6.0 104 X 3.9811 630.96 56.0 
5.0119 2.2387 7.0 10' X 6.3096 794.33 58.0 
6.3096 2.5119 8.0 101 1,000.00 60.0 

7.9433 2.8184 9.0 10' 3,162.3 70.0 
10.0000 3.1623 10.0 101 10,000.0 80.0 
12.589 3.5481 11.0 101 31,623 90.0 
15.849 3.9811 12.0 10i0 100,000 100.0 

To convert 
Decibels to nepers multiply by 0.1151 
Nepers to decibels multiply by 8.686 
Where the power ratio is less than unity, Il is usual to Invert the fraction 
and express the answer os o decibel loss. 
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Engineering and material data 

Copper -wire table- standard annealed copper 

American wire gauge (B & S)' 
diem - gouge eter, no mils 

ohms per cross section 1,000 ft 
circular I square t 20' C 
mils inches (68'F) 

ft per ohm Ib per ft per Ib at 20° C 1,000 ft (68° F) 

ohms pm Ib 
at 40° C 
(68° F) 

0000 460.0 211,600 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 

00 364.8 133,100 0.1045 0.07793 402.8 2.482 12,830 0.0001935 

0 324.9 105,500 0.08289 0.09827 319.5 3.130 10,180 0.0003076 
I 289.3 83,690 0.06573 0.1239 253.3 3.947 8,070 0.0004891 
2 257.6 66,370 0.05213 0.1563 200.9 4.977 6,400 0.0007778 

3 229.4 52,640 0.04134 0.1970 159.3 6.276 5,075 0.001237 
4 204.3 41,740 0.03278 0.2485 126.4 7.914 4,025 0.001966 
5 181.9 33,100 0.02600 0.3133 100.2 9.980 3,192 0.003127 

6 162.0 26,250 0.02062 0.3951 79.46 12.58 2,531 0.004972 
7 144.3 20,820 0.01635 0.4982 63.02 15.87 2,007 0.007905 
8 128.5 16,510 0.01297 0.6282 49.98 20.01 1,592 0.01257 

9 114.4 13,090 0.01028 0.7921 39.63 25.23 1,262 0.01999 
10 101.9 10,380 0.008155 0.9989 31.43 31.82 1,001 0.03178 
11 90.74 8,234 0.006467 1.260 24.92 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 5,178 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 9.858 101.4 314.0 0.3230 
16 50.82 2,583 0.002028 4.016 7.818 127.9 249.0 0.5136 
17 45.26 2,048, 0.001609 5.064 6.200 161.3 197.5 0.8167 

18 40.30 1,624 0.001276 6.385 4.917 203.4 156.6 1.299 
19 35.89 1,288 0.001012 8.051 3.899 256.5 124.2 2.065 
20 31.96 1,022 0.0008023 10.15 3.092 323.4 98.50 3.283 

21 28.46 810.1 0.0006363 12.80 2.452 407.8 78.11 5.221 
22 25.35 642.4 0.0005046 16.14 1.945 514.2 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 32.37 0.9699 1,031.0 30.90 33.37 
26 15.94 254.1 0.0001996 40.81 0.7692 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 4490 0.4837 2,067 15.41 134.2 
29 11.26 126.7 0.00009953 á1.83 0.3836 2,607 12.22 213.3 

30 10.03 100.5 0.00007894 103.2 0.3042 3,287 9.691 339.2 
31 8.928 79.70 0.00006260 130.1 0.2413 4,145 7.685 539.3 
32 7.950 63.21 0.00004964 164.1 0.1913 5,227 6.095 857.6 

33 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 0.1203 8,310 3.833 2,168 
3.5 5.615 31.52 0.00002476 329.0 0.09542 10,480 3.040 3,448 

36 5.000 25.00 0.00001964 414.8 0.07568 13,210 2.411 5,482 
37 4.453 19.83 0.00001557 523.1 0.06001 16,660 1.912 8,717 
38 3.965 15.72 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 0.000007766 1,049.0 0.02993 33,410 0.9534 35,040 

Temperature coefficient of resistance: 
The rei stance of a conductor of temperature t ° C is given by 

Rt = Rm 11 + omit - 201] 

where Rm Is the resistance at 20° C and ois is the temperature coef0cient of resistance at 20°C. 
For copper, am ee 0.00393. That Is. the resistance of a copper conductor increases approxi- 
mately 4/10 of 1 percent per degree centigrade rise in temperature. 

For additional data on wire, see pages 36, 37, 38, 60, and 126. 
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Copper -wire table -English and metric unitst 

Amer 
wire 

gauge 
G 

(US) 

Birm 
wire 

gauge 

BWG 

imperial 
or 

SWG 

(NBS) 

diem 
in 

inches 

English units 

weight 

lbwir 
mile 

resistance 
ohms per 
wire mile 

23° C 
(63° F) 

diem 
in 

mm 

metric onus 

stnighl 

kwin 
lure 

resistance 
ohms per 
wire km 

20° C 
(68° F) 

- - - .1968 618 1.415 5.0 174.0 .879 - - - .1940 600 1.458 4.928 169.1 .905 

6 .1920 5892 1.485 4.875 166.2 .922 

- - - .1855 550 1.590 4713 155.2 .987 

5 .1319 528.9 1.654 4.620 149.1 1.028 

7 .1030 517.8 1.690 4.575 146.1 1.049 

- - - .1771 500 1.749 4.5 141.2 1.086 

7 .1762 495.1 1.769 4.447 140.0 1.098 - - - .1679 450 1.945 4.260 127.1 1.208 

8 .1650 435.1 2.011 4.190 123.0 1.249 

6 .1620 419.5 2.086 4.115 118.3 1.296 

8 .1670 409.2 2.139 4.062 115.3 1.328 

- - - .1582 400 2.187 4.018 113.0 1.358 - - - .1575 395.3 2.213 4.0 111.7 1.373 

9 .1480 350.1 2.500 3.760 98.85 1.552 

7 .1443 332.7 2.630 3.665 93.78 1.634 

9 .1440 331.4 2.641 3.658 93.40 1.641 

- - - .1378 302.5 2.892 3.5 85.30 1.795 - - - .1370 300 2.916 3.480 84.55 1.812 

10 .1341 287.0 3.050 3.405 80.95 1.893 

8 .1285 263.8 3.317 3.264 74.37 2.061 

10 .1280 261.9 3.342 3.252 73.75 2.077 - - - .1251 250 3.500 3.180 70.50 2.173 

- - - .1181 222.8 3.933 3.0 62.95 2.440 

9 .1144 209.2 4.182 2.936 58.98 2.599 - - - .1123 200 4.374 2.845 56.45 2.718 

12 .1093 189.9 4.609 2.768 53.50 2.862 

12 .1040 172.9 5.063 2.640 48.70 3.144 

*10 .1019 165.9 5.274 2.588 46.77 3.277 

- - - .0984 154.5 ,e 5.670 2.5 43.55 3.520 - - - .0970 150 5.832 2.460 42.30 3.62C 

*14 .0830 110.1 7.949 2.108 31.03 4.933 

*12 .0808 104.4 8.386 2.053 29.42 5.211 

14 .0831 102.3 8.556 2.037 28.82 5.315 

- - - .0788 99.10 8.830 2.0 27.93 5.483 

*13 .0720 82.74 10.58 1.828 23.33 6.571 

*14 .0641 65.63 13.33 1.628 18.50 8.285 

16 .0508 41.28 21.20 1.291 11.63 13.17 

*17 .0453 32.74 26.74 1.150 9.23 16.61 

*18 .0403 25.98 33.71 1.024 7.32 20.95 

*19 .0359 20.58 42.51 .912 5.802 26.42 

*22 .0253 10.27 85.24 .644 2.894 52.96 

*24 .0201 6.46 135.5 .511 1.820 84.21 

*26 .0159 4.06 215.5 .405 1.145 133.9 

*27 .0142 3.22 271.7 .361 .908 168.9 

*28 .0126 2.56 342.7 .321 .720 212.9 

* When used in cable, weight and resistance of wire should be increased about 3% to allow 
for increase due to twi t. 

t For additional data on wire, see pages 35, 37, 38, 60, and 126. 
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Standard stranded copper conductors 

American wire gauge 

circular 
mils 

size 
AWG 

number of 
wires 

individual 
win 
diam 
Inches 

cable 
diam 

inches 

area 
square 
inches 

weight 
lbs per 
1000 N 

weigh) 
lbs per 
mile 

*maximum 
resistance 

ohms /1000 ft 
at 20° C 

211,600 4/0 19 .1055 .528 0.1662 653.3 3,450 0.05093 
167,800 3/0 19 .0940 .470 0.13.8 518.1 2,736 0.06422 
133,100 2/0 19 .0837 .419 0.1045 410.9 2,170 0.08097 
105,530 1/0 19 .0745 .373 0.08286 325.7 1,720 0.1022 
83,690 1 19 .0664 .332 0.06573 258.4 1,364 0.1288 
66,370 2 7 .0974 .292 0.05213 204.9 1,082 0.1624 
52,640 3 7 .0867 .260 0.04134 162.5 858.0 0.2048 
41,740 4 7 .0772 .232 0.03278 128.9 680.5 0.2582 
33,100 5 7 .0688 .206 0.02600 102.2 539.6 0.3256 
26,250 6 7 .0612 .184 0.02062 81.05 427.9 0.4105 
20,820 7 7 .0545 .164 0.01635 64.28 339.4 0.5176 
16,510 8 7 .0486 .146 0.01297 50.98 269.1 0.6528 
13,000 9 7 .0432 .130 0.01028 40.42 213.4 0.8233 
10,380 10 7 .0385 .116 0.008152 32.05 169.2 1.038 

6,530 12 7 .0305 .0915 0.005129 20.16 106.5 1.650 4,1C7 14 7 .0242 .0726 0.003226 12.68 66.95 2.624 
2,593 16 7 .0192 .0576 0.002029 7.975 42.11 4.172 
1,624 18 7 .0152 .0456 0.001275 5.014 26.47 6.636 
1,022 20 7 .0121 .0363 0.008027 3.155 16.66 10.54 

*The resistance values In this table are trade maxima for soft or annealed copper wire and 
are higher than the average values for commercial cable. The following values for the con- 
ductivity and resistivity of copper at 20° centigrade were used: 
Conductivity In terms of International Annealed Copper Standard 98.16% 
Resistivity In pounds per mile -ohm 891.58 
The resistance of hard drawn copper is slightly greater than the values given, being about 2% 
to 3% greater foc sizes from 4/0 to 20 AWG. 

Machine screw head styles 

Method of length measurement 

Standard 
flat oval 

r. L vC L 

Special 

washer 

round hu iste, 

ri-r\ 

I 

fi 
I ,e L 

oval flllister 
binding binding 

flat fop 
binding 

straight side 
binding 

-O l 
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Plastics: trade names 

trade name composition trade name composition 

Acryloid Methacrylate Resin Indur Phenol Formaldehyde 
Alvar Polyvinyl Acetal Kodapak Cellulose Acetate 
Amerith Cellulose Nitrate Kodapak li Cellulose Acetobutyrate 
Ameripol Butadiene Copolymer Koroseal Modified Polyvinyl Chloride 
Ameroid Casein lectrofilm Polyvinyl Carbazole (con- 
Bakelite Phenol Formaldehyde denser material; mica sub- 
Bakelite Urea Formaldehyde stitute) 
Bakelite Cellulose Acetate Loalin Polystyrene 
Bakelite Polystyrene Lucite Methyl Methacrylate Resin 
Beckamine Urea Formaldehyde Resins Lumarith Cellulose Acetate 
Beetle Urea Formaldehyde Lumarith X Cellulose Acetate 
Butacite Polyvinyl Butyral lustron Polystyrene 
Butvar Polyvinyl Butyral Luvican Polyvinyl Carbazole 
Cardolite Phenol- aldehyde (cashew nut Makalot Phenol Formaldehyde 

derivative) Morblette Phenol Formaldehyde (cast) 
Cerex Styrene Copolymer Marbon B Cyclized Rubber 
Catolin Phenol Formaldehyde (cast) Marbon C Rubber Hydrochloride 
Cellophane Regenerated Cellulose Film Melmac Melamine Formaldehyde 
Celluloid Cellulose Nitrate Methocel Methyl Cellulose 
Cibanite 
Crystalite 

Aniline Formaldehyde 
Acrylate and Methacrylate 

Micabond Glycerol Phthalic Anhydride, 
Mica 

Resin Micarta Phenol Formaldehyde (lami- 
Cumor Cumarone -indene Resin nation) 
Dilectene 100 Aniline Formaldehyde Syn- Monsanto Cellulose Nitrate 

thetic Resin Monsanto Polyvinyl Acetals 
Dilecto Urea Formaldehyde (phenol Monsanto Cellulose Acetate 

formaldehyde) Monsanto Phenol Formaldehyde 
Dilecto OF Urea Formaldehyde Mycalex Mica Bonded Glass 
Distrene Polystyrene Neoprene Chloroprene Synthetic Rub- 
Durez Phenol Formaldehyde ber 
Durite Phenol Formaldehyde Nevidene Cumorone- indene 
Durite Phenol Furfural Nitron Cellulose Nitrate 
Erinofort Cellulose Acetate Nixonite Cellulose Acetate 
Erinoid Casein Nixonoid Cellulose Nitrate 
Ethocel Ethyl Cellulose Nylon Synthetic Polyamides and 
Ethocel PG Ethyl Cellulose Super Polyamides 
Ethofoil Ethyl Cellulose Nypene Polyterpene Resins 

Ethomelt Ethyl Cellulose (hot pouring Opalon Phenol Formaldehyde 
compound) Panelyte Phenol Formaldehyde Ilami- 

Ethomulsion Ethyl Cellulose (lacquer natel 
emulsion) Panelyte Phenol Formaldehyde 

Fibestos Cellulose Acetate Nylon Chlorinated Rubber 
Flamenol Vinyl Chloride (plasticized) Perspex Methyl Methacrylic Ester 
Formica Phenol Formaldehyde (lami- Plaskon Urea Formaldehyde 

nation) Plastacele Cellulose Acetate 
Formvar Polyvinyl Formal Plexiglas Methyl Methacrylate 
Galalith Casein Plexiglas Acrylate and Methacrylate 
Gelva Polyvinyl Acetate Resin 

Gemstone Phenol Formaldehyde Plaskon Urea Formaldehyde 
Geon Polyvinyl Chloride Plastacele Cellulose Acetate 
Glyptal Glycerol -phthalic Anhydride Pliofìlm Rubber Hydrochloride 
Haveg Phenol Formaldehyde Asbes- Plioform Rubber Derivative 

tos Pliolite Rubber Derivative 
Hercose AP Cellulose Acetate Propionate Polyfibre Polystyrene 
Heresite Phenol Formaldehyde Polythene Polyethylene 
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Plastics: trade names continued 

trade name 

Protectoid 
Prystal 
Pyralin 
PVA 
Pyralin 
Resinox 
Resoglaz 
Rhodolene M 
Rhodoid 
Ronilla L 

Ronilla M 
SaBex 
Saran 
Styraflex 
Styramic 

Styramic HT 

composition trade name composition 

Cellulose Acetate 
Phenol Formaldehyde 
Cellulose Nitrate 
Polyvinyl Alcohol 
Cellulose Nitrate 
Phenol Formaldehyde 
Polystyrene 
Polystyrene 
Cellulose Acetate 
Polystyrene 
Polystyrene 
Polyvinyl Butyral 
Polyvinylidene Chloride 
Polystyrene 
Polystyrene- Chlorinated Di- 

phenyl 
Polydichlorstyrene 

Wind velocities and pressures 

Styron 
Super Styrex 
Synthane 
Tenite 
Tenite II 

Textolite 
Textolite 1421 

Tornesit 
Trolitul 
Vec 
Victron 
Vinylite A 
Vinylite Q 
Vinylite V 

Vinylite X 

Polystyrene 
Polystyrene 
Phenol Formaldehyde 
Cellulose Acetate 
Cellulose Acetobutyrate 
Various 
Cross -linked Polystyrene 
Rubber Derivative 
Polystyrene 
Polyvinylidene Chloride 
Polystyrene 
Polyvinyl Acetate 
Polyvinyl Chloride 
Vinyl Chloride -Acetate Co- 

polymer 
Polyvinyl Butyral 

indicated velocities actual velocities 

miles per hour' miles per hour 
Vi Va 

cylindrical surfaces 

pressure lbs per sq ft 
projected areas 

P = 0.0025V02 

flat surfaces 

pressure lbs per 
square foot 

P = 0.0042V02 

10 9.6 0.23 0.4 
20 17.8 0.8 1.3 

30 25.7 1.7 2.8 
40 33.3 2.8 4.7 

50 40.8 4.2 7.0 
60 48.0 5.8 9.7 

70 55.2 7.6 12.8 

80 62.2 9.7 16.2 

90 69.2 12.0 20.1 

100 76.2 14.5 24.3 
110 83.2 17.3 29.1 

120 90.2 20.3 34.2 
125 93.7 21.9 36.9 
130 97.2 23.6 39.7 
140 104.2 27.2 45.6 
150 111.2 30.9 51.9 
160 118.2 34.9 58.6 
170 125.2 39.2 65.7 
175 128.7 41.4 69.5 

180 132.2 43.7 73.5 
190 139.2 48.5 81.5 
200 146.2 53.5 89.8 

As measured with a cup anemometer, these being the average maximum 

for a period of five minutes. 
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Temperature chart of heated metals 
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Physical constants of various metals and alloys* 

material 
relative 

resistance 

temp 
coefficient of 
resistivity at 

20 °C 

specific 
gravity 

coefficient of 
thermal tond 

K 
watts /cm°C 

melting 
point 

°C 

Advance (55 Cu 45 Ni) see Constantan 
Aluminum 1.64 .004 2.7 2.03 660 
Antimony 24.21 .0036 6.6 0.187 630 

Arsenic 19.33 .0042 5.73 - sublimes 
Bismuth 69.8 .004 9.8 0.0755 270 
Brass 166 Cu 34 Zn) 3.9 .002 8.47 1.2 920 

Cadmium 4.4 .0038 8.64 0.92 321 

Chromas 115 Cr 35 Ni 
balance Fe) 58.0 .00031 7.95 0.130 1380 

Cobalt 5.6 .0033 8.71 - 1480 

Constantan )55Cu45Ni) 28.45 ±.0002 8.9 0.218 1210 

Copper -annealed 1.00 .00393 8.89 3.88 1083 

hard drawn 1.03 .00382 8.89 - 1083 

Eureka (55 Cu 45 Ni) see Constantan 
Gas carbon 2900 -.0005 - - 3500 
Gold 1.416 .0034 19.32 0.296 1063 

Ideal (55 Cu 45 Ni) see Constantin 
Iron, pure 5.6 .0052 -.0062 7.8 0.67 1535 

Kovar A 129 Ni 17 Co 
0.3 Mn balance Fel 28.4 - 8.2 0.193 1450 

lead 12.78 .0042 11.37 0.344 327 

Magnesium 2.67 .004 1.74 1.58 651 

Manganin (84 Cu 12 Mn 
4 Ni) 26 ±.00002 8.5 0.63 910 

Mercury 55.6 .00089 13.55 0.063 -38.87 
Molybdenum, drawn 3.3 .0045 10.2 1.46 2630 
Monel metal (67 Ni 30 Cu 

1.4 Fe 1 Mn) 27.8 .002 8.8 0.25 1300 -135( 
Nichrome 1 (65 Ni 12 Cr 

23 Fe) 65.0 .00017 8.25 0.132 1350 

Nickel 5.05 .0047 8.85 0.6 1452 

Nickel silver (64 Cu 
18 Zn 18 Ni) 16.0 .00026 8.72 0.33 1110 

Palladium 6.2 .0038 12.16 0.7 1557 

Phosphor- bronze 14 Sn 

0.5 P balance Cul 5.45 - 8.9 0.82 1050 

Platinum 6.16 .0038 21.4 0.695 1771 

Silver 9.5 .004 10.5 4.19 960.5 
Steel, manganese (13 Mn 

1 C 86 Fe) 41.1 - 7.81 0.113 1510 

Steel, SAE 1045 10.4 -0.5 
C balance Fe) 7.6 -12.7 - 7.8 0.59 1480 

Steel, 18-8 stainless 
(0.1 C 18 Cr 8 Ni 
balance Fe) 52.8 - 7.9 0.163 1410 

Tantalum 9.0 .0033 16.6 0.545 2850 
Tin 6.7 .0042 7.3 0.64 231.9 
Tophet A (80 Ni 20 Cr) 62.5 .02 -.07 8.4 0.136 1400 

Tungsten 3.25 .0045 19.2 1.6 3370 

Zinc 3.4 .0037 7.14 1.12 419 

Zirconium 2.38 .0044 6.4 - 1860 

* See following page. 
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Physical constants of various metals and alloys continued 

Definitions of physical constants in preceding table 

The preceding 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. 

1. The resistance of any substance of uniform cross -section is proportional 
to the length and inversely proportional to the cross- sectioned area. 

R = Á, 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 per foot. 
Relative resistance = p divided by the resistivity of copper (1.7241 X 10 -6 
ohm -cm). 

2. The temperature coefficient of resistivity gives the ratio of the change 
in resistivity due to a change in temperature of 1° C relative to the resis- 
tivity at 20° C. The dimensions of this quantity are ohms per ° C per ohm 
or 1/° C. 

The resistance at any temperature is: 

R = Ra (1 + aT), Ro = resistance at 0° in ohms, T = temperature in 

degrees centigrade, a = temperature coefficient of resistivity 1/° C. 

3. The 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. 

4. Coefficient of thermal conductivity is defined as the time rate of heat 
transfer through unit thickness, across unit area, for a unit difference in 
temperature. Expressing rate of heat transfer in watts, the coefficient of 
thermal conductivity 

K = WL 

AST 

W = watts, L = thickness in cm, A = area in sq cm, AT = temperature in °C. 

5. Specific heat is defined as the number of calories required to heat one 
gram of a substance one degree Centigrade. 

H = ms AT or change in heat m = mass in grams 
AT = temperature change ° C s = specific heat in cal /gm /° C 
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Thermocouples and their characteristics continued 

Characteristics of typical thermocouples 
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Compiled from 'Temperature Measurement and Control" by R. L. Weber, pages 68-71. 

Melting points of solder 

1800 2000C 

pure 

percent 
tin 

alloys 
percent 

lead 

melting 
degrees 

centigrade 

points 
degrees 

fahrenheit 

100 232 450 
90 10 213 415 
80 20 196 385 
70 30 186 367 

65 35 181 358 
60 40 188 370 
50 50 212 414 
40 60 238 460 

30 70 257 496 
20 80 290 554 
10 90 302 576 

100 327 620 
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Spark-gap break down voltages 
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/ 
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gap leng h inches 
temperature 25 °C 
pressure 760 mm (29.9 ") Hg 
ungrounded electrodes 

Data for a voltage which is continuous or at a frequency low enough to permit complete de- 
ionization between cycles, between needle points or clean, smooth spherical surfaces in dust - 

free dry air. The following multiplying factors apply for atmospheric conditions other than 

those stated above: 

pr ro temperature ° C 

" Hg mm Hq -40 I -20 0 20 40 60 

5 127 0.26 0.24 0.23 0.21 0.20 0.19 
10 254 0.47 0.44 0.42 0.39 0.37 0.34 

15 381 0.68 0.64 0.60 0.56 0.53 0.50 

20 508 0.87 0.82 0.77 0.72 0.68 0.64 

25 635 1.07 0.99 0.93 0.87 0.82 0.77 

30 762 1.25 1.17 1.10 1.03 0.97 0.91 

35 839 1.43 1.34 1.26 1.19 1.12 1.05 

40 1016 1.61 1.51 1.42 1.33 1.25 1.17 

45 1143 1.79 1.68 1.58 1.49 1.40 1.31 

50 1270 1.96 1.84 1.73 1.63 1.53 1.44 

55 1397 2.13 2.01 1.89 1.78 1.67 1.57 

60 1524 2.30 2.17 2.04 1.92 1.80 1.69 
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Materials and finishes for tropical and marine use 

Ordinary finishing of equipment fails in meeting satisfactorily conditions en- 
countered in tropical and marine use. Under these conditions corrosive in- 
fluences are greatly aggravated by prevailing higher relative humidities, 
and temperature cycling causes alternate condensation on, and evaporation 
of moisture from, finished surfaces. Useful equipment life under adverse 
atmospheric influences depends largely on proper choice of base materials 
and finishes applied. Especially important in tropical and marine applications 
is avoidance of electrical contact between dissimilar metals. 

Dissimilar metals, widely separated in the galvanic series, should not be 

bolted, riveted, etc., without separation by insulating material at the faying 
surfaces. The only exception occurs when both surfaces have been coated 
with the same protective metal, e.g., electroplating, hot dipping, galvanizing, 
etc. 

In addition to choice of deterioration- resistant materials, consideration 
must be given to weight, need for a conductive surface, availability of ovens, 
appearance, etc. 

A -order of preference: 

Base materials 

1. Brass 
2. Nickel silver 
3. Phosphor- bronze 
4. Monel 
5. Stainless steel 

6. Aluminum, anodized 
7. Steel, zinc phosphated 
8. Steel, cadmium phosphated 
9. Steel, phosphated 

Finishes 

1. Baked paint 
2. Force dried paint 
3. Air dried paint (pigmentless paint, e.g., varnish) 

B -order of preference: (if A is impracticable) 

Base materiqls 

1. Copper 
2. Steel 

Finishes 

1. Copper -nickel- chromium 
2. Copper -nickel -oxide 
3. Copper -nickel 
4. Zinc, lacquered 

5. Cadmium, lacquered 
6. Zinc, phosphated 
7. Cadmium, phosphated 
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Materials and finishes for tropical and marine use continued 

Aluminum should always be anodized. Aluminum, steel, zinc, and cadmium 

should never be used bare. 

Electrical contact surfaces should be given above finish B -1 or 3, and, in 

addition, they should be silver plated. 

Variable capacitor plates should be silver plated. 

All electrical circuit elements and uncoated metallic surfaces (except elec- 

trical contact surfaces) inside of cabinets should receive a coat of fungicidal 

moisture repellant varnish or lacquer. 

Wood parts should receive: 

1. Dip coat of fungicidal water repellant sealer. 

2. One coat of refinishing primer. 

3. Suitable topcoat. 

Torque and horsepower 

Torque varies directly with power and inversely with rotating speed of the 

shaft, or 

T= 
N 

where T = torque in inch -pounds, P = hp, N = rpm, K (constant) = 63,000. 

Example 1: For a two -horsepower motor rotating at 1800 rpm, 

63,000 X 2 
T = - = 70 inch -pounds. 

If the shaft is 1 inch in diameter, the force at its periphery 

= 
T 70 inch-pounds - 140 p ounds 

Radius 0.5 

Example 2: If 150 inch -pounds torque are required at 1200 rpm, 

150 
63,000 hp - 150 X 1200 = 2.86 pounds 

1200 63,000 

KP 
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Audio and radio design 
Resistors and capacitors 

s.otor coae 

color 
significant 

figure 
decimal 

multiplier 

tolerance 
RMA 
1938 
std 

AWS 
and 

JAN` 

voltage 
rating 
RMA 
1938 
stdf 

characteristi 
AWS and 

JAN 
mica 

capacitors 
Black 0 I - ±20 %M - A 
Brown 1 10 1 100 B 
Red 2 100 2 ±2%G 200 C Orange 3 1,000 3 300 D 
Yellow 4 10,000 4 400 E 
Green 5 100,000 5 500 F 
Blue 6 1,000,000 6 600 G Violet 7 10,000,000 7 700 - 
Gray 8 100,000,000 8 800 - 
White 9 1,000,000,000 9 900 - 
Gold - 0.1 ± 5 ±5 %aJ 1,000 - Silver - 0.01 ±10 ±10 %aK 2,000 - 
Vo color - - ±20 500 - 

letter used to indicate tolerance in type designations. t Applies to capacitors only. 

Resistors, fixed composition 

RMA Standard, American War Standard, and Joint Army -Navy Specifica- 
tions for color coding of fixed composition resistors are identical in all 
respects. 
The exterior body color of insulated axial -lead composition resistors is 
usually tan, but other colors, except black, are permitted. Non -insulated, 
axial -lead composition resistors have a black body color. Radial -lead 
composition resistors may have a body color representing the first sig- 
nificant figure of the resistance value. 

axial 
leads color 

B 

radial 
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 Cor dot 

Band D if any, indicates tolerance in percent about nominal resistance 
value. If no color appears in this position, tolerance is 20%. 

Note: tow -power insulated wire -wound resistors have axial leads and are color coded similar to the left -hand figure above except that band A is double width. 

Band D 
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Capacitors, fixed mica dielectric 

Fixed mica -dielectric capacitors of the American War Standards and Joint 

Army -Navy Specification are designated differently from the 1938 RMA 

Standard. AWS and JAN mica capacitors have a characteristic defined 

in Table I. 

Table I 

charac- 
teristic 

Q 
temperature 
coefficient 

parts /million1 °C 

maximum 
capacitance 

drift 

verification of 
characteristics 

by production test 

A Not specified Not specified Not required 

B t Not specified Not specified Not required 

C t -200 to +200 0.5 percent Not required 

D t -100 to +100 0.2 percent Not required 

E t 0 to +100 0.05 percent Not required 

F t 0 to +50 0.025 percent Required 

G t 0 to -50 0.025 percent Required 

0 must be greater than of minimum allowable Q for other characteristics IIANI. 

t Minimum acceptable Q at I MC is defined by a curve; value varies with capacitance. 

Type designations of AWS or JAN fixed mica -dielectric capacitors are a 

comprehensive numberiig system used to identify the component. The 

capacitor type designation is given in the following form: 

CM 20 A 050 

COMPONENT CASE CHARACTERISTIC CAPACITANCE TOLERANCE 

Component designation: Fixed mica -dielectric capacitors are identified by 

the symbol CM. 

Case designation: The case designation is a 2 -digit symbol which identifies 

a particular case size and shape. 

Characteristic: The characteristic is indicated by a single letter in accordance 

with Table I. 

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 which follow the first two digits. If more than two significant 

figures are required, additional digits may be used, the last digit always indi- 

cating the number of zeros. 

Capacitance tolerance: The symmetrical capacitance tolerance in percent 

is designated by a letter as shown on page 52. 
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Capacitors, fixed mica dielectric continued 

AWS and JAN fixed capacitors 

mica capacitors-black 
(AWS paper capacitors -silver) 

first significant figure 
second significant figure 

decimal mutiplier 
characteristic tolerance 

RMA fixed capacitors 

The 1938 RMA Standard covers a simple 3 -dot color code showing directly 
only the capacitance, and a more comprehensive 6 -dot color code showing 
3 significant figures and tolerance of the capacitance value, and a voltage 
rating. Capacitance values are expressed in micromicrofarads up to 
10,000 micromicrofarads. 

Examples 

first significant figure 

0,0-0) ll 
second significant figure ' decimal multiplier 

RMA 3 -dot 500 -volt, ± 20% tolerance only 

first significant figure second significant figure 
r -third significant figure 

c> c> c> 
O O O 

I decimal multiplier 
voltage rating -J tolerance 

top row 
hnor leff I center right 

RMA 6-dot 

bottom row 
tolerance 
multiplier 

lett center 
I 

right description 

RMA 13 dot/ red 
RMA brown 
RMA brown 
CM30B6811 black 
CM35E332G block 

green 
black 
red 
blue 
orange 

brown 
block 
green 
gray 
oronge 

none 
blue 
gold 
brown 
yellow 

none 
green 
red 
gold 
red 

none 
brown 
brown 
brown 
red 

250 µµft 20%, 500 volts 
1000 µµt t 5' o, 600 volts 
1250 AO 2 %, 1000 volts 
680pµ( 5 %, characteristic B 
3300 pµft 2%, characteristic E 
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Capacitors, fixed ceramic 

Tubular ceramic dielectric capacitors are used for temperature compensa- 

tion of tuned circuits and have many other applications as well. If the 

capacitance, tolerance, and temperature coefficient are not printed on 

the capacitor body, the following color code will be used. The change 

in capacitance per unit capacitance per degree centigrade is the tempera- 

ture coefficient, usually stated in parts per million per centigrade (ppm / °C). 

color 
significant 

figure multiplier 

capacitance 

in % 

c > 10 µµf 

tolerance 
in µµf 

e < 10 µµf 

temperature 
coefficient 

parts /million /° C 

black 0 1 ±20 2.0 0 

brown 1 10 ± 1 -30 
red 2 100 ±2 -80 
orange 3 1,000 -150 
yellow 4 - -220 
green 5 - ±5 0.5 -330 
blue 6 - -470 
violet 7 - -750 
gray 8 0.01 0.25 +30 
white 9 0.1 ±10 1.0 -330 ±500 

temperature coefficient 

Examples 

A first significant figure 
B second significant figure 

C decimal multiplier 
D capacitance tolerance 

wide 
band 

narrow 
A 

bands or dots 
B I C D description 

black block red black black 2.0 µµf ± 2 µµf, zero temp coeff 
blue red red black green 22 µµf ±5%, -470 ppm /° C temp coeff 
violet gray red brown silver 820 µµf ±10%, -750 ppm /° C temp 

coeff 
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Inductance of single -layer solenoids 

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

L = Fn2d microhenries* 

where F = form factor, a function of the ratio d /I. The value of F may 
be read from the accompanying chart, Fig. 1. 

n = number of turns, d = diameter of coil (inches), between centers of 
conductors, I = length of coil (inches) = n times the distance between 
centers of adjacent turns. 

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

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

I L I 100 

n yFd 1/0.0173 X 2 - 54 turns 

Reference to Magnet Wire Data, page 60, will assist in choosing a desirable 
size of wire, allowing for a suitable spacing between turns according to the 
application of the coil. A slight correction may then be made for the in- 
creased diameter (diameter of form plus two times radius of wire), if this 
small correction seems justified. 

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. 

1. If all dimensions are held constant, inductance is proportional to n2. 

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

Formulas and chart (Fig. ll derived from equations and tables in Bureau of Standards Circular No. 74. 
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Inductance of single -layer solenoids continued 

OA9 ....11110111.. 
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, I//ÍW5 0.0020 
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0.02 

For solenoids where the 
diameter, length is less than 
0.02, use the formula: 

diameter 
F = 0.0250 

length 

Fig. 1- Inductance of a single -layer solenoid, form factor: F 
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Magnet wire data 

size 
wire 
AWG 

bare 
nom 
diam 

in 

inches 

Doom 
nom 
diam 
in 

Inches 

SCC* 
diam 

In 
inches 

DCC* 
diem 

in 
inches 

SCEs 
diem 

In 
inches 

SSC* 
diem 

In 
inches 

DSC* 
diem 

in 
inches 

SSE* 
diem 

in 
inches 

bare 
min 

diam 
inches 

max 
diam 

inches 

enameled 
min 

diam 
inches 

diam* 
in 

inches 

10 .1019 .1039 .1079 .1129 .1104 .1009 .1029 .1024 .1044 
11 .0907 .0927 .0957 .1002 .0982 .0898 .0917 .0913 .0932 
12 .0808 , .0827 .0858 .0903 .0882 .0800 .0816 .0814 .0832 

13 .0720 .0738 .0770 .0815 .0793 .0712 .0727 .0726 .0743 
14 .0641 .0659 .0691 .0736 .0714 .0634 .0647 .0648 .0664 
15 .0571 .0588 .0621 .0666 .0643 .0591 .0611 .0613 .0565 .0576 .0578 .0593 

16 .0508 .0524 .0558 .0603 .0579 .0528 .0548 .0549 .0503 .0513 .0515 .0529 
17 .0453 .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 .0399 .0398 .0355 .0363 .0366 .0378 
20 .0320 .0334 .0370 .0415 0388 .0340 .0360 .0358 .0316 .0323 .0326 .0338 
21 .0285 .0299 .0335 .0380 .0353 .0305 .0325 .0323 .0282 .0287 .0292 .0303 

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 .0221 .0241 .0236 .0199 .0203 .0238 .0216 

25 .0179 .0190 .0224 .0264 .0238 .0199 .0219 .0213 .0177 .0181 .0186 .0193 
26 .0159 .0169 .0204 .0244 0217 .0179 .0199 .0192 .0158 .0161 .0166 .0172 
27 .0142 .0152 .0187 .0227 0200 .0162 .0182 .0175 .0141 .0144 .0149 .0155 

28 .0126 .0135 .0171 .0211 .0183 .0146 .0166 .0158 .0125 .0128 .0132 .0138 
29 .0113 .0122 .0158 .0198 0170 .0133 .0153 .0145 .0112 .0114 .0119 .0125 
30 .0100 .0108 .0145 .0185 0156 .0120 .0140 .0131 .0099 .0101 .0105 .0111 

31 .0089 .0097 .0134 .0174 .0144 .0109 .0129 .0119 .0088 .0090 .0094 .0099 
32 .0080 .0088 .0125 .0165 0135 .0100 .0120 .0110 .0079 .0381 .0085 .0090 
33 .0071 .0078 .0116 .0156 0125 .0091 .0111 .0100 .0070 .0072 .0075 .0080 

34 .0063 .0069 .0108 .0148 .0116 .0083 .0103 .0091 .0062 .0064 .0067 .0071 
35 .0056 .0361 .0101 .0141 .0108 .0076 .0096 .0083 .0055 .0057 .0059 .0063 
36 .0050 .0055 .0090 .0130 0097 .0070 .0090 .0077 .0049 .0051 .0053 .0057 

37 .0045 .0049 .0085 .0125 0091 .0065 .0085 .0071 .0044 .0046 .0047 .0051 
38 .0040 .0044 .0080 .0120 .0086 .0060 .0080 .0066 .0039 .0041 .0042 .0046 
39 .0035 .0038 .0075 .0115 0080 .0055 .0075 .0060 .0034 .0036 .0036 .0040 

40 .0031 .0034 .0071 .0111 .0076 .0051 .0071 .0056 .0030 .0032 .0032 .0036 
41 .0028 .0031 .0027 .0029 .0029 .0032 
42 .0025 .0028 .0024 .0026 .0026 .0029 

43 .0022 .0025 .0021 .0023 .0023 .0026 
44 .0020 .0023 .0019 .0021 .0021 .0024 

*Nominal bare diamete plus maximum additions. 
For additional data on copper wire, see pagas 35, 36, and 126. 
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Reactance charts 

Inductance C reactance XI. or XC capacitance C frequency f. - 2000- 

-1000 

- 500 

- 200 

- 100 

- 50 

- 20 

-10 

_ 

-2 
- 
- 0.5 

- 0.2 

- 0.1 

- 0.05 

- 0.02 

- 0.01 

- 0.005 

- 0.002 

e 

- 10 - 
- 5 

- 2 

p_-- 

0.5 

- 0.2 

0.1 

- 0.05 

- 0.02 

0.01 

- 0.005 

- 0.002 

0.00- 
_-1000- - 500 

- 200 - 100 

- 50 

- 20 

10 

- 5 

_ - 2 - 
- 0.5 

0.2 

- 0.1 

- 0.05 

- 0.02 - 0.01- 

E 

o 
ó 
E 

É 

° 

2-0-1 

- 50 - 100 - 200 - 500 J 
1000 
0.001- - 0.002 

- 0.005 

- 0.01 

- 0.02 

- 0.05 - 0.1 - 0.2 - 0.5 

- 2 'i 
= 5 - 10 - 20 

- 50 - 100 - 200 

- 500 
1000- 
0.001 
0.002 

- 0.005 - 0.01 - 0.02 

- 0.05 - 0.1 - 0.2 .2 

- 0.5 - I - 2 

- 10 - 20- 

v 
ó 

* 

0 
ó 

v 

- 1000- 

- 500 - 400 

- 300 

- 200 

-150 

- 100 

- 50 - 40 
_ o 

-+30 . 
- 20 

- 15 

-10 

-5 - 4 

- 3 

--- 2 

- 1.5 

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

Fig. 2-1 cycle to 1000 cycles. 



62 

Reactance charts continued 

XC 

10- 
5 

2 

0.5 

0.2 

0.1 

0.05 

0.02 

0.0 

I-- 0.005 

0.022 

0.001 - 
1000- 

500 5 

200 

100 

50 

20 

10 

5 

c 
2 

0.5 

0.2 

0.1 

0.05 

0.02 

É 

á 
É 

_ 

copacBonce C frequency f 

- 1000 

- 500 - 400 

- 300 

- 200 

- ISO 

- 100 

- 50 - 40 2 

- 30 

_ x 
ÿ - 20 

- IS 

- 10 

- S 

-3 

-- 2 

-1.5 

-I- 

inductance I. - 2000 

1000 

500 

2 

100 

50 

20 

10 

s 

2 1 

0.5 

0.2 

0.1 

0.05 

0.02 

0.01 

0.005 

0.002 

reactance XL or 

` 

1- 

- 0.02 - 0.05 ^ 0.1 - 0.2 - 0.5 - I - 2 
_ - 5 

-10 - 20 

= 50 - 100 - 200 

- 500 
1000 - 0.001 - 0.002 

= 0.00S - 0.01 - 0.02 

- 0.05 - 0.1 - 0.2 

= 0.5 - 
^ 2 

=5 - 10 - 20 

= 50 - 100 - 200 

= 500 
1000 
0.001-i, - 0.002 

0.005 - 0.01 

0.02-? 

o 

4, 

ó 

Example: Given a capacitance of 0.00 µf, find the reactance at 50 kilocycles and inductance 
required to resonate. Place a straight edge through these values and read the intersections 
on the other scales, giving 3,180 ohms and 10.1 millihenries. 

Fig. 3-1 kilocycle to 1000 kilocycles. 
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Reactance charts continued 

inductance!. - 2000- 

1000 

-- 500 

200 

- 100 

- 50 

- 20 

-10 

-5 

-2 
- 1 

- 0.5 

- 0.2 

- 0.1 

- 0.05 

- 0.02 

- 0.01 

0.005 

- 0.002 

reactance XL or XC 

10 

5 

- 2 

- 1 

- 0.5 

0.2 

- 0.1 ó 

- 0.05 

- 0.02 

0.01 

- 0.005 

- 0.002 

0.001- 
-= 1000 - - 500 

- 200 

100 

- 50 

- 20 

10 

-5 
_ - 
= 1 

0.5 

- 0.2 

0.1 

0.05 

- 0.02 - 0.01 

capacitance 

E 

Ñ 
E 

E 

ó 

C 

0 

4. 
4. 

v 

frequency 

1000- 

- 500 - 400 

- 300 

- 200 

-150 

- 100 

_ 50 ir - 40 
r 
ó - 30 at 
E 

- 20 

-15 

- 10 

-5 
- 4 

- 3 

- 2 

- 1.5 

- 0.00002 

- 0.00005 - 0.0001 - 0.0002 - 0.0005 - 0,001 - 0.002 

- 0.005 - 0.01 - 0.02 

= 0.05 .p 

-0.1 - 0.2 
_ - 0.5 

-1 
-2 
-5 
-10 - 20 

- 50 

-100 - 200 

- 500 
1000 - 0.00t - 0.002 

- 0.005 - 0.01 - 0.02 

- 0.05 - 0.1 - 0.2 

2 - 5 

-- 10 -1.-- - 20 

Fig. -1 megacycle to 1000 megacycles. 
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Impedance formulas cocrnued 

Parallel and series circuits and their equivalent relationships 

Conductance G = ) w _= 2H 
RP 

Susceptance B = X, = 
L 

- wCp 
P w P 

Reactance XP = rLP 

1 - w2LPCP 

Admittance Y = 
E 

= 
Z 

= G - jB 

= ß/G2 +B2 L -= IYI L -¢ 
Impedance Z - E - 1 RP XP 

(X + IR ) 

Y Rp2 x3,2 P P 

RP XP 

1/RP2 + XPs 
Lç5= IZI L parallel circuit 

Phase angle -0 = tan -1 
GB 

= cos 1 

Y 
= - ' 

Resistance = R. 

Reactance X, = wL, 
1 

wC, 

Impedance Z = E = R, + IX, 

= /R,2 +X,2 L¢= 1Z L¢ 
Phase angle ¢ = tan -1 X° = cost R, 

R, Z 
Vectors E and I, phase ange 0, and Z, Y are 
identical for the parallel circuit and its equival- 
ent series circuit 

I =YE 

I Rs1 

equivalent series circuit 

Q= i tan ¢I = I = RP = Bi IX° 
R, iXP1 G 

PF = cos ¢= R. _ 1 Z 
1 G 

I R, 1 kw 
I Z I RP 0'1= Y I y RP 1Q2 + 1 kva 

Z2 = + X,2 _ --RP 
"X 2 P 

= R,RP = X,XP 
Rp' + XP- 
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Impedance formulas continued 

Y2 = G2 + B2 = 
RPZ 

T 
XPZ R, 

Z2 G XP2 
1 R,=RP=>=RPRP2+XP2=RPQ_+1 

Z2 B RP2 1 

X. = 
XP 

- - XP 
+ 

- XP 

1 = = ZzR'2+X'2 R = =R,(Q"-{-1) 
G R, R, 

, XR"2X X'2 \ 
\ 

R X,=== -X1+=PtRP g, QXs v R 

R.9 

R, 

Approximate formulas 

Reactor R, = 
Rn 

and X = X, = X,, (See Note 1) 
R, 

Resistor R = R, = RP and X, = (See Note 2) 
X, 

Simplified parallel and series circuits 

X,, wLP B = - X, = wL, 
P 

wL, R,, 
tan ¢= -- _- 

R, wLP 

PF = 

wL,_ RP_ 
Q = 

R, wL P 

R, wLP 

1/R,2 .+ 6)2L,2 

PF = 
Q 

approx (See Note 3) 

1/RP2 +, w2LP2 

R,=RP 1 RP=R,(Q"-{-1) 
Q- -}- 1 

L,=LP LP=L,(1+Q,) 

Q2 
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Impedance formulas continued 

-1 -1 
XP = WC B = -wCP X, - CO P a 

- 1 

tan = w PR 
C,R, 

C P 
w 

Q = 1 - wCPRP 
wC,R, 

PF = wC,R, 1 

1/1 + w2C,2R,2 1,1 + w2CP2RP2 

PF = 
Q 

approx (See Note 3) 

C8=CP11+ l \ Q2/ 

1 

Approximate formulas 

RP = R. (Q'-+ 1) 

CP = C, 
1 +-1- 

Q2 

1 

Inductor R = w"L' 
R. - R--andL=LP=L, (See Note l) 

P 

2 

Resistor R = R, = RP and LP = -R (See Note 2) 
(421_, 

Capacitor R. = 1 and C = C, = C, (See Note 1) 
w2'C"RP 

Resistor R = R. C, = - 
c,2CPR2 

(See Note 2) 

Note 1: (Small resistive component) Error in percent = - 
Q- 

(for 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 
approximately (for Q = 7, error = 1 

Q percent high) 
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Skin effect 

A = correction coefficient 
D = diameter of conductor in inches 
f = frequency in cycles per second 

R°c = resistance at frequency f 

Rdc = direct -current resistance 
T = thickness of tubular conductor in inches 

T1 = depth of penetration of current 
µ = permeability of conductor material (µ = 1 for copper and other 

nonmagnetic materials) 
p = resistivity of conductor material at any temperature 

pc = resistivity of copper at 20 °C(1.724 microhm -centimeter) 

Fig. 5 shows the relationship of R°c; Rd° versus DV'f for copper, or versus 

Drf 14.11'e for any conductor material, for an isolated straight solid con- \I 
P 

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 °c is increased about 3 percent. The formulas 
are accurate for concentric lines due to their circular symmetry. 

For values of DVf µPc greater than 40, 

R°` = 0.0960 Drf µPc + 0.26 (1) 
Rd, 

The high- frequency resistance of an isolated straight conductor: either solid; 

or tubular for T < 
8 

or T1 < 
8 

; is given in equation 12). If the current 

flow is along the inside surface of a tubular conductor, D is the inside 
diameter. 

f 
R« = A- FT, 

X 10 -s ohms per foot 121 

The values of the correction coefficient A for solid conductors are shown in 

Table II and, for tubular conductors, in Table Ill. 

The value of T f 

NI- 
f'- that just makes A = 1 indicates the penetration of I P 
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Skin effect continued 

0 scale C 40 
5.0 1.20 

80 120 160 200 240 

4 0 1.15 

3.0 110 

2.0 1.05 

1.0 I.00 
0 

scale A 2 
scale 8. 10 

4 6 8 
20 30 40 

10 
50 

LD f for copper at 20 °C, or D 13' A for any conductor material 
P 

R °, resistance at frequency f 
Rd,, direct- current resistance 

25 

20 

IS 

10 

v 
á 

5 

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

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

3.5 
T1 = P inches. (3) 1f ILPc 

When T1 < 
8 

the value of Roc as given by equation (2) (but not the value 

of 
R°` in Table Ill) is correct for any value T 

da 

Under the limitation that the radius of curvature of all parts of the cross 

section is appreciably greater than T1, equations (2) and (3) hold for isolated 
straight conductors of any shape. In this case the term D = (perimeter of 
cross section) - a. 

Examples 

1. At 100 megacycles, a copper conductor has a depth of penetration 
T1 = 0.00035 inch. 

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

of the components within the shield. By comparison, a thick aluminum sheet 

has a resistance 
V 

= 1.28 times that of copper. 
Pc 

Table II -Solid conductors Table Ill- Tubular conductors 

A Ro/Ra D 
VVV P 

A T 1/f 
V 

I µ P` 

> 370 1.000 = B wherel 
1.00 0.384 B 

220 1.005 B > 3.5 f 
160 1.010 3.5 1.00 1.35 

3.15 1.01 1.23 

98 1.02 2.85 1.05 1.15 

48 1.05 
26 1.10 2.60 1.10 1.10 

2.29 1.20 1.06 

13 1.20 2.08 1.30 1.04 

9.6 1.30 
5.3 2.00 1.77 1.50 1.02 

<3.0 R, 1.31 2.00 1.00 

10.37 P = B where 
10 -6 ohms per foot Rao= p2 

Pe 
X 

B < 1.3 

2.60 

B 
1.00 



14 

Network theorems 

Reciprocity theorem 

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

Thévenin's theorem 

If an impedance Z is connected between two points of a linear network, the 

resulting steady -state current 1 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 (l) the connected impedance Z, and (2) the 

impedance Z1 of the network measured between the two points, when all 
generators in the network are replaced by their internal impedances 

I - V 

Z--Z1 

Principle of superposition 

The current which flows at any point in a network composed of constant 
resistances, inductances, and capacitances, or the potential difference which 
exists between any two points in such a network, due to the simultaneous 
action of a number of emf's distributed in any manner throughout the network, 
is the sum of the component currents at the first point, or the potential differ- 
ences between the two points, which 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 1, there may be substituted a virtual 
source of voltage of value -ZI. 

Electrical circuit formulas 

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

L =c 
L7.353 

1oglo 
l - 6.3701 
d 

L = inductance in microhenries 
J 

a = mean radius of ring in inches 

d = diameter of wire in inches 
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Electrical circuit formulas continued 

2. Capacitance of a parallel -plate capacitor 

C = 0.0885 K 
(N - 11 A micromicrofarads 

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

t = thickness of dielectric in centimeters 
K = dielectric constant 

This formula neglects "fringing" at the edges of the plates. 

3. Reactance of an inductor 
X = 2irfL ohms 
f = frequency in cycles per second 
L = inductance in henries 

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

4. Reactance of a capacitor 

X = - 1- ohms 
2irIC 

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

This may be written X = fC9 2 ohms 

f = frequency in kilocycles per second 
C = capacitance in microfarads 
or f in megacycles and C in milli -microfarads (0.0010. 

5. Resonant frequency of a series -tuned circuit 

1 

f = cycles per second 
2TV LC 

L = inductance in henries 
C = capacitance in farads 

This may be written LC = 25,330 

f2 

f = frequency in kilocycles 
L = inductance in millihenries 
C = capacitance in milli -microfarads 10.0010 

or f in megacycles, L in microhenries, and C in micromicrofarads. 
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Electrical circuit formulas continued 

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

= 

X= 

R= 
L= 
C= 
R= 

--R- 

= ohms 
R CR 

wL = 
wC 
- 

rl + r2 

inductance in henries 
capacitance in farads 
resistance in ohms 

The formula is accurate for engineering 

purposes provided 
R 

> 10. 

7. Parallel impedances 

If Z1 and Z2 are the two impedances which 
the resultant impedance is 

ZIZI (R1 /X1) (R2 + 1X2) Z= 
Z1 + Z2 (R1 + R2) + /VI + X2) 

Z_IZItZ2I L 
Z1 +Z2I 

= L Z1 + L Z2 - L (Z1 + - Z2) 

X2 
= tan -1 + tan -1 - tan_' 

Xl + XZ 

R1 R2 R1 + R2 

are connected in parallel, then 

(R1R2 - X1X2) + i (R1X2 R2X1) 

(R1 + R2) + j(X1 + X2) 

Given one impedance Z1 and the desired resultant impedance Z, the other 
impedance is 

ZZ1 
ZZ 

Z1 -Z 

8. Impedcnce of a two -mesh network 

Z11 = R11 + %X11 

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

Z22 = R22 + lX22 
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Electrical circuit formulas continued 

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

Z12 = R12 + jX12 

is the mutual impedance between the two 

meshes, i.e., the open- circuit voltage ap- 

pearing in either mesh when unit current 

flows in the other mesh. 

Then the impedance looking into terminals 

1 - I with terminals 2 - 2 short -circuited is 

Zi' = Rl' + jXi = Zii - Z122 Rlzz - X122 + 2/1212X12 

Zzz = 
Rll + iXli 

Rzz + jXzz 

When 

R12 =O 

X122 
X122 (R22 - jXzz) Z1' = Ri + jX1' = Zu + = Ru + jXu + 

R222 -}- X222 

Example 1: Two resistors in parallel. 

Z11 = R1 

Z12 = Rl 

Z22 = R1 + R2 

Hence Zi = Ri = Rl R12 RiRz 

Rl + Rz R1 + Rz 

Example 2: A transformer with tuned secondary and 

resistance. 

Z11 = jwLl 

Z22 = R2 

Z12 = jwM 

since X22 = 0 

Then Z1' = jwLi -}- 
w2M2 

R2 

negligible primary 



18 

Electrical circuit formulas continued 

9. Currents in a two -mesh network 

e1 
1 = ---- 

Z1 

Z22 = el 
411Z22 - Z122 

= el 

i2=e1 

R22 + jX22 

(R11R22 - X11X22 

Z12 

Z11Z22 - Z122 

- R122 + X122) + j(R11X22 + R22X11 - 2R12X12) 

10. Power transfer between two impedances connected directly 
Let Z1 = R1 + IX1 be the impedance of the source, and Z2 = R2 + jX2 be 
the impedance of the load. 

The maximum power transfer occurs when 

R2 = R1 and X2 = -X, 

The reflection loss due to connecting any two impedances directly is 

/2___IZ1 +Z2_I 

2 -V R1R2 

In decibels 

db= 20logioIZ1 +Z2 
2 \/R1R2 

12 = current which would flow in Z2 were the two impedances connected 
through a perfect impedance matching network. 

I = current which flows when the impedances are connected directly. 

11. Power transfer between two meshes coupled reactively 

In the general case, X,1 and X22 are not 
equal to zero and X12 may be any re- 
active coupling. When only one of the 
quantities X,1, X22, and X12 can be varied, 
the best power transfer under the cir- 
cumstances is given by 

e 
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Electrical circuit formulas continued 

For X22 variable 

X' 
22X11 

X22 = (zero reactance looking into load circuit) 
R112 + X112 

For X11 variable 

X11 = 
X122X27 

(zero reactance looking into source circuit) 
8222 + X222 

For X12 variable 

X122 = 1/ (R112 + X112) (R222 + X222) 

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

/ 
X122 = v (R112 + X112) (R222 + X222) 

and 

X" X22 
both circuits of same Q or phase angle) 

R11 R22 

For perfect impedance match the current is 

i2 = --e' _ L tan -1 Ru 

2V R11R22 X11 

In the most common case, the circuits are tuned to resonance X11 

X22 = O. Then X122 = R11R22 for perfect impedance match. 
= 0 and 

12. Optimum coupling between two circuits tuned to the same 
frequency 
From the last result in the preceding section, maximum power transfer (or an 

impedance match) is obtained for w2M2 = R1R2 

where M is the mutual inductance between the circuits, R1 and R2 are the 

resistances of the two circuits. 

13. Coefficient of coupling 

By definition, coefficient of coupling k is 

k = where M = mutual inductance 
V L1L2 

L1 and L2 are the inductances of the two coupled circuits. 
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Electrical circuit formulas continued 

Coefficient of coupling is a geometrical property, being a function of the 

proportions of the configuration of coils, including their relationship to any 

nearby objects which affect the field of the system. As long as these pro- 

portions remain unchanged, the coefficient of coupling is independent of 

the physical size of the system, and of the number of turns of either coil. 

14. Selective circuits 

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 

1. All circuits are tuned to the same frequency fo. 

2. All circuits have the some Q, or each pair of circuits includes one circuit 

having Q1, and the other having 02. 

3. Otherwise the circuits need not be identical. 

4. 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 

1. The reactance around each circuit is equal to 2X0 
fo 

2. The resistance of each circuit is constant and equal to X-Q - 
3. The coupling between two circuits of a pair is reactive and constant. 

(When an untuned link is used to couple the two circuits, this condition fre- 

quently is far from satisfied, resulting in a lopsided selectivity curve.) 

4. The equivalent input voltage, taken as being in series with the tuned 

circuit (or 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. 

5. likewise, the output voltage across the circuit (or the final circuit of a 

pair) is assumed to be proportional only to the current in the circuit. 
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Electrical circuit formulas continued 

The following symbols are used in the formulas 

Of f -fo deviation from resonance frequency 

fo fo resonance frequency 

f = signal frequency 
fo = frequency to which all circuits are independently tuned 

X0 = reactance at fo of :nductor in tuned circuit 
Q = quality factor of tuned circuit. For a pair of coupled circuits, there is 

used Q = ''QlQ2 
Qi and 02 are the values for the two circuits of a coupled pair 

- 2QtQ2 
QI -I- Q2 

E = amplitude of output voltage at frequency f 

1 

both for the same value 
E0 = amplitude of output voltage at frequency fo of input voltage 
n = number of single tuned circuits 
m = number of pairs of coupled circuits 
¢ = phase shift of signal at f relative to shift at f0, 

as signal passes through cascade of circuits 
k = coefficient of coupling between two coupled circuits 
p = k2Q2 or p = k2Q1Q2, a parameter determining the form of the selec- 

tivity curve of coupled circuits 

Selectivity and phase shift of single tuned circuits 

E 1 In 

Eo 

[VI 

At 1 (Eo\ 
To 

t2Q (Ë I 1 single tuned 
circuit 

E 
Decibel response = 20 logro - 

(E0 

(db response of n circuits) = n times (db response of single circuit) 

= ntan-)( -2Q -) 

These equations are plotted in Fig. 6 and Fig. 7, following. 
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Electrical circuit formulas continued 

+2.0 

+1.0 

O 

5 

10 

15 

20 

25 

-30 

__ !\, changeo db sca e ",1`_ 
"`,,-",-. IuIIMI 

not 

`,,,11"--._ 

N 

..,1'_""". f 9e .,,tM\ -_ ̀ ̀ l_ 
0.1 0.2 0.3 

f - fo 

Q fu -Q fo 

b response of -a single circuit n = -a pair of coupled 
circuits m = 1 

'Fig. 6- Selectivity curves. 

0.7 IA 2 3 5 7 10 

The selectivity curves are symmetrical about the 

axis Q ff = 0 for practical purposes. 
o 

Extrapolation beyond lower limits of chart: 

_useful Limit 

.1 response for Jf error 
doubling Jf circuit fo becomes - 6 db 'F- single -' ± 0.3 i 1 to 2 db 
- 12 db 4- pair -o ± 0.2 ,3 to 4 db 

As an example of the use of the curves, suppose there are three single -tuned 
circuits In .= 31. Each circuit has a Q = 200 and is tuned to 1000 kilocycles. 
The results of this example are shown in the following table: 

abscissa 
Af 

ordinate db 0+ 
43s 

Q .- kc 
db response 
for n= 1 

response 
forn =3 for n = 1 for n = 3 

0.5 ±2.5 -3.0 -9 F45° F135° 
1.5 ±7.5 -10.0 -30 F71Y ° X215° 
5.0 ±25.0 -20.2 -61 F84° F252° 

e c is negative for Gf positive, and vice versa. 
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Electrical circuit formulas continued 

o 

-20 

40 

-60 

80 

-100 

120 

140 

160 

-180 

note change of O f, scale 

MENEM 

MEOW 
imm110 

lam 
1114 

0 2 4 6 .8 

f - fc 

Qf -Q 
IO 15 

relative phase angle w in degrees 

-a single circuit n 1 - a pair of coupled circuits m = 1 

Fig. 7- Phase -shift curves. 

2 2.5 3 4 5 

sing) e circuí 

6 7 e 

The curves are symmetrical about the origin. 
.f 

For negative values of Q , th is positive and 

same numerical value as for corresponding 

negative va'ue of Q 
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Electrical circuit formulas continued 

Selectivity and phase shift of pairs of coupled tuned circuits 

Case 1: When Qi =Q2 =Q 
These formulas can be used with reasonable accuracy when Q1 and 02 differ 
by ratios up to 1.5 or even 2 to 1. In such cases use the value Q = v Q1Q2 

E_ 
¡ \ 

p+l m 

Eo 

V 
L (2Q 

úf 
1 - (p - 111 + 4p 

]m 

t- _'(p -1) t .l(p +1)2 Eu -4p 
fo 2Q VV (E ) 

For very small values of -E the formulas reduce to 
Eo 

E p+1 

Eo 
['2QÍ]lz 

foJ 

ElDecibel response = 20 logro 
Eo/ 

one of several types 
of coupling 

(db response of m pairs of circuits) = m times (db response of one pair) 

-4Qfo 
¢ = m tan -1 

(p + 1) -(2Qófl ] 2 

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

The above equations are plotted in Figs. 6 and 7. 

For overcoupled circuits (p > 1) 

Of 1 

fo heat 2Q 
Location of peaks: 

Amplitude of peaks: 
CE 

) (p + 1)n7 

E.0/ peat - 
Phase shift at peaks: 4) pea = m tan- 1( /1/p - i) 
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Electrical circuit formulas continued 

Approximate pass band (where 
-E 

= 1 ). 
Eo 

(Of 
d 

¡Of ¡Of\ 
fo ,/ccnter - 0 an 1 fo /unuv `foJpeak 

I 
p - l 

Q N 2 

Case 2: General formula for any Qi and Q2 

E p+1 
-Co 

['\1 L 
( 
20 

1 z - B] -I- (p -1- 1)2 - Bin' 

0_f 
I / 1? # 

= t-JBtrlp-I-111É°Jnt- Ip+112 g^- 
f° 2Q L \ 

=mtañ 1 

For overcoupled 

2C_41( 
f o \ Q' + 

Qz Qi 

-j- 11 

circuits 

- óf (2Q 
z 

l 
(fO)PCGk 2\Ikz + Location of peaks: 

2Q 

Amplitude of peaks: 
+ 1 . 

m 
[ 

P 

Ip } 1)2 - BZ 

Case 3: Peaks just converged to a single peak 

Here B =0 or k2= 21Q12 +Q22) 

E 

Eo 

2 m 

; 

Of f - a 

\J/ f\ 
fo 

4Q' f 
fo =mtañ 1 - z 

2- (20' 
úf 

1/2(1 11 
4 \\Q1 + Q2/ . 

Jt EO\m - 1 

E 

The curves of Figs. 6 and 7 may be 

applied to this case, using the value 

p = 1, and substituting Q' for Q. 
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Electrical circuit formulas continued 

15. T - ir 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. 

T or Y network 

Z, 2 

r or .I network 

Impedance equations Admittance equations 

Z12 
Z Z2 + ZIZ3 + 72Z3 Y1 Y2 

12 - 
Z3 Yl + Y2 + Y3 

Z¡ Z2 + ZIZ3 + ZZ3 
Y - Yi Y3 

13 
Z2 Y1+Y2 +Y3 

Z1Z2 + Z1Z3 + Z2Z3 Y2 Y3 
23 

Z1 Y1+Y2+Y3 
Zt2Z13 YI"Yi3 + YI2Y23 + Y13Y23 Zi. = Y1 = --- 

Z12 + Z13 + Z23 Y23 

Z12Z23 Yl^Yi3 + Y12Y23 + Y13Y23 Z2 
Z12 + Z13 + Z28 Y13 

Z13Z23 Y12Y13 + Yl^_Y23 + Y13Y23 Z3 
Z12 + Z13 + Z23 

Y3 = 
Y12 

16. Amplitude modulation 

In design work, usually the entire modulation is assumed to be in MI. Then M2, 
M3, etc, would be neglected in the formulas below. 

When the expression (1 + MI + M2 + ....1 is used, it is assumed that col, 
w2, etc, are incommensurate. 

= 1[1 + M1 cos (wit + VI) + M2 cos (wet + 02) + ....] sin (wt + ri)o) 
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Might A 

7 - 
- 8 

5 

t3 

- 2 

- 1.5 

- 1 

- 0.8 

- 0.7 

- 0.6 

- 0.5 

fi 

1 

T 

normal 

111111 
Ii 

h 
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mod.ottoe 
percentage - 97 - 
- 95 

- 90 

80 

- 70 

-ó0 --. 
- 50 - 40 - 30 

20 - 10 - 0 
1.5 - 

height B _ 0.1 

0.15 - 
0.2 - 

0.3 

0.4 

0.5 

percent mcdulationo At B 
100 

over 100% modvla:on 

To determine the modulation percentage from an oscillogram of type illus- 

trated opply measurements A and B to scales A and B and read percentage 
from center scale. Example: A = 3 inches, B = 0.7 inches -Modulation 
62%. My units of measurement may be used. 

Fig. l-- Modulation percentage from oscillograms. 

2 

3 = 

4 

6 - 
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= ¡{sin (wot + 41o) + 2' [sin (wo + wi t + (fro + (k) + 

sin (wo - wl t -F 4 6 o - ( 1 ) 1 1 1 + 2 [sin (wo -}- w2 t + ¢o -i- (A2) + 

sin (wo -wet + ßo - ¢2) ] + .... 
Percent modulation = (Ml + M2 + ....) X 100 

crest ampi - trough ampi 
X 100. 

crest ampi + trough ampi 

Percent modulation may be measured by means 

of an oscilloscope, the modulated carrier 
wave being applied to the vertical plates and 
the modulating voltage wave to the horizontal 
plates. The resulting trapezoidal pattern and 

O 

a nomograph for computing percent modu- 

lation are shown in Fig. 8. The dimensions A 

and B in that figure are proportional to the crest amplitude and trough 
amplitude, respectively. 

Peak voltage at crest: Vcrur = Vc.rrier, rma (1 + M1 + M2 + 
Kilovolt- amperes at crest: kvacreer = kvacarr;cr (1 + MI + M2 + )2 
Average kilovolt -amperes over a number of cycles of lowest modulation 
frequency: 

hough asst' 

M12 M22 
kvaaverapa = kVatarrier ) ++..) 

2 2 

Effective current of the modulated wave: 

Jeff = ¡carrier, rmaVi + 22 + + ... 

17. Elementary R -C, R -L, and L -C filters 

Simple attentuating sections of broad frequency discriminating characteris- 
tics, as used in power supplies, grid -bias feed, etc. The output load impedance 
is assumed to be high compared to the impedance of the shunt element of 
the filter. 
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diagram type 
time constant 

or 
r t freq 
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formula and approximation 

Font 1 1 

T- RC 
E 

_ 
in 11-f-w2T2wT 

o 

T = RC 

Ee 1 wT 
Ein 

+ Wxrs 

E T = 
Eo i 

- 1 1 

E:n Ill 

Es T = 
E°` = 1 0,T 
Ein 

1 + 0,27-2 

0.1592 Er 102 

f LC E'n w2LC-1 fs -1 w2LC f2 
f02 

Er 

R in ohms 

0.1592 
0 = 

N/LC 

L in henries C in farads 

T = time constant (seconds) 

2a = 6.28 1 = 0.1592 
2a 

a.: = 1 -f0z1 ^'w2LC=lo2 

w2LC-1 
f2-1 

(1 µf = 10 -6 farad) 

fo = resonant frequency (cps) w = 2wf 

4r2 = 39.5 
4a2 

= 0.0253 
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The relationships for low -pass filters are plotted in Figs. 9 and 10. 

Examples 

1. Low -pass R -C filters 

a. R = 100,000 ohms, C = 0.1 X 10 -6 (0.1 tif) 

Then T = RC = 0.01 second 

At f = 100 cps,- Eout = 0.16 - 
Ein 

At f = 30,000 cps, -` = 0.00053 
Ein 

1.0 

-60DB -20DB 
0.001 0.1 

-80 DB -40 DB 

0.0001 0 01 

m _ ó 

-100 DB -60 08 
0.00001 0.001 

IO X N 

1000 X N 

sss a, s ..... s>, s .......... eesmsmo1 iNomhz.u lmmume 1tiRU IRti \ M\:111 ;=1111 m\oIli! IIII M I111111 ', ''I'' \ '' 111111 p- r\ 11 r ! r r m... o O iiì\O O `-a r1 %,,, \Q iiiii i os 
, o. i °os 

l.b? 
cb, R11 

>: 1 tl x m ti \ti ti ti \.ti Mi. \ 111 -n 1. \111 11111 lÌI` curves intersect this 

line at = -13- - I ̀ ,,,'l'1I ̀e,111"l 
CM 1__'=01i11iZI EBEi\. 
INIMMIE ses>a.111= \MMINIIsMM=MI.M111es 
IIIMM 1 1111\ 1M\ 1III\\=\ \11 
NM= 111111=11111tì\IN1IMMOM\\N1i 
111111111111111111MIMME1V1IMO MEINI 

ill\ 11'1i II ÌI,I 
Kale A 100XN 
scale 6 0,300 X N 

frequency in cycles per second 

voltage reduction ratio E. 

Fig. 9 -Low -pass R -C and R -L filters. 

1000 X N 
100,000 X N 

0.000 XN 
10eX N 

N is any convenient factor, usually 

taken as an integral power of 10. 
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b. R = 1,000 ohms, C = 0.001 X 10 -6 
T = 1 X 10 -" second = 0.1 ± N, where N = 105 

At f = 10 megacycles = 100 X N, 
E 

°" = 0.016 - 
Ein 

2. Low-pass L -C filter 

At f = 120 cps, required F0 
ra = 0.03 

Ein 

Then from curves: LC = 6 X 10 -5 approximately. 
Whence, for C = 4 µf, we require L = 15 henries. 

1.0 

-20 DB 0 

\ IN1=M 11101 1!!1 Son1om1 111MIItI\'BIIL titiI tiMIIIIMIrSII ...ow. \71Afa\ fariaaraITn \1\71111\t_1 I 11 1t1111111==1111 1111 ,11 1111 \\IICI\\\IIÌIIII 
LIIi!liiikIi 1111111 

EC- v `' 1= value of LC i i i ' 
' " " ° =II 1111 ME11 i i -,., Z 

111rigi iiiiiìMIi1iì 
IHILi!iÌIHflIfl IIIMMMINIIIMSMMsL =ltt \\'\ \\i=riririri \1\ ' fa ...Iltill1jamayismomin II_11IfMn 1IIN 

1111 

curves nter ect this 

line at f' _ 
-40 DB LC 

0.01 

-60 DB 0 O 
IOXN 100XN 

Lfrequency 

in cycles per second 
Enut voltage reduction ratio 

n 

Fig. 10-Low -pass L -C filters. 

1000 n N IO000XN 

N is any convenient factor, usually 

taken as an integral power of 10. 
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18. Transients 

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. 

Convention of signs: In the following formulas, one direction of current is 

assumed to be positive, and any emf on a capacitor or in an external source, 

tending to produce a current in the positive direction, is designated as 

positive. In the case of the charge of a capacitor, this results in the capacitor 

voltage being the negative of the value sometimes conventionally used, 

wherein the junction of the source and the capacitor is assumed to be 

grounded and potentials are computed with respect to ground. 

Time constant (designated T): of the discharge of a capacitor through a 

resistor is the time t2 - t1 required for the voltage or current to decay to 

of its value at time tl. For the charge of a capacitor the same definition 
e 

applies, the voltage "decaying" toward its steady state value. The time con- 

stant of discharge or charge of the current in an inductor through a resistor 

follows an analogous definition. 

Energy stored in a capacitor = z CE2 joules (watt- seconds). 

Energy stored in an inductor = i LI22 joules (watt-seconds). 

e = 2.718 -1 = 0.3679 logioe = 0.4343 T and t in seconds 
e 

R in ohms L in henries C in farads E in volts I in amperes 

Capacitor charge and discharge 

Closing of switch occurs at time t = 0 

Initial conditions lat t = 01: Battery = Eb; e0 = E0. 

Steady state lat t = 1: i = 0; e0 = -Et,. 

Transient: 

=Eb+Ee 
t 

O 
IiC =1oe RC 

R 

0.4343 
logro 

/o - RC 
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er 
= 

Eu - \ 1 
- Eb(1 - e kl 1 t 

dt = Eu E ' 

C 

Time constant: T = RC 

Fig. 11 shows current = E T 
lu 

Fig. 11 shows discharge (for Eb = 01 ` = e T 
Eu 

/ 
Fig. 12 shows charge (for E0 = 01 - e` = I 1 - E T 

Eb \ 

1.0 

1.0 

Fig. 11. 

2.0 T 

(1,-T) 

Fig. 12. 

These curves are plotted on a larger scale k Fig. 13. 

Two capacitors 

Closing of switch occurs at time t = 0 

Initial conditions (at t = 01: 

e1 = El; e2 =E2. 
Steady state (at t = 001: 

e1= El; e2 = - Ej;i =0. 
E C_ C1C2 

E Cl + C2 C1 + C2 

Transient: 

E1 - _ = E 
HG 

R 
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e i e 

el = E f+ (E1 - E f) e R" = E1 - (E1 + E2) C1 1- f ec 

e 

IL") 
e2 = - Ef +(EZ + Ef) e 

ec" = E2 - (E1 + E2) 
C2 

1- e 
R 

Original energy = (C1E122 + C2E22) joules 

Final energy = 2 (C1 + C2) E? joules 

Loss of energy = Ji2 Rdt = 1 C' (E1 + E2)2 joules 
0 

(Loss is independent of the value of R.) 

exponential e T 

0020 0.030 0050 0070 0100 
¡¡I 

1Y 

020 030 
I I 

(1) 

Oso 0.70 iO 

4 

5 
0.99 0.98 0.97 

t 

exponential 1 -e T 

0.95 0.93 0.90 

Use exponential e - for charge 
or discharge of capacitor or dis- 
charge of inductor: 

current at time t 

initial current 
discharge of capacitor: 

voltage at time t 

initial voltage 

0.80 0.70 0.50 0.30 0.00 

Use exponential 1 - e - T for 
charge of capacitor: 

voltage at time t 
battery or final voltage 

charge of inductor: 
current at time t 

final current 

Fig. 13- Exponential functions e T and 1 - e T applied to transients in R -C and 
L -R circuits. 
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Inductor charge and discharge 

Initial conditions lat t = O): 

Battery = Eb; i = lo 

Steady state (at t = o0 1: i = if = El' 

Transient: 

RI RI 

= 1/(1 - E 
+ IO 

RI 

eh = - L 
dt 

= - IEb - RI01 E 

Time constant: T = L 
R 

R 

AUDIO AND RADIO DESIGN JU 

Fig. 11 shows discharge (for Eb = 01 i = E 

10 

I 

F:g. 12 shows charge (for Io = O) = 1 - T) 
1 

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

Series circuit of R, L, and C charge and discharge 

Initial conditions (at t = 01: 

Battery = Eb; e,. = Eo; i = I 
Steady state (at t = ao 1: i = 0; 

Differential equation: 

f'idt_Ri_L=O Eb + Eo - 
C o dt 

z 

whence L 
dtZ 

+ R 
di + 

C 
= 0 

ec = - Eb 

Solution of equation: 

+ E ) - Rlo Rt - Rt i= E 11' 
21Eb 

° sinh 
2L 

ti U+ lo cosh Dl 
C R D J 

4L 
where D =1- 

R2C 
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Case 1: When 
R2C 

is small 

I 

1 

{EEb 

-i- Eo 
lo IA -}- A211 -2A-2A2 R J 

+ [loll -A - A21 
Et. + EoIE 

R J 

where A = - 
R2C 

For practical purposes, the terms A2 can be neglected when A<0.1. The 
terms A may be neglected when A<0.01. 

Case 2: When R2C './ <1 for which D is real 

i 
f 2L f rEa + Eo Io (i_vö)]3 

+ [(i 
+ 'ö) Ea vD 

R J 

Case 3: When D is a small posit ve or negative quantity 

2¿121Ea +E0)[Rt+ 
1 \/3DJ R 

1 2L 6 2L R 

+6[1 - 
2L +2(2L>2D 6(2L)3D]} 

This formula may be used for values of D up to 10.25, at which values the 
error in the computed current i is approximately 1 percent of Io or of 

Ea + Eo. 

R 

Case 3a: When 
RzC 

= 1 for which D = 0, the formula reduces to 

lL[Ea Eo Rt 
Io 

(1 Rt)J 
R L 2L 

or i = it + i2, plotted in Fig. 14. For practical purposes, this formula may be 

used when -4L = 1 t 0.05 with errors of 1 percent or less. 
RC 
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4L 
Case 4: When >1 for which 1"D is imaginary 

2LfFEb +Eo R10l i= e- 

1 L J 
sin coot + 10 cos wot 

woL 2wOL 

Rt 
= 1,,,E 2L sin (coot + 11/1 

where 
I1 R2 

w0 v LC 412 

z 

Im = E0 
RI° 

W021-2102 
COOL 

+1.0 

+0.5 

-0.s 

4L 

=tan -1 
woL lo Fig. 14- Transients for = 1. 

Eb +EO 2 
The envelope of the voltage wave across the inductor is: 

RI \ z t 
1LC CEb 

E0 - R2° 1 + w021.2102 

Example: Relay with transient suppressing capacitor. 

Switch closed till time t = 0, then opened. 

Let L = 0.10 henries, R1 = 100 ohms, 

E = 10 volts 

Suppose we choose C = 10 -e farads, R2 

= 100 ohms. 

Then R = 200 ohms, IO = 0.10 amperes, 
E0 = 10 volts, wo = 3 X 103, fo = 480 cps 

Maximum peak voltage across L (envelope at t = 01 is approximately 30 volts. 
Time constant of decay of envelope is 0.001 second. 

If it had been desired to make the circuit just non -oscillating, (Case 3a): 

4L 
1 or R = 630 ohms for C = 10 -6 farads. 

R2C 

R2 = 530 ohms. 

Initial voltage at t = 0, across L is -Eo + RIO = 53 volts. 
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Series circuit of R, L, and C 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 = O. In the equivalent 
circuit, the steady state is due to the source e 

acting continuously from time t = - co, while 
the transient is due to short circuiting the source 
-e at time t=O. 

Source: e = E sin (wt + a) 

Steady state: i = 
Z 

Z -¢ = 
Z 

sin (wt + a - ) 
where 

\z - 
Z = Rz 

/ 
+1wL- C1 ; tan ¢=wLCR 1 

o 

actual circuit 

equivalent circuit 
The transient is found by determining current i = la 

and capacitor voltage e, = Eo at time t = 0, due to the source -e. These 
values of Io and E0 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 =1o= - E 
sin (a - ck) 

e` = Eo = wCZ 
cos (a - l 

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 = 10 and e, = Eo at the time of closing the switch are easily found, from 
which the transient is determined. It is evident, from this method of analysis, 
that the wave form 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 10 and Eo. 
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19. Effective and average values of alternating current 

(Similar equations apply to a -c voltages) 

i = I sin cot 

Average value lap = 
2 

I 
7r 

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

Effective or root -mean- square (rms) value le if = 
1 

(- 
which represents the heating or power effectiveness of the current, and is 

proportional to the reading of a dynamometer or thermal -type meter. 

When 

i = lo + Il sin wit+ 12 sin w2t+ .... 
1d/ = 1/ Io2 + z (Il2 + 122 + ... ) 

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

average values of the components. 

20. Constants of long transmission lines 

= t .V (R"- + (.02L2) 

= 
1 

\/ 
(R"- + (.0'-L"-) 

where 

(02 + w2C2) + GR - w'-LC} 

(02 + C2) - GR + w"-LC} 

a = attenuation constant in nepers 

ß = phase constant in radians 
R = resistance constant in ohms per unit length of line. 
G = conductance constant in mhos 

L = inductance constant in henries 
C = capacitance constant in farads 
w = 27r X frequency in cycles per second 

Using values per mile for R, G, L, and C, the db loss per mile will be 8.686 a 

and the wavelength in miles will be ß 
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If vector formulas are preferred, a and ß may be determined from the fol- 
lowing: 

a + jß = 1/ZY = jwLl (G + jwC) 

where all constants have the same meaning as above. 
Characteristic impedance 

Zo -\IZ- ¡R +jwL 
Y G +jwC 

Note: For radio frequency applications, see formulas under R -F Transmission 
Line Data. 

Attenuators 

An attenuator is a network designed to introduce a known loss when work- 
ing between resistive impedances Z1 and Z2 to which the input and output 
impedances of the attenuator are matched. Either Z1 or Z2 may be the source 
and the other the load. The attenuation of such networks expressed as a 

power ratio is the same regardless of the direction of working. 

Three forms of resistance network which may be conveniently used to realize 
these conditions are shown on page 106. These are the T section, the a 
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 313 to 315. Tables of the various types of attenuators 
are given on pages 108 to 114. 

In the formulas 

Z1 and Z2 are the terminal impedances (resistive) to which the attenuator is 

matched. 

N is the ratio of the power absorbed by the attenuator from the source to 
the power delivered to the load. 

K is the ratio of the attenuator input current to the output current into the 

load. When Z1 = Z2, K = 'VN. 

Attenuation in decibels = 10 logioN 

Attenuation in nepers = O = 2 IogeN 

For a table of decibels versus power and voltage or current ratio, see page 34. 
Factors for converting decibels to nepers, and nepers to decibels, are given 
at the foot of that table. 
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General remarks 

The formulas and figures for errors, given in Tables IV to VIII, are based on 

the assumption that the attenuator is terminated approximately by its proper 
terminal impedances Z1 and Z2. They hold for deviations of the, attenuator 
arms and load impedances up tot 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 

OZ = MAR + ¡AX) 

Ai 
B 

CAR + i0X1 
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 105. 

Ladder attenuator 

sour e Z, 

Fig. 15- Ladder attenuator. 

ladder attenuator, Fig. 15, input switch points Po, P1, P2, P3 at shunt arms. 

Also intermediate point Pm tapped on series arm. May be either unbalanced, 
as shown, or balanced. 
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Ladder, for design purposes, Fig. 16, is resolved into a cascade of 21- sections 
by imagining each shunt arm split into two resistors. Last section matches Z2 
to 2Z1. All other sections are symmetrical, matching impedances 2Z1, with a 

Fig. 16- Ladder attenuator resolved into a cascade of a sections. 

load 

z, 

terminating resistor 2Z1 on the first section. Each section is designed for the 
loss required between the switch points at the ends of that section. 

12Z1 + Z2) 2 

4Z1Z2 
Input to Po: Loss, db = 10 logto 

Z2 
Input impedance Z1' = 

2 

Output impedance = Z1Z2 

Z1 + Z2 

Input to PI, P2, or P3: loss, db = 3 db + sum of losses of a sections between 
input and output. Input impedance Z1' = Z1 

Input to Pm lon a symmetrical a section): 

eo 1 m(1 -ml (K- 1)22+2K 

em 2 K- m(K -1) 
where 
eo = output voltage when m = 0 (Switch on Pl). 

em = output voltage with switch on Pm. 

and 
K = current ratio of the section (from P1 to P2). K > 1. 

CInput impedance Zi' = Zl m 11 - m1 
K 

(K - 112 + 1 ] 
[(K - 112 

Max Z1' = Z1 
4K + i] for m = 0.5. 
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The unsymmetrical last section may be treated as a system of voltage divid- 
ing resistors. Solve for the resistance R from Po to the tap, for each value of 

output voltage with input on Po 

output voltage with input on tap 

A useful case: Z1 = Z2 = 500 ohms. 

Then loss on Po is 3.52 db. 

Let the last section be designed for loss of 12.51 db. 

Then 

R13 = 2444 ohms (shunted by 1000 ohms) 

R23 = 654 ohms (shunted by 500 ohms) 

R12 = 1409 ohms. 

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

relative 
loss 
db 

tap input output 
R impedance impedance 

ohms ohms ohms 

o o 250 25 

2 170 368 3L4 

4 375 478 353 

6 615 562 394 
8 882 600 428 

10 1157 577 454 

12 1409 500 473 

Z 2 

11111111111 
loud 
Z 

Fig. 17 -A variation of the ladder attenuator, useful when Z1 = Z2 = Z. Simpler in 
design, with improved impedance characteristics, but having minimum insertion loss 
2.5 db higher than attenuator of Fig. 16. All r sections are symmetrical. 
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Input to Po: Output impedance = 0.6 Z (See Fig. 17.) 

Input to Po, Pi, P2, or P3: Loss = 6 db + sum of losses of r sections between 
input and output. Input impedance = Z 

Input to Pm: 
eo 1 m(1 - m) (K - 112+ 4K 

em 4 K-m(K-1) 

Input impedance Z' = Z 
m(1 2K (K - 1) 

2 
+ 

1 

Max Z' =Z (K -112 
8K 

+ 1] form =0.5. 

Effect of incorrect load impedance on operation of an attenuator 

In the applications of attenuators the question frequently arises as to the 
effect upon the input impedance and the attenuation by the use of a load 
impedance which is different from that for which the network was designed. 
The following results apply to all resistive networks which, when operated 
between resistive impedances Z1 and Z2, present matching terminal impe- 
dances Z1 and Z2, respectively. The results may be derived in the general 
case by the application of the network theorems, and may be readily con- 
firmed mathematically for simple specific cases such as the T section. 

For the designed use of the network, let 

Z1 = input impedance of properly terminated network 
Z2 = load impedance which properly terminates the network 
N = power ratio from input to output 
K = current ratio from input to output 
K !1 I- 

(different in the two directions of operation except when 
'2 Z1 

Z2 = Z1). 

For the actual conditions of operation, let 

(Z2 + AZ2) = Z2(1 + AZ2) = actual load impedance 
Z2 

\/ 
(Z1 + AZ1) = Z1(1 + AZl 

I = resulting input impedance Z,/ 

(K + AK) = K 1 1 + AK 
= resulting current ratio. 
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While Z1, Z2, and K are restricted to real quantities by the assumed nature of 
the network, AZ2 is not so restricted, e.g., 

.,Z2 = OR2 + iAX2 

As a consequence AZ1 and AK can become imaginary or complex. Further- 

more ¿ Z2 is not restricted to small values. 

The results for the actual conditions are 

AZ2 

OZ' Z2 
and 

AK N- 1 4Z2 

Zl 
2N + IN - I) 

AZZ K ( 2N ) Z2 

Z2 

Certain special cases may be cited 

AZ 
Case 1: For small 

OZI 1 AZ2 1 Aie 1 AZ2 
or ¿ Z1 = z OZZ = 

-Z2 K 12 2 Z2 

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

AZ1 -2 - Case 2: Short- circuited output 
Z1 - N + 1 

- 
or input impedance = 

(N 
1) 

Zl = Zl tanh O 

where B is the designed attenuation in nepers. 

AZ1 2 

Z1 N - 1 

Case 3: Open -circuited output 

or input impedance = Zl = Z1 coth O 

Case 4: For N = 1 (possible only when Z1 = Z2 and directly connected) 

AZ1= 
0ZZandAK =O 

Z1 Z2 K 

Case 5: For large N 
AK 1 AZ2 

K 2 Z2 
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description 

Unbalanced T 

and 
balanced H 

see Table VIII 

Symmetrical 
T and H 

IZ1 = Z2 = Z1 

see Table IV 

Minimum loss 

pad matching 
Z1 and Z2 

IZ1 > Z_I 

see Table VII 

configuration 
unbalanced 

Attenuator 

balanced 

R, 

2H 
R, R 

2 

Unbalanced a 
and 
balanced 0 

Symmetrical 
a and 0 

IZ1 = Z2 = Z) 

see Table V 

Bridged T 

and 
bridged H 

see Table VI 

R, 

R, R, H H 
R, 

2 Z 

R, 



network design see page 100 for symbols 

design formulas 

hyperbolic ariíhmetical 
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checking formulas 

V ZiZ2 
Rs 

sinh O 

ZI 
R1 -Rs 

;anh O 

R2=- ---Rs 
tanh 0 

Z 
Ra= 

sinh 0 

R1=Z tonh 
2 

2N/NZ1Z2 
Rs N-1 

R1=Zl(Ñ+) -Ra 

R2=Z_(N-) 

2Z1471 2ZK 
Rs= N-1 K2-1 

NrÑ-1 K-1 Ra-Z+1=ZK+1 

Z= 2K 
R1Ra 1+coshd=n(K+11a 

Rl 0 

Ra 
=cosh 0-1=2 sinhs 

1K-11= 
2K 

Z=R1 1+2R 

cosh 0= 
Zs 

cosh 20 =2- -1 

Z2 
R1 -_ Z1 1 

Z1 

Zs 
Ra- t- 

V Z1 Z=+vzs-1) 
t 

R3 =N/YZ-2 sinh O 

1 1 1 

R1 Z1 tanh 0 R3 

1 1 1 

Ra Zx tanh 0 R3 

Rs=Z sinh 0 

Z 
RI 

B 
tonh 

N-1 Z1Za 

R3 = 
1 1 +1 1 

Rl Z1 N -1 Ra 

1_1 N+11_ 1 

Ra Zx(N-1/ Ra 

N-1 K2-1 Ra=Z-==Z- 
2V 2K 

R1=Z+1=ZK±11 
VN-1 K-1 

R,Rs=Z?11+cosh 01 =Z21K+llx 
2K 

x 

Ri 
=cosh 0-1 = IK2K11 

R Z- I 

Jl +2Ra 

R,=R2=Z 

Ra=ZIK-1) 

Z 
Ra K-1 

RA 4 = Z2 

= IK- 11a 
Ra 

Four -terminal networks: The hyperbolic formulas above ore valid for passive linear four- 
terminal networks in general, working between input and output impedances matching the 

respective image Impedances. In this case: It and Zs are the image impedances; Rt. Rs and Rs 

become complex Impedances; and O is the Image transfer constant. B = a + 0, where a is 

the image attenuation constant and d is the image phase constant. 
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Affenuators continued 

Table IV- Symmetrical T or H attenuator 
Z = 500 ohms resistive (diagram page 106) 

attenuation 
db 

series arm R1 shunt arm Ra 
ohms ohms 

1000 
R3 

logio R= 

0.0 0.0 inf 0.0000 
0.2 5.8 21,700 0.0461 
0.4 11.5 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 
4.0 113.1 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 

8.0 215.3 473.1 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 
14.0 333.7 207.8 2.318 
16.0 363.2 162.6 2.211 

18.0 388.2 127.9 2.107 
X10.0 409.1 101.0 2.004 
22.0 426.4 79.94 1.903 

24.0 440.7 63.35 1.802 
26.0 452.3 50.24 1.701 
28.0 461.8 39.87 1.601 

30.0 469.3 31.65 1.500 
3.5.0 482.5 17.79 1.250 
40.0 490.1 10.00 1.000 

50.0 496.8 3.162 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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Attenuators continued 

Interpolation of symmetrical T or H attenuators 

Column R1 may be interpolated linearly. Do not interpolate R3 column. For 0 

to 6 db, interpolate the 
1000 

column. Above 6 db, interpolate the column 
R3 

Logro R3 and determine R3 from the result. 

Errors in symmetrical T or H attenuators 

Series arms R1 and Rï in error 

Error in input impedances: 

AZ1 = AR1 - 
K2 

AR2 

and 

R 2 -}- 
K2 

OR AZ2 = O 1 

nominally R. R, and Zi = Z_ 

CORI 0R21 
Error in insertion loss, db = 4 + 

Z2 
, approximately. 

Shunt arm R;4 in error (10 percent high) 

designed loss, 
db 

error in insertion 
loss, db 

error in input 
impedance 

AZ 
100 percent 

0.2 

6 

12 

20 
40 

100 

- 0.01 - 0.05 
-0.3 
-0.5 - 0.7 - 0.8 - 0.8 

Error in input impedance: 
AZ 

= 2 
K(K -F 111 R83 

Error in output current. 
Ai K-1AR3 

i K 1 R8 

See General Remarks on page 101. 

0.2 
1.0 

3.3 

3.0 
1.6 

0.2 
0.0 
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Attenuators continued 

Table V- Symmetrical it and 0 attenuators 

The values of the series and shunt arms of these attenuators may be de- 

termined from Table IV of sym- 

metrical T attenuators by means 

of the following formulas. 

armsr R13 
= R23 = R1 + 2R3 = 

Series 
R12 = R11 

/ 
1 

arm: \ Rl + 2) = Z-2 
R3 R3 

1 2 Tt 

3 3 

r section with source and load 
Ria = R_3 and t = Z 

Error in loss, db= -8 = (approximately) 
i2 I R, R, 2 

=4K- 1 ( AR13- OR23 +212 
K + 1 \ R13 R23 R12) 

R 

Error in input impedance: 

JZ' K - 1 11213 1. R23 2 ARl2l 
Z K + 1 \ R13 K2 R23 K R12 / equivalent symmetrical 

T section 

Table VI- Bridged T or H attenuator 

Z = 500 ohms resistive R1 = R2 = 500 ohms (diagram page 106) 

attenuation 
bridge 

db arm R4 

ohms 

shunt 
arm R3 

ohms 

0.0 
0.2 
0.4 

0.6 
0.8 
1.0 

2.0 
3.0 
4.0 

5.0 
6.0 
7.0 

8.0 
9.0 

10.0 

0.0 
11.6 
23.6 

35.8 
48.2 
61.0 

129.5 
206.3 
292.4 

389.1 
498 
619 

756 
909 

1,081 

21,500 
10,610 

6,990 
5,180 
4,100 

1,931 
1,212 

855 

642 
502 
404 

331 

275.0 
231.2 

bridge 
attenuation arm R4 

db ohms 

12.0 1,491 

14.0 2,006 
16.0 2,655 

18.0 3,472 
20.0 4,500 
25.0 8,390 

30.0 15,310 
40.0 49,500 
50.0 157,600 

60.0 499,500 
80.0 5.00 X 106 

100.0 50.0 X 106 

load 
z 

shunt 
arm R3 

ohms 

167.7 
124.6 
94.2 

72.0 
55.6 
29.8 

16.33 
5.05 
1.586 

0.501 
0.0500 
0.00500 
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Attenuators continued 

Interpolation of bridged T or H attenuators 
db 

Bridge arm R4: Use the formula logio (R4 + 500) = 2.699 + for Z = 500 
20 

ohms. However, if preferred, the tabular values of R4 may be interpolated 

linearly, between 0 and 10 db only. 

Shunt arm R3: Do not interpolate R3 column. Compute R3 by the formula 

8 

R3 = 10- for Z = 500 ohms. 
4R4 

Note: For attenuators of 60 db and over, the bridge arm R4 may be omitted, 

provided a shunt arm is used having twice the resistance tabulated in the R3 

column. (This makes the input impedance 0.1 of 1 percent high at 60 db.) 

Errors in bridged T or H attenuators 

For resistance of any one arm 10 percent higher than the correct value 

designed loss col 1* col 2* col 3* 
db db percent percent 

0.2 0.01 0.005 0.2 

0.05 0.1 1.0 

6 0.2 2.5 2.5 

12 0.3 5.6 1.9 

20 0.4 8.1 0.9 

40 0.4 10 0.1 

100 0.4 10 0.0 

*Refer to following tabulation. 

element in error error in error in terminal 
(10 percent high) loss impedance 

remarks 

Series arm RI (analogous Zero 
for arm R:) 

Shunt arm Ry 

Bridge arm R4 

-Col 1 

+Col 1 

Col 2, for adjacent 
terminals 

Col 3 

Col 3 

AZl CK - 1 \2 
Error in input impedance: Zi = 

K J 

9R1 

Rl 

Error in impedance at op- 
posite terminals is zero 

Loss is lower than de- 
signed loss 

Loss is higher than de- 
signed loss 

K - 1 zR3 ¿R4 

K2 ( R3 + R4 

ForAZg use subscript 2 in formula in place of subscript 1. 
Z2 

Ai K - 1 ( R3 AR4\ 
Error in output current: = 2K R3 R4 

See General Remarks on page 101. 
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Attenuators continued 

Table VII- Minimum loss pads 

Matching Z1 and Z2 - both resistive (diagram page 106) 

Z1 

ohms 
Z2 

ohms 
Z1 loss 
Z2 db 

series arm RI shunt arm R2 

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 5,745 522.2 
5,000 500 10.00 15.79 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 7.66 707.1 707.1 

800 500 1.60 6.19 489.9 816.5 
600 500 1.20 3.77 244.9 1,224.7 

500 400 1.25 4.18 223.6 894.4 
500 300 1.667 6.48 316.2 474.3 
500 250 2.00 7.66 353.6 353.6 

500 200 2.50 8.96 387.3 258.2 
500 160 3.125 10.17 412.3 194.0 

500 125 4.00 11.44 433.0 144.3 

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 15.79 474.3 52.70 
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 

Interpolation of minimum loss pads 

This table may be interpolated linearly with respect to Z1, Z2, or 
Zl 

except 
Z2 

when 
Z1 

is between 1.0 and 1.2. The accuracy of the interpolated value be- 
Z2 

comes poorer as 
ZZ 

passes below 2.0 toward 1.2, especially for R3. 
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Aftenuators continued 

For other terminations 

If the terminating resistances are to be Z,, and ZB instead of Z1 and Z2, 

respectively, the procedure is as follows. Enter the table at 
ZI = 

ZA 
and 

Z2 ZB 

read the loss and the tabular values of R1 and R3. Then the series and shunt 
ZB 

arms are, respectively, MR1 and MR3, where M = ZA 

Za 

Errors in minimum loss pads 

impedance ratio 
Z1 col 1* 
Z. I db 

col 2' 
percent 

col 3* 
percent 

1.2 0.2 +4.1 +1.7 
2.0 0.3 7.1 1.2 

4.0 0.35 8.6 0.6 

10.0 0.4 9.5 0.25 

20.0 0.4 9J 0.12 

* Notes 

Series arm R1 10 percent high: Loss is increased by col 

is increased by col 2. Input impedance Z2 is increased 

Shunt arm R3 10 percent high: loss is decreased by col 

is increased by col 2. Input impedance Z1 is increased 

Errors in input impedance 

AZI Z2 OR1 1 AR31 

Z1 
= 1- 

C RI N R3 / 
622 

1 

Z2 (R3 1 ARII 

Z2 - Z1 \ R3 + N R1 / 

Error in output current, working either direction 

Di 1 11 Z2 (AR3 0R1 

i 2 Z1 R3 R1) 

See General Remarks on page 101. 

1. Input impedance Z1 

by col 3. 

L Input impedance Z2 

by col 3. 
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Attenuators continued 

Table VIII - Miscellaneous T and H pads 
(diagram page 106) 

resistive terminations 
Z, 

ohms 
Z2 

ohms 

loss 
series Ri 

ohms 

attenuator arms 
series R2 

ohms 
shunt R3 

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 22.2 222.2 
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 R1 and R2 in error. Error in input impedances: 

OZl = AR, + 
-1 

Zñ JR2 and AZ2 = r9R2 { 

Ñ Z, 

AR! E Rz 
Error in insertion loss, db = 4 -- + - , approximately. 

Z1 Z2 

Shunt arm R3 in error (10 percent high) 

Z1 designed loss I error in loss 
Z2 db db 

error in input impedance 

. Z1 JZ "- 100- 
Zi 

100 
Z2 

2.5 10 - 0.4 1.1% 7.1; o 
2.5 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 -0.6 0.3 6.1 

AZ1 2 /NZ- Zl 

)3{ R3 

OZz 

= -- - 2 for interchange subscripts 
Z2 

1 and 2. 

(J'+ N-I-1 - 
/ Zz Zl _- {where i is the output current. 

N - 1 R3 
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Filter networks 

Explanation: Table IX shows, in the first column, the fundamental series 
impedance, Z1, and the fundamental shunt impedance, Z2, from which the 
various types of filter sections shown in subsequent columns are composed. 
For example, a T section (third column) is composed of two half- series arms, 

21 in series, with a full shunt arm Z2 connected to their junction point. The 

subsequent tables (Tables X, XI, XII, and XIII) give formulas for computing the 

full series arm and the full shunt arm. These must then be modified according 
to the type of section used. 

Example: Design a series M derived high -pass, T- section filter to terminate 
in 500 ohms, with cutoff frequency equal to 1000 cycles, and peak attenua- 
tion frequency equal to 800 cycles. 

Using Table XIII: 

f. = 1000 

f m = 800 
R = 500 

800 2 

1000 
= 0.6 

1 1 

C 471-fcR 4a X 1000 X 500 

0.53,, 0.53,, 

66.3 mh 

0.597,, 

a T o 

= 0.159(10-fi) farad = 0.159 microfarad 

L = R = 500 - 0.0398 henry = 39.8 millihenry 
4irfc 4a X 1000 

C 0.159 
C1 = - = = 0.265 microfarad 

m 0.6 

= L = 39.8 
66.3 millihenry 

m 0.6 

C2 = 
4mm2 4 X 

Có. 4 
0.159 - 

0.597 microfarad 

For a T- section, each series arm must be 21 white the full shunt arm is used. 

Thus for the series arm use 2C1, or 0.53 microfarad. The accompanying figure 
shows the final result. 
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Filter networks continued 

Table IX- Combination of filter elements 

configuration half- section full T- section full 7-section 

Table X- Band -pass filters 

type configuration series arm shunt arm notations 

Constant 
K 

Three 
element 
series 
type 

Three 
element 
shunt 
type 

C, 

o-r0o0-IFó R f:-fl 
alis - ftl Ls 

4W/lfy 
R 

= 
fs-fi 

Ct 4afiftR 
1 

C2 alli - 111R 

W 112 - fll 
C, = 

f2 fl 

R 

4tft2R 

C2 = 
1 

W(/l+fi1R 

CI 
ft 

t = fs 

4aflfiR 

Table XI- Band -elimination filters 

lfs- .s= ftR 
4Wflfs 

fl 
Cs 

Wfslfs-f11R 

fs = upper cutoff 
frequency 

fl = lower cutoff 
frequency 

R = nominal 
terminating 
resistance 

type configuration series arm i shunt arm notations 

Constant 
K 

1= is -ftR 
Wills 

CI 
1 

47112-111R 

i 4r112 - fll 

Csfs-ft 

R 

Wf1isR 

/1 = upper cutoff 
frequency 

/, = lower cutoff 
frequency 

R = nominal 
terminating 
resistance 
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Table XII -Low -pass filters 

type configuration series arm 

0'10001-0 p 

` 

Constant 
K 

L_ 
af 
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shunt arm notations 

1 

C 
af,R 

Series 
M 
derived 

Shunt 
M 
derived 

LL = mL 

m2 

L 1 4m 

C2=mC 

Ll=ml 

m 

: 
Cl = 

4m 

Table XIII -High -pass filters 

uration sertes arm 

C2 = mC 

shunt arm 

= cutoff 
frequency 

1= = frequency of 
peak 
attenuation 

m = 
.\/1 

-( m) Z 

R = nominal 
terminating 
resistance 

notations ..-- 

Constant 
O-IF° 

L 

1 

C 4af,R 

R 
L 

4a1, 

f, = cutoff 
frequency 

fm = frequency of 
peak 
attenuation 

Series 
M 
derived 

C 

°H H° l 
o oL, C 

Cr =m 

L2 = 
m 

4m 
Cs = C 

m (( ll \11 - CM), 
, / 

R = nominal 
terminating 
resistance 

Shunt 
M 
derived 

L' 

ii., 

C 
C' _ 

m 

4m 
L, = - L 

1 -m2 

L 
Ls -= 

m 
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Rectifiers and filters 

rectifier 

type of 
circuit 

transformer 

single -phase 
full -wave 

single -phase 
center -tap 

single -phase 
full -wove 
(bridge) 

single -phase 

Typical rectifier circuit 

3 -phase 
half -wave 

dello -wye 

3 -phase 
half -wave 

delta -zig zag 

secondaries 

& atilt 
primaries 

/ - / 
y ` 

- 

¡000coos00000l 
II 

000000100000000000 

Number of phases of 
supply 

Number of tubes* 
I 

2 
I 

4 
3 
3 

3 

3 

Ripple voltage 
Ripple frequency 

0.48 
2f 

0.48 
2f 

0.18 
3f 

0.18 
31 

line voltage 
line current 
line power factort 

1.11 

1 

0.90 

1.11 

1 

0.90 

0.855 
0.816 
0.826 

0.853 
0.816 
0.826 

Trans primary volts 
per leg 

Trans primary amperes 
per leg 

Trans primary kva 

1.11 

1 

1.11 

1.11 

1 

1.11 

0.855 

0.471 
1.21 

0.855 

0.471 
1.21 

Trans average kw 

Trans secondary volts 
per leg 

Trans secondary am- 
peres per leg 

Transformer second- 
ary kva 

1.34 

1.111A1 

0.707 

1.57 

1.11 

1.11 

1 

1.11 

1.35 

0.855 

0.577 

1.48 

1.46 

0.493Úl 

0.577 

1.71 

Peak Inverse voltage 
per tube 

Peak current per tube 
Average current per 

tube 

3.14 
1 

0.5 

1.57 
1 

OS 

2.09 
1 

neap 

2.09 
1 

n555 

Unless otherwise stated, factors shown express the ratio of the RMS value of the circuit 
quantities designated to the average DC output values of the rectifier. 
Factors ore based on a sine wave voltage input, Infinite Impedance choke and no transformer 
or rectifier losses. 



connections and circuit data 

6 -phase 
half-wave 

delta-star 

6 -phase 
half -wave 

delta -6 -phase 
fork 

.r 

3 
36 6 

0.042 0.042 
61 6f 

0.740 0.428 
0.816 1.41 

0.955 0.955 

0.740 0.428 

0.577 0.816 
1.28 1.05 

1.55 1.42 

0.7401A1 0.428IA) 

C.408 
{0.577181 
0.40810 

1.81 1.79 

2.09 2.C9 
1 

0.167 0.167 

6 -phase 
(double 3 -phase) 

half -ways 

delta- double 
wye with 

balance coil 
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3 -phase 
full -wave 

delta -wye 

3 -phase 
foil -wave 

delta -delta 

3 3 
6 6 

0.042 0.042 
6f 6f 

3 
6 

0.042 
6f 

C.855 0.428 
0.707 1.41 

0.955 0.955 

0.855 0.428 

0.408 0.816 
1.05 1.05 

1.26 1.05 

0.8551A1 0.428 

0.289 0.816 

1.48 1.05 

0.740 
0.816 
0.955 

0.740 

C.471 
1.05 

1.05 

0.740 

0.471 

1.05 

2,42 1.05 
0.5 

0.167 0.333 

These circuit factors ore eauotly applicable to tube or dry plate rectifying elements. 

1 tine PF m DC output watts /line colt- amperes 

1.05 

0.333 
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Rectifier filter design 

RMS ripple voltage in DB with reference to D -C output volts 
-80 -70 -60 -50 -40 

1000 
800 

600 
500 
400 

300 

200 
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80 

ZO 

50 

40 

30 

20 

10 
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6 

5 
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3 

2 

-30 -20 

1111111111111111111111111M111011111111MHOMMOOM 
11=1 11111111M MINI INIMMMEN IIM M EI 1111 = _../._ __'e1_'9/P 

ME111 NIN=MIIIMIlll MOra !; 
r. 9a 

ASO 

/P 
Ill11,e//4/ / / 4 p9 

P 

AifO 
°`PQO 'JO 

tin9/ 

ro, 

/P;oh _ °h O 

°je 

f/w 
/ f`/-4-0,. 

Psoy 

o4 

III MM_ao 

/F 

\-4\0 
la iiinP'O 

2 
N1 

e 

P/+° 6 e 1, i. 

°, 

llllllll,_. `_,'\ Mia'1111''% \\''!1\ba1i'.'!II;II 
iiii 

111 

1 " 

P6 1/ 
0ryf/ 

0940/ 
. Pj° 

Ps? jef/i 
P9f4O/ °'j 

1ÌI1 hOjO 
rU,,. 

b j'n9¡P 

0 

'5 PhojW/.wov 

fO 
°ef 

'e 0P 
.jP i 
lb .' 

cYc ej J 

f>' 1__-M ..,,lllllllll,_l,_ll'l,l 
% 1__.,,, 

9111 ORIIIIII 

I,;, 

wMEMO 

- 

a! '_ jecrlpns S 
° ÓO .4 \\. ,° ' /h 

60 Pe Yc,es -- 
P 

3 

e9`O/ c =,a4 // o secr, -_- oe III '`°P 
1111 ° k1.4°P 
MI Cyc/P Nip, Je ' '° Pt, 

, 
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RMS ripple voltage in percent of D C output volts 

1 section 

2 10 

_ " 

T T T T T 
2 sections 3 sections 

Ripple voltage vs LC for choke -input filters 

Minimum inductance for a choke -input filter is determined from 
KE 

L If 

where 
L = minimum inductance in henries 
E = d -c output in volts 
/ = output current in amperes 
f = supply frequency in cps 

K = 0.0527 for full -wave, single -phase 
= 0.0132 for half -wave, three -phase 
= 0.0053 for full -wave, two -phose 
= 0.0016 for full -wave, three -phase 
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Rectifier filter design continued 
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RMS ripple voltage in DB with reference to D -C output volts 
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Ripple voltage vs RC for capacitor -input filters 

The above chart applies to a capacitance filter with resist- 
ance load as shown at the right. 

For each additional R'C' section, obtain R by adding a I 

resistances and add db = 104 - 20 log fR'C'. 
For each additional LC' section, add db = 882 - 40 log f 
-20 log LC'. 

The above assumes that the impedance of C' is small with 
respect to that of R, R', and L. 

f = ripple frequency in cps 
R' = series filter resistance in ohms 
C' = shunt filter capacitance in microfarads 
L = series filter inductance in henries. 

2 3 4 5 n 
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Iron -core transformers and reactors 

Major transformer types 

1. Audio transformers: Carry audio communication frequencies or some 
single control frequency. 

a. Input transformers: Couple a signal source, e.g., microphone or line, to the 
grid Is) of an amplifier. 

b. Interstage transformers (usually step -up voltage): Couple the plate (s) of a 

vacuum tube (except a driver stage) to the grids) of a succeeding stage of 
amplification. 

c. Output transformer;: Couple the plate (s) of an amplifier to an output load. 

d. Driver transformers (usuallystep -down voltage): Couple the plate (s) of 
a driver stage (pre -amplifier) to the grid (s) of an amplifier stage in which grid 
current is drawn. 

e. Modulation transformers: Couple the plate(s) of an audio output stage 
to the grid or plate of a modulated amplifier. 

2. Power supply transformers: Supply appropriate plate and /or filament 
voltage to vacuum tubes in a unit of equipment. 

a. Plate transformers: Supply potential to the plate (s) of high- vacuum or gas - 

filled tube (s) in a rectifier circuit. 

b. Filament transformers: Supply current to heat the filaments of vacuum or 
gas -filled tubes. 

c. Plate- filament transformers: Combinations of 2a and 2b. 

d. Isolation transformers: Insulate or isolate two circuits, such as a grounded 
circuit from an ungrounded circuit. 

e. Scott- transformers: Scott -connection utilizes two transformers to transmit 

power from two -phase to three -phase systems, or vice versa. 

f. Auto -transformers: Provide increased or decreased volt..ge by means of 
a single winding suitably tapped for the primary and secondary circuits, part 
of the winding being common to both circuits. 

Major reactor types 

1. Reactors: Single- winding units that smooth current flow, provide d -c feed, 
or act as frequency -selective units (in suitable arrangement with capacitors). 

a. Audio reactors: Single- winding units that supply plate current to a vacuum 

tube in parallel with the output circuit. 
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Major reactor types continued 

b. Wave -filter reactors: Function as filter unit components which aid in the 

acceptance or rejection of certain frequencies. 

c. Filter reactors: Smooth the d -c output current in rectifier circuits. 

d. Saturable reactors: Regulate voltage, current, or phase in conjunction 
with glow- discharge tubes of the thyratron type. They are also used as 

voltage -regulating devices with dry-type rectifiers. 

Temperature, humidity, and pressure effects 

A maximum ambient temperature of 40° C is usually assumed. Final operating 
temperatures with organic insulation (Class A), such as silk, cotton, or paper, 
are restricted to values less than 95° C. When weight and space require- 
ments dictate undersized iron cores and wire, with resultant higher tempera- 
ture rise, inorganic insulation and cooling expedients may be used. Cooling 
expedients include: open- frame; semi -enclosed (coil- covered, core -exposed) 
design; and fully -enclosed design having compound or liquid -filled insulant 
and cooling by convection, or forced cooling by air blast. 

Relative humidities from zero to 97 percent should be assumed so that coils 
and leads should be impregnated with moisture- resistant insulating coatings or, 
alternatively, cases should be sealed vacuum tight. Pressure variation, in 

addition to moisture and temperature changes, due to altitude from sea - 

level up to 7,000 feet (greater for aircraft) may be encountered. 

General limitations 

Core material 

a. For audio transformers and reactors: Core material should be such that 
core distortion is not greater than 0.75 percent at the lowest frequency. 

b. For power supply transformers: Core loss should be less than 0.82 watts 
per pound at 60 cps, for a flux density of 10,000 gauss. Filter reactors may 

have a core loss of 1.2 watts per pound at 60 cps, for 10,000 gauss. 

Terminal facilities 
a. All leads or winding ends: Must remain inside the case for hermetically 
sealed units. 

b. leads may terminate: In studs in a Bakelite board or bushing when voltage 
is less than 1000 volts peak. For higher voltages, Isolantite or wet process 
porcelain may be used. 

Protective gaps 
Protective gaps are frequently used on filter reactors or plate transformers 
in rectifier circuits delivering more than 1000 volts dc. 
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Design of power -supply transformers 

The following may be used as a guide in the design of power supply trans- 

formers for receivers and small transmitters. 

Nomenclature 
A, = ab = cross section area of core in square inches 

a = stack width in inches 

b = stack height in inches 
Bmaz = maximum core flux density in gauss. Usually assumed to be 10,000 

gauss (64.5 kilolines per square inch) at 60 cps, or 12,000 gauss at 
25 cps 

E,, = primary terminal voltage 
E, = secondary terminal voltage 

f = frequency in cycles per second 
h = minimum height of a coil section above core in inches 

h' = maximum height of a coil section above core in inches 

K = stacking factor (usually K = 0.9) 

MLT = mean length of turn of a coil section in feet 
TP = number of primary turns 

T, = number of secondary turns 
VD = voltage drop due to primary resistance 
VD, = voltage drop due to secondary resistance 

Design procedure 

1. Determine secondary output volt- ampere requirements. 

2. Calculate primary current based on a wattage 10 percent greater than 
the volt -amperes determined in (1). Use the given primary voltage EP. 

3. The core area is determined roughly by the formula 

Core area = wattage 60 

5.58 f 

Select a lamination (from a transformer manufacturer's lamination data book) 
that will fit the transformer space requirements and provide the proper core 
area when stacked to a sufficient height. 

4. Compute the number of primary turns TP - EP X 108 

4.44 f Bmaz A, K 

5. Compute the number of secondary turns T, = -E" TP 
P 

6. Determine the wire sizes needed for primary and secondary on the basis 

of an optimum current density of 1000 amperes per square inch, using 

Table I and the currents carried by the primary and secondary. Greater or 
smaller densities may be used as required. For very small transformers, 
densities up to 2500 amperes per square inch are sometimes used. 
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Design of power -supply transformers continued 

7. Calculate the number of turns per layer that can be placed in the lamina- 
tion window space, deducting margin space from the window length. 

8. From this value, calculate the total number of primary and secondary 
layers needed. 

9. Calculate the total wire height, using the wire diameter and the number 

of layers. 

10. Determine the total insulation thickness required between wire layers 
(from Table I), and under and over coil sections. 

11. Add the results of (9) and (10) and multiply the figure obtained by 
10/9 to allow for bulge in winding wire and wrapping insulation. Revise the 

design, as necessary, to make this over -all thickness figure (coil build) 
slightly less than the lamination window width. 

12. Calculate the mean length of turns for the primary and for each second- 
ary coil section 

MLT - 
2a +2b +27fh' +hl 

r 
2 

12 

13. Calculate the total wire length in feet of each primary and secondary 
coil by multiplying the MLT value of the coil by the corresponding total num- 

ber of turns in that coil. 

14. The resistance of each coil is obtained by multiplying the total wire 
length obtained above by the resistance per foot. 

15. Calculate the vóltage drop in each primary and secondary from the 
calculated resistance and the current flow. 

16. Compensate for the voltage drop in the primary and in each secondary 
by determining the corrected number of turns 

(corrected Tp) - EP VD' 
X (original Tp) 

E,, 

(corrected T,) = E, + VD, 
X (original T,) 

E, 

17. Revise the number of layers of each winding according to the corrected 
number of turns. 

18. Calculate the copper loss in both primary and secondary windings from 
the resistance of each coil times the square of the current flowing in it. 
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Design of power -supply transformers continued 

19. Calculate the core loss from the weight (in pounds) of the core used 

and the core loss per pound obtained from the core loss curve given by the 

manufacturer for the iron used. 

20. The efficiency of the transformer is 

wattage output X 100 
Percent efficiency - 

wattage output + core loss + copper loss 

Table I -Round enameled copper wire 

AWG 
(B &S) 

diameter 
inches 

turns current 
per capacity 
inch amperes* 

ohms per I coil 
1000 ft margin 

at 50° C inches 

i nterlayer 
insulationt 

inches 

10 0.1039 9 8.2 1.12 0.25 0.010 

11 0.0927 10 6.5 1.41 0.25 0.010 

12 0.0827 11 5.1 1.78 0.25 0.010 

13 0.0738 12 4.1 ?.24 0.25 0.010 

14 0.0659 13 3.2 2.82 0.25 0.010 

15 0.0588 14 2.6 3.56 0.188 0.010 

16 0.0524 16 2.0 4.49 0.188 0.010 

17 0.0469 19 1.61 5.66 0.188 0.010 

18 0.0418 21 1.28 7.14 0.125 0.005 

19 0.0374 24 1.01 9.0 0.125 0.005 

20 0.0334 26 0.80 11.4 0.125 0.005 

21 0.0299 30 0.64 14.3 0.125 0.005 

22 0.0266 34 0.50 18.1 0.125 0.003 

23 0.0238 39 0.40 22.8 0.125 0.003 

24 0.0213 43 0.32 28.7 0.125 0.003 

25 0.0190 48 0.25 36.2 0.125 0.002 

26 0.0169 54 0.20 45.6 0.125 0.002 
27 0.0152 59 0.158 57.5 0.125 0.002 

28 0.0135 68 0.126 72.6 0.125 0.002 

29 0.0122 74 0.100 91 0.125 0.002 

30 0.0108 84 0.079 115 0.125 0.0015 

31 0.0097 94 0.063 146 0.125 0.0015 

32 0.0088 104 0.050 183 0.094 0.0015 

33 0.0078 117 0.039 231 0.094 0.0015 

34 0.0069 131 0.031 292 0.094 0.001 

35 0.0061 146 0.025 368 0.094 0.001 

36 0.0055 162 0.0196 464 0.094 0.001 

37 0.0049 183 0.0156 585 0.094 0.001 

38 0.0044 204 0.0124 737 0.063 0.001 

39 0.0038 227 0.0098 930 0.063 0.00075 

40 0.0034 261 0.0078 1173 0.063 0.00075 

* Current capacity at 1000 amperes per square inch. For other current densities, multiply by 
(current density) /1000. 

Y interloyer insulation is usually Kraft paper. 
5ae also page 60. 
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Vacuum tubes 

Nomenclature 

ea = instantaneous total grid voltage 
eb = instantaneous total plate voltage 
i,, = instantaneous total grid current 
ib = instantaneous total plate current 

E, = average value of grid voltage 
Eb = average or quiescent value of plate voltage 

1 = average or quiescent value of grid current 
h = average or quiescent value of plate current 
eo = instantaneous value of varying component of grid voltage 
ep = instantaneous value of varying component of plate voltage 

io = instantaneous value of varying component of grid current 
ip = instantaneous value of varying component of plate current 
Eo = effective or maximum value of varying component of grid voltage 
Ep = effective or maximum value of varying component of plate voltage 
lo = effective or maximum value of varying component of grid current 
Ip = effective or maximum value of varying component of plate current 
if = filament or heater current 
Ix = total electron emission (from cathode) 
ri = external plate load resistance 

Cep = grid -plate direct capacitance 
Cok = grid- cathode direct capacitance 
Cpk = plate- cathode direct capacitance 

Bp = plate current conduction angle 
rp = variational la -c) plate resistance 

Rpb = total Id -cl plate resistance 

Note: In the following text, the superscript M indicates the use of the maxi- 
mum or peak value of the varying component, i.e., ME, = maximum or peak 
value of the alternating component of the plate voltage. 

From IRE standard symbols (Electronics Standards, 19381 

Coefficients 

Amplification factor µ: Ratio of incremental plate voltage to control - 
electrode voltage change at a fixed plate current with constant voltage on 
other electrodes. 

1 

Seb 

bed h 
?constant Ea E,. , 

r1 = 0 
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Coefficients continued 

Transconductance sm: Ratio of incremental plate current to control -electrode 
voltage change at constant voltage on other electrodes. 

Ó1p 
sm = 

Sec) Eb, Ea E, constant 
r1 =0 

When electrodes are plate and control grid, the ratio is the mutual conduct- 
ance gm of the tube. 

µ 
gm = 

rD 

Variational (a -c) plate resistance r,,: Ratio of incremental plate voltage to 
current change at constant voltage on other electrodes. 

Seb 
rD = 

[bib E, constant 
r1 =0 

Total (d -c) plate resistance RP: Ratio of total plate voltage to current for 
constant voltage on other electrodes. 

R9 
eb 

P 
ib E,1 Er constant 

r1 = 0 

Terminology 

Control grid: Electrode to which plate- current -controlling signal voltage is 
applied. 

Space- charge grid: Electrode, usually biased to constant positive voltage, 
placed adjacent to cathode to reduce current -limiting effect of space charge. 

Suppressor grid: Grid placed between two electrodes to suppress the effect 
of secondary electrons. 

Screen grid: Grid placed between anode and control grid to reduce the 
capacitive coupling between them. 

Primary emission: Thermionic emission of electrons from a surface. 

Secondary emission: Usually of electrons, from a surface by direct impact 
not thermal action, of electronic or ionic bombardment. 

Total emission 1,: Maximum (saturated, temperature -limited) value of elec- 
tron current which may be drawn from a cathode. Available total emission is 
that peak value of current which may safely be drawn. 
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Terminology continued 

Transfer cteristic: Relation, usually graphical, between voltage on one 

electrode and current to another, voltages on all other electrodes remaining 

constant. 

Electrode characteristic: Relation, usually graphical, between the voltage on, 

and current to, a tube electrode, all other electrode voltages remaining 

constant. 

Composite -diode lines: Relation, usually two curves, of the currents flowing 

to the control grid and the anode of a triode as a function of the equal 

voltage applied to them (grid -plate tied). 

Critical grid voltage: Instantaneous value of grid voltage (with respect to 

cathode) at which anode current conduction is initiated through a gas tube. 

Constant current characteristics: Relation, usually graphical, between the 

voltages on two electrodes, for constant specified current to one of theta 

and constant voltages on all other electrodes. 

Formulas 

For unlpotentlal cathode and negligible saturation of cathode emission 

parallel plane cathode cylindrical cathode 
function and plate and plate 

Diode plate current 
(amperes) 

Triode plate current 
(amperes) 

Diode perveance G1 

Triode perveance G2 

Amplification factor µ 

Mutual conductance g,e 

Gtej 

(eb -i- µeAi 
\l+µ/ 

2.3X10-66Y 

2.3 X 10-6Ab 
dbd, 

2.7d, (d - 1) \d b 

p log P 
2 aro 

1.5G2 + 1/7g 

eo=Eb+µEe 
1 + I+ 

Gleb4 

ile) 
G2 ( 

et, + 
1 -l- µ / 

2.3 X 10-6 _ 

2.3X10-6Ab 
ß2rbr. 

log db 
27rda d, 

P P 

Zar, 

1.5G2µ+1 
, Eb -i -µEc ep 

1 +µ 
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Formulas continued 

where 

Ab effective anode area in square centimeters 
db = anode- cathode distance in centimeters 
da = grid- cathode distance in centimeters 
ß = geometrical constant, a function of ratio of anode to cathode radius; 

rb 
R22 = 1 for - > 10 (see curve Fig. 11 

rk 
p = pitch of grid wires in centimeters 
ro = grid wire radius in centimeters 
rb = anode radius in centimeters 
rk = cathode radius in centimeters 
re = grid radius in centimeters 

Note: These formulas ore bosed on theoretical considerations and do not provide accurate 
results; for practical structures, however, they give a foir idea of the relotionship between the 
tube geometry and the constants of the tube. 
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Fig. 1- Values of i32 for values of 
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Performance limitations 

4 5 6 7 8 9 10 

Tube performance limitation factors include electrode dissipation, filament 
emission, and the transit time of electrons in the active part of the tube. 
For a given tube, the ultimate limitation may be any one or a combination of 
these factors. 
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Electrode dissipation data 

Tube performance is limited by electrode dissipation. In turn, tube dissipation 
is limited by the maximum safe operating temperatures of the glass -to -metal 
seals (approximately 200° Cl, glass envelope, and tube electrodes. Thus 

excessive dissipation may result in breakage, loss of vacuum, and destruction 
of the tube. 

Typical operating data for common types of cooling are roughly 

specific 
average dissipation 

cooling surface watts /cm2 of cooling medium 
type temperature °C cooling surface supply 

Radiation 400 -1000 4 -10 
Water 30-60 30-110 0.25-0.5 gpm per kw 
Forced -air 150 -200 0.5-1 50-150 cfm per kw 

The operating temperature of radiation -cooled anodes for a given dissi- 

pation is determined by the relative total emissivity of the anode material. 
Thus, graphite electrodes which approach block -body radiation conditions 
operate at the lower temperature range indicated, while untreated tantalum 
and molybdenum work at relatively high temperatures. In computing cooling - 
medium flow, a minimum velocity sufficient to insure turbulent flow at the dis- 
sipating surface must be maintained. In the case of water and forced -air 
cooled tubes, the figures above apply to clean cooling surfaces, and may be 
reduced to a small fraction of these values by heat -insulating coatings such 

as mineral scale or dust. Cooling surfaces should, thus, be closely observed 
and cleaned periodically. 

Dissipation and temperature rise of cooling water 

KW = 0.264 Q(T2 - Tl) 

where KW= power in kilowatts, Q =flow in gallons per minute, T2 and T1= 
outlet and inlet temperatures in degrees centrigrade. An alternate formula is 

liters per minute (T2 - T11 

14.3 

or KW = liters per minute when the temperature rise is a reasonable figure, 
namely 14.3° C. 

Air flow and temperature rise 

Q = 5.92 (Ti + 273) 
T2 -T1 

where Q = air flow in cubic feet per minute. 
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Filament characteristics 

The sum of the instantaneous peak currents drawn by all of the electrodes 
must be within the available total emission of the filament. This emission is 

determined by the filament material, area, and temperature. 

Typical data on the three types of filament most used are 

efficiency specific operating ratio 

ma /waft emission /, watt /cm"- temperature hot -to -cold 
amp /cm' Kelvin resistance 

Pure tungsten LW) 5-10 0.25-0.7 70-84 2500-2600 

Thoriated 
tungsten (ThW1 40-100 0.5-3 26-28 1950-2000 

Oxide coated 
IBaCaSr) 50-150 0.5-2.5 5-10 1100-1250 

14:1 

10:1 

2.5 to 5.5:1 

In the cases of thoriated- tungsten and oxide -coated filament tubes, the 
emission data vary widely between tubes around the approximate range 
indicated in the table. The figures for specific emission refer to the peak or 
saturated value which is usually two or more times the total available value 
for these filaments. Instantaneous peak current values drawn during opera- 
tion should never exceed the published available emission figure for the 
given tube. 

Thoriated- tungsten and oxide -coated type filaments should be operated 
close to the specified published voltage. Deviation from these values will 
result in rapid destruction of the cathode surface. 

In the case of pure tungsten, the filament may be operated over a consider- 
able temperature range. It should be borne in mind, however, that the total 
filament- emission current available varies closely as the seventh power of 
the filament voltage. Likewise, the expected filament life is critically de- 
pendent on the operating temperature. The relationship between filament 
voltage and life is shown by Fig. 2. It will be seen that an increase of 5 per- 
cent above rated filament voltage reduces the life expectancy by 50 percent. 
Where the full normal emission is not required, a corresponding increase in 
life may be secured by operating a pure tungsten filament below rated fila- 
ment voltage. 

From the above tabulated values of hot -to -cold resistance, it may be seen 
that a very high heating current may be drawn by a cold filament, particularly 
one of the tungsten type. In order to avoid destruction by mechanical stresses 
which are proportional to /2, it is imperative to limit the current to a safe 
value, say, 150 percent of normal hot value for large tubes and 250 percent 
for medium types. This may be accomplished by resistance and time -delay 
relays, high- reactance transformers, or regulators. 
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Fig. 2- Effect of change in filament voltage on the life and emission of bright tungsten 
filament (based on 2575 K normal temperature). 
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Filament characteristics continued 

In the case where a severe overload has temporarily impaired the emission 
of a thoriated -tungsten filament, the activity can sometimes be restored by 
operating the tube with filament voltage only in accordance with one of the 
following schedules: 

1. At normal filament voltage for several hours or overnight. Or, if the 
emission fails to respond. 

2. At 30 percent above normal for 10 minutes, then at normal for 20 to 30 
minutes. Or, in extreme cases when 1 and 2 have failed to give results and 
at the risk of burning out the filament. 

3. At 75 percent above normal for 30 seconds followed by schedule 2. 

Ultra- high -frequency tubes 

Tubes for u -h -f application differ widely in design among themselves and 
from those for lower frequency. The theory of their operation and the 
principles of their design have not been fully expounded, and great progress 
in this field still lies ahead. 

Ultra- high- frequency tubes may be classified according to principle of 
operation as follows: 

1. Negative -grid tubes 
2. Positive -grid tubes 
3. Velocity- modulated tubes 
4. Magnetrons 

1. Negative -grid tubes: Effectiveness of negative -grid tubes at ultra -high- 
frequencies is limited by two factors 
a. difficulty of designing the circuit associated with the tube 

b. effect of electron inertia. 

a. Design of u -h -f circuit associated with negative -grid tubes: The circuit 
must be tunable at the operating frequency. This leads to the use of trans- 
mission lines as associated circuits of the parallel or coaxial type. The tubes 
themselves are constructed so as to be part of the associated transmission 
line. 

Lines in some coses are tuned on harmonic modes, thus making possible the use 
of larger circuit elements. 

Circuit impedance must match the optimum loading impedance of the tube, a 
requirement difficult to satisfy inasmuch as the capacitive reactances are 
very small and u -h -f losses are important in both conductors and insulators. 
Difficulty in obtaining the proper Q of the circuit is increased with fre- 
quency. 
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Ultra- high- frequency tubes continued 

b. Effect of electron inertia: The theory of electron inertia effect in receiving 
tubes has been formulated by Llewelyn, but no comparable, complete theory 
is now available for transmitting tubes. In both cases the time of flight of an 

electron from cathode to anode must be a small fraction of the oscillating 
period. When this period is so short as to be of the same order of magnitude 

as the transit time, receiving tubes cease to amplify and transmitting tubes 

cease to oscillate. 

Small tubes with close spacing between electrodes have been built that 

can be operated up to about 3000 megacycles. 

To compare results obtained with different tubes and circuits pertaining to 
a family ruled by the law of similitude, it is useful to know that dimensionless 

magnitudes, such as efficiency, or signal -noise ratio, are the same when the 

dimensionless parameter 

I X d 
4) _ 'V remains constant 

where 

f = frequency in megacycles 
d = cathode -to -anode distance in centimeters 
V = anode voltage in volts. 

Transit -time effect appears when 4) becomes greater than 1. Spacing between 

electrodes of u -h -f tubes then must be small, and operation at high voltage 
is necessary. In addition cathodes must be designed for high current density 

operation. 

2. Positive -grid tubes: Utilize an oscillating space charge produced by 

acceleration of electrons through the positive grid toward a negative 

reflecting anode. This principle has been used for generating waves down 

to lengths of one centimeter. Low power output and low efficiency have 

hitherto limited their wide application. 

3. Velocity -modulated tubes: Utilize the acceleration and retarding action 

of an alternating electron voltage on an electron beam to vary the velocity 

in the beam. After passage of the beam through a field -free drift space, the 

beam arrives with variations of space -charge density. In passing through the 

opening of a resonant cavity at this point, the variation of the beam density 

induces a current in the external circuit. Several types of amplifiers and oscil- 

lators employ this principle of operation; some, such as the reflex Klystron, 

have a single cavity. While a theoretical efficiency of about 50 percent may 

thereby be achieved, the actual efficiency in the frequency range around 

10 centimeters is only a few percent. 

4. Magnetrons: May be considered as another form of velocity- modulated 

tube in which the electron stream instead of being accelerated linearly is 
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Ultra- high -frequency tubes continued 

given a circular trajectory by means of a transverse magnetic field. Energy 
from this beam is not lost directly to an acceleration electrode at d -c po- 
tential as in the linear case and accordingly a higher operating efficiency 
may be obtained. Usually acceleration and retardation of the rotary beam is 
accomplished by one or more pairs of electrodes associated with one or 
more resonant circuits. 

Wavelengths down to a centimeter are produced by the so- called first order 
fn = 1) oscillations generated in a magnetron having a single pair of plates. 
Relatively low efficiency and power output are obtained in this mode of 
operation. Design formulas relating dimensions, d -c anode voltage, mag- 
netic field strength, and output frequency for this case are obtained from the 
basic relation for electron angular velocity 

e 
Wm = 

m 

]\ 
10,700 

H 

Eb = 0.022 rb2 I 1- (- 2 

A11 z H2 
rb/J 

where 

H = field intensity in gauss 
Eb = d -c accelerating voltage in volts 
X = generated wavelength in centimeters 
rb = anode radius in centimeters 
rk = cathode radius in centimeters 

Higher order oscillations of the magnetron may be obtained at high outputs 
and efficiencies exceeding that of the linear velocity- modulated tubes. 

Cathode -ray tubes 

Electrodes* 

Control electrode (modulating electrode, grid, or grid No. 1): Is operated 
at a negative potential with respect to the cathode in conventional cathode - 
ray tubes. The negative potential controls the beam current and, therefore, 
the trace brightness. 

* Sections on Electrodes, Characteristics, and Application Notes prepared by L E. tempert, Allen B. Dumont Laboratories, Inc. 
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Cathode -ray tubes continued 

Screen grid (grid No. 2): Is not utilized in all cathode -ray tube designs. Its 
introduction makes the control characteristic independent of the accelerat- 
ing potential when operated at fixed positive potential. In electrostatic - 
focus, it makes the screen current (beam current to fluorescent screen) 
substantially independent of the focusing electrode voltage over the focus 
region. In some tube designs, it is used to change the control characteristic 
dynamically by application of varying potential. 

Fig. 9- Electrode arrangement of typical electrostatic focus and deflection cathode -ray 
tube. A heater. B cathode. C control electrode. D screen grid or pre -accelerator. 
E focusing electrode. F accelerating electrode. G deflection plate pair. H deflection 
plate pair. J conductive coating connected to accelerating electrode. K intensifier 
electrode terminal. L intensifier electrode (conductive coating on glass). M fl t 
screen. 

Focusing electrode (anode No. 1): Is used in electrostatic -focus cathode -ray 
tubes and operates at a positive potential,* adjustable to focus the spot. 
Accelerating electrode (anode No. 2 or anode): In usual usage, the second 
anode is the last electrode, prior to deflection, which produces acceleration. 
The second anode potential is the potential of the electron beam in the 
deflection region. 

Intensifier electrode (post -accelerating electrode, anode No. 3): Provides 
acceleration after deflection. 

Preaccelerating electrode: In common usage, is an electrode like a screen 
grid or second grid, but connected to the accelerating electrode internally. 
It makes the screen current (beam current to fluorescent screen) substan- 
tially independent of the focusing electrode voltage over the focus region. 

Deflection plates (deflection electrodes): Conventional cathode -ray tubes 
have two pairs of deflection plates at right angles to each other. The electric 
field between the plates of a pair causes deflection of the beam and, there- 
fore, displacement of spot, in a direction perpendicular to plates of a pair. 

All potentials ore with respect to the cathode except when otherwise indicated. 
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Cathode -ray tubes continued 

Characteristics 

Cutoff voltage (Eco): Negative grid potential at which screen current be- 
comes zero (as indicated by visual extinction of a focused undeflected spot), 
or some specified low value. It varies directly with the accelerating electrode 
potential except in tubes with independently connected screen grids where 
it varies approximately as the screen -grid potential, the accelerating elec- 
trode potential having a second order effect (Eco increases slightly with 
accelerating electrode potential). Eco is independent of intensifier electrode 
potential. 

Control characteristic (modulation characteristic): Is a curve of beam 
current versus grid potential. It is often expressed in terms of grid drive 
(grid potential above cutoff) rather than actual grid potential. This method 
of expressing it has the advantage that the characteristic then varies less 
with accelerating potential and with individual tubes of a given design. 

Focusing voltage: In electrostatic focus tubes, the focusing electrode voltage 
at which the spot comes to a focus varies directly with accelerating electrode 
voltage in most tube designs and is substantially independent of the intensifier 
electrode potential. 

Focusing current or focusing ampere turns: Applies to magnetic -focus 
cathode -ray tubes and is usually expressed in terms of a definite focus coil 
in a definite location on the tube. While more than one value of current will 
focus, the best focus is obtained with the minimum value, i.e., the one ordi- 
narily specified. The focusing current for ampere turns) increases with ac- 
celerating potential. 

Deflection factor (for electrostatic -deflection tubes): Is defined as the voltage 
required between a pair of deflection plates to produce unit deflection of 
the spot, and is usually expressed in d -c volts per inch of displacement. It 
varies directly with the accelerating potential in intensifier -type tubes so 
long as the ratio of the intensifier potential to accelerating -electrode po- 
tential (all potentials with respect to cathode) is constant. The application 
of twice the accelerating electrode potential to the intensifier electrode 
increases the deflection factor 15 percent to 30 percent above the value 
with the accelerating electrode and intensifier electrode at the same 
potential, depending on the tube design. 

Deflection factor (for magnetic deflection tubes): Usually expressed in terms 
of a definite deflection yoke in a definite location on the tube, in amperes or 
milliamperes per inch of spot deflection, it varies as the square root of the 
accelerating electrode potential. 
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Cathode -ray tubes continued 

Deflection sensitivity: Is the reciprocal of the deflection factor. Usually, 
however, it is expressed in millimeters per volt for electrostatic deflection 
tubes. 

Spot size: Must be expressed in terms of a defined method of measurement 
since spot edges are not usually sharp. When the accelerating potential is 
varied and the screen current maintained constant, the spot size usually 
decreases with increasing accelerating potential. If the brightness is held 
constant while varying the accelerating potential, the spot size decreases 
even more with increasing accelerating potential. 

Brightness: Increases with beam current and with accelerating potential. 
At constant screen current, it usually increases with accelerating potential at 
a rate between the first and second power of the accelerating potential, 
approaching a maximum depending upon the screen material. 

Application notes 

Grid voltage: To permit variation of brightness over the entire range, the 
grid voltage, should be variable from the maximum specified cutoff bias of 
a cathode -ray tube to zero. Allowance should be made for a -c grid voltages 
if they are applied, and for potential drops which may occur in d -c grid - 
return circuits due to allowable grid leakage. 

Focusing electrode voltage source (electrostatic -focus tubes): Bleeder 
design should be such as to cover the range of focus voltage over which tubes 
are permitted to vary by specifications, both at the value of focusing -elec- 
trode current that may be encountered in operation, and at cutoff (zero 
focusing -electrode current). 

Deflection -plate potentials (electrostatic- deflection tubes): To avoid de- 
focusing of the spot, the instantaneous average potential of the plates of 
each deflection -plate pair should always be the same as that of the accelerat- 
ing electrode. 

Magnetic shielding: Magnetic shielding is necessary if it is desired to 
eliminate magnetic effects on the beam. The earth's and other magnetic 
fields may shift the beam considerably. 

Approximate formulas 

Electrostatic deflection: Is proportional to deflection voltage, inversely 
proportional to accelerating voltage, and at right angles to the plane of the 
plates and toward the more positive plate. For deflection electrode structures 
using straight parallel deflection plates 
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Cathode -ray tubes continued 

EdU 
D 

2E,,A 
D = deflection 

Ed = deflection voltage 
E. = accelerating voltage 
A = separation of plates 

1 = length of plates 
L = length from center of plates to screen 

D, A, 1, L are all in the same units 

Electromagnetic deflection: Is proportional to flux or current in coil, inversely 
proportional to the square root of the accelerating voltage, and at right 
ongles to the direction of the field 

D_0.3LJH 

'Ea 
D = deflection in centimeters 
L = length in centimeters between screen 

and point where beam enters deflect- 
ing field 

1 = length of deflection field in centimeters 
H = flux density in gauss 

E. = accelerating voltage 
NI = deflecting coil ampere turns 

Deflection sensitivity: Is linear up to frequency where phase of deflecting 
voltage begins to reverse before electron has reached end of deflecting 
field. Beyond this frequency, sensitivity drops off reaching zero and then 

passing through a series of maxima and minima as n = 1, 2, 3 ... . Each 

succeeding maximum is of smaller magnitude 

Dzero = n]\(c. 

Dmaz = (2n - 1) 

\2/ \c/ 
D = deflection 
v = electron velocity 
c = speed of light 13 X 1010 cm /sec) 

Electron velocity: For accelerating voltages up to 10,000 

v (km per sec) = 593V Ea 
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Cathode -ray tubes continued 

Beyond 10,000 volts, apply Einstein's correction for the 
the electron. 

increase in mass of 

Earth's magnetic field: 
Maximum 0.4 gauss horizontal (Philippine Islands) 

0.6 gauss vertical (Canada) 
City of New York 0.17 gauss horizontal; 0.59 gauss vertical 

Magnetic focusing: There is more than one value of current that will focus. 
Best focus is at minimum value. 
For an everage coil 

IN = 220\iV-°d 

IN = 
Vo = 
d= 
f= 

ampere turns 
kv accelerating voltage 
mean diameter of coil 
focal length 

d and f are in the same units 

A well- designed, shielded coil will require 
fewer ampere turns. 
Example of good shield' design 

X = dl 
20 

d, 
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CHAPTER SEVEN 143 

Vacuum tube amplifiers 

Classification 

It is common practice to differentiate between types of vacuum tube circuits, 

particularly amplifiers, on the basis of the operating regime of the tube. 

Class A: Grid bias and alternating grid voltages such that plate current flows 

continuously throughout electrical cycle (Bp = 360 degrees). 

Class AB: Grid bias and alternating grid voltages such that plate current 

flows appreciably more than half but less than entire electrical cycle 

(360° > BD > 180 °) . 

Class B: Grid bias close to cut -off such that plate current flows only during 

approximately half of electrical cycle (6p = 1800). 

Class C: Grid bias appreciably greater than cut -off so that plate current flows 

for appreciably less than half of electrical cycle (Op < 180 °). 

A further classification between circuits in which positive grid current is 

conducted during some portion of the cycle, and those in which it is not, is 

denoted by subscripts 2 and 1, respectively. Thus a class AB2 amplifier op- 

erates with a positive swing of the alternating grid voltage such that positive 
electronic current is conducted, and accordingly in -phase power is required 

to drive the tube. 

General design 

For quickly estimating the performance of a tube from catalog data, or for 
predicting the characteristics needed for a given application, the ratios 

given in Table I may be used. 

Table 1- Typical amplifier operating data 

Maximum signal conditions -per tube 

function class A 
class B 

a -f (p -p) 
class B 

r -f 
class C 

r -f 

'late efficiency 'i % 20-30 35-65 60-70 65-85 
'eak instantaneous to d -c plate 

current ratio Mib /!e 1.5-2 3.1 3.1 3.1 -4.5 
WS alternating to d -c plate 

current ratio !n //b 0.5-0.7 1.1 L1 1.1 -1.2 
MS alternating to d -c plate 

voltage ratio En /Et, 0.3-0.5 0.5-0.6 0.5-0.6 0.5-0.6 
D -C to peak instantaneous grid 

current !. /M1e 0.25-0.1 0.25-0.1 0.15-0.1 
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General design continued 

Table I gives correlating data for typical operation of tubes in the various 
amplifier classifications. From this table, knowing the maximum ratings of a 

tube, the maximum power output, currents, voltages, and corresponding load 
impedance may be estimated. Thus, taking for example, a type F -124 -A 
water -cooled transmitting tube as a class C radio- frequency power amplifier 
and oscillator -the constant -current characteristics of which are shown in 

Fig. 1- published maximum ratings are as follows: 

D -C plate voltage Eb = 20,000 volts 
D -C grid voltage E. = 3,000 volts 
D -C plate current Ib = 7 amperes 
R -F grid current lo = 50 amperes 
Plate input P; = 135,000 watts 
Plate dissipation Pp = 40,000 watts 

Maximum conditions may be estimated as follows: 

For n = 75% P; = 135,000 watts Eb = 20,000 volts 

Power output Po = n P; = 100,000 watts 

Average d -c plate current lb = P; /Eb = 6.7 amperes 

From tabulated typical ratio Mib /Ib = 4, instantaneous peak plate current 
Mib = 41b = 27 amperes 

The rms alternating plate current component, taking ratio I4 /I4 = 1.2, I, = 
1.2 Ib = 8 amperes 

The rms value of the alternating plate voltage component from the ratio 
Ep /Eb = 0.6 is Ep = 0.6 Eb = 12,000 volts. 

The approximate operating load resistance ri is now found from 

ri = -E, = 1500 ohms. 
p 

An estimate of the grid drive power required may be obtained by reference 
to the constant current characteristics of the tube and determination of the 

peak instantaneous positive grid current M. and the corresponding instan- 
taneous total grid voltage Mec. Taking the value of grid bias E. for the given 
operating condition, the peak a -c grid drive voltage is 

MEo = (Me, - E.) 

from which the peak instantaneous grid drive power 

MP, o MEp MI,. 
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General design continued 

An approximation to the average grid drive power Pu, necessarily rough due 

to neglect of negative grid current, is obtained from the typical ratio 

j`- = 0.2 Ali 

of d -c to peak value of grid current, giving 

P, = = 0.2 mi,F, watts. 

Plate dissipation P, may be checked with published values since 

P,, =Pi- Po. 
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Fig. 1- Constant- current characteristics with typical load lines AB -class C, CDC 
class B, EFG -class A, and HJK -class AB. 
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General design continued 

It should be borne in mind that combinations of published maximum ratings as 

well as each individual maximum rating must be observed. Thus, for example in 

this case, the maximum d -c plate operating voltage of 20,000 volts does 
not permit operation at the maximum d -c plate current of 7 amperes since 

this exceeds the maximum plate input rating of 135,000 watts. 

Plate load resistance ri may be connected directly in the tube plate circuit, 
as in the resistance -coupled amplifier, through impedance- matching elements 
as in audio -frequency transformer coupling, or effectively represented by a 

loaded parallel resonant circuit as in most radio- frequency amplifiers. In 

any case, calculated values apply only to effectively resistive loads, such as 

are normally closely approximated in radio -frequency amplifiers. With 
appreciably reactive loads, operating currents and voltages will in general 
be quite different and their precise calculation is quite difficult. 

The physical load resistance present in any given set -up may be measured by 
audio -frequency or radio -frequency bridge methods. In many cases, the 

proper value of ri is ascertained experimentally as in radio -frequency ampli- 
fiers which are tuned to the proper minimum d -c plate current. Conversely, if 

the circuit is to be matched to the tube, ri is determined directly as in a 

resistance -coupled amplifier or as 

r = N2r, 

in the case of a transformer -coupled stage, where N is the primary-to- second- 

ary voltage transformation ratio. In a parallel- resonant circuit in which the 

output resistance r, is connected directly in one of the resistance legs, 

X2 L 
ri = -= -= QX, 

r, Cr, 

where X is the leg reactance at resonance (ohms). 

L and C are leg inductance (henries) and capacitance (farads), respectively, 

= 
X 

r, 

Graphical design methods 

When accurate operating data are required, more precise methods must be 

used. Because of the non -linear nature of tube characteristics, graphical 

methods usually are most convenient and rapid. Examples of such methods 

are given below. 

A comparison of the operating regimes of class A, AB, B, and C amplifiers is 

given in the constant -current current characteristics graph of Fig. 1. The 
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Graphical design methods continued 

lines corresponding to the different classes of operation are each the locus 

of instantaneous grid ec and plate e6 voltages, corresponding to their re- 
spective load impedances. 

For radio -frequency amplifiers and oscillators having tuned circuits giving 
an effective resistive load, plate and grid tube and load alternating voltages 
are sinusoidal and in phase (disregarding transit time), and the loci become 
straight lines. 

For amplifiers having non -resonant resistive loads, the loci are in general 
non -linear except in the distortionless case of linear tube characteristics 
(constant rp) for which they are again straight lines. 

Thus, for determination of radio- frequency performance, the constant - 

current chart is convenient. For solution of audio -frequency problems, how- 

ever, it is more convenient to use the (i6 - ed transfer characteristics of 
Fig. 2 on which a dynamic load line may be constructed. 

Methods for calculation of the most important cases are given below. 

Class C r -f amplifier or oscillator 
Draw straight line from A to B (Fig. 11 corresponding to chosen d -c operating 
plate and grid voltages, and to desired peak alternating plate and grid 
voltage excursions. The projection of AB on the horizontal axis thus corre- 
sponds to MEP. Using Chaffee's 11 -point method of harmonic analysis, lay 

out on AB points: 

e'P MEp errp = 0.866 MEP e,.ip = 0.5 '1E, 

to each of which correspond instantaneous plate currents i'6, i "6 and 

(mt. and instantaneous grid currents i'c, i ", and i "'c. The operating currents 

are obtained from the following expressions: 

lb= 1 [L i'6 +2i "b +2i"'6] = , +2i "c+2i"1 
12 12 

MIP = 
Ó 

[i'6 + 1.73 i"6 + j"6 nilc = -6 [i'c + .73 i "c + i"'cl 

Substitution of the above in the following give the desired operating data. 
T'EP mi 

P Power output Po - 
Power input P; = Eb I6 

Average grid excitation power = 
M Ep MIo 

2 
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Graphical design methods continued 

Peak grid excitation power = 14E0 i', 

11Ev 
Plate load resistance ri = 

/i, 

Ec 
Grid bias resistance Rc = 

Po 
Plate efficiency n = 

P, 

Plate dissipation Pp = Pi - Po 

The above procedure may also be applied to plate -modulated class C 

amplifiers. Taking the above data as applying to carrier conditions, the 

analysis is repeated for area` Eb = 2E6 and cry` Po = 4P0 keeping ri constant. 

After a cut- and -try method has given a peak solution, it will often be found 

that combination fixed and self grid biasing as well as grid modulation is 

indicated to obtain linear operation. 

To illustrate the preceding exposition, a typical amplifier calculation is 

given below: 

Operating requirements (carrier condition) 

Eb = 12,000 volts Po = 25,000 watts n = 75% 

Preliminary calculation (refer to Table II) 

Table ll -Class C r -f amplifier data 100% plate modulation 

preliminary detailed 

carrier carrier symbol crest 

Et (volts) 
MED (volts) 

Eo (volts) 
MEo (volts) 

!, lamp) 
M!, lamp) 

4 (amp) 
M!o lamp) 

Pi (watts) 
Po (watts) 
Po (watts) 

Ti (percent) 
ri (ohms) 

Ro (ohms) 
Ea (volts) 

12,000 
10,000 

2.9 
4.9 

35,000 
25,000 

75 
2,06C 

12000 
10,000 

-1,000 
1,740 

2.8 
5.1 

0.125 
0.255 

33,600 
25,50 

220 
76 

1,960 
7,100 

-110 

24,000 
20,000 - 700 

1,740 
6.4 

10.2 
0.083 
0.183 

154,000 
102,000 

160 
66 

1,960 
7,100 
-110 
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Graphical design methods continued 

EP =0.6 
Eb 

EP = 0.6 X 12,000 = 7200 volts 
r'EP = 1.41 X 7200 = 10,000 volts 

PO - IP E 
IP = 2( 00 

- 3.48 amperes 

fTP = 4.9 amperes 

IP - 
Ib 

1.2 

4 = -2 = 2.9 amperes 

Pi = 12,000 X 2.9 = 35,000 watts 
M. 

ib =4.5 
Ib 

Mib = 4.5 X 2.9 = 13.0 amperes 

rt = JP= 3 = 2060ohms 
I, .48 

Complete calculation 
Layout carrier operating line, AB on constant current graph, Fig. I, using 
values of Eb, MEP, and Mib from preliminary calculated data. Operating 
carrier bias voltage, Ec, is chosen somewhat greater than twice cutoff value, 
1000 volts, to locate point A. 

The following data are taken along AB: 

ib' = 13 amp = 1.7 amp E, = -1000 volts 
ib" = 10 amp i," _ -0.1 amp e,' = 740 volts 

ib "' = 0.3 amp i,"' =0amp MEP = 10,000 volts 

From the formulas, complete carrier data as follows are calculated: 

MIP= 6[13 +1.73X10+0.3] =5.1 amp 

10,000 X 5.1 
25,500 watts 

2 

12 
Ib = [13 +2X 10 +2X0.3] =2.8 amp 

Pi = 12,000 X 2.8 = 33,600 watts 
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Graphical design methods continued 

= 
25,500 

33,600 X 100 = 76 percent 

00 
r 

1 

= 15.1 - 1960 ohms 

1c = 
1 

[1.7 + 2 ( -0.11] = 0.125 amp 

D1lo= 6[1.7+ 1.7 1-0.11]+0.255amp 

P 
1740 X 0.255 - 220 watts 

° = 2 

Operating data at 100 percent positive modulation crests are now calcu- 

lated knowing that here 

Eb = 24,000 volts rl = 1960 ohms 

and for undistorted operation 

Po = 4 X 25,500 = 102,000 watts ' "EP = 20,000 volts 

The crest operating line A'B' is now located by trial so as to satisfy the above 

conditions, using the same formulas and method as for the carrier condition. 

It is seen that in order to obtain full -crest power output, in addition to 

doubling the alternating plate voltage, the peak plate current must be in- 

creased. This is accomplished by reducing the crest bias voltage with re- 

sultant increase of current conduction period, but lower plate efficiency. 

The effect of grid secondary emission to lower the crest grid current is taken 

advantage of to obtain the reduced grid- resistance voltage drcp required. 

By use of combination fixed and grid resistance bias proper variation of the 

total bias is obtained. The value of grid resistance required is given by 

- [E - 
1 - "' ̀I 

and the value of fixed bias by 

E« = Ec - Rol 

Calculations at carrier and positive crest together with the condition of 

zero output at negative crest give sufficiently complete data for most 

purposes. If accurate calculation of audio -frequency harmonic distortion is 

necessary the above method may be applied to the additional points re- 

quired. 

Rc = 
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Graphical design methods continued 

Class B r -f amplifiers 

A rapid approximate method is to determine by inspection from the tube 
lib - ebl characteristics the instantaneous current, i'b and voltage e'b cor- 
responding to peak alternating voltage swing from operating voltage Eb. 

A -C plate current MIP = 'b 
2 

D -C plate current Ib = 
a 

A -C plate voltage MEP = Eb - e'b 

(Eb - e'b) i'b Power output Po = 
4 

Power input P; = Ebi'b 

ir 

Plate efficiency n = 1 
_ e'b 

4 Eb) 

Thus n ^' 0.6 for the usual crest value of MEP =' 0.8 Eb. 

The same method of analysis used for the class C amplifier may also be used 
in this case. The carrier and crest condition calculations, however, are now 
made from the same Et., the carrier condition corresponding to an alter - 

M 
nating -voltage amplitude of 

?P 
such as to give the desired carrier power 

output. 

For greater accuracy than the simple check of carrier and crest conditions, 
the radio- frequency plate currents 111' MI" MI "' 111° - MI "' D P P P p, - M1"p, and - MI' may be calculated for seven corresponding selected 
points of the audio -frequency modulation envelope + MEp, + 0.707 ME,, 
+ 0.5 MEo, 0, -0.5MEp, - 0.70711Ep, and - MEp, where the negative signs 
denote values in the negative half of the modulation cycle. Designating 

D' = 1í1' - (- MI',,), etc., 

the fundamental and harmonic components of the output audio -frequency 
current are obtained as 

S' S" 
Mlpl = 

4 
+ 

2V 2 
(fundamental) 

5 D' D" D"' 
MIy2 24 + 4 3 
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1t S' S"' 
P3 6 3 

M 
D' D" 

IPL 
8 
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MI 
S, S" S S" 

12 2V 2 3 

D' D" D"' 
MI 24 4 + 3 

This detailed method of calculation of audio -frequency harmonic distortion 

may, of course, also be applied to calculation of the class C modulated 

amplifier, as well as to the class A modulated amplifier. 

Class A and AB a -f amplifiers 

Approximate formulas assuming linear tube characteristics: 

MEP ml 

Maximum undistorted power outputMPo = P 

when plate load resistance ri = rP 
E, 

1 ' E, 

and 
n'EP ¡ rt + \ 

Negative grid bias E, = 
µ rt + 2r9) 

giving 
Mt u 

Maximum plate efficiency +1 = -EP 
IP 

8Eb Ib 

MEs 
Maximum maximum undistorted power output MMPo = 

16 rP P 

when 

3M 
rt =2rP E,= 

4 

P 

ft 

An exact analysis may be obtained by use of a dynamic load line laid out on 

the transfer characteristics of the tube. Such a line is CKF of Fig. 2 which is 

constructed about operating point K for a given load resistance ri from the 

following relation: 
R 9 

i9 - eb - ea R 
D b 

ri 

where 

R, S, etc., are successive conveniently spaced construction points. 
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Graphical design methods continued 

Using the seven -point method of harmonic analysis, plot instantaneous plate 
currents i b, i b, i a, iò, - i b, - i b, and - i b corresponding to 
+ ME, + 0.707ME,, + 0.5MEo, 0,- 0.5MEo,- 0.707ME,, and -MEo, where 
0 corresponds to the operating point K. In addition to the formulas given 
under class B radio -frequency amplifiers: 

D' D" 
Ib average = 4 + 8 + 

4 

from which complete data may be calculated. 

Class AB and B a -f amplifiers 

Approximate formulas assuming linear tube characteristics give (referring to 
Fig. 1, line CD) for a class B audio -frequency amplifier: 
M 

Ip = I b 

M M 
Po - Ep Ip 

2 

Pi = 
2 

7r MEp 
'1 

ME 
Rpp = 4 

'P 
= 4ry 

1b 

Again an exact solution may be derived by use of the dynamic load line 
JKL on the lib - e7) characteristic of Fig. 2. This line is calculated about the 
operating point K for the given ri (in the same way as for the class A case). 
However, since two tubes operate in phase opposition in this case, an iden- 
tical dynamic load line MNO represents the other half cycle, laid out about 
the operating bias abscissa point but in the opposite direction (see Fig. 2). 

Algebraic addition of instantaneous current values of the two tubes at each 
value of e, gives the composite dynamic characteristic for the two tubes 
OPL. Inasmuch as this curve is symmetrical about point P it may be analyzed 
for harmonics along a single half curve PL by the Mouromtseff 5 -point 
method. A straight line is drawn from P to L and ordinate plate current differ- 
ences a, b, c, d, f between this line and curve, corresponding fo a "p, a "'p, 
eIV V 

o, e , and evio, are measured. Ordinate distances measured upward from 
curve PL are taken positive. 
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Graphical design methods continued 

Fundamental and harmonic current amplitudes and power are found from 
the following formulas: 

M , M M M M M 
¡pl = 1 5 - 1p3 + Ip5 1pl + 1p9 

mzp3= 0.4475lb +f) +g- 0.578 d - 
Mlp5= 0.4la -f) 
M1p7 = 0.4475 lb + f) - Mlp3 + 0.5 Mlpb 

MI 1f 2 1p9- (p3 --d 
3 

m/pl M 
¿pli - 0.707C - 1p3 + /p5 

Even harmonics are not present due to dynamic characteristic symmetry. 

The direct current and power input values are found by the 7 -point analysis 

from curve PL and doubled for two tubes. 

Classification of amplifier circuits 

The classification of ampl fiers in classes A, B, and C is based on the operat- 
ing conditions of the tube. 

Another classification can be used, based on the type of circuits associated 
with the tube. 

A tube can be considered as a four -terminal network with two input termi- 
nals and two output terminals. One of the input terminals and one of the out- 
put terminals are usually common; this common junction or point is usually 

called "ground ". 

When the common point is connected to the filament or cathode of the tube, 

we can speak of a grounded- cathode circuit. It is the most conventional type 

of vacuum tube circuit. When the common point is the grid, we can speak of a 

grounded -grid circuit, and when the common point is the plate or anode, we 
can speak of the grounded -anode circuit. 

This last type of circuit is most commonly known by the name of cathode 

follower. 

A fourth and most general class of circuit is obtained when the common point 
or ground is not directly connected to any of the three electrodes of the 

tube. This is the condition encountered at u -h -f where the series impedances 

of the internal tube leads make it impossible to ground any of them. It is also 
encountered in such special types of circuits as the phase -splitter, in which 
the impedance from plate to ground and tie impedance from cathode to 
ground are made equal in order to obtain an output between plate and 
cathode balanced with respect to ground. 
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Table Ill- Classification of triode amplifier circuits 

circuit grounded- grounded - 
classification cathode grid 

grounded-plate 
or 

cathode follower 

Circuit 
schematic 

Equivalent cir- 
cuit, a -c com- 
ponent, class A 
operation 

St 

O,.E, 

Voltage gain, y 
for output load 
impedance =Z2 

E2 
Y=E1 

neglecting Cop 

-µZ2 
'Y= 

rp +Z2 

rpZ2 
_ -g'rpi 

-Z2 

lZ2 includes CO.) 

1, 

1 c 
r, 

E, 

neglecting CDk 

Y = I1 +µl 
z2 

rD+72 

1Z2 includes Cop) 

neglecting CO, 

µZ2 Y- 
rD +l1 +µ1Z2 

(Z2 includes CDk) 

Input admit- 
tance 

Y1=- 

Equivalent gen- 
erator seen by 
load at output 
terminals 

Y1=k,[Cak+ 
(1-Y) CoD] Yt =1w[Cvk+ 

I1-14 CDk] 1 
+ + rD+Zx 

Yt =jw[CrD+ 11- 71 Co k] 

neglecting C5D neglecting CDk neglecting Cak 
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Classification of amplifier circuits continued 

Design information for the first three classifications is given in Table Ill, 
where 

Z2 = load impedance to which output terminals of amplifier are connected 
E1 = rms driving voltage across input terminals of amplifier 
E2 = rms output voltage across load impedance 
Il = rms current at input terminals of amplifier 

y = voltage gain of amplifier = 
E2 

E1 

Z2 

Y1 = input admittance to input terminals of amplifier = 

w = 2r X frequency of excitation voltage E: 

i = -1 
and the remaining notation is in accordance with the nomenclature of 
pages 127 and 128. 

I1 

E1 

Cathode follower data 

General characteristics 

1. High impedance input, low impedance output. 
2. Input and output have one side grounded. 
3. Good wide -band frequency and phase response. 
4. Output is in phase with input. 
5. Voltage gain or transfer is always less than one. 
6. A power gain can be obtained. 
7. Input capacitance is reduced. 

General case 

Transfer = 9m R 
or gm Zr 

g. RL 1 

Z,. = resultant cathode to ground impedance = Row in parallel with Re 

Re,,, = output resistance 
1 

= Rp 
- or approximately 

+ 1 9m 

RL = total load resistance 

Input capacitance = Cop + Cot` 
1 + 9m RL 

gm = transconductance in mhos (1000 

micromhos = 0.001 mhos) 

6+ 
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Cathode follower data continued 

Specific cases 

1. To match the characteristic imped- 2. If R0,,, is less than Zo, add resistor 
ance of the transmission line, Ra,, R,' in series so that Ra' = Zo - Rout, 

must equal Zo. The transfer is op- The transfer is approximately 0.5. 
proximately 0.5. 

B+ 8+ 

3. If R0,t is greater than 
in parallel so that 

Ra = Zo Rain 

Ross - Zo 

Transfer = gm Zo 
2 

Zo add 

Note: Normal operating bias must be provided. 

resistor Ra 8+ 

For coupling a high impedance into a low impedance transmission line, for maximum transfer 
choose a tube with a high 9w. 

Resistance -coupled audio amplifier design 

Stage gain at 

Medium frequencies 

High frequencies 

Low frequencies* 

µR 
- Am 

R + Rp 

Am - Ah- 
11 + w2C2i r2 

= A, = Am 

1 

1 + 
w2C2 P2 

* The low -frequency stage gain also is affected by the values of the cathode bypoe 
capacitor and the screen by -pass capacitor. 
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Resistance coupled audio amplifier design continued 

where 

R = 
r1 R2 

ri + R2 

Rrp 
r - 

R + ry 

P = R2 + ri rn 

r1 + ry 

A = amplification factor of tube 
w = 2a X frequency 
ri = plate load resistance in ohms 
R2 = grid leak resistance in ohms 

rp = a -c plate resistance in ohms 
C1 = total shunt capacitance in farads 
C2 = coupling capacitance in farads 

A- plate. 
B -grid. 
C- ground or cathode. 

Given C1, C2, R2, and X = fractional response required 

At highest frequency 

1/1 - X2 rrp RR2 r= R= rt- 
wC1 X rp - r R2 - R 

At lowest frequency* 

X 
Cs = 

cop 

* The low- frequency stage gain also Is affected by the values of the cathode by -pass 
capacitor and the screen by -pou capacitor. 

Negative feedback 

The following quantities are functions of frequency with respect to magnitude 
and phase: 

E, N, and D = signal, nose, and distortion output voltage with feedback 
e, n, and d = signal, noise, and distortion output voltage without feedback 

A= 
ß= 

0_ 

voltage amplification of amplifier at a given frequency 
fraction of output voltage fed back; for usual negative 
feedback, ß is negative 
phase shift of amplifier and feedback circuit at a given 
freauency 
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Reduction in gain caused by feedback 

percent feedback 

V.7° - 
50 - 
40 - 

30 

- 

10 - 

5 

3 - 

2 - 

0.5 - 

0.3 - 

0.2 - 

0.1 
_0 

original amplifier original 
gain (decibels) amplifier gain _ 80 10000 

additional gain 
needed to maintain -9- 
original gain 

change in gain (decibels) - 0.001 60 _ 
5000 

70 3000 

` 2000 
ti 

0.005 - . 
60 _ 1000 

0.01 - 40 

500 
-'-30 

0.05 -- 50 

0.1 - 20 - 200 

300 

0.3-L 10 

0.5 - 5 
_r 

0.7 --ti 

0.8 -- 2 

0.9 I 

0.95 J 0.5 

0.98 - 
0.99 - 

0.995 - 
G' LG 

Fig. 3 -In negative- feedback amplifier consider- 
ations 0, expressed as a percentage, has a negative 
value. A line across the Ij and A scales intersects 

the center scale to indicate change in gain. It also 

indicates the amount, in decibels, the input must be 

increased to maintain original output. 

input 

40 100 

. 
50 

40 

30 -T._ 30 

20 

20 10 

10_ 
6 2 

gainA 

5 

4 

3 

Witt A 

Hfeedback -6% I 

outpW 
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Negative feedback continued 

The total output voltage with feedback is 

E +N +D =e (1) I-1 -Aß +1 dAß 

It is assumed that the input signal to the amplifier is increased when negative 
feedback is applied, keeping E = e. 

(1 -A ß) is a measure of the amount of feedback. By definition, the amount 
of feedback expressed in decibels is 

20 logro 11 -A ß j (2) 

Voltage gain with feedback - 
1 AA 

(3) 

and change of gain = 
1 

-1Aß (4) 

If the amount of feedback is large, i.e., - A ß> > 1, the voltage gain be- 

comes - and so is independent of A. (5) 

In the general case when 4) is not restricted to 0 or a 

the voltage gain = 
V,l +jAßj2A 21Aß1cos0 (6) 

and change of gain = , 1 (7) 
V1+jAßl2- 21Aßjcos4' 

Hence if 1 A ß 
j > > 1, the expression is substantially independent of 4'. 

On the polar diagram relating IA ß1 and ß (Nyquist diagram), the system is 

unstable if the point (1, 0) is enclosed by the curve. 

Feedback amplifier with single beam power tube 

The use of the foregoing negative feedback formulas is illustrated by the 

amplifier circuit shown in Fig. 4. 

The amplifier consists of an output stage using a 6V6 -G beam power tet- 
rode with feedback driven by a resistance -coupled stage using a 617 -G 
in a pentode connection. Except for resistors R1 and R2 which supply the 

feedback voltage, the circuit constants and tube characteristics are taken 

from published data. 
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Negative feedback continued 

The fraction of the output voltage to be fed back is determined by specifying 

that the total harmonic distortion is not to exceed 4 percent. The plate 

supply voltage is taken as 250 volts. At this voltage, the 6V6 -G has 8 percent 

8P 
Fig. 4- Feedback amplifier with single beam power tube. 

total harmonic distortion. From equation 11), it is seen that the distortion 

output voltage with feedback is 

d_ D= 
1 -Aß 

This may be written os 

1 -Aß =p 
where 

d = 8 = 2 
D 4 

1 -Aß =2 

and where A = the voltage amplification of the amplifier without feedback. 

The peak a -f voltage output of the 6V6 -G under the assumed conditions is 

E,= V'4.5X5000X2= 212volts 

This voltage is obtained with a peak a -f grid voltage of 12.5 volts so that the 

voltage gain of this stage without feedback is 

A = 25= 17 
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Negative feedback continued 

Hence = - ß - 
A 17 - 0.0589 or 5.9% approximately 

The voltage gain of the output stage with feedback is computed from equa- 
tion (3) as follows 

A 17 

A 1 -Aß- -8.5 

and the change of gain due to feedback by equation (41 thus 

1 

1 -Aß 
The required amount of feedback voltage is obtained by choosing suitable 
values for R1 and R2. The feedback voltage on the grid of the 6V6 -G is 

reduced by the effect of Ro, RL and the plate resistance of the 6J7 -G. The 
effective grid resistance is 

- 0.5 

Ri- Rar 
0 - 

Ro -}- r 
where Ro = 0.5 megohm. 

This is the maximum allowable resistance in the grid circuit of the 6V6 -G 
with cathode bias. 

r = 4 megohms, the plate resistance of the 6J7 -G tube 

4 X 0.5 
0.445 megohm 

4 + 0.5 

The fraction of the feedback voltage across R2 which appears at the grid 
of the 6V6 -G is 

Ro' 0.445 - 0.64 
Ro' -- RL 0.445 + - 0.25 

where RL = 0.25 megohm. 

Thus the voltage across R2 to give the required feedback must be 

5.9 
= 9.2% of the output voltage. 

0.64 

This voltage will be obtained if R1 = 50,000 ohms and R2 = 5000 ohms. 

This resistance combination gives a feedback voltage ratio of 

5000 X 100 
= 9.1% of the output voltage. 

50,000 + 5000 



164 

Negative feedback continued 

In a transformer -coupled output stage, the effect of phase shift on the gain 
with feedback does not become appreciable until a noticeable decrease in 

gain without feedback also occurs. In the high- frequency range, a phase 
shift of 25 degrees lagging is accompanied by a 10 percent decrease in gain. 
For this frequency, the gain with feedback is computed from equation (6). 

A' - A 

V1+1Aß12-2IAß1 cos ¢ 

where A = 15.3, (/) = 180°, cos = 0.906, ß = 0.059. 

15.3 15.3 _15.3=8.27 
V 1 + 1 

0.9 12 + 2 I 0.9 I 0.906 "1/2.44 1.85 

The change of gain with feedback is computed from equation 171. 

1 1 - - 0.541 
N/1 + 1 Aß12 -21Aß cos¢ 1.85 

If this gain with feedback is compared with the value of 8.5 for the case of no 
phase shift, it is seen that the effect of frequency on the gain is only 2.7 per- 
cent with feedback compared to 10 percent without feedback. 

The change of gain with feedback is 0.541 times the gain without feedback 
whereas in the frequency range, where there is no phase shift, the corre- 
sponding value is 0.5. This quantity is 0.511 when there is phase shift but no 
decrease of gain without feedback. 

Distortion 

A rapid indication of the harmonic content of an alternating source is given 
by the distortion factor which is expressed as a percentage. 

Distortion 
V 

sum of squares of amplitudes of harmonics 
100e,70 factor square of amplitude of fundamental 

If this factor is reasonably small, say less than 10 percent, the error involved 
in measuring it 

sum of squares of amplitudes of harmonics 

sum of squares of amplitudes of fundamental and harmonics X 
100% 

is also small. This latter is measured by the distortion factor meter. 
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Room acoustics* 

General considerations for good room acoustics 

The following information is intended primarily to aid field engineers in 

appraising acoustical properties of existing structures and not as a complete 
treatise on the subject. 

Good acoustics -governing factors 

a. Reverberation time or amount of reverberation: Varies with frequency 
and is measured by the time required for a sound, when suddenly inter- 

rupted, to die away or decoy to a level 60 decibels 1db) below the original 
sound. 

The reverberation time and the shape of the reverberation -time /frequency 
curve can be controlled by selecting the proper amounts and varieties of 
sound -absorbent materials and by the methods of application. Room occu- 

pants must be considered inasmuch as each person present contributes a 

fairly definite amount of sound absorption. 

b. Standing sound waves: Resonant conditions in sound studios cause stand- 
ing waves by reflections from opposing parallel surfaces, such as ceiling - 
floor and parallel walls, resulting in serious peaks in the reverberation -time/ 
frequency curve. Standing sound waves in a room can be considered com- 

parable to standing electrical waves in an improperly terminated transmission 

line where the transmitted power is not fully absorbed by the load. 

Room sizes and proportions for good acoustics 

The frequency of standing waves is dependent on room sizes: frequency de- 
creases with increase of distances between walls and between floor and 

ceiling. In rooms with two equal dimensions, the two sets of standing waves 

occur at the same frequency with resultant increase of reverberation time at 
resonant frequency. In a room with walls and ceilings of cubical contour this 

effect is tripled and elimination of standing waves is practically impossible. 

The most advantageous ratio for height: width: length is in the proportion of 
1:2 : 235 or separated by % or of an octave. 

In properly proportioned rooms, resonant conditions can be effectively re- 

duced and standing waves practically eliminated by introducing numerous 

surfaces disposed obliquely. Thus, large -order reflections can be avoided 
by breaking them up into numerous smaller reflections. The object is to pre- 

* Compiled by Edward J. Content, consulting engineer. 
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Room sizes and proportions for good acoustics continued 

vent sound reflection back to the point of origin until after several re- 
reflections. 

Most desirable ratios of dimensions for broadcast studios are given in Fig. 1. 

200 

100 

50 

20 

10 

5 

L 

-t 

A 

.../ 
:0;° 

/1111/- F 

F 

G 

,000 
2 3 4 5 6 789 

10,000 
2 3 4 5 6 7 89100,000 2 3 4 5 6 789 

volume in cubic feet Courtesy of Acousacol Society of Amenca and RCA 

-dimensions in feet 

chart 
type room M:W:L designation 

Small 1:1.2.5:1.6 E:D:C: 
Average shape 1:1.60:2.5 F:D:B: 
Low ceiling 1:2.50:3.2 G:C:B: 
long 1:1.25:3.2 F:E:A: 

Fig. 1- Preferred room dimensions based on 21 ratio. Permissible deviation +5 
percent. 

Optimum reverberation time 

Optimum, or most desirable reverberation time, varies with (1) room size, 
and (2) use, such as music, speech, etc. (see Figs. 2 and 3). 
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Fig. 2- Optimum reverberation time in seconds for various room volumes at 512 
cycles per second. 
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Fig. 3- Desirable relative reverberation time versus frequency for various structures 
and auditoriums. 

Note: These curves show the desirable ratio of the reverberation time 'or various frequencies to the reverberation 
time for 512 cycles. The desirable reverberation time for any frequency between 60 and 8000 cycles may be found 
by multiplying the reverberation time at 512 cycles (From Fig. 21 by the number in the vertical scale which corresponds 
to the frequency chosen. 
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Optimum reverberation time continued 

A small radio studio for speech broadcasts represents a special case. The 
acoustic studio design should be such that the studio neither adds nor de- 
tracts from the speaker's voice, which on reproduction in the home should 
sound as though he were actually present. 
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Fig. 4. 
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Courtesy Western Electric Company 

For optimum characteristics of a speech studio, the reverberation time should 

be about one -half a second throughout the middle and lower audio -fre- 
quency range. At high frequencies, the reverberation time may be 20 percent 
to 25 percent greater than at 512 cycles. This rise at the higher frequencies 
enhances intelligibility and allows for the presence in the studio of one or 
two extra persons without materially affecting the reverberation -time/ 
frequency curve. 
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Optimum reverberation time continued 

Speech sounds above about 1000 cycles promote intelligibility. Apparent 
intensity of speech sounds is provided by frequencies below this value. 

Preponderance of low bass reverberation and standing waves tends to make 

the voice sound "boomy" and impairs speech intelligibility. 
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percentage relative humidity (21° to 22° C) 

Fig. S -Value of attenuation constant m at different frequencies and relative humid- 
ities.' 

Computation of reverberation time 

Reverberation time at different audio frequencies may be computed from 

room dimensions and average absorption. Each portion of the surface of a 

room has a certain absorption coefficient a dependent on the material of 

the surface, its method of application, etc. This absorption coefficient is 

equal to the ratio of the energy absorbed by the surface to the total energy 

impinging thereon at various audio frequencies. Total absorption for a given 

surface area in square feet S is expressed in terms of absorption units, 

the number of units being equal to a055. 

total number of absorption units 
ame = 

total surface in square feet 

One absorption unit provides the some amount of sound absorption as one 

square foot of open window. Absorption units are sometimes referred to as 

"open window" or "OW" units. 

r= 0.05V 

-S logell - aae) 

where T = reverberation time in seconds, V = room volume in cubic feet, 

S = total surface of room in square feet, aae = average absorption coeffi- 

cient of room at frequency under consideration. 
Reprinted by permission from Architectural Acoustics by V. 0. Knudsen, published by John Wiley and Sons, Inc. 
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Computation of reverberation time continued 

For absorption coefficients a of some typical building materials, see Table I. 
As an aid in using the formula for reverberation time, Fig. 4 (page 168) may 
be used for obtaining [-log, (1 - a0n1] from known values of age. 

Table II shows absorption coefficients for some of the more commonly used 
materials for acoustical correction. 

Table I- Acoustical coefficients of materials and persons* 
sound absorption coefficients 

description cycles per second authority 
128 256 512 1024 2048 4096 

Brick wall unpainted 
Brick wall painted 
Plaster + finish coot 

Wood lath -wood studs 
Plaster + finish coat on metal loth 
Poured concrete unpainted 
Poured concrete pointed and varnished 
Carpet, pile on concrete 
Carpet, pile on 3 s' felt 
Draperies, velour, 18 oz per sq yd in 

contact with wall 
Ozite ,4' 
Rug, axminster 
Audience, seated oer sq ft of ores 
Each person, seated 

Each person, seated 
Gloss surfoces 

0.024 
0.012 

0.020 
0.038 
0.010 
0.009 
0.09 
0.11 

0.05 
0.051 
0.11 
0.72 
1.4 

- 
0.05 

0.025 
0.013 

0.022 
0.049 
0.012 
0.011 
0.08 
0.14 

0.12 
0.12 
0.14 
0.89 
2.25 

0.04 

0.031 
0.017 

0.032 
0.060 
0.016 
0.014 
0.21 
0.37 

0.35 
0.17 
0.20 
0.95 
3.8 

0.03 

0.042 
0.02 

0.039 
0.085 
0.019 
0.016 
0.26 
0.43 

0.45 
0.33 
0.33 
0.99 
5.4 

0.025 

0.049 
0.023 

0.039 
0.043 
0.023 
0.017 
0.27 
0.27 

0.38 
0.45 
0.52 
1.00 
6.6 

0.022 

0.07 
0.025 

0.028 
0.056 
0.035 
0.018 
0.37 
0.25 

0.36 
0.47 
0.82 
1.00 

7.0 
0.02 

W. C. Sabine 
W. C. Sabine 

P. E. Sabine 
V. O. Knudsen 
V. O. Knudsen 
V. O. Knudsen 
Building Research Station 
Building Research Station 

P. E. Sabine 
P. E. Sabine 
Wente and Bedell 
W. C. Sabine 
Bureau of Standards, 

averages of 4 tests 
Estimated 
Estimated 

Reprinted by permission from Architectural Acoustics by V. O 
Wiley and Sons, Inc. 

Knudsen, published by John 

Table II- Acoustical coefficients of materials 
used for acoustical correction 

material cycles per second noise. 
red manufadusad by 

128 256 1 512 j 1024 2048 4096 reef 

Corkoustic -B4 0.08 0.13 0.51 0.75 0.47 0.46 0.45 Armstrong Cork Co. 
Corkoustic -B6 
Cushiontone A -3 

0.15 
0.17 

0.28 
0.58 

0.82 
0.70 

0.60 
0.90 

0.58 
0.76 

0.38 
0.71 

0.55 
0.75 

Armstrong Cork Co. 
Armstrong Cork Co. 

Koustex 0.10 0.24 0.64 0.92 0.77 0.75 0.65 David E. Kennedy, Inc. 
Sanacoustic (metal) tiles 0.25 0.56 0.99 0.99 0.91 0.82 0.85 Johns -Manville Sales Corp. 
Permocoustic tiles aÿ' 0.19 0.34 0.74 0.76 0.75 0.74 0.65 Johns -Manville Soles Corp. 
Low- frequency element 0.66 0.60 0.50 0.50 0.35 0.20 0.50 Johns -Manville Sales Corp. 
Triple -tuned element 0.66 0.61 0.80 0.74 0.79 0.75 0.75 Johns.Monville Sales Corp. 
High -frequency element 0.20 0.46 0.55 0.66 0.79 0.75 0.60 Johns. Manville Sales Corp. Absorbotone A 0.15 C.28 0.82 0.99 0.87 0.98 0.75 Luse Stevenson Co. 
Acoustex 608 0.14 0.28 0.81 0.94 0.83 0.80 0.70 National Gypsum Co. 
Econacoustic 1' 0.25 0.40 0.78 0.76 0.79 0.68 0.70 National Gypsum Co. 
Fiberglas acoustical tiletype TW- 

PF 9D 0.22 0.46 0.97 0.90 0.68 0.52 0.75 Owens -Corning Fiberglas 
Corp. 

Acoustone D lt,{ti 
Acoustone F tsu 

0.13 
0.16 

0.26 
0.33 

0.79 
0.85 

0.88 
0.89 

0.76 
0.80 

0.74 
0.75 

0.65 
0.70 

U. S. Gypsum Company 
U. S. Gypsum Company 

Acousti- cetotex type C-6 134. 0.30 0.56 0.94 0.96 0.69 0.56 0.80 The Celotex Corp. 
Absorbez type A l' 0.41 0.71 0.96 0.88 0.85 0.96 0.85 The Celotex Corp. 
Acousteel B metal facing 1 %' 0.29 0.57 0.98 0.99 0.85 0.57 0.85 The Celotex Corp. 

Courtesy Acoustics Materials Association 

The noise -reduction coefficient Is the average of the coefficients al frequencies from 256 
to 2048 cycles inclusive, given to the nearest 5 percent. This average coefficient is recom- 
mended for use in comparing materials for noise -quieting purposes as in offices, hospitals, 
banks, corridors, etc. 
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Computation of reverberation time continued 

Considerable variation of sound -absorption in air at frequencies above 1000 

cycles occurs at high relative humidities (see Fig. 5). Calculation of reverber- 
ation time, therefore, should be checked at average relative humidities 
applicable to the particular location involved. For such check calculations 
the following formula may he used: 

0.05V T= -S loge (1 - aaa) + 4m V 

where m is the coefficient in feet-' as indicated in Fig. 5, page 169. 

Electrical power levels for public address requirements 

a. Indoor: See Fig. 7, pcge 172. 

b. Outdoor: See Fig. 8, page 173. 
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Fig. 6 -Wire sizes for loudspeaker circuits assuming maximum loss of 0.5 decibel. 
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Electrical power levels for public address requirements continued 
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Fig. 7 -Room volume and relative amplifier power capacity. To the indicated power 
level depending on loudspeaker efficiency, there must be added a correction factor 
which may vary from 4 decibels for the most efficient horn -type reproducers to 
20 decibels for less efficient cone loudspeakers. 
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Electrical power levels for public address requirements continued 
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relative amplifier power capacity-- maximum single -frequency output rating in 

decibels above 0.001 watt Courtesy Wester,ElecricCompany 

Fig. 8- Distance from loudspeaker and relative amplifier power capacity required for 
speech, average for 30 angle of coverage. For angles over 30 , more loudspeakers 
and proportional output power are required. Depending on loudspeaker efficiency, a 

correction factor must be added to the indicated power level, varying approximately 
from 4 to 7 decibels for the more -efficient type of horn loudspeakers. 
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Acoustical musk ranges and levels 
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Fig. 9- Frequency ranges of musical instruments. Intensity levels of music. Zero level 
equals 10-tti watt per square centimeter. 
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Acoustical speech levels and ranges of other sounds 
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Fig. 10- Frequency ranges of male and female speech and other sounds. Intensity 
levels of conversational speech. Zero level equals 10 -ta watt per square centimeter. 
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Acoustical sound level and pressure 
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Fig. 11 -One dyne per square centimeter is equivalent to an acoustical level of plus 
74 decibels. 
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Table III -Noise levels 

noise ut -of -doors noise level 
in decibels noise In building 

airplane, 1600 rpm, 18 feet 

s. threshold of painful sound 

120 

riveter, 35 feet 

110 boiler factory 

subway, local station with express 

elevated train, 15 feat 

noisiest spot at Niagara Falls 

very heavy street traffic, 1 5 feet 

average motor truck, 15 feet 

100 passing 

lion's roar, Bronx zoo house, 18 fee 

average of 6 factory locations 

average automobile, 15 feet 

quiet residential street, New York city 
15 to 300 feet 

7o 

department store 

overage office 

minimum street noise, midtown, 
New York city, 50 to 500 feet 

50 

40 
quiet office 
overage residence 

quiet garden, London 
30- quietest residence measured 

rustle of leaves in a gentle breeze 
lb 

quiet whisper, 5 feet 

10 
threshold of hearing of street noise 

reference levcl 
o 

Zero level w 10 -'6 watt per square centimeter 

General 

Courtesy Western Electric Company 

a. Loudspeaker wire sizes: See Fig. 6, page 171. 

b. Acoustical musical ranges and levels: See. Fig. 9, page 174. 

c. Acoustical speech levels and ranges of other sounds: See Fig. 10, page 175. 

d. Acoustical sound levels: See Fig. 11, page 176. 

e. Noise levels: See Table Ill. 
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General continued 

f. Equal loudness contours: Fig. 12 gives average hearing characteristics of 
the human ear at audible frequencies and at loudness levels of zero to 120 db 
versus intensity levels expressed in decibels above 10 -16 watt per square 
centimeter. Ear sensitivity varies considerably over the audible range of 
sound frequencies at various levels. A loudness level of 120 db is heard 
fairly uniformly throughout the entire audio range but, as indicated in Fig. 12, 
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Fig. 12-Equal loudness contours. 

300 500 1000 2000 5000 10000 20,000 

Cour! sy Western Electric Company 

a frequency of 1000 cycles at a 20 db level will be heard at very nearly the 
same intensity as a frequency of 60 cycles at a 60 db level. These curves ex- 
plain why a loudspeaker operating at lower than normal level sounds as 
though the higher frequencies were accentuated and the lower tones 
seriously attenuated or entirely lacking; also, why music, speech, and other 
sounds, when reproduced, should have very nearly the same intensity as the 
original rendition. To avoid perceptible deficiency of lower tones, a 
symphony orchestra, for example, should be reproduced at an acoustical 
level during the loud passages of 90 to 100 db (see Fig. 9). 



Telephone transmission line data 

Line constants of copper open -wire pairs 

40 pairs DP (double petticoat) insula ors per mile 

12 -inch spacing 
temperature 68 F 

frequency 
cycles 

per second 

0 

500 
1000 
2000 
3000 
5000 

10000 
20000 
30000 
40000 
50000 
Win 

CHAPTER NINE 119 

Wire transmission 

lea ka nce 
micromhos per 

resistance inductance loop mile: 
ohms per loop mile millihenries per loop mile 165, 128, or 104 mil 

16S mil 128 mil 104 mil 165 mil 128 mil 104 mil i dry wet 

4.02 6.68 10.12 3.37 3.53 3.66 0.01 2.5 

4.04 6.70 10.13 3.37 3.53 3.66 0.15 3.0 

4.11 6.74 10.15 3.37 3.53 3.66 0.29 3.5 
4.35 6.89 10.26 3.36 3.53 3.66 0.57 4.5 

4.71 7.13 10.43 3.35 3.52 3.66 0.85 5.5 

5.56 7.83 10.94 3.34 3 52 3.66 1.4 7.5 

7.51 9.98 12.86 3.31 3 49 3.64 2.8 12.1 

10.16 13.54 17.08 3.28 3.46 3.61 5.6 20.5 
12.19 16.15 20.42 3.26 344 3.59 8.4 28.0 
13.90 18.34 23.14 3.26 3.43 3.58 11.2 35.0 
15.41 20.29 25.51 3.25 3 43 3.57 14.0 41.1 

3.21 3.37 3.50 

Capacitance on 40-who linos 
microforad per loop mile 

In space 
On 40 -wire line, dry 
On 40 -wire line, wet lapproal 

165 mil 128 mil 104 mil 

0.00898 0.00855 0.00822 
0.00915 0.00871 0.00837 
0.00928 0.00886 0.00850 

Line constants of copper open -wire pairs 

53 pairs CS (special glass with steel pin) insulators per mile 

8 -inch spacing 
temperature 68' F 

frequency 
kilocycles 
per second 

lea ka n ce 
micromhos per 

resistance Inductance loop mile: 
ohms per loop mile millihenries per loop mile 165, 128, or 104 mil 

165 mil 128 mil 

0.0 
1.0 
2.0 
3.0 
5.0 

10.0 
20.0 
50.0 

100.0 
200.0 
500.0 

1000.0 
info 

4.02 
4.11 
4.35 
4.71 
5.56 
7.51 

10.16 
15.41 
21.30 
29.77 
46.45 
65.30 

6.68 
6.74 
6.89 
7.13 
7.83 
9.98 

13.54 
20.29 
27.90 
38.77 
60.30 
84.50 

Capacitance on 40 -wire lines 
microforad per loop mile 

In space Ino Insulators) 
On 40 -wire line, dry 

104 mil 165 mil 128 mil 104 mil dry wet 

10.12 3.11 3.27 3.40 
10.15 3.10 3.26 3.40 0.052 1.75 

10.26 3.10 3.26 3.40 
10.43 3.09 3.26 3.40 
10.94 3.08 3.25 3.40 0.220 3.40 
12.86 3.04 3.23 3.38 0.408 5.14 

17.08 3.02 3.20 3.35 0.748 8.06 

25.51 2.99 3.16 3.31 1.69 15.9 

34.90 2.98 3.15 3.29 3.12 27.6 
48.25 2.97 3.14 3.28 
74.65 2.96 3.13 3.27 

104.5 2.96 3.12 3.26 
2.95 3.11 3.24 

165 mil 128 mil 104 mil 

0.00978 0.00928 0.00888 
0.01003 0.00951 0.00912 
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Telephone transmission line data continued 

Attenuation of 12 -inch spaced open -wire pairs 

Toll and DP (double petticoat) insulators 

size wire 
weather 

165 mil 

dry wet 

frequency 
cycles per sec 

20 .0127 .0279 
100 .0231 .0320 
530 .0288 .0367 

1830 .0303 .0337 
2323 .0325 .0431 

3300 .0353 .0425 
5000 .0439 .0078 
7020 .051 .070 

10020 .061 .085 
15030 .076 .108 

23000 .088 .127 
30000 .110 .161 

40000 .130 .192 
50000 .148 .220 

CS (special glass with steel pin) Insulators 

20 
100 
503 

10_3 
2003 
3330 
5003 
7000 

10000 
15003 
20003 
30003 
4^^"3 
53:23 

.0126 

.0230 

.0286 

.0296 

.0318 

.0346 

.0412 
.048 
.057 
.058 
.078 
.076 
.111 
.125 

.0252 

.0333 

.0348 

.0354 
.0379 
.0427 
.0231 
.C51 
.072 
.087 
.099 
.121 
.138 
.153 

attenuation in db per mile 

128 mil 104 

dry wet dry 
Intl 

wet 

.0163 .0361 .0198 .0444 

.0318 .0427 .0402 .0535 

.0445 .0533 .0623 .0715 

.0454 .0557 .0661 .0760 

.0486 .0598 .0686 .0804 

.0511 .0642 .0707 .0845 

.0573 .0748 .0757 .0938 

.064 .085 .082 .103 

.076 .102 .093 .120 

.094 .127 .111 .147 

.108 .:53 .129 .173 

.135 .188 .159 .216 

.158 .223 .185 .254 

.179 .253 .209 .287 

.0162 .0326 .0197 .0402 

.0317 .0406 .0401 .0509 

.0441 .0510 .0618 .0693 
.0232 .0655 .0735 .0458 

.0475 .0561 .0676 .0767 

.0475 .0593 .0694 .0797 

.0547 .0668 .0731 .0856 

.C22 .075 .078 .093 

.071 .087 .088 .104 

.C3S .:05 .104 .123 

.009 .121 .119 .141 

.123 .146 .145 .171 

.133 .166 .166 .195 
154 .184 .185 .215 

Attenuation of 8 -inch spaced open -wire pairs 

CS insulators 

size wire 165 mll 

weather 

f-equency 
c /cles per sec 

1300 
27300 
30000 
50000 
70000 

100000 
120000 
140000 
150000 

attenuation la d5 per mile 

123 mil 104 mil 

dry wet try wet d-y wet 

.053 

.034 

.101 

.129 

.153 

.178 

.195 

.211 

.218 

.074 

.101 

.124 

.161 

.194 

.236 

.261 

.285 

.296 

.079 

.104 

.125 

.159 

.135 

.220 

.240 

.259 
268 

.070 

.124 

.150 

.194 

.232 

.280 

.310 

.337 

.350 

.095 

.127 

.151 

.190 

.222 
.262 
.286 
.308 
.317 

.109 
.145 
.177 
.228 
.270 
.325 
.359 
.390 
.403 
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Telephone transmission line data continued 

Line and propagation constants of 16- and 19 -AWG toll cable 
loop mile basis non -loaded 

inductance 
frequency resistance milli- 

kc ohms henries 
per sec per mile . per mile 

temperature 

conductance 
pmho 

per mile 

55 F 

capacitance 
pf 

per mile 

eltsnuation 
db 

par mil* 

phase shift characteristic 
radians impedance 
per mile ohms 

16 -goug 
I 

2 

3 
5 

10 
20 
30 
50 

100 
150 

19 -gauge 

2 
3 
5 

10 
20 
30 
50 

100 
150 

40.1 
40.3 
40.4 
40.7 
42.5 
47.5 
53.5 
66.5 
91.6 

111.0 

83.6 
83.7 
83.8 
84.0 
85.0 
88.5 
93.5 

105.4 
136.0 
164.4 

1.097 
1.095 
1.094 
1.092 
1.085 
1.066 
1.046 
1.013 
0.963 
0.934 

1.108 
1.108 
1.107 
1.106 
1.103 
1.094 
1.083 
1.062 
1.016 
0.985 

I 

2 
4 
8 

19 
49 
83 

164 
410 
690 

1 

3 
4 

9 

22 
56 
98 

193 
484 
830 

0.0588 
0.0588 
0.0587 
0.0588 
0.0587 
0.0585 
0.0584 
0.0582 
0.0580 
0.0528 

0.0609 
0.0609 
0.0609 
0.0609 
0.0608 
0.0607 
0.0606 
0.0604 
0.0601 
0.0599 

0.69 
0.94 
1.05 
1.15 
1.30 
1.54 
1.77 
2.25 
3.30 
4.17 

1.05 
1.44 
1.73 
2.02 
2.43 
2.77 
3.02 
3.53 
4.79 
6.01 

0.09 
0.14 
0.19 
0.28 
0.54 
1.01 
1.49 
2.43 
4.71 
6.94 

0.132 
0.190 
0.249 
0.347 
0.584 
1.07 
1.56 
2.55 
4.94 
7.27 

251 -1215 
190 -j141 
170 -1108 
154 -j71 
142 -142 
137 -j23 
135 -j17 
133 -j13 
129-j9 
127 -j7 

345 -1319 
254 -1215 
215 -j170 
181 -1121 
153 -172 
141 -j41 
137 -129 
134 -120 
131 -113 
129 -110 

Approximate characteristics of standard types of paper -insulated 

spacing I 
load coil constants constants assumed to be distributed propagation 

wire type of load 1»r load section per loop mile polar 
gauge of coils R L R L C I a magni- angle AWG loading * miles ohms henries ohms henries pf pmho tad* deg 

side circuit 
19 N.L.S. - - - 85.8 .001 .062 1.5 -183 47.0 
19 H -31 -S 1.135 2.7 .031 88.2 .028 .062 1.5 .277 76.6 
19 H -44 -S 1.135 4.1 .043 89.4 .039 .062 1.5 .319 79.9 
19 H -88 -S 1.135 7.3 .088 92.2 .078 .062 1.5 .441 84.6 
19 H -172 -S 1.135 13.0 .170 97.3 .151 .062 1.5 .610 87.0 
19 B -88 -S 0.568 7.3 .088 98.7 .156 .062 1.5 .620 87.0 
16 N.L.S. - - - 42.1 .001 .062 1.5 .129 49.1 
16 H -31 -S 1.135 2.7 .031 44.5 .028 .062 1.5 .266 82.8 
16 H -44 -S 1.135 4.1 .043 45.7 .039 .062 1.5 .315 84.6 
16 H -88 -S 1.135 7.3 .088 48.5 .078 .062 1.5 .438 87.6 
16 H -172 -S 1.135 13.0 .170 53.6 .151 .062 1.5 .608 88.3 
16 B -88 -S 0.568 7.3 .088 54.9 .156 .062 1.5 .618 88.3 
13 

phantom 

N.I.S. 

circuit 

- - - 21.9 .001 .062 1.5 .094 52.9 

19 N.L.P. - - - 42.9 .0007 .100 2.4 .165 47.8 
19 H -18 -P 1.135 1.4 .018 44.1 .017 .100 2.4 .270 78.7 
19 H -25 -P 1.135 2.1 .025 44.7 .023 .100 2.4 .308 81.3 
19 H -50 -P 1.135 3.7 .050 46.2 .045 .100 2.4 .424 85.3 
19 H -63 -P 1.135 6.1 .063 48.3 .056 .100 2.4 .472 86.0 
19 8.50 -P 0.568 3.7 .050 49.4 .089 ,100 2.4 .594 87.4 
16 N.I.P. - - - 21.0 .0007 .100 2.4 .116 50.0 
16 H -18 -P 1.135 1.4 .018 22.2 .017 .100 2.4 .262 84.0 
16 H -25 -P 1.135 2.1 .025 22.8 .023 .100 2.4 .303 85.4 
16 H -50 -P 1.135 3.7 .050 24.3 .045 .100 2.4 .422 87.4 
16 H -63 -P 1.135 6.1 .063 26.4 .056 .100 2.4 .471 87.7 
16 B -50 -P 0.568 3.7 .050 27.5 .089 .100 2.4 .593 88.5 
13 

physical 

N.I.P. 

eMeuit 

- - - 10.9 .0007 .100 2.4 .086 55.1 

16 8.22 I 0.568 I 1.25 I .022 1 43.1 I .040 I .062 1 1.5 I .315 I 85.0 
* The letters H and 8 indicate loading coil spacings of 6000 and 3000 feet, respectively. 
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Telephone transmission line data continued 

Line constants of shielded 16 -gauge spiral -four toll- entrance cable 

loop mile basis non -loaded temperature 70' F 

frequency I resistance Inductance 
1 

conductance capacitanc attenuation 
kc per sec ohms per mils mh per mile µmho per mile I pf per mile db per mile 

side circuit 
0.4 43.5 1.913 0.02 0.0247 0.92 

0.6 43.5 1.907 0.04 0.0247 0.93 
0.8 43.6 1.901 0.06 0.0247 0.93 
1.0 43.9 1.891 0.08 0.0247 0.94 
2 44.2 1.857 0.20 0.0247 0.95 
3 45.2 1.821 0.32 0.0247 0.96 
5 49.0 1.753 0.53 0.0247 0.97 

10 55.1 1.626 1.11 0.0247 1.00 

20 61.6 1.539 2.49 0.0247 1.06 

30 66.1 1.507 3.77 0.0247 1.15 

40 71.0 1.490 5.50 0.0247 1.26 

60 81.5 1.467 8.80 0.0247 1.44 

80 90.1 1.450 12.2 0.0247 1.60 

100 97.8 1.438 15.81 0.0247 1.77 

120 104.9 1.429 19.6 0.0247 1.90 

140 111.0 1.421 23.3 0.0247 2.03 
200 127.3 1.411 35.1 0.0246 2.35 
250 137.0 1.408 46.0 0.0246 - 
300 149.5 1.406 56.5 0.0246 - 
350 159.9 1.405 67.8 0.0246 - 

Characteristic Impedance of this cable at 140 kilocycles approximately 240 ohms. 
For a description and illustration of this type cable see Kendall and Affel, "A Twelve- Channel 
Carrier Telephone System for Open -Wire Lines,' B.S.TJ., January 1939, pp. 129 -131. 

toll telephone cable circuits at 1000 cycles per second 

1 line impedance constant 
polar rectangular wave - rectangular magni- angle R X length 

ludo deg - ohms ohms miles 

attenuation 
velocity cut -off decibels 

miles per frequency per 
second f, mile 

.1249 .134 470. 42.8 345. 319.4 46.9 46900 - 1.08 

.0643 .269 710. 13.2 691. 162.2 23.3 23300 6700 .56 

.0561 .314 818. 9.9 806. 140.8 20.0 20000 5700 .49 

.0418 .439 1131. 5.2 1126. 102.8 14.3 14300 4000 .36 

.0323 .609 1565. 2.8 1563. 76.9 10.3 10300 2900 .28 

.0322 .619 1590. 2.8 1588. 76.7 10.2 10200 5700 .28 

.0842 .097 331. 40.7 251. 215.4 64.5 64500 - .73 

.0334 .264 683. 7.0 677. 83.0 23.8 23800 6700 .29 

.0296 .313 808. 5.2 805. 72.8 20.1 20000 5700 .26 

.0224 A37 1124. 2.7 1123. 53.1 14.4 14400 4000 .19 

.0183 .608 1562. 1.5 1562. 41.1 10.3 10300 2900 .16 

.0185 .618 1587. 1.5 1587. 41.4 10.2 10200 5700 .16 

.0568 .075 242. 36.9 194. 145.2 83.6 83600 - .19 

.1106 .122 262. 42.0 195. 175.2 51.5 51500 .96 
.0529 .264 429. 11.1 421. C2.6 23.8 23800 7000 .46 
.0466 .305 491. 8.5 485. 72.4 20.6 20600 5900 .40 
.0351 .423 675. 4.5 673. 53.3 14.9 14900 4200 .30 
.0331 .471 752. 3.8 750. 49.8 13.3 13300 3700 .29 
.0273 .593 945. 2.4 944. 39.8 10.6 10600 5900 .24 
.0746 .089 185. 39.0 144. 116.3 70.6 70600 - .65 
.0273 .260 417. 5.8 415. 41.8 24.1 24100 7000 .24 
.0243 .302 483. 4.4 481. 36.8 20.8 20800 5900 .21 
.0189 .422 672. 2.4 672. 27.5 14.9 14900 4200 .16 
.0185 .471 749. 2.0 749. 26.6 13.4 13400 3700 .16 
.0157 .593 944. 1.3 944. 21.4 10.6 10600 5900 .14 
.0442 .071 137. 33.9 114. 76.3 89.1 89100 - .43 

.O273 I .314 I 809. I 4.8 I 806. I 67.1 t 20.0 I 20000 I 11300 I .24 
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Noise and noise measurement wire telephony 

Definitions 

The following definitions are based upon those given in the Proceedings of 
the tenth Plenary Meeting (1934) of the Comité Consultatif International 
Téléphonique 

Note: The unit in which noise is expressed in many of the European countries 
differs from the two American standards, the noise unit and the db above 
reference noise. The European unit is referred to as the psophometric electro- 
motive force. 

Noise: Is a sound which tends to interfere with a correct perception of vocal 
sounds, desired to be heard in the course of a telephone conversation. 

It is customary to distinguish between: 

1. Room noise: Present in that part of the room where the telephone appa- 
ratus is used. 

2. Frying noise (transmitter noise): Produced by the microphone, manifest 
even when conversation is not taking place. 

3. Line noise: All noise electrically transmitted by the circuit, other than room 
noise and frying noise. 

Psophometric electromotive force 

In the case of a complete telephone connection the interference with a 

telephone conversation produced by extraneous currents may be compared 
with the interference which would be caused by a parasitic sinusoidal current 
of 800 cycles per second. The strength of the latter current, when the inter- 
ference is the same in both cases, can be determined. 

If the receiver used has a resistance of 600 ohms and a negligible reactance 
(if necessary it should be connected through a suitable transformer), the 

psophometric electromotive force at the end of a circuit is defined as twice 
the voltage at 800 cycles per second, measured at the terminals of the re- 
ceiver under the conditions described. 

The psophometric electromotive force is therefore the electromotive force 
of a source having an internal resistance of 600 ohms and zero internal re- 
actance which, when connected directly to a standard receiver of 600 ohms 
resistance and zero reactance, produces the same sinusoidal current at 800 
cycles per second as in the case with the arrangements indicated above. 
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Noise and noise measurement continued 

An instrument known as the psophometer has been designed. When connected 
directly across the terminals of the 600 -ohm receiver, it gives a reading of 
half of the psophometric electromotive force for the particular case con- 
sidered. 

In a general way, the term psophometric voltage between any two points refers 
to the reading on the instrument when connected to these two points. 

If, instead of a complete connection, only a section thereof is under con- 
sideration, the psophometric electromotive force with respect to the end of 
that section is defined as twice the psophometric voltage measured at the 
terminals of a pure resistance of 600 ohms, connected at the end of the sec- 
tion, if necessary through a suitable transformer. 

The C. C. I. F. has published a Specification for a psophometer which is 

included in Volume lI of the Proceedings of the Tenth Plenary Meeting in 

1934. An important part of this psophometer is a filter network associated 
with the measuring circuit whose function is to weight each frequency in 

accordance with its interference value relative to a frequency of 800 cycles. 

Noise levels 

The amount of noise found on different circuits, and even on the some circuit 
at different times, varies through quite wide limits. Further, there is no definite 
agreement as to what constitutes a quiet circuit, a noisy circuit, etc. The fol- 
lowing values should therefore be regarded merely as a rough indication of 
the general levels which may be encountered under the different conditions: 

Open-wire circuit O p 
db a 
ref no's* 

Quiet 20 
Average 35 
Noisy 50 

Cable circuit 
Quiet 15 

Average 25 

Noisy 40 

Relationship of European and American noise units 

The psophometric emf can be related to the American units: the noise unit 
and the decibel above reference noise. 

The following chart shows this relationship together with correction factors 
for psophometric measurements on circuits of impedance other than 600 

ohms. 
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Noise and noise measurement continued 

Relationship of European and American units 

American 
standards 

C.C.I.F. 1. The relationship of noise units to db's 
standard above reference noise is obtained from tech- 

db cbove psrophomerrie nicol report No. 1B -5 of the joint subcom- 
reference noise emi mittee on development and research of the - 7000 - 90 - 6000 - 5000 [.0 

-- 90 - 70 - 9O 

- 000 - 50 

3000 40 

30 
2000 50 

- 20 

- 1000 - 900 
900 - io 
700 40 - 9 - 600 - - 500 - 6 - 00 - 3 

- 4 - 300 - 3 - 200 
30 

2 

- 100 - 90 - 90 - 1.0 - 70 20 0.9 - 60 - 0.e - 0.7 - 50 - 0.6 - 40 - 0.5 - 30 - 0.4 

- 0.3 
20 

Io 

0.2 

- 10 - 9 - e - 0.1 - 7 0.010 

Bell Telephone System and the Edison Electric 

Institute. 

2. The relationship of db's above reference 
noise to psophometric emf is obtained from 

the Proceedings of C.C.I.F. 1934. 

3. The C.C.I.F. expresses noise limits In 

terms of the psophometric emf for a circuit of 
600 ohms resistance and zero reactance, ter- 
minated in a resistance of 600 ohms. Measure- 
ments made in terms of the potential difference 
across the terminations, or on circuits of im- 

pedance other than 600 ohms, should be cor- 
rected as follows: 

o o 

Psophometric emf = E 

E = 2V 

a psophometer 

measures V not E 

= V 
600 

E - E' 
R 

4. Reference noise -with respect to which 

the American noise measuring set is calibrated 

-is a 1000 cycles per second tone 90 db 

below 1 milliwatt. 
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Telegraph facilities 
speed of usual types 

frequency 
cycles bauds 

Grounded wire 75 150 

Simplex (telephone) 50 100 

Composite 15 30 

Metallic telegraph 85 170 

Carrier channel 

Narrow bond 40 80 

Wide band 75 150 

Telegraph printer systems 

Speed depends on two factors: 1. Code used, and 2. frequency handling 

capacity of transmission facilities. One (l) word = 5 letters and 1 space. 

Frequency of printing telegraph systems in cycles per second 

Let 

S _ number of units in code (plus allowance for synchronizing) 

N = number of channels 
W = revolutions per second 

words per minute X characters per transmitted word 

60 

(l word is assumed to consist of 5 letters and 1 space, or 6 characters.) 

f = frequency in cycles per second f = i SNW 

Examples 

1. Three -channel multiplex operating at 60 words per minute, 5 -unit code. 

f = 1X5X3X6060 6= 45 cycles or 90 bauds 

2. Single- printer circuit operating at 60 words per minute, 5 -unit code 

21 units for synchronizing. 

f = z X 72 X 1 X 6060 6 = 221 cycles or 45 bauds 

3. Two -channel Baudot operating at 50 words per minute, 5 -unit code -- 
2 units for synchronizing. 

f (5 -}-2) X2X50 6Ó 6= 35 cycles or 70 bauds 
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Comparison of telegraph codes 

American Morse 

Continental Morse 

Bain 

Creed 

Barclay 

Buckingham 

Hughes 

Rowland 

Murray Automatic 

Baudot 

Mork rum 

Cable Morse 

Cook 

Multiple 

P A R IS 
I t : I I 

P A R IS 
I I I I I I 

P AR IS 
I I t IS I 

P AR IS 
I I I I I I 

P A R S spae. 

P A R S space 

P A R S space 

I I t t I t I 

P A R space 

i I I I I t 

P A R 1 S spacé 

Add 2 units to each channel for 2- channel 
p A R I S mace and I unit to each character for 4- channel 

operation. These conditions allow for syn- 
chronization and retardation. 

P A R I S .pace 

P A R I S space 

P A R I space 

............... esse... 

P A R I S spac 

D A R 1 S 

IBM (Globe Wireless) I I I I I I 

RCA 

P A R S spec. 

space 
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Radio frequency transmission lines 

Formulas for uniform transmission lines losses neglected 

Z. = 

L = 1016 V; Zo 

C = 1016'V; 

V 1 

C v E 
Z Z. tan /° 

Z, 
= 

Z. 
Zr ) tan %° Zo+ 

2 

Z, = 
Z. 

for /° = 90° (quarter wave) 
Zr 

Z= Zo tan /° 

j Z. 
Zao = 

tan/ ° 

/° =3601 

A =ño(y) 
where 

L = inductance of transmission line in micromicrohenries per foot 
C = capacitance of transmission line in micromicrofarads per foot 
V = velocity of propagation in transmission line 

c = velocity of propagation in free space J same units 

Z, = sending end impedance of transmission line in ohms 

Z0 = surge impedance of transmission line in ohms 

Z, = terminating impedance of transmission line in ohms 

/° = length of line in electrical degrees 
/ = length of line 

X = wavelength in transmission line same units 

Ì10 = wavelength in free space 
E = dielectric constant of transmission line medium 

= 1 for air 
Z = sending end impedance (ohms) of transmission line shorted at far end 

Z,o = sending end impedance (ohms) of transmission line open at for end 
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Surge impedance of uniform lines -0 to 210 ohms 

230 

0 210 
C 

190 

-a 170 

0. 
.E 150 150 

rn 130 

90 

70 

50 

30 

10 

o 
.0 11 

l6\\0\ 4°0 
Qo 

coo*1O1 

D, d 

1.2 L3 L4 LS 16 II 18 L9 2 3 

Surge impedance of uniform lines -0 to 700 ohms 

700 
L 
O 

600 

o 

ÿ 500 
a. 
E 

o, 400 

300 

200 

100 

o 

D, d 

4 5 6 

2 3 4 5 6 7 89 10 

parallel wire 

20 30 40 5060 80 100 

D Z - 120 cosh 
-1 

d 

2D 
276 logo, 

d 
for D> d 

coaxial 

200 300 500 700 1000 

Z - 138 logen 
d 
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Transmission line data 

type of line characteristic impedance 

A single coaxial line 

138 D 
Zo = 

V E 

Iog10 
Ó 

E = dielectric constant 
= 1 in air 

B balanced shielded line 

Q 

for D> >d, h> >d 
276 [2u 1 = lo io +172 

h 

D 

h 
v = 

á 

C beads -dielectric E 

D open two-wire line 

for cases (A) and (B) 

if ceramic beads are used at 
frequent intervals -call new 
surge impedance Z 

° 
le E - E 

W 

Z° = 120 cosh- ` d 

276 logic, d 



RADIO FREQUENCY TRANSMISSION LINES 19 

Transmission line data -miscellaneous types 

type of line characteristic impedance 

O -Od }h 

///////////////// 

L 69 logio 
[4h\j 

1 + 

1 4 -D 1 

-0 
h 

//%/í%/////, 

L = 276 login [dJ1 + (2h)2 (\D 

4h 

-O 
h 

I/) ////////////i 
L 138 Iogio d 

I 

L =138 logro 1.078 - 0.078 

14--0,--.i 

4_o o- 
ID 

_.i_. 

2Dz/ 

L = 138 logio I1 + ( Dzz 
\Dl 

L = 377 
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Transmission line attenuation due to load mismatch 

IO 

9 

8 
7 

6 

5 

1.0 
0.9 

0.8 
0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.I 

p 10 

p 4 

-3 

O 2 4 
normal line attenuation in decibels 

A - A attenuation in decibels due to load 
mismatch 

6 8 IO 

A = normal attenuation (matched) 

A = total attenuation (mismatched) 

V""' p = standing wave ratio 

at the load 
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Impedance matching with shorted stub 

SO 

70 

60 

60 

30 

aó 20 

'transmitter' 

2 3 4 5 6 7 8 9 10 15 20 

V... - V.. 
I = length of shorted stub 

= location of stub 

measured from V.. 
.., alternate 

A A location toward load 

for stub 

Impedance matching with open stub 

90 

60 

70 

60 

50 

40 

30 

20 

10 

o 

4 .2 

8 

'transmitter 

4- 
4 

r 

4 

0 

ratio p V.. 

4 

8 

o 
5 6 7 0 9 10 15 20 ratio p ÿ+ 

I - length of open stub 

L.: A = location of stub 

measured from V.,. 

toward transmitter 
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Impedance matching with coupled section 

50 

40 

30 

ó 20 

rn 

"5 10 

A 

fronsm ifter 

V.... 

2 3 4 5 6 7 6 9 10 15 20 tatio p = 

shorter than resonant section -tr'_ longer than resonant section 

Detuning from resonance for a particular type of section 
10 

111111111111111 
SILIII 1111111111 MEW= 
MIEJIMIEll wwwimmilm é 

3 4 5 6 7 6 9 10 

t m 4f- 1 

0 --1.- q less 6" approx 

15 

6" d 

4" 

2' 
20 ratio p = V 

V. 

A = coupled section -two 0.75 -inch diameter 
copper tubes, coplanar with line 

B = transmission line -two 0.162 -inch diameter 
wires 

C = alternative positions of shorting bar for 
impedance matching 

D = position of shorting bar for maximum current 
in section conductors 
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Attenuation of standard r -f cables vs frequency 

100 
90 
80 
70 
60 
50 
40 

30 

20 

19 

8 
7 
6 
5 

4 

3 

2.0 

1.0 
09 
0.8 
0.7 
0.6 
0.5 
0.4 

0.3 

02 

0.1 

11 II 11111 II W: i2iiiiii MO . S w wosuu- !l 11 .11/ f! i111 11/i/ 
1/111 ''iIIIII00/111 

%i /:/ irw .2 

2 3 4 5678910 

frequency in megacycles 

20 3 4 5 6 789100 200 3 4 5 6 7 8 9 

E 

A 
B 

C 

G 

The above chart refers to cables listed in the Army -Navy standard list of 
radio- frequency cables on pages 201, 202, and 203. For an explanation of 
the letters accompanying the curves, see the table below. Each letter refers 
to one or more A -N standard cables. The number following the letter in 
the table is the numerical part of the RG- /U number as listed under 
"Army -Navy type number" in the third column of the preceding list. 

RG- number 

A55 U D 5 U F IOU I63 U M 17,U 026 U 

A58,U D 6 U G11,U J65 U M18;U 0 64 U 

B 59/U E 21¡U G 12'U K 14'U N 19!U P 27, U 

C 62/U F 8'U G 13 U K74'U N 20/U P28 U 

C 71/U F 9/U H 22/U L 57/U 0 25/U Q 4, U 
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Length of transmission line 

length of Gee 

In electrical degrees -90- 
70 - 
50 - 
40 - 
30 - - 
20 

IS-- 

10 

8- 

6- 
5 - 
s 

3- 

2"- 

U.S - 
/0 

length of fine 

in inches - 30 - 
20 -- 

-4-- 

-t, 
10 

5 1 
-c 

2 

_ 

1-- 
-t-_ 

0.S-= 
.o= 

0.3 

0.2 _ 

--- 
0.1 - 

0.05 

length of rene 

in centirlleter; 

90 _ 
r 

60 

40 1 
30 

= 20 

10 

- 7 

5 \ 
3 - 2 

- 
= 0.7 

0.5 

0.3 

- 0.2 

= 0.1 

- 0.07 

- 0.05 

L 

frequency 

(megacycles) 

1,100 

150 

^. 
300 

300 - 

_ 
400 

500 
-,- 

800 

1000 

1500 

2000 

3000 

wavelength 

(centimeters) 

350 _ 
300 

- 

t 
200 

ti 
150 

- 
loo 

so 

60 

50 

- 40 

_ 30 

z 
20 

15 

_ 10 

1 

This chart gives the actual length of line in centimeters and inches 
when given the length in electrical degrees and the frequency provided 
the velocity of propagation on the transmission line is equal to that in free 
space. The length is given on the L scale intersection by a line between X 

and !° where /°= 360 Lin centimeters 

X in centimeters 

Example: f = 600 megacycles i° = 30length L= 1.64 inches or 4.2 centimeters 
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Attenuation and resistance of transmission 

lines at ultra -high frequencies 

A = 4.35 
R-` + 2.78 Nr; p F 
Z, 

where 

A = attenuation in decibels per 100 feet 
R, = total line resistance in ohms per 100 feet 
p = power factor of dielectric medium 
F = frequency in megacycles 

1 

R, = 0.1 
d 

+ )v'F for coaxial copper line 

= 
d2 

for open two -wire copper line 

where 

d = diameter of conductors (center conductor for the coaxial line) in 

inches 
D = diameter of inner surface of outer coaxial conductor in inches 
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Wave guides and resonators 

Propagation of electromagnetic waves in hollow wave guides 

For propagation of energy at ultra -high frequencies through a hollow metal 
tube under fixed conditions, a number of different types of waves are avail- 
able, namely: 

1. TE waves: Transverse electric waves, sometimes called H waves, char- 
acterized by the fact that the electric vector IE vector) is always perpen- 
dicular to the direction of propagation. This means that 

Ez =O 

where x is the direction of propagation. 

2. TM waves: Transverse magnetic waves, also called E waves, character- 
ized by the fact that the magnetic vector (H vector) is always perpendicular 
to the direction of propagation. 

This means that 

Hy =O 

where x is the direction of propagation. 

Note: TEM waves: Transverse electromagnetic waves. These waves are 
characterized by the fact that both the electric vector (E vector) and the 
magnetic vector (H vector) are perpendicular to the direction of propaga- 
tion. This means that 

Ex =Hz =O 

where x is the direction of propagation. This is the mode commonly excited 
in coaxial and open -wire lines. It cannot be propagated in a wave guide. 

The solutions for the field configurations in wave guides are characterized 
by the presence of the integers m and n which can take on separate values 
from 0 or 1 to infinity. Only a limited number of these different m,n modes 
can be propagated, cepending on the dimensions of the guide and the fre- 
quency of excitation. For each mode there is a definite lower limit or cutoff 
frequency below which the wave is incapable of being propagated. Thus, 

a wave guide is seen to exhibit definite properties of a high -pass filter. 

The propagation constant 'y,, m determines the amplitude and phase of each 
component of the wave as it is propagated along the length of the guide. 
With x the direction of propagation and w equal to 2 r times the frequency, 
the factor for each component is 
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Propagation of electromagnetic waves in hollow wave guides continued 

Thus, if yn.m is real, the phase of each component is constant, but the ampli- 
tude decreases exponentially with x. When yo.m is real, it is said that no 
propagation takes place. The frequency is considered below cutoff. Actually, 
propagation with high attenuation does take place for a small distance, and 
a short length of guide below cut- 
off is often used as a calibrated 
attenuator. 

When yn,m is imaginary, the 
amplitude of each component 
remains constant, but the phase 
varies with x. Hence, propagation 
takes place. yn,m is a pure im- 

aginary only in a lossless guide. 
In the practical case, yn,m usually 

comprises both a real part, which 
is the attenuation constant, and 
an imaginary part, which is the phase propagation constant. 

Fig. 1- Rectangular wave guide. 

Rectangular wave guides 

Fig. 1 shows a rectangular wave guide and a rectangular system of coordi- 
nates, disposed so that the origin falls on one of the corners of the wave 
guide; x is the direction of propagation along the guide, and the cross - 
sectional dimensions are yo and zo. 

For the case of perfect conductivity of the guide walls with a non -conducting 
interior dielectric (usually air), the equations for the TMn,m or En,m waves 
in the dielectric are: 

i"1-7n,mz EZ=Asin -n7r l ysin (-m7 z e 

Yo / zo 

na \ mir t-n,mz 
Ey =- A 

w2 E(Yo! cos 
(mr -y 1 sin 

zo 
z e 

Y n, m+ µ k k 

(mr 
Yo 

\/ 
E_ _- A yn' 2\mr/ sin y I cos rm7r z\ 

y2n,m+W 
Yo 

/ zo /l1 

Hz=O 
WE k 

(mir) 
nir mir 

Ht, = A sin - y 
) 

cos - z eialt 
Y "mz 

72n,m + W2ILkek Zo Yo / zo 

¡WEk mt. mt -y m z 
Hs = -A 

µ E C 
cos 

C- 
mr yl sin 

C 

m 
z e 

p n. 

y n,m + k k Yo Yo zo 

where where ek is the dielectric constant and µk the permeability of the dielectric 
material in MKS (rationalized) units. 
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Rectangular wave guides continued 

Constant A is determined solely by the exciting voltage. It has both ampli- 

tude and phase. Integers m and n may individually take on values from 1 to 

infinity. No TM waves of the 0,0 type or 0,1 type are possible in o rectangular 
guide so that neither m nor n may be 0. 

Equations for the TEn,m waves or Hn,n, waves in a dielectric are: 

HZ= Bcos( -nif m= yJcos -mir zJe Jul -Y,,, 

Yo zo 

Hy - B2n,m 
+ W2µkEk (Y0) 

Sin (-nr 
Yo 

Y) COS (mir 
Zo 

z) eJut-Yw.m= 

Hs = B 
Y2 + W2µkEk ( zo > cos 

(na yl 
sin 

(zo 
zl 

` Yo J // 

Ex =O 
JWµk = B 

(mir) 
cos 

( 
y) sin (n=I---r z e 

Y2n,m + W2µkEk zo Yo zo 

1Wµk na lut -Yn,mt 
E . = - B E( i sin i- na yi cos 

ma 
z 

W 
e 

y2n,m + 2µk k \Yo Yo 0 

where ek is the dielectric constant and µk the permeability of the dielectric 
material in MKS (rationalized) units. 

Constant B again depends only on the original exciting voltage and has both 
magnitude and phase; m and n individually may assume any integer value 
from 0 to infinity. The 0,0 type of wave where both m and n are 0 is not possi- 

ble, but all other combinations are. 

As stated previously, propagation only takes place when yn,,n the propaga- 
tion constant is imaginary; 

7n.m = 
V (Yo)2 + 

- 4.2µ kEk 

This means, for any n,m mode, propagation takes place when 

na ma z 

W2 LkEk> - + - 
Yo zo 

or, in terms of frequency f and velocity of light c, when 

f > 
27rV 

\frnr\2 
\Yo 

where µl and Ei are the relative permeability and relative dielectric constant, 
respectively, of the dielectric material with respect to free space. 
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Rectangular wave guides continued 

i 
á 

Fig. 2 -Field configuration for TE,,1 wave. 
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Rectangular wave guides continued 

The wavelength in the wave guide is always greater than the wavelength 
in an unbounded medium. If X is the wavelength in free space, the wave- 
length in the guide with air as a dielectric for the n,m mode is 

Xg(n,m) 

__- ¡n\1" m\1- 
2/ O O 

X 

The phase velocity within the guide is also always greater than in an un- 
bounded medium. The phase velocity v and group velocity u are related by 
the following equation: 

c2 
u = - 

v 

where the phase velocity is given by v = c ° and the group velocity is the 

velocity of propagation of the energy. 

To couple energy into wave guides, it is necessary to understand the con- 
figuration of the characteristic electric and magnetic lines. Fig. 2 illustrates 
the field configuration for a TE0,1 wave. Fig. 3 shows the instantaneous field 
configuration for a higher mode, a TE1,2 wave. 

In Fig. 4 are shown only the characteristic E lines for the TE0,1, TEo.2, TE1,i 

and TE1,2 waves. The arrows on the lines indicate their instantaneous relative 
directions. In order to excite a TE wave, it is necessary to insert a probe to 
coincide with the direction of the E lines. Thus, for a TE0,1 wave, a single 

probe projecting from the side of the guide parallel to the E lines would be 
sufficient to couple into it. Several means of coupling from a coaxial line 

to a rectangular wave guide to excite the TE0,1 mode are shown in Fig. 5. 

With structures such as these, it is possible to make the standing wave ratio 
due to the junction less than 1.15 over a 10 to 15 percent frequency band. 

Fig. 6 shows the instantaneous configuration of a TM1,1 wave; Fig. 7, an in- 

stantaneous field configuration for a TM1,2 wave. Coupling to this type of 
wave is accomplished by inserting a probe, which is again parallel to the 

E lines. Since the E lines in this cose extend along the length of the tube, it is 

necessary to position a probe along its length at the center of the E con- 
figuration. Fig. 8 illustrates a method of coupling to an ELI wave and an El_= 

wave. 
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Rectangular wave guides continued 

short 
circuit 

Fig. 5- Methods of coupling to TE0,1 mode (a z Xg¡4). 

Fig. 6- Instant 
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field configuration for a TML1 wave. 

electric 
intensity 

magnetic 
intensity 

Fig. 7- Instant field configuration for a TMI, 2 wave. 
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Rectangular wave guides continued =I! 

Fig. 8- Methods of coupling to rectangular wave guides for TM(E) modes. 

Circular wave guides 

The usual co- ordinate system is p, O, z, where p is in radial direction; O is the 

angle; z is in the longitudinal direction. 

TM waves (E waves) HZ = 0 

Es = A J. (knm pl cos n O ei"-rnm2 

By the boundary conditions, EZ = 0 when p = a, the radius. Thus, the only 
permissible values of k are those for which J. Ikn,m al = 0 because E= must 

be zero at the boundary. 

The numbers m, n take on all integral values from zero to infinity. The waves 

are seen to be characterized by two numbers, m and n, where n gives the 

order of the bessel functions, and m gives the order of the root of J. 
(km al. The bessel function has an infinite number of roots, so that there are 

an infinite number of k's which make J. (knm a) = O. 

The other components of the electric vector E8 and Ep are related to Es as 

are Ho and Hp. 

TE waves (H waves) EZ = 0 

HZ = BJn (kn,mp) cos nO ei"4-Yn.m2 

Hp, H0, Ep, E9, are all related to Hs. 
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Circular wave guides continued 

Again n takes on integral values from zero to infinity. The boundary condi- 
tion Es = 0 when p = a still applies. To satisfy this condition k must be such 
as to make J',, (kn,,n a) equal to zero where the superscript indicates the 
derivative of la (kn,m a). It is seen that m takes on values from 1 to infinity 
since there are an infinite number of roots of J'n (kn,m a). 

For circular wave guides, the cut -off frequency for the m,n mode is 

= c kn'm where c = velocity of light and k ty g n,,n is evaluated from 

the roots of the bessel functions 

and 

kn,m = 
U, U',, V'n,m 

where a = radius of guide or pipe and Un,,n is the a a 
root of the particular bessel function of interest for its derivative). 
The wavelength in the guide is 

2w 
ña 

k -n 

The following tables are useful in determining the values of k. For H waves 
the roots U'n,m of J'n (U) = 0 are given in the following table, and the cor - 

U' n, m 

where Xo is the wavelength in an 
unbounded medium. 

responding kn,,n values are 

Values of U'n,m 

a 

m 
n 

0 1 2 

1 3.832 1.841 3.054 
2 7.016 5.332 6.705 
3 10.173 8.536 9.965 

For E waves the roots Un,m of ln (U) = 0 are given in the following table, 

and the corresponding kn,m values are 
Un,m 

a 

Values of Un,,n 

m \n o 1 2 

1 2.405 3.832 5.135 
2 5.520 7.016 8.417 
3 8.654 10.173 11.620 

where n is the order of the bessel function and m is the order of the root. 
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Circular wave guides continued 

TE 
0.1 

Fig. 9 

Patterns of magnetic force of TM 
waves in circular wave guides. 

Fig. 10 

Method of coupling to circular wave 
guide for TMo, I wave. 

7E42 Fig. 11 

Patterns of electric force of TE 
waves in circular wave guide. 

TE,, 

section o-a 

Fig. 12 

Method of coupling to circule 
wave guide for TE1.1 wave. 
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Circular wave guides continued 

The pattern of magnetic force of TM waves in a circular wave guide is 

shown in Fig. 9. Only the maximum lines are indicated. In order to excite this 

type of pattern, it is necessary to insert a probe along the length of the 

wave guide concentric with the H lines. For instance, in the TM0,1 type of 
wave, a probe extending down the length of the wave guide at the very 

center of the guide would provide the proper excitation. This method of 
excitation is shown in Fig. 10. Similar methods of excitation may be used for 
the other types of TM waves shown in Fig. 9. 

Fig. 11 shows the patterns of electric force for TE waves. Again only the 

maximum lines are indicated. This type of wave may be excited by an antenna 
which is parallel to the electric lines of force. For instance, the TE0,1 wave 
would be excited by a small circular loop placed where the maximum E line 

is indicated in the diagram. The TE1,1 wave may be excited by means of an 

antenna extending across the wave guide. This is illustrated in Fig. 12. 

Attenuation constants 

All the attenuation constants contain a common coefficient 

ao =- 
4 a2 µl 

el, µl dielectric constant and magnetic permeability for the insulator 

02, 122 electric conductivity and magnetic permeability for the metal 

For air and copper ao = 0.35 X 10 -9 nepers per centimeter 
or 0.3 X 10 -3 db per kilometer 

Table I summarizes some of the most important formulas. The dimensions a, b 

are measured in centimeters. 

Electromagnetic horns 

Radiation from the wave guide may be obtained by placing an electromag- 
netic horn of a particular size at the end of the wave guide. The charac- 
teristics for different types of circular horns are shown in Figs. 13 and 14. 

Fig. 13 gives data for designing a horn to have o specified gain with the 

shortest length possible. The length L1 is given by L1 = L 1 a - b 

2A 26 

where a = wide dimension of wave guide in the H plane, and b = narrow 
dimension of wave guide in E plane. 
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Elect omagnetic horns continued 

9 

me 
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gain in decibels above isotropic radiator 
22 23 24 25 28 27 28 

L = axial length to apex 

A = width of aperture in H plane 

B = width of aperture in E plane 

Fig. 13_ 
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10 db width in degrees 

Fig. 14-10-decibel widths of horns. 

If L - (a = longer dimension of aperture) the gain is given by G = - X 

10a 
b, the half power width in the E plane is given by 51° 

X, 
and the half 

X power width in the H plane is given by 70 
o 

-, where E is the electric vector 
a 

and H is the magnetic vector, 
Fig. 14 shows how the angle between 10-decibel points varies with aperture. 

Parabolas 
If the intensity across the aperture of the parabola is of constant phase 
and tapers smoothly from the center to the edges so that the intensity at the 
edges is 10 decibels down from that at the center, the gain is given by 

8A 
G = - (A = area of aperture). The half power width is given by 70° X 

X' D 

(D = diameter of parabola). 

Resonant cavities 

A cavity enclosed by metal walls will have an infinite number of natural 
frequencies at which resonance will occur. The lowest frequency or mode 
of oscillation is determined by the geometry of the cavity. One of the 
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Resonant cavities continued 

more common types of cavity resonators is a length of transmission line 

(coaxial, or waveguidel short circuited at both ends. 

Resonance occurs when 

2h = / 
2g 

where / is an integer 

2h = length of the resonator 
X9 = guide wavelength in resonator 

Xe - 
(x lz 1 - 
\ >tc/ 

X = free space wavelength X = guide cut -off wavelength 

For TEn,m or TMn,m waves in a rectangular cavity with cross section a, b. 

X, = 2 where m and n are integers 

N(a)2 + (b)2 

For TEn,m waves in a cylindrical cavity 

Xc 
2aa 

LY non 

where a is the guide radius and U'n,m is the mth root of the equation 
J'n(U) = 0 

For TMn,m waves in a cylindrical cavity 

2aa 

Un,m 

where a is the guide radius and Un,m is the mth root of the equation 
Jn(U) = O. 

For TM waves 1 = 0, 1, 2.... 
For TE waves 1 = 1, 2... but not 0 

Rectangular cavity of dimensions a b 2h 

2 X- 

'41)2 
where only one of 1, m, n may be zero. 
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Resonant cavities or.ar.d 

Cylindrical cavities of radius a and length 2h 

1 

where Xc is the guide cut -off wavelength. 

Spherical resonators of radius a 

2aa 
for a TE wave 

Un,m 

X 
Zao 

for a TM wave. 
U' n,m 

Values of Un,m: 

U1,1= 4.5, U2,1 = 5.8, U1,2 = 7.64 

Values of U'n,,n: 

U'1,1 = 2.75 = lowest order root 

Additional cavity formulas 

type of cavity 

Right 
circular 
cylinder 

mode 
ño resonant 
wavelength O 

4 No a 1 

1 \ 2 2.35 a TMo.t.t (Es) 
á%o 

1+2h vv`h/J) + a2 

4 2 

1+0.168(h 
TE0.1,1 lHol 1 2 5.93%00 l _j_ 

02 (h/ á Xo 
1 +0.168 (a\ 

3 

h 1 

TEt.t.t (hid 
4 Xo h 

á ñu 

2.39h2 + 1.7302 

/112 1.37 h3 1I 
V h -{ 2 3.39 + 0.73ah + 1.730=] 
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Some characteristics of various types of resonators 

á is the skin depth 

type r ator wavelength, X Q 

Square 
prism 
TEO.L.I 

Circular 
cylinder 
TMo.1,o 

Sphere 

2y [a 0.353X 1 

ö +0.177X 
h 

Sphere 
with 

Coaxial 
TEM 

2.61a 

2.28a 

0.383X 1 

ö 0.192X 

h 

0.318 
ö 

4a 

4h 

Optimum Q 

for O = 34° 

0.1095 
á 

Optimum Q 

for - 
b 

3.6 
a 

(Zo = 77 ohms) 

X 

48+7.2 
bó 

á = s I2A where p = resistivity of wall in abohm -cm, p = permeability of volume (unit} 
v p 

for free space), 5 = skin depth in centimeters. 
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Recommended rectangular wave guides 

dimension 
inches A -N number 

cutoff 
wavelength 

ac (centimeters) 

usable 
wavelength 
range for 

TE 1 mode 
(centimeters) 

connectors 

choke flange 

attenuation 
in brass 

wave guide 
db ft 

11/2 X3 X0.081 
wall RG-48/U 14.4 7.6 -11.8 UG-54/U UG-53/U 0.012 ® 10 cm 

1 X 2 X 0.064 
wall RG-49/U 9.5 5.0 -7.6 UG-148/U UG-149/U 0.021 ® 6 cm 

1/4 X1 %X0.064 
wall RG-50/11 6.97 3.7 -5.7 UG-150/U 

contact 
type 0.036 ® 5 cm 

%X1% X0.064 
wall RG-51/U 5.7 3.0 -4.7 UG-52/U UG-51/U 0.050 ®3.6cm 

1X1X0.050 
wall RG-52/U 4.57 2.4 -3.7 UG-40/U UG-39/U 0.076 ®3.2cm 
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Radio propagation and noise 

Propagation of medium and long waves* 

For a theoretical short vertical antenna over perfect ground: 

E = 186 VP, millivolts per meter at 1 mile 
or, 

E = 300 millivolts per meter at 1 kilometer 
where Pr = radiated power in kilowatts. 

Actual inverse -distance fields at one mile for a given transmitter output 
power depend on the height and efficiency of the antenna and the efficiency 
of coupling devices. 

Typical values found in practice for well- designed stations are: 

Small L or T antennas as on ships; 25 V'Pt millivolts per meter at 1 mile 

Vertical radiators 0.15 to 0.25 X high; 150 V Pt millivolts per meter at 1 mile 

Vertical radiators 0.25 to 0.40 X high; 175 1'Pt millivolts per meter at 1 mile 
Vertical radiators 0.40 to 0.60 X high or top -loaded vertical radiators; 

220 VPt millivolts per meter at 1 mile, 
where Pt = transmitter output power in kilowatts. 
These values can be increased by directive arrangements. 

The surface -wave field (commonly called ground wave) at greater distances 
can be found from Figs. 1, 2, and 3. These are based on a field strength of 
186 millivolts per meter at one mile. The ordinates should be multiplied by 
the ratio of the actual field at 1 mile to 186 millivolts per meter. 

Table I- Ground conductivities and dielectric constants 

terrain 
conductivity 

mu 

e 

dielectric 
constant 

su 

Sea water 4 X 10-'s 80 
Fresh water 6 X 10-" 80 
Dry, sandy flat coastal land 2 X 10-'s 10 

Marshy, forested flat land 8 X 10-14 12 
Rich agricultural land, low hills 1 X 10-'s 15 

Pastoral land, medium hills and forestation 5 X l0-11 13 
Rocky land, steep hills 2 X 10-1a 10 
Mountainous (hills up to 3000 feet) 1X10-'4 5 
Cities, residential areas 2 X 10-1{ 5 
Cities, industrial areas 1 X 10-16 3 

Note: This table for use for medium- and long -wave propagation with Norton's, van der Poi's, 
Eckersleÿ s, or other developments of Sommerfeld propagation formulas. 

*For more exact methods of computation see Terman, F. E., Radio Engineers' Handbook. Sec. 10; or Norton, K. A., 
The Calculation of Ground-wave Field Intensities Over a Finitely Conducting Spherical Earth. Proc. I.R.E., vol. 29, p. 623 
(December, 19411. 
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Propagation of medium and long waves continued 
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Fig. 1- Strength of surface waves as a function of distance with a vertical antenna 
for good earth (o = 10 -1' emu and e = 15 esu). 
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ig. 2- Strength of surface waves as a function of distance with a vertical antenna 
for poor earth (o = 2 X 10 -14 emu and e = 5 esu). 
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Propagation of medium and long waves continued 

Figs. 1, 2, and 3 do not include the effect of sky waves reflected from the 
ionosphere. Sky waves cause fading at medium distances and produce higher 
field intensities than the surface wave at longer distances, particularly at 
night and on the lower frequencies during the day. Sky -wave field intensity, 

in addition to the usual diurnal, seasonal, and irregular variations due to 
changing properties of the ionosphere, depends on frequency and the 

vertical radiation pattern of the antenna. Fig. 4 shows the average of night- 
time measurements on a number of broadcast stations for about 1- kilowatt 
output. 
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Fig. 3- Strength of surface waves as a function of distance with a vertical antenna 
for sea water (a = 4 X 10 -11 emu and e = 80 esu). 

Propagation of short waves 

At frequencies between about 3 and 25 megacycles and distances greater 
than about 100 miles, transmission depends entirely on sky waves reflected 
from the ionosphere. The ionosphere (a region high above the earth's 
surface where the rarefied air is sufficiently ionized to reflect or absorb 
radio waves/ is usually considered as consisting of the following layers. 

D layer: At heights from about 50 to 90 kilometers, it exists only during day- 
light hours and ionization density corresponds with the altitude of the sun. 
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Propagation of short waves continued 

This layer reflects low- and medium- frequency waves and weakens high - 

frequency waves through partial absorption. 

E layer: At height of about 110 kilometers, this layer is of importance for 
shortwave daytime propagation at distances less than 1000 miles and for 
medium wave nighttime propagation at distances in excess of about l00 
miles. Ionization density corresponds closely with the altitude of the sun. 

Irregular cloud -like areas of unusually high ionization, called sporadic E 

may occur up to more than 50 percent of the time on certain days or 
nights. Sporadic E occasionally prevents frequencies that normally pene- 
trate the E layer reaching higher layers and also causes occasional long - 

distance transmission at very high frequencies. 
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Fig. 4- Average sky -wave field intensity (corresponding to the second hour after 
sunset at the recording station). 

F1 layer: At heights of about 175 to 250 kilometers, it exists only during day- 
light. This layer occasionally is the reflecting region for shortwave trans- 
mission, but usually oblique incidence waves that penetrate the E layer also 
penetrate the F1 layer to be reflected by the F2 layer. The F1 layer introduces 
additional absorption of such waves. 
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Propagation of short waves continued 

F2 layer: At heights of about 250 to 400 kilometers, F2 is the principal reflect- 
ing region for long -distance shortwave communication. Height and ioniza- 
tion density vary diurnally, seasonally, and over the sunspot cycle. Ionization 
does not correspond closely to the altitude of the sun. At night, the F1 layer 
merges with the F2 layer at a height of about 300 kilometers. The absence of 
the F1 layer, and reduction in absorption of the E layer, causes nighttime field 
intensities and noise to be generally higher than during daylight hours. 

As indicated to the right on Fig. 6, these layers are contained in a thick region 
throughout which ionization generally increases with height. The layers are 
said to exist where the ionization gradient is capable of refracting waves 
back to earth. Obliquely incident waves follow a curved path through the 
ionosphere due to gradual refraction or bending of the wave front. 

Depending on the ionization density at each layer, there is a critical or 
highest frequency f0 at which the layer reflects a vertically incident wave. 
Frequencies higher than f, pass through the layer at vertical incidence. At 
oblique incidence the layer reflects frequencies higher than f0 as given by the 
approximate relation: 

muf = f0 sec 0 
where muf = maximum usable frequency for the particular layer and distance, 

¢ = angle of incidence at reflecting layer. 

fc and height, and hence 0 for a given distance, for each layer vary with 
local time of day, season, latitude, and throughout the eleven -year sunspot 
cycle. The various layers change in different ways with these parameters. 
In addition, ionization is subject to frequent abnormal variations. 

The loss at reflection for each layer is a minimum at the maximum usable fre- 
quency and increases rapidly for frequencies lower than maximum usable 
frequency. 

Short waves travel from the transmitter to the receiver by reflections from 
the ionosphere and earth in one or more hops as indicated in Figs. 5 and 6. 

Additional reflections may occur along the path between the bottom edge of 
a higher layer and the top edge of a lower layer, the wave finally returning 
to earth near the receiver. 

Fig. 5 illustrates single -hop transmission, Washington to Chicago, via the E 

layer (41). At higher frequencies over the same distance, single -hop trans- 
mission would be obtained via the F2 layer (42). Fig. 5 also shows two -hop 
transmission, Washington to San Francisco, via the F2 layer (03). Fig. 6 

indicates transmission on a common frequency, (i.) single -hop via E layer, 
Denver to Chicago, and, (2.1 single -hop via F2, Denver to Washington, 
with, (3.) the wave failing to reflect at higher angles, thus producing a 

skip region of no signal between Denver and Chicago. 



RADIO PROPAGATION AND NOISE 229 

Propagation of short waves continued 

Actual transmission over long distances is more complex than indicated by 
Figs. 5 and 6, because the layer heights and critical frequencies differ with 
time (and hence longitude) and with latitude. Further, scattered reflections 
occur at the various surfaces. 
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Maximum usable frequencies (muf) for single -hop transmission at various 
distances throughout the day are given in Fig. 7. These approximate values 
apply to latitude 39° N for the approximate minimum years (1944 and 1955) 

and approximate maximum years (1949 and 1960) of the sunspot cycle. 
Since the maximum usable frequency and layer heights change from month 
to month, the latest predictions should be obtained whenever available. 
This information is published by the National Bureau of Standards in the 

U. S. A. and by similar organizations in other countries. 

Operating frequencies should be selected from 50 to 85 percent of the maxi- 
mum usable frequency, preferably nearer the higher limit in order to reduce 
absorption loss. The 85 percent limit provides some margin for day -to -day 
deviation of the ionospheric characteristics from the predicted monthly 
average value. Maximum usable frequency changes continuously throughout 
the day, whereas it is ordinarily impractical to change operating frequencies 
correspondingly. Each operating frequency, therefore, should be selected 
to fall within the above limits for a substantial portion of the daily operating 
period. 

For single -hop transmission, frequencies should be selected on the basis of 
local time and other conditions existing at the mid -point of the path. In 

view of the layer heights and the fact that practical antennas do not 
operate effectively below angles of about three degrees, single -hop trans- 
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Propagation of short waves continued 

mission cannot be achieved for distances in excess of about 2200 miles 
(3500 kilometers) via F layers or in excess of about 1050 miles (1700 kilo- 
meters) via the E layer. Multiple -hop transmission must occur for longer 
distances and, even at distances of less than 2200 miles, the major part of the 
received signal frequently arrives over a two- or more -hop path. In analyzing 
two -hop paths, each hop is treated separately and the lowest frequency 
required on either hop becomes the maximum usable frequency for the circuit. 
It is usually impossible to predict accurately the course of radio waves on 
circuits involving more than two hops because of the large number of possi- 
ble paths and the scattering that occurs at each reflection. For such long - 
distance circuits, it is customary to consider the conditions existing at points 
1250 miles along the path from each end as the points at which the maximum 
usable frequencies should be calculated. 
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Propagation forecasts for short waves 

In addition to forecasts for ionospheric disturbances, the Central Radio 
Propagation Laboratories of the National Bureau of Standards issues 

monthly Basic Radio Propagation Predictions 3 months in advance used to 
determine the optimum working frequencies for shortwave communication.. 
Indication of the general nature of the CRPL data and a much abbreviated 
example of their use follows: 

Example 
To determine working frequencies for use between San Francisco and 
Wellington, N. Z. 

Method 
1. Place a transparent sheet over Fig. 8 and mark thereon the equator, o 

line across the equator showing the meridian of time desired (viz., GCT or 
PST), and locations of San Francisco and Wellington. 
2. Transfer sheet to Fig. 9, keeping equator lines of chart and transparency 
aligned. Slide from left to right until terminal points marked fall along a 

Great Circle line. Sketch in this Great Circle between terminals and mark 

"control points" 2000 kilometers along this line from each end. 

3. Transfer sheet to Fig. 10, showing muf for transmission via the F2 layer. 
Align equator as before. Slide sheet from left to right placing meridian line 

on time desired and record frequency contours at control points. This 

illustration assumes that radio waves are propagated over this path via 
the F2 layer. Eliminating all other considerations, 2 sets of frequencies, 
corresponding to the control points, are found as listed in Table II, the 

lower of which is the mJf. The muf, decreased by 15 percent, gives the 

optimum working frequency. 

Transmission may also take place via other layers. For the purpose of 
illustration only and without reference to the problem above, Figs. 11 and 12 

have been reproduced to show characteristics of the E and sporadic E 

layers. The complete detailed step -by -step procedure, including special 
considerations in the use of this method, are contained in the complete 
CRPL forecasts. 

Table ll- Maximum usuable frequency 

GCT 

at San Francisco 
control point 
(2000 km from 
San Francisco) 

at Wellington, N. Z. 
control point 

(2000 km from 
Wellington) 

optimum working 
frequency 
(lower of 

muf X 0.851 

0000 32.0 31.5 26.8 

0400 34.2 25.0 21.0 

0800 23 2 13.7 11.7 

1200 18.0 14.8 12.6 

1600 23.4 12.2 10.4 

2000 24.6 2.88 20.9 
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Propagation of very short waves 

For propagation over distance within the radio path horizon, the field 
intensity is given approximately by 

14.0 h, hr 
E = 

d 
sin 

C 

21rd 
1 volts per meter (1) 

where / 
W = watts radiated, he= height of transmitting antenna in meters, hr = height 
of receiving antenna in meters, X = wavelength in meters, d = distance in 

meters. 

The following approximate formula is useful for transmission below 100 
megacycles within the radio path horizon. 

0.33 HI Hr f, 
microvolts per meter 

D' 
(21 

where 
P= kilowatts radiated, He= height of transmitting antenna in feet, H,. = height 
of receiving antenna in feet, = frequency in megacycles, D = distance 
in statute miles. 

Equations (1) and (2) apply to both vertical and horizontal polarization. 
It is assumed that the antennas are small dipoles. The equations hold only 
when the transmission distance is large compared to antenna heights, i.e., 

for equation Ill d > 10 hr 
for equation (21 D > 4 He Hr fr, X 10 -e 

Multiplying the true radius of the earth by correction factor 1.33 to provide 
for average atmospheric refraction gives the radio path horizon as 

DI = V'2HI + V'2H, statute miles 

If the refractive effect of the atmosphere is ignored, line -of -sight horizon is 

reduced to the geometric range 

Do = 1.23 WIT, + VH,.) 

These distances may be obtained from the nomograph, Fig. 13. 

When the transmission distance is not large compared with antenna height, 
the field strength oscillates with distance and height as indicated by the 
sine term of equation (1). 

The number of oscillations for a given distance increases with frequency as 
illustrated in Fig. 14. This is due to interference between the space wave and 
the ground- reflected wave os these two components fall in or out of phase 
at various distances and heights. 
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U -H -F path length and optical line -of -sight 
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The theoretical maximum path of a radio wave, the sum of the "optical" 
horizon distances of each antenna, is found on "line -of- sight" scale by a 

line connecting points representing the two antenna heights. Atmospheric 

diffraction increases this path an amount generally considered as 2 N 3 

times optical line of sight, given on the radio path scale. 

Example shown: Height of receiving antenna 60 feet, height of transmitting 

antenna 500 feet, and maximum radio path length 41.5 miles. 
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Propagation of very short waves conónuvd 
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Fig. 14- Effect of frequency on ground -wave field intensity. 

To compute the field accurately under these conditions, it is necessary to 
calculate the two components separately and to add them in correct phase 
relationship as determined by the geometry of the path and the change in 

magnitude and phase at ground reflection. For horizontally -polarized waves, 
the reflection coefficient can be taken as approximately one, and the phase 
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Propagation of very short waves continued 

shift at reflection as 180 degrees, for nearly all types of ground and angles 

of incidence. For vertically -polarized waves, the reflection coefficient and 

phase shift vary with the ground constants and angle of incidence.* 

For methods of computing field intensities when equations (11 and (21 do not 

hold beyond the radio path horizon, or when the antenna height is not 

negligible compared to distance, see reference below.t 

At points beyond the radio path horizon,field intensity decreases more rapidly 

than the square of the distance; and, if the antennas are raised, the field 

intensity increases more rapidly than the product of antenna heights. 

Measured field intensities usually show large deviations from point to point 

due to reflections from irregularities in the ground, buildings, trees, etc. In 

addition, fields at the longer distances are subject to fading and day -to -day 

variations due to changes in the refractive index of the atmosphere and 

tropospheric reflections. 

See Burrows, C. R., Radio Propagation over Plane Earth-Field Strength Curves. Bell System Tech. Jour., vol. 16 (January 

1937). 
t See Norton, K. A., The Effect of Frequency on the Signal Range of on Ultra -High Frequency Rodio Station. FCC Mimeo 

Report 48466 (March 20, 19411. 

Great circle calculations 

Referring to Figs. 15, 16, and 17, A and B are two places on the earth's 

surface the latitudes and longitudes of which are known. The angles X and Y 

at A and B of the great circle passing through the two places and the dis- 

tance Z between A and B along the great circle can be calculated as follows: 

B is the place of greater latitude, i.e., nearer the pole 

L,4 is the latitude of A 

La is the latitude of B 

C is the difference of longitude between A and B 

LB - LA 
sin 

Y -X C 2 
Then, ton - cot 2 

LB 
cos 

Y+X Ccos 

and, tan - cot 
2 LB LA 

sin 

give the values of 
Y X 

and Y X 2 

2 

LR-LA 
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Great circle calculations continued 

from which 

Y -1- X+ Y X= Y 

and 

Y + X Y -X_X 
2 2 

In the above formulas, north latitudes are taken as positive and south lati- 
tudes as negative. For example, if B is latitude 60° N and A is latitude 20° S 

LB + LA 60 + (-20) 60 - 20 40 200 

2 2 

and 

2 2 

LB- LA_60- l -20) +20 =80 _40° -60 
2 2 2 2 

If both places are in the southern hemisphere and L B+ LA is negative, it is 

simpler to call the place of greater south latitude B and to use the above 
method for calculating bearings from true south and to convert the results 

afterwards to bearings east of north. 

The distance Z (in degrees) along the great circle between A and B is given 

by the following: 

sin 
Y +X 

Z LB - LA 2 
tan t =tan 

2 Y -X 
sin 

2 

The angular distance Z (in degrees) between A and B may be converted to 
linear distance as follows: 

Z (in degrees) X 111.195 = kilometers 
Z (in degrees) X 69.093 = statute miles 

Z (in degrees) X 60.000 = nautical miles 

In multiplying, the minutes and seconds of arc must be expressed in decimals 

of a degree. For example, Z = 37° 45' 36" becomes 37.755 °. 

Example: -Find the great circle bearings at Brentwood, Long Island, Longi- 

tude 73° 15' 10" W, Latitude 40° 48' 40" N, and at Rio de Janeiro, Brazil, 

Longitude 43° 22' 07" W, Latitude 22° 57' 09" S, and the great circle distance 
in statute miles between the two points. 
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Great circle calculations continued 

north pole 

north pole 

south pole 

equator 

equotor 

equator 

Fig. 15 

L = latitude of A 

= latitude of B 

C = difference of longitude 

Fig. 16 

L. = latitude of A 
Ln = latitude of B 

C = difference of longitude 

Fig. 17 

L, = latitude of A 

Ln = latitude of B 

C = difference of longitude 
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Great circle calculations continued 

longitude 

Brentwood 73° 15' 10" W 
Rio de Janeiro 43° 22' 07" W 

C 29° 53' 03" 

latitude 

40° 48' 40" N 
1-122° 57' 09" S 

17° 51' 31" 
63° 45' 49" 

=14°56'31" L° 2 LA=B°55'as" Lp 
- 
2=31°52'54" 

log cot 14° 56' 31" = 10.57371 

plus log cos 31° 52' 54" = 9.92898 

0.50269 

minus log sin 8° 55' 45" = 9.19093 

log tan Y 4 X= 1.31176 

Y+ X=87°12'26" 
2 

log cot 14° 56' 31" = 10.57371 

plus log sin 31° 52' 54" = 9.72277 

0.29648 

minus log cos 8° 55' 45" = 9.99471 

log tan 
Y 

2 
X = 0.30177 

Y - X 

2 
= 63° 28' 26" 

Y + X Y - X 

2 
+ 

2 
- Y - 150° 40' 52" East of North -bearing at Brentwood 

Y + X Y - X 
X - 23° 44' 00" West of North- bearing at Rio de Janeiro 

2 2 

L. - LA = 31° 52' 54" 
2 

Y I-X-87°12'26" 
2 

Y -X 
= 63° 28' 26" 

2 

log tan 31° 52' 54" = 9.79379 

plus log sin 87° 12' 26" = 9.99948 

9.79327 

minus log sin 63° 28' 26" = 9.95170 

log tan 
2 

= 9.84157 

2 
= 34° 46' 24" 

Z = 69° 32' 48" 

69° 32' 48" = 69.547° 

linear distance = 69.547 X 69.093 = 4805.21 statute miles 
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Time interval between transmission and reception of reflected signal 

Fig. 18 gives the time interval between transmission and reception of a 

reflected signal based on a velocity of propagation in free space of 985 feet 

per microsecond or 300 meters per microsecond. A statute mile of 5280 feet 

or 1760 yards or 1.609 kilometers is used. 
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Radio noise and noise measurement* 
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Radio noise may be divided into four classifications, depending on origin: 

1. Atmospheric noise (static) 
2. Cosmic noise 
3. Man -made noise 
4. Receiver and antenna noise 

See also section on Wire Telephony -Noise and Noise Measurement. 
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Radio noise and noise measurement continued 

Radio noise, as in Fig. 19, is usually expressed in terms of peak values. At- 
mospheric noise is shown in the figure as the average peaks would be read 
on the indicating instrument of an ordinary field intensity meter. This is lower 
than the true peaks of atmospheric noise. Man -made noise is shown as the 
peak values that would be read on the EEI NEMA RMA standard noise 
meter. Receiver and antenna noise is shown with the peak values 13 decibels 
higher than the values obtained with an energy averaging device such as a 

thermoammeter. 

1. Atmospheric noise: is produced mostly by lightning discharges in thunder- 
storms. The noise level is thus dependent on frequency, time of day, weather, 
season of the year, and geographical location. 

Subject to variations due to local stormy areas, noise generally decreases 
with increasing latitude on the surface of the globe. Noise is particularly 
severe during the rainy seasons in certain areas such as Caribbean, East 

Indies, equatorial Africa, northern India, etc. Fig. 19 shows median values of 
atmospheric noise for the U. S. A. and these values may be assumed to apply 
approximately to other regions lying between 30 and 50 degrees latitude 
north or south. 

Rough approximations for atmospheric noise in other regions may he ob- 
tained by multiplying the values of Fig. 19 by the factors in Table Ill. 

Table Ill- Multiplying factors for atmospheric noise 
in regions not shown on Fig. 19 

nighttime 
latitude 

I 100 k 10 mc 

daytime 
100 k 10 me 

90 ° -50° 0.1 0.3 0.05 0.1 
50 ° -30° 1 1 1 

30° -10° 2 2 3 2 
10 °- 0° 5 4 6 3 

Atmospheric noise is the principal limitation of radio service on the lower 
frequencies. At frequencies above about 30 megacycles, the noise falls to 
levels generally lower than receiver noise. 

The peak amplitude of atmospheric noise usually may be assumed to be pro- 
portional to the square root of receiver bandwidth. 

2. Cosmic noise: originates outside the earth's atmosphere and appears as 
a random noise like thermal agitation. Cosmic noise has been observed and 
measured at frequencies from 10 to 20 megacycles and at frequencies of 
about 160 megacycles. It is reasonable to assume that it exists at all fre- 
quencies between 10 and 1000 megacycles and higher. 
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Radio noise and noise measurement continued 

The intensity of cosmic noise is generally lower than interference produced 
by other sources. In the absence of atmospheric and man -made noise, it may 
be the principal limiting factor in reception between 10 and 30 megacycles. 
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1. All noise curves assume a bandwith of 10 kilocycles. 
2. Receiver noise is based on the use of a half -wave dipole antenna and is worse than an 
ideal receiver by 10 decibels at 50 megacycles and 15 decibels at 1000 megacycles. 
3. Refer to Fig. 20 for converting man -made noise curves to bandwiths greater than 10 
kilocycles. 
4. For all other curves, noise varies as the square root of bandwith. 

Fig. 19. 
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Radio noise and noise measurement continued 

3. Man -made noise: includes interference produced by sources such as 
motorcar ignition, electric motors, electric switching gear, high- tension line 
leakage, diathermy, industrial heating generators. The field intensity from 
these sources is greatest in densely populated and industrial areas. 

The nature of man -made noise is so variable that it is difficult to formulate a 
simple rule for converting 10 kilocycle bandwidth receiver measurements to 
other bandwidth values. For instance, the amplitude of the field strength 
radiated by a diathermy device will be the same in a 100- as in a 10- kilocycle 
bandwidth receiver. Conversely, peak noise field strength due to automobile 
ignition will be considerably greater with a 100- than with a 10- kilocycle 
bandwidth. According to the best available information, the peak field 
strengths of man -made noise (except diathermy and other narrow -band 
noise) increases as the receiver bandwidth is increased, substantially as 
shown in Fig. 20. 
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receiver bandwidth in kilocycles 
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Fig. 20- Bandwidth factor. Multiply value of man -made noise from Fig. 19 by the 
factor above for receiver bandwidths higher than 10 kilocycles. 

The man -made noise curves in Fig. 19 show typical median values for the 
U.S.A. In accordance with statistical practice, median values are interpreted 
to mean that 50 percent of all sites will have lower noise levels than the 
values of Fig. 19; 70 percent of all sites will have noise levels less than 1.9 
times these values; and 90 percent of all sites, less than seven times these 
values. 
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Radio noise and noise measurement continued 

4. Receiver and antenna noise: is caused by thermal agitation in resistance 

components of the antenna and receiver circuits and by electronic current 
flow in the tubes. 

The basic equation for thermal agitation noise is 

E2 = 4kTRAf 
where 

E = rms volts 
k = Boltzmann's constant = 
7 = absolute temperature in 

R = resistance in ohms 

Af = bandwidth in cycles per 

1.374 X 10-23 
degrees Kelvin 

second 

For application of this formula to receiver input circuits see Herold, E. W., 
An Analysis of the Signal -to -Noise Ratio of Ultra- High- Frequency Receivers; 

and North, D. O., The Absolute Sensitivity of Radio Receivers. RCA Review, 

vol. 6 (January, 1942). 

The ideal receiver is one in which the only noise is that generated by 

thermal agitation in the radiation resistance of the antenna and in the input 

coupling resistance. The calculated values shown in Fig. 19 are based on the 

assumption that an actual receiver has a noise level greater than the ideal 

receiver by a factor varying from 10 decibels at 50 megacycles to 15 deci- 
bels at 1000 megacycles. 

The peak value of this type of noise is approximately 13 decibels greater 
than its rms value. The amplitude is proportional to the square root of re- 

ceiver bandwidth. Fig. 19 shows the field intensities required to equal the 

peak receiver noise values calculated on the above basis. These equivalent 
field intensities assume the use of a half -wave dipole receiving antenna. 
Transmission -line loss is omitted in the calculations. For antennas delivering 
more power to the receiver than a half -wave dipole, equivalent noise field 
intensities are less than indicated in Fig. 19 in proportion to the net gain of 
the antenna plus transmission line. 

5. Signal -to -noise ratio: for satisfactory reception varies over wide limits 

dependent on the type of communication, bandwidth, type of modulation, 

directivity of receiving antenna, character of noise, etc. A rough general 
relationship applicable to many services is that the average value of field 
intensity should be at least 10 decibels higher than the peak noise intensity, 

both measured on nondirective antennas with the noise peaks as observed 
on the usual type of measuring devices. Due to the relationship between peak 

and average values for noise, this means that the average field intensity 

should exceed the overage noise intensity by at least 20 to 25 decibels. 
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Radio noise and noise measurement continued 

Considerably higher ratios of signal -to -noise fields are required for many 

uses such as AM program transmission, television, loop direction finding, etc. 

6. Measurement of radio noise: External noise fields, such as atmospheric, 

cosmic, and man -made, are measured in the same way as radio wave field 

strengths* with the exception that peak rather than average values of noise 

are usually of interest and that the overall bandpass action of the measuring 

apparatus must be accurately known in measuring noise. When measuring 

noise varying over wide limits with time, such as atmospheric noise, it is 

generally best to employ automatic recorders. 

Internal receiver and antenna noise may be measured by a standard signal 

generator connected to the receiver through a resistance equal to the calcu- 

lated antenna radiation resistance. The amplitude of a single- frequency signal 

at the center of the pass band, when receiver output is 1/2 times the noise 

output with no signal, may be taken as equal to the noise amplitude. 

* For methods of measuring field strengths and, hence, noise. see I.R.E. Standards on Radio Wave Propagation. Meas- 

uring Methods 119421. For information on suitable circuits to obtain peak values, particularly with respect to man -made 

noise, see Agger, C. V., Foster, D. E., and Young, C. S. Instruments and Methods of Measuring Radio Noise. Trans. 

A.I.E.E. IElec. Eng., March, 19401, vol. 59. 
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Antennas 

Field intensity from an elementary dipoles 

The elementary dipole forms the basis for many antenna computations. 
Since dipole theory assumes an antenna with current of constant magnitude 
and phase throughout its length, approximations to the elementary dipole 
are realized in practice only for antennas shorter than one -tenth wave- 
length. The theory can be applied directly to a loop whose circumference is 

less than one -tenth wavelength, thus forming a magnetic dipole. For larger 
antennas, the theory is applied by assuming the antenna to consist of a large 
number of infinitesimal dipoles with differences between individual dipoles 
of space position, polarization, current magnitude, and phase corresponding 
to the distribution of these parameters in the actual antenna. Field intensity 
equations for large antennas are then developed by integrating or otherwise 
summing the field vectors of the many elementary dipoles. 

The outline below concerns electric dipoles. It also can be applied to mag- 
netic dipoles by installing the loop perpendicular to the PO line at the 

center of the sphere in Fig. 1. In this case, vector h becomes e, the electric 
field; et becomes the magnetic tangential field; and er the radial magnetic 
field. 

Fig. I 

Electric and magnetic components 
in spherical coordinates for elec- 
tric dipoles. 

z 

In the case of a magnetic dipole, Table I, showing variations of the field in 

the vicinity of the dipole, can also be used. Ar is then the coefficient for the 

radial magnetic field; At is the coefficient for the tangential magnetic 

field; Ah is the coefficient for the electric field; Or; fit; and Oh being the 

phase angles corresponding to the coefficients. 

Based on Mesny, R., Radio- Electricité Générale. 
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Field intensity from an elementary dipole continued 

For electric dipoles, Fig. 1 indicates the electric and magnetic field compo- 
nents in spherical coordinates with positive values shown by the arrows. 

r = distance OM w = 27rf 

O = angle POM measured 27r 

from P toward M 
a 

I = current in dipole 
X = wavelength 
f = frequency 

X 

c = velocity of light (see page 28) 

v= cct - ar 
1 = length of dipole 

The following equations expressed in electromagnetic units* (in vacuum) 

result: 
CA/ cos B( 

- - _ 
Er = cos v- ar sin vl 

7r r3 

cAl sin9 + __ _ (cos v - ar sin v - a2 r2 cos v) EL = - 
27r r3 

h = - II sin 
-0 (sin v - ar cos v) 

r' 

(11 

*See pages 16 and 17. 

Table l- Variations of the field in the vicinity of a dipole 

r X 1 nrr Ar ¢ Al I OL I Ah I ßh 

0.01 15.9 4,028 3°.6 4,012 3°.6 253 93°.6 

0.02 7.96 508 7°.2 500 7°.3 64.2 97°.2 

0.04 3.98 65 14°.1 61 150.0 16.4 1040.1 

0.06 2.65 19.9 20°.7 17.5 23°.8 7.67 110°.7 

0.08 1.99 8.86 260.7 7.12 33°.9 4.45 116°.7 

0.10 1.59 4.76 32°.1 3.52 45°.1 2.99 122°.1 

0.15 1.06 1.66 42°.3 1.14 83°.1 1.56 132°.3 

0.20 0.80 0.81 51°.5 0.70 114°.0 1.02 141°.5 

0.25 0.64 0.47 570.5 0.55 133°.1 0.75 147°.5 

0.30 0.56 0.32 62°.0 0.48 143°.0 0.60 152°.0 

0.35 0.45 0.23 65°.3 0.42 150°.1 0.50 155°.3 

0.40 0.40 0.17 68°.3 0.37 154°.7 0.43 158°.3 

0.45 0.35 0.134 70°.5 0.34 158°.0 0.38 160°.5 

0.50 0.33 0.106 72°.3 0.30 160°.4 0.334 162°.3 

0.60 0.265 0.073 75°.1 0.26 164°.1 0.275 1650.1 

0.70 0.228 0.053 77°.1 0.22 166°.5 0.234 167°.1 

0.30 0.199 0.041 78°.7 0.196 168°.3 0.203 168°.7 

0.90 0.177 0.032 80°.0 0.175 169°.7 0.180 170°.0 

1.00 0.159 0.026 80°.9 0.157 170°.7 0.161 170°.9 

1.20 0.133 0.018 82°.4 0.132 172°.3 0.134 172°.4 

1.40 0.114 0.013 83°.5 0.114 173°.5 0.114 173°.5 

1.60 0.100 0.010 840.3 0.100 174°.3 0.100 174°.3 

1.80 0.088 0.008 84°.9 0.088 174°.9 0.088 174°.9 

2.00 0.080 0.006 85°.4 0.080 175°.4 0.080 175°.4 

2.50 0.064 0.004 86°.4 0.064 176°.4 0.064 176°.4 

5.00 0.032 0.001 88°.2 0.032 178°.2 0.032 178°.2 
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Field intensity from an elementary dipole continued 

These formulas are valid for the elementary dipole at distances which are 

large compared with the dimensions of the dipole. Length of the dipole must 

be small with respect to the wavelength, say 
-/ 

< 0.1. The formulas are for a 

dipole in free space. If the dipole is placed vertically on a plane of infinite 
conductivity, its image should be taken into account, thus doubling the above 

values. 

Field of an elementary dipole at great distance 

When distance r exceeds five wavelengths, as is generally the case in 

radio applications, the product ar = 2a - is large and lower powers in ar 

can be neglected. The radial electric field Er then becomes negligible with 

respect to the tangential field and 

E, = O 

Et = - 
h = - 

27rc /1 
sin B cos (wt - ar) 

Xr 

Et 

C 

Field of an elementary dipole at short distance 

(2) 

In the vicinity of the dipole 
Cr 

< 0.01 1, ar is very small and only the first 

terms between parantheses in equations 11) remain. The ratio of the radial 

and tangential field is then 

E'= - 2 cot O 

Et 

Hence, the radial field at short distance has a magnitude of the same order 
as the tangential field. These two fields are in opposition. Further, the ratio 
of the magnetic'and electric tangential field is 

h ar sin v 

Et C COS v 

The magnitude of the magnetic field at short distances is, therefore, extremely 

small with respect to that of the tangential electric field, relative to their 

relationship at great distances. The two fields are in quadrature. Thus, at 

short distances, the effect of the dipole on an open circuit is much greater 

than on a closed circuit as compared with the effect at remote points. 



ANTENNAS 253 

Field of an elementary dipole at intermediate distance 

At intermediate distarce, say between 0.01 and 5.0 wavelengths, one should 

take into account all the terms of the equations W. This case occurs, for 

instance, when studying reactions between adjacent antennas. To calculate 

the fields, it is convenient to transform the equations as follows: 

er = - 2a2c11 cos O Ar cos (v ) 

et = a2dI sin O At cos (v + (At) (3) 

h = a211 sin B Ah cos (v + Oh) 

where 

(ar12 
Ar = tan 4 r = ar - 

)ar13 

= N/1 - (ar12 + lar) 
cot 4 r - 1 ar (4) 

(ar13 ar l + lar)2 Ah= COtOh= -ar 
lar) 2 

Values of As and 4's are given in Table I as a function of the ratio between 

the distance r and the wavelength X. The second column contains values of 

which would apply if the fields et and h behaved as at great distances. 
ar 

Field intensity from a vertically polarized 

antenna with base close to ground 

The following formula is obtained from elementary dipole theory and is 

applicable to low frequency antennas. It assumes that the earth is a perfect 

reflector, the antenna dimensions are small compared with X, and the actual 

height does not exceed 
4 

The vertical component of electric field radiated in the ground plane, at 

distances so short that ground attenuation may be neglected (usually when 

D < 10X1, is given by 

3771 He 

XD 

where 

E = field intensity in millivolts per meter 
1 = current at base of antenna in amperes 

He = effective height of antenna 
X = wavelength in same units as H 

D = distance in kilometers 
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Field intensity from a vertically polarized 

antenna with base close to ground continued 

The effective height of a grounded vertical antenna is equivalent to the 

height of a vertical wire producing the same field along the horizontal as 

the actual antenna, provided the vertical wire carries a current that is con- 
stant along its entire length and of the same value as at the base of the actual 
antenna. Effective height depends upon the geometry of the antenna and 

varies slowly with X. For types of antennas normally used at low and medium 

frequencies, it is roughly one -half to two -thirds the actual height of the 

antenna. 

For certain antenna configurations effective height can be calculated by the 

following formulas 

1. Straight vertical antenna 
Ch 

c 
4) 

He = 
Xsin 2C7rxh\ 

rh 
usin ? 

ñ 

where h = actual height 

2. loop antenna (A < 0.001 X2) 

2irnA 
He = - 
where A = mean area per turn of loop 

n = number of turns 

3. Adcock antenna 

2irab 
He = 

ñ 

where 

a = height of antenna 
b = spacing between antennas 

In the above formulas, if H, is desired in meters or feet, all dimensions h, A, 

a, b, and X must be in meters or feet respectively. 

Vertical radiators 

The field intensity from a single vertical tower insulated from ground and 

either of self- supporting or guyed construction, such as is commonly used 

for medium -frequency broadcasting, may be calculated by the following 



ANTENNAS 255 

Vertical radiators continued 

formula. This is more accurate than the formula given on page 253. Near 
ground level the formula is valid within the range 2X < D < 10X. 

60 1 
cos l2rrx cos 01 - cos 27r 

(5) E= 
D sin 27r- 

h 

X 

where 

sin 

E = field intensity in millivolts per meter 
I = current at base of antenna in amperes 

h = height of antenna 
X = wavelengths in same units as h 

D = distance in kilometers 
p = angle from the vertical 

Radiation patterns in the vertical plane for antennas of various heights are 
shown in Fig. 2. Field intensity along the horizontal as a function of antenna 
height for one kilowatt radiated is shown in Fig. 3. 

Lo 

0.8 

0.6 

0.4 

0.2 

o 

.0.2 

0 "0 10 20 

angle from vertical 

DO 40 60 70 e0 w 

Fig. 2 -Field strength as a function of angle of elevation for vertical radiators of 
different heights. 
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Vertical radiators continued 

Both Figs. 2 and 3 assume sinusoidal distribution of current along the antenna 

and perfect ground conductivity. Current magnitudes for one -kilowatt power 
used in calculating Fig. 3 are also based on the assumption that the only re- 

sistance is the theoretical radiation resistance of a vertical wire with sinu- 

soidal current. 

Since inductance and capacitance are not uniformly distributed along the 

tower and since current is attenuated in traversing the tower, it is impossible 

to obtain sinusoidal current distribution in practice. Consequently actual 

radiation patterns and field intensities differ from Figs. 2 and 3.* The closest 

approximation to sinusoidal current is found on constant cross -section towers. 

3 300 

E 

> 
E 250 
c 

0 

E 
200 

c 
0 

0 

IZO 

d 

-o 100 
v 

60 

00 
01 02 0.3 

antenna height in wavelength 

00 04 0.6 0.7 02 09 IA 

Fig. 3 -Field strength along the horizontal as a function of antenna height for a 

vertical grounded radiator with one kilowatt radiated power. 

In addition, antenna efficiencies vary from about 70 percent for 0.15 wave- 

length physical height to over 95 percent for 0.6 wavelength height. The input 

power must be multiplied by the efficiency to obtain the power radiated. 

Average results of measurements of impedance at the base of several actual 

* For information on the effect of some practical current distributions on field intensities see Gihring, H. E. and Brown, 

G. H. General Considerations of Tower Antennas for Broadcast Use. Prot. I.R.E., vol. 23, p. 311 IApril, 19351. 



ANTENNAS 251 

Vertical radiators continued 

vertical radiators, as given by Chamberlain and Lodge, are shown in Fig. 4. 

For design purposes when actual resistance and current of the projected 
radiator are unknown, resistance values may be selected from Fig. 4 and 
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Fig. 4- Resistance and reactance components of impedance between tower base and 

ground of vertical radiators as given by Chamberlain and Lodge. Solid lines show 
average results for 5 guyed towers; dotted lines show average results for 3 self - 

supporting towers. 
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Vertical radiators continued 

the resulting effective current obtained from the following equation 

Wn 
le = - (6) 

where 

le = current effective in producing radiation in amperes 
W = watts input 

n= antenna efficiency, varying from 0.70 at 
-h 

= 0.15 

to 0.95ath =0.6 
X 

R = resistance at base of antenna in ohms 

If le from (6) is substituted in (5), reasonable approximations to the field in- 
tensity at unit distances, such as one kilometer or one mile, will be obtained. 

The practical equivalent of a higher tower may be secured by adding a 
capacitance "hat" with or without tuning inductance at the top of a lower 
tower.* 

A good ground system is important with vertical -radiator antennas. It should 
consist of at least 120 radial wires, each one -half wavelength or longer, 
buried 6 to 12 inches below the surface of the soil. A ground screen of high - 
conductivity metal mesh, bonded to the ground system, should be used on or 
above the surface of the ground adjacent to the tower. 
* For additional information see Brown, G. H., Proc. I.R.E., vol. 24, p. 48 (January, 19361 and Brown, G. H. and Leitch 
J. G., vol. 25, p. 533 IMay, 19371. 

Field intensity and radiated power from 

a half -wave dipole in free space 

Fig. 5 on page 259 shows the field intensity and radiated power from a 
half -wave dipole in free space. The following formulas apply: 

Input power W = 122R = 1=173.12) watts 

30122 0.1306W 
Radiated power P = -- _ - - watts per square meter 

7rd2 d2 

Electric field intensity E = 1 7.02d W 
volts per meter 

1 = maximum current on dipole in rms amperes 
R = radiation resistance = 73.12 ohms 
d = distance from antenna in meters 
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Field intensity and radiated power from a half -wave dipole continua_' 

0.1 

0.a 

0.001 

l0-' 

loi 

10-0 

10- 

10-1 

10"a 

10-11 

10-12 

10-14 

0.1 0.3 0.3 0.7 1.0 

miles 
Fig. S. 

M-- _ ______ __== =-==_==_== =====__ _.. ____..____^::____________=: aarwaa..aanmaa:mmoamunna.aan nnan aaalamal. aarllaaalalIaall1iQ11wmt11laawalalall NIMINN:1211111MMMlMainin111miI 
M111=11`1fi011I11111MMI1alw , IN11Ii11111III --___== E ======OC=_=c=_ *490 -_=_=C: iiiii::::::iiiiiió::::iiaza:. `Ohi z a.alaMMUaa 1aMa=oa11aaaa1 30°, Marll r1111 1101111111 1111 1.1fi1MIIII1 011N1.1111M1I1111 .:G::ii:.m: b :ñs;ivGa- -'i-mw::i: .al.aa/1aY0a.. 4..11alGM aalalar11 \11101. °.° mr 1111 saIIIf>f1u!t\`" mfII- 1111 



260 

Table II- Radiation from an end -fed conductor of any length in space 

configuration 
(length of radiator) 

expression for intensity 
FIB) 

Half wave 
resonant 

cos sin B 

cos O 

Any odd number 
of half waves 
resonant 

cos (I-° 
2 

sin B 

cos O 

Any even number 
of half waves 
resonant 

0 

sin sin B 

cos O 

Any length 
resonant 

1 

1 + cos'- /° sin2B sine!° 
cos O - 2 cos (!° sin B) cos /° 

i - 2 sin O sin (1° sin B) sin /1 2 

Any length 
non -resonant 

/° = Length of radiator in electrical 
degrees, energy to flow from 
left -hand end of radiator. 

O = ongle from the vertical 
X = wavelength 

0 

tan e sin (1 - sin B) 
2 2 

r2' 

I 
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Maxima and minima of radiation from a single -wire radiator 
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Rhombic antennas 

6 7 

maximum 

9 10 

- minimum 

12 

Fig. 6. 

linear radiators may be combined in various ways to form antennas such as 

the horizontal vee, inverted vee, etc. The type most commonly used at high 

frequencies is the horizontal terminated rhombic shown in Fig. 7. 

feed 

radiation 

termination. 

Fig. 7. 

In designing rhombic antennas* for high- frequency radio circuits, the desired 

vertical angle .I of radiation above the horizon must be known or assumed. 

When the antenna is to operate over a wide range of radiation angles or is 

to operate on several frequencies, compromise values of H, L, and 0 must 

For more complete information see Harper, A. E. Rhombic Antenna Design. D. Van Nostrand Co. (19411. 
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Rhombic antennas continued 

be selected. Gain of the antenna increases as the length of L of each side is 
increased; however, to avoid too -sharp directivity in the vertical plane, it is 
usual to limit L to less than six wavelengths. 

H First max second max 6 4i 3} 2i 2 
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Fig. 8- Rhombic antenna design chart. 
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Knowing the side length and radiation angle desired, the height H above 
ground and the tilt angle c can be obtained from Fig. 8 as in the following 
example: 

Problem: Find H and 4 if = 20° and L = 4X. 

Solution: On Fig. 8 draw a vertical line from - = 20° to meet = 4 
X 

curve and - curves. From intersection at - = 4, read on the right -hand 
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scale 4, = 71.5 °. From intersection on 

values on the left -hand scale 

1. =0.74 or H = 0.74X 

H 
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curves, there are two possible 

2. = 219 or H = 2.19X 

Similarly, with an antenna 4X on the side and a tilt angle 4 = 71.5 °, working 
backwards, it is found that the angle of maximum radiation J is 20 °, if the 

antenna is 0.74X or 2.19X above ground. 

Antenna arrays 

The basis for all directivity control in antenna arrays is wave interference. 
By providing a large number of sources of radiation, it is possible with a fixed 
amount of power greatly to reinforce radiation in a desired direction by 
suppressing the radiation in undesired directions. The individual sources may 
be any type of antenna. 

Expressions for the radiation pattern of several common types of individual 
elements are shown in Table Ill but the array expressions are not limited to 
them. The expressions hold for linear radiators, rhombics, veer, horn radia- 
tors, or other complex antennas when combined into arrays, provided a 

suitable expression is used for A, the radiation pattern of the individual an- 
tenna. The array expressions are multiplying factors. Starting with an indi- 
vidual antenna having a radiation pattern given by A, the result of combining 
it with similar antennas is obtained by multiplying A by a suitable array 
factor, thus obtaining an A' for the group. The group may then be treated as 

a single source of radiation. The result of combining the group w ;th similar 
groups or, for instance, of placing the group above ground, is obtained by 
multiplying A' by another of the array factors given. 

The expressions given here assume negligible mutual coupling between indi- 
vidual antennas. When coupling is not negligible, the expressions apply only 
if the feeding is adjusted to overcome the coupling and thus produce re- 
sultant currents which are equal or binomial in amplitude and of the relative 
phases indicated. 

One of the most important arrays is the linear multi -element array where a 

large number of equally spaced antenna elements are fed equal currents in 

phase to obtain maximum directivity in the forward direction. Table IV gives 
expressions for the radiation pattern of several particular cases and the 
general case of any number of broadside elements. 



264 

Antenna arrays continued 

In this type of array, a great deal of directivity may be obtained. A large 
number of minor lobes, however, are apt to be present and they may be 
undesirable under some conditions, in which case a type of array, called the 
Binomial array, may be used. Here again all the radiators are fed in phase 

Table Ill- Radiation patterns of several common types of antennas 

type of current 
radiator distribution 

directivity 
horizontal vertical 

F I1 F1,11 

Half -wave 
dipole 

Shortened 
dipole 

Lengthened 
dipole 

F(B1 = 

K 

cos - r sin 01 
2 

cos O 

K cos O 

F(,3) = K(1) 

1 t F(0) = K cos O 

F1B) = 

cos ( sin O - cos 
X 

cos O 

F)ß) = Klll 

Flßl = KI11 

Horizontal 
loop 

Horizontal 
turnstile 

il and i2 

phased 90° 

F1B1 ^-KI11 

FIB) = K'1l1 

F)ß) = Kcosß i 

F1ß1 ^ K'(l1 

O = horizontal angle measured from perpendicular bisecting plane 

ß = vertical angle measured from horizon 

K and K' are constants and K' = 0.7K 
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Antenna arrays continued 

but the current is not distributed equally among the array elements, the 
center radiators in the array being fed more current than the outer ones. 
Table V shows the configuration and general expression for such an array. 
In this case the configuration is made for a vertical stack of loop attennas 

Table IV- Linear multi -element array broadside directivity 

configuration of array ¡ expression for intensity F(0) 

A[1 ] 

A A 

I- 
1`- s° l 

A A A 

14-4-- 4 
A A A A 

1 

2A [cos ( sin 0) ] 

A + 2A [cos Is° sin 01] 

4A 
[cos 

(s° sin 0) cos 
C2 

sin 0\ 

m radiators 
(general case) 

A = 1 for horizontal loop, vertical dipole 

A= 
cos (-r sin 0) 

for horizontal dipole 
cos O 

s° = spacing of successive elements in degrees 

sin m 
s° 

sin 0) 
A ° 

s 
sin sin 01 
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Antenna arrays continued 

in order to obtain single -lobe directivity in the vertical plane. If such an 
array were desired in the horizontal plane, say n dipoles end to end, with 
the specified current distribution the expression would be 

cos (71 sin B) 
F101 = 2' ' - 2 cosh' 12 S° sin 01 

cos B 

The term binomial results from the fact that the current intensity in the suc- 
cessive array elements is in accordance with the binomial expansion 
I1 + 1)"', where n is the number of elements. 

Examples of use of Tables Ill, IV, V, and VI 

Problem 1: Find horizontal radiation pattern of four colinear horizontal 

dipoles, spaced successively 2 1180 

From Table IV radiation from four radiators spaced 180° is given by 

F1.1 = 4A cos 1180° sin 01 cos 190° sin 01. 

From Table Ill the horizontal radiation of a half -wave dipole is given by 

cos 
C2 

sin O 

A = K 
cos O 

therefore, the total radiation 

cos 
C- 

sin B I 

F101 = K 2 / cos 1180° sin 81 cos 190° sin 0) 
cos0 

Problem 2: Find vertical radiation pattern of four horizontal dipoles, 
stacked one above the other, spaced 180° successively. 

Solution: From Table IV we obtain the general equation of four radiators, 
but since the spacing is vertical, the expression should be in terms of vertical 
angle ß. 

F(ß) = 4A cos 1180° sin /3) cos (90° sin 01. 

From Table Ill we find that the vertical radiation from a horizontal dipole lin 
the perpendicular bisecting plane) is non -directional. Therefore the vertical 
pattern is 

F1331 = K11) cos 1180° sin 01 cos 190° sin ß1 
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Table V- Development of binomial array 

configuration of array 

ANTENNAS 26 

expression for intensity F(,1) 

ß 

-,- O,/4ß l } 

--01 

1p 01 

S° 1 001 = O2 

10 01 

1 0 01 

-200, 

-V_ 1002 03 
1O 01 

10 01 

3C X>1 O4 
3° 3 óatc 

1CJ<>3 O4 
10 01 

cos ,3[l] 

¡' s ° 
2 cos ß I cos sin 

(-2 22 cos ß 
° 

Ccos2 
sin 6)] 

23 cos ß[cos3 (s:: 
2 

sin ß 

s 
24 cos ß 

° 
[cos4 

C2 
sin OA 

and in general: 

2 " -1 cos 3 [Cosa -1 (5° 
2 

sin 
1 

where n is the number 
of loops in the array 
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Antenna arrays continued 

Problem 3: Find horizontal radiation pattern of group of dipoles in prob- 

lem 2. 

Solution: From Table Ill. 

FIB) = K 

cos (7- 
2 

sin B) 
K cos B 

cos O 

Problem 4: Find the vertical radiation pattern of stack of five loops 

spaced 2;'3 X (240 °) one above the other, all currents equal in phase and 

amplitude. 

Solution: From Table IV, using vertical angle because of vertical stacking, 

F13) = A sin 15(120 °) sin (3] 

sin (120° sin ß) 

From Table III, we find A for a horizontal loop in the vertical plane 

A = F($) = K cos ß 

Total radiation pattern 

F1ß) = K cos ß 
sin [5)120 °) sin ß] 

sin (120° sin ß) 

Problem 5: Find radiation pattern (vertical directivity) of the five loops in 

problem 4, if they are used in binomial array. Find also current intensities in 

the various loops. 

Solution: From Table V 

F(ß) = K cos ß [cos 41120° sin ß)] 
(all terms not functions of vertical angle (.3 combined in constant K) 

Current distribution (1 + 1)° = 1 + 4 + 6 + 4 -I- 1, which represent the 

current intensities of successive loops in the array. 

Problem 6: Find horizontal radiation pattern from two vertical dipoles 

spaced one -quarter wavelength apart when their currents differ in phase by 

90° 

Solution: From Table VI 

s° = 
4 

= 90° = spacing 

= 90° = phase difference 
F18) = 2A cos (45 sin O + 45 °) 
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Table VI- Supplementary problems 

configuration of array 

ANTENNAS 289 

expression for intensity 

A -two radiators any phase 4 

F10) = 2A cos ( 2 sin 0-}- 2) 

B- radiator above ground (horizontal 
polarization) 

F1(3) = 2A sin (h1° sin ß) 

C- radiator parallel to screen 

F(ß) = 2A sin (d° cos ß) 

or 
F(0) = 2A sin Id° cos 01 

s° = spacing in electrical degrees 
h1° = height of radiator in electrical degrees 
d° = spacing of radiator from screen in electrical degrees 
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Antenna arrays continued 

Problem 7: Find the vertical radiation pattern and the number of nulls in 

the vertical pattern (0 <_ (3 5 90) from a horizontal loop °laced three 
wavelengths above ground. 

Solution: 

= 3(360) = 1080° 
From Table VI 

Flß) = 2A sin (1080 sin ß1 

From Table Ill for loop antennas 
A = Kcos ß 

Total vertical radiation pattern 
F1ß) = Kcos ß sin 11080 sin ßl 
A null occurs wherever F(ß) = 0. 

The first term, cos ß, becomes 0 when ß - 90 °. 
The second term, sin (1080 sin 01, becomes 0 whenever the value inside the 
parenthesis becomes a multiple of 180 °. Therefore, number of nulls equal 

ht +1080 =7. 
180 180 

Problem 8: Find the vertical and horizontal patterns from a horizontal 

half -wave dipole spaced 
8 

in front of a vertical screen. 

Solution: 

d° = - = 45° 
8 

From Table VI 

F(ß) = 2A sin (45° cos ßl 
F101 = 2A sin (45° cos 0) 

From Table Ill for horizontal half -wave dipole 
Vertical pattern A = K(1) 

Horizontal pattern A = K 

a 
cos sin 0 

cos O 

Total radiation patterns are 
Vertical: F I131 = K sin 145° cos ßl 

cos 
C- 

sin 0 ) 

Horizontal: F10) = K 2 sin (45° cos O). 
cos O 
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Non -sinusoidal and modulated wave forms 

Relaxation oscillators 

Gas tube oscillator 

- bias 

Feedback relaxation oscillator 

e+ 

Blocking oscillator 

B 

A = pulse output 
B = sawtooth output 

Typical circuit 

V1 = 884 

C1 = 0.05 µf 
C2 = 0.05µf 
R, = 100,000 ohms 
R2 = 500 ohms 

R3 = 100,000 ohms 

Frequency controlling elements 

C2, R3 

Typical circuit 

V, = 6F6 

T1 = 3:1 audio transformer 
0.3 henry primary 

R1 = 100,000 ohms 

R2 = 5000 ohms 

C1 = 1µf 
C2 = 0.1 µf 

Frequency controlling elements 

C2, R2 

Typical circuit 

V1 = 6J5 

C1= 0.01µf 
C2 = 0.25 µf 
R1 = 1 megohm 
R2 = 1 megohm 
R3 = 1000 ohms 

Frequency controlling elements 

R1, C3, 
R2 
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Relaxation oscillators continued 

Squegging oscillator 

Multivibrator 

B* 

van der Pol oscillator 

8+ 

Typical circuit 

V1 = 6J5 

Ll 
} 

tightly coupled 
L2 

R1 = 500,000 ohms 
C1= 0.01/If 

Frequency controlling elements 

Rl, C1 

Typical circuit 

V1 = 6F8 

R1 = 100,000 ohms 
R2 = 1000 ohms 

R3 = 25,000 ohms 
R4 = 250,000 ohms 
R5 = 25,000 ohms 

C1 = 0.01 µf 
C2 = 250 µµf 

Frequency controlling 
Rb R2, R4, C2 

elements 

Typical circuit 

V1 = 63.17 

R1 = 100,000 ohms 
R2 = 500 ohms 
R3 = 100 ohms 
R4 = 3,000 ohms 
R5 = 10,000 ohms 
R6 = 25,000 ohms 
R7 = 25,000 ohms 

Frequency controlling elements 

R1, R6, C1, (also B +I 
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Electronic integration methods 

original wave 

t 

-vor' 
4 t T T' -f> /411- T -tt'f- T' -lei 

Average value of current or voltage, V or I, during time T or T' is equal to zero 

integrated wave 

type basic method 
design 
formula typical circuit 

Self- 
induct- 
ance 

E= - VT 

constant voltage :source 

8t 

B+ 

11 

Mutual 
Induct- 

ance 

III 
RC 

methcd 
VT 

E RC 

constant 'voltage source 

B+ 
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Electronic integration methods connn.;;d 

type basic method design 
formula typical circuit 

IV 
Capaci- 

tance 
o C 

1 

T 
Constant Current source 

Methods I and II 

E 

I_T 

c 

dkscherpe 
devi. 

E 

a. Voltage V must be obtained from a low- impedance source. 

b.R >>T or 
R 

>>T 
c. The output E should not react back on the input voltage V. 

d. The impedance into which the integrator circuit works should be large 
compared with R. If this impedance is resistive, it should be included as 
part of R (this also applies to the input source impedance). 

Method III 

a. Voltage V must be obtained from a low- impedance source. 
b. RC >>T 
c. The output E should not react back on the input voltage V. 

d. The impedance into which the integrator circuit works should be as large 
as possible. If this impedance is resistive r then 

rC > > RC 

The source impedance should be included in R. 

Method IV 

a. Current I should be a replica of the input voltage wave -form V. 

b. The discharge device allows for integration between limits. If discharge 
device is not used, the circuit will integrate until E equals the B+ voltage. 

c. The impedance into which the integrator circuit works should be as 

large as possible. If this impedance is resistive r then rC > > T. 
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Electronic differentiation methods 

original wave 

T 
differentiated wave 

I or V is the change of current or voltage in time T 

type basic method 

l 
Self- 

induct- 
once 

I - 
design 
formula typical circuit 

constant 
current 
source 

6+ 

I I 

Mutual 
induct- 
ance 

E=MI 

Ill 
RC 

method 

co stunt 
cu rent 
source 

Bi 

E _ 

VIC/ \ 1-eRC 

C 

5 + 
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Electronic differentiation methods continued 

Methods I and II 

a. Current I should be a replica of the input voltage wave -form V. 

b. The voltage V must be substantially independent of the back emf de- 
veloped by the inductance L. 

c. The output shunt impedance placed across E should be high compared 
to the network impedance. 

d. The resonant period associated with the inductance caused by shunting 

circuit capacitances should be at least one -third the build -up time T. 

Method Ill 

a. Voltage V must be obtained from a low- impedance source. 

b. The RC product should be one -fiftieth of the build -up time T or smaller. 

c. The output voltage E should not react back on the input voltage V. 

d. The impedance into which the differentiator circuit works should be 

large compared with R. If this impedance is resistive, it should be included 
as part of R. (This also applies to the input source impedance.) 

Fourier analysis of recurrent wave forms 

F (N) 

General formulas 

B 

F(0) = 2 °+Ai sin 0+A2 sin 20 +.... +An sin n0 

+Bi cos 0 +B2 cos 20+ .... Bn cos n0 (11 

Formula (1l may be written 

F10) = B0 + C1 cos (0 - (1,1) + C2 cos (20 - ßz) + 

+ Cn cos (n 0 - q5n) (2) 

where 

Cn 

n = 

-s Ant + Bn2 (31 

arc tan 
An (4) 

Bn 
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Fourier analysis of recurrent wave forms continued 

The coefficients A. and B are determined by the following formulas: 

r 

1 An= -J FIB1 sin n 0 dB (51 r _r 
r 

F(B) cos nBdB B. = - 1J (6) r 
_.r 

By a change of limits equations (5) and (6) may also be written 
2r 

A= -1JFIB) sin nBdB 
a 

o 

2r 

B= cos JFIBI cos n O dO r 
o 

(71 

(8) 

If the function FIB) is an odd function, that is 

FIB) = - FI- B) (9) 

the coefficients of all the cosine terms (B) of equation (6) become equal to 
zero. 

Similarly if the function FR is an even function, that is 

F(01 = F I- B) (10) 

the coefficients of all the sine terms 1A) of equation (51 become equal to 
zero. 

If the function to be analyzed is thus a symmetrical function defined by either 
equation 191 or (10) the function should be disposed about the zero axis 
and an analysis obtained by means of equations (5) or (6) for the simplest 
solution. 
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Fourier analysis of recurrent wave forms continued 

Graphical solution 

If the function to be analyzed is not known analytically, a solution of the 

Fourier integral may be approximated by graphical means. 

The period of the function is divided into a number of ordinates as indicated 

by the graph. 

1 

Y, 

Y Yn 
X 

The values of these ordinates are recorded and the following computations 

made: 

Yo YI Y2 Y3 Y4 Y5 Y6 

Yu YI0 Y9 Y8 Y7 

SUM SO SI S2 S3 S4 S5 S6 

Difference ch d2 d3 d4 d5 

The sum terms are arranged as follows: 

So 

So 

SI S2 

S5 Sa 

S3 112) To Si 

S2 S3 

Sum So SI S2 S3 

Difference Do Di 02 

Sr SB 

(13) 

The difference terms are as follows: 

ch d2 d3 (14) (15) 

d5 da 

Sum Sa S5 S5 

Difference D3 Da 

Sa Do 

76 02 

D5 De 
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Fourier analysis of recurrent wave forms continued 

The coefficients of the Fourier series are now obtained as follows, where Ao 
equals the average value, the BI .... expressions represent the co- 
efficients of the cosine terms, and the Al .... a expressions represent the 
coefficients of the sine terms: 

Bo_S+Ss 1161 
12 

B, - Do+0.866D,+0.5D2 
(17) 

6 

BS +0.5S,-0.5S2- S3 
(18) 

6 

B3 = 
66 

(19) 

B 
So - 0.5 S, - 0.5 S2 + 

4 
S3 

(20) 
6 

B5 
Do - 0.866 D1 -¡- 0.5 D2 

(21) 
6 

(22) 
12 

also 

Al - 0.5 S4+0.866S5+S6 
(23) 

6 

A2 
0.866 (D3 + 041 

(24) 
6 

As = 
65 

(25) 

A4 
0.866 (03- 04) 

(26) 
6 

A5-0.5S4-0.866S5+Se (27) 
6 
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Analyses of commonly encountered wave forms 

The following analyses include the coefficients of the Fourier series for all 

harmonics (nth order). By the use of the graph for the ( function, where 

f lx) is even, the amplitude coefficients may be evaluated in a simple manner. 

0.6 

0.4 

0.2 

o 

-0.2 

-0.4 

2 

x in radians 

3 
2 

2. 

The symbols used are defined as follows: 

A = pulse amplitude 
T = periodicity 
d = pulse width 
f = pulse build -up time 

average 

5. 
2 

3. 7. 
2 

4, 

r = pulse decay time 
n = order of harmonic 

C = amplitude of n' harmonic 
B = phase angle of ntb harmonic 

T 

value of function = 
T 

(F It) dt 

o 

Ar,, = root -mean square value of function = -1 

o 

9. 

2 



282 

Analyses of commonly encountered wave forms continued 

1. Rectangular wave 

Aa, = 
Td 

- d - ?F- 

sin 
n 

i 
Ti C -2Aa" 

L 

nad 
T 

T 

2. Symmetrical trapezoid wave 

- f 14-0. f !f- 
T 

8. 

Arms 
=A.Id 

vT 

Aa = A(f + d) 
Arnu = A J 

2f -{- 3d 

3T 

C. = 2 Aao na a 

na na(f-d) 
sin 

f n (f + d) 

T T 
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Analyses of commonly encountered wave forms continued 

3. Unsymmetrical trapezoid wave 

!41- d --Ir. 

Aar = TL2+2 +d1 

Iff=r 

C=2Aar 
n a 

sin 
nerf 

T 

f 

T 

4. Isosceles triangle wave 

Arm, =A f +r +3d y 
3T 

nr(f+d) na(r - f) 
sin 

T 
sin 

n7rlf+dl nzr(r - f) 

T T 

Aar = 
Af 

C = 2 Aar 
n a t 

sin 
n 2 

T 

T 

T 

Arm, =A1 
v 
' 

3T 

2í 
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Analyses of commonly encountered wave forms continued 

5. Clipped sawtooth wave 

it 

T 

Aa.= 
Ad A.,R.=A 

V 
T 

C _ AT r2(1 - cos 
2 a nd\ 4r nd a nd 2 r nd 1i 

rr 2 'n -d L \ T ) T T T 
JJ 

If d is small 

Cn 

and 

I 

sin 

an d a nd 
T T 

6. Sawtooth wave 

A 

2 

T 

- 2Aa. C. = COS (na) 
na 

A 
Arma = 

3 
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Analyses of commonly encountered wave forms continued 

7. Sawtooth wave 

A 

f r-y 
T 

Cn = 2 Aoti T 
sin 

of 

a2n2f(1 - Il 
T 

T /I 

8. Fractional sine -wave 

A 
Arma = 

3 

T -1 
A 

Csin 

>^d T 
cos 

d/ AQO = 

(1_cosT) 
A 

rrd\ 
1 (rd I 

sin 
2rrd - cos I[2rr T 2 T 

Cn = 
Ord 

n sin - 
T T 

rd rrd 2rrd , rrdll - 4 cos 
T 

sin +- 
T 

cos T J JJ 

A,,T sin ln-1) sin(n-1) rrd 

- cos (n - 11 
d 

(n - ll 
rd 
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Analyses of commonly encountered wave forms continued 

9. Half sine -wave 

1 

A0,, 
= T 

sin 21 
-2Td) 

sin 2(1 
+2Td/ 

2 

2(1 
-2r) 2(1 +2Td) 

10. Full sine -wave 

d 
Arma = A 

2T 

Ad 
Aav 

= 2T 

T 

sin (nr d sin a(1 - n d 
Cn = Aav 

naT ir (1 

Arma = 
A 3d 

/ 
2 2T 

sin a(1 +n)] 
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Analyses of commonly encountered wave forms continued 

11. Critically damped exponential wave 

T 

- 
f(t) = 

fe 
te where e = 2.718 for T > 10f 

Aa, =Arf 

Cn = 2Aao (f)2] = ZAae COs2 
On 

,2 
T 

1 

2n 
= tan-1 ( 

2 Tf 

12. Full -wave rectified sine -wave 

AE f 
Arm. _. 

2 T 

Ann = 
2A 

a 

C _ 
sin 2 (1 - n) sin 2 11 +n) 

Aa, + 
2 

I 2(1 -n) 211 +n) 

A 

1/ 2 
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Modulated wave forms 

Starting from a carrier i = A sin° modulated waveforms are obtained 
when either or both A and O are functions of time. 

1. Amplitude modulation 
O = wt + ck w where and are constants 
A = Ao[1 + maf lt) ] 

i = A0[1 + milt)] sin (wt + ) 
where f(t) is a continuous function of time representing the signal and 

If (t) 15 1. Then ma is the degree of amplitude modulation; 0 5 ma 5 1 

Generally the frequency spectrum of f(t) will be limited up to a value a 
< < w and the total frequency spectrum will comprise: 

the carrier w 

the lower side band from w to w -a 
the upper side band from w to w + a 

For correct transmission of intelligence it is sufficient to transmit one of 
the side bands only. 

For a sinusoidal signal f(t) = cos pt where p = angular frequency of the 
r ma 

signal; i = AoS sin wt + 2 [sin (w + Of + sin (w - p) t] 

2. Frequency modulation 
wherein A is constant 

wt = 
dt. 

= w[1 + milt)] 

w = 27r X mean carrier frequency (a constant), wt = 27r X instantaneous 
frequency, m = degree of frequency modulation, Aw = mw = 27r X 
frequency swing, flt) is the signal to be transmitted; IfWI 5 1. 

Even when the frequency spectrum of HO extends only up to a< <w the 

resulting frequency spectrum of the modulated wave is complex, depending 
on the relative values of a and m. Generally zw >a and the spectrum is 

composed of groups of upper and lower side bands even when fit) is a 
sinusoidal function of time. 

For o sinusoidal signal flt) = cos pt 
wt = w[1 + m cos pt] 

Aw 
O = wt + - sin pt 

P 
0 

m1 = = frequency modulation index (radians) 
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Modulated wave forms continued 

In this case the carrier and side bands include a number of components at 
frequencies (w ± np) /2ir where n = 0 or a positive integer. 

Ao 
= sin (wt + nit sin pt) 

= Jo(m1) sin wt 

- Ji (m j) [sin (w + pl t - sin (w - pl t] 
+ Jz (m1) [sin (w + 2p) t + sin (w - 2p1 t] 

+ J Imj1[sin (w + np)t + ( -)) sin (w - np)t] 

= Jo(m1) sin wt + 2J1 (m11 sin pt cos wt 
+ 2J2(m1) cos 2 pt sin wt + .. . 

Jr) + (- 11 "2J fm,) cos (npt + 2 sin (wt + n7-) 

Where Jr, (mil is the Bessel function of the first kind and nth order. An ex- 
pansion of J (mil in a series is given on page 299 and tables of Bessel 
functions on pages 319 to 322. 

. 11 

Amplitude of carrier and side bands for mr = 10. The carrier amplitude is 0.246 An 
and is rep ted by the heavy line in the center. The separation between each 
two adjacent components = signal frequency f. 

a. For small values of ni up to about 0.2 

mi 11 

i = Ao sin wt + 
2 

[sin (w + p) t - sin (w - pl t]1 

= Ao (sin wt + m, sin pt cos wt) 

Compare with amplitude modulation above. 

b. The carrier amplitude varies with m1 as does also that of each pair of 
side bands. 

Carrier vanishes for m1 = 2.40 5.52 8.65 11.79 14.93 etc. 
First side band vanishes for mf = 3.83 7.02 10.17 13.32 etc. 

This property of vanishing components is used frequently in the measurement 
of m1. 
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Modulated wave forms continued 

c. The approximate number of important side bands and the corresponding 
band width necessary for transmission are as follows (where f = p /27r and 

c1F = Ao.)/2a1: 

mr 5 10 20 

signal frequency f 0.05AF 

number of pairs of side bands 7 13 23 

band width 14f 
2.8 sF 

26f 
2.6.XF 

46f 

This table is based on neglecting side bands in the outer regions where 

all amplitudes are less than 0.02 Ao. The amplitude below which the side 

bands are neglected, and the resultant band width, will depend on the 

particular application and the quality of transmission desired. 

3. Pulse modulation 

Pulse modulation is obtained when A or 
de 

are keyed periodically. Then 

f(t) is generally a pulsing waveform of the type previously described. See 4, 

page 283 (with f < <T). 

In pulse modulation generally f(t) has no simple relation to the signal to be 

transmitted. Various forms of pulse modulation have been described: 

a. Pulse -time modulation: The timing of the pulse fIt) relative to a reference 
pulse is varied around a fixed mean value and conforms to the amplitude 
of the signal to be transmitted. 

b. Pulse -width modulation: The duration of the pulse f(t) is varied around a 

fixed mean value and conforms to the amplitude of the signal to be trans- 

mitted. 

c. Pulse- frequency modulation: The repetition rate of the pulse f(t) is varied 
around a fixed mean value and conforms to the amplitude of the signal to be 

transmitted. 



Mensuration formulas 

Areas of plane figures 

figure 

CHAPTER FIFTEEN 291 

Mathematical formulas 

formula 

Parallelogram 

Area = bh 

Trapezoid 

N-a-I 
h 

b--f 
Area = 

Triangle 

I 

I b -14 

Regular polygons 

Area = lbh 

180 

0 

Area = nr2 tan 
n 

= S2 Cot 
180° 

4 n 

360° =- R2 sin 
2 n 

n = number of sides 

r = short radius 
S = length of one side 
R = long radius 
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Mensuration formulas continued 

Areas of plane figures 

figure fennel. 

Circle Area = 7172 

r = radius 
a = 3.141593 

Segment of circle 

Area = 2 [br - dr - hl ] 
b = length of arc 
c = length of chord 

= V4(2hr -h2) 

Sector of circle 

Parabola 

i 

Ellipse 

Area = b2r 

=wr23Ó 0 

Area = gbh 

i 

b 

1 
Area = grab 



Mensuration formulas continued 

Area of irregular plane surface 

r 
3 

MATHEMATICAL FORMULAS 293 

Trapezoidal rule: 

Area = 2` +y2+ Y3+ +yn- 2 +Yn- 1-}-2n 

Simpson's rule: 

n must be odd 

Area = 
3 

fyl + 4y2 + 2y3 + 4Y4 + 2y; + .... + 2yn -2 + 4yn -1 + yn) 

yi, y2, y3 ... y are measured lengths of a series of equidistant 
parallel chords 

Volumes and surface areas 

Sphere: Surface = 4irr2 

Volume = 4ar3 
- - 

3 

r = radius of sphere 

Cylinder: Cylindrical portion of surface = 21rrh 

Volume = ar2h 
r = radius of cylinder 
h = height of cylinder 

Pyramid or cone: Volume = Area of base X I of height 
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Formulas for complex quantities 

(A + j8) (C + jD) _ (AC - BD) j (BC + AD) 
A + j8 AC + BD BC - AD 

C+ jD = C2 + D2 
C2 + D2 

1 A B 

A + j6 A2+82 IA2+82 

A+jB =p(cosB+j sin B) 

;-F + j6 = tp cos j sin 

where p = V'A2 + B2; cos O = 

sin O = B 
p 

e'0= cos O +j sin O 

e-j0 = cos O - j sin O 

A 

p 

B\ 
2 

Algebraic and trigonometric formulas 

1 = sin2 A + cos2 A = sin A cosec A = tan A cot A = cos A sec A 

cos A 1 

sin A = - - cos A tan A =,1'1 - cos2 A cot A cosec A 

sin A 1 

cos A = -= = sin A cot A = 1/1 - sin2 A 
tan A sec A 

tan A = sin A - = sin A sec A 
cos A cot A 

cot A = 1 sec A = 1 

tan A cos A 

cosec A = 
sin A 

sin (A t B) = sin A cos B t cos A sin B 

tan (A = 8) - tan A t tan B 

1 tan A tan B 
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Algebraic and trigonometric formulas continued 

cos (A t B) = cos A cos B sin A sin B 

cot (A t B) - 
cot B cot A 

sin A + sin B = 2 s:n z (A + B) cos á (A - B) 

sin2 A - sin2 B = sin (A + B) sin (A - B) 

cot A cot B 1 

tan A ttan B= sin (A B) 

cos A cos B 

sin A - sin B =2 cos 1 (A + BI sin (A - B) 

cos A + cos B = 2 cos z (A + B) cos z (A - B) 

sin (B * Al 
cot A t cot B = 

sin A sin B 

cos a - cos A = 2 sin á IA + BI sin 1 (A - Bi 

sin 2 A = 2 sin A cos A cos 2A = cos2 A - sin2 A 

cos2 A - sin2 B = cos (A + B) cos (A - B1 

2 tan A 
tan 2A = 

1 - tan2 A 

sin 1A= = 

tan iA- 
v 

I1 - cos A 

2 

sin A 

1 + cos A 

Il -cosA coszA= v 
2 

1 - cos 2A 
sin2 A = 

cos2 
1 + cos 2A 

tan2 A - 1 - cos 2A 
cos A = 

1 + cos 2A 

sin A t sin B 1 - tan t (At B) 
cos A + cos B 

sin A = sin B 
cot á (A = B) 

cos B - cos A 

sin A cos B = z [sin (A + BI + sin (A - B1] 

cos A cos B = Z [cos (A + Bl + cos (A - B1] 

sin A sin B = z [cos (A - B) - cos (A + BI] 
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Algebraic and trigonometric formulas continued 

sin x + sin 2 x + sin 3 x + ... + sin mx =sin nix sin á Im + 1) x 

sin x 

sin }mx cos 'z (m +1)x 
sin á x 

cos x + cos 2 x + cos 3x + ... + cos mx = 

sin x + sin 3x + sin 5x + ... + sin 12m- 1) x= sin2mx 

sin x 

sin 2mx cos x + cos 3x + cos 5x+...+ cos (2m-1)x=--- 
2 sin x 

cos x+ cos 2x+... + cos mx = 
sin lm+2lx 

2 sin Ix 
angle 0 I 30° 45° I 60° 90° I 1!0° 270° 960° 

sin 0 1/2 %s2 %z v3 0 -1 0 
cos 1V3 %V2 %s o -1 0 1 

tan o 3 0 f m 0 

versine B = 1 - cos B 

sin 14° = á approximately 
sin 20° = 11, approximately 

Approximations for small angles 

sin O = (B - 03 6 1 0 in radians 
tan B = (B + 03 3 1 0 in radians 
cos ©_ (1 - 02/ 2 1 0 in radians 

Quadratic equation 

then Ifax- +bx+c =0,thenx= 

Arithmetical progression 

2a 

S = n (a + /1 /2 = n [2a + (n - 1) dí '2 

where S = sum, a = first term, I = last term, n = number of terms, d = 
common difference = the value of any term minus the value of the pre- 
ceding term. 
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Geometrical progression 

a (r" - 1) a (1 - r") 

r - 1 1 - r 

where S = sum, a = first term, n = number of terms, r = common ratio 
the value of any term divided by the preceding term. 

Combinations and permutations 

The number of combinations of n things, all different, taken r at a time is 

n! 
nCr = 

r! In - rl! 

The number of permutations of n things r at a time = nPr 

nPr=n (n- 11 In-2) (n -r+l) - 
nPn = n! 

Binomial theorem 

n! 

In - r) ! 

a t bl" = a" t na"-'b + nln-1) an-2b2 nln-1) In-21 
2! 3! 

If n is a positive integer, the series is finite and contains n + 1 terms; other- 

wise it is infinite, converging for < 1 and diverging for 
is 

Maclaurin's theorem 

b 

a 

2 

nh /(x) = f(0) + xf' (0) + f" (0) + . . . . + ' f" (0) + 

Taylor's theorem 

f (x) = f (xo) + f' (xo) Ix - x0) + f"(xo) 
Ix - xo) 2 + 

2! "(x" (x 
= f(x) +f'(x)h+f h"-+ .... + fñj) 

> 1. 
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Trigonometric solution of triangles 

Right -angled triangles (right angle at C) 

sin A = cos B = 
a 

- 

c 

a 
tan A = 

b 
B=90°-A 

vers A = 1 - cosA -c - b 

c 

c=1/a"-+b2 

b = N/c2 - a2 = N/ 1c + a) 1c - a1 

Area = ab = -° 1/ c2 - a2 = a2 cot A b2 tan A c2 sin A cos A 

2 2 2 2 2 

Oblique -angled triangles 

sin .' A = 
- b) Is - c) 

bc 

-I(a) 
cos 2A= sls - 

V bc 

a + b + c 
where s = 

2 

A+B+C= 180° 

tan IA = _ I 
Is - b) (s - c) 

similar values for angles B and C 
VI s Is - a) 

Area = 1's Is - a) Is - b) (s - c) = 2 ab sin C - a2 
sin B sin C 

2 sin A 

a sin C =asin (A B) c- N/a2 b2- 2ab cos C 
sin A sin A 

tan A =b áancorC, 
tan (A- B) -á +b cot 

a2 = b2 +- c2 - 2bc cos A, similar expressions for other sides. 
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Complex hyperbolic and other functions 

Properties of "e" 

e = 1 + 1 + 
2 ! 
- 1 + - 1! = 2 . 7 1 8 2 8 

= 0.3679 
e 

s X2 X3 
e = 1 +x+- - .... 

2! 3! 

logio e = 0.43429; log, 10 = 2.30259 

log, N = log, 10 X logio N; logio N = logio e X log. N. 

x3 x5 x7 - 
3 

sin x = x - + 
5! 7! 

+ ., . . 

X2 X; XB 
COSX= 1 --+---+ .... 

2! 4! 6! 

X3 X5 X7 sinhx=x+3!+51+7!+... 

cosh x = 1 + 2 + 4 + 6 

x is in radians. The series are con- 
vergent for all finite values of x. 

For n = 0 or a positive integer, the expansion of the Bessel function of the 

first kind, n`" order, is given by the convergent series 

Xn X2 X4 
JIxl = 

2'n! [1 2 (2n +21 + 2.4 (2n + 2) (2n + 4) 

X8 

2.4.6 12n +21(2n +4)(2n + 
J_(x) _ ( -11" J(x) Note: 0! = 1 

sin x 
eZ - e',Z 

2j 

eft + 1s 

cos x = 

e= -é= 
sinh x = 

cosh x - 
2 

eft =cos x +j sin x 

é JZ= cos x - j sin x 

j = -1 
sinh ( - x) = - sinh x; cosh 1 - x) = cosh x 

sinh jx = j sin x; cosh jx = cos x 

cosh2 x - si.nh2 x = 1 

sinh 2x = 2 sinh x cosh x 

cosh 2x = cosh2 x sinh2x 

sinh (x t j y) = sinh x cos y t j cosh x sin y 

cosh (x t j y) = cosh x cos y t j sinh x sin y 
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Table of integrals 

Indefinite integrals 

In the following formulas, a, b, and m are constants. The constant of integra- 
tion is not shown, but is added to each result. 

f dx =x 

faflx) dx = aJ fIx) dx 

flu + y - s) dx = fudx -} -Ivdx-Jsdx 

j" ml mX-1 x'dx - 
, 

dx 
= log, x 

x 

J fax + b1m dx = (ax + b1'1 
aIm+11 

m X - 1 

fax +b loge lax + 

i"- = 1 [ax + b - b loge lax + 131] 
ax +b a2 

xdx - 1 b 

L 
+ loge lax + bl 

J (ax + 13) 2 a' ax + b 

( 22 dx 1 r (ox + bl ` 
2b lax + b) + b2 loge lax + b] Jax+b a3L 2 

dx = -1 

x 
tan-1 - 

x2+a2 a a 

r dx x 
=sin 1 

Va2-x2 a 

J logo x dx = x log. -x where e = 2718 
e 

r 

J loge 
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Table of integrals continued 

Jxe= dx = e' lx - 1) 

fx" e=dx = x"`e=-m J x"'l e=dx 

Jsin x dx = - cos x i 
Jsine x dx = z Ix - sin x cos x) f 

'cos xdx = sin x 

jcose x dx = 1 Ix + sin x cos xl 

tan x dx = - log, cos x 

Jcot x dx = logs sin x f 

Jsec x dx = log. (sec x + tan xl f 

Jsect x dx = tan x 

Jcosec2xdx= - cot x 

fcosec x dx = log. (cosec x - cot xl 

Jsin -1 x dx = x sin -lx + N/1 - x2 f 

j cos 1xdx =xcos 1x --x2 
f tan 1xdx= xtan- 1x- logeV1 + x2 
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Table of integrals continued 

Definite integrals 

fx' edx = r(n)* 
o 

i 

fx"" (1 - x)"-1 dx - r(m)r(n)* 
rim +n) 

o 

r 
n 2 

1//n 

f 

* 
j 

sin x dx = J cos x dx =1l/a , n> - 1 

o o r\2+1/ 
m 

r sin mx dx ?r if m > 0; 0 if m = 0; - 7 if m < 0 
J x 2 2 
o 

( cos mx dx ,r 
J -e - Imi 

1 +x2 2 
o 

( 
. 

cos 
/x 

dx _(sin x dx 1 1r 

J vX J VX 2 
o o 

j -a x3 
1 

J e_ dx=-V7r 
2a 

o 

I 
cosz(sinxdx 

\ / 
cos x 

= 1.22 

_,r 
2 

*Values of r W are tabulated In Jahnke & Etude, Tables of Functions. 
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Mathematical tables 

n ,e^ diff n Ie" diff n ee n e-" cliff n s". I n I e^ 

0.00 
.01 
.02 
.03 
.04 

0.05 
.06 
.07 
.08 
.09 

0.10 
.11 

.12 

.13 

.14 

0.15 
.16 
.17 
.18 
.19 

0.20 
.21 

.22 

.23 

.24 

0.25 
.26 
.27 
.28 
.29 

0.30 
.31 
.32 
.33 
.34 

0.35 
.36 
.37 
.38 
.39 

0.40 
.41 
.42 
.43 
.44 

0.45 
.46 
.47 
.48 
.49 

0.50 

1.000 10 
1.010 
1.020 

10 

1.030 10 
1.041 

1.051 11 

1.062 
11 

1.073 
1.083 10 
1.094 11 

11 

1.105 11 

1.116 
1.127 

1 1 

1.139 12 

1.150 2 

1.162 
1.174 12 
1.185 11 

1.197 12 
12 
2 1.209 

1.221 
1.234 13 

1.246 12 
1.259 13 
1.271 

12 

1.284 
1.297 13 

1.310 13 
1.323 13 

1.336 ;4 

1.350 13 
1.363 
1.377 14 
1.391 14 
1.405 

14 

1.419 
1.433 14 
1.448 15 
1.462 14 

1.477 15 
15 

1.492 
1.507 15 
1.522 15 
1.537 15 

1.553 16 
15 

1.568 
1. 

16 

584 16 
1.600 

16 

1.616 
1.632 16 

17 

1.M9 

0.50 
.51 

.52 

.53 

.54 

0.55 
.56 

.57 

.58 

.59 

0.60 
.61 

.62 
.63 
.64 

0.65 
.66 
.67 
.68 
.69 

0.70 
.71 

.72 

.73 

.74 

0.75 
.76 

.77 

.78 

.79 

0.80 
.81 
.82 
.83 
.84 

0.85 
.86 
.87 
.88 
.89 

0.90 
.91 

.92 

.93 

.94 

0.95 
.96 
.97 
.98 
.99 

1.00 

1.649 
16 

1.665 
1.682 

17 

1.699 17 

1.716 
17 

1.733 
18 

1.751 
1.768 17 
1.786 

18 

1.804 
18 
18 

1.822 
18 

1.840 
1.859 

19 

1.878 19 
1.896 

2Ó 

1.916 
1.935 

19 

1.954 
19 

1.974 
20 

1.994 
20 

2.014 
2.034 

20 

2.054 20 
2.075 21 

2.096 
21 

2.117 

2.138 21 
2.160 22 

2.181 21 

2.203 23 

2.226 
22 

2.248 
2.270 22 

2.293 23 
2.316 

23 

2.340 
2.363 23 .35 
2.387 24 
2.411 24 
2.435 24 

25 

2.460 
2.484 24 
2.509 25 
2.535 26 
2.560 25 

26 

2.566 
2.612 26 
2.638 26 
2.654 26 
2.691 27 

27 

9 718 

1.0 
.1 

.2 

.3 

.4 

1.5 
.6 
.7 
.8 
.9 

2.0 
.1 

.2 

.3 
.4 

2.5 
.6 
.7 
.8 
.9 

3.0 

.2 

.3 

.4 

3.5 
.6 

.7 

.8 

.9 

4.0 
.1 

.2 

.3 

.4 

4.5 

5.0 
6.0 
7.0 

8.0 
9.0 

10.0 

r /2 

2r/2 
3r/2 
4r/2 
5r/2 
6x/2 
7r/2 
8r/2 

2.718* 
3.004 
3.320 
3.669 
4.055 

4.482 
4.953 
5.474 
6.050 
6.686 

7.389 
8.166 
9.025 
9.974 

11.02 

12.18 
13.46 
14.88 
16.44 
18.17 

20.09 

24.53 
27.11 
29.96 

33.12 

36.60 

40.45 
44.70 
49.40 

54.60 
60.34 
66.69 
73.70 
81.45 

90.02 

148.4 
403.4 

1097. 

2981. 
8103. 

22026. 

4.810 

23.14 
111.3 
535.5 

2576. 
12392. 
59610. 

286751. 

0.00 
.01 

.02 

.03 

.04 

0.05 
.06 
.07 
.08 
.09 

0.10 
.11 
.12 
.13 
.14 

0.15 
.16 
.17 
.18 
.19 

0.20 

.22 

.23 

.24 

0.25 
.26 

.27 

.28 

.29 

0.30 
.31 

.32 

.33 

.34 

0.33 

.37 

.38 

.39 

0.40 
.41 
.42 
.43 
.44 

0.45 
.46 
.47 
.48 
.49 

0.50 

1.000 10 
0.990 

.980 -10 

.970 - 10 

.961 -10 

.951 9 

.942 

.932 
-10 

923- 9 

.914 - 9 - 9 

.905- 9 

.896 
887 - 9 

.878 - 9 

.869 8 

.861 

.852 - 9 

.844 - 8 
835 - 9 

.827 _ 8 

.819 

.803- 8 

.795- 8 
787_ 8 

.779 

.771 - 8 

.763- 8 

.756- 7 

.748_ 8 

.741 
8 

.733 

.725- 7 

.719- 7 

.712_ 

.705 

.598- 7 

.691 - 7 

.684 
- 

7 

.677 - 7 - 7 

.670 

.664 - 6 

.657 - 7 

.651 - 6 

.644 - 7 - 6 

638 
631- 7 
.625- 6 
619- 6 

.613- 6 - 6 

0.607 

0.50 
.51 

.52 

.53 

.54 

0.55 
.56 

.57 

.58 

.59 

0.60 
.61 
.62 
.63 
.64 

0.65 
.66 
.67 
.68 
.69 

0.70 

.72 

.73 

.74 

0.75 
.76 

.77 

.78 

.79 

0.80 
.81 
.82 
.83 
.84 

0.85 
.86 
.87 
.88 
.89 

0.90 
.91 

.92 

.93 

.94 

0.95 
.96 
.97 
.98 
.99 

1.00 

.607 

.600 

.595 

.589 

.583 

.577 

.571 

.566 
.563 
.554 

.549 
.543 
.539 
.533 
.527 

.522 

.517 

.512 

.507 

.502 

.497 

.487 

.482 

.477 

.472 

.468 

.463 

.458 

.454 

.449 

.445 

.440 

.436 

.432 

.427 

.423 

.419 

.415 

.411 

.407 

.403 

.399 

.395 

.391 

.387 

.383 

.379 

.375 

.372 

.368 

1.0 
.1 

.2 

.3 

.4 

1.5 
.6 

.7 

.8 

.9 

2.0 
.1 

.2 

.3 

.4 

2.5 
.6 
.7 
.8 
.9 

3.0 

.2 

.3 

.4 

3.5 
.6 

.7 

.8 

.9 

4.0 
.1 

.2 

.3 

.4 

4.5 

5.0 
6.0 
7.0 

8.0 
9.0 

10.0 

r /2 

2r/2 
3r/2 
4r/2 
5r/2 
6r/2 
7r/2 
8r/2 

.368* 

.333 
.301 
.273 
.247 

.223 

.202 

.183 

.165 

.150 

.135 

.122 

.111 

.100 

.0907 

.0821 
.0743 
.0672 
.0608 
.0550 

.0498 

.0408 

.0369 

.0334 

.0302 

.0273 

.0247 

.0224 

.0202 

.0183 

.0166 

.0150 

.0136 

.0123 

.0111 

.00674 

.00248 

.000912 

.000335 

.000123 

.000045 

.208 

.0432 
.00898 
.00187 
.000388 
.000081 
.000017 
.000003 

* Note. Do not Interpolate in this column. 
e = 2.71828 I /e = 0.367879 lohn e = 0.4343 1 /10.43431 = 2.3026 
log1410.43431 a 9.6378- 10 logtole "I = 00.43431 
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Common logarithms of numbers and proportional parts 

0 1 2 3 4 3 6 
1 2 

proporlional parta 

3 i 4 S 6 
I 

7 t 9 

10 0000 0043 0086 0128 0170 0212 0253 0294 0334 0374 4 8 12 17 21 25 29 33 37 
11 0414 0453 0492 0531 0569 0607 0645 0682 0719 0755 4 8 II 15 19 23 26 30 3, 
12 0792 0828 0864 0899 0934 0969 1004 1038 1072 1106 3 7 10 14 17 21 24 28 31 
13 1139 1173 1206 1239 1271 1303 1335 1367 1399 1430 3 6 10 13 16 19 23 26 25 
14 1461 1492 1523 1553 1584 1614 1644 1673 1703 1732 3 6 9 12 15 18 21 24 27 

15 1761 1790 1818 1847 1875 1903 1931 1959 1987 2014 3 6 8 11 14 17 20 22 25 
16 2041 2068 2095 2122 2148 2175 2201 2227 2253 2279 3 5 8 11 13 16 18 21 24 
17 2304 2330 2355 2380 2405 2430 2455 2480 2504 2529 2 5 7 10 12 15 17 20 21 
18 2553 2577 2601 2625 2648 2672 2695 2718 2742 2765 2 5 7 9 12 14 16 19 21 
19 2788 2810 2833 2856 2878 2900 2923 2945 2967 2989 2 4 7 9 II 13 16 18 2( 

20 3010 3032 3054 3075 3096 3118 3139 3160 3181 3201 2 4 6 8 11 13 15 17 19 
21 3222 3243 3263 3284 3304 3324 3345 3365 3385 3404 2 4 6 8 10 12 14 16 If 
22 3424 3444 3464 3483 3502 3522 3541 3560 3579 3598 2 4 6 8 10 12 14 15 11 
23 3617 3636 3655 3674 3692 3711 3729 3747 3766 3784 2 4 6 7 9 11 13 15 11 
24 3802 3820 3838 3856 3874 3892 3909 3927 3945 3962 2 4 5 7 9 II 12 14 16 

25 3979 3997 4014 4031 4048 4065 4082 4099 4116 4133 2 3 5 7 9 10 12 14 15 
26 4150 4166 4183 4200 4216 4232 4249 4265 4281 4298 2 3 5 7 8 10 II 13 15 
27 4314 4330 4346 4362 4378 4393 4409 4425 4440 4456 2 3 5 6 8 9 II 13 14 
28 4472 4487 4502 4518 4533 4548 4564 4579 4594 4609 2 3 5 6 8 9 II 12 14 
29 4624 4639 4654 4669 4683 4698 4713 4728 4742 4757 13 4 6 7 9 10 12 13 

30 4771 4786 4800 4814 4829 4843 4857 4871 4886 4900 13 4 6 7 9 10 11 13 
31 4914 4928 4942 4955 4969 4983 4997 5011 5024 5038 13 4 6 7 8" 10 11 12 
32 5051 5065 5079 5092 5105 5119 5132 5145 5159 5172 13 4 5 7 8 9 11 12 
33 5185 5198 5211 5224 5237 5250 5263 5276 5289 5302 1 3 4 5 6 8 9 10 12 
34 5315 5328 5340 5353 5366 5378 5391 5403 5416 5428 1 3 4 5 6 8 9 10 II 

35 5441 5453 5465 5478 5490 5502 5514 5527 5539 5551 12 4 5 6 7 9 10 11 

36 5563 5575 5587 5599 5611 5623 5635 5647 5658 5670 1 2 4 5 6 7 8 IO I1 

37 5682 5694 5705 5717 5729 5740 5752 5763 5775 5786 1 2 3 5 6 7 8 9 10 
38 5798 5809 5821 5832 5843 5855 5866 5877 5888 5899 1 2 3 5 6 7 8 9 10 
39 5911 5922 5933 5944 5955 5966 5977 5988 5999 6010 1 2 3 4 5 7 8 9 10 

40 6021 6031 6042 6053 6064 6075 6085 6096 6107 6117 1 2 3 4 5 6 8 9 10 
41 6128 6138 6149 6160 6170 6180 6191 6201 6212 6222 1 2 3 4 5 6 7 8 9 
42 6232 6243 6253 6263 6274 6284 6294 6304 6314 6325 1 2 3 4 S 6 7 8 9 
43 6335 6345 6355 6365 6375 6385 6395 6405 6415 6425 12 3 4 5 6 7 8 9 
44 6435 6444 6454 6464 6474 6484 6493 6503 6513 6522 1 2 3 4 S 6 7 8 9 

45 6532 6542 6551 6561 6571 6580 6590 6599 6609 6618 1 2 3 4 S 6 7 8 9 
46 6628 6637 6646 6656 6665 6675 6684 6693 6702 6712 1 2 3 4 5 6 7 7 8 
47 6721 6730 6739 6749 6758 6767 6776 6785 6794 6803 1 2 3 4 5 5 6 7 8 
48 6812 6821 6830 6839 6848 6857 6866 6875 6884 6893 1 2 3 4 4 5 6 7 8 
49 6902 6911 6920 6928 6937 6946 6955 6964 6972 6981 12 3 4 4 5 6 7 8 

50 6990 6998 7007 7016 7024 7033 7042 7050 7059 7067 1 2 3 3 4 5 6 7 8 
51 7076 7084 7093 7101 7110 7118 7126 7135 7143 7152 1 2 3 3 4 5 6 7 8 
52 7160 7168 7177 7185 7193 7202 7210 7218 7226 7233 1 2 2 3 4 5 6 7 7 
53 7243 7251 7259 7267 7275 7284 7292 7300 7308 7316 1 2 2 3 4 5 6 6 7 

54 7324 7332 7340 7348 7356 7364 7372 7380 7388 7396 1 2 2 3 4 5 6 6 7 
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Common logarithms of numbers and proportional parts continued 

0 1 2 3 4 1 3 1 6 I 2 1 3 1 0 1 

peopoAional 

2 3 I 4 S 6 7, 
5S 7404 7412 7419 7427 7435 7443 7451 7459 7466 7474 12 2 3 4 5 5 6 
56 7482 7490 7497 7505 7513 7520 7528 7536 7543 7551 1 2 2 3 4 5 5 6 
57 7559 7566 7574 7582 7589 7597 7604 7612 7619 7627 1 2 2 3 4 5 5 6 
58 7634 7642 7649 7657 7664 7672 7679 7686 7694 7701 1 1 2 3 4 4 5 6 
59 7709 7716 7723 7731 7738 7745 7752 7760 7767 7774 1 1 2 3 4 4 5 6 , 

60 7782 7789 7796 7803 7810 7818 7825 7832 7839 7846 1 1 2 3 4 4 5 6 + 

61 7853 7860 7868 7875 7882 7889 7896 7903 7910 7917 1 1 2 3 4 4 5 6 4 

62 7924 7931 7938 7945 7952 7959 7966 7973 7983 7987 I I 2 3 3 4 5 6 i 

63 7993 8000 8007 8014 8021 8028 8035 8041 8048 8055 1 1 2 3 3 4 S 5 1 

64 8062 8069 8075 8082 8089 8096 8102 8109 8116 8122 1 I 2 3 3 4 5 5 1 

65 8129 8136 8142 8149 8156 8162 8169 8176 8182 8189 1 1 2 3 3 4 5 5 1 

66 8195 8202 8209 8215 8222 8228 8235 8241 8248 8254 1 I 2 3 3 4 5 5 1 

67 8261 8267 8274 8280 8287 8293 8299 8306 8312 8319 I 1 2 3 3 4 5 5 1 

68 8325 8331 8338 8344 8351 8357 8363 8370 8376 8382 I 1 2 3 3 4 4 S 1 

69 8388 8395 8401 8407 8414 8420 8426 8432 8439 8445 1 I 2 2 3 4 4 5 1 

70 8451 8457 8463 8470 8476 8482 8488 8494 8500 8506 I 1 2 2 3 4 4 5 1 

71 8513 8519 8525 8531 8537 8543 8549 8555 8561 8567 1 I 2 2 3 4 4 S 1 

72 8573 8579 8585 8591 8597 8603 8609 8615 8621 8627 I 1 2 2 3 4 4 5 1 

73 8633 8639 8645 8651 8657 8663 8669 8675 8681 8686 1 I 2 2 3 4 4 5 1 

74 8692 8698 8704 8710 8716 8722 8727 8733 8739 8745 1 I 2 2 3 4 4 5 1 

75 8751 8756 8762 8768 8774 8779 8785 8791 8797 8802 1 1 2 2 3 3 4 5 1 

76 8808 8814 8820 8825 8831 8837 8842 8848 8854 8859 1 1 2 2 3 3 4 5 S 
77 8865 8871 8876 8882 8887 8893 8899 8904 8910 8915 I 1 2 2 3 3 4 4 5 
78 8921 8927 8932 8938 8943 8949 8954 8960 8965 8971 1 I 2 2 3 3 4 4 5 
79 8976 8982 8987 8993 8998 9004 9009 9015 9020 9025 I I 2 2 3 3 4 4 5 

80 9031 9036 9042 9047 9053 9058 9063 9069 9074 9079 1 1 2 2 3 3 4 4 S 
81 9085 9090 9096 9101 9106 9112 9117 9122 9128 9133 1 I 2 2 3 3 4 4 S 
82 9138 9143 9149 9154 9159 9165 9170 9175 9180 9186 I 1 2 2 3 3 4 4 S 
83 9191 9196 9201 9206 9212 9217 9222 9227 9232 9238 1 I 2 2 3 3 4 4 S 
84 9243 9248 9253 9258 9263 9269 9274 9279 8284 9289 1 I 2 2 3 3 4 4 S 

85 9294 9299 9304 9309 9315 9320 9325 9330 9335 9340 1 1 2 2 3 3 4 4 S 
86 9345 9350 9355 9360 9365 9370 9375 9380 9385 9390 I 1 2 2 3 3 4 4 S 
87 9395 9400 9405 9410 9415 9420 9425 9430 9435 9440 0 1 I 2 2 3 3 4 4 
88 9445 9450 9455 9460 9465 9469 9474 9479 9484 9489 0 I 1 2 2 3 3 4 4 
89 9494 9499 9504 9509 9513 9518 9523 9528 9533 9538 0 1 1 2 2 3 3 4 4 

90 9542 9547 9552 9557 9562 9566 9571 9576 9581 9586 0 1 1 2 2 3 3 4 4 
91 9590 9595 9600 9605 9609 9614 9619 9624 9628 9433 0 I 1 2 2 3 3 4 4 
92 9638 9643 9647 9652 9657 9661 9666 9671 9675 9680 0 I 1 2 2 3 3 4 4 
93 9685 9689 9694 9699 9703 9708 9713 9717 9722 9727 0 1 I 2 2 3 3 4 4 
94 9731 9736 9741 9745 9750 9754 9759 9763 9768 9773 0 1 1 2 2 3 3 4 4 

95 9777 9782 9786 9791 9795 9800 9805 9809 9814 9818 0 1 1 2 2 3 3 4 4 
96 9823 9827 9832 9836 9841 9845 9850 9854 9859 9863 0 1 I 2 2 3 3 4 4 
97 9868 9872 9877 9881 9886 9890 9894 9899 9903 9908 0 1 1 2 2 3 3 4 4 
98 9912 9917 9921 9926 9930 9934 9939 9943 9948 9952 0 1 1 2 2 3 3 4 4 
99 9956 9961 9965 9969 9974 9978 9983 9987 9991 9996 0 1 1 2 2 3 3 3 4 
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Natural trigonometric functions 

for decimal fractions of a degree 

dog sin cos Ian col 
I 

dog sin cos an col 

0.0 .00000 1.0000 .00000 90.0 6.0 .10453 0.9945 .10510 9.514 84.0 
.1 .00175 1.0000 .00175 573.0 .9 .1 .10626 .9943 .10687 9.357 .9 

.2 .00349 1.0000 .00349 286.5 .8 .2 .10830 .9942 .10363 9.235 .8 

.3 .00524 1.0000 .00524 191.0 .7 .3 .10973 .9940 .11040 9.058 .7 

A .00698 1.0000 .00698 143.24 .6 .4 .11147 .9938 .11217 8.915 .6 

.5 .00373 1.0030 .00873 1 14.59 .5 .5 .11:20 9936 .11'94 8.777 .5 

.6 .01347 0.9999 .01047 95.49 .4 .6 .11494 .9934 .11570 8.643 .4 

7 .01:22 .9979 .01222 81.85 .3 .7 .11667 .9932 .11747 8.513 .3 

.8 .01376 .9919 .01396 71.62 .2 .8 .11340 .9930 .11924 8.336 .2 

.9 .01571 .9999 .01571 63.66 .1 .9 .12014 .9928 .12101 8.264 .1 

LO .01745 0.9998 .01746 57.29 89.0 7.0 .12187 0.9925 .12278 8.144 83.0 
.1 .01923 .9998 .01920 52.08 .9 .1 .12360 .9923 .12456 8.C28 .9 

.2 .02794 .9998 .02075 47.74 .8 .2 .12:33 .9921 .12533 7.916 .8 

.3 .02269 .9997 .02269 44.07 .7 .3 .12706 .9919 .12310 7.836 .7 

A .02443 .9997 .02444 40.92 .6 .4 .12330 .9917 .12988 7.700 .6 

.3 .02618 .9997 .02619 38.19 .5 .5 .13253 .9914 .13165 7.596 .5 

A .C2792 .9996 .02793 35.80 .4 .6 .12 226 .9912 .13343 7.495 .4 

7 .02967 .9996 .02968 33.69 .3 .7 .1 2379 .9910 .13021 7.396 .3 

.8 .03141 .9995 .03143 31.82 .2 .8 .13:72 .9937 .13698 7.333 .2 

.9 .03316 .9995 .03317 30.14 .1 .9 .13744 .9905 .13876 7.207 .1 

LO .03490 0.9994 .03492 28.64 88.0 8.0 .13917 0.9903 .14054 7.115 64.0 
.1 .03664 .9993 .03667 27.27 .9 .1 .14090 .9930 .14232 7.C26 .9 

2 .03339 .9993 .03342 26.03 .8 .2 .14263 .9898 .14410 6.943 .8 

.3 .04313 .9992 .04316 24.90 .7 .3 .14436 .9875 .14588 6.805 .7 

.4 .04188 .9991 .04191 23.86 .6 .4 .14638 .9873 .14767 6.772 .6 

.5 .04362 .9990 .04366 22.90 .5 .5 .14781 .9890 .14945 6.691 .5 

A .04536 .9793 .04541 22.02 .4 .6 .14754 .9838 .15124 6.612 .4 

J .04711 .9737 .04716 21.27 .3 .7 .15126 .9335 .10302 6.035 .3 

.8 .04335 .9733 .04291 2).45 .2 .8 .10 379 .9882 .15431 6.463 .2 

.9 .05059 .9987 .05366 9.74 .1 .9 .15471 .9880 .15660 6.386 .1 

3.0 .05234 0.9996 .05241 9.081 87.0 9.0 .15643 0.9877 .15838 6.314 81.0 
.1 .03408 .9735 .05416 8.454 .9 .1 .13316 .9374 .16317 6.243 .9 

.2 .05332 .9984 .05591 7.836 .8 .2 .13738 .9871 .16196 6.174 .8 

.3 .03756 .9983 .05766 7.343 .7 .3 .14163 .9369 .16376 6.1C 7 .7 

.4 .03731 .9982 .05941 6.332 .6 .4 .16333 .9866 .16555 6.341 .6 

.5 .06135 .9981 .06116 6.353 .5 .5 .16035 .9863 .16734 5.976 .5 

.6 .06279 .9983 .06271 5.895 .4 .6 .16577 .9860 .16914 5.912 .4 

J .06453 .9979 .06457 5.464 .3 .7 .16349 .9357 .17C93 5.853 .3 

.8 .06627 .9978 .06542 5.056 .2 .8 .17221 .9854 .17273 5.789 .2 

.9 .06802 .9977 .06817 4.669 .1 .9 .17193 .9851 .17453 5.730 .1 

4.0 .06976 0.9976 .06993 4.331 86.0 10.0 .1736 0.9848 .1763 5.671 80.0 
.1 .07150 .9974 .07168 3.951 .9 .1 .1754 .9345 .1781 5.614 .9 

.2 .07324 .9973 .07344 3.617 .8 .2 .1771 .9842 .1799 5.558 .8 

.3 .07498 .9972 .07519 3.303 .7 .3 .1788 .9839 .1817 5.533 .7 

A .07672 .9971 .07695 2.996 .6 .4 .1235 .9836 .1835 5.449 .6 

.5 .07846 .9969 .07870 2.706 .5 .5 .1322 .9833 .1853 5.396 .5 

.6 .03720 .9968 .08346 2.429 .4 .6 .1340 .9829 .1871 5.343 .4 

7 .08194 .9966 .08221 2.163 .3 .7 .1357 .9826 .1890 5.292 .3 

.8 .08368 .9965 .08397 1.909 .2 .8 .1874 .9823 .1938 5.242 .2 

.9 .08542 .9963 .08573 1.664 .1 .9 .1891 .9820 .1926 5.193 .1 

5.0 .08716 0.9962 .08749 1.430 85.0 11.0 .1908 0.9816 .1944 5.145 79.0 
J '08889 .9960 .08925 1.205 .9 .1 .1925 .9813 .1962 5.097 .9 

.2 .09063 .9959 .09101 0.988 .8 .2 .1942 .9810 .1980 5.050 .8 

.3 .09237 .9957 .09277 0.780 .7 .3 .1959 .9806 .1998 5.005 .7 

.4 .09411 .9956 .09453 0.579 .6 .4 .1977 .9803 .2016 4.959 .6 

3 .09585 .9954 .09629 0.385 .5 .5 .1994 .9799 .2335 4.915 .5 

.6 .09758 .9952 .09805 0.199 .4 .6 .2011 .9796 .2053 4.872 .4 

J .09932 .9951 .09981 0.019 .3 .7 .2328 .9792 .2071 4.829 .3 

.8 .10106 .9949 .10158 9.845 .2 .8 .2045 .9789 .2089 4.787 .2 

.9 .10279 .9947 .10334 9.677 .1 .9 .2062 .9785 .2107 4.745 .1 

6.0 .10453 0.9945 .10510 9.514 84.0 12.0 .2079 0.9781 .2126 4.705 78.0 

cos I sin 1 col I Ian I dag I I cos I sin 1 col tan I 698 
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dog I sin ! cos I tan I cot I cni I sin T cos tan i col 

12.0 0.2079 0.9781 0.2126 4.705 78.0 18.0 0.3090 0.9511 0.3249 3.078 72.0 
.1 .2396 .9778 .2144 4.665 .9 .1 .3107 .9505 .3269 3.060 .9 
.2 .2113 .9774 .2162 4.625 .8 .2 .3123 .9500 .3288 3.042 .8 
.3 .2133 .9770 .2100 4.586 .7 .3 .3140 .9494 .3307 3.024 .7 
.4 .2147 .9767 .2199 4.543 .6 .4 .3156 .9489 .3327 3.006 .6 
.5 .2164 .9763 .2217 4.511 .5 .5 .3173 .9483 .3346 2.989 .5 
.6 .2181 .9759 .2235 4.474 .4 .6 .3190 .9478 .3365 2.971 .4 
.7 .2198 .9755 .2254 4.437 .3 .7 .3236 .9472 .3335 2.954 .3 
.8 .2215 .9751 .2272 4.432 .2 .8 .3223 .9466 .3434 2.937 .2 
.9 .2233 .9748 .2290 4.366 .1 .9 .3239 .9461 .3424 2.921 .1 

13.0 0.2250 0.9744 0.2309 4.331 77.0 19.0 0.3256 0.9455 0.3443 2.904 71.0 
.1 .2267 .9740 .2327 4.297 .9 .1 .3272 .9449 .3463 2.333 .9 
.2 .2284 .9736 .2345 4.264 .8 .2 .3239 .9444 .3432 2.872 .8 
.3 .2300 .9732 .2364 4.230 .7 .3 .3335 .9438 .3532 2.356 .7 
.4 .2317 .9728 .2382 4.198 .6 .4 .3322 .9432 .3522 2.340 .6 
.5 .2334 .9724 .2401 4.165 .5 .5 .3338 .9426 .3541 2.324 .6 
.6 .2351 .9720 .2419 4.134 .4 .6 .3355 .9421 .3561 2.338 .4 
.7 .2368 .9715 .2438 4.102 .3 .7 .3371 .9415 .3581 2.793 .3 
.8 .2385 .9711 .2456 4.C71 .2 .8 .3387 .9439 .3600 2.778 .2 
.9 .2402 .9707 .2475 4.041 .1 .9 .3404 .9403 .3620 2.762 .1 

14.0 0.2419 0.9703 0.2493 4.011 76.0 20.0 0.3420 0.9397 0.3640 2.747 70.0 
.1 .2436 .9699 .2512 3.981 .9 .1 .3437 .9391 .3659 2.733 .9 
.2 .2453 .9694 .2530 3.952 .8 .2 .3453 .9395 .3679 2.718 .8 
.3 .2470 .9690 .2549 3.923 .7 .3 .3469 .9379 .3699 2.7C3 .7 
.4 .2487 .9686 .2568 3.895 .6 .4 .3486 .9373 .3719 2.689 .6 
.5 .2534 .9681 .2586 3.867 .5 .5 .3532 .9367 .3739 2.675 .5 
.6 .2521 .9677 .2605 3.839 .4 .6 .3518 .9361 .3759 2.660 .4 
.7 .2538 .9673 .2623 3.812 .3 .7 .3535 .9354 .3779 2.646 .3 
.8 .2554 .9668 .2642 3.785 .2 .8 .3551 .9348 .3799 2.633 .2 
.9 .2571 .9664 .2661 3.758 .1 .9 .3567 .9342 .3819 2.619 .1 

15.0 0.2588 0.9659 0.2679 3.732 75.0 21.0 0.3584 0.9336 0.3839 2.605 69.0 
.1 .2635 .9655 .2698 3.706 .9 .1 .3630 .9330 .3859 2.592 .9 
.2 .2622 .9650 .2717 3.681 .8 .2 .3616 .9323 .3879 2.578 .8 
.3 .2639 .9646 .2736 3.655 .7 .3 .3633 .9317 .3899 2.565 .7 
.4 .2656 .9641 .2754 3.630 .6 .4 .3649 .9311 .3919 2.552 .6 
.5 .2672 .9636 .2773 3.636 .5 .5 .3665 .9334 .3939 2.539 .5 
.6 .2689 .9632 .2792 3.582 .4 .6 .3681 .9298 .3959 2.526 .4 
.7 .27C6 .9627 .2811 3.558 .3 .7 .3697 .9291 .3979 2.513 .3 
.8 .2723 .9622 .2830 3.534 .2 .8 .3714 .9285 .4030 2.533 .2 
.9 .2740 .9617 .2849 3.511 .1 .9 .3730 .9278 .4020 2.488 .1 

16.0 0.2756 0.9613 0.2867 3.487 74.0 22.0 0.3746 0.9272 0.4040 2.475 68.0 
.1 .2773 .9608 .2886 3.465 .9 .1 .3762 .9265 .4361 2.463 .9 
.2 .2790 .9603 .2905 3.442 .8 .2 .3778 .9259 .4081 2.450 .8 
.3 .2837 .9598 .2924 3.423 .7 .3 .3795 .9252 .4101 2.438 .7 
.4 .2823 .9593 .2943 3.398 .6 .4 .3811 .9245 .4122 2.426 .6 
.5 .2840 .9588 .2962 3.376 .5 .5 .3927 .9239 .4142 2.414 .5 
.6 .2857 .9583 .2981 3.354 .4 .6 .3343 .9232 .4163 2.402 .4 
.7 .2874 .9578 .3000 3.323 .3 .7 .3859 .9225 .4183 2.391 .3 
.8 .2890 .9573 .3019 3.312 .8 .3375 .9219 .4204 2.379 .2 
.9 .2907 .9568 .3038 3.291 .1 .9 .3891 .9212 .4224 2.367 .1 

17.0 0.2924 0.9563 0.3057 3.271 73.0 23.0 0.3907 0.9205 0.4245 2.356 67.0 
.1 .2940 .9558 .3076 3.251 .9 .1 .3923 .9198 .4265 2.344 .9 

.2 .2957 .9553 .3096 3.233 .8 .2 .3939 .9191 .4286 2.333 .8 

.3 .2974 .9548 .3115 3.211 .7 .3 .3955 .9184 .4307 2.322 .7 

.4 .2990 .9542 .3134 3.191 .6 .4 .3971 .9178 .4327 2.311 .6 

.5 .3007 .9537 .3153 3.172 .5 .5 .3987 .9171 .4348 2.330 .5 

.6 .3024 .9532 .3172 3.152 .4 .6 .4003 .9164 .4369 2.287 .4 

.7 .3040 .9527 .3191 3.133 .3 .7 .4019 .9157 .4390 2.278 .3 

.8 .3057 .9521 .3211 3.115 .2 .8 .4335 .9150 .4411 2.267 .2 

.9 .3074 .9516 .3230 3.096 .1 .9 .4051 .9143 .4431 2.257 .1 

18.0 0.3090 0.9511 0.3249 3.078 72.0 24.0 0.4067 0.9135 0.4452 2.246 66.0 

cos sin cot tan I deg cos sin cot tan I dog 
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deg sin cos 
I 

ten 
I cot 

I 1 dog I 
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1 cos 1 fan col 

24.0 0.4067 0.9135 0.4452 2.246 66.0 30.0 0.5000 0.8660 0.5774 1.7321 60.0 
.1 .4083 .9128 .4473 2.236 .9 .1 .5015 .8o52 .5797 1.7251 .9 
.2 .4099 .9121 .4494 2.225 .8 .2 .5030 .8o43 .5820 1.7182 .8 
.3 .4115 .9114 .4515 2.215 .7 .3 .5045 .8034 .5844 1.7113 .7 
.4 .4131 .9107 .4536 2.204 .6 .4 .5060 .8625 .5867 1.7045 .6 
.5 .4147 .9100 .4557 2.194 .5 .5 .5075. .8616 .5890 1.6977 .5 
.6 .4163 .9092 .4578 2.184 .4 .6 .5090 .8607 .5914 1.6909 .4 
.7 .4179 .9085 .4599 2.174 .3 .7 .5105 .8599 .5938 1.6842 .3 
.8 .4195 .9078 .4621 2.164 .2 .8 .5120 .8590 .5961 1.6775 .2 
.9 .4210 .9070 .4642 2.154 .1 .9 .5135 .8581 .5985 1.6709 .1 

23.0 0.4226 0.9063 0.4663 2.145 65.0 31.0 0.5150 0.8572 0.6009 1.6643 39.0 
.1 .4242 .9056 .4684 2.135 .9 .1 .5165 .8563 .6032 1.6577 .9 
.2 .4258 .9048 .4706 2.125 .8 .2 .5180 .8554 .6056 1.6512 .8 
.3 .4274 .9041 .4727 2.116 .7 .3 .5195 .8545 .6080 1.6447 .7 
.4 .4289 .9033 .4748 2.106 .6 .4 .5210 .8536 .6104 1.6383 .6 
.5 .4305 .9026 .4770 2.097 .5 .5 .5225 .8526 .6128 1.6319 .5 
.6 .4321 .9018 .4791 2.087 .4 .6 .5240 .8517 .6152 1.6255 .4 
.7 .4337 .9011 .4813 2.078 .3 .7 .5255 .8508 .6176 1.6191 .3 
.8 .4352 .9003 .4834 2.069 .2 .8 .5270 .8499 .6200 1.6128 .2 
.9 .4368 .8996 .4856 2.059 .1 .9 .5284 .8490 .6224 1.6066 .1 

26.0 0.4384 0.8988 0.4877 2.050 64.0 32.0 0.5299 0.8480 0.6249 1.6003 58.0 
.1 .4399 .8980 .4899 2.041 .9 .1 .5314 .8471 .6273 1.5941 .9 
.2 .4415 .8973 .4921 2.032 .8 .2 .5329 .8462 .6297 1.5880 .8 
.3 .4431 .8965 .4942 2.023 .7 .3 .5344 .8453 .6322 1.5818 .7 
.4 .4446 .8957 .4964 2.014 .6 .4 .5358 .8443 .6346 1.5757 .6 
.5 .4462 .8949 .4986 2.006 .5 .5 .5373 .8434 .6371 1.5697 .5 
.6 .4478 .8942 .5008 1.997 .4 .6 .5388 .8425 .6395 1.5637 .4 
.7 .4493 .8934 .5029 1.988 .3 .7 .5402 .8415 .6420 1.5577 .3 
.8 .4509 .8926 .5051 1.980 .2 .8 .5417 .8406 .6445 1.5517 .2 
.9 .4524 .8918 .5073 1.971 .1 .9 .5432 .8396 .6469 1.5458 .1 

27.0 0.4540 0.8910 0.5095 1.963 63.0 33.0 0.5446 0.8387 0.6494 1.5399 57.0 
.1 .4555 .8902 .5117 1.954 .9 .1 .5461 .8377 .6519 1.5340 .9 
.2 .4571 .8894 .5139 1.946 .8 .2 .5476 .8368 .6544 1.5282 .8 
.3 .4586 .8886 .5161 1.937 .7 .3 .5490 .8358 .6569 1.5224 .7 
.4 .4602 .8878 .5184 1.929 .6 .4 .5505 .8348 .6594 1.5166 .6 
.5 .4617 .8870 .5206 1.921 .5 .5 .5519 .8339 .6619 1.5108 .5 
.6 .4633 .8862 .5228 1.913 .4 .6 .5534 .8329 .6644 1.5051 .4 
.7 .4648 .8854 .5250 1.905 .3 .7 .5548 .8320 .6669 1.4994 .3 
.8 .4664 .8846 .5272 1.897 .2 .8 .5563 .8310 .6694 1.4938 .2 
.9 .4679 .8838 .5295 1.889 .1 .9 .5577 .8300 .6720 1.4882 .1 

28.0 0.4695 0.8829 0.5317 1.881 62.0 34.0 0.5592 0.8290 0.6745 1.4826 56.0 
.1 .4710 .8821 .5340 1.873 .9 .1 .5606 .8281 .6771 1.4770 .9 
.2 .4726 .8813 .5362 1.865 .8 .2 .5621 .8271 .6796 1.4715 .8 
.3 .4741 .8805 .5384 1.857 .7 .3 .5635 .8261 .6822 1.4659 .7 
.4 .4756 .8796 .5407 1.849 .6 .4 .5650 .8251 .6847 1.4605 .6 
.5 .4772 .8788 .5430 1.842 .5 .5 .5664 .8241 .6873 1.4550 .5 
.6 .4787 .8780 .5452 1.834 .4 .6 .5678 .8231 .6899 1.4496 .4 
.7 .4802 .8771 .5475 1.827 .3 .7 .5693 .8221 .6924 1.4442 .3 
.8 .4818 .8763 .5498 1.819 .2 .8 .5707 .8211 .6950 1.4388 .2 
.9 .4833 .8755 .5520 1.811 .1 .9 .5721 .8202 .6976 1.4335 .1 

29.0 0.4848 0.8746 0.5543 1.804 61.0 35.0 0.5736 0.8192 0.7002 1.4281 55.0 
.1 .4863 .8738 .5566 1.797 .9 .1 .5750 .8181 .7028 1.4229 .9 
.2 .4879 .8729 .5589 1.789 .8 .2 .5764 .8171 .7054 1.4176 .8 
.3 .4894 .8721 .5612 1.782 .7 .3 .5779 .8161 .7080 1.4124 .7 
.4 .4909 .8712 .5635 1.775 .6 .4 .5793 .8151 .7107 1.4071 .6 
.5 .4924 .8704 .5658 1.767 .5 .5 .5807 .8141 .7133 1.4019 .5 
.6 .4939 .8695 .5681 1.760 .4 .6 .5821 .8131 .7159 1.3968 .4 
.7 .4955 .8686 .5704 1.753 .3 .7 .5835 .8121 .7186 1.3916 .3 
.8 .4970 .8678 .5727 1.746 .2 .8 .5850 .8111 .7212 1.3865 .2 
.9 .4985 .8669 .5750 1.739 .1 .9 .5864 .8100 .7239 1.3814 .1 

30.0 0.5000 0.8660 0.5774 1.732 60.0 36.0 0.5878 0.8090 0.7265 1.3764 34.0 

1 cos sin cot tan I deg I cos sin cot I tan 1 doo 
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deg I sin I cos I Ian I cot I deg I sin I cos Ion col 

36.0 0.5878 0.8090 0.7265 1.3764 54.0 40.5 0.6494 0.7604 0.8541 1.1708 49.5 
.1 .5892 .8080 .7292 1.3713 .9 .6 .6508 .7593 .8571 1.1667 . 
.2 .5906 .8070 .7319 1.3663 .8 .7 .6521 .7581 .8601 1.1626 .3 
.3 .5920 .8059 .7346 1.3613 .7 .8 .6534 .7570 .8632 1.1585 .2 
.4 .5934 .8049 .7373 1.3564 .6 .9 .6547 .7559 .8662 1.1544 .1 

.5 .5948 .8039 .7400 1.3514 .5 41.0 0.6561 0.7547 0.8693 1.1504 49.0 

.6 .5962 .8028 .7427 1.3465 .4 .1 .6574 .7536 .8724 1.1463 .9 

.7 .5976 .8018 .7454 1.3416 .3 .2 .6587 .7524 .8754 1.1423 .8 

.8 .5990 .8007 .7481 1.3367 .2 .3 .6600 .7513 .8785 1.1383 .7 

.9 .6004 .7997 .7508 1.3319 .1 .4 .6613 .7501 .8816 1.1343 .6 

37.0 0.6018 0.7986 0.7536 1.3270 53.0 .5 .6626 .7490 .8847 1.1303 .5 
.1 .6032 .7976 .7563 1.3222 .9 .6 .6639 .7478 .8878 1.1263 .4 

.2 .6046 .7965 .7590 1.3175 .8 .7 .6652 .7466 .8910 1.1224 .3 

.3 .6060 .7955 .7618 1.3127 .7 .8 .6665 .7455 .8941 1.1184 .2 

.4 .6074 .7944 .7646 1.3079 .6 .9 .6678 .7443 .8972 1.1145 .1 

.5 .6088 .7934 .7673 1.3032 .5 42.0 0.6691 0.7431 0.9004 1.1106 48.0 

.6 .6101 .7923 .7701 1.2985 .4 .1 .6704 .7420 .9036 1.1067 .9 

.7 .6115 .7912 .7729 1.2938 .3 .2 .6717 .7408 .9067 1.1028 .8 

.8 .6129 .7902 .7757 1.2892 .2 .3 .6730 .7396 .9099 1.0990 .7 

.9 .6143 .7891 .7785 1.2846 .1 .4 .6743 .7385 .9131 1.0951 .6 

38.0 0.6157 0.7880 0.7813 1.2799 52.0 .5 .6756 .7373 .9163 1.0913 .5 
.1 .6170 .7869 .7841 1.2753 .9 .6 .6769 .7361 .9195 1.0875 .4 
.2 .6184 .7859 .7869 1.2708 .8 .7 .6782 .7349 .9228 1.0837 .3 
.3 .6198 .7848 .7898 1.2662 .7 .8 .6794 .7337 .9260 1.0799 .2 
.4 .6211 .7837 .7926 1.2617 .6 .9 .6807 .7325 .9293 1.0761 .1 

.5 .6225 .7826 .7954 1.2572 .5 43.0 0.6820 0.7314 0.9325 1.0724 47.0 

.6 .6239 .7815 .7983 1.2527 .4 .1 .6833 .7302 .9358 1.0686 .9 

.7 .6252 .7804 .8012 1.2482 .3 .2 .6845 .7290 .9391 1.0649 .8 

.8 .6266 .7793 .8040 1.2437 .2 .3 .6858 .7278 .9424 1.0612 J 

.9 .6280 .7782 .8069 1.2393 .1 .4 .6871 .7266 .9457 1.0575 .6 

39.0 0.6293 0.7771 0.8098 1.2349 51.0 .5 .6884 .7254 .9490 1.0538 .5 
.1 .6307 .7760 .8127 1.2305 .9 .6 .6896 .7242 .9523 1.0501 .4 
.2 .6320 .7749 .8156 1.2261 .8 .7 .6909 .7230 .9556 1.0464 .3 
.3 .6334 .7738 .8185 1.2218 .7 .8 .6921 .7218 .9590 1.0428 .2 
.4 .6347 .7727 .8214 1.2174 .6 .9 .6934 .7206 .9623 F .0392 .1 

.5 .6361 .7716 .8243 1.2131 .5 44.0 0.6947 0.7193 0.9657 1.0355 46.0 

.6 .6374 .7705 .8273 1.2088 .4 .1 .6959 .7181 .9691 1.0319 .9 

.7 .6388 .7694 .8302 1.2045 .3 .2 .6972 .7169 .9725 1.0283 .8 

.8 .6401 .7683 .8332 1.2002 .2 .3 .6984 .7157 .9759 1.0247 .7 

.9 .6414 .7672 .8361 1.1960 .1 .4 .6997 .7145 .9793 1.0212 .6 

40.0 0.6428 0.7660 0.8391 1.1918 50.0 .5 .7009 .7133 .9827 1.0176 .5 
.1 .6441 .7449 .8421 1.1875 .9 .6 .7022 .7120 .9861 1.0141 .4 
.2 .6455 .7638 .8451 1.1833 .8 .7 .7034 .7108 .9896 1.0105 .3 
.3 .6468 .7627 .8481 1.1792 .7 .8 .7046 .7096 .9930 1.0070 .2 
.4 .6481 .7615 .8511 1.1750 .6 .9 .7059 .7083 .9965 1.0035 .1 

40.5 0.6494 0.7604 0.8541 1.1708 49.5 45.0 0.7071 0.7071 1.0000 1.0000 45.0 

I cos I sin cot I tan I deg I cos sin col Ian i deg 
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dey L sin L cos L tan L cot I deg L sin I. cos I. tan L cot 

0.0 - co 0.0000 - co m 90.0 6.0 9.0192 9.9976 9.0216 0.9784 84.0 
.1 7.2419 0.0000 7.2419 2.7581 .9 .1 9.0264 9.9975 9.0289 0.9711 .9 
.2 7.5429 0.0000 7.5429 2.4571 .8 .2 9.0334 9.9975 9.0360 0.9640 .8 
.3 7.7190 0.0000 7.7190 22810 .7 .3 9.0403 9.9974 9.0430 0.9570 .7 
.4 7.8439 0.0000 7.8439 21561 .6 .4 9.0472 9.9973 9.0499 0.9501 .6 
.5 7.9408 0.0000 7.9409 2.0591 .5 .5 9.0539 9.9972 9.0567 0.9433 .5 
.6 8.0200 0.0000 8.0200 1.9800 .4 .6 9.0605 9.9971 9.0633 0.9367 .4 
.7 8.0870 0.0000 8.0870 1.9130 .3 .7 9.0670 9.9970 9.0699 0.9301 .3 
.8 8.1450 0.0000 8.1450 1.8550 .2 .8 9.0/34 9.9969 9.0764 0.9236 .2 
.9 8.1961 9.9999 8.1962 1.8038 .1 .9 9.0797 9.9968 9.0828 0.9172 .1 

T.O 8.2419 9.9999 8.2419 1.7581 89.0 7.0 9.0859 9.9968 9.0891 0.9109 83.0 
.1 8.2332 9.9999 8.2833 1.7167 .9 .1 9.0920 9.9967 9.0954 0.9046 .9 
.2 8.3210 9.9999 8.3211 1.6789 .8 .2 9.0981 9.9966 9.1015 0.8985 .8 
.3 8.3558 9.9999 8.3559 1.6441 .7 .3 9.1040 9.9965 9.1076 0.8924 .7 
.4 8.3880 9.9999 8.3881 1.6119 .6 .4 9.1099 9.9964 9.1135 0.8865 .6 
.5 8.4179 9.9999 8.4181 1.5819 .5 .5 9.1157 9.9963 9.1194 0.8806 .5 
.6 8.4459 9.9998 8.4461 1.5539 .4 .6 9.1214 9.9962 9.1252 0.8748 .4 
.7 8.4723 9.9998 8.4725 1.5275 .3 .7 9.1271 9.9961 9.1310 0.8690 .3 
.8 8.4971 9.9998 8.4973 1.5027 .2 .8 9.1326 9.9960 9.1367 0.8633 .2 
.9 8.5206 9.9998 8.5208 1.4792 .1 .9 9.1381 9.9959 9.1423 0.8577 .1 

2.0 8.5428 9.9997 8.5431 1.4569 88.0 8.0 9.1436 9.9958 9.1478 0.8522 82.0 
.1 8.5640 9.9997 8.5643 1.4357 .9 .1 9.1489 9.9956 9.1533 0.8467 .9 
.2 8.5342 9.9997 8.5345 1.4155 .8 .2 9.1542 9.9955 9.1537 0.8413 .8 
.3 8.6735 9.9996 8.638 1.3962 .7 .3 9.1594 9.9954 9.1640 0.8360 .7 
.4 8.6220 9.9996 8.6223 1.3777 .6 .4 9.1646 9.9953 9.1693 0.8307 .6 
.5 8.6397 9.9996 8.6401 1.3599 .5 .5 9.1697 9.9952 9.1745 0.8255 .5 
.6 8.6567 9.9996 8.6571 1.3429 .4 .6 9.1747 9.9951 9.1797 0.8203 .4 
7 8.6731 9.9995 8.6736 1.3264 .3 .7 9.1797 9.9950 9.1848 0.8152 .3 
.8 8.6389 9.9995 8.6394 1.3106 .2 .8 9.1347 9.9949 9.1898 0.8102 .2 
.9 8.7041 9.9994 8.7046 1.2954 .1 .9 9.1895 9.9947 9.1948 0.8052 .1 

3.0 8.7188 9.9994 8.7194 1.2806 87.0 9.0 9.1943 9.9946 9.1997 0.8003 81.0 
.1 8.7330 9.9994 8.7337 1.2663 .9 .1 9.1991 9.9945 9.2046 0.7954 .9 
.2 9.7468 9.9993 8.7475 1.2525 .8 .2 9.2338 9.9944 9.2094 0.7906 .8 
.3 8.7672 9.9993 8.7609 1.2391 .7 .3 9.2035 9.9943 9.2142 0.7858 .7 
.4 8.7731 9.9992 8.7739 1.2261 .6 .4 9.2131 9.9941 9.2189 0.7811 .6 
.5 8.7857 9.9992 8.7865 1.2135 .5 .5 9.2176 9.9940 9.2236 0.7764 .5 
.6 8.7979 9.9991 8.7988 1.2012 .4 .6 9.2221 9.9939 9.2282 0.7718 .4 
7 8.8098 9.9991 8.8107 1.1893 .3 .7 9.2266 9.9937 9.2328 0.7672 .3 
.8 8.8213 9.9990 8.8223 1.1777 .2 .8 9.2310 9.9936 9.2374 0.7626 .2 
.9 8.8326 9.9990 8.8336 1.1664 .1 .9 9.2353 9.9935 9.2419 0.7581 .1 

4.0 8.8436 9.9989 8.8446 1.1554 86.0 10.0 9.2397 9.9934 9.2463 0.7537 80.0 
.1 8.8543 9.9989 8.8554 1.1446 .9 .1 9.2439 9.9932 9.2507 0.7493 .9 
.2 8.8647 9.9988 8.8659 1.1341 .8 .2 9.2482 9.9931 9.2551 0.7449 .8 
.3 8.8749 9.9988 8.8762 1.1238 .7 .3 9.2524 9.9929 9.2594 0.7406 .7 
.4 8.8849 9.9987 8.8862 1.1138 .6 .4 9.2565 9.9928 9.2637 0.7363 .6 
.5 8.8946 9.9987 8.8960 1.1040 .5 .5 9.2606 9.9927 9.2680 0.7320 .5 
.6 8.9042 9.9986 8.9056 1.0944 .4 .6 9.2647 9.9925 9.2722 0.7278 .4 
.7 8.9135 9.9985 8.9150 1.0850 .3 .7 9.2687 9.9924 9.2764 0.7236 .3 
.8 8.9226 9.9985 8.9241 1.0759 .2 .8 9.2727 9.9922 9.2805 0.7195 .2 
.9 8.9315 9.9984 8.9331 1.0669 .1 .9 9.2767 9.9921 9.2846 0.7154 .1 

5.0 8.9403 9.9983 8.9420 1.0580 85.0 11.0 9.2806 9.9919 9.2887 0.7113 79.0 
.1 8.9489 9.9983 8.9506 1.0494 .9 .1 9.2845 9.9918 9.2927 0.7073 .9 
.2 8.9573 9.9982 8.9591 1.0409 .8 .2 9.2883 9.9916 9.2967 0.7033 .8 
.3 8.9655 9.9981 8.9674 1.0326 .7 .3 9.2921 9.9915 9.3006 0.6994 .7 
.4 8.9736 9.9981 8.9756 1.0244 .6 .4 9.2959 9.9913 9.3046 0.6954 .6 
.5 8.9816 9.9980 8.9836 1.0164 .5 .5 9.2997 9.9912 9.3085 0.6915 .5 
.6 8.9894 9.9979 8.9915 1.0085 .4 .6 9.3034 9.9910 9.3123 0.6877 .4 
.7 8.9970 9.9978 8.9992 1.0008 .3 .7 9.3070 9.9909 9.3162 0.6838 .3 
.8 9.0046 9.9978 9.0068 0.9932 .2 .8 9.3107 9.9907 9.3200 0.6800 .2 
.9 9.0120 9.9977 9.0143 0.9857 .1 .9 9.3143 9.9906 9.3237 0.6763 .1 

6.0 9.0192 9.9976 9.0216 0.9784 84.0 12.0 9.3179 9.9904 9.3275 0.6725 78.0 

I L cos 
1 L sin L cot I L tan I d411 I I L cos 

I 
I. sin I L cot I L tan 1 dey 



Logarithms of trigonometric functions 

for decimal fractions of a degree continued 

deg I L sin I L cos I L tan 
1 

L col 

MATHEMATICAL TABLES 311 

I L si, I L cos 
1 L tan I L eat 1 

12.0 9.3179 9.9904 9.3275 0.6725 78.0 10.0 9.4900 9.9782 9.5118 0.4E82 720 
.1 9.3214 9.9902 9.3312 0.6688 .9 .I 9.4923 9.9780 9.5143 0.48.7 .9 
.2 9.3250 9.9901 9.3349 0.6651 .8 .2 9.4946 9.9777 9.5169 0.4831 .8 
.3 9.3284 9.9899 9.3385 0.6615 .7 .3 9.4969 9.9775 9.5195 0.4835 .7 
.4 9.3319 9.9897 9.3422 0.6578 .6 .4 9.4992 9.9772 9.5220 0.4780 6 
.5 9.3353 9.9896 9.3458 0.6542 .5 .5 9.5015 9.9770 9.5245 0.4755 .6 
.6 9.3387 9.9894 9.3493 0.6527 .4 .6 9.5037 9.9767 9.5270 0.4730 .1 
.7 9.3421 9.9892 9.3529 0.6471 .3 .7 9.5060 9.9764 9.5295 0.4705 .3 
.8 9.3455 9.9891 9.3564 0.6436 .2 .8 9.5082 9.9762 9.5320 0.4680 .2 
.9 9.3488 9.9889 9.3599 0.6401 .1 .9 9.5104 9.9759 9.5345 0.4655 .1 

13.0 9.3521 9.9887 9.3634 0.6366 77.0 19.0 9.5126 9.9757 9.5370 0.4630 71.0 
.1 9.3554 9.9E85 9.3668 0.6332 .9 .I 9.5148 9.9754 9.5394 0.4606 .9 
.2 9.3586 9.9884 9.3702 0.6298 .8 .2 9.5170 9.9751 9.5419 0.4581 .8 
.3 9.3618 9.9882 9.3736 0.6264 .7 .3 9.5192 9.9749 9.5443 0.4557 .7 
.4 9.3650 9.9880 9.3770 0.6230 .6 .4 9.5213 9.9746 9.5467 0.4533 .6 
.5 9.3682 9.9878 9.3E04 0.6196 .5 .5 9.5235 9.9743 9.5491 0.4509 .5 
.6 9.3713 9.9876 9.3837 0.6163 .4 .6 9.5256 9.9741 9.5516 0.4484 .4 
.7 9.3745 9.9875 9.3870 0.6133 .3 .7 9.5278 9.9738 9.5539 0.4461 .3 
.8 9.3775 9.9873 9.3903 0.6C97 .2 .8 9.5299 9.9735 9.5563 0.4437 .2 
.9 9.3806 9.9871 9.3935 0.6065 .1 .9 9.5320 9.9733 9.5587 0.4413 J 

14.0 9.3837 9.9869 9.3968 0.6032 76.0 20.0 9.5341 9.9730 9.5611 0.4389 70.0 
.1 9.3867 9.9867 9.4000 0.6000 .9 .I 9.5361 9.9727 95634 0.4366 .9 

.2 9.3897 9.9865 9.4C32 0.5968 .8 .2 9.5382 9.9724 9.5658 0.4342 .8 

.3 9.3927 9.9863 9.4064 0.5936 .7 .3 9.5402 9.9722 9.5581 0.4319 .7 

.4 9.3957 9.9861 9.4095 0.5905 .6 .4 9.5423 9.9719 9.5704 0.4296 .6 

.5 9.3986 9.9859 9.4127 0.5873 .5 .5 9.5443 9.9716 9.5727 0.4273 .8 

.6 9.4015 9.9857 9.4158 0.5842 .4 .6 9.5463 9.9713 9.5750 0.4250 .4 

.7 9.4044 9.9855 9.4189 0.5811 .3 .7 9.5434 9.9710 9.5773 0.4227 .3 

.8 9.4C73 9.9853 9.4220 0.5780 .2 .8 9.5504 9.9707 9.5796 0.4204 .2 
.9 9.4102 9.9851 9.4250 0.5750 .1 .9 9.5523 9.9704 9.5819 0.4181 .1 

15.0 9.4130 9.9849 9.4281 0.5719 75.0 21.0 9.5543 9.9702 9.5842 0.4158 69.0 
.1 9.4158 9.9847 9.4311 0.5689 .9 .1 9.5563 9.0699 9.5364 0.4136 .9 
.2 9.4186 9.9845 9.4341 0.5659 .8 .2 9.5523 9.9196 9.5337 0.4113 .8 
.3 9.4214 9.9843 9.4371 0.5629 .7 .3 9.5602 9.9693 9.5909 0.4091 .7 
.4 9.4242 9.9841 9.4400 0.5600 .6 .4 9.5621 9.9690 9.5932 0.4068 .6 
.5 9.4269 9.9839 9.4430 0.5570 .5 .5 9.5641 9.9687 9.5954 0.4046 .5 
.6 9.4296 9.9837 9.4459 0.5541 .4 .6 9.5660 9.9684 9.5976 0.4024 .4 
.7 9.4323 9.9835 9.4488 0.5512 .3 .7 9.5679 9.9681 9.5998 0.4022 .3 
.8 9.4350 9.9833 9.4517 0.5483 .2 .8 9.5698 9.9678 9.6020 0.3937 .2 
.9 9.4377 9.9831 9.4546 0.5454 .1 .9 9.5717 9.9675 9.6042 0.3958 J 

16.0 9.4403 9.9828 9.4575 0.5425 74.0 22.0 9.5736 9.9672 9.6064 0.3936 68.0 
.1 9.4430 9.9826 9.4603 0.5397 .9 .1 9.5754 9.9669 9.6086 0.3914 .9 
.2 9.4456 9.9824 9.4632 0.5368 .8 .2 9.5773 9.9666 9.6108 0.3392 .8 
.3 9.4482 9.9822 9.4660 0.5340 .7 .3 9.5792 9.9662 9.6129 0.3871 .7 

.4 9.4508 9.9820 9.4688 0.5312 .6 .4 9.5910 9.9659 9.6151 0.3849 .6 

.5 9.4'.33 9.9817 9.4716 0.5284 .5 .5 9.5828 9.9656 9.6172 0.3873 .5 

.6 9.4559 9.9815 9.4744 0.5256 .4 .6 9.5847 9.9653 9.6194 0.3526 .4 

.7 9.4584 9.9813 9.4771 0.5229 .3 .7 9.5965 9.9650 9.6215 0.3785 .3 

.8 9.4609 9.9811 9.4799 0.5201 .2 .8 9.5833 9.9647 9.6236 0.3764 .2 

.9 9.4634 9.9808 9.4826 0.5174 .1 .9 9.5901 9.9643 9.6257 0.3743 .1 

17.0 9.4659 9.9806 9.4853 0.5147 73.0 23.0 9.5919 9.9640 9.6279 0.3721 67.0 
.1 9.4684 9.9804 9.4880 0.5120 .9 .1 9.5937 9.9637 9.6300 0.3707 .9 

.2 9.4709 9.9801 9.4907 0.5093 .8 .2 9.5954 9.9634 9.6321 0.3679 .8 

.3 9.4733 9.9799 9.4934 0.5066 .7 .3 9.5972 9.9631 9.6341 0.3659 .7 

.4 9.4757 9.9797 9.4961 0.5039 .6 .4 9.5990 9.9627 9.6362 0.3638 6 

.5 9.4781 9.9794 9.4987 0.5013 .5 .5 9.6007 9.9624 9.6383 0.3617 .5 

.6 9.4805 9.9792 9.5014 0.4986 .4 .6 9.6024 9.9621 9.6404 0.3596 .4 

.7 9.4829 9.9789 9.5040 0.4960 .3 .7 9.6042 9.9617 9.6424 0.3576 .3 

.8 9.4853 9.9787 9.5066 0.4934 .2 .8 9.6059 9.9614 9.6445 0.3555 .2 

.9 9.4876 9.9785 9.5092 0.4908 .1 .9 9.6076 9.9611 9.6465 0.3535 .1 

18.0 9.4900 9.9782 9.5118 0.4882 72.0 24.0 9.6093 9.9607 9.6486 0.3511 66.0 

I L cos I L sin I L cot 1 L lin I dog I I L cos I L sin L cot L tan I dog 
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for decimal fractions of a degree continued 

op i sin r L cos L tan L col ! I deg I L sin L eos L in I L col I 

24.0 9.6093 9.9607 9.6486 0.3514 66.0 30.0 9.6990 9.9375 9.7614 0.2386 60.0 
.1 9.6110 9.9604 9.6506 0.3494 .9 .1 9.7003 9.9371 9.7632 0.2368 .9 2 9.6127 9.9601 9.6527 0.3473 .8 .2 9.7016 9.9367 9.7649 0.2351 .8 
.3 9.6144 9.9597 9.6547 0.3453 .7 .3 9.7029 9.9362 9.7667 0.2333 .7 
.4 9.6161 9.9594 9.6567 0.3433 .6 .4 9.7042 9.9358 9.7694 0.2316 .6 
.5 9.6177 9.9590 9.6587 0.3413 .5 .5 9.7055 9.9353 9.7701 0.2299 .5 
.6 9.6194 9.9587 9.6607 0.3393 .4 .6 9.7068 9.9349 9.7719 0.2281 .4 
.7 9.6210 9.9583 9.6627 0.3373 .3 .7 9.7080 9.9344 9.7736 92264 .3 
.8 9.6227 9.9580 9.6647 0.3353 .2 .8 9.7093 9.9340 9.7753 0.2247 .2 
.9 9.6243 9.9576 9.6667 0.3333 .1 .9 9.7106 9.9335 9.7771 0.2229 .1 

25.0 9.6259 9.9573 9.6687 0.3313 65.0 31.0 9.7118 9.9331 9.7788 0.2212 39.0 
.1 9.6276 9.9569 9.6706 0.3294 .9 .1 9.7131 9.9326 9.7805 0.2195 .9 
.2 9.6292 9.9566 9.6726 0.3274 .8 .2 9.7144 9.9322 9.7822 0.2178 .8 
.3 9.6338 9.9562 9.6746 0.3254 .7 .3 9.7156 9.9317 9.7839 0.2161 .7 
.4 9.6324 9.9558 9.6765 0.3235 .6 .4 9.7168 9.9312 9.7856 0.2144 .6 
.5 9.6340 9.9555 9.6785 0.3215 .5 .5 9.7181 9.9308 9.7873 0.2127 .5 
.6 9.6356 9.9551 9.6304 0.3196 .4 .6 9.7193 9.9303 9.7890 0.2110 .4 
7 9.6371 9.9548 9.6324 0.3176 .3 .7 9.7205 9.9298 9.7907 0.2093 .3 
.8 9.6397 9.9544 9.6343 0.3157 .2 .8 9.7218 9.9294 9.7924 0.2076 .2 
.9 9.6403 9.9540 9.6863 0.3137 .1 .9 9.7230 9.9289 9.7941 0.2059 .1 

26.0 9.6418 9.9537 9.6882 0.3118 64.0 32.0 9.7242 9.9284 9.7958 0.2042 58.0 
.1 9.6434 9.9533 9.6901 0.3099 .9 .1 9.7254 9.9279 9.7975 0.2025 .9 
.2 9.6449 9.9529 9.6920 0.3080 .8 .2 9.7266 9.9275 9.7992 0.2008 .8 
.3 9.6465 9.9525 9.6939 0.3061 .7 .3 9.7278 9.9270 9.8008 0.1992 .7 
.4 9.6430 9.9522 9.6958 0.3042 .6 .4 9.7290 9.9265 9.8025 0.1975 .6 
S 9.6495 9.9518 9.6977 0.3023 .5 .5 9.7302 9.9260 9.8042 0.1958 .5 
.6 9.6510 9.9514 9.6996 0.3034 .4 .6 9.7314 9.9255 9.8059 0.1941 .4 
7 9.6526 9.9510 9.7015 0.2985 .3 .7 9.7326 9.9251 9.8075 0.1925 .3 
.8 9.6541 9.9506 9.7034 0.2966 .2 .8 9.7338 9.9246 9.8092 0.1908 .2 
.9 9.6556 9.9503 9.7053 0.2947 .1 .9 9.7349 9.9241 9.8109 0.1891 .1 

27.0 9.6570 9.9499 9.7072 0.2928 63.0 33.0 9.7361 9.9236 9.8125 0.1875 57.0 
.1 9.6585 9.9495 9.7090 0.2910 .9 .1 9.7373 9.9231 9.8142 0.1858 .9 
.2 9.6600 9.9491 9.7109 0.2891 .8 .2 9.7384 9.9226 9.8158 0.1842 .8 
.3 9.6615 9.9487 9.7128 0.2872 .7 .3 9.7396 9.9221 9.8175 0.1825 .7 
.4 9.6629 9.9483 9.7146 0.2854 .6 .4 9.7407 9.9216 9.8191 0.1809 .6 
.5 9.6644 9.9479 9.7165 0.2835 .5 .5 9.7419 9.9211 9.8208 0.1792 .5 
.6 9.6659 9.9475 9.7183 0.2817 .4 .6 9.7430 9.9206 9.8224 0.1776 .4 
.7 9.6673 9.9471 9.7202 0.2798 .3 .7 9.7442 9.9201 9.8241 0.1759 .3 
.8 9.6687 9.9467 9.7220 0.2780 .2 .8 9.7453 9.9196 9.8257 0.1743 .2 
.9 9.6702 9.9463 9.7238 0.2762 .1 .9 9.7464 9.9191 9.8274 0.1726 .1 

21.0 9.6716 9.9459 9.7257 0.2743 62.0 34.0 9.7476 9.9186 9.8290 0.1710 56.0 
.1 9.6730 9.9455 9.7275 0.2725 .9 .1 9.7487 9.9181 9.8306 0.1694 .9 
.2 9.6744 9.9451 9.7293 0.2707 .8 .2 9.7498 9.9175 9.8323 0.1677 .8 
.3 9.6759 9.9447 9.7311 0.2689 .7 .3 9.7509 9.9170 9.8339 0.1661 .7 
.4 9.6773 9.9443 9.7330 0.2670 .6 .4 9.7520 9.9165 9.8355 0.1645 .6 
.5 9.6787 9.9439 9.7348 0.2652 .5 .5 9.7531 9.9160 9.8371 0.1629 .5 
.6 9.6801 9.9435 9.7366 0.2634 .4 .6 9.7542 9.9155 9.8388 0.1612 .4 
.7 9.6814 9.9431 9.7384 0.2616 .3 .7 9.7553 9.9149 9.8404 0.1596 .3 
.8 9.6828 9.9427 9.7402 0.2598 .2 .8 9.7564 9.9144 9.8420 0.1580 .2 
.9 9.6842 9.9422 9.7420 0.2580 .1 .9 9.7575 9.9139 9.8436 0.1564 .1 

29.0 9.6856 9.9418 9.7438 0.2562 61.0 33.0 9.7586 9.9134 9.8452 0.1548 55.0 
.1 9.6869 9.9414 9.7455 0.2545 .9 .1 9.7597 9.9128 9.8468 0.1532 .9 
.2 9.6883 9.9410 9.7473 0.2527 .8 .2 9.7607 9.9123 9.8484 0.1516 .8 
.3 9.6896 9.9406 9.7491 0.2509 .7 .3 9.7618 9.9118 9.8501 0.1499 .7 
.4 9.6910 9.9401 9.7509 0.2491 .6 .4 9.7629 9.91 '2 9.8517 0.1483 .6 
.5 9.6923 9.9397 9.7526 0.2474 .5 .5 9.7640 9.9107 9.8533 0.1467 .5 
.6 9.6937 99303 9.7544 0.2456 .4 .6 9.7650 9.9'01 9.8549 0.1451 .4 
J 9.6950 9.9388 9.7562 0.2438 .3 .7 9.7661 9.9006 9.8565 0.1435 .3 
.8 9.6963 9.9384 9.7579 0.2421 .2 .8 9.7671 9.9091 9.8581 0.1419 .2 
.9 9.6977 9.9380 9.7597 0.2403 .1 .9 9.7682 9.9085 9.8597 0.1403 .1 

30.0 9.6990 9.9375 9.7614 0.2386 60.0 36.0 9.7692 9.9080 9.8613 0.1387 54.0 

I L cos 
I L sin 

I L cot 
I L tan I dog 1 I L cos I. sin L cot L tan 

I dog 
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for decimal fractions of a degree continued 

dag I L sin I L cos I L tan L cot I deg I I. sin L cas L ton L cot 

36.0 9.7692 9.9080 9.8613 0.1337 54.0 40.5 9.8125 9.8810 9.9315 0.0685 49.5 
.1 9.7703 9.9074 9.8629 0.1371 .9 .6 9.8134 9.8804 9.9333 0.C670 .4 
.2 9.7713 9.9069 9.8644 0.1356 .8 .7 9.3143 9.8797 9.9346 0.0654 .3 
.3 9.7723 9.9063 9.8660 0.1340 .7 .8 9.8152 9.8791 9.9361 0.0639 .2 
.4 9.7734 9.9057 9.8676 0.1324 .6 .9 9.8161 9.8784 9.9376 0.0624 .1 

.5 9.7744 9.9052 9.8692 0.1308 .5 41.0 9.8169 9.8778 9.9392 0.0608 49.0 

.6 9.7754 9.9346 9.8708 0.1292 .4 .1 9.3178 9.8771 9.9407 0.0593 .9 

.7 9.7764 9.9341 9.8724 0.1276 .3 .2 9.8187 9.8765 9.9422 0.C578 .8 

.8 9.7774 9.9035 9.8740 0.1260 .2 .3 9.3195 9.3758 9.9438 0.0562 .7 

.9 9.7785 9.9029 9.8755 0.1245 .1 .4 9.8204 9.8751 9.9453 0.0547 .6 

37.0 9.7795 9.9023 9.8771 0.1229 53.0 .5 9.8213 9.8745 9.9468 0.0532 .5 
.1 9.7805 9.9018 9.8787 0.1213 .9 .6 9.3221 9.6738 9.9483 0.0517 .4 
.2 9.7015 9.9012 9.8803 0.1197 .8 .7 9.6230 9.2731 9.9499 0.0501 .3 
.3 9.7825 9.9006 9.8818 0.1182 .7 .8 9.3238 9 .3724 9.9514 0.0486 .2 
.4 9.7835 9.9000 9.8834 0.1166 .6 .9 9.8247 9.8718 9.9529 0.0471 .1 

.5 9.7844 9.8995 9.8850 0.1150 .5 42.0 9.8255 9.8711 9.9544 0.0456 48.0 

.6 9.7854 9.8789 9.8365 0.1135 .4 .1 9.8264 9.3704 9.9560 0.0440 .9 

.7 9.7864 9.783 9.8881 0.1119 .3 .2 9.0272 9.8697 9.9375 0.0425 .8 

.8 9.7874 9.6777 9.8897 0.1103 .2 .3 9.8280 9.3690 9.9590 0.0410 .7 

.9 9.7884 9.8971 9.8912 0.1088 .1 .4 9.8289 9.8683 9.9605 0.0395 .6 

38.0 9.7893 9.8965 9.8928 0.1072 52.0 .5 9.8297 9.8676 9.9621 0.0379 .5 
.1 9.7903 9.8959 9.8944 0.1056 .9 .6 9.8305 9.8669 9.9636 0.0364 .4 
.2 9.7913 9.8953 9.8959 0.1041 .8 .7 9.3313 9.8662 9.9651 0.0349 .3 
.3 9.7922 9.8947 9.8975 0.1025 .7 .8 9.8322 9.8655 9.9666 0.0334 .2 
.4 9.7932 9.8941 9.8990 0.1010 .6 .9 9.8330 9.8648 9.9681 0.0319 .1 

.5 9.7941 9.8935 9.9006 0.0994 .5 43.0 9.8338 9.8641 9.9697 0.0303 47.0 

.6 9.7951 9.8929 9.9022 0.0978 .4 .1 9.8346 9.8634 9.9712 0.0288 .9 

.7 ' 9.7960 9.8923 9.9037 0.0963 .3 .2 9.8354 9.8627 9.9727 0.0273 .8 

.8 9.7970 9.8917 9.9053 0.0947 .2 .3 9.8362 9.8620 9.9742 0.0258 .7 

.9 9.7979 9.8911 9.9068 0.0932 .1 .4 9.8370 9.8613 9.9757 0.0243 .6 

39.0 9.7989 9.8905 9.9084 0.0916 51.0 .5 9.8378 9.8606 9.9772 0.0228 .5 
.1 9.7998 9.8899 9.9099 0.0901 .9 .6 9.8386 9.8598 9.9788 0.0212 .4 
.2 9.8C07 9.8893 9.9115 0.0885 .8 .7 9.8394 9.8591 9.9803 0.0197 .3 
.3 9.8017 9.8887 9.9130 0.0870 .7 .8 9.8402 9.8584 9.9818 0.0182 .2 
.4 9.8026 9.8880 9.9146 0.0854 .6 .9 9.8410 9.8577 9.9833 0.0167 .1 

.5 9.8035 9.8874 9.9161 0.0839 .5 44.0 9.8418 9.8569 9.9848 0.0152 46.0 
.6 9.8044 9.8868 9.9176 0.0824 .4 .1 9.8426 9.8562 9.9864 0.0136 .9 
.7 9.8053 9.8862 9.9192 0.0808 .3 .2 9.8433 9.8555 9.9879 0.0121 .8 
.8 9.8063 9.8855 9.9207 0.0793 .2 .3 9.8441 9.8547 9.9894 0.0106 .7 
.9 9.8072 9.8849 9.9223 0.0777 .1 .4 9.8449 9.8540 9.9909 0.0091 .6 

40.0 9.8081 9.8843 9.9238 0.0762 50.0 .5 9.8457 9.8532 9.9924 0.0076 .5 
.1 9.8090 9.8836 9.9254 0.0746 .9 .6 9.8464 9.8525 9.9939 0.0061 .4 

.2 9.8099 9.8830 9.9269 0.0731 .8 .7 9.8472 9.8517 9.9955 0.0045 .3 

.3 9.8108 9.8823 9.9284 0.0716 .7 .8 9.8480 9.8510 9.9970 0.0030 .2 

.4 9.8117 9.8817 9.9300 0.0700 .6 .9 9.8487 9.8502 9.9985 0.0015 .1 

40.5 9.81'45 9.8810 9.9315 0.0685 49.5 45.0 9.8495 9.8495 0.0000 0.0000 45.0 

I L cos 
I L sin 

I L cot I I. ton I dog I I 
L cos I L sin L col L tan I deg 
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Natural logarithms 

0 1 l 2 3 4 S 6 
I 

7 >! 9 
1 2 

man 
3 

tlRronneef 

I 
4 S 6 7 9 

1.0 0.0000 0100 0198 0296 0392 0488 0583 0677 0770 0862 10 19 29 38 48 57 67 76 86 

1.1 0.0953 1044 1133 1222 1310 1398 1484 1570 1655 1740 9 17 26 35 44 52 61 70 78 

1.2 0.1023 1906 1989 2370 2151 2231 2311 2390 2469 2546 8 16 24 32 40 48 56 64 72 

1.3 0.2624 2700 2776 2352 2927 3031 3075 3148 3221 3293 7 15 22 30 37 44 52 59 67 

1.4 0.3365 3436 3507 3577 3646 3716 3784 3853 3920 3988 7 14 21 28 35 41 48 55 62 

1.5 0.4055 4121 4187 4253 4318 4383 4447 4511 4574 4637 6 13 19 26 32 39 45 52 58 

1.6 0.4700 4762 4824 4036 4947 5008 5068 5128 5188 5247 6 12 18 24 30 36 44 48 55 

1.7 0.5306 5355 5423 5431 5539 5596 5653 5710 5766 5822 6 I I 17 23 29 34 40 46 51 

1.8 0.5078 5933 5988 6343 6098 6152 6236 6259 6313 6366 5 11 16 22 27 32 38 43 49 

1.9 0.6419 6471 6523 6575 6627 6678 6729 6780 6831 6881 5 10 15 20 26 31 36 41 46 

2.0 0.6931 6981 7031 7080 7129 7178 7227 7275 7324 7372 5 10 15 20 24 29 34 39 44 

21 0.7419 7467 7514 7561 7638 7655 7701 7747 7793 7839 5 9 14 19 23 28 33 37 42 

2.2 07835 7930 7975 8020 8365 8109 8154 8198 8242 8286 4 9 13 18 22 27 31 36 40 

23 0.8329 8372 8416 8459 8532 8544 8537 8629 8671 8713 4 9 13 17 21 26 33 34 38 

2.4 08755 8796 8838 8879 8920 8961 9002 9042 9083 9123 4 8 12 16 20 24 29 33 37 

23 09163 9203 9243 9282 9322 9361 9400 9439 9478 9517 4 8 12 16 20 24 27 31 35 

26 09555 9594 9632 9670 9708 9746 9783 9821 9858 9895 4 8 11 15 19 23 26 30 34 

2.7 09933 9969 1.0306 0343 0330 0116 0152 0188 0225 0260 4 7 11 15 18 22 25 29 33 

2.8 1.0296 0332 0367 0433 0438 0473 0538 0543 0578 0613 4 7 11 14 IB 21 25 28 32 

2.9 1.0647 0682 0716 0750 0784 0818 0852 0886 0919 0953 3 7 10 14 17 20 24 27 31 

3.0 1.0986 1019 1053 1086 1119 1151 1184 1217 1249 1282 3 7 10 13 16 20 23 26 30 

3.1 1.1314 1346 1378 1410 1442 1474 1506 1537 1569 1603 3 6 10 13 16 19 22 25 29 

3.2 1.1632 1663 1694 1725 1756 1787 1817 1848 1878 1909 3 6 9 12 15 18 22 25 28 

3.3 1.1939 1969 2330 2330 2360 2090 2119 2149 2179 2233 3 6 9 12 15 18 21 24 27 

3.4 1.7238 2267 2296 2326 2355 2384 2413 2442 2470 2499 3 6 9 12 15 17 20 23 26 

3.3 1.2528 2556 2585 2613 2641 2669 2698 2726 2754 2782 3 6 8 11 14 17 20 23 25 

3.6 1.2809 2837 2865 2892 2920 2947 2975 3002 3029 3056 3 5 8 11 14 16 19 22 25 

3.7 1.3333 3110 3137 3164 3191 3218 3244 3271 3297 3324 3 5 8 II 13 16 19 21 24 

3.8 1.3350 3376 3433 3429 3455 3431 3507 3533 3558 3584 3 5 8 10 13 16 18 21 23 

3.9 1.3610 3635 3661 3686 3712 3737 3762 3788 3813 3838 3 5 8 10 13 15 18 23 23 

4.0 1.3863 3888 3913 3938 3962 3987 4012 4036 4061 4085 2 5 7 10 12 15 17 20 22 

4.1 1.4110 4134 4159 4183 4237 4231 4255 4279 4303 4327 2 5 7 10 12 14 17 19 22 

4.2 1.4351 4375 4398 4422 4446 4469 4493 4516 4540 4563 2 5 7 9 12 14 16 19 21 

4.3 1.4586 4609 4633 4656 4679 4702 4725 4748 4770 4793 2 5 7 9 12 14 16 18 21 

4.4 1.4816 4839 4861 4884 4907 4929 4951 4974 4996 5019 2 5 7 9 11 14 16 18 20 

4.5 1.5041 5063 5085 5107 5129 5151 5173 5195 5217 5239 2 4 7 9 11 13 15 18 20 

46 1.5261 5282 5304 5326 5347 5369 5390 5412 5433 5454 2 4 6 9 lI 13 15 17 19 

4.7 1.5476 5497 5518 5539 5560 5581 5602 5623 5644 5665 2 4 6 8 11 13 15 17 19 

4.8 1.5686 5707 5728 5748 5769 5790 5810 5831 5851 5872 2 4 6 8 10 12 14 16 19 

4.9 1.5892 5913 5933 5953 5974 5994 6014 6034 6054 6074 2 4 6 8 10 12 14 16 18 

5.0 1.6094 6114 6134 6154 6174 6194 6214 6233 6253 6273 2 4 6 8 10 12 14 16 18 

5.1 1.6292 6312 6332 6351 6371 6390 6409 6429 6448 6467 2 4 6 8 10 12 14 16 18 

5.2 1.6487 6506 6525 6544 6563 6582 6601 6620 6639 6658 2 4 6 8 10 II 13 15 17 

5.3 1.6677 6696 6715 6734 6752 6771 6790 6808 6827 6845 2 4 6 7 9 11 13 15 17 

5.4 1.6864 6882 6901 6919 6938 16956 6974 6993 7011 7029 2 4 5 7 9 11 13 15 17 

Natural logarithms of 10+n 

n I 1 1 2 
1 

3 4 I 
5 

1 
6 

1 
7 

I 
s 

1 
9 

1064 10^ 
I 

2.3026 I 4.6052 I 6.9078 I 9.2103 I 
11.5129 I 13.8155 I 

16.1181 I 18.4207 20.7233 
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Natural logarithms continued 

0 1 2 3 I 4 5 I 6 I 7 I 9 
1 4 

mean dlRnnnens 
31 4 b 61 7! 9 

5.3 1.1047 7066 7084 7;02 7120 7138 7156 7174 7192 7210 2 4 5 7 9 11 13 14 16 

5.6 1.7228 7246 7263 7281 7299 7317 7334 7352 7370 7387 2 4 5 7 9 11 12 14 16 

5.7 1.7405 7422 7440 7457 7475 7492 7509 7527 7544 7561 2 3 .5 7 9 10 12 14 16 

5.8 1.7579 7596 7613 7630 7647 7664 7681 7699 7716 7733 2 3 5 7 9 10 12 14 15 

5.9 1.7750 7766 7783 7800 7817 7834 7851 7867 7884 7901 2 3 5 7 8 10 12 13 15 

6.0 1.7918 7934 7951 7967 7984 8001 8017 8034 8050 8066 2 3 5 7 8 10 12 13 15 

6.1 1.8083 8099 8116 8132 8148 8165 8181 8197 8213 8229 2 3 5 6 8 10 11 13 15 

6.2 1.8245 8262 8278 8294 8310 8326 8342 8358 8374 8390 2 3 5 6 8 10 11 13 14 

6.3 1.8405 8421 8437 8453 8469 8485 8500 8516 8532 8.547 2 3 5 6 8 9 11 13 14 

6.4 1.8563 8579 8594 8610 8625 8641 8656 8672 8687 8703 2 3 5 6 8 9 11 12 14 

6.5 1.8718 8733 8749 8764 8779 8795 8810 8825 8840 8856 2 3 5 6 8 9 11 12 14 

6.6 1.8871 8886 8901 8916 8931 8946 8961 8976 8991 9006 2 3 5 6 8 9 II 12 14 

6.7 1.9021 9036 9051 9066 9081 9095 9110 9125 9140 9155 1 3 4 6 7 9 10 12 13 

6.8 1.9169 9184 9199 9213 9228 9242 9257 9272 9286 9301 1 3 4 6 7 9 10 12 13 

6.9 1.9315 9330 9344 9359 9373 9387 9402 9416 9430 9445 1 3 4 6 7 9 10 12 13 

7.0 1.9459 9473 9488 9502 9516 9530 9544 9559 9573 9587 1 3 4 6 7 9 10 11 13 

7.1 1.9601 9615 9629 9643 9657 9671 9685 9699 9713 9727 1 3 4 6 7 8 10 11 13 

7.2 1.9741 9755 9769 9782 9796 9810 9824 9838 9851 9865 1 3 4 6 7 8 10 11 12 

7.3 1.9879 9892 9906 9920 9933 9947 9961 9974 9988 2.0001 1 3 4 5 7 8 10 11 12 

7.4 2.0015 0028 0042 0055 0069 0082 0096 0109 0122 0136 1 3 4 5 7 8 9 11 12 

7.6 2.0149 0162 0176 0189 0202 0215 0229 0242 0255 0268 1 3 4 5 7 8 9 11 12 

7.6 2.0281 0295 0308 0321 0334 0347 0360 0373 0386 0399 1 3 4 5 7 8 9 10 12 

7.7 2.0412 0425 0438 0451 0464 0477 0490 0503 0516 0528 1 3 4 5 6 8 9 10 12 

7.8 2.0541 0554 0567 0580 0592 0605 0618 0631 0643 0656 1 3 4 5 6 8 9 10 11 

7.9 2.0669 0681 0694 0707 0719 0732 0744 0757 0769 0782 1 3 4 5 6 8 9 10 II 

71.0 2.0794 0807 0819 0832 0844 0857 0869 0882 0894 0906 1 3 4 5 6 7 9 10 11 

8.1 2.0919 0931 0943 0956 0968 0980 0992 1005 1017 1029 1 2 4 5 6 7 9 10 11 

8.2 2.1041 1054 1066 1078 1090 1102 1114 1126 1138 1150 1 2 4 5 6 7 9 10 11 

8.3 2.1163 1175 1187 1199 1211 1223 1235 1247 1258 1270 1 2 4 5 6 7 8 10 11 

8.4 2.1282 1294 1306 1318 1330 1342 1353 1365 1377 1389 1 2 4 5 6 7 8 9 11 

3.5 2.1401 1412 1424 1436 1448 1459 1471 1483 1494 1506 1 2 4 5 6 7 8 9 11 

8.6 2.1518 1529 1541 1552 1564 1576 1587 1599 1610 1622 1 2 3 5 6 7 8 9 10 

8.7 2.1633 1645 1656 1668 1679 1691 1702 1713 1725 1736 I 2 3 5 6 7 8 9 10 

8.8 2.1748 1759 1770 1782 1793 1804 1815 1827 1838 1849 1 2 3 5 6 7 8 9 10 

8.9 2.1861 1872 1883 1894 1905 1917 1928 1939 1950 1961 1 2 3 4 6 7 8 9 10 

9.0 2.1972 1983 1994 2006 2017 2028 2039 2050 2061 2072 1 2 3 4 6 7 8 9 10 

9.1 2.2083 2094 2105 2116 2127 2138 2148 2159 2170 2181 1 2 3 4 5 7 8 9 10 

9.2 2.2192 2203 2214 2225 2235 2246 2257 2268 2279 2289 1 2 3 4 5 6 8 9 10 

9.3 2.2300 2311 2322 2332 2343 2354 2364 2375 2386 2396 1 2 3 4 5 6 7 9 10 

9.4 2.2407 2418 2428 2439 2450 2460 2471 2481 2492 2502 1 2 3 4 5 6 7 8 10 

9.3 2.2513 2523 2534 2544 2555 2565 2576 2586 2597 2607 1 2 3 4 5 6 7 8 9 

9.6 2.2618 2628 2638 2649 2659 2670 2680 2690 2701 2711 1 2 3 4 5 6 7 8 9 

9.7 2.2721 2732 2742 2752 2762 2773 2783 2793 2803 2814 I 2 3 4 5 6 7 8 9 

9.8 2.2824 2834 2844 2854 2865 2875 2885 2895 2905 2915 1 2 3 4 5 6 7 8 9 

9.9 2.2925 2935 2946 2956 2966 2976 2986 2996 3006 3016 1 2 3 4 5 6 7 8 9 
in ? naw. 

Natural logarithms of 10-n 

n I 1 I 4 
1 

3 
1 4 1 

5 I 6 I 7 I I 9 

loge IC" I 3.6974 I 53948 I 7.0922 I 10.7897 12.4871 I 14.1845 7.8819 19.5793 I 21.2767 
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Hyperbolic sines [sinh x = %(e= - e-11 

X 0 1 2 3 4 5 6 7 11 9 °Va difl 

D.0 0.0000 0.0100 0.0200 0.0300 0.0400 0.0500 0.0600 0.0701 0.0801 0.0901 100 
.1 C.1002 0.1102 0.1203 0.1304 0.1405 0.1506 0.1607 0.1708 0.1810 0.1911 101 

.2 0.2C13 0.2115 0.2218 0.2320 0.2423 0.2526 0.2629 0.2733 0.2837 0.2941 103 

.3 0.3045 0.3150 0.3255 0.3360 0.3466 0.3572 0.3678 0.3785 0.3892 0.4000 106 

.4 0.4108 0.4216 0.4325 0.4434 0.4543 0.4653 0.4764 0.4875 0.4986 0.5098 110 

0.5 0.5211 0.5324 0.5438 0.5552 0.5666 0.5782 0.5897 0.6014 0.6131 0.6248 116 

.6 C.6367 0.6485 0.6605 0.6725 0.6846 0.6967 0.7090 0.7213 0.7336 0.7461 122 

.7 C.7586 0.7712 0.7838 0.7966 0.8094 0.8223 0.8353 0.8484 0.8615 0.8748 130 

.8 C.8881 0.9015 0.9150 0.9286 0.9423 0.9561 0.9700 0.9840 0.9981 1.012 138 

.9 1.027 1.041 1.055 1.070 1.085 1.099 1.114 1.129 1.145 1.160 15 

1.0 1.175 1.191 1.206 1.222 1.238 1.254 1.270 1.286 1.303 1.319 16 
.1 1.336 1.352 1.369 1.386 1.403 1.421 1A38 1.456 1.474 1.491 17 

.2 1.509 1.528 1.546 1.564 1.583 1.602 1.621 1.640 1.659 1.679 19 

.3 1.698 1.718 1.738 1.758 1.779 1.799 1.820 1.841 1.862 1.883 21 

.4 1.904 1.926 1.948 1.970 1.992 2.014 2.037 2.060 2.083 2.106 22 

1.5 2.129 2.153 2.177 2.201 2.225 2.250 2.274 2.299 2.324 2.350 25 
.6 2.376 2.401 2.428 2.454 2.481 2.507 2.535 2.562 2.590 2.617 27 
.7 2.646 2.674 2.703 2.732 2.761 2.790 2.820 2.850 2.881 2.911 30 
.8 2.942 2.973 3.005 3.037 3.069 3.101 3.134 3.167 3.200 3.234 33 
.9 3.268 3.303 3.337 3.372 3.408 3.443 3.479 3.516 3.552 3.589 36 

2.0 3.627 3.665 3.703 3.741 3.780 3.820 3.859 3.899 3.940 3.981 39 
.1 4.022 4.064 4.106 4.148 4.191 4.234 4.278 4.322 4.367 4.412 44 
.2 4.457 4.503 4.549 4.596 4.643 4.691 4.739 4.788 4.837 4.887 48 
.3 4.937 4.988 5.039 5.090 5.142 5.195 5.248 5.302 5.356 5.411 53 

.4 5.466 5.522 5.578 5.635 5.693 5.751 5.810 5.869 5.929 5.989 58 

2.5 6.050 6.112 6.174 6.237 6.300 6.365 6.429 6.495 6.561 6.627 64 

.6 6.695 6.763 6.831 6.901 6.971 7.042 7.113 7.185 7.258 7.332 71 

.7 7.406 7.481 7.557 7.634 7.711 7.789 7.868 7.948 8.028 8.110 79 

.8 8.192 8.275 8.359 8.443 8.529 8.615 8.702 8.790 8.879 8.969 87 

.9 9.060 9.151 9.244 9.337 9.431 9.527 9.623 9.720 9.819 9.918 96 

3.0 10.02 10.12 10.22 10.32 10.43 10.53 10.64 10.75 10.86 10.97 1I 
.1 11.08 11.19 11.30 11.42 11.53 11.65 11.76 11.88 12.00 12.12 12 

.2 12.25 12.37 12.49 12.62 12.75 12.88 13.01 13.14 13.27 13.40 13 

.3 13.54 13.67 13.81 13.95 14.09 14.23 14.38 14.52 14.67 14.82 14 

.4 14.97 15.12 15.27 15.42 15.58 15.73 15.89 16.05 16.21 16.38 16 

3.5 16.54 16.71 16.88 17.05 17.22 17.39 17.57 17.74 17.92 18.10 IT 
.6 18.29 18.47 18.66 18.84 19.03 19.22 19.42 19.61 19.81 20.01 19 
.7 20.21 20.41 20.62 20.83 21.04 21.25 21.46 21.68 21.90 22.12 21 

.8 22.34 22.56 22.79 23.02 23.25 23.49 23.72 23.96 24.20 24.45 24 

.9 24.69 24.94 25.19 25.44 25.70 25.96 26.22 26.48 26.75 27.02 26. 

4.0 27.29 27.56 27.84 28.12 28.40 28.69 28.98 29.27 29.56 29.86 29' 
.1 30.16 30.47 30.77 31.08 31.39 31.71 32.03 32.35 32.68 33.00 32' 
.2 33.34 33.67 34.01 34.35 34.70 35.05 35.40 35.75 36.11 36.48 35 
.3 36.84 37.21 37.59 37.97 38.35 38.73 39.12 39.52 39.91 40.31 39' 
.4 40.72 41.13 41.54 41.96 42.38 42.81 43.24 43.67 44.11 44.56 43. 

4.5 45.00 45.46 45.91 46.37 46.84 47.31 47.79 48.27 48.75 49.24 47 
.6 49.74 50.24 50.74 51.25 51.77 52.29 52.81 53.34 53.88 54.42 52' 
.7 54.97 55.52 56.08 56.64 57.21 57.79 58.37 58.96 59.55 60.15 58. 

.8 60.75 61.36 61.98 . 62.60 63.23 63.87 64.51 65.16 65.81 66.47 64. 

.9 67.14 67.82 68.50 69.19 69.88 70.58 71.29 72.01 72.73 73.46 71, 

SA 74.20 

If x > 5, sinh x = Mel and Iog1p sinh x = 10.43431x + 0.6990 - 1 correct to four sign fiat nt figures. 
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Hyperbolic cosines [cosh x = M(ex + e =1] 

X 0 1 2 3 4 5 6 I 7 I D I 9 diff 

D.O 1.000 1.000 1.000 1.000 1.001 1.001 1.002 1.002 1.003 1.004 1 

.1 1.005 1.006 1.007 1.008 1.010 1.011 1.013 1.014 1.016 1.018 2 

.2 1.020 1.022 1.024 1.027 1.029 1.031 1.034 1.037 1.039 1.042 3 

.3 1.045 1.048 1.052 1.055 1.058 1.062 1.066 1.069 1.073 1.077 4 

.4 1.081 1.085 1.090 1.094 1.098 1.103 1.108 1.112 1.117 1.122 5 

0.5 1.128 1.133 1.138 1.144 1.149 1.155 1.161 1.167 1.173 1.179 6 
.6 1.185 1.192 1.198 1.205 1.212 1.219 1.226 1.233 1.240 1.245 7 
.7 1.255 1.263 1.271 1.278 1.287 1.295 1.303 1.311 1.320 1.329 8 
.8 1.337 1.346 1.355 1.365 1.374 1.384 1.393 1.433 1.413 1.423 10 
.9 1.433 1.443 1.454 1.465 1.475 1.486 1.497 1.509 1.520 1.531 11 

1.0 1.543 1.555 1.567 1.579 1.591 1.604 1.616 1.629 1.642 1.655 13 
.1 1.669 1.682 1.696 1.709 1.723 1.737 1.752 1.766 1.781 1.796 14 
.2 1.811 1.826 1.841 1.857 1.872 1.888 1.905 1.921 1.937 1.954 16 

.3 1.971 1.988 2.005 2.023 2.040 2.058 2.076 2.095 2.113 2.132 18 

.4 2.151 2.170 2.189 2.209 2.229 2.249 2.269 2.290 2.310 2.331 20 

1.3 2.352 2.374 2 395 2.417 2.439 2.462 2.484 2.507 2.530 2.554 23 
.6 2.577 2.601 2 625 2.650 2.675 2.700 2.725 2.750 2.776 2.802 25 
.7 2.828 2.855 2.882 2.909 2.936 2.964 2.992 3.021 3.049 3.078 28 
.8 3.107 3.137 3.167 3.197 3.228 3.259 3.290 3.321 3.353 3.385 31 
.9 3.418 3.451 3.484 3.517 3.551 3.585 3.620 3.655 3.690 3.726 34 

2.0 3.762 3.799 3.835 3.873 3.910 3.948 3.987 4.026 4.065 4.104 38 
.1 4.144 4.185 4.226 4.267 4.309 4.351 4.393 4.436 4.480 4.524 42 
.2 4.568 4.613 4.658 4.704 4.750 4.797 4.844 4.891 4.939 4.988 47 
.3 5.037 5.087 5.137 5.188 5.239 5.290 5.343 5.395 5.449 5.503 52 
.4 5.557 5.612 5.667 5.723 5.780 5.837 5.895 5.954 6.013 6.072 58 

LS 6.132 6.193 6.255 6.317 6.379 6.443 6.507 6.571 6.636 6.702 64 
.6 6.769 6.836 6.904 6.973 7.042 7.112 7.183 7.255 7.327 7.400 70 
.7 7.473 7.548 7.623 7.699 7.776 7.853 7.932 8.011 8.091 8.171 78 
.8 8.253 8.335 8.418 8.502 8.587 8.673 8.759 8.847 8.935 9.024 86 
.9 9.115 9.206 9.298 9.391 9.484 9.579 9.675 9.772 9.869 9.968 95 

1.0 10.07 10.17 10.27 10.37 10.48 10.58 10.69 10.79 10.90 11.01 11 
.1 11.12 11.23 11.35 11.46 11.57 11.69 11.81 11.92 12.04 12.16 12 
.2 12.29 12.41 12.53 12.66 12.79 12.91 , 13.04 13.17 13.31 13.44 13 
.3 13.57 13.71 13.85 13.99 14.13 14.27 14.41 14.56 14.70 14.85 14 
.4 15.00 15.15 15.30 15.45 15.61 15.77 15.92 16.08 16.25 16.41 16 

1.5 16.57 16.74 16.91 17.08 17.25 17.42 17.60 17.77 17.95 18.13 17 
.6 18.31 18.50 18.68 18.87 19.06 19.25 19.44 19.64 19.84 20.03 19 
.7 20.24 20.44 20.64 20.85 21.06 21.27 21.49 21.70 21.92 22.14 21 
.8 22.36 22.59 22.81 23.04 23.27 23.51 23.74 23.98 24.22 24.47 23 
.9 24.71 24.96 25.21 25.46 25.72 25.98 26.24 26.50 26.77 27.04 26 

1.0 27.31 27.58 27.86 28.14 28.42 28.71 29.00 29.29 29.58 29.88 29 
.1 30.18 30.48 30.79 31.10 31.41 31.72 32.04 32.37 32.69 33.02 32 
.2 33.35 33.69 34.02 34.37 34.71 35.06 35.41 35.77 36.13 36.49 35 
.3 36.86 37.23 37.60 37.98 38.36 38.75 39.13 39.53 39.93 40.33 39 
.4 40.73 41.14 41.55 41.97 42.39 42.82 43.25 43.68 44.12 44.57 43 

1.5 45.01 45.47 45.92 46.38 46.85 47.32 47.80 48.28 48.76 49.25 47 
.6 49.75 50.25 50.75 51.26 51.78 52.30 52.82 53.35 53.89 54.43 52 
.7 54.98 55.53 56.09 56.65 57.22 57.80 58.38 58.96 59.56 60.15 58 
.8 60.76 61.37 61.99 62.61 63.24 63.87 64.52 65.16 65.82 66.48 64 
.9 67.15 67.82 68.50 69.19 69.89 70.59 71.30 72.02 72.74 73.47 71 

40 74.21 

If x > 5, cosh x e % lea), and logio cosh x = 10.43431x + 0.6990 - 1, correct to four significant figures. 
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Hyperbolic tangents Ranh x= (e=-é =1/(eZ---é z) =sinh x/cosh x] 

X 0 1 2 3 4 I 5 I 6 7 8 9 dÌff 

0.0 .0000 .0100 .0200 .0300 .0400 .0500 .0599 .0699 .0798 .0898 100 
.1 .0997 .1096 .1194 .1293 .1391 .1489 .1587 .1684 .1781 .1878 98 
.2 .1974 .2070 .2165 .2260 .2355 .2449 .2543 .2636 .2729 .2821 94 
.3 .2913 .3004 .3095 .3185 .3275 .3364 .3452 .3540 .3627 .3714 89 
.4 .3800 .3885 .3969 .4053 .4136 .4219 .4301 .4382 .4462 .4542 82 

0.5 .4621 .4700 .4777 .4854 .4930 .5005 .5080 .5154 .5227 .5299 75 
.6 .5370 .5441 .5511 .5581 .5649 .5717 .5784 .5850 .5915 .5980 67 
.7 .6044 .6107 .6169 .6231 .6291 .6352 .6411 .6469 .6527 .6584 60 
.8 .6640 .6696 .6751 .6805 .6858 .6911 .6963 .7014 .7064 .7114 52 
.9 .7163 .7211 .7259 .7306 .7352 .7398 .7443 .7487 .7531 .7574 45 

1.0 .7616 .7658 .7699 .7739 .7779 .7818 .7857 .7895 .7932 .7969 39 
.1 .8005 .8041 .8076 .8110 .8144 .8178 .8210 .8243 .8275 .8306 33 
.2 .8337 .8367 .8397 .8426 .8455 .8483 .8511 .8538 .8565 .8591 28 
.3 .8617 .8643 .8668 .8693 .8717 .8741 .8764 .8787 .8810 .8832 24 
.4 .8854 .8875 .8896 .8917 .8937 .8957 .8977 .8996 .9015 .9033 20 

1.5 .9052 .9069 .9087 .9104 .9121 .9138 .9154 .9170 .9186 .9202 17 
.6 .9217 .9232 .9246 .9261 .9275 .9289 .9302 .9316 .9329 .9342 14 
.7 .9354 .9367 .9379 .9391 .9402 .9414 .9425 .9436 .9447 .9458 11 

.8 .9468 .9478 .9488 .9498 .9508 .9518 .9527 .9536 .9545 .9554 9 

.9 .9562 .9571 .9579 .9587 .9595 .9603 .9611 .9619 .9626 .9633 8 

2.0 .9640 .9647 .9654 .9661 .9668 .9674 .9680 .9687 .9693 .9699 6 
.1 .9705 .9710 .9716 .9722 .9727 .9732 .9738 .9743 .9748 .9753 5 
.2 .9757 .9762 .9767 .9771 .9776 .9780 .9785 .9789 .9793 .9797 4 
.3 .9801 .9805 .9809 .9812 .9816 .9820 .9823 .9827 .9830 .9834 4 
.4 .9837 .9840 .9843 .9846 .9849 .9852 .9855 .9858 .9861 .9863 3 

2.5 .9866 .9869 .9871 .9874 .9876 .9879 .9881 .9884 .9886 .9888 2 
.6 .9890 .9892 .9895 .9897 .9899 .9901 .9903 .9905 .9906 .9908 2 
.7 .9910 .9912 .9914 .9915 .9917 .9919 .9920 .9922 .9923 .9925 2 
.8 .9926 .9928 .9929 .9931 .9932 .9933 .9935 .9936 .9937 .9938 1 

.9 .9940 .9941 .9942 .9943 .9944 .9945 .9946 .9947 .9949 .9950 1 

3.0 .9951 .9959 .9967 .9973 .9978 .9982 .9985 .9988 .9990 .9992 4 
4.0 .9993 .9995 .9996 .9996 .9997 .9998 .9998 .9998 .9999 .9999 I 

5.0 .9999 

If x > 5, tanh x = 1.0000 to four decimal places. 

Multiples of 0.4343 [0.43429448 = logto e] 

X 1 0 1 1 ! 2 I 3 I 4 1 5 I 6 
1 

7 
1 

8 9 

0.0 0.0000 0.0434 0.0869 0.1303 0.1737 0.2171 0.2606 0.3040 0.3474 0.3909 
1.0 0.4343 0.4777 0.5212 0.5646 0.6080 0.6514 0.6949 0.7383 0.7817 0.8252 
2.0 0.8686 0.9120 0.9554 0.9989 1.0423 1.0857 1.1292 1.1726 1.2160 1.2595 
3.0 1.3029 1.3463 1.3897 1.4332 1.4766 1.5200 1.5635 1.6069 1.6503 1.6937 
4.0 1.7372 1.7806 1.8240 1.8675 1.9109 1.9543 1.9978 2.0412 2.0846 2.1280 

5.0 2.1715 2.2149 2.2583 2.3018 2.3452 2.3886 2.4320 2.4755 2.5189 2.5623 
6.0 2.6058 2.6492 2.6926 2.7361 2.7795 2.8229 2.8663 2.9098 2.9532 2.9966 
7.0 3.0401 3.0835 3.1269 3.1703 3.2138 3.2572 3.3006 3.3441 3.3875 3.43C9 
8.0 3.4744 3.5178 3.5612 3.6046 3.6481 3.6915 3.7349 3.7784 3.8218 3.8652 
9.0 3.9087 3.9521 3.9955 4.0389 4.0824 4.1258 4.1692 4.2127 4.2561 4.2995 

Mult'ples of 2.3026 [2.3025851 = 1/0.4343 = log,. 10 

X I 0 1 1 2 3 1 4 I 5 I 6 I 7 8 9 

0.0 0.0000 0.2303 0.4605 0.6908 0.9210 1.1513 1.3816 1.6118 1.8421 2.0723 
1.0 2.3026 2.5328 2.7631 2.9934 3.2236 3.4539 3.6841 3.9144 4.1447 4.3749 
2.0 4.6052 4.8354 5.0657 5.2959 5.5262 5.7565 5.9867 6.2170 6.4472 6.6775 
3.0 6.9078 7.1380 7.3683 7.5985 7.8288 8.0590 8.2893 8.5196 8.7498 8.9801 
4.0 9.2103 9.4406 9.6709 9.9011 10.131 10.362 10.592 10.822 11.052 11.283 

5.0 11.513 11.743 11.973 12.204 12.434 12.664 12.894 13.125 13.355 13.585 
6.0 13.816 14.046 14.276 14.506 14.737 14.967 15.197 15.427 15.658 15.888 
7.0 16.118 16.348 16.579 16.809 17.039 17.269 17.500 17.730 17.960 18.190 
8.0 18.421 18.651 18.881 19.111 19.342 19.572 19.802 20.032 20.263 20.493 
9.0 20.723 20.954 21.184 21.414 21.644 21.875 22.105 22.335 22.565 22.796 
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Absorption coefAclents- Amplification, Amplifiers 

A 
Absorption coefficients 
Absorption units 
Accelerating electrode, cathode 
Acoustics 

absorption coefficients 
absorption units 

170 
169 

ray 137 

165 -178 
170 

169 

amplifier power capacity 172, 173 
attenuation constant 169 

coefficients 170 

equal -loudness contours 178 

music levels 174 

music ranges 174 

music, requirements 172 

noise 177 

noise reduction coefficients 170 

open -window units 169 

optimum reverberation 166 -169 
pressure 176 

public- address requirements 171 -173 
reverberation 165 

computation 169 -171 
room sizes 165, 166 

sound level 176 

sound pressure 176 

speech frequency 175 

speech intensity 175 

speech requirements 172, 173 

standing waves 165 

Admittance 64 -70 
Admittance equations 86 

Advance wire 44 

Aerial -see Antenna 
Air cooling, tube 131 

Air -cored coils 58, 59 
Algebraic formulas 294 -296 
Alloys 

melting point 44 
physical constants 44 
resistance 44 

specific gravity 44 

temperature coefficient 44 

Index 

Alternating current 
average 
effective 
supplies 

Altitude, atmospheric pressure 
American 

noise units 
war standards, capacitors 
war standards, resistors 
wire gauge 

Ampere turns, cathode -ray focusing 
Amplification, Amplifiers 

audio 
beam power tube 
cathode follower 
circuits 
class A 
class AB 
class B 

class B r -f 
class C 

99 
99 
25 
22 

190, 191 

55 
52 

35, 36 
138 

143 

161, 162, 163 

156, 157, 158 
155 

143, 153, 154 

143, 153, 154 

143, 154, 155 
152, 153 

143 

classes 155, 156, 157 

constant -current characteristics 145 

design 143 

class A and AB 153 

class AB and B 154 

class B 152 
class C 147 

distortion 164 

efficiency 143 

factor 127, 129 

feedback 159 

general design 143 -146 
graphical design 146 -155 
grid current 143 

grounded cathode 156 

grounded grid 156 

grounded plate 156 

harmonic distortion 153, 164 

negative feedback 159, 164 

operating data 143 



Amplification, Amplifiers- Cable, radio frequency 

Amplification, Amplifiers continued 
plate modulation 
push -pull 
radio -frequency 
resistance coupled 
sizes, public address 
transfer characteristics 
tube 

Amplitude modulation 
Angles, approximations for 
Angle of radiation 
Anode current -see Current, plate 
Antennas -see also Radiators 

angle, field intensity 
array, radiation 
arrays 
binomial array 
broadside directivity 
dipole 

field intensity 
radiated power 

electric, magnetic components 
end -fed conductor radiation 
field near dipole 
height 

field intensity 
impedance 
reactance 
resistance 

horn 
L and T 
loop 

vertically stacked, gain 
maximum radiation 
minimum radiation 
noise 
parallel to screen, radiation 
radiation 

angle 
dipole 
horizontal 
loop 
pattern 
turnstile 
two wires 

resistance, reactance components 
rhombic 
single -lobe directivity 
tangental magnetic field 
top -loaded 
vertical 

field strength 
polarized 

Areas of plane figures 
Arithmetical progression 
Army -Navy, preferred tubes 
Army -Navy radio -frequency cables 
Arrays, antenna 
Atmospheric noise 

pressure 
Atomic number 

149 
143 
143 

158, 159 
171 

148 
143 -164 

86, 87, 88, 288 
296 
261 

250 -271 
255 
265 

263 -271 
267 
265 

258, 259, 265 
250 -253, 258, 259 

258, 259 
250 
260 
251 

256 
257 
257 
257 
217 
224 

265, 270 
270 
261 
261 

244, 246, 248 
269 

261 
264 
269 
264 

263, 264 
264 
269 
257 

261 -263 
266 

250, 251 
224 

224, 254 -258 
255 -258 
253, 254 
291 -293 

296 
142 

201 -203 
263 -271 
244, 245 

22 
19 

Atomic weights 
Attenuation, Attenuator 

balanced O 
balanced H 
bridged H 
bridged T 

circular wave guides 
H 

ladder 
load impedance 
minimum loss 
mismatch 
open -wire pairs 
symmetrical H 

symmetrical O 
symmetrical sr 

symmetrical T 

T 

telephone cable 
telephone lines 
u -h -f lines 
unbalanced sr 

unbalanced T 
wave guide 

Audible spectrum 
Audio reactors 
Audio transformer 
Auto transformer 

180, 181, 

19 
100 -114 

106 
106 

106, 110 

106, 110 

213 -217 
114 

101, 102 
104 

106, 112 
198 
181 

106, 108 
110 
110 

106, 108 
114 

183, 184 
182, 186 

206 
106 
106 

216, 217 
175, 176 

122 

122 

122 

B 

Balanced 
H attenuator 
line, impedance 

shielded, impedance 
O attenuator 

Band -elimination filters 
Band -pass filters 
Bandwidth 

noise 
Barometer, atmospheric pressure 
Bauds 
Beaded line, impedance 
Bell System carrier frequencies 
Bessel functions 
Binomial array 

theorem 
Birmingham wire gauge 
Blocking oscillator 
Bridged 

H attenuator 
T attenuator 

Brightness, cathode ray 
British wire gauge 
Broadside directivity 
B & S wire gauge 

C 
Cable, radio frequency 

attenuation 

100, 

106 
196 
196 
106 
116 
116 

32 
247 

22 
192 
196 
185 

318 -321 
267 
297 
36 

272 

106, 110 

106, 110 
139 
36 

265 
35, 36 

201 

204 



Calculus, integrals 
Capacitance, Capacitor 

ceramic 
charge 
color code 
discharge 
frequency 
mica 
parallel plate 
reactance 
telephone line 
transmission line 

Capacity -see Capacitance 
Carbon, thermocouples 
Carrier systems 

telegraph, frequency 
telephone, frequency 

Cathode -see also Filament 
follower 

Cathode -ray tubes -see Tubes, 
ray 

Cavities, resonant 
CCIF noise units 
Ceramic beads 

capacitors 
Characteristic impedance -see 

once 
Chemical symbols 
Chokes, iron cored, design of 
Chromel, thermocouples 
Circle, area 
Circuits 

coupled tuned, phase shift 
overcoupled 
selective 
single tuned, phase shift 
uhf 

Circular wave guides 
Clearance hole, screws 
Climate 
Clipped sawtooth wave 
Coating, tropical, marine protection 
Coaxial line 

cable 
characteristic impedance 
copper 
resonator 
surge impedance 

Code, color 
Code, telegraph 
Coefficient of coupling 
Coil -see Inductance, Inductor 
Color code 

capacitor 
Color temperature, metals 
Combinations, permutations 
Common logarithms 
Communication spectrum 
Complex hyperbolic functions 
Complex quantities, formulas 
Composition resistors, color code 

Calculus, integrals -Cut -of voltage, cathode ray 

300 -302 
52, 55 -57 

57 
92 
52 
92 

61, 62, 63 
55, 56 

75 
61, 75 

179, 180, 182, 183 
194 

46, 47 
185 -187 

187 
186 

156, 157, 158 

cathode 

219, 220 
191 

196 
57 

Imped- 

19 

122 -126 
46, 47 

292 

84 
84, 85 
80 -86 

81 

134 
213 -217 

39 
23 

284 
50 

188 
196 
206 
222 
195 
52 

193 
79 

52 
52 
43 

297 
304, 305 

28 
299 
294 

52 

Condenser -see Capacitor 
Conductance, Conductor 

ground 
mutual 
solid, skin effect 
telephone line 
tubular, skin effect 

Cone -sphere resonator 
Cone, volume 
Constantan, thermocuples 
Continuous waves 
Control 

characteristic, cathode ray 138 

electrode, cathode ray 136 

grid 128 

Conversion factors 11 

Cooling water 131 

temperature rise 131 

Copper 
resistance 45 
stranded, AWG 38 
stranded conductors 38 
stranded, resistance 38 

stranded, weight 38 
thermocouples 46, 47 

wire 37, 60, 126 

American gauge IAWGI 36, 123 

attenuation per mile 37 

Birmingham gauge IBWGI 36 

British standard 36 
Brown and Sharpe 36, 123 

characteristic impedance 37 

current capacity 126 

enameled 126 

English- metric units 36 
Imperial standard ISWG) 36 

resistance 35, 36, 37, 126 

size AWG 37 
strength 37 

tables 35, 36, 38, 60, 126 

weight 35, 36, 37 
Core, reactor 123 

Core, transformer 123 

Cosh, table of 317 
Cosmic noise 244 -246 
Cosmic rays 28 
Coupled section, impedance matching 200 
Coupling 

coefficient 79 

optimum 79 
phase shift 84 
two circuits 79 

Crystal detectors 142 
Current 

average 99 
characteristic 129 

effective 99 
ratio, decibels 34 
two -mesh network 78 

Cut -off frequency, telephone cable 183, 184 

Cut -off voltage, cathode ray 138 

68 
224 
129 
73 

182, 183 
73 

222 
292 

46, 47 
33 



Cylinder, arsa -Filters 

Cylinder, area 293 
volume 293 

Cylindrical wave guides 213 -217 

D 
Damped waves 33, 287 
Decibels 34 

nepers 34 
Decimals, inch 14 
Deflection, cathode -ray 

electrode 137, 139 
factor 138 
sensitivity 139, 140 

Delta -wye trdnsformation 86 
Deviation, frequency 30 
Diamond antennas 261 -263 
Dielectric constant 40 

ground 224 
Dielectric strength 40 
Diffraction 238 
Dimensions, conversion 11 
Diode 

lines 129 
perveance 129 
plate current 129 
power supply 118, 119 

Dipole 
electric 250 
field intensity 250-252 
half wave, field intensity 258 
magnetic 250 
radiation pattern 264 

Direct -current supplies 25 
Directive antenna arrays 263 
Dissipation, tube 129 
Distance 

ranges 240 
uhf 238 

reflected signal 244 
Distortion factor 164 
Distributed constants, telephone cable 

182, 184 
D layer 226, 227 
Driver transformer 122 
Dry-bulb thermometer 20 
Dynamic resistance, parallel tuned circuit 76 

E 

Ear sensitivity 
Earth -see also Ground 

distances 
magnetic field 

Echo, radio, time 
EEI NEMA RMA noise meter 
E layer 

sporadic 
Electric circuit formulas 
Electric dipole 
Electrode characteristic 
Electromagnetic frequency spectrum 

178 

240 
141 

244 
245 
227 
227 

74 -100 
250 
129 

28 

Electromagnetic units 16, 17, 251 
Electromotive force, psophometric 189 
Electromotive force, series of elements 18 
Electron, Electronics -see also Tubes 

differentiation 276, 277 
inertia 135 
integration 274, 275 
velocity, cathode ray 140 

Elementary dipole 250 
Elements 

atomic number 19 
atomic weight 19 
emf series 18 
symbols 19 

Ellipse, area 292 
Emission 33 

frequency bands 32 
tube 128, 133 

EMU units 16, 17 
End -fed conductor radiation 260 
Equations, admittance 86 
Equations, impedance 86 
Equivalents 11 
ESU units 16, 17 
European noise units 190 
E waves 207 
Exponentials 317 
Exponential wave 287 

F 

Factors, conversion 
Feedback 
Feedback, relaxation oscillator 
Feeder-see Transmission line 
Feeling, acoustic threshold 
Field Intensity -see also Radiation 

antenna angle 
antenna height 
dipole 
end -fed conductor 
meter 
surface -wave 
vertical antenna 

Field strength -see Field intensity, 
Radiation 

Filaments 
oxide coated 
reactivation 
thoriated tungsten 
transformer 
tungsten 

Filters 
band elimination 
band pass 
constant K 
high pass 
low pass 
networks 
power supply 
RC, RL, LC 

11 

159, 164 
272 

178 

255 
255 
250 
260 
245 

224, 225 
253 

132 
134 
132 
122 
132 

116 
116 

116, 117 
88 -91, 117 
88-91, 117 

115, 116, 117 

88, 118 -121 
88-91 



Filters continued 
reactors 123 

rectifier 120 

series M 117 

shunt M 117 

3- element series 116 

3- element shunt 116 

Finishes, tropical, marine 50 

Flow of water 49 

Focusing, cathode ray 
ampere turns 138 

current 138 

electrode 137, 139 

voltage 138 

Forced -air cooling, tube 131 

Forecasts, propagation 231 -236 
Foreign countries, power supplies 24 

Form factor 58, 59 

Formulas 
electric circuit 74 -100 
impedance 64 -70 
mathematical 291 -302 
mensuration 291, 292 

Fourier analysis 277 -287 
graphical solution 279, 280 

Fractional sine wave 285 
Fractions, inch -metric equivalents 14 

Frequency 
abbreviations 
allocation 

carrier telegraph 

28 

187 
carrier telephone 186 

J carrier 185 

K carrier 185 

L type 188 

program 187 

telephony, high frequency 187 

bands 30, 32 

capacitance, inductance 61, 62, 63 

classifications, radio 28 

cut -off, telephone cable 183, 184 

designations 28 

modulation 288 

power supplies 25 

printer telegraph 192 

range, music 174 

range, speech 174 

reactance 61 

spectrum, electromagnetic 28 

tolerances 30 

wavelength 29 

Frying noise 189 

Fi layer 227 

F2 layer 227, 228 

G 
Galvanic series, metals 18 

Gamma rays 28 

Gaps, protective 123 

Gos tube oscillator 272 

Gaussian unit 16 

Filters--Impedance 

Geometrical progression 
Giorgi unit 
Great -circle calculations 
Greek alphabet 
Grid voltage, critical 
Ground 

conductivity 
dielectric constant 
reflection 
types 
wave 

field intensity, frequency 
Guides, wave 

297 
16 

240 -243 
15 

129 

224 
224 
240 
224 
224 
239 
207 

H 
Harmonics -see also Distortion 

intensity 32 

Hearing, equal loudness 178 

High frequency -see also Radio frequency 
229 
226 

71 

117 

217 
51 

114 

maximum usable 
propagation 
resistance 

High -pass filters 
Horns, wave guide 
Horsepower vs torque 
H pad 
Humidity 

effect on reactor 
effect on transformer 
relative 
temperature 

H waves 
Hyperbolic 

cosines 
functions 
sines 
tangents 

i 
Impedance 

antenna height 
balanced line 
beaded line 
coaxial line 
formula 
matching, coupled section 
matching, shorted, open stub 
open 2 -wire line 
parallel 

wires 
power transfer 
shielded balanced line 
telephone cable 
telephone line 
transmission line 
wire and ground 
wire and shield 
2 -mesh network 
2 paralled wire and ground 
2 wires and ground 
4 -wire line 

123 
123 
20 
20 

207 

317 
299 
316 
318 

257 
196 
196 
196 

64 -70, 86 
200 
199 
196 

76 
197 

78 
196 

183, 184 
180, 182 

194 
197 
197 

76, 77 
197 

197 
197 



Imperial wire gauge -Metal 

Imperial wire gauge 
Inductance, Inductor 

charge 
discharge 
formulas 
frequency 
reactance 
ring 
single -layer solenoids 
telephone line 
transmission line 

Inertia, electron 
Input transformer 
Insulation, Insulating materials 

air 
dielectric constant 
dielectric strength 
electrical properties 
physical properties 
plastics, trade names 
power factor 
resistivity 
softening point 
thermal expansion 

Integrals 
Integration, electronic 
Intensifier electrode, cathode ray 
Interferenc3 -see Noise 
International regulations 
Interstage transformer 
Inverse -distance fields 
Inverse feedback 
Ion, emf series 

36 

95-98 
95 

58, 74 
61, 62, 63 

61, 75 
74 

58, 59 
179, 180, 182, 183 

194 
135 
122 
40 
48 
40 
40 
40 
40 
41 

40 
40 
40 
40 

300 -302 
274 
137 

30 
122 

224 
159, 164 

18 
Ionization, Ionosphere -see also Propa- 

gation 
density 
D layer 
E loyer 

sporadic 
Fi layer 
F5 layer 

Iron, thermocouples 
Isolation transformer 
Isosceles -triangle wave 
I.T. & T. System carrier frequencies 
Iterative impedance -see Transmission - 

line impedance 

228, 229 
226 
227 
227 
227 
228 

46, 47 
122 
283 
185 

J 
J type carrier systems 185 

K 
Kelvin, operating temperature 132 
Kennely- Heaviside Layer -see Ionosphere 
Klystrons 135, 142 
K type carrier systems 185 

L 

Ladder attenuator 101 -104 
L antennas 224 

Latitude, distances 
L carrier system 
LC filters 
Lead, solder melting point 
Leakance, telephone line 
Letter symbols, elements 
Letter symbols, Greek 
Life, tube 
Light spectrum 
Light, velocity 
Line -of -sight distance 
Lines, transmission -see 

lines 
Loading, telephone cable 
Loading constants, telephone cable 
Logarithms, common 
Logarithms, natural 
Longitude and time 
Longitude, distances 
Long waves, propagation 
Loop antennas, stacked 
Loop mile constants 
Loop, radiation pattern 
Loudness contours 
Loudspeaker impedance 
Loudspeaker, wire sizes 
low frequencies, propagation 
Low -pass filters 

L type, carrier modulation 

240 
188 

88-91 
47 

179, 180 
19 

15 

133 
28 
28 

237 -240 
Transmission 

182, 184 
182 

304 -305 
314, 315 

27 
240 

224 -226 
270 
184 
264 
178 
171 

171 

224 -226 
117 

188 

M 
Machine screws 

head styles 38 
hole sizes 39 
length 38 
special 38 
standard 38 

Maclaurin's theorem 297 
Magnet wire data -see also Copper 

wire 60 
Magnetic dipole 250 
Magnetic focusing, cathode ray 141 

Magnetic shielding, cathode ray 139 
Magnetrons 134, 142 
Mains, voltage and frequency 25 
Man -made noise 244 -246 
Marine, finishes and materials 50 
Mathematical formulas 288 -299, 291 -302 
Mathematical tables 304 -322 
Maximum usable frequency 229, 230 
Medium frequencies, propagation 224 
Medium waves, propagation 224 -226 
Melting point, metals 43, 44, 47 
Mensuration formulas 291 -293 
Mercury, inches 22 
Metal 

color heated 43 
emf series 18 
melting point 43, 44, 47 
physical constants 44 
position in galvanic series 18 



Metal continued 
resistance 44 
specific gravity 44 

temperature 43 

temperature coefficient 44 

Metric equivalents 14 

Mica capacitors, identification 55 

Minimum -loss pads 106, 112, 113 

Mismatch, attenuation 198 

MKS system 16 

Modulation, Modulator 
amplitude 86, 87, 

characteristic, cathode ray 
88, 288 

138 

classes 32 
frequency 288 
1. type carrier 188 

percentage 87 
pulse 290 
transformer 122 
waveforms 283 

Moisture, humidity 20 

Multi- element array 263 -271 

Multiple -hop transmission 228 -230 
Multiples of 2.3026 318 

Multiples of 0.4343 318 

Multivibrator 273 

Music, frequency ranges 174 

Music, intensity levels 174 

Mutual conductance -see Tubas 

N 

Navy -Army preferred tubes 
Navy -Army radio -frequency cables 
Negative feedback 
Nepers -decibels 
Networks 

filter 
theorems 
2 -mesh, current 
2 -mesh, impedance 

New York, magnetic field ct 
Noise 

acoustic 
atmospheric 
cosmic 
frying 
levels 
line 
man -made 
measurement 
meter 
psophometric 
radio 
receiver, antenna 
reduction coefficients 
room 
thermal agitation 
to- signal ratio 
units 

Nonsinusoidal waves 

142 

201 -203 
159 -164 

34 
100 -114 

115 
74 
78 

76, 77 
141 

177 
244, 245 
244 -246 

189 
177, 190 

189 

244 -246 
189 -191, 249 

245 
189 

244 -249 
244, 246, 248 

170 
189 

244, 246, 243 
248, 249 

190 

272 -287 

MNal-Power 

Nuts, screws 39 
Nyquist diagram 161 

o 
Oblique -angled triangle, solution 
Open stub, impedance matching 
Open- window units 
Open -wire pairs 
Optical horizon 
Optical line -of -sight distance 
Optimum coupling 
Oscillation, Oscillator 

blocking 
feedback, relaxation 
gas tube 
multivibrator 
relaxation 
squegging 
van der Pol 

Oscillogram, modulation percentage 
Output transformer 
Overcoupled circuits 
Oxide -coated cathode 

P 

Pads, minimum loss 
Pads, T and H 
Paint, tropical, marine 
Parabola, area 
Parallel circuit, impedance 
Parallel impedance 
Parallelogram, area 
Parallel wires, impedance 
Penetration of current 
Percentage modulation 
Permutations, combinations 
Perveance, diode, triode 
Phase angle 
Phase shift, coupled tuned circuits 
Phase shift, single -tuned circuits 
Phase shift, telephone lines 
Phototubes 
Pi section ottenuators 
Pi -tee transformation 
Plane figures, areas 
Plastics, composition 
Plastics, trade names 
Plate current, diode, triode 
Plate resistance 
Plate transformer 

protective gaps 
Platinum, thermocouples 
Polygon, ores 
Positive -grid tubes 
Post -accelerating electrode, cathode 

ray 
Potential, element series 
Power 

dipole radiation 
factor 

298 
199 
169 

179 -181 
238 
238 

79 
147 
272 
272 
272 
273 

272, 273 
273 
273 

87 
122 
84 

132 

112, 113 
114 
50 

292 
68, 69, 70 

76 
291 

195, 197 

71 

87 
297 
129 

64 -70 
84 
81 

182 
142 
100 
86 

291 -293 
41 

41 

129 
128 
122 
123 

46, 47 
291 
135 

137 
18 

258 
40 



Power -Reactance, Reactor 

Power continued 
ratio to decibels 34 
supplies 

foreign countries 25 
filters, rectifiers 88, 118 -121 
transformer 122 

design 124 
transfer between impedances 78 
transfer between two meshes 78, 79 

Preaccelerating electrode, cathode ray 137 
Precipitation extremes 23 
Precipitation, world 24 
Pressure 

acoustic 176 
atmospheric 22 
reactor 123 
transformer 123 
wind 42 

Primary constants 180 
Primary emission 128 
Principle of superposition 74 
Printer telegraph frequency 192 
Printer telegraph, speed 192 
Prism resonator 222 
Program carrier, frequency 187 
Progression, arithmetical 296 
Progression, geometrical 297 
Propagation -see also Attenuation 

antenna height 238 
constant 180 

toll cable 182 
diffraction 238 
distances 238, 240 

calculation 240 
echo 244 

D layer 226 
echo time 244 
E layer 227 

sporadic 227 
forecasts 231 -236 
frequency vs ground wave 239 
F1 layer 227 
F2 layer 228 
good earth 225 
height of antenna 238 
high frequencies 226 
line of sight 238 
long waves 224 
low frequencies 224 
maximum usable frequencies 229 
medium frequencies 224 
medium waves 224 -226 
optical horizon 238 
over ground 225 
poor earth 225 
radio 224 -249 
radio horizon 238 
radiotelephone fields required 235 
range 238 
sea water 226 
short waves 226 -230 
signal strength required 235 

Propagation continued 
sky wave 
sporadic E 

surface waves 
telephone cable 
telephone lines 
waves in guides 

Protective gaps 
reactors 
transformers 

Psophometric electromotive force 
Public -address requirements 
Pulse- frequency modulation 
Pulse modulation 
Pulse modulators 
Pyramide, volume 

Q 
Q, resonators 
Quadratic equation 

227 
227 
225 

182, 184 
180 
207 
123 
123 
123 

189 -191 
171 

290 
290 
142 

293 

R 

Radiation, Radiator -see also Antenna 
angle 
array antenna 
binomial array 
cooling, tube 
dipole 
end -fed conductor 
horizontal wire 
loop 
pattern 
power, dipole 
spectrum 
turnstile antenna 
vertical 
wire parallel to screen 
2 wires 

Radio frequency 
cable 

attenuation 
classifications 
resistance 

Radio horizon 
Radio noise 
Radio path horizon 
Radio path length 
Radiotelephone, fields required 
Rainfall 
RC filters 
Reactance, Reactor 

antenna height 
audio 
capacitor 
charts 
cores 
filter 
frequency 
humidity 
inductor 

222 
296 

261 
265 
267 
131 

264 
260 
269 
264 

263 -264 
258 
28 

264 
224, 254 

269 
269 

201 
204 

28 
71 

238 
244 -249 

237 
238 
235 

23, 24 
88 -91 

257 
122 
75 

61, 62, 63 
123 
123 

61, 62, 63 
123 
75 



Reactance, Reactor -Spacing, telephone lines 

Reactance, Reactor continued 
iron -core 122 -126 
major types 122, 123 

pressure 123 

protective gaps 123 

saturable 123 

temperature 123 

wave -filter 123 

Receiver noise 244, 246, 248 

Reciprocity theorem 74 
Rectangular wave 282 
Rectangular wave guides 208 
Rectification, Rectifier 

circuits 118, 119 

full -wave 118, 119 

half -wave 118, 119 

power supply 118 -121 

wave analysis 287 

Recurrent wave forms, Fourier analysis 
277 -280 

Reflected signal, time interval 
Reflection coefficient 
Reflector, antenna 
Refractive index 
Relative humidity 
Relaxation oscillators 
Resistance, Resistor 

antenna height 
copper wire 
coupled amplifier 
high frequency 
insulating materials 
parallel circuit 
radio frequency 
skin effect 
standard color code 
telephone line 179, 

Resonance, Resonator 
cavities 
circular 
coaxial 
cylinder 
frequency, filters 
frequency, series circuit 
prism 
rectangular 
selectivity 
sphere -cone 
spherical 
square prism 
waves in 

Reverberation time 
R F cables, Army -Navy 

attenuation 

180, 

244 
240 
269 
240 
20 

272, 273 
52 

257 
35, 36 

158 
71 

40 
76 
71 

71 

53 
182, 183 

219 
222 
222 
222 
89 
75 

222 
221, 222 

80 
222 

221, 222 
222 
207 
165 

201 -203 
204 

R F transmission lines -see also 
Transmission lines 194 -206 

RG j U cable 201 -204 
Rhodium, thermocouples 46, 47 

Rhombic antennas 261 -263 
Right -angle triangle, solution 298 

Ripple frequency 118 -121 

Ripple voltage 118 -121 

RL filters 88 -91 
RMA standards, capacitors 55 

RMA standards, resistors 52 

Room acoustics 165 -178 
Room noise 189 

s 
Saturable reactors 
Saturation, percent 
Sawtooth wave 
Scott transformer 
Screen grid 

cathode ray 
Screws, machine 

head styles 
hole sizes 
length 
special 
standard 

Sea water, propagation 
Secondary emission 
Sector circle area 
Segment circle area 
Selective circuits 
Self inductance -see Inductance 
Series circuit 

charge 
discharge 
impedance formulas 
sinusoidal voltage 

Series M filter 
Series 3- element filter 
Shielded balanced line impedance 
Shorted stub, impedance matching 

123 
20 

284, 285 
122 

128 
137 

38 
39 
38 
38 
38 

226 
128 
292 
292 

80-86 

95 
95 

68, 69, 70 

98 
117 
116 
196 
199 

Short waves, maximum usable fre- 
quencies 229 

Short waves, propagation 226 
Shunt M filter 117 

Shunt 3- element filter 116 

Signal strength -see Attenuation, Field 

intensity, Propagation 
Signal -to -noise ratio 248, 249 

Silicon carbide, thermocouples 46, 47 

Simpson's rule 293 

Sines, hyperbolic 316 

Sine wave, fractional 2S5 

Sine wave, full 286 
Sine wave, half 286 

Single -hop transmission 228, 229 
Sinh, table of 316 

Sinusoidal voltage 98 

Skin effect 71. 72, 73 

Sky reflection 228, 229 

Sky -wave -see Attenuation, Field in- 

tensity, Propagation 
Solder, melting point 
Solenoids, inductance 
Sound level, acoustic 
Sound, noise levels 
Space- charge grid 
Spacing, telephone lines 

47 
58, 59 

176 
177 
123 
180 



Spark -gap breakdown voltages- Torque vs horsepower 

Spark -gap breakdown voltages 43 
Speech, frequency ranges 175 
Speech, intensity levels 175 
Speed, printer telegraph 192 
Speed, telegraph 192 
Sphere, area 293 

cone resonator 222 
volume 293 

Spherical trigonometry 240 
Spiral -4 cable 183 
Sporadic E layer 227 
Square -prism resonator 222 
Squegging oscillator 273 
Stacked loops 270 
Standard noise meter 245 
Standard time 27 
Standing waves, acoustic 165 
Static -see Atmospheric noise 
Stub, open, shorted, impedance match- 

ing 199 
Studio acoustics 165 
Sunspot cycle 229, 230 
Superposition, principle 74 
Suppressor grid 128 
Surface waves -see Attenuation, Field 

intensity, Propagation 
Surge impedance -see Transmission -line 

impedance 
Susceptance 68 
Symbols 

chemical 19 
elements 19 
Greek 15 
tubes 127 

Symmetrical 
attenuator 106 
H attenuator 108 
O attenuator 106, 110 
Pi attenuator 106, 110 
T attenuator 108 
trapezoid wave 282 

T 

Tables, mathematical 
Tangents, hyperbolic 
T antennas 
Tapping hole, screws 
Taylor's theorem 
Telegraph 

carrier systems 
codes, comparison 
facilities 
printer 

frequency 
speed 
systems 

speeds 
Telephone cable 

attenuation 
cut -off frequency 
distributed constants 

304 -323 
318 
224 
39 

297 

187 

193 
192 
192 
192 

192 
192 
192 

183, 184 
183, 184 

182, 184 

Telephone cable continued 
impedance 183, 184 
loading 182, 184 

constants 182 
noise 190 
propagation 182, 184 
velocity 183, 184 
wavelength 183, 184 

Telephone carrier systems 185 -187 
Telephone line -see also Transmission 

line 
attenuation 180, 181, 182, 186 
capacitance 179, 182, 183 
conductance 182, 183 
impedance 180, 182 
inductance 179, 182, 183 
leakance 179, 180 
noise 
phase shift 
propagation 
resistance 
spacing 
velocity 
wavelength 

Telephone toll cable 
Telephone transmission -line data 
Temperature 

extremes 
highest 
humidity 
lowest 
measurement, thermocouple 
metals 
reactor 
rise, tube 
transformer 
world 

TEM waves 
Terminals, winding 
Terminology, tube 
TE waves 
Theorems 

Maclaurin's 
network 
reciprocity 
superposition 
Taylor's 
Thevenin's 

Thermal agitation 
Thermal properties, insulating 
Thermocouples 
Thevenin's theorem 
Thoriated -tungsten filament 
Time belts, worldwide 
Time constant 

filters 
Time, Greenwich central 
Time interval, reflected signal 
Tin, solder melting point 
TM waves 
Toll cable 
Torque vs horsepower 

190 
182 
180 

179, 180, 182, 183 

180 
180 
180 

182 -184 
179 -184 

23 
23 
20 
23 

46, 47 
43 

123 
131 

123 
23 

207 
123 

128, 129 

207 

297 
74 
74 
74 

297 
74 

244, 246, 248 
materials 40 

46, 47 
74 

132, 134 

27 
92 -98 

89 
27 

244 
47 

207 
182 
51 



T pad 
Transconductance 
Transfer characteristic 
Transformation, conversion factors 

tee -pi 
wye -delta 

Transformers 
audio 
auto 
cores 
design 
driver 
filament 
humidity 
input 
interstage 
iron -core 
major types 
modulation 
output 
plate 
power supply 
pressure 
protective gaps 
Scott 
temperature 

Transients 
Transmission, Transmitters -see also At- 

tenuation, Field intensity, Propaga- 
tion 

codes 
frequency bands 
frequency, printer 
frequency tolerances 
line -see also Telephone line 

Army -Navy standard 
attenuation 
attenuation, mismatch 
balanced, impedance 
beaded, impedance 
coaxial, impedance 
Constants 

open -wire pairs 
toll cable 
toll entrance cable 

coupled sections 
formulas 
ground, impedance 
impedance 

balanced line 
beaded line 
coaxial 
matching stub 
open stub 
open 2 -wire 
parallel wires 
shorted stub 
telephone cable 
telephone line 
wire to ground 
wire to shield 
2 wires to ground 

114 
128 
129 

11 

86 
86 

122 
122 
123 
124 
122 
122 

123 
122 
122 

122 -126 
122 

122 
122 

122 
122 

123 

123 
122 
123 

92 -98 

193 
32 

192 
30 

201 
204 
198 
196 
196 
196 

99, 179 

179 
182 
182 

200 
194 

197 

180, 194 

196 

196 

196 
199 
199 
196 

197 
199 

183, 184 

180, 182 
197 
197 
197 

T pad -Tubes, gaseous and vacuum 

Transmission continued 
4 -wire line 

length 
miscellaneous 
mismatch 
noise 
parallel, impedance 
resistance 
shielded balanced, impedance 
shielded, impedance 
stub 
surge impedance 
u -h -f attenuation 
2 open wire, impedance 

modulation types 
speed, telegraph 
tolerances, frequency 
wave guides 

Transverse electromagnetic waves 
Trapezoidal rule 
Trapezoid, area 
Trapezoid wave 
Triangle, area 
Triangles, trigonometric solution 
Trigonometry 

formulas 
functions, logarithmic 
functions, natural 
solution, triangles 
spherical 

Triode perveance 
Triode plate current 
Tropical, finishes and materials 
T- section attenuators 
Tubes, gaseous and vacuum 

amplification factor 
amplifiers 
cathode ray 

accelerating electrode 
anode 
application 
brightness 
characteristics 
control 
electrode 
cut -off voltage 
deflection factor 
deflection plates 
deflection potential 
deflection sensitivity 
electrodes 

arrangement 
electron velocity 
electrostatic deflection 
focusing 

electrode 
formulas 

grid voltage 
intensifier electrode 
magnetic deflection 
modulating electrode 
modulation 

197 
205 
197 
198 
189 
197 

206 
196 
197 
199 

195 

204 
196 
32 

192 

30 
207 
207 
293 
291 

282, 283 
291 
298 

294 -296 
206, 310 -313 

306 -309 
298 
240 
129 
129 
50 

100 

127 -141 
127, 129 
143 -164 
136 -141 

137 
137 
139 
139 

138, 139 

138 
136 

138 
138 
137 

139 
139 

136, 137 
137 

140, 141 

138, 139, 140 
138, 139 

137 

139, 140, 141 

139 

137 

138, 140, 141 

136 

138 



Tubes, gaseous and vacuum -Volume 

Tubes continued 
post -accelerating electrode 137 
preaccelerating electrode 137 
screen grid 137 
shielding 139 
spot size 139 
types 142 

clipper 142 
coefficients 127, 128 
composite diode lines 129 
constant current characteristics 129 
control grid 128 
converters 142 
cooling 131 

critical grid voltage 129 
diodes 142 

plate current 129 
electron inertia 135 
electrode characteristic 129 
electrode dissipation 131 

emission 
filament 

characteristics 

128, 

132 

133 

-134 
life 133 
reactivation 134 
voltage 

forced -air cooling 
133, 142 

131 

formulas 129 
gas 142 

switching 142 
grid control 142 
indicators 142 
Klystrons 135 
magnetrons 134, 
mutual conductance 

135, 136 

129 
negative -grid 
nomenclature 

134, 135 
127 

oxide -coated cathode 132 
pentodes 142 
performance limitations 130 
perveance 129 
phototubes 142 
plate resistance 128 
positive -grid 
power 

134, 135 
142 

preferred list 142 
primary emission 128 
pulse modulators 142 
radiation cooling 131 

receiving 142 
rectifiers 142 
screen grid 128 
secondary emission 128 
space- charge grid 128 
suppressor grid 128 
terminology 128 
tetrodes 142 
thoriated tungsten filament 
total emission 

132, 134 
128 

transconductance 128 
transfer characteristic 129 

transmitting 142 

Tubes continued 
triodes 

plate current 
tungsten filament 
twin tetrodes 
twin triodes 
uhf 
variational plate resistance 
velocity -modulated 
voltage regulators 
water cooling 

Tuned circuits 
optimum coupling 
parallel, dynamic resistance 
selectivity 
series, resonant frequency 

Tungsten filament 
Turnstile antenna, radiation pattern 
Two -hop transmission 
Two -wire, open, copper line 

impedance 

142 
129 
132 

142 
142 
134 
128 

134, 135 
142 
131 

79 
76 
80 
75 

132 
264 

228, 229 
206 
196 

V 
Ultra high frequency 

electron inertia 
lines, attenuation 
transmission lines -see Transmission 

lines 
tubes 

Unbalanced Pi attenuator 
Unbalanced T attenuator 
Units, conversion 
Unsymmetrical trapezoid 

V 
Vacuum tubes -see Tubes 
van der Pol oscillator 
Variational plate resistance 
Velocity 

light 
modulated tubes 
telephone cable 
telephone lines 
transmission line 

135 
204 

134 -135 
106 
106 

11, 16, 17 

283 

273 
128 

28 
135 

183, 184 
180 
194 

variation -see Velocity modulation 
wind 

Vertically polarized waves 
Vertical radiators 
Very -short -waves, propagation 
V H F propagation 

path length 
Voice- frequency carrier 
Voltage, gap breakdown 
Voltage, ratio to decibels 
Voltage regulators 
Volume 

cone 
cylinder 
music 
pyramid 

42 
240 

254 -258 
231 -234 
231 -234 

232 
187 
48 
34 

142 

293 
293 
174 

293 



Volume continued 
speech 174 

sphere 

w 

293 

Washers, screws 39 
Water 

cooling, tube 131 

discharge rate 49 
head in feet 49 

resistance through pipes 49 
Wave analysis 281 

clipped sawtooth 284 
critically damped exponential 287 
Fourier 277 
full -wave rectified 287 
isosceles triangle 283 
rectangular 282 
sawtooth 
sine 
symmetrical trapezoid 

284, 
285, 

285 
286 
282 

unsymmetrical trapezoid 283 
Wave -filter reactors 123 

Wave forms 
analysis 281 

Fourier analysis 277 -287 
nonsinusoidal 272 -287 
shaping 274 

Wave guides and resonators 207 -223 
attenuation 216 

circular 213 -217 
cut -off wavelength 216 
horns 217 
rectangular 208 

Volume -Y -delta transformation 

Wave, integrated 274 
Wavelength-frequency 

chart 29 
classifications 28 

conversion 29 
formulas 29 
spectrum 28 
telephone cable 183, 184 

telephone lines 180 

transmission line 194 

Wave propagation -see Propagation 
Wove shaping 274 
Weather data 23, 42 

Weights, atomic 19 

Wet -bulb thermometer 20 
Winding terminals 123 

Wind velocities and pressures 42 
Wire 

American gauge 35 
copper 35, 36, 37, 38, 60 
sizes, loudspeaker 171 

spacing, telephone lines 
transmission 

World, distances 
World time chart 
Wye -delta transformation 

X 
X-rays 

180 

179 -193 
240 

27 
86 

28 

Y 
Y -delta transformation 86 


