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Preface 

T HE purpose of this volume is to present the basic material of ra-dio 
required for all types of radio work, both civil and military. The 

authors have covered each topic in such a way ns to make cleur the func­
tioning of a complete radio system, nncl they have also laid the foundation 
for a more advanced study of the subject. 

The rea.der need have only an elementary lmowledge of algebra, which 
is reviewed briefly in Chnptcr l . This chapter and the two followi~g 
on direct and alternating current may be omitted if desired and used for 
later reference when the need arises. The remainder of the book has been 
written to give basic physical descriptions with a minimum of mathematics. 

Technical radio work may be divided into operation, maintenance, 
development, and manufacture. An individual can operate some machines 
without knowing how they work, but if he wishes to maintain them, he 
must know the fundamental principles on which their operation is based. 
In t he operation of the more complex radio systems, a knowledge of the 
equipment and the behavior of radio waves is essential in order to obtain 
the best results. A still greater understanding is needed on the part of t he 
person who is to contribute to development itnd research. 

w. L. EVERITT 

v 
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CHAPTER 1 

Mathematics of Radio 

Need for Mathematics in Radio. Radio, like most of life ·itself, asks the 
questions, "How much?-" or "How many?" How tall should the tower 
of a broadcasting station be? How long should a radio antenna be? What 
size of wire is needed on a radio receiver coil?. Answers to these and many 
other questions are given (at least in part) by mathematics. 

What is mathematics? ::rvlatheroatics may be defined :as a shorthand 
system which uses easy words (actually letters or other symbols) to simplify 
difficult ·ideas. In addition, rules are set up so that everyone may 
use these words or symbols in the correct way. One result is ·that the 
action of a certain piece of radio equipment may be predicted under given 
conditions because the way it acted under similar conditions at another 
time is known. 

Understanding radio is ea.sier when -some of the rules of mathematics 
are known. The starting point of a system of mathematics · is a set of 
numbers. 

Our nwnber system uses ten symbols or digits, 0, 1, 2, 3, .4, 5, 6, 7, 8, 9. 
The symbol 3 al ways means three: three men, three .radio. sets, or three of 
whatever is being counted. The symbol.:9. indicates· nine objec~s, and ·So 
forth: . If more than nine objects are to be counted it is necessary either 
to use other symbols or else to agree that the place of the symbol or digit 
in the number shall have a special meaning. The fact that place value is 
used ma~es our system better than . most other systems man has tried. 
Thus the number 1,492 means 1 thousand+ 4 hundreds+ 9 tens+ 2 
ttnits. The place of the · digit in the number shows whether it means 
thousands, .hundreds, tens, units, or something else. We say we "take'' 
9 tens, 4 hundreds, Z units and 1 thousand. There is no limit to the size-­
large or small-of numbers that can be written in this way; distances 
between: the stars in the sky are examples of the possible range in one 
direction. 

The digit 0 (zero) is-a number like the rest and plays an important part 
in the system. For example, in the number five hundred and two, no 
tens areto be taken; this fact is indicated by a zero in the tens place: 502. 

No more than three digits are needed to write any number from 1 to 999; 
each digit shows how many hundreds, tens, or units to takc•by its place.in 
the number; zero indicates that none are to be taken where it occurs. 

l . 
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Besides the saving of time in writing numbers in such a manner, the opera­
tions which may be performed with numbers are made much easier or, 
indeed, possible. 

Positive an<l negative numbers also are needed. Of course, positive 
numbers alone are enough to count persons or objects, but everyone knows 
of temperatures above and below zero, distances a.bove and below sea level, 
profits and losses, and even bank balances which people sometimes try to 
overdraw, that is, to get below zero. Positive numbers are those which 
extend on one side of zero; they are greater than zero. Negative numbers 
are those on the other side of zero; they are less than zero. A diagram, 
Fig. 1-1, will help to make this clear. Distances along a line are marked 

-5 - 4 -3 -2 -1 0 +1 +2 +3 +4 +5 

I I I I I I I I I I I 
F10. 1-1. Graph Showing Positive 11.Dd Negative Numbers. 

with numbers tbo.t correspond to the length of the line from zero. For 
ea.ch number there is a. certain length. Distances measured to the right 
of a convenient point, marked O, are called positive ; distances men.sured 
to the left n.re negative. Thus, + 1, + 2, + 3, + 4, + 5, + 6, and so on, 
are positive numbers, and - 1, - 2, - 3, - 4, - 5, - G, and)o on, are 
negative numbers. If no sign is written before a number it is understood 
to be positive. The absolute value of a positive or a. negative number is the 
value of the number without the positive or negative sign. 

The Four Fundamental Operations. As long as whole objects only are 
to be counted, the natural numbers or integers a.re enough; thn.t is, 1, 2, 3, 
4, 5, 6, 7, 8, 9, 10, 11, and so on. 'l'hese numbers n.nd others are used in 
the four fundamental ope.rations of addition, subtr:u:tion, multiplication, 
and division. 

Addition is needed when two groups of things are to be combined. Of 
course, each group might be counted and then the combined group counted 
again, but a trfa.l will show that instead of the objects themselves being 
counted, the numbers representing them may be added in a mati.ner that 
never vn.ries. That is, 20 apples added to 15 apples, 20 radios and 15 
radios, or 20 objects of any kind combined with 15 objects of the same 
kind always amount to 35 objects in the whole group. Two conclusions 
follow from this process: (1) operations with numbers themselves, rather 
than with the objects they represent, may Le performed; (2) if the opera­
tions are correctly carried 011t1 the results are always right. Taking 
.advantage of the properties of the system of numbers, it is necessary only 
to memorize sums of dig.its. like 1 plus 1 equals 2, 1 plus 2 equals 3, and 
other basic combiuations in order to add any numbers whatsoever. 

Subtraction is tho opposite or inverse of addition. If a television set 
hn.s 35 tubes n.nd a. deluxe radio receiver has 24, the difference between the 
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numbers of tubes is 11, which is obtained by subtracting 24 from 35. To 
check the correctness of the work, add t he difference, 11, to the smaller 
number, 24, n.nd the larger number, 35, is obtained. 

M ultiplication may be thought of as continued addition. If troops 
march past four abreast they may be counted as 4 + 4 + 4 + 4 = 16 if 
there happen to be four ranks. This is the same as counting the four 
ranks only a.nd multiplying by the number in ea.ch rank: th.at is, 4 times 
4 equals 16. 

D·ivision is the inverse of mult iplication, just as subtraction is t he inverse 
of addition. Thus, if 60 is divided by 12 the result is 5; the inverse opera­
tion, 12 multiplied by 5, gives GO. Division by zero (O) is not possible 
because there is no number which, when multiplied by zero, will give any 
number except zero itself. 

All of the ideas discussed are well known and are easy to understand; 
but they must be stated here as a foundation for other ideas, no more 
difficult to learn, ideas needed for an understanding of radio. 

To save time in writing mathematics, certain S1Jmbols of operation are 
used. Among these are: 

For addition : the plus sign ( +). 21 + 12 = 33. 
For subtraction: the minus sign ( - ). 18 - 8 = 10. 
For multiplica.tion: the mult iplication sign (X), somet imes the dot ( ·); 

sometimes the quantities to be m ttltiplied are simply wr.itt cn side by side. 
5 X 6 = 30 or 5 · 6 = 30; 4 X a = 4a. 

For division: the di vision sign + , the bar--, or the mark / . Thus 
28 -:- 7 = 4, v = 4, 28/7 = 4. 

Sometimes, to a.void confusion, a complicated expression must be en­
closed in parentheses ( ), brackets [],or braces { } . For example, consider 
15 X 5 - 2. Does it mean 75 - 2 or 15 X 3? By using parentheses 
confusion is avoided: (15 X 5) - 2 = 75 - 2 = 73, 15 X (5 - 2) = 
15 X 3 = 45. When we use parentheses in a multiplication we can omit 
t he X sign: 15(5 - 2) means the same as 15 X (5 - 2), (5)(6) means the 
same as 5 X 6 or 5·6. 

Exercise 1-1. Perform the indicat ed operat ions. 

1. 18 + G + 4 = 7. 35 + 7 = 12 3 X 5 X 8 = 
2. 37 - 5 = 8. 42/6 = . 2 x 3 x 4 

3. 30 + 6 - 10 = 9· 7 / O = 
10. ¥- = 4. 25 - 5 + 15 - 3 = 
11 20 + 5 

. 3 + 2 

13. (200)(0)(5) = 

5. 5 x 9 x 2 = - 14. (4 + 3)(2 + 5) = 

6. 3 x 0 x 7 = (Nole: Add first.) IS. (8 + O) (3 + 1) = 

Fractions. As long as the objects to be counted are whole units, like 
t ubes in a. radio set, the na.tuml numbers will do for count ing; but if the 
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problem is to divide one apple pie among three boys, the pie must be cut 
into slices. These slices will be fmctions of the pie; each will be 

the whole pie 1 
three slices = 3 · 

Tims, if one integer (natural number), called the numerator, is div.ided by 
another integer, called the denominator, the result is called a fraction. If 
the numerator is smaller than the denominator, the fraction is said to be a 
p1·oper fraction; if the numerator is the larger, the fraction is said to be an 
irnprope1· fraction. Thus, !, 'f, !, ·Hare proper fractions; i, t, -V-, :J-g?').J. are 
improper fractions, The latter are frequently reduced to the sum of an 
integer and a proper fraction: -~ = % + ! = 1!; ¥ = ! +.% = It; 
!}~L = JN + jt = 2jt. 

The four fundamental operations may be applied to fractions as well as 
to integers, but some care is necessary. For example, to add .f and-} they 
must be reduced to a common denominator, thus: 

~ + ~ ~ 3 x 5 + 2 x 7 = 15 + 14 = 29. 
7 5 7 x 5 7 x 5 35 35 

The same process is needed in subtracting fractions; to subtract~ from i, 
proceed as follows: , · 

7 4 7 x 9 4 x 8 63 - 32 31 
8-9=sxo-sx9= n =12· 

Fractions may be written in several forms which mean the same thing; 
thus tis the same as -f, since upon dividing the numerator and denominator 
of the. latter by 2 the original ! is obtained. 

Multiplication of fractions may be done without reducing to a common 
denominator; for example, l times i becomes 

3 5 3 x 5 15 
4 x 8 = 4 x 8 = 32. 

Division of fractions is easy if one rule is used: invert the divisor (frac· 
tion divided into another) and then multiply. Thus, dividing~ by i, 

3 5 3 8 3 x 8 24 6 1 

4 + 8 = 4 x 5 = 4 x 5 = 20 = 5 = 1~· 
Exercise 1-2. Perform the indicated operations. 

3 5 7 3 
1. 7 + 8 = s. 8 - 4 = 

5 2 35 1 
2• 6 + 3 = 6• 43 - 6 = 

1 1 1 5 4 
3· 3 + 4 + 5 = 7· 9 x 5 = 

5 4 17 19 
4· 8 - 7 = s. 64 x 49 = 

Note: In No. 12, perform addition, then division. 

1 2 3 
9. 3 x 5 x 7 = 

5 9 
IO. 8 + 16 = 

13 13 
ll. 32 -:- 15 = 

. i+ t -
12. f + i1ir -
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The above are called common fractions. Another type of fraction is 
the decimal fraction; which .utilizes the place values of the number system 1 

to better advantage. 
If the numerator. and denominator of l be multiplied by 25, the fraction 

becomes -l'Jlf, which:also equals Ti> + ·Th-· This may be written 0.25, by 
extending the idea of place vafoes discussed.on p. 1. .Any common. frac~ 
tiOn may be converted to a decimal fraction by.dividing the numerator by 
the denominator. For example, t = 0.875; tt = 0.171875; ·} = 0.333. · · ·, 
the dots indicating that no matter how long:the division is continued, th~re. 
will be still more digits. 

As soon as common fractions have been.converted to decimal fractions, 
they may be added, subtracted, multiplied, and 'divided just like integers. 
The following examples show the process. 

0.875 + Q.,125 = 1.000 0.21 x 0.3 = 0.063 
0.625 .:_ 0.0625 = 0.5625 1.5 + 0.5 = -3.0 

It will be seen that in adding or subtracting, the periods or decimal points 
are always lined up with one ·another'; in multiplying, the number of 
decimal places (digits to the right of the decimal point) in the result or 
product is the sum ofthe number of decimal places in the numbers multi­
plied together; in dividing, the decimal point may be located by setting 
the decimal point to the right in both the divis9r and the dividend (number 
divided into) until the divisor is no longer a fraction, and locating the 
decimal point in the result at this place. An example will show how this 
is done. 

To divide 1.728 by 0.12, write the figures either 

0.12)1.728(_ or 0.12)1.728 

Move the decimal point to the right in both numbers urrtil the divisor 
(0.12) is no longer a fraction, thus: 

Exercise 1-3. 

12)172.8(14.4 
-12 --

52 
48 

48 
48 

or 
14.4 

12)172.8 
12 
52 
48 
48. 
48 

1. Change to decimal fractions: t, !, .,ft, if, fij., f, j{-. 
2. Prepare a table of decimal equivalents of fractions of an ineh in 

01,. inch steps; that is, -h, -fi, -A. -f'ffi and so on. · 
3. Add: 0.125, 0.791, 0.34.5, 1.403, 7.142. 
4. 0.784 - 0.038 = -+. 5. 3.142 x 7.553 = 6. 1.173 + 1.42 = 
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Accuracy and Significant Figures. Most of the numbers used in radio 
work are obtajoed by measurement of one sort or another. It is nece...~ry, 
therefore, to look at the amount of accuracy which may be expected from 
these measurements, and especially how many decimal places should be 
used in the calculations based upon these measurements. 

Many small instruments, or meters, have au o.ccmacy stated o.s "Maxi­
mum error 3% of full-scale reading." This means that with 11 full-scale 
reading of 100 v*, for example, the actual voltage when the meter reads full 
scale is between 97 v and 103 v, 3 v being 3% of the full-scale read­
ing. Unfortunately, the same 3-v error may nlso happen at lower sceJc 
readings, and if this instrument reads 10 v, the actual voltage may be 
between 7 v and 13 v. 

To see what else this may lead to, relative error and percentage of error 
must be considered. Suppose that a meter reu,cls 16.0 v and the reading 
should be 16.2 v. The error is 16.2 - 16.0 = 0.2 v, and the relative error is 

error = 0.2 = __!_ = 0 0123 
true value 16.2 81 · · 

Multiplying the last figure by 100 to convert it to percentage gives a 
percentage of error which is about lf3. If another meter, used on a power 
line, read 16,000 volts when the correct reading was 16,200 volts, the error 
would be 16,200 - 16,000 = 200 v. The relative error would be 

200 1 
16 200 = 81 = 0·0123• 

' 
or abont 11% again. The position of the decimal point or the size of the 
quantities involved have nothing to do with the relative error. 

The diameter of the earth has been carefully measured by accurate 
instruments. However, its average diameter is often stated o.s 8,000 miles, 
"foch is accurate only to the nearest thousand miles. A more accurate figure 
would be 7,900 miles, accurate to the nearest hundred miles; or 7,930 miles, 
accurate to the neni·est ten miles; or even, 7,927, accurate to the nearest 
mile. Yet 8,000 miles is a useful expression if it is remembered that only 
the 8 in the thousands place means very much, that the zeros are just 
there to keep the 8 in its place. Another way of saying this is that 8 is 
the significant figure, the zeros not being significant. It is agreed that 
the significant figu res shall be only those digits determined by measure­
ment. In the expression 7,930 miles for the earth's diameter, only the 
figures 7,93 are significant; in 7,927, all figures are significant. When we 
are paying attention to significant figures, zeros following the last of the 
other digits do not count unless it is so stated. For example, the following 
numbers have two significant fi.glU'es: 17,000; 0.00057; 95; 23,000,000. 
Wjtb certain instruments measurements may be made which are accurate 
to five significant figures, such as 60,103. If the instrument had rea.d 

• VolLt is abbreviated 11. 
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60,100, the la.st two zeros would not count as signi.fico.nt figures unless the 
fact was expressly so stated. Measurements and calculations in radio 
seldom n.re carried to more than three significant figures. 

Now if two numbers wh ich represent quantities obtained by measure­
ment, each with three significant figures, are multiplied t ogether, the 
product may consist of as many as six digits, such as 32.4 X 41.4 = 1341.36. 
There is nothing in the process of multiplying which will increase the accu­
ro.cy of the original measurements; therefore, the product is accurate only 
to three significant figures and should be written 1340. 

In general, the result of a calculation should be rounded off to the number 
of significant figures in the least accurate of the measured values used i?­
thc calculation. In rounding off numbers it is usual to take the ne:i..1; 
larger number if the last digit is greater than 5; to take the next smaller 
number if the last digit is less than 5; and if the last digit is 5 the preceding 
digit is increased by 1 if it is odd and left unaltered if it is oven. Thus, 
124 would be rounded off to 120 with two signific:i.nt figures; 127 would be 
rounded off to 130; and 125 to 120; but 135 would be rounded off to 140. 

Exercise 1- .f.. State the number of significant figures in the following. 

1. 24,000. 5. 0.0000543. 9. 0.0809007500. 
2 . 5,280. 6. 0.00000006. 10. 0.142857. 
3. 186,230. 7. 0.08735. 
4. 3.141597. 8. 50,000.21. 

Scien tiftc Notation. Many very large and very small numbers a.re used 
in radio. Two schemes are used to get around t he d.iffi.culty of writing the 
large number of digits required to express such numbers in ordinary place 
notation. 

The first pl.An is to write the figure as a number less than 10 and then 
multiply by ten as many times as necessary to locate the decimal point 
correctly. Instead of writing out the tens, an exponent shows how ma.ny 
times ten is to be ta.l"en. For example, 102 means ten taken twice or 10 X 
10 = 100; 103 means ten taken three t imes or 10 X 10 X 10 = 1,000; the 
(2) and the (3) are called exponents. A table showing powers of ten and their 
exponents follows. 

Large Numbers 

101 = 10 
102 = 100 
108 = 1,000 
101 = 10,000 
lOG = 100,000 
106 = 1,000,000 

T ABLE 1-1 

100 = 1 

Small Numbers 
io-1 = 0.1 
10-2 = 0.01 
10-3 = 0.001 
10-4 = 0.0001 
10-u = 0.00001 
10-s = 0.000001 
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It is easy to see that when 1 is added to the exponent of a number to the 
left 'of an equal sign in this table, the number to the right of the sign is 
multiplied by 10; when l · is subtracted from the exponent of a number to 
the left, the number to the right is divided by ten. Any number on the 
right of an equal sign might be· represented by the corresponding number 
on the left; that is, for 100 write 102, for 1,000 write 103, and so forth. 
When used this way, the 10 is called the base. 

To write 2,500 in this shorthand, consider that 2,500 is 2.5 times 1,000 or 
2.5 X 103• Likewise, 2,500,000 is 2.5 times 1,000,000. From the table 
1,000,000 = 106• So 2,500,000 is written 2.5 X 106, which avoids writing 
a .lot of zeros. 

To write 0.0025 in a similar way, remember that 0'.0025 is 2.5 times 0.001. 
From the table 0.001 = 10--;i. Therefore 0.0025 is written 2.5 X 10--:i in 
seientific'notation. For 0.0000025 the :System works even better to reduce 

< the number of zeros. This number is 2.5 times 0.000001; from the table 
0.000001 = 10-G; therefore 0.0000025 = 2.5 X 10-6• Now for a rule 
use the following: 

RULE FOR WRITING !\"'UM.BERS IN SCIENTIFIC NOTATION . To write a 
given number in scientifie nota~ion, (1) move the decimal point to the 
right of the first digit which is not 0 (counting from the left of the given 
number) which will give a new number between 1 and 10; (2) multiply 
t his new number by 10 with an exponent numerically equal to the number 
of places the decimal point has been moved; (3) make the exponent positive 
if the decimal point was moved to the left and negative if the decimal point 
was moved to the right. 

The rule operates in reverse to change from scientific notation to ordinary 
place notation: Move the decimal point (to the right if the exponent is 
positive, to the lef~ if negative) as many places numerically as indicated 
by the exponent of 10, supplying zeros as necessary. For example, 2.56 X 
102 = 256; 1.86 x 105 = 186,000;' 7.853x· 10-a = 0.007853; 2.4 x 10-• 
= 0.000024. 

Exerdse 1-S. Express in scientific notation. 
1. 605,000,000,000,000,000,000,000. 
2. The age of the earth, estimated as about 694,000,000,000 days. 
3. One light-year, about 5,870,0001000,000 miles. 
4. The distance from earth to the sun, about 93,000,000 miles. 
5. The thickness of an oil film on water, 0.0000002 inch. 
6. 0.00000000000000000000003. 

\ 

Exercise 1-6. Express in ordinary place notation. 
1. The diameter of the sun, about 8.6 X 105 miles. 
2. The mass of the earth, about 6.6 X 1021 tons. 
3. Diameter of red corpuscle in blood, about; 3 X 10-& inch. 
4. 6.4: X 10-2• 5. 1.20 X 109• 6. 6.28 X 10-n. 
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Besides being easily and quickly written, nuinbers in:.scientific ·.notation 
are handy when multiplying and dividing. Suppose that 2.2 X lm is to 
be multiplied by 3 X 102• First multipJy .2.2 by. 3, which gives .6.6.1 For 
the lO's; consider ·that 103 = 1;000 and 102 = 100. 1,000 X ~00 = 
100;000 = 105: .(from the table). Bµt 106 equals 102 +a. .Rewriting :the 
solution gives 

(2.2 x 103)(3 x 10~) = (2.2 x 3)(103 x 102) 

= 6.6 x 102+3 = 6.6 x 10. 5 

RULES OF OPERA'l'ION WITH EXP01'1"ENTS. For any given base, ~uch. as 10, 
the following rules avply: 

To multiply, add exponents: 104 X 102 = 10·1+z = 106
• 

To divide,.subtract exponents : 104 + 102 = 104- 2 = 102• 

Exercise 1-7. Perform the indicated· operations. 

L (1.8G X 105) (3.6 X 102) = 
2. (9.3 x 107) -;- (1.86 x 100) = 
3. If a true value is 4.3225 X 105, what is the relative error in using the 

value 4.33 X 105? ' 

The second method of writing very large · or small quantities is to use 
large or small units. These units are named. from the ordinary units by 
adding prefixes. A table of such prefixes .. follows. 

TABLE 1-2 

Multiply the known kil~ I unit I oo•U- milli- 1 micro- rnilli- mJcro 
number of-> megn- micro- micro 

by -bYbY-by- -bY·-;;y-bY -by 
to obtuin the unknown . ! ! .! ! ! ! f ! 

number of! 

mega.. ................. 1 10-3 10-e io-s io-~ 10-12 10-16 10-1s 
kilo- . . ................. 10• 1 10-3 10-6 10-e l(f-9 io-i2' io-i6 
unit ... •..•...• .. .•.... 10° 103 1 10-i 10-· 10 .... 10-"' io-a 
centi-..•........... ... . 108 lQG 102 l 10-1 10-• io-• io-10 
milli- . .............. . .. 10? 10• 10a 10 1 lQ-3 iO'"' J0--11 
micro- . . ......... . ... . . 101~ J09 106 10* 101 1 io-~ 10-4 

millimicro- ...... .. . . . .. JOI$ toi! 109 107 106 10' 1 10- 3. 
micromicro- ... . ........ 1018 lQlS lQI.!. 1010 109 1Q6 10' l 

For example, a kilocycle is one thou~and cycles; a meg!lcycle is a million 
cycles; o. microfarad is one millionth of a farad; a. millihenry is one thou· 
sandth of a henry; n.nd·so on. The meanings of cycles, farads, and henries 
will be explained later. 

To use the table, find the standard unit in the top row; proceed down 
this eolumn to th·e line co11to.ining the desired unit; the. numb.er- at this 
point multiplied by the standard unit gives the desired unit. For exampl~, 
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to convert millihenries into microhenries, find milli- at the top of the table, 
go down this column to the line marked micro-, and find 103• Therefore, 
multiply millihcnries by 1,000 to get microhenries. 

Symbols of Algebra. Al,gebra is a special form of language, which uses 
symbols in place of words to express ideas. Just as the word " tree" brings 
to mind certain objects, the letter x in algebra represents certain ideas. 
There are IDAny sorts of trees: large or small in size, slender or busby in 
shape, light green or dark green in color; but the idea of a tree will not be 
confused with the idea of a building, or a boat. In the same way, an 
o.lgebraic symbol may represent different numbers at various times but 
will generally be used for the same sort of numbers, subject to the same 
rules of operation. 

Symbols are used in mathematics so that ideas may be put down on 
pnper and talked about easily ; using words for the same purpose would 
often cause confusion. What method shall be used to choose these sym­
bols? First, symbols must be as brief as posfilble; second, their meaning 
must be generally agreed upon by those who use them. One choice is to 
use the initial letter of a word, like R for resistance, C for capacitance, w for 
width, P for pressure. Sometimes symbols for certain things have been 
used so long they are accepted o.lmost universally ; for exo.mple, I for 
current, E for voltage, L for inductance, and so on. (The meaning of 
these terms will be explained later.) Other symbols generally indicate 
numbers; such as x, y, z (last few letters of the alpha.bet), which usually 
mean quantities unknown or variable; a, b, c (first letters of alphabet) often 
stand for known or unvarying quantit ies. i\fathematics packs much mean­
ing into one symbol to make the symbol useful where words or numbers 
would not serve. 

The symbols used in mathematics arc precise in meaning; words also 
n.re used with meanings more precise and more limited than they may have 
in everyday conversation, aud sometimes these meanings o.re different 
from t he common ones. Some definitions of such words follow. 

An algebraic ex pression is any combination of numbers, letters used for 
nwnbers, and signs of operation written according to the rules of algebra; 
like lOx, t + t, 1n.x + b. Note that lOl: ipeans 10 times x; this is a product 
and the 10 and the x are the two factors. Factors of a product are the 
numbers which, when multiplied together, form the product. In algebra 
numbers and letters or combinations of letters written together without 
signs of operation ::i.re to be multiplied; xy means :t times y, lOa means 10 
times a. In the product lOa, 10 is the numerical coe.tficient or factor nnd a is 
tho literal (letter) coeffkient or foctor. When :i; is written alone, the co­
efficient 1 is understood; :t means 1 t imes x. A term :IB any cxpres.siou like 
lOx, t, mx, b, 5r, and so forth. Similor terms are those with the same letter 
or lett.ers, such as l Ox and mx. If terms do not ha.ve the su.me letters (or 
literal coefficients) they are dissimilar term s. Similar terms may be com-
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bined by add.fog the numerical coefficients; remember that subtracting is the 
same as adding a term with a minus sign ahead of it. For example, 

3x + 4x = (3 + 4)x = 1x; 3a - 2a = (3 - 2)a = la= a. 

Exercise 1-8. Combine the following terms. 

1. lOm + 8m + 6m = S. %e - te = 
2. 40v - 30v = 6. 9.5x - 7.2x = 
3. 90q + 50q - 40q = 7. 19k - l.73k = 

4. ib + ib = 8. llh + 12h - h = 

Some Laws of Algebra. In addition terms may be combined or grouped 
in any order. That is, a+ b = b +a and a~+ b + c =(a+ b) + c = 
a+ (b + c). If dissimilar terms occuri they may be combined in groups 
of similar terms; for example, 50a + 98b + 5a + 3b +a= (50 + 5 + l)a 
+ (98 + 3)b = 56a + lOlb. 

Multiplication and division are carried out with the coefficients of similar 

terms, like 7 X 2d = 14a; ~ X lOw = 5w; l~x = 5x; 
2(Gx; 3x) = 2x; 

1
6
8x = 3 (a number only). 
;t 

Exercise 1-9. Perform the indicated operations. 

1. 4a + 6b + 5a + 1b + a = 
2. 6.2e + 8.9d + 7.8c + 10.2d = 

3. 18 x 2f = 
4. 20 X ~x = 

5. 10 x 9.2y 

6. 2.5 X 6z = 

7. 20a = 
4 

8 
3.68r _ 

. 4 -

9. 4.5d + l.5d = 

lO. 3a + 4x + 2y = 
2 

Just as 10 X 10 = 102, a X a = a 2
, and a X a X a = a3• Similar terms 

with the same exponents may be combined; that is, 3a2 + 4a2 = 7a2
• 

Expressions containing several tcnns are called polynomials, for example 
3:t3 + 4x2 - 5x -1- 2, which is a polynomial in descending powers of x. 
Polynomials may be added by combining similar terms as follows: 

Exercise 1-10. 

3x3 + 4x2 - 5x + 2 
- 2xa - x2 + 8x - 1 

x8 + 3x2 + 3x + 1 

I. Add 2a2 - 3ab + 4b2 to 6a2 - 2ab - 4b2• 

2. Add x2 - 4x + 10 to 2 - 6x - 2x2• 

3. Add r2 + 3rs - 5s2, 2r2 + 7 s2, and - 5r2 - rs - 5s2• 

4. Subtract - 2a2 - Sa t 14 from a2 
- 4a + 4. 
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To make the step from arithmetic to algebra easier, here is another 
example worked out. Suppose 2;565 is to be added to 5,331. In the 
positional and scientific notation these numbers can now be written 

2 x 103 + 5 x 102 + 6 x 10 + 5 
5 x 103 + 3 x 102 + 3 x 10 + 1 

7 x 103 + 8 x 102 + 9 x 10 + 6 

Incidentally, numbers are usually read in this form: seven thousand, 
eight hundred, and ninety-six. The additions .of the digits are done from 
memory and the !O's with exponents are carried through without change. 
Now if x be substituted for 10, the resulting algebraic expression may be 
added in the same way. ' 

2z3 + 5x2 + 6x + 5 
5z3 + 3x2 + 3x + 1 

7 x,3 + 8x2 + 9x + 6 

Now any other number, such as 2 or 3, may be put in place of x and the 
result will still be correct. The x stands for any number. 

The same rules for exponents apply as stated earlier for the base 10; 
a2 

that is, a2 X a3 = a2+3 = a5 ; - = a-1• (a2) 3 = a2 X a2 X a 2 = a6; aa ' 
a• x at = a = Va x va: al = va 

RULE OF SIGNS. In multiplying or dividing, if the terms bave like signs 
the result is positive (has plus sign); if the terms have unli ke sig-ns the 
result is negative (minus sign). 

Exampfo. 

(+a)X(+b)=+ab 

(-a) X (- b) = +ab 

(+a)X(-b)=-ab 

(-a) X ( + b) = - ab 

a 
(+a)+(+b)=+b 

a 
(-a) + (- b) = + b 

a 
(+a)+(-b)=-;; 

a 
(-a) + .(+ b) = - b 

(+3a2b) x (- 2a3b2c) = c+ 3)(- 2)(a2)(a3)(b)(b2)(c) = - 6afib3c. 

Exercise 1-11. Perform the indicated operations. 

1. (2x2)(3x5) = 7. ( - 3a3t) 2 = 
2. h4( - h3) = 8. - (3a3t)2 = 
3. ( - 5d)3 = 9. e(8e3) ( - ie5

) = 
4. (5E)(- 3E3)(- 2E~) = 10. (- 2nd)(- 3n)( - 4d2) = 
$, - (2t)3 = 11. (- xZy6)3 = 
6. 5y( - 3x2y) = 12. (2dc5) 2 = 
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Removal of parentheses (and of other signs of grouping) from expressions 
is easy if certain rules are followed. These signs of grouping are often 
used to indicate ·multiplication of terms, and in the course af. solving a. 
problem it may be necessary that they be removed syate:qiatically: There­
fore: 

(1) Apply the rule of signs (o.bove). 
Example: 

2(a + b - c) = 2a + 2b - 2c. 
A~ . 

- 3a(a2 - 3a + 5) = - 3a3 + 9(t2 
- 15a. 

I 

(2) If no coefficient is indicated for the group, consider. the coefficient 
to be 1. 

Example: 
(a + b) = l(a + b) = a + b. 

Also, 
- (x - 2y) = - l(x - 2y) = - x + 2y. 

(3) Perform indiqated multiplications or divisions first; then addition 
or subtraction. 

Example: 
5 - 3(a + 2b) = 5 - 3a - 6b. 

This do~~ not equal 2(a + 2b). 

(4) Remove signs of grouping one set at a time, starting-with the inn<~r· 
most set. 

Exampl,e: 
- 3c[a + 2b(b - c)] = - 3c[a + 2b2 

- 2bc] = - 3ac - 6b2c + 6bc2• 

Exercise 1-12. Remove parentheses and signs of grouping and com-
bine similar terms (that is1 simplify). 

1. 4(2b + 3) - 7 = 
2. 4n - 4(n + 8) = 
3. - 3(5d - 4:) + 12 = 
4. •!a(2a + b - c) + 7ac = 
5. 6.s - 3(r + s + t) + (Zr - s + 3t) = 
6. - (8d - 3) + ( - 3d + 4) = 
7. 6n2 - (3n + 2) + 2n(n - 5) = 
8. 5[2n - 6(n + Z)] - 3n + 8 = 
9. 3a[6 + 2(a - 3)] + 10a2 = 

10. s Is - 2(3 - 5s). + 7} - 2s2 = 
11. 2x - 3[2x - 3(x - 5)] = 
12. 4y + 2y[3y - (5 - y) + 6] = 
13. 8r - [7 - 2(3r - 5)] = 
14. 9x2 + 3x + 2[2x - 5x(x - 1) - 10] - (2x2 + 7x) = 
15. 19x - 3[x - 3(x - 2{4y + ·3} - 2y) + 3x] - y2 = 

.. J 



14 MATHEMATICS OF RADIO [Chop. 1 

In the multiplication of algebraic expressions certain combinations 
occur so often t hat they need special study, so that they may be known 
and the answers obtained quickly. These combinations are often called 
special 71roclttcts. If the special product is recognized, its factors may 
often be found by 

0

inspection. Paclo1·in(J is defined as the process of finding 
two or more expressions whose product is a given expression. 

The simplest sort of factoring is dividing out a common factor. For 
example, to factor 

3x'1 - 9x:1 + 12x2 

it is possible, to divide out a 3, an x2, or a 3x2• The latter, b~ing the largest, 
is usually the factor desired; thus, 

3x4 - 9x3 + 12x2 = 3(x4 ..:.. 3x8 + 4x2) 
= x2(3x2 - 9x + 12) 
= 3x2(x2 - 3x + 4). 

Exercise 1-13. Factor the following. 

1. 7xy - 14xz = 4. 8xy2 
- 16xy + 12x = 

2. 5a2b - 25ab2 = 5. a2b2 - 3ab2 + 4a3b - 12ab = 
3. 2r.1'2 + 2r.rh = 6. 24m2n - G?nn2 + 36m2n2 - 42m3 = 

Another product which occurs frequently is the product of two binomials 
(expressions having two terms). By multiplication. like that used with 
numbers, it is found that 

or 

2x + 6 
x - 5 

2x2 + 6x 
- lOx - 30 

2x2 - 4x - 30 

(2x + 6) (x - 5) = 2x2 - 4x - 30 
j i i i 
A BC D 

From thi:s example it may be seen that (1) the product usually will have 
three terms; (2) the first term is the product of the first terms in the bi­
nomials; (3) the second term i.s the sum of the products of the two outer 
terms and the two inner terms, that is, (A)(D) + (B)(C); (4) the last 
term is the product of the last terms of the binomials. The rule of signs 
must be applied at all times. 

Exercise 1-14. Write out the following products according to the four 
steps above. 

1. (n + 3)(n + 2) = 5. (x2 - 4)(x2 - 12) = 
2. (a - 5)(a + 2) = 6. (th+ 7)(th - 12) = 
3. (p - 4)(p - 5) = 7. (3x + 1)(3x - 3) = 
4. (a+ b)(a + 2b) = 8. (x2 - lly2) (x2 + 5y2) = 
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This method may be used in reverse; that is, given the product the 
factors may be found. For example, to factor 9x2 + 18x + 5, two bi­
nomials are needed having their first terms factors of 9x2, having their 
second terms factors of 5, and having 18x as the sum of th~ product of the 
two outer te1ms plus tbe product of the two inner terms of the trial fac­
tors (A) (D) + (B) (C). The correct factors are found by trying out differ­
ent combinations until the r ight ones are obtained. Several possible 
combinations may be set down, but only one meets the third requirement. 

1.'riul filctors Second term Conclusion 
-

First attempt .. ... ...... t + 5)(9x + 1) :z: +45z = 46z No good. 
Second A.ttempt ........ . :t + 1)(9x + 5) 5:t + 9;i: = 14x No good. 
Third a ttempt. ......... 3:t + 1)(3:t: + 5) J5;i: + 3x = 18z Correct. 

Practice, of course, will help in finding the right combination . 

Exercise 1- 15. Factor tbc following. 

I. n 2 + 5n + 6 = 5. x2 + 3xy + 2y2 = 
2. x 2 

- 6x + 5 = 6. 15a2 + 22a + 8 = 
3. a2 - 9a + 20 = 7. 2 + 7x + 5x2 = 
4. 6n2 + n - 2 = 8. a• - 6a2b2 - 55b4 = 

Certain binomfoJs occur often as equal factors of squares. These are 
of the type (a+ b) or (a - b). The square of either of these consists of 

~a +b~ 
r-a--+b~ 

aX b b' 

.&J 

a• x 
"' 
tr 

"' "' 

JJ 
F1a. 1-2. Illustratin 11 Binomial Squnrea by Aroas. 

the sum of three terms: (I) the square of the first term in the binomial; 
(2) twice the product of the two terms of the binomial; (3) the square of 
the second term of t he binomial. That is, 

(a+ b)2 = (a+ b)(a + b) = a2 + 2ab + b2 ; 

(a - b)~ = (a - b)(a - b) = a2 - 2ab + b2• 
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This process is sometimes used with numbers as a short-cut method to 
find their squares. For instance, 

(23) 2 = (20 + 3)2 = (20)2 + 2(20)(3) + 32 

= 400 + 120 + 9 = 529; 
(29) 2 = (30 - 1)2 = (30)2 - 2(30) (1) + 12 

= 900 - 60 + 1 = 841. 

Using the formulas for these squares is easier than multiplying out the us­
uo.l way. Dia.grams illustrating the binomfo.l squares are shown in Fig. 1-2. 

Exercise 1-16. Perform the following operations. 

1. (x + 3) 2 = 5. (2x - 3) 2 = 9. (5r2 + s2)2 = 
2. (x - 5) 2 = 6. (3a + 5) 2 = 10. (ctll + 12)2 = 
3. (x + 6y)2 = 7. (a - 3b)2 = 11. (h - t) 2 = 
4. (a - c) 2 = 8. (3k2 - 1)2 = 12. (~a+ }b) 2 = 

It is easy to factor expressions of this sort; simply to.ke the square root 
of the first and the last terms and write the sign of the middle term between 
them. For example, 

a2 + 6a + 9 = (a+ 3) 2, 

4x2 - 12x + 9 = (2x - 3) 2• 

Nole: Be sure t hat tbe middle term is twice the product of the square 
roots of the first and last terms. 

Exercise 1-17. Factor the following expressions. 

1. x 2 - 12x + 36 = 2. 16x2 - -iOxy + 25y2 = 
3. 25 a4 + 12Da2b2 + 144b' = 

Another useful combination is the result of multiplying the sum and , 
difference of the same two terms. Thus, 

(a+ b)(a - b) = a2 - b2. 

Factoring the difference of two squares is done by ta.king the square root 
of co.ch squo.re and making the factors the sum and difference of these roots. 

4n2 - 36 = (2n + 6)(2n - 6) 

This special product may also be used in arithmetical problems. If the 
product of 31 and 29 be desired, it mo.y be considered o.s the product 
(30 + 1) x (30 - 1) = 900 - 1 = 899. 

Exercise 1-18. Perform the operations indicated. 

1. (x + y) (x - y) = 5. - 81112 + 25u.2 = 
2. (10 - a)(lO +a) = 6. 12c3 - 3c = 
3. (4a + 3b)(4a - 3b) '= 7. 63 X 57 = 
4. 36r2 - sz = 8. 75 X 45 = 

Solving Equations. It is very fortunate that the behavior of the equip­
ment and devices used in radio is rather uniform; that is, if a circuit be-
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haves in a certain fashion at one time it will behave the same way at some 
other time. This uniformity permits the writing of equations or formulas 
to foreca.st the behavior of radio circuits. Some formulas are simple and 
others look complicated; but n.fter the equation bas been arranged in a 
useful form, values (numbers) may be p!D.ced in it and the equation solved 
or evaluated. The usual result is information about the action of the 
circuit under particular conditions. So it is necessary to get some practice 
in working with equations. 

As usual, there are definitions and rules. The two parts of the equation 
separated by the equality sign are usually called the 11iembers; either left­
hand and right-hand member or first and second member, r espectively. 
Any operation of algebra may be performed on one member of an equation 
as long as the same operation is performed on the other member.* That 
is, the laws of operation state that if equals a.re added to, or subtract ed 
from, or multiplied by, or divided by equals, t he results a.re equal. For 
example, suppose an equn.tion 

X = 300,000 
f 

is given n.nd >. (read lambda) is given as 600; how may f be found? 
Solution: First multiply by f on both sides of the equal sign, 

f>. = 300,000f, 
f 

and then divide both members of the equation by >..: 

!~ = (300,000) t . 
A f 

but - = 1 and - = 1 so 
X f ' 

f = 300,000, 
).. 

Substitute the value of >.. = 600 in this equation and obta.in 

f = 30~0 = 500. 

An important formula in radio is Ohm's Law, usually written in symbols 
as E = JR. The meaning of the symbols will be explained later, but this 
equation will serve ns another example of the operations which may be 
performed on a.n equation. 

Following the laws of operation, let both sides be divided by I. That is, 

E IR E y = T = R, or R = y· 

Again, let both sides be divided by R, and obtain 
E IR E 
R = R = I, or I = R · 

*Division by 0 is not poeeible. 
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Still another change may be made; suppose both sides of the equation are 
multiplied by I ; then 

EI = (!)(IR) = I2R. 

Just !lbove, it is shown that I = ~; substituting this value for I in the last 

equation makes it 
E E2 

E - = R = I 2R = EI. 
R 

The rul~ for the last operation is that tMngs equal to the same thing are 
equal to each other. 

Exercise 1-19. 

1. Given R = 20, I = .5, find E. 
2. Given E = 246, R = 600, find I. 
3. Given E = 1, I = 2 X 10-2, find R. 
4. Given E = 115, I = 2.8, find I 2R. 

Sometimes it is not possible to evaluate an equation exacUy because 
some factors in it are not exact; for exru:nple, a formula containing 
1T = 3.1416 (approximately), such as 

XL = 21ofL or 
1 Xe= - - · 27rfC 

In this case, the number used for 1r should have the same number of sig­
oifico.nt .figures as the rest of the data; 6.28 is often used for 271'. 

Exercise 1- 20. Perform the following calculn.tions, using the a.ppropri· 
ate formula above. 

I. Given f = 60, L = 1, find XL. 
2. GiYen f =>< 1.5 X 106

1 L = 5.5 X 10-6, find XL. 
3 . Given f = 500, C = 2 X 10-6

, find Xe. 
4. Given f = 3.105 X 106, C = 0.85 X 10- s, fin d Xe. 
5. Given X = XL - Xe, f = 106, L = 1.4 X 10-\ C = 1.8 X 10-10, 

find x. 
Clearing frD.Ctions is often necessary in solving equations. Consider 

the equation 
1 

R = 1 1 
-+­R1 R1 

The first step is to place the denomin.afor over its own coIDIDon denomi­
nator : 
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Finally, the denominator is inverted .and multiplied by the numerator, 
which in this case is 1: · 

R = R1R2 (l) = R1R2 
R:i + R1 R1 + R2 

Exercise 1-21. Perform the following operations, based on the formula 
above. 

1. Given R1 = 175, R2 = 362, find R. 
2. Work out a formula for R1, given R n.nd Rz. 

Quadratic Equations. An equation of the type 

ax2 +bx+ c = 0 

is called a quadratic equation. The coefficients a, b, c are any numbers, 
positive or negative, and x is a varjabfo whose value is. to be found. Special 
equations of this type have already been considered on pp. 1~15·, but 
sometimes it is difficult t.o find the necessary factors. To. solve the quadratic 
equation, that is, to find a formula which will always give the correct value 
of x, first divide the entir.e equation by a, the coefficient of x2, to give 

b c 
:t2 + - x + - = 0. 

a a 

Now subtract the term£ from both sides of the equation: 
a 

b c 
x2 + - x = - -· a a 

From the discussion on p. 15, it will be seen that the thi.rd term in a"perfect 
square is the coefficient of x divided by 2 and th~n squared. Perfo.miilig 
this operation, and adding this term to both sides of the equation, we get 

b b2 b2 c 
x2 + - x + - = - - - · a 4a2 4a2 a 

The square root of both sides may now be taken. The left-hand aide h.a.e 
now been made into a perfect square, so it may be factored; on the right­
hand side the operation can only be indicated. Since both + and -
quantitie.s have the same sign when squared (rule of signs), both signs must 
be used befor<~ the square-root sign or radical ( v') on the right. So 

or 

3; = 

b 
x+-= ± 

2a 

- b + v'b2 - 4ac 
2a 

and 

b2 - 4ac 
4a2 -, 

:r = - b - Vb2 - 4ac 
2a 

The process used to work out this forinula is known as "completing the 
square." Now an example of its use will be given. 
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Con~ider the equation 

4x2 + l2x + 9 = 0. 

This is a quadrat.ic form, with a = 4, b = 12, and c = 9. Putting these 
figures in the formula. 

- 12 = v(12) 2 - 4(4)(9) 
x = 2(4) 

- 12 ""' v'-11_4 ___ 1~-M, 12 3 

8 = -s-= -2· 

Since equn.tions do not always yield a solution as readily as tho one 
above, consider another example. Given the equation 

2x2 + 5x - 12 = 0, 

it is seen that a = 2, b = 5, c = - 12. Substituting these values in the 
formula 

- 5 ::!= v'52 - 2(4)( - 12) - 5 = v25 + 96 
x = 2(2) = 4 • 

With the plus sign, 

With the minus sign, 
- 5 - 11 - 16 

x = 4 = -4- = - 4. 

As a check on the result, substitute each of the values of x in the given 
equation: 

x = - 4 

2( - 4)2 + 5( - 4) - 12 = 0 
2(16) - 20 - 12 = 0 

32 - 32 = 0 
0=0 

x =It=~ 

2m2 + 5(U - 12 = o 
2(i) + J,fi - 12 = 0 

12 - 12 = 0 
0=0 

Exercise 1-22. Solve the followi11g quadratic equations. 

1. x2 + 2:c - 3 = 0 6. 5x~ - ll:t + 2 = 0 
2. x2 - 8x + 15 = O 7. 12y2 + 25y + 12 = 0 
3. x2 - 9x - 22 = 0 8. x 2 + 19 = 20x 
4. 2x2 - 9x + 4 = 0 9. x2 + 2x = 48 
5. 6x2 - 5x + 1 = 0 10. x2 + 2ax - 3a2 = 0 

Trigonometry. Trigorwmetry is that branch of mathematics whicb 
deals with the properties of triangles. Actmilly, the ideas of trigonometry 
9ave been extended to s9lve many problerns in radio; as will be seen later. 
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A right trianale is a triangle in which one of the angles js a right angle 
or 90°, like the triangle in Fig. 1-3. For convenience, the angles are 
marked with the capital letters A, B, 
C (with Cat the right angle) and the 
side opposite each angle is marked hypotenuse c a= side opposite 

angle A with the corresponding small letter 
a, b, c. 

In geometry it is shown that the 
sum of t he angles in any triangle is 

b =side adjacent to 
angle A 

180°; that is, A + B + C = 180°. Flo. 1-3. Right Trinni)o with Parta 
But since C = 90°, A+ B = 180° - Labeled. 

C = 180° - 90° = 90°. Therefore 
A and D each must be less than 90° (acute angles) and t he following re­
lations must be true: 

A+ B = ·90°; A= 90° - B; B = 90° - A.. 

Now consider two triangles like ABC and AB'C' in Fig. l -"1, one of which 
is 1arger than the other. In geometry it is shown thn.t these two tri-

c 

, angles, ABC and AB'C', are simi-
8' for, that is, their angles are equal 

and their sides ::i.re proportional 
to one another. Therefore, it, may 
be said that 

BC B'C' 
ilC = AC' = a constant. 

Frn. 1-4. 'r1·inn:t1~s ABC u11tl AB'C' nro 
Similar. 

No matter what the size of triangle 
AB'G', as long as the shape is the 
same as that of the triangle ABC 
this ratio will bo true. If the an-
gles were changed, the ra.tio would 

cha.nge also. There is a definite relation between an a.cute angle of a. right 
triangle and the ratios of the sides. 

To talk about these ratios, it is handy to name them according to the 
following definitions, whfoh refer to Fig. 1-3. 

If A is an acute angle in any right triangle, then by definition: 

. f A length of side opposite angle A . A a 
s10e o = = sm = -· 

length of hypotenuse c' 

. f A length of side adjacent to angle A A b cosine o = = cos = -· 
length of hypotenuse c' 

t t f A length of side opposite angle A t A a angen o = ~ . · = a.n - · 
length of side ad1acent to angle A - b 
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The abbreviations sin, cos, and tan are commonly used in plo.ce of the 
corresponding complete no.mes sine, cosine and tangent. Other ratios may 
be formed but arc not needed here. It is important to remember that 
these ratios depend only upon the angle in the right triangle and not 
upon the size of the triangle; the ratios are numbers. 

It mo.y be shown that in any right tr iangle the square on the hypotenuse 
· is equal to the swn of the squares on the two tiides; this generalization is 

cnlled the hypotenuse rule or the Theorem of Pythagora~. That is, 

a2 + b2 = c2. 
From which, 

a = V c2 - b2 • and 

Values for the ratios or trigonometric f unctions may be worked out for 
certain angles quite easily. Consider a triangle with three equal sides, 
each one unit in length. Since the sides arc equal the angles opposite 
them must be equal. The sum of t he three equal angles is 180° and so 
each angle must be 60°, as shown in Fig. 1-5. A line drawn from the top 
of the triangle to the center of the lower side will divide the lower side (or 
base) into two portions, each ~- unit long, and will divide the triangle into 
two portions, each of which is a right triangle. Taking one portion of the 

1 

(a) 

I 
2 

( b) 

1 
2 

8 

60° 90° 

A b C 

(c) 

F10. 1-5. Equilateral Triangle aod 30'-60~ T riangle. 

~riangle (Fig. 1-Sc) and lettering the angles and sides as stated at the first 
of this section, the ratios ca.n be evaluated for the angles in this triangle. 
From the hypotenuse rule the side a is 

a= v'c2 -b2 =VP - (t) 2 = VI - f = V1 = ~ = 0.87. 

From the definition, 

sin A = ~ = 0].
87 = 0.87 = v; =sin 60°. 

From the definition, 

cos A = £ = -
2
1 + 1 = 0.50 =cos 60°. 

c " 
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a v'3 1 o 
tan A = b = 2 + 2 = v'3 = 1.73 = tan 60 . 

From the fact that angle A = 60° it is found that sin 60° = 0.871 cos 60° = 
0.50, and tan 60° = 1.73. 

The same triangle may be used to get the values for the trigonometric 
ratios or functions for 30°. The side bis opposite angle Band the side a is 
adjacent to angle B; angle Bis 30°. From the definition, 

also, 

and 

Exercise 1- 23. 

sin B =sin 30° = !!. = 0.50; 
c 

cos 13 = cos 30° = ~ = 0.87; 
c 

tanB = tan30° = £ = 0.58. 
a 

1. Draw a right triangle whose sides are 3 inches and 4 inches long; 
find the length of the hypotenuse. 

2. The smaller acute angle in the right triangle of sides 3 inches and 4 
incheS' is about 37°. :F'l"Om this triangle find sin 37°, cos 37°, and tan 37°, 
approximately. 

3. What is the relation between sin 30° and cos 60°? Between sin 60° 
a.nd cos 30°? 

4. For the triangles studied, is this a true statement: sin (90° - A) = 
cos A? 

It is not necessary to calculate all of the values needed to solve problems, 
because tables like Table 1-3 (p. 25) are available. 

To use the table, proceed as follows. 
(1) To find t he functions of 37°, go down the left-hand column to 37° 

and on this line find sin 37° = 0.6018, cos 37° = 0.7986, and to.n 37° = 
0.7536. 

(2) To find the angle whose cosine is 0.8988: go down the column of 
cosines until 0.8988 is found and then proceed to the left on t his line to 
find 26°; thus cos 26° = 0.8988. 

(3) To find cos 16.5° (16°30'). This cosine is not listed, but since 16.5° 
lies .5 or one half the interval between 16° and 17°, the cosine of 16.5° may 
be assumed to lie .5 of the intervo..l between cos 16° nnd cos 17°. To calcu­
late cos 16.5° it is necessary to subtract the proportional part of the 
difference from the value of cos 16° because the cosines decrease o.s the 
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angle increases. This operation is called interpolation, and is performed 
as follows: 

(a) cos 16° = o.~613 

(!,>) cos 17° = 0.9563 

(c) Difference = 0.0050 

(d) cos 1G0 = 0.9613 
(e) 0.5 X 0.0050 = 0.0025 

(f) cos 16.5° = 0.9588 

(4) To find tan 35.66° (35°40'). Since t he tl~ogent of a.fl angle increases 
as the angle increases, t he proportional part of the difference is added to the 
value of tan 35° to give tan 35.60°. 

(a) tan 36° = 0.7265 

(b) tan 35° = 0.7002 

(c) Difference = 0.0263 

(d) tao 35° = 0.7002 
(e) 0.66 X 0.0263 = 0.0175 

(f) tan 35.66 = 0. 7177 

(5) Find angle A if sin A = 0.6626. From the table it is seen that A 
lies between 41° and 42°. 

(a) sin 42° = 0.6691 (cl) sin A = 0.6626 

(b) sin 41° = 0.6561 (e) sin 41° = 0.6561 
---

(c) Difference = 0.0130 (f) Difference = 0.0065 

(g) Since Aisbetween41°and 42°,A = 41° +~:~~~~X1°. 
(h) A = 41° + 0.5° = 41.5° or 41° + 30' = 41°30': 

Exercise 1-24. Find tbe following functions and angles from t he table. 

1. sin 45° 7. cos 88.6° 
2. cos 45° 8. sin 79.25° 

3. tan 45° 9. Angle A:, if sin A = 0.9135 
4. sin 90° 10. Angle A, if tan A = 0.2035 
5. cos 15.5° 11. Angle A, if cos A = 0.9310 
6. t.an 75° 12. Angle A, if sin A = 0.9995 

These functions of trigonometry are used to solve many problems in 
ra.dio work. First, ho~ever, an illustration based on the action of me­
chanic.al forces will be discussed. 

Consider the ordinary boys' slingshot (Fig. l-60.), which consists of a 
forked stick with a rubber band fastened to t he ends. When a small stone 
is placed in the loop and pulled back, the stone flies straight ahead when 
released. If the. angles shown in Fig. 1-6b are assumed, the forces on the 
stone and in the rubber bands may be. found, since these forces are propor­
tional to the lengths of the sides of the triangle ABD or BCD. Half the 
force on the stone will be supplied by each half of the rubber band. For 
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TABLE 1- 3 

Swl!ls, COSINES, AND 'TANGENTS 

Sine Cosine Tangent Sine Cosine Tange.nt 
Degrees (~VP) (adj. ) (opp') Degrees (opp.) ( (U/j. ) (~~·) 

nyp. hy71. culj. hY1'· i1117J. adj. 

- ----
0 .0000 1.0000 .0000 45 .707 1 .7071 1.0000 
1 .0175 .9998 .0175 46 .7193 .69'17 1.0355 
2 .03119 .9994 .034\J 47 .7314 .6820 1.072'1 
3 .0523 .9986 .0524 ·18 .7431 .0001 1.1106 
4 .0698 .9976 .0609 49 .7547 .6561 1.150'1 

5 .0872 .9962 .0875 50 .7660 .6'128 1.1918 
6 .1045 .9945 .J051 51 .7771 .0293 l.2349 
7 .121!) .9925 . 1228 52 .7880 .6157 l.2799 
8 .1392 .9903 .1405 53 .798() .6018 1.3270 
9 .1564 .9877 .158•1 54 .8090 .5878 l.37M 

10 .1736 .9848 .1763 55 .8192 .573() 1.4281 
11 .1908 .9816 .19-.14 56 .8290 .5592 1.4826 
12 .2079 .9781 .2126 57 .8387 .5446 1.5399 
13 .2250 .9744 .2300 58 .8'180 .5299 1.6003 
14 .2419 .9703 .2493 59 .8572 .5150 l.6643 

15 .2588 .9659 .2679 60 .8060 .5000 1.7321 
16 .2756 .9613 .2867 61 .8746 .1848 1.8040 
17 .2924 .9563 .3057 ()2 .8829 .4G95 1.8807 
18 .3090 .9511 .3249 63 .8910 .•15-10 l.9626 
19 .3256 .9455 .3443 64 .suss .4384 2.0503 

20 .3420 .9397 .3640 65 .9063 .4226 2.1445 
21 .3584: .9336 .3839 66 .9135 .1007 2.2-160 
22 .3746 .9272 .40-10 67 .9205 .3907 2.3559 
23 .3907 .0205 .'12'15 68 .9272 .3746 2.4751 
24 A067 .9135 .4452 69 .9336 .358'1 2.6051 

25 .4226 .9063 .4663 70 .~397 .3420 2.7475 
26 .4384 .8988 .4877 71 .9455 .3256 2.9042 
27 .4540 .8910 .50% 72 .9511 .3090 3.0777 
28 .4695 .8829 .5-317 73 .9563 .2924 3.2709 
29 .4848 .87•16 .5513 74 .9613 .2756 3.4.874 

30 .. 5000 .8660 .5774 75 .U659 .2588 3.7321 
31 .5150 .8572 .6009 76 .9703 .2419 4 .0108 
32 .5299 .8480 .621!() 77 .97,14 .2250 4.3315 
33 .5446 .8387 .6494 78 .9781 .2079 4.7046 
34 .5592 .8290 .6745 79 .9816 .1908 5.1446 

35 .5736 .8192 .7002 80 .9848 .1736 5.6713 
36 .5878 .8000 .7265 81 .9S77 .lf>64 6.3138 
37 .6018 .7986 .7536 82 .0003 .1392 1:u5'J, 
38 .6157 .7880 .7813 83 .9925 .1210 8.14,13 
30 .6293 .7771 .8098 84 .9945 .101:5 9.51'1'1 

40 .6428 .7060 .8391 85 .9962 .0872 11.4301 
41 .6561 .7517 .8693 SG .9970 .0008 14.3007 
42 .6091 .743 1 .9004 87 .9986 .0523 Hl.08U 
43 .6820 .7314 .9325 88 .90!)\I, .0349 28.6363 
44 .6947 .11na .9657 so .9998 .0175 57.2900 
45 .7071 .7071 1.0000 90 1.0000 .0000 ... ~ . 
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example, if the rubber band is stretched so thn.t each half or each side 
exerts a. force of 1 unit (which may be ca.lled Fn) in line with itself, 

A 

(a) ( b) 

Fio. 1-6. Sling$l1ot 1md Force Dingrron. 

what is the force exerted on the stone (represented as F3)? From the 

triangle, cos 45° = ~cl or ~ c = d cos 45°. Since ea.ch side of the band 

supplies ha.If the force on the stone, then 

'F6 = FR X cos 45° = 1 X 0.7071 = 0.7071. 

The total force on the stone will be twice tills, or 1.4142 units. 
Vector Addition. Some relationships to be explained later are indicated 

in the triangle in Fig. 1- 7. 
R z = cos 8 R = Z cos 8 

x x . 9 z = Slll X = Z sin8 

R Z = vRz+ x2 
" 

R 
Z=­

cos 8 

x Z = ­
sin 0 

Fm. 1- 7. Impodance 'l'ri­
aDido with Parts Marked. The symbol 8 is the Greek letter theta. 

Exercise 1-25. 
1. Given R = 8, X = 6, find 0. 
2. Given Z = 10, 8 = 45°, fiud R and X. 

Suppose it is stated that R = 8 and X = 6, which are to be combined 
to give Z = 10. Certainly these cannot be added by nr ithmetic because 
this would make the sum 8 + 6 = 14. Quantities which have a definite 
direction as well as size, such as R, X, Z, are called vectors and are added by 
vector addition. To add R to X in this fashion, plo.ce them as shown in the 
triangle (the arrowhead indicating the direction of each) o.nd draw a line 
from the beginning of R to the end of X. This will be Z, the vecl.or 
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sum of R and X, and its length is Z = vR2 + X2 = v's2+62 = 10, as 
required. · 

It is customary to set vectors in boldface type. In writing, a short bar, 
as x, over the vector distinguishes it from nonvector e..xpressions, as x. 

Another system for finding the values of the t rigonometric functions is 
to draw o. curve of sines. Suppose n, circle is drawn whose radius is 1 unit 
long (Fig. 1-8), with center at A. Then draw a diameter AD and con­
tinue this line to E; dr:i.w another line o.t a right angle to the diameter and 
to the end of the radius (CB). The triangle ACB is a right triangle and 

sin8 = ~~-

11 

12 E 

F10. 1-8. ConBtruotiou for Sine Curve. 

But AB = 1 (unity in length) and so sin 8 = CB. If the radius were 
drawn in another position (AB'), the line from B' to the diameter at C' 
will again be sin 8' = G'B', and so on, no matter what t he angle iJ happens 
to be. If the entire circle be divided into parts (say 24) and the radius 
considered as if moving, in a direction opposite to tho.t of the clock hands, 
it will occupy each of these positions in succession. Divisions are marked 
on the line DE with the numbers of degrees corresponding to the positions 
of the radius. Dy drawi.ng lines horizontally from t.he end of the radius in 
the various positions to the vertical lines as shown, a. curve of sines, or a 
sine curve, will be formed when the points are joined by a smooth curve. 

Other infonnation may be obtained from such a diagram. Following 
the lines used in making the diagram, it may be seen that sin i20° = 
sin 60°, sin 150° = sin 30°, and so on. This suggests a general statement 
that sin (180° - A) = sin A . Many similar rules have been worked out. 

Exercise 1- 26. Compare the height of several points on the curve 
with values in Table 1-3 for the same angles. 

In Fig. 1- 8, cos e = AC. If the rn.dius were again rotated, and the 
lengths AC, AC', and so forth , plotted vertically above the degree marks 
on DE, a cosine curve would be obtained. The two curves .may be com­
pared; the shape is exactly the same, but when the sine curve is zero the 
eosine curve has the value I, o.nd so on. 
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Exercise 1-27. Compare the values of several points ou the sine curve 
with the values of cosines in Table 1-3. Could the relation sin (90° - A) 
= cos A be used t o plot a curve of cosine:)? 

For some purposes it is convenient to use a special unit to measure 
angles instead of the usual degrees. If the radius of a. circle is bent around 

the circumference of the circle like a 
flexible rule, it will fit 211' times with-

9 = l radian out overlapping ('lT = 3.1•116, ap-
= 57.3° pro}..imately). That is, 2rr radii 

will be needed to make a curved 
line as long as the cil'cumference. 
The relation is true no matter what 
the size or the circle. The radius, 

Fiu. l-9. Ml.!r,~u ro of Angle in .Rn.diaos. wrapped n.round the circle, will be 
the curved edge of n piece of pie, 

with an angle at the center (Fig. 1-9). This angle is ca.lled a. radian. 
One radia.n is a.bout 57.3°. There will be 2'lT radians in the whole cir­
cumference or 360°. To con11ert degrees to radians, divide the number of 
degrees by 57.3; to convert radians to degrees, multiply the number of 
radians by 57.3. 

Exercise 1-28. 

1. Convert the following angles to radians: 45°, 60°, 90°, 180°, 120°, 
135°1 22.5°, 200°, 3,000°. 

C l f 11 · I d '7T 3ir 11 71(' 20rr ,..8 2. onvort t1c .o owrng o.nges to egrees: 3' 4' 72, B' T' O.v "· 

Graphs and Curves. A fairly reliable aid in prodict.ing the future is the 
experience of the past. To th.is end inforrna tion is collected about the 
number of automobiles built, number of babies born, tcmpemturcs in 
various cities, prices on the market, so~-------------, 
and many other things. This infor-
mation may be listed in the form of 
tables or shown on graphs. A graph 
of the.average do.ily temperature in 
some locality is shown in Fig. 1-10, 
which is plotted from Table 1- 4. 

Date 
l\fay 1 
Mny 2 
l\Iay 3 
l\Io.y 4 
May 5 
Mn.y 6 

TABLE 1-4 

Tcmperal11-re, 
dcgr~ 

51 
58 
68 
55 
69 
74 

70 
~ 
.3 
"' ~ 
E ., 
I- 60 

500 
2 3 4 5 6 7 

D at e 
Fm. 1-10. Chnrt of DniJy Tempcruture 

for May. 
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The gradual ris~ in temperatme at this time of year and the drop of tem­
perature on May 4 are easily seen on the graph. 

Sometimes important decisions are made on the basis of information 
obtained from graphs. For example, if a power company plotted the 
power output of its plants over a long period of time the curve might be 
extended toward future dates by observing its shape, amount of bending, 
steepness, and so forth. From this extended· curve the company might 
tell when the power required would be greater than their plants could 
furnish, and this would be the date when new generators should be put 
into operation (Fig. 1-11). 

~ 1.5 
:::1 
0 
:r: 

/ 
/ 

/ 

/ , 

~ 
~ 1.0 
0 

/ Present Plant Capacity - ---T.-·-·--- ·-
.,, 
t:: 

~ 

• /\Install New Capacity 

rJ ~ 
30.s 
c. 
"'5 
0 

0 .___ _ _ __. _ __ ....._ ___ ....__. __ ...._ 

1920 1930 1940 1950 1960 
Y e a r 

1'1:G. 1-11. 0~ tput of Piaut, by Years. 

Anothe.r use for graphs has already been shown.-o. curve of sines may 
be used as a table of sines of angles. The curves for cosines, tange[its, and 
other trigonometric functions may be constructed and used in the same 
way. 

Logarithms. It has already been shown (pp. 7-9) that very large or 
very small numbers are best wTitten in scientific notation. A similar plan 
may be used to simplify multiplying, dividing, 
and other operations. 

Consider again the table showing powers of 
10 and their equivalents in place notation. It 
is seen that 10° = 1 and 101 = 10. A number 
between 1 and 10 must be represented by 10 
raised to some power between 0 and 1. Tables 
have been prepared to show what this power 
is, and Table 1-5 is this kind of a table for the 
base 10. 

103 = 1000 
102 = 100 
101 = 10 
100 = 1 
10-1 = 0.1 
10--a = O.Ql 
10-3 = 0.001 

etc. 
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N 0 
--

10 0000 

11 041'.I: 
12 0702 
13 1139 

14 1461 
15 1761 
16 2041 

17 230<1 
18 2553 
19 2788 

20 3010 

21 3222 
22 3124 
23 3617 

24 3802 
25 3g79 
26 '1150 

27 4.314 
28 1.172 
29 4624 

30 4771 

31 4!J l 4 
32 5051 
33 5185 

34 5315 
35 54.41 
36 5563 

37 5682 
38 5798 
39 5911 

40 6021 

41 0128 
42 6232 
43 6335 

44 6435 
45 6532 
4.6 6628 

4.7 6721 
48 6812 
49 6902 

so {}\)\)() 

51 7076 
52 7100 
53 7243 
54 7324 

-
N 0 
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1 - -
0043 

0453 
0828 
1173 

1492 
1790 
2068 

2330 
2577 
2810 

3032 

3243 
3444 
3636 

3820 
3997 
tJ:lOG 

1330 
4487 
4639 

4786 

4928 
50(15 
5198 

5328 
5453 
5575 

5694 
5809 
5922 

6031 

6138 
6243 
63'15 

6444 
6542 
6637 

(\730 
6821 
(i911 

6998 
7084 
7168 
7251 
7332 
--

1 

'!'ADLE 1-5 
LOGARITHMS 

2 . 3 4 5 
--------
0086 0128 0170 0212 

0492 0531 0569 0607 
0864 0899 093! 0969 
1206 1239 1271 1303 

1523 1553 1584 1614 
1818 1847 1875 1903 
2095 2122 2148 2175 

2355 2380 2405 2430 
2601 2625 2648 2672 
2833 2856 2878 2900 

3054 3075 3096 3118 

3263 3284 3304 332<1 
3164 3483 3502 3522 
3655 3674 3692 3711 

3838 3856 387t.I: 3892 
4014 4031 40!18 4-065 
4183 4200 4216 4232. 

4346 4362 4378 4393 
4fi02 4..518 453-3 4548 
4654 4.660 4683 4698 

4800 4814 4829 4843 

4942 4955 4.969 4983 
5079 5092 5105 5119 
5211 5224. 5237 5250 

5340 5353 5366 5378 
5465 5478 5490 5502 
5587 5599 5fll 5623 

5705 5717 5729 5740 
5821 5832 5843 5855 
5933 5944 5955 5966 

6042 6053 6064 6075 

6149 6160 6170 6180 
6253 6263 6274 6284 
6355 6365 6375 6385 

6154 641)4 6474 6484 
6551 6561 6571 6580 
66·16 6656 6665 6675 

6739 6749 6758 6767 
6830 6839 6848 6857 
6920 6928 6937 6946 

7007 7016 7024 7033 
7093 7101 7110 7118 
7177 7185 7193 7202 
7259 7267 7275 7284. 
7340 7348 7356 7364 
-- - - ----

2 3 4 5 

6 --
0253 

0645 
1004 
1335 

1644 
1931 
2201 

2455 
2695 
2923 

3139 

3345 
3541 
3720 

3909 
4082 
4249 

4409 
4504 
4713 

4857 

4997 
5132 
5263 

5391 
5514 
5635 

5752 
5866 
5977 

6085 

6191 
6294 
6395 

6493 
6590 
6684 

6776 
6866 
6955 

7042 
7126 
7210 
7292 
7372 
--

6 

(Chop. l 

7 8 9 ------
0294 0334 0374 

0682 0719 0755 
1038 1072 1106 
1367 1399 1430 

1673 1703 1732 
1!)59 1987 201-l 
2227 2253 2270 

2480 2504 2529 
2718 271.2 2765 
2945 2967 2989 

3160 3181 3201 

3365 3385 3•104 
3560 3579 3598 
37•17 3766 378<1 

3927 3945 3962 
40!)9 4116 4133 
4265 4281 '1298 

4425 4440 4456 
4579 4594 'HiOO 
4728 47'12 4757 

4871 4886 4·900 

5011 5024 5038 
5145 5159 5172 
5276 5289 5302 

54.03 5416 5428 
5527 5539 5551 
5647 5658 5670 

5763 5775 5786 
5877 5888 5899 
5988 5999 6010 

6096 6107 6117 

6201 6212 6222 
6304 631.•l 6325 
6405 6'115 6425 

6503 6513 6522 
6599 6609 6618 
6693 6702 6712 

6785 6794 6803 
6875 6884 6803 
6964 ()!)72 6981 

7050 7059 7067 
7135 7143 7152 
7218 7226 7235 
7300 7308 7316 
7380 7388 7396 
------ -

7 8 9 
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N 0 

SS 7404 
56 7482 

57 7559 
58 7634 
59 7709 

60 7782 

61 7853 
62 7024 
63 7993 

64 8062 
65 8129 
66 8195 

67 8261 
68 8325 
69 8388 

70 8451 

71 8513 
72 857::1 
73 8033 

74 8092 
75 875l 
76 8808 

77 8865 
78 8021 
79 8976 

80 9031 

81 0085 
82 9138 
SS 9191 

84 9243 
85 9204. 
86 9345 

87 Oln5 
88 9445 
89 949'1 

90 05'12 

91 9590 
92 9638 
93 9685 

94 9731 
95 0777 
96 9823 

97 9868 - 98 9912 
99 9056 

--
N 0 

MATHEMATICS OF RADIO 

l - -
7412 
7490 

7566 
7642 
7716 

7789 

7880 
793l 
8000 

8069 
8136 
8202 

8267 
8331 
8395 

8457 

8519 
8579 
8630 

8608 
8756 
8814 

8871 
8927 
8982 

9036 

9090 
9143 
9196 

9248 
9299 
9350 

9400 
9450 
9499 

0547 

{)595 
9643 
9689 

9736 
9782 
9827 

9872 
9917 
9961 
--

1 

TABLE 1-5 (Continued) 

LOGARITHMS 

2 3 4 s - - - - ----
7419 7427 7435 7443 
7497 7505 7513 7520 

7574 7582 7589 7597 
7649 7657 7664 7672 
7723 7731 7738 7745 

7796 7803 7810 7818 

7868 7'075 7882 7889 
7938 7945 7952 7959 
8007 8014 8021 8028 

8075 8082 8089 8096 
8142 8149 8156 8162 
8209 8215 8222 8228 

8274 8280 8287 8293 
8338 8344 8351 8357 
8401 8407 8414 8420 

8463 8470 8476 8482 

8525 8531 8537 8543 
8585 8591 8597 8603 
8615 8651 8657 8663 

8704 8710 8716 8722 
8762 8768 8774 8779 
8820 8825 8831 8837 

8876 8882 8887 8893 
8{)32 8938 8943 8949 
8987 8993 8998 9004 

9042 9047 9053 9058 

9096 9101 9106 9112 
9149 91..54 9159 9165 
9201 9200 9212 9217 

9253 9258 9263 9269 
9304 9309 9315 9320 
9355 9360 9365 9370 

9405 9410 9415 9420 
9455 9460 9465 9469 
9504 9509 9513 9518 

9552 9557 9562 9566 

9600 9605 9609 9614 
96'17 9652 9657 9661 
9694 9699 9703 9708 

9741 9745 ll750 9754 
9786 9791 9795 9800 
9832 9836 9841 9845 

9877 9881 9886 9890 
0921 9926 9930 9934 
9965 9969 9974 9978 

- - ------
2 3 4 s 

6 
--

7451 
7528 

7604 
7679 
7752 

7825 

7800 
7966 
8035 

8102 
8169 
8235 

8299 
83G3 
84.26 

8488 

8549 
8609 
8660 

8727 
8785 
8842 

8899 
8954 
9009 

9063 

9117 
9170 
9222 

9274 
9325 
9375 

9425 
9474 
9523 

9571 

9619 
9666 
9713 

9759 
9805 
9850 

9894 
9939 
9983 

--
6 

31 

7 8 9 ----- -
7459 74G6 7474 
7536 7543 7551 

7612 7619 7627 
7686 769'1 7701 
7760 7767 7774 

7832 7839 7846 

7903 7!ll0 7917 
7973 7980 7987 
8041 8048 8055 

8109 8ll6 8122 
8176 8182 8180 
8241 8248 8254 

8306 8312 8319 
8370 8376 8382 
8432 8439 8445 

8494 8500 8506 

8555 8501 8567 
8615 8021 8627 
8675 8681 8686 

8733 8739 8745 
8791 8797 8802 
8848 8854 8859 

8904 8910 8915 
8960 8905 8971 
9015 0020 0025 

9069 9074 9079 

9122 9128 9133 
9175 9180 0186 
9227 9232 9238 

9279 0284 9289 
9330 9335 9340 
9380 9385 9390 

9430 9435 9440 
9479 9484 9489 
9528 9533 9538 

9576 9581 9586 

9624 0028 9633 
9671 1)675 9680 
9717 9722 9727 

9763 9768 9773 
9809 9814 9818 
9854. 9850 9863 

9899 9903 9908 
9943 9048 9952 
9987 9001 9996 
- - ----

7 8 9 
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Before using the table consider thn.t 2, for example, lies between 1 and 
10; it may be represented by 10°·3010, in which the e::qxment lies between 
0 aJ.1d 1. Also it is possible to write 3 as 1ou.m1• Since the 10 (the base) 
occurs in all cases, it is convenient to change the name of the exponent to 
logarithm and not to write the b~1se at aU. 'l'he logarithms of the numbers 
from 1 to 10 are the following (logarithm is o.bbreviatcd "log"): 

log 1 = 0.0000 log 4 = 0.6021 
log 2 = 0.3010 log 5 = 0.6990 
log 3 = 0.4771 , log 6 = 0.7782 

log 7 = 0.8451 
log 8 = 0.9031 
log 9 = 0.9542 

Now from the tn.ble of powers of 10 the eJ..'Ponent (or logarithm) of 
numbers between 10 and 100 must lie between 1 and 2. But 20 is the same 
fraction of the distance from 10 to 100 that 2 is from 1 to 10. Therefore 
the logarithm of 20 is 1.3010 ~ind similarly. 

log 200 = 2.3010 
log 2,000 = 3.3010 

The pa.rt of the logarithm to the right of the decimal point remains the 
same as long as the digits in the original number remain the same; the 
part to the left of tbe decimal point changes by 1 whenever the number is 
multiplied or divided by 10. 

The decimal fraction or right-hand part of the logarithm is given in 
the fable to four decimal places :tnd is cu.lled the mantissa. The integral 
part. to the left of the decimal point is called the characteristic ~\nd is found 
in the following way: 

(a.) Move the decimal point in the nllmber until the number remaining 
is between 1 and 10. 

(b) Count tbe number of places the dc:cimal point has been moved and 
call this number the characteristic. 

(c) Make the characteristic positive if the decimal point was moved 
to the left and nego.t ive if it was moved to the right. 

(d) A negntivc characteristic is written as a positive one, with 10 suq­
tracted from the entire log. 

Example: Find log 4,570 in the t able. 

(a) Find 45 in the left-hand column of Table 1-5 and move a.cross 
this line to the column headed by 7 to find 6599. Write this as 0.6599 . 

(b) Move t.he decimal point to the left three places to give 4.570, a 
number between 1 n.nd 10. The cha.racteristic is 3 and positive. 

(e) The complete logaritlun is 3 + 0.6599 = 3.6599. 

Example: Fh1d log 0.00121. 

(a) Find 12 in t he left-ha,nd column, go across th;is line to the column 
bended 1 and find 0.0828. 
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(b) Move the decimal point to the right three plo.ces, to give· 1.21. 
The characteristic is 3 and negative, but is written 7. - 10. 

(c) log 0.00121 = - a+ .0828 = 7.0828-10. 

Exercise 1-29. 

1. Check the following: (a) log 207 = 2.:3160; (b) log 8,500 = 3.9294; 
(c) log 0.667 = 9.8241-10; (cl) log 91.9 = 1.9633. 

2. Find logs of these numbers: 206, 75,400, 8,330, 92.8, 0.00026. 

The number corresponding to a given logarithm is called the antilogarithm 
and is found as follows: 

(a) Find the mantissa of the logarithm in the body of the table. Move 
across to the left-hand column for the first two figures of the antilog and 
note the column heading which is the third figure; consider the result as a 
number betwem 1 and 10. 

(b) Move the decimal point to the right as many places as the ch~r-
acteristi0 when the latter is positive and to the left '\Vhe.n it is negative. 

Bxample: Find antilog 2.5877. 

(a) Find 0.5877 in line 38 and column 7; consider this as 3.87. 
(b) Move the decimal point 2 places to the right, which gives 387, the 

required antilog. 

Example: Find antilog 7.3243-10. 
(a) Find 0.3243 in line 21, column 1; consider this as 2.11. 
(b) The cluiracteristic is 7 - 10 = - 3. Therefore, move the decimal 

point 3 places to the left to get 0.00211 as the reqµ.ired antilog. 

If the exact value cannot be found in the table, take the value nearest to 
it; or interpolate as follows: 

Example: Find antilog 0.4208. 
log 2.64: = 0.4216 
log 2.63 = 0.4200 

Difference = 0.0016 

log 2.64. = 0.4216 
given log= 0.4208 

Difference = 0.0008 

Since 0.0008 + 0.0016 = 0.5, the required antilog must lie 0.5 of the 
way from 2.63 to 2.64, or 2.635. The characteristic is zero so the decimal 
point does not have to be rnoved. 

Exercise 1-30. 

L Check t.he following: (a) a.ntilog 1.8169 = 65.6; (b) antilog 
7.9325-10 = 0.00856; (c) a-ntilog4.481•.l: = 30,300; (d) antilog 3.5711 
= 3725; (e) autilog 8.876G-10 = 0.07527. 

2. Find the antilogs of the foUowin~: (a) 2.9274; (b) 9.9533-10-; 
(c) 3.5441; (d) 0.6196; (e) 6.6169-10. 
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Logarithms may bo used to make multiplico.tion and division easier. 
The rules are the same as those stated for exponents. That is, to multiply, 
add the logarithms of llte numbers and look up the antilogarithm of the 
result. The work of multiplying •179 by 89 may be ar ranged us follows: 

log 479 = 2.6803 
log 89 = 1.94911 

log of product = 4..6297 
antilog 4.6297 = 42,630. 

To divide, subtract logs; to divide 479 by 890, arrange thus: 

log 479 = 12.6803 - 10 
log 890 = 2. 9404 

log of quotient = 9.7309 - 10 
antilog 9.7309 - 10 = 0.538. 

Since the difference of the logs is a negative number here, 10 is added 
at the left and subtracted to the right of log 479 (this does not alter its 
value) and the log of the quotient shown is obtained. 

Exercise 1-31. Perform the operations indicated, using logs. 

1. 3 x 7 5. 87.5 + 37.7 
2. 746 x 0.567 6. 0.685 -:- 9.75 
3. 5.55 x 637. 7. 3.14 + 2.72 
4. 0.0495 x 0.0267 8. 0.0385 + 0.00146 

Logs are very useful in finding higher powers and roots of numbers. 
Suppose that 245 is needed. This could be found exactly by multiplying 
24 X 24 X 24 X 24 X 24, but logs make th e operation much easier. Thus: 

log 24 = 1.3802 
multiply by 5 

log (5 X 2£1) = 6.9010 
antilog 6.9010 = 7,962,000. 

Others powers are also easy: for example, 2°·G = 2l = V2. 
log 2 = 0.3010 

multiply by 0.5 
log 2u = 0.1505 

antilog 0.1505 = 1.414: 

This is actually the process of extracting a square root, because 

zo.& x 20.0 = zo.o+o.5 = 2l = 2. 

Logarithms may bo plotted graphically, and the resulting curve may be 
used as a. table or otherwise. I nstead of using equal divisions on the paper 
in plotting this graph, it is handier to use paper which is di\rided according 
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t-0 the logaxithms of the nUm.bers, as shown jn Fig. 1-12. Entering the 
chart at'-2, on the pot.to~,. p~oceed upwa~d t9. t~e .line and then tQ the left 
to f.ind 0.3, which is log 2. To find aritilogiQ_.Ej, enter -the chart: at 0.8 on 
the left, proc~e.d horizontally to the line, anci then clown to-6.:1 as .required. 

l.Oilll1111111111· :· I I It 

0.9 I 

0.8 f-t- 1-

~o.sE!~I33§E§3lm~~lllllOOllll _, 

0.4lmlBll ..... 
0

·

3·§1Iill: :11111m .. l.llllll 
0·2 ffi~f!l3fiWflmlill'lmimmlllm 
0.1~--
o:omE 

l 

, 
2 3 4 5 6 7 8 9. 10 

N =Number 

FlO. 1-12. Curve Showing Logarithms of Numbers. 

Exercise 1-32. Compar.e the values of lqgs ··found on ·the , chart with 
vnJues·from the table. -

Besides the use of logarithms for calculating, there are other reasons for 
understanding their use. The human ear acts in a manner that is of 
logarithn1ic nature. "What we hea.r depend~ upon where we ~re, among 
other things. As everyon~ knows, it is ~rdet· .to make. ·an9t4t?r person 
hen,r what 'is being said in a noisy location '(~u~h as city. traffi<;l) than in a 
quiet place.. The reason is that tµe incre::i.stf of sound necessacy.to give the 
impression of a change in s~und intensity is governed not . only by the 
actual change of sound intensity but also by the a.mount of other sound 
present. By selecting a unit of sound intensjty which is of the same sort 
as the action of the ear, the communication engineers simplify discussion 
of this action and make it easier to set control dials to correct· values. 

The unit of sound level used is called the ·deiibel (abbrevi:ite-d db) a.nd is 
defined by the equation · 

P1 
db = 10 log p

2
, 
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where db is the number of decibels, P1 is the larger amount of power, o.nd P2 
the smaller a.mount of power (or sound) being compared. If one sound is 
twice as loud o.s another (t.wice as much power), then the ratio P1/ P2 ;::;:: 2; 
log 2--= 0.3010, and therefore tho number of decibels is 10 X 0.3010 = 3. 
This may be seen from the chart showing the relation between power ratio 
and decibels, Fig. 1-13. If t he output power in a given system is greater 
than the input power, the system is said to have a gain; if the output is 
less than the input, the system is so.id to have a loss, or the gain is expressed 
in negative decibels. By assigning a figure to the zero level, the power 
output 9f amplifiers and other equipment may be rated in decibels, as is 
often done. 

Exercise 1-33. 1. From the chart find the number of de<Jibels corre­
sponding to the following power ratios: 2, 4, ~O, 100, 1,000, 3, 50, 600. 

2. Find the power ratios corresponding to the following decibel gains 
(or losses): 2, 6, 35, 20, 10. 

As has been shown, charts mn.y be made with divisions which are log­
arithmic. For some purposes it is more convenient to use simply a scale 
which is divided into parts proportional to the logarithms of numbers, such 
o.s Fig. 1- 14. It is seen that the point marked 2 is about 0.3 of the length 
of the scale from the left-hand end; 4 is located 0.6 of the length from the 
left, and so on. Other divisions are marked according to the following 
system. Considering the 1 at the left-hand end of the scale (called the 
index) to represent 100, the main divisions will be 1, 2, 3, · · ·, to represent 
100, 200, 300, · · ·. Between 1 and 2 are other divisions marked from 
1 to 9, which represent 110, 120, 130, · • ·. These are further divided with 
a third set of marks which do not have munbers but represent 101, 102, 
103 · · ·, to 199. Between the 2 and 4 the subdivisions with the longest 
lines represent 210, 220, 230, • · ·, which are again divided to represent 
202, 204, 206, · • · etc. The smallest divisions here represent numbers 
twice as large as those in the portion of the scale marked 1 to 2. From 4 to 
the right-hand end of the scale the major divisions are also by lO's (410, 
420, 430 · · ·) but the smallest division 1·epresents only 5; that is, 405, 415, 
425, · · · with lO's divisions between. In Fig. 1-15 is a scale with the 
folJowiog points marked: A 365, B 327, C 263, D 1,745, E 1,347, F 305, 
G 207, H 1,078, I 435, J 427. 

H E o G c F a A j1 , ... ,.,.,,.,.,4rrt:rm-,, .. 1,,.,....,.,im ,J,, 1.,.,,1m,., .,,1,.I'''''' '~ 

li'ro. 1-15. Logari thtnio Sc11le with C<:rt.nin Points Marked. 



38 MATHEMATICS OF RADIO [Chop. i 

Exercise 1- 34. Verify the above readings on the scale and locate the 
following points: 445, 463, 772, 255, 279, 1,850, 1,763, 1,941, 1,005. 

Tho numbers at either end of the scale (caUed the left-hand and right­
hand index, respectively) may be multiplied or divided by any power of 
IO; that is, the left-hand index may represent 1.0, 100, 106, 0.001, and all 
other points on the scale will have the same multiplier . This property and 
other properties of logarithms permit two such scales as have been described 
to be. used for multiplication, division, and other operations with numbers 
except addition and subtraction. 

If the scale marked C (Fig. 1-14) be cut out on line xy, tbc ·C scale 
may be matched with the D scale or moved to any position a.long the latter. 
For example, if the 1 on the C scale (called C for brevity) lie placed oppo­
site 2 on D, 2 on C will be opposite 4 on D, 3 opposite 6, and so on. Dut 
4 is 2 X 2, and actually log 2 ,on C has been added mechanically to log 2 on 
D and tho result, quite properly, is log 4. Th is process (adding logarithms 
medui.nically) is the basis of the slide rule, which makes tedious calcula­
tioos much easier. 

Division ma)r be performed with equal ease. For example, to divide 
9 by 3, set 3 on C over 9 on D and read 3, the answer, under tho left-hand 
index (1) on C. 

This same setting also gives the result of dividing 6 by 2, 7.5 by 2.5, 
36 by 12, and many other combinations. Tbis property may be used to 
work problems in proportion, such as 

3:9 = x:42, 

finding the answer 14 above 42 on the D scale. 
The location of the decimal point rna.y be found by rules like those used 

for logarithms, but is often located by inspection. Thus, in multiplying 
195 by 2,l, an approximate calculation (made mentally) with 200 X 20 
shows that the answer should be somewhere near 4,000, and actually is 
4,680. 

Common fractions are easily converted to decimal fractions on these 
scales, by dividing the numerator by the denominator. That is, to convert 
.,.\- to a decimal fraction, set 16 on C over 1 on D and find 0.0625 on D 
under the right-hand index of C. 

The relation between the di visions on the D scale s.nd the logarithms of 
numbers may be seen by finding the logarithms on the scale of equal parts, 
marked L. For example, opposite 2 on D find 0.301 on L, opposite 3 on 
D find 0.477 on L, and so forth. 

Exercise 1- 35. Perform the following operations with the sliding 
scales. 

I. Multiply : 3 X 5, 3.05 X 5.17, 5.56 X 634, 743 X 0.0567, 
0.0495 x 0.0267. 
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2. Divide: 87.5 + 37.7, 0.685 + 8.931 1,029 + 9.70, 0.00377 + 5.29, 

3. Solve the proportion: 2 : 3 = x : 7.83. 

4 C t l . I f . 1! 11 3 17 193 
. onvert o c ccuna ract1ons : s' 

16
, 32, 

348
, 

11095
. 

Compare values of logarithms found on the L sea.le with those in Table 
1-5. 

Answers to Exercises 

1-1. (1) 28; (2) 32; (3) 26; (4) 32; (5) 90; (6) O; (7) 5; (8) 7 
(9) ' this operation not. possible; (10) 2; (11) 5; (12) 5; (18) O; (14) 49; 
(15) 32. 

1-2. (1) l i\r; (2) 1~; (3) tZ; (4) i\r; (5) l; (6) tH; (7) t; (8)a\2}ui 
(9) fti cm> 1~; en) a; c12) ~a. 

!-3. (I ) 0.75, 0.625, 0.562-5, 0.2656251 0.9, 0.6G6 · · · , 0.764 · · · ; 
(2) seemachinisi/i; or other handbook; (3) 9.806; (4) 0.746; (5) 23.731526; 
(6) 0.826. 

1-4. (1) 2; (2) 3; (3) 5; (4) 7; (5) 3; (6) l; (7) 4; (8) 7; (9) 7 ; 
(10) 6. 

1-5. (1) 6.05 x 1023 ; (2) 6.94 x lOll; (3) 5.87 x 101~; (4) 9.3 x 107; 

(5) 2 x 10-1 ; (6) 3 x 10- 23 • • 

1-6. (I) 860,000; (2) 61600,000100010001000,000,000; (3) 0.00003; 
(<!) 0.064; (5) 1,200,000,000; (6) 0.00000628. 

1-7. (I) 6.7 X 107 ; (2) 5 X 102 ; (3) 0.00174. 

1-8. (1) 24m; (2) lOu; (3) lOOq; (4) b; (5) ~e; (O) 2.3x; {7) 17.27k; 
(8) 22h. 

1-9. (I ) 10a + 13b; (2) 7.8c + 19.ld + 6.2e; (3) 36/; (4) 16z; 
(5) 92y; (G) 15z; (7) 5a; (8) .92r; (9) 3; (10) ia + 2x + y. 

1-10. (1) 8a2 - 5ab; (2) -x2 - lOx + 12; (3) - 21·2 + 2rs - 3s2
; 

(4) 3a2 + 4a - 10. 

1-11. (1) 6x7 ; (2) -h.7; (3) -125d3 ; (4) 30E0 ; (5) -8L3; (6) -15x2y2; 

(7) 9a6l2 ; (8) - 9aGl~ i (9) -· 6e9; (10) - 211n2d3; (11) - xGy1s; (12) 4~c10• 

1-12. (1) 8b + 5; (Z) -32; (3) - 15d + 24; (4) 8a2 + 4ab + 3ac; 
(5) - r + 2s; (6) - lld + 7; (7) 8n~ - 13n - 2; (8) - 23n - 52; (9) 
16a2; (IO) 9s2 + s; (11) 5x - 45 ; (12) 8y2 + 6y; (13) 14r - 17; (14) 
-3x2 + lO:z; - 20; (15) 16x - 90y - y 2 - 54. 

1-13. (1) 7x(y - 2z); (2) 5ab(a - 5b); (3) 2'l!"r(r + h); (4) 4x(2y2 -

4y + 3); (5) ab( ab - 3b + 4a2 - 12); (6) 6m(4mn - nz + 6mn? - 7mi), 
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1-14. (1) n2 + 5n + 6; (2) a2 - 3a - 10; (3) p2 - 9p + 20; (4) 
a.2 + 3ab + 2b2 ; (5) x4 - 16x2 + 48; (6) tW - 5lh - 84; (7) 9x2 - 6x 
- 3; (8) x4 - 6x2y2 - 55y4. 

1-15. (1) (n + 3)(n + 2) ; (2) (x - 5)(x - 1); (3) (a - 4)(a - 5) ; 
(4) (2n - 1)(3n + 2) ; (5) (x + 2y)(x + y) ; (G) (3a + 2)(5a + 4) ; (7) 
(2 + 5x)(l + x) ; (8) (a2 - llb2)(a2 + 5b2

) . 

1-16. (1) x2 + 6x + 9; (2) x2 - !Ox+ 25; (3) x2 + 12zy + 36y2; 

(4) a2 - 2ac + c2; (5) 4x2 - 12x + 9; (6) 9a2 + 30a + 25; (7) a2 - 6ab + 
9b2; (8) 9k4 - 6k2 + I; (9) 25r4 + 10r2s2 + s4; (10) a5 + 24a3 + 144; 
(11) k2 

- !h +ta-; (12) ia2 + jab+ lb2
• 

1-17. (1) (x - 6)2; (2) (4x - 5y)2; (3) (5a2 + 12b2) 2• 

1-18. (1) x2 - y2 ; (2) 100 - a2; (3) 16a2 - 9b2 ; (4) (6r + s)(Gr -
s); (5) (-9v+5it)(Ov+5u); (6) 3c(2c-1)(2c + l); (7) (60+3) 
(60 - 3) = 3,GOO - 9 = 3,591; (8) (60 + 15)(60 - 15) = 3,375. 

1- 19. (1) 100; (2) 0.41; (3) 50; (4) 322. 

1-20. (1) 377; (2) 51.9; (3) 159; (4) 6.03; (5) 0. 

1-21. (1) 118; (2) (RR2)/(Rz - R). 

1-22. (1) x = - 3, +1; (2) x = +3, +5; (3) x = +11, - 2; (4) 
x = 4, !; (5) x = ;, ~; (6) x = 2, i; (7) y = -~., -!; (8) x = 19, 1; 
(9) x = -8, +6; (10) .x = -3a, +a. 

1-23. (1) 5 inches; (2) 0.6, 0.8, 0.75; (3) sin 30° = cos 60°, sin 60° = 
cos 30°; (4) yes. 

1-24. (1) 0.7071; (2) 0.7071; (3) 1.0000; (4) 1.0000; (5) 0.9636; 
(6) 3.7321; (7) 0.0245; (8) 0.9824; (9) 66°; (10) 11.5°; (11) 21.5°; (12) 
88.25°. 

1-25. (1) 37°; (2) R = 7.07, X = 7.07. 

1-27. Yes. 

1-28. (1) 0.785, 1.047, 1.571, 3.142, 2.094, 2.356, 0.398, 3.491, 52.36; 
(2) 60°, 135°1 2.5°, 210°, 1,200°, 17G.4°. 

1-29. (2) 2.3139, 4.8774, 3.9206, 1.9675, 6.4150 - 10. 

1-30. (2) (a) 846; (b) 0.898; (c) 3,500; (<l) 4.16; (e) 4.14 X 10- •. 

1-31. (1) 21; (2) 422; (3) 3,530; (4) 1.32 x 10-3 ; (5) 2.32; (6) .0702; 
(7) 1.155 j (8) 26.4. 

1-33. (1) 3, 6, 10, 20, 30, 4.7, 16.9, 27.8; (2) 1.6, 4, 3,200, 100, 10. 

1-35. (1) 15, 15.8, 3,520, 42.l, 1.32 X 10-s; (2) 2.32, 7.68 X 10- 2
, 106. 

7.13 x 10-t; (3) 5.22; (4) 0.8, 0.688, 0.094, 4.88 x 10- 2, 0.176. 



CHAPTER 2 

D.C. Circuits 

Introduction. Radio is the name given to the science of communication 
and control by means of electromagnetic vibrations in space. ' It is the 
problem of t he designers and operators of radio equipment to set up vibra-­
tions at the proper freqi.1encies, aod of sufficient power so that they can be 
detected by electric circuits tuned to respond to these particular vibrations. 
The proper care and m::mipulatiou of the complicated radio a.pparatus of 
the present time requires an extensive knowledge of electric circuits, 
vacuum tubes, and other equipment. The basis of .all work in r.adio is an 
understanding of the character of electric phenomena, particularly the 
manner in which electric circuits respond to electric impulses. 

One hundred years ago electricity was thought to be some peculiar kind 
of fluid which flowed in wires very much as water or oil Bows in pipes. 
This idea permitted scientists to explain many of their experiments with 
electricity. As more and more new experiments were tried, the fluid theory 
did not continue to explain all of the results that were obtained and the new 
theories that were used to expbiin the results became more and more compli­
cated. At the present time so many different experiments have been tried, 
and the theories used to explain them have become so complicated, that 
much study involving higher mathematics is required to understand these 
advanced theories. Fortunately it is necessary for t~e electrical technician 
to understand only the more clementnry of them in order to work 
cfiectively. 

The old belief that electric current is a fluid flow caused by an electric 
pressure and opposed by a resistance in the wire is still very effective in 
solving many of the problems of the electrician and the radio operator. 
It is now known, however, that electric current is not a true fluid but that 
it consists of the drift of millions of negatively charged particles alo.ng a 
wire. Those negatively charged particles are called electrons o.nd are so 
extremely small that they flow through the spaces between the atoms of 
the conductor. 

In most metals a few electrons in the outer portion of the atom are very 
loosely bound to the nucleus of the atom. As a result large numbers of 
these electrons are free to drift about in the interatomic spaee. Metals 
of this type are called conductors. If the electrons are attracted by con-
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necting the conductor to a battery they will accelerate owing to the force 
of attraction but the speed attained by any individual electron will be 
relatively small because it will bump into one of the many atoms be­
fore it has gone very fa.r and bounce off in another direction. The energy 
which the electron had absorbed by reason of its acceleration is given up 
to the atom and appears in the form of heat. Some substances have a 
molecular structme in which the electrons are so closely bound to the 
molecule that a very high electric pressure is required to tear them away. 
Substances of this type arc called insu.lators and are used in electric cir­
cuits to keep the electron flow restricted to paths desired by the designer. 

Although it is interesting to know that electrons float about inside metal 
conductors, a complete understanding is not essential to a workable knowl­
edge of electric circuit,s. Occtisional reference may b0 nuide to the above 
statements to give a cleal'er explanation of physical occurrences. The 
simple fluid theory, however, will be the basis for most of the development. 

Electrical Quantities. In order to discuss electric~d phenomena in­
telligently, it is necessary to define som.e electrical quantities and specify 
the units in which these quantities are measured. Four of these quantities 
and the units in which they are measured are given below. Other defini­
tions will be added as the need arises. 

THE cou1 .. 0111B. The unit of electrical charge or the quantity of excess 
electrons is called the coulomb. It is the charge which would be obtained 
by collecting approxim1ttely 6,300,000,000,000,000,000 (6.3 X 1018) free 
electrons on a single charged body. This is a large unit and is seldom used 
in elementary radio calculation. It is important, however, as a basis for 
other units. 

THE AMPERE. The unit of elect.ric flow is called the ampere. If one 
coulomb of charge passes a given point on a wire in one second, then one 
ampere is said to flow. In other wo1:ds, the ampere is a special name given 
to a coulomb per second. 1.t is specified by international agreement as 
t:J:i.e constant current which will deposit, silver at the rate of 0.0001118 g 
per second, as this definition gives a means by which a standsrd may he 
obttti.ned anywhere, while the counting of the electrons would be rliffi.cult. 
The eonventional direction of current is opposite to the direction of elec­
tron flow. 

Tim OU M. The unit of resistance to electric fl.ow is called the ohm and 
it is specified by international agreement as the resistM.ce which at a 
temperature of 0°0 is offered to the flow of current by a column of 
mercury of uniform cross section, of a length of 106.3 cm, and having a 
mass of M.45 g. The magnitude of the cross section so specified is essen­
tially a square millimeter. 

THE vow'. The unit. of electric pressu.re is the volt and is the pressure 
which will force one ampere to fl.ow through a resistance of one ohm. 

It is often difficult to visualize the magnitude of these units from the 
formal definitions so the following inforrnn.tion may be of aid to the begin-
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niug student. Some idea of the size of the coulomb l;llay be gained :from 
the fact.that if a chn.rge of 6.8 .milliontlli? of a coulomb were placed one foot 
from a similar cha.rge there would be a repelling force of one pound acting 
between them. The ampere is most easily visualized by referring to a. 
100-watt electric light \vhich takes about one a mpere of current. -The 
favorite comparison for the volt is that an ordinary dry cell has 1.5 v. The 
rionnal pressure fot domestic electric service is 120 v. The resistance of 
an electric toaster or fiat iron is about 25 ohms. The.se .statements may 
assist the novice in visualizing these quantities. 

Ohm's Law. In order to !)bt.ain a better understanding of electrical 
circuits, use will be made of the old but still useful fiuid ·analogy. In Fig. 
2-1 a pump is shown driven by o. motor. This pump is used to circulate 

Motor 

Q---:h;L __ _ 

(b) 

Pressure 
(lb/in2) 

20 
35 
75 

100 
150 

Flow 
(gal./min.) 

1.6 
2.8 
6.0 
8.0 

12.0 

Pump 

(a) 

Prnssuro 
Flow 

12.5 
12.5 
12.5 
12.5 
12.5 

(d) 

Eleotric 
pressure 
(volt.s) 

8.0 
12.0 
I'G.8 
22.4 
47.0 

R 

Voltmeter 
-==-.: Battery 

Ammeter 

( C) 

Electric 
flow 

(amperes) 

0.92 
1.38 
·l'.93' 
2:51 
5.4.o 

Volts 
Amperes 

8.7 
8.7 
8;7 
8.7 
8.7 

FIG. 2-1. Analogy 13ctwc<m Hydraulic au<l Electric Circuit.a. 

oil"' through a cooling coil of small copper tubing. A. gauge is connected 
to the ends of the copper tubing to measure the difference in pressure 
~icross the coil and a flow meter is inserted in the pipe to measure the rate 
a t which the oil Hows through the tubing. 

If the speed of the pump is changed and if readings are taken of the 
pressure gauge and flow met.er at each pump speed, a set of data· will be 
obtained as shown in the table in Fig. 2--lb. It is important. to ob~erv.e 
tho.t at each pump speed the pressure divided by the flow gives the s~i;ne 

.. Oil is used insteo.d of water bees.use it is e. liquid of high viscosity and will obey the 
Ohm's Law of the hydraulic circuit. 
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result. In this case t hat value is 12.5. The flow at any pressure can, of 
course, be found by dividing the pressure by 12.5. If the flow is desired 
at some pressure other tha.n those tested it might also be obtained by 
dividing the pressure by 12.5. 

Example: 'What is the fiow at .50 lb per square inch pressure? 
According to the relation stated above, 

pressure 50 . 
fiow = 12.5 = l2.S = 4 gallons per mmute, 

pressure being in pounds per square inch. The constant 12.5* is charac­
teristic of this pa1t icular size and lengfo of t ubing and so can be called 
the resistance of the coil of tubing. 

To the right of this simple hydraulic circuit is shown a similar electric 
circuit. A battery suppl.ics the electric pressure that ca.uses an electric 
current to fiow through a coil of copper wire indicated diagrammatically 
as R. The meter used to measure the electric pressure in volts is called a 
voUmeter. 'lne meter used to measure the current in amperes is called an 
amm.eter. If taps ar e arranged on the bat tery so t hat d ifferent voltages 
may be applied to the coil of wire, then a. set of readings of volts and corre­
sponding amperes can be made. These rea,dings would be compar able to 
the pressure and B.ow readings of tbe hydraulic circuit. In the electric 
circuit the voltmeter reading divided by the ammeter reading is alway$ 
8.7 and this constant is cnlled the resistance. It is seen by this analogy 
that in the electric circuit also it is possible to predict the current flow with 
any given voltage. For instance, if the cu!Tent correspouding to 65 v 
were desired, then 

E 65 
I= S.7 = S.7 = 7 .5 amp, 

E being in volts. T his value of 8. 7 is a characteristic of the wire and 
is called the resistance. I t is measured in the unit which has previously 
been defined as the ohm. The formal statement of the relationship 
observed above is as follows: 

The cnrrent in amperes is equal to the pressure in volts divided by the resist­
ance in ohms. 

This statement is known as Ohm's Law a.nd is t he basis for a large por­
tion of electrical circuit theory. I t may be expressed ma.thematically in 
the three fonns below: 

E 
I = R' 

E 
R =7• E = RI. 

A word of caution should be given at this t ime, for although this is the 
general rule of behaviol' of electricn.l circuits, t here are many exceptions. 

*This consto.nt depends Also upon the viscosity of the fluid. In electricity tho 
vo.ris.ble corresponding to viscosity does not occur. 

I 
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Me.ny of these cases ,of unusual behavior are the basis ,"of the' ope.rntion 01 

important commercial equipment. No great worry should, therefore, 
be caused the student when he later meets with these exceptions. 

Series Circuits. Electrical conductors may be connect~d. following qne 
another so that any current flowing .through one mus.t flow th1:ough t~e 
other. This is shown in Fig. 2-2« When 
circuits. are connected in this manner the 
resistances are said to be connected in series. 
The combined or equivalent resista.nce of R1 
and R2 ~onnected as in Fig. 2-2 is. 

E 
Fro. 2-2. Series l\ esistu.nces. 

The electrical pressure across R1 when 
added to the electrical pressure across R2 will equal the total battery 
pressure. 

Aecording to Ohm's Law the pressure or voltage across ~1 is R1J and 
the voltage across R2 is R2I. Since the current is the same in both re,;:;ist· 
ances, the voltage across the individual resistances will be proportion.al to 
their resistances. Also, the proportion of the total voltage across R1 wi.11 
be Ri/(R1 + R2). This relationship is used many times in radio, an<t 
such a combination of resistances .. to give -a reduced voltage is known as a 
potentiometer or voltage divider. 

Example: If a resistance of 100,000 ohms is connected in series with. a 
resistance of 5,000 ohms across a 90-v B battery, (a) what current '".ill 
flow? (b) if the voltage across the 5,000-ohm resistor is used to control 
a vacuum.· tube, what ·would this voltage be? 

Solution: The equivalent resistance of the two resistn.nces in series is 

R00w = 100,000 + 5,000 = 105,000 ohms. 

By Ohm's Law, the current will be, 
E 90 

I = R = 
1051000 

= 0.00086 a.mp. 

The voltage across the 5,000-ohm resi'>tance is, 

E E 
R2 

90 
5,000 

4 28 = b9.ttei:y R1 + .R2 = 105,000 = ' ·V. 

Exerdse 2-1. A vacuum·tube filament takes 0.9 amp at 6.3v. (a) "Wl1at 
is the resistance? (b) What additional resistance would be required if 
the,fil£1.ment were to be supplied.from a 12-v battery? 

Exercise 2-2. The heaters of five vacuum tubes are to be . supplied in 
series. 'They require a current of 0.3 amp and each has a resistance of 
21 ohms. What is the total resistauce and what voltage must be used to 
supply the necessary current? 
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Exercise 2-3. How much resistiince would be placed in sedes with 
a 50,000-ohm resistor to obtain a voltage of 8.4: across the 50,000-ohm 
resistor when a 45-v battery is the source of pressure? 

Parallel Circuits. H.esistanccs in electric circuits may be connected in 
parallel as shown in l<'ig. 2-3. When resistances are connected in this 

manner it will be noted that t.b.e 
battery voltage is impressed across 
each resistance just as if the other 
resistance were not there. The cur­
rent in each resistance is dete1mined 
by Ohm's Law as, 

E E E 
F10. 2-3. Parallel Resistances. 11 = - I2 = - and /3 = -· 

R1' & R3 

The total current in the circuit is the sum of the Cllrrents in the individual 
resistances, so 

(
1 1 1) 

= E R1 + R2 + Ba • 

The quantity 1/R is a constant called the conducta11ce and is indicated by 
the symbol G. It is that characteristic of a resistance which when 
multiplied by the voltage gives the current. The unit of conductance is 
called the mho. This is recognized as the ohm spelled backwards and the 
name was chosen to be a reminder that the mXo was the reciprocal of the 
ohm. Since the sum of the currents is equal to the total current, then the 
sum of the conductauces in a parallel circuit is equal to the total eon~ 
ductance. 

Gioca1 = G1 + G2 + G:& + ... 
The proportion of the total current which is Aowiug in any one resistor is 
the conductance of that circuit element divided by the total conductance 
of the circuits which are iu parallel. Expressed mathematically, this is 

11 EG1 Gi 
Icx,tai = E(G1 + G2 + G3 + · · ·) = G1 + G2 + Ga + · · · 

Example: Determine the equivalent resistance of the following four 
resistances connected in parallel. What proportion of the current will 
fl.ow through the 8-ohm resistance'? 

Ri = 20 ohms 

R3 = 12 ohms 

R2 = 25 ohms 

R. = 8 ohms 
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Solution: 

D.C. CIRCUITS 

G1 =its= .050 

G3 = -h = .084 

G2 = -h = .040 

G, = i = .125 

Total conductance is 

Gwt•i = G1 + G2 + G3 + G. = .299 
Equivalent resistance is 

1 
Rflq = .

299 
= 3.34 ohms. 

Proportion of current flowing through the 8-ohm resistance is 

Ia-oiuo. G4 .125 A 8 set 
Ic.olal = Gi + G~ + G3 + G, = .299 = . .,.l = 41. Yo· 

47 

It is of interest to call attention to the special case where only two re· 
sistanccs arc connected in parallel. This is so very common that it prob­
ably constitutes the majority of the problems in parallel circuits. In this 
special case, 

E 

Therefore, 

R1R2 
Req = R1 + R2. 

This equivalent rcsisto.nce will act in every way just as the two resistances 
in parallel, and so it is very common for engin~rs to refer to the equivalent 
resistance of t.wo i·csistances in parallel as the product of tho rcsistanC-OS 
divided by tho sum of the resistances. It should be remembered, however, 
that this particular formula a pplies only to the case of two rcsist.anccs in 
parallel. 

Exercise Z- 4. Two resistances, one of 50 ohms and one of 20 ohms, 
are connected in parallel across a. 100-v line. What is the toto.l current 
and the equivalent resistance? 

Exercise Z- S. Two circuit elements are connected in parallel across a. 
240-v line. One has a. conductance of .0063 mho and the other a con­
ductance of .0172 mho. What current will be taken from the line? What 
proportion of this current will flow t hrough the element having a con~ 
ductance of .0172 mho? 
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Exercise 2-6. A 90-v battery supplies a total current of 0.134 amp to 
two parallel resistance elements. If one of the resistance elements tn.kes 
0.039 amp, what is the resistance of each element? 

Exercise 2-7. Five resistances are connected in paro.llel. It is desired 
to know the total current and the proportion of this current going through 
Ra when a potential of 24 v is applied. The resistances arc : RL = 4 ohms, 
R2 = 7 ohms, Ra = 22 ohms, R4 = 10 ohms, R,, = 65 ohms. 

Series-Parallel Circuits. Many times it is desirable to use combinations 
of series and parallel arrangements of resistances in radio equipment. The 
procedure used to solve circuits of this type is to combine the parallel 
resistances into equivalent series resistances and then determine the total 
current produced by the impressed voltage. This total current will divide 
in a parallel circuit in proportion to the conductances and so the current 
in any one of the resistances may be found. 

+ 

Example: In the circuit shown in Fig. 2-4, determine the current in 

R,= 10 OHMS 

R,= 12 OHMS 

F10. 2-4. Resistances iD Series and 
Po.:rnllel. 

the 7-ohm resistance. 

Solution: 

G~ = -!'Tr = 0.100 
G3 = t = 0.142 
G4 = n = 0.083 

Equivalent conductance is 

Ge<J. = 0.100 + 0.142 + 0.083 = 0.325. 

Equivalent resistance is 

1 
Req = 0.325 = 3.08. 

Total resistance is 
Re = 3.08 + 3 = 6.08. 

Total current is 

E 45 
It= Rt= 6.08 = 7.40. 

Current in 7-ohm resistance is 

Ga 0.142 
I1-obm = GIXJ. I , = 0.325 X 7.40 = 3.23 amp. 

An alternate method of obtaining the current in any branch of a. parallel 
circuit is to determine the voltage across the circuit from the equivalent 
IR drop and then divide this voltage by the resistance to obtain the current 
in that circuit element. 
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Ezampl£: In the circuit shown in Fig. 2-5 determine the current in 
the 10-ohm resistance. 

Solution: Equivalent resistance 
of parallel circuit is 

' 10 x 15 150 
RoQ = 10 + 15 = 25 = 6 ohms. 

15 OHMS 
5 OHMS 

10 OHMS 

110 Volts 

Fro. 2-5. A Seri0&-Parnllol Circuit. 

Totnl resistance of circuit is 

~ = 5 + 6 = 11 ohms. 

Total curr at is 

E 110 
It = R~ = 1f = 10 amp. 

Volts across parallel resistances arc 

Ep = IRIXJ. = 10 X 6 = 60 

Current through 10-ohm resistance is 

I10-ohm = ~ = 
6
0° = 6 amp. 

R 10-01>m 1 

20 OHMS 
16 OHMS 

100 + 
Volts -

5 OHMS 

80 OHMS 

Exercise 2-8. Determine 
the total current and the 
current in the 5-ohm .resistor 
of the circuit of Fig. 2-6. 

Fto. 2-6. Circuit for Exeroi.ao 2-S. 

125 Volts 
+ -,_ ______ -I 

Exercise 2- 9. Determine 
the total current and the 
current in the 25-ohm re­
sistance oI the circuit shown 
in Fig. 2-7. 

25 OHMS 
5 OHMS 

Fta. 2-7. Circuit !or Exercise 2-9. 
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220 Volts 

23 OHMS 
Exercise 2-10. What is the differ-

13 OHMS 
63 

OHMS ence of potential across ab and across 
a1--- ..l\A1Vv"V--r----.JV\/l.IV'-----1c be of the circuit; shown in Fig. 2-8. 

FIG. 2-8. Circuit for Exercise 2-10. 

Determination of Resistance. Since copper wire is used so extensively 
in radio circuits it is important to know the resista.nce of various sizes of 
wires. In Table 2-1 not only the resistance but several other items of 
information are given for various sizes of copper magnet wire. 

TABLE 2- 1 

PnoPEil.TIES OP CoPPEn M AGNET WmE 

Size of Ohms per Pounds Dio.mcter Diameter Diameter 
wire Diameter 1000 ft per Ct Ei EC&s 

(A.W.G.) (mils") nt 20° C. 1000 ft in mils in rriils in mi· 

0000 460.0 .0490 640.5 •168. 
000 409.6 .0618 507.9 418. 

00 364.8 .0779 402.8 375. 
0 324.9 .0983 319.5 333. 

1 289.3 . 1239 253.3 297 . 
2 257.6 .1563 200.9 206. 
3 229.4 .1970 159.3 237. 
4 20<l.3 . 2485 126.4 212 . 

6 162.0 . 3951 79.46 170 . 
8 128.5 . 6282 49.97 134 . 131. 136. 

10 101.9 .9989 31.43 107. 104. 109. 
12 80.81 1.588 19.77 85.8 83.0 88.0 

14 64.08 2.525 12.43 69.l 66.l 71.1 
16 50.82 11.016 7.818 55.8 52.6 57.6 
18 40.30 6.385 <l:.!)17 45.3 42.0 47.0 
20 31.9() 10.15 3.002 37.0 33.5 38.0 

22 25.35 16.14 1.542 29.4 26.8 3J.3 
24 20.10 25.67 1.223 24.1 21.3 25.8 
26 15.94 40.81 .7692 19.9 17.0 21.5 
28 12.64 64.90 .4837 16.Ci 13.6 17.6 

30 10.03 103.2 .3042 14.0 10.8 H .. 8 
32 7.950 164. l .1913 12.0 8.75 12.8 
34 6.301) 260.9 .1203 10.3 7.01 11.0 
36 5.000 •114.8 .0757 9.00 5.60 0.60 

38 3.965 659.6 .0476 7.97 4.47 8.47 
40 3.145 

I 
1049.0 .0299 7.15 3.55 7.55 

• 1 mil ~ 0.001 in. t E m~Ans cnunrnlcc!. 
t C a1ca.ns siaglo cotton covorcd. §EC me1>.na onu.mclod with 5inglo oot~on covering. 
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Occasionally materials other than copper are used, and if the resistance 
relative to that of copper is known, the resist&nce of wires of t.hese other 
materials may be found by multiplying the resistn.ncc of copper wire of 
the same size by the relat:ve resistance. A list of relative resistances is 
given in Table 2-2. 

TABLE 2-2 

RESISTA>'<CJSS OP M~~·1•:1. r,s: ltATlO OF REs1sTAN'CE OF MET:1.1, 1•0 R1-1s1s•r:1.NcE ov Co1·:PER 

Il.esi sta n ee Re):!ist.nncc 
Pure metals rela.ti ve to Alloys reln.tive to 

copper copper 

Iron ...............•.. 5.80 Rudiohm .. . , ... . ..... 77 
Zinc ...... ... ....••... 3.43 N ichrome ....... , .... 65 
Tungsten .... .......... 3.20 Adv:mce ........ ... .. 28 
Aluminum . . . ... . ...... 1.55 High brass ........... . 4.8 
Gold .. . ..... . . .. . . . .. . I AO Low b1·ass . . .. ... ... .. 3.8 
Silver .•... ... ...... ... .943 Commercial bronze .. . . 2.4 

The resistances here given are at normal or room tempera.ture and are 
satisfactory for most use. It is well to remember that iu most cases the 
resistance of metals increases with temperatme and if the temperature is 
very high or if very accmat.e results are required, temperature effects 
must be considered. 

Kirchhoff's Laws. Two rules or laws known as Kirchhoff's Laws are 
important in solving complicated electric circuits. These laws were 
implied in the solutjons of series and parallel circuits but are stated ex­
plicitly as follows: 

(1) The current flowing into any junction of an electric circtiit is equal 
to the current flawing out of that junction. 

(2) The sum of the battery or generator voltages ai·ound any closed circiiit 
is equal to the sum of the voli'age :lrops in resistances aroimd the same circuit. 

Example: The use a 2 OHMS ti 6 cr::.:'3 c 
of these ln.ws is illus-
trat.ed by determining 
the current flow in the 
10-ohm resistance of 
Fig. 2- 9. Tho cur­
rents are shown as 181,, 

meaning that the cur­

+ 
12 Volts ~ 

e 
F10. 2-9. 

-lab 

d 

--­lcb 

40HMS 
+ = 10 Volts 

Circuit lllustrnting Use of Kirchhoff's Lo.ws. 

rent specified is the current flowing from a to b, l w the current flowing 
from c to b, and JM the current from b to d. 

Using Kirchhoff 's first law at the point b, . 
lab + Icb = lb<),. 
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Using I\Jrclilioff's second law around circuit ea-Od, 

2lab + 4J/Hl = 12. 
Using l{ircbhoff's second law around the circuit f cbd, 

6fcb + 4/M = 10. 

[Chop. 2 

'l'he above t.bree equations ha.ve three unknowu currents l ab, I.,,, and Irxz. 
Since I.w = IM - I,b, the second equu.tiou may be written as 

2Ibc1 - 2l,b + 4ll>ll = 12 
or 

6IINI - 210~ = 12. 
Multiplying both sides by 3 and adding to the third equation of the· set of 
three above; 18IM - 61.b = 36 

4I1>1t + 6Icb = 10 
22111c1 = 46 

•J6 23 
IM = 22 = 11 = 2T'r 

M ethod of Superposition. Another method of obtaining the solution for 
a circuit having several voltages is based on a principle oft.eu used in elec­
trical theory. I t stat.es th.a.t the current in a wire is the sttm of the currents 
produced by each voltage acli1ig by itself and with the other voltages shorted 011t. 

Example: In Fig. 2-9, ihe portion of I bd. caused by the 12-voU battery 
can be obtained by shorting out the lO~volt battery. 

The equivalent resistance of the 6-ohm 1:md 4-olun resistances in paro.lfol 
is (6 X 4)/ 10 = 2.4. This is iu series with the 2-ohm resistance, so 
that the total current is I = 12 = 30 

4.4 11 

Six tenths of this current goes through the 4-ohm resistance, so the current 
contributed by the 12-v battery is 

30 6 18 
11 X 10 = 11 = lir amp. 

T he portion of the current in Iw ca.used by the 10-volt battery can be 
obtained by shorting out the 12-volt battery. The equivalent parallel 
i·esistancc is 2 x 4 8 

- G- = 6 = l~. 

This is in series with the 6~hm rcsisto.nco, so that the total current is 

I = 10 = 30 = 15 
7! 22 11 

Only one third of this current will go through the 4.-ohm resistance. Hence, 
the contribution of the 10-v battery is 

15 1 5 
11X3=11 
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The total current· is; then, 

li!r + T"r = i ~ = 2-:fr amps. 

The f1.nswer by this method· is, of .course,, the same as that obtained by the 
use of Kirchhoff's Laws. 

Exercise 2-11. Determine the voltage across ab of 11'ig: 2-10 by using 
both Kirchhoff's La\vs and by the metliod of 'superposition. 

R, a 
R, 

E1 = 120 volts Ei = 60 volt.~ 

R~ 
R1= 10 ohmH R! = 20 ohms 

R~ = Sohm e R4= 7 ohms 

R6 = Sohrns R6 = '2 ol:iina 

Rg b R6 

F10. 2-10. Circuit for Exercise 2-11. 

Exercise 2-12. A three-wire dist ribution system is supplied with two 
125-v generators connected in series as shown in Fig. 2-11. Detenp ine 
the voltage across 
each. load if the dis- ~400 Ft. 'I ( 
tribution wire is all 
No. 2 A.W.G. cop­
per wire. 

Power and En­
ergy. The manner 
of electron fl.ow 
through conductors 
was discussed iu the 

125 Votts 

introduction of this I ( 600 Ft. ) I 
chapter. The agi- Frn. 2-·11. Circuit for Excrciso 2-12. 

tation or the in-

11 = 40 amp 

12 = _.65 amp 

Ia= 3!) amp 

crease in the random movement of the molecules owing to the fact that 
they are being continuously hit or bumpe<l into by the drif t1ng ·electrons 
was noted, and it was stated that this resulted in an increase in temper:i,­
ture.. The passage of current through a conductor having resistance is 
always associat ed with such a generation of heat. The relation between 
the current, voltage, and resistance of the circuit and the conv.ersion of 
electric energy into heat is an important element in the study of ~lectric 
circuits. 

Referring again to the hydraulic circuit of Fig. 2-1, it is known that 
for constant flow the energy put into the circuit by the pnmp will be doubled 
if the pressure is doubled. It will also be doubled if .the pressure remains 
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constant and the flow is doubled. A similar variation in power exists in 
the case of the electric circuit. The power converted into heat in a resist­
ance may be said to be directly proportional to the product of the current 
u.nd the voltage. Expressed mathematically, this is, 

P =EX I, 
P being expressed in watts, E in volts, and I in amperes. This statement 
may then be used as a definition of a watt: The watt is the rate at which 
electric energy is being .supplied when a current of one ampere is jlowi'fl{} at a 
pressure of one volt. 

Several additional equations for power may be derived from the above 

--0---
AMMETER 

-'VINv-
OHMS-.0. 

FIXED 

-'060'--
Henrys-ll 
Milli·herisyS ... mh 
~ti<:ro .. henrJ$•ph 

FIXED 

~~ 
Micro·farad-pfd. 
MieTo-micco-fat3d-,...µfd 

FIXED 

~c 
AIR CORE 

I 

l/OlTMETER 

-©--
GALVANOMETER 

~~ 
RESISTORS 

VARIABLE ADJUSTABLE 
(By Steps) 

~ ~' 
INDUCTORS 

VARIABLE ADJUSTABLE 
t By Steps} 

-fr- ~ 
QONDENSERS 

FIXED. SHIELDED VARIABLE 

~llC ~ 
TRANSFORMERS 

IRON CORE VARIABLE COUPtlNG 

--i1-
+Terminal ma}' bo 

lnd1cate<l by tong llne 

BATTERY 

l 
-

GROUND 

~ 

IRON CORE 

+-
VARIABLE.. SHIELDED 

.J.. 
CRYSTAL DETECTOR 

Fio. 2-12. Convent.ion.al Circuit Symbola. 
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statement by the use of Ohm's Law. These are very useful when the 
information supplied is not given in volts a.nd amperes. These equations 
are : 

P = E X I = I R X I = PR. 
E E2 

P = E X I = E X R = R. 

(since E = IR) 

(since I =~ 
Since power is the rate at which energy is being transferred, t he total 

energy is the product of the power and the time. Thus, a small unit of 
energy is the watt-second or joule. The more common unit, however, is 
a much larger one known as the kilowatt-hour. This unit specifies an 

~ + 
WIRES, JOINED WIRES. CROSSED 

1 Not Joln~d l 

ANTENNA LOOP ANTENNA 

n n rn 
DIRECTLY HEATED INDIREC1tV 
CATHODE-HEATER HEATED CATHODE. 

TUBE. DIODE HIGH VACUUM 
12 Element ) TUBE ENVELOPE 

- ~ 
TUBE, TRIODE 

(3 Element) 
TUBE, TETRODE 

14 Element) 

JACK 

LOUD SPEAKER 

GRID 

0 
GAS-TUBE 
ENVELOPE 

TUBE, PENTODE 
rs Element) 

FIG. 2-13. Conventional Circui~ Symbols. 

KEY 

TELEPHONE 
RECEIVER 

1 
PtATt 

y 
PHOTO-ELECTRIC 

CATHODE 

GAS PHOTO TUBE 
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energy equivalent to 1,000 watts, or one kilowatt continued over a period 
of onel10ur. It is this unit which is the basis of roost of the bills for electric 
energy issued by the power companies. 

Example: . The cathode of a type 850 vacuum tube requires 3.25 amp at 
10 v. What is the power requirement for the cathode heater? 

Solution: P = El = 10 X 3.25 
= 32.5 watts. 

Fuses. One of 1)ie important ways in which the heating effect of the 
electric cnrrent is used is the insertion into the circuit of a resistance unit 
with small cmTent-carrying capacity, so that when the current goes beyond 
a certain predetermined amount the resistance is burned up and opens the 
circuit. This resist,n.nce unit is called a fuse and i.s used to protect other 
ancl' more expensive equipment from harmful effects when the current 
becomes too large. Fuses are of many different types, and range in size 
from a few milliamperes up to hundreds of amperes. Since they are placed 
in a circuit to protect the equipment, they should not be replaced by larger 
fuses or by heavy conductors because they were specifically designed for 
the purpose of opening the circuit under overload conditions. Oversize 
fuses or solid jnmpers defeat the purpose of the fuses and permit operation 
a.t overload wit h consequent damage to equipment. 

Symbols and Abbreviations. :Many kinds of equipment are used in 
radio work and the circuits are of ten quite complicated. In order to sim­
plify the appearance as much as possible a standard set of symbols is used 
to indicate the circuit elements. ln order tht they be available in one 
place they are assembled in Figs. 2-12 and 2-13. Below the symbol is 
given the name of the element and the name and abbreviations of the units 
where possible. 

The very wide range of magnitudes of quantities used in radio has led 
to the adoption of many units which are dqcimal parts of the basic unit. 
Thus m·illi- placed before the name of a unit such as m!llivolt means that 
one millivolt is one thousandth of a volt. A list of prefixes and the size 
of the new unit iu terms of the original unit was listed in Table 1-2. The 
use of such units saves many troublesome decimals. It is necessary, 
however, to remember that the circ11,it laws are base<Z on ohm;s, amperes, and 
volts, and other units mttst be converted to these before circuit problems can be 
solved. 

Batteries. An important source of electnc pressure for radio purposes 
is the electric cell or battery of cells. Batteries are of two types. One of 
fthese, known as the primary battery, uses up the original materials and is 
thrown away after its useful life is accomplished. The common commer­
cial form for this type is the dry battery or dry cell, which is used in porta.ble 
$.ets and eJsinvh.e.re when smo.11 amounts .of ·power are required over n short 
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period. The other type, known as the secondary or storage battery, may be 
recharged by forcing current through it in the reverse direction after it has 
supplied its normal amount of electric current. Usually storage batteries 
are of larger current capacity than dry batteries and are used os main 
sources of power on portable transmitters and recei\1ers where it is possible 
to recharge the batteries conveniently, as in the case of sets that are located 
in automobiles. 

DnY CELL. A diagram of the construction of a dry cell is shown in 
Fig. 2-14. The positive electrode of the dry cell is a fairly large carbon 

Negative Binding Post 

Zinc Cup 

Paper Pulo 

~i..<-l!n--Granulated Carbon 
& Manganese Peroxide 

:~ ':"~·;:.~~~J~::~ide 
are saturated with 1 Sotutioo at 
am.,.,.1lum dllo<icle. 

Carbon Electrode 

rod located in the center of a zinc container that forms the negative elec­
trode. The electrolyte, which is a dilute solution of ammonium chloride 
(sal ammoniac), is mixed with some porous inert ms.teriai'to form a paste 
which is placed on the inside of the zinc container. Between this paste 
n.nd the carbon rod located in the center is o. porous mass of manganese 
dioxide and carbon granules. This r:nnterial is called a depolarizer and its 
function is to absorb the ammonia and hydrogen gns that is given off at 
tho positive electrode and tends t o insulate the electrode. The top of the 
cell is sealed by au insulating compound so that only the terminals connected 
to the carbon rod and t-0 the zinc container are visible. The zinc container 
is then placed in a cardboard carton, which acts as a protection and as an 
insulator. The larger dry cells, approximately 2t i'ncbe.s in diameter and 
6 inches tall, are Supplied 8.S individual cells. vVberc larger vo}t..'l.ges are 
desired and very small currents arc sufficient, a number of small cells are 
connected io series and mounted in a common container. Several terminals 
will probably be brought out in order to supply different voltages. This 



58 D.C. CIRCUITS [Chop. 2 

unit is the well-known B battery used to supply voltage to the pl:l.tes of 
vacuum tubes. 

STOR.ACE: BATTERIES. The lead storage battery, which is the most com­
mon type, consists of a positive plate of len.d peroxide and :> negative plo.tc 
of porous or spongy lead in. a dilute solution of sulphuric acid. The usun.l 
construction of batteries of the porto.ble type is known as the pasted-plate 
construction. In tbi.s a lead and antimony alloy is used to make a grid of 

FIG. 2-15. Grid of Storage Bat tery Partly Filled with Active Material. 

the type shown in Fig. 2- 15. This grid is filled in with a paste which, 
after au electrochemical forming process, gives lead peroxide on t he positive 
plate. This lead peroxide is the active chemical material, while the grid 
o.cts as physical support fo1· the chemical and as electrical conductor for the 
current that is developed by chemical action. A. similar grid is used for 
the negative plate but a different paste is used, which after forming con­
sist s mainly of pure lead in very porous condition. 

In Fig. 2-16 is shown a completed positive and negative plate, while in 
Fig. 2-17 several of these positive o.nd negative pla.tcs are assembled 
into groups. In Fig. 2-18, porous wood and .fiber glass separators are 
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shown. The plates of the positive group a.re nested between the negative 
plates, being separated from them by the thin and porous separators made 

CourlC$1/ Electric Storage Bolltrl/ Co. 

Positivo Nogntivo 

Fro. 2-16. Storoge-bntLory Pl!ltes. 

of either wood, glass, rubber, or combinations of. them. The whole unit is 
then set in a rubber jar with a cover to support the terminals and is scaled 

Courlca11 Electric St.oraoc Battery Co. 

Positive 

Fro. 2-17. Storag<>-bnttery P!1.te11, in Croups. 

into the main jar as shown in Fig. 2-19. The sulphuric acid electrolyte 
is introduced through the filling hole in the cover. 

Courlt311 Electric Storaoc Battery Co. 

Wood Fiber gl MB 

Fm. 2-18. Storage-battery Sep11.ra.tors. 

This construction permits maximum surface area to be exposed to the 
electrolyte with a minimwn of dista.nco between the positive and negative 
plates, this distance being only the thickness of the separators. The sepe.· 
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rators are sufficiently porous that they offer little hindrance to the flow of 
ions which are the carriers of electric charge, but· they do maintain me­
cha..nical and electrical isolation of the~ electrodes. 

The chemictil reactions that take place are rather complicated but the 
final result is that both plates change their active material to lead sulphate 
as the battery is discha.rged. This lead sulphate ha,:; a tendency to harden, 
crystallize, and expand if permitted to stand. For this rea.son it is impor­
tant to keep lea.cl batteries in a cba1·ged condition. A battery which re­
mains in a djscharged condition soon will have buckled plates and reduced 
capacity, and will have to be discarded long before its nonnal life span. 

Inter· cell Po•t 
connector 

Cover Negative 
•trap 

Po•itive 
•trap Partition 

Po,itive Separator 
plait 

Negative 
Container plate 

C<Ju,rtesy Electric Storage Butter11 Co. 

FIG. 2-19. An Asse-rnblod Lead Storage Cell (out away to show tho construction). 

I NTER."lll'AL RESISTANCE AND POLARIZATION. In both the dry cell and the 
stora.ge battery the source of energy is chemical, and the products of chemi~ 
cal reaction may tend to insulate the electrodes or may tend to ca.use chem­
ical or ion concentrations that reduce the tennino..I voltage when current is 
drawn from the battery. This action is known as polarization and in some 
cases may continue for some time after the ct1rreilt drain has been stopped. 
Usually the construction of the battery will permit these effects to be neu­
tralized after a time. This entire process acts like, and is sometimes called, 
the internal resistance of the battery. Polarization is much more pro­
nounced in the dry cell than. in the storage battery. 

Electromagnetism. A phenomenon which is closely associated with 
electricity is magnetism. The horseshoe magnet and its ability to pick up 
iron and steel objects o.re universallyfa..miliar. Apparently this attraction is 
op.used by some form of disturbance in the space surroun~ling the magnet. 
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This disturbance is described as a magnetic :field and is indicated by lines 
connecting the north and south poles, as shown in Fig. 2-20. The magnet 
shown here is not bent as is the horseshoe magnet, so is called a bar magnet. 

Fw. 2-20. The l'.fagnet,io Fiold of IL Bar Mugnet. 

In Fig. 2-21 two mAgnets are placed with the north pole of one near 
the south pole of the other. The lines of magnetic flux flow from the north 
to the south pole, and since the poles attmct one another we say with regard 
to this arrangement that the lines 
of ma.gnetic fl.me teud to shorten 
themsdves, much as stretched 
rubqer bands might do. In Fig. 
2-22 another an-angenwnt of two 
bar magnets is shown, wherein 
the ·north pole of each magnet is 
near· the north pole of the other. 
The lines of magnetic flux must 
leave both north poles and ·find 
their way hack to the sou~.h poles. 
In this case they are squeezed Fla. 2-21. The Magnetic Field about Two 
sidewise against each other, and Unlike Poles: 

sinee the poles repel one. another 
we say with regard to this arrangement that the lines of magnetic flux 
tend to exert a sidewise push or lateral force upon one another. 

Experiments indicate that wires ca.rrying electric current ,have magnetic 
effects. In Fig. 2-23 o. wire is shown that is carrying electric .current from 
the right to the lcf t. ·The north pole of a pocket compass located abov.e 
the wire will point away from the observer and indicates that the arrows 
on the flux are in the same direction. This effect give.c; rise to a rule that is 
commonly used to remember the magnetic effect of an elecliric current. 
If t(l~ righ~ hand is _placed arou,nd th4 wire with the thumb pointing in the 
direction of the 9urrent, .then the fingers will indicate the direction of magnetic 
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flux. If the wire which is carrying electric current is wound around o. cylin~ 
drical tube the magnetic effects of the various turns of wire aid each other and 

FIG. 2-22. The Magnetic Field about Two Like Poles. 

produce o. field very similar to that of a bar magnet, a.s is shown in Fig 2-
24. The strength of the magnetic field depends upou the magnitude of the 

-1 
' F10. 2-23. The DirecLion or Mng-

notio li'lux Is Indi~ated by the Right­
bund Rule. 

current and the number of turns in 
the coil. This refo.tion has caused the 
ampere-tiirn to be a.dopt.ed as a. com­
mon unit of magnetic pressure or n1ag­
netomotive force. The a.n1pcre-turn 
may be defined as tho magnetic pres­
sure produced l)y a. current of one am­
pere :flowing in o. loop of one turn. 

Thus a current of 3 amperes !lowing in a coil of 5 turns would produce a 
magnetic pressure of 3 times 5 or 15 ampere-turns. 

Iron as a Conductor 
of Magnetism. li an iron 
rod, not previously mag­
netized, is placed in a. coil 
that is carrying cuncn t, 
it is observed that the 
strength of the magnetic 

fiold is greatly increased. Fio. 2_'.'.';,_ Th M t' Fl 1.. 1 t 0 ·i r ,.r· :.::•; 0 l ngne IC c \I II )OU t\ 01 0 , .• ire 
Tbis increase is due to the Curryin~ Curro11L. 

unusual ability of iron to 
net as a conductor of magnetic flux. The ratio of the flux produced in 
iron to tho.t produced in air under similar magnetic pressure varies, but will 
range between several hundred and six or seven thousand for most com­
mercial steel. 

A simple illustration of t.he manner in which iron and steel a.re used to 
control magnetic flux in electric equipment is the electric contactor switch 
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shown in Fig. 2-25. Here an electric coil is placed on a U-sh1tped iron 
assembly and an iron armature is hinged so that it normally will fall open 
due to grn.vity. When the coil is energized with electric cwTcnt, the flux 
set up will cause the armature 1;o be· a· · 
traoted and the cont.actor will be closed 

MAGNETIC CHARAC'rERIS'l 'ICS OF IRON. 

Since iron and steel are of such impor­
tance in the construction and operation 
of electrical equipment it is of value to 
study the properties of iron a.nd of various 
other types of magnetic materials having 
iron as their base. 

Scientific investiga.t ion lw.s shown that 
iron has the unusual charn.cteristic of in­
creasing the magnet ic effect of an electro­
magnet because the iron molecule is itself 
a tiny electromagnet. In soft ll:on, these 
molecules o.re more or less free to assume a 
rn,ndom arrangement and so no extcrnalef~ 

Court.111 of Strulhcra Dunn, Inc. 

Flo. 2-25. A Magnetfo Rainy. 

feet is noticed. When the iron is placed in a coil of wire can-ying electric 
current, the molecules tend to arrange themselves in line with the field and 
thus their magnetic pressure or magaetomotivc force is added to tha.t of 
the coil. vVb.cn the current is stopped ~r when t he iron bar is removed 
from the coil, the molecules in the iron again tend to take on a random ar­
rangement. Tbis process is not complete, however, since a type of molecu­
lar friction causes a small amount of magnetic effect t o Temaiu. This re­
mainder is known as residual magnetism. If the soft iron is replaced by 
hardened carbon steel, then the alignment of molecules ·will not be o.s com­
plete n.s in the ca.se of the soft iron because of the vastly greater internal or 
molecular friction. vVbcn the hardened steel is removed from the coil it will, 
however, retain most of the magnetism and may be called a permanent mag­
uct. The internal friction or resistance to magnetic alignment is called hys­
teresis, and a curve showing the variation of magnetism or magnetic fltL"< 

density with magnetizing pressure or force is known as a hysteresis loop. 
In Fig. 2-26 are shown several hysteresis loops that arc typical of throe 

d istinctly different kinds of use. The one on the left represents the kind of 
steel used for motors, generators, and transfo rmers. The one in the center 
is representative of permanent magnets, ·while the one on tbe right is used 
for coils and transformers in telephone circuits where the currents are 
very small. The hysteresis loop is determined by increasing the magnetiz­
ing force and measuring the ma.gnetio flux until the maximum is ren.ched 
at a in the center loop of l~ig. 2-26. The magnetizing force is then reduced 
and the flux drops to b1 a.fter which the magnetizing force is reversed and 
increased t.o c and then on to d, which is the maximum in the opposite 
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direction. The force is then reduced, reversed, and increased again to a. 
I t will be seen that more magnetizing force is required for the same mag­
netic effect wben the flux is increasing than when it is decreasing. T he 
horizontal distance between the sir' es of the loop is then o. measure of the 
friction or hysteresis. 'l'he actual energy loss for each magnetic r eversal is 
proport ional to the area of the loop. The residual magnetism is ob. T he 
reversed magnetizing force necessary to bring the flux back to zero is oc 
and is called the ccerciue force. The average amount of flux produced by 
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a magnetizing force Lhat is reversing will be a curve drawn through the 
points of the hysteresis loops as shown in F ig. 2-26a. Such o. curve is co.lied 
a magnetizat·ion curve and is important in determining the action of an iron 
core in a transformer. Magnetization curves for several differeut mag­
netic mn.terin.ls arc given in Fig. 2-27. 

DYNAMO AND TRANSFORMER STEEL. Since tho energy loss is proportional 
to the area of the loop, it is desirable that t he steels used for A.C. machines 
have narrow hysteresis loops. It has been fou.nd that the electrical and 
magnetic cbaraeteristics are improved by adding some silicon to the steel. 
Most steel for dynamos and transformers is used in the form of sheet punch-
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ings which are stacked up to give.an adequate magnetic path. Such con­
struction is called a laminated type of magnetic st:ructure"and the i:i'raterial 
for it is supplied in large sheets known commercially ilS electrical sheets. 

PERMA..~EN'r MAGNET S'l'EELS. How hardened carbon steel may form 
pem1anent magnets has already been mentioned and ex')Jlains the phenome­
non of magnetizing the blades of pocket knives, hardened screwdiivers, and 
other tools. It has·heen.found that an alloy of iron-with aluminum, nickel, 
and cobalt, when properly heat-treated, gives very high-strength permanent 
magnets. These are known as alnico magnets and are widely used. Other 
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a.Boys including combinati ons of tungsten; chrome, and cobalt o.re also ex­
tensively used. They are cbi't.racterize<l by high retentivity and high 
coercive force. 

PERMALLOY. Still another type of magnetic material is known as 
permalloy and is an alloy of iron with nickel which is carefully heat-treated 
to give high magnetic flux with very sman magnetizing force and to have 
a very iiarrow hysteresis loop. This material is used ·in coils and trans,. 
formers on telephone circuits where the currents are qutte weak. 

D.C. Generators. When a wire is moved across a magnetic field as 
sbo"'n iu Fig. 2-28, an electric pressure or electromotive force is set up be­
tween the two ends of the wire. This action is the basis for the generation 
of nea.rly all electric power and so is very important. Tl1e amount of pres-
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sure set up is dependent upon the strength of the field, the length of the 
wire that is in the field, and upon the velocity of the wire across the field. 
Since the strength of the magnetic field is represented by the density of the 
lines, the voltage can then be said to be proportional to the rate of cut-
ting flux. . 

Associa.ted with this generating action is another action, based upon the 
fact that a force is produced on a wire located in a magnetic field n.nd ca.rry­
ing electric current. If the current is flowing in the same direction as the 
voltage that is being generated, the force exerted 011 the 'vi.re will be opposite 
to the direction of movement. In other words, if the conductor is moving 
up through the magnetic field of Fig. 2-28, a voltage will be generated 
tending to send current out of the paper. If now a current is pe1'mittecl 
to flow, this current will produce a force that opposes the motion. 
This condition is required by ·the law of conservation of energy and 

Fw. 2-28. Relation Detwcon (a) Mngneti<s Field, Mol;ion, o.nd Voltage; (h) Magnetic 
1~ield, Cuncnt, und Forco. 

explains the change from mechimical to eledricf1l energy in an electric 
genera.tor. It should be observed that the voltage being generated is not 
influenced by the current flowing but is dependent ouly on the stt·ength of 
the m~1guetic 6elcl and the speed of the generator. Likewise, the force or 
torque is independent of the speed of the generator, but does depend upon 
the magnitude of the fi eld and of t he current. 

In Fig. 2-29 is shown an elementary form of direct-current generator. 
A cylindrical iron ring is mounted on bearings so that it can rotate between 
the two magnetic poles. The flux enters the ring on the side of the north 
pole 11nd leaves at the south pole. A wire is wound around the ring as 
indicated Ln the diagram, and each turn is connected to an insulated copper 
bar in an assembly called the commutator. 'fhe commutator is composed 
of a number of tapered copper btu·s separated from each other by mica 
insulation, clamped together, and machined to form a smooth cylindrical 
surface. Carbon blocks or brushes are held in stationary supports and 
make contact with the copper bars on the rotating commutator. 
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'When the armature is rotated the conductors on the outside surface cut 
the flux under the poles nnd electric pressure is produced. The conductors 
twder the north pole produce a voltage out of the page. Each of these is 
added to the other so th~it the difference of pressure between the brushes is 
the sum of the voltages produced by all of the conductors on that side of 
the arm::iture. T he voltages generated by the conductors under the south 
pole a.re into the page, and these will also be additive, so the difference in 
pressure is the same as it was for the side under the north pole. The 
direction of current flow will thus be out of the bottom brush and int.o the 
top bnish for both ",.;ndings. 

A careful study of tho diagram shows tliat the rotation will change the 
relative position of the individual con~luctors on the surface of the arma-

s N 

Fm. 2-20. An Elomontary D.C. Generator. 

ture but will not alter t he voltage generated with respect to the brushes. 
This, then, is a direct-cun-ent generator. 

When the brushes arc connected to an external circuit, a current will flow 
through the external circuit from the positive to the negative brush, and 
this same current will flow from negative to positive within the wachine, 
dividing equally between the two sides of the machine. The current flows 
in the same direction in the windings ns the voltage generated, so the force 
produced by t.he conductors is opposed to the motioi1 of the conductors or 
armature and tends to en.use the generator to slow down. This set of 
forces must be overcome by some form of motor or engine, usually called 
the prime mover. The prime mover supplies t he mechs.nica.l energy that 
is converted to electrical energy in the generator. 

D.C. Motor. If the genera.tor discussed above is connected to a direct­
currcnt power line and if the engine driving it is then disconneeted, the 
geuerator will st.art to slow clown. Since the voltage is directly propor­
tions1 to the speed of the generntor, as soon as it slows dowu the voltage 
produced in the windings is 1·c<lucc<l and current will be forced through the 
windings by the larger external voltage, in a direction opposite to the direc-
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tion of voltage previously generated. This change causes n. force to be 
exerted on the conductors in the same direction as the motion, and so the 
machine continues to run. If a load of some type, such as a pump, is con­
nected to the electric mnohine it slows down still more so that a larger 
current can flow and produce more force tending to continue the rot:i.tion. 
When an electric machine or dynamo is operating in this manner it is called 
a motor. 

Dynamotors. In radio transmitting, quite high voltages are required, 
with a power demand beyond the capacity of small B batteries. In order 
to meet this need n. high-voltage generator is driven by a low-voltage motor, 
which in turn is supplied from the stomge battery. Since it is desirable to 

CourlUll Pioneer Gcn-E Mott>r Co. 

Fio. 2-30. Two Commercin.J DynamotOI'$. 

reduce weight as much as possible in portable equipment, it is customary to 
combine the two machines on one magnetic frame. 

The motor windh1g is composed of a few t urns of large wire connected to 
a commutator on one end. The generator winding consists of a huge 
number of turns of small wire mounted on the same iron core but connected 
to a commuta.t-0r on the other end of the ma.chine. A motor-generator set 
of this type is called a dynamotor. 

In commercial machines a drum t ype of armature core is used a.nd the 
conductors are placed in slots. Figure 2-30 shows dynamotors used for 
portable radio power supply. 

Electric Meters. The pm.cticA.l use of the circuit theories that have been 
discussed depends to o. greo.t extent upon au ability to measure the magni­
tudes of the currents, the voltages, and the resistances of equipment in 
actual operation. It is the student's ability to analyze and inwrpret 
correctly the variations of meter readings that is the ultimate justification 
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for circuit analysis. A brief discussion of the theory and construction of 
direct-current meters is therefore of considerable interest. 

Nearly all of today's direct-current meters a.re based on o. design that was 
developed by Arsene d'Arsonva.l in 1881 and so are called D'Arsonval-type 
meters. The diagrammatic construction of this type of instrument is 
shown in Fig. 2-31, while in Fig. 2-33 is shown a. partial assembly of a 
commercial instrument. The main part,5 of the instrument are the perma­
nent magnet M to which the soft iron pole pieces P are fastened. The soft 
iron core C is held by nonma.gnetic support.5 
that D.re bolted to the pole pieces. The mag­
netic assembly is an integral unit with a uniform. 
air gap between the core 1md the pole pieces. 
This design produces in the air gap a magnetic 
field that is constant in magnitude and radial 
in direction. 

A coil assembly such as that shown in Fig. 2-32 
is supported in jew­
eled bearings so that 
it is free to rot.ate 
back and forth in 
the air gap. The 
coil itself is com­
posed of many turns 
of fine wire. The 

F10. 2-3 l. A D' Arson val 
Meter. 

Fro. 2-32. The Moving-coil 
Assembly. 

hairsprings located at the top and bottom 
hold the. coil in the zero position when no 
current is tlowing in the coil. They also act 
as insulated connection~ to t he two ends of the 
coil. The counterbalanced pointer indico.tes 
the movement of the coil on n calibrated scale. 

When a current flows in the coil, forces 
are exerted that cause the coil to rotate in 

the air gap. This robttion is limited by the tension in the hairsprings. 
The movement of the pointer is proportional to the force exerted on thecoil 
and thus proportional to the current. The normal direct-current meter 
is, therefore, a eurrent-measuring instrument. By means of auxiliary 
circuits, however, it may be made to act as either a voltmeter or ohm­
meter. 

AMMETER. Since only very small magnitudes of currents are necessary 
to cause the meter to reo.d, it is customary to use very low resistances to 
ca.ny the main portion of the current. The meter, being connected across 
this low resistance or shunt, takes a small but fixed proportion of the ma.in 
current. By using shunts of varying resistances the same meter can be 
used for a. number of different cunent ranges. 
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VOLTMETER. If a resistance is placed in series with the meter, the volt­
age of a circuit can be determined by measuring the current flowing through 
the resistance. Additional voltage ranges may be obtn,incd by simply 
o.dding resistances in series. 

OnMMETER. If a smaU battery is located in the meter co.sc and a re­
sistance is conn ected in series of sufficient magnitudo to limit the meter 
current to full scale when the terminals are shorted, then when additional 
resistance is inserted between the ohmmeter terminals the current will be 
reduced and the point.er on the meter will move down the scale. These 

Cour/UIJ Westar. Electrical In1lrumcnl Corp. 

FIG. 2-33. A Phantom View of an As...oembled D 'Arsonval Ty1.10 of Meter . 

reduced readings may be calibrated iu terms of external resistance; such 
a. meter is called an ohmmeter. 

Exampl.e: One of t he common types of meters will give full-scale de­
flection with one milliampere fio\\ing and with one volt impressed. This 
meter would have an internal resistance of 1,000 ohms. Without other 
resisto.nce elements, it would be capable of acting as a 1-v voltmeter or a 
1-ma amme~cr. 

Example: Added ammeter ranaes. If a shunt of 111 ohms is connected 
nc1·oss the meter it will n.ow re~id full scale with 10 ma. Also, if o, shunt of 
one ohm is connected across the meter it will a.ct as an. ammeter with one 
ampere full scale. 
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Example: Added vol.tage ranges. If a resistance of 9,000 ohms is con­
nected in series with the meter the tot.al resistance is 10,000 oh.ms o.nd the 
instrument will act as a 10-v voltmet.er. If the series resistance were in­
creased to 99,000 ohms, then it would be a 100-v voltmeter. 

Example: Ohmmeter connections. If an addition.al resistance of 2,000 
ohms is used and a battery voltage of 3 v, then '"ith the external leads 
shorted the meter will rcu.d full scale. If, however, a resistance of 3,000 
ohms is co1mected to the external leads, the meter will read only half scale 
and t hat scale reading can be indicated as 3,000 ohms. Series and parallel 
resistances are added to change the scale of readings. Instrwneuts of this 
general type are extensively used in testing radio equipment. 

Practical Circuit Problems. Several practical aspects of direct-current 
circuits have been reserved until the last of the chapter so tho.t n,dvantage 
could be taken of information + 250 V. 
covered in the previous material. 0---- -.----0 ----i~ 
One of these is tho mattCI· of 
rating of resistors and the im­
portance of ratings to their prac­
tical use. Many radio resistors 
of large magnitude so far ~ts r&­
sistance is concerned will carry 
only very small amounts of cur­
rent. In general, thoy are rated 
in the watts that they cnn dis­
sipate without overhen.ting. 
Since power is E2/R, and since 
the voltage across a resista.nce is 
usually known or can be meas­
ured, it is not difficult to deter­

250 Volts 
70 Milliamperes 

180 Volts 
7 Milliamperes 

100 Volts 
7 Milliamperes 

Approx. 20 Milliamperes 

Fie;. 2-34.. A Voltage Divider. 

mine whether or not the actual po\\er will be below the safe operating rat­
ing of the manufacturer. Many or tile circuit elements of radio reeeivers 
can be of 1-wa.tt rating or even below·, but in other places considerable ca­
pacity is required. 

Power ratings are particularly important on voltage dividers because 
here, if anywhere in the set, excessive heating of resistors may be antici­
pated. A rather typical circuit for a voltage divider is sho•vn in Fig. 2-34 
and analyzed in tho illustrative example. The power requirements for t he 
various tubes are specified and t he required resistances are determined. 

Example: For purposes of circuit stability a continuous "bleeder" 
current of about 20 ma is desirable an<l is assumed as 11 flowing through R1• 

The magnitude of the resistance and power rating of R1 is then determined. 

El 100 
R1 = 11 = .020 = 5,000 ohms. P = EI = 100 X .02 = 2 watts. 
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It is then required to determine ~. Since the current in ~ consists not 
only of the bleeder current but also of the 7 ma being supplied at 100 v, the 
current must be 

I2 = .020 + .007 = .027 amp; 
E~ = 180 - 100 = 80 v; 

E2 80 
R2 = 12 = .027 = 3,000 ohms; 

P = EI = 80 X .027 = 2.2 watt.s. 

Finn.Uy, Rs is det~rmiucd in a. similar manner. 

Ii = .027 + .007 = .034 a.mp; 

Es = 250 - 180 = 70 v; 
E, .70 

Ra= Ia = .034 = 2,000 ohms; 

P = 70 X .034: = 2.5 watts. 

' 

Attention should be called to the fact that accurate ealculations were not 
ron.de since standard resisto.nccs must be used. 

Caution on Use of Volbneter. Since many of the resistances used in a. 
radio set are of very Jargo values, it must be realized that placing a. volt­
m eter in parallel with them may appreciably ehange the voltage across 
t hem. In many or tho so-called universal meters the current required is 
very small, being aboui 50 µa for full-sea.le deflect.ion. On one of these a 
sea.le of 500 will have a. series resistance of 10 megohms. A meter of this 
type will probably give satisfactory results, but a meter that required 10 ma 
for full-scale dcfl<lc:tion would co.use erroneous results. If the resistance 
of the voltmeter is known it is usun.lly possible, by means of an analysis of 
the circuit, to determine its effect. 

R 

'---~ v __ __, 

Example. If a resistance is 
to be determine<l by the use of 
a.n ammeter o.nd voltmeter and 
it is known that the resistunee 
of the voltmeter is 100,000 
ohms, readings might be olr 
taine<l with the connection of 
Fig. Z-35 as follows: ammeter 

F10. 2-35. Dotcrminnt.lon of Rcsist.nnco by 
Ammoter .e.nd Voltrnct.or. reading, 1.4 m a.; voltmeter read-

ing, 100 v. The current in the 
voltmeter is, by Ohm's Law, 1 ma. Since the current in the milliammeter 
includes this current, the o.ctuo.l aow in the unknown resista.nce is 0.4: ma 
and the resistance is 

E 100 
R = y = 0.4 = 250,000 ohms. 
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Answers to Exercises 

2-1. (a) 7 ohms; (b) 6.33 ohms. 

2-2. 105 obms; 31.5 v. 

2-J. 218,000 ohms. 

2- 4. 7 amp; 14.28 ohms. 

2- 5. 5.64 amp; 73.2%. 

2-6. 2,308 ohms; 94 7 ohms. 

2-7. 13.29 amp; 8.2%. 

2-8. 6.25 amp; 4 amp. 

2- 9. 12.5 amp; 3.125 amp. 

2-10. Eao = 39.3 Vj Eoc = 180.7 v. 

2-11. Eu1> = 70.9 v. 

2-12. E1 = 119.7 v; E2 = 118.G v; Ea= 118.45 v. 





CHAPTER 3 

A.C. Circuits 

Alternating Current and Voltage. In Chapter 2 consideration was given 
t0 electric circuits in which both the current and voltage were continuous. 
Although D.9. circuits a.re very tmportant in radio equipment, an equally 
important and sorncwhat more complex system is that known .as 1;he alter· 
nating-current system. An alternating current or voltage is defined as a 
current or voltage in which the direction changes periodically. In other 
words, the current flow or electron drift is first in one direct ion in the circuit 
and then in the other, this reversal occurring at regular intervals. 

The frequency with which a complete change occurs may be 60 times ·a 
second (as in the case of electric power supplied to most residences), fr.om 
20 to 10,000 times per second (for most voice and music waves in radio), or 
up to millions of t imes per second (as in the case of the radio signals that 
are now used for communications and other signal purposes). 

The low frequencies used for power and the very .high frequencies used 
for radio signals are almost entirely of sinusoidal character; sinusoido.l 
variations of currents and voltages will therefore be the main topic of dis­
cussion in this chapter. The irregular currents used to reproduce music and 
speech must be given special treatment, reference to which will be made at 
the end of the chapter. 

Representation of Sinusoidal Waves. Since most of the theory of radio 
circuits deals with cur.rents.that surge back and forth in a manner known as 
sine-wave variation1 it is desirable to obtain as thorough an un~erstanding 
of the sine wave as possible. 

In Chapter 1 it was shown that the sine function could be obtained from 
. a rotating radius similar to the one in Fig. 3-1. This concept is so im­
portant that it is repeated for emphasis. The line OR, of unit length, may 
be used to generate the curve on the right; in this curve the angle is laid 
off in terms of radians along the horizontal axis and the projection of the 
unit radius on the vertical axis is the sine of the angle. The arrow is placed 
on the end of the radius simply to mark it specifically as the end. Such a. 
rotating line is sometimes called a radius vector. I£ the current in a wire 

7.5 
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pulsates back and forth so that its magnitude varies with time according to 
the sine wave, the diagram of Fig. 3-1 can be used to represent this current. 
If, for instance, it is known that the maximum value of the current is 
10 amp and that it changes from zero to maximum positive to maximum 
negative m1d back to zero agu.in in 1.,1-~ sec, then it is likewise known that the 
magnitude of the rotating radius is 10 and that it must complete one revolu-

0 1i 
2 

Radians 

3 7T 
2 

360° 
2'iT 

• 
F10. 3-1. A Rotating Radius Vector May Do Used to Produce a Sine Wave. 

tion in -efrr sec. This is shown in Fig. 3-2, which will be recognized as a 
duplicate of Fig. 3-1 except that new scales are introduced. Here the 
rotating radius is labeled as 10 amp and it is rotating at a. speed of 27r X 60 
radians per second in order to complete the circle of 211' rndia.ns in ~ sec. 
The sine-wave section of the diagram is plotted in seconds along the hori­
zontal axis; it could just as well be labeled in radians, remembering that 

1 
60 

FIG. 3-2. A Rotating Ro.dius Vector o.nd Sine Wave Show the Variation o! Current 
in a Conductor Cnrrying Alternating Current. 

t11c 27r radians are completed in i 15 sec. The nwnber of these complete 
reversals or cycles occurring in one second is called the frequency. This 
wave would be known as a 60-cycle wave or au alternating current with a 
frequency of 60. This is the standard commercial and residential power 
frequency in the United States. 

Adding Alternating Currents. It is not possible to ndd alternating 
<:urrents in the same w11.y that direct currents are added because they do 
not always reach their maximum values at the same t ime in different 
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branches of the circuit. To illustrate this difference, let it be assumed that 
an A.C. circuit exist..s such that a current of 5 amp maximum is ·added to the 
previous current of 10 amp maxi.mum. The 5-amp current is also of 60 
cycles but comes to its maximum. 60° or 7r/3 radians after the 10-amp 
current. In Fig. 3-3 the radius vector for each current is shown, with the 
5-amp radius lagging 60° behind the 10-amp radius. The instantaneous 
current at each instant and the instantaneous summation of the two cur­
rents are also shown by means of the sine waves. It is seen that this addi­
tion o:f instantaneous currents gives another sine wave. This additive 
behavior is one of the many interesting and convenient characteristics of 
sine waves. Another of these sine-wave characteristics is that if. a paral­
lelogram is completed using the original radius vectors as two sides, the 
diagonal will be a new radius vector which will generate tho wave of the 
instantaneous sum of the cuITents. 

Resultant Current 
13.2 Amperes Max. 

FIO. 3-3. Addition of Alternating Currants. 

It is see11 from the foregoing that either the sine wave or the rotating 
radius vector mo.y be used to represent an alternating-current quantity. 
Sometimes one and sometimes the other is more convenient or more effec­
tive in showing the characteristics that are to be studied. Hereafter the 
method will be used which seems to be most effective, and only occasionally 
will both representations be used on the same problem. Both the radius· 

• vector and wave type of diagrams may be used for A.C. voltages as well as 
for currents. Both types are particularly useful in showing the magnitµde 
and phase relationships of currents and voltages when both are included 
in the same diagram. It is common practice in such a diagram to use OJ.le 
scale for voltages and a different scale for currents. 

A.C. Circuit with Resistance. When a sinusoidal A.C. voltage is im­
pressed on a circuit of resistance only, such as a lamp or a heater, the current 
wil.l be sinusoidal and the current maximum will occur at the. instant of 
maximum voltage. Thus it is observed that Ohm's Lo.w holds true fn. 
stanto.neously in A.C. as well as in·D.C. circuits. The diagram in Fig; 3-4 
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shows this situation. In addition, a curve showing the instantaneous 
product of current and voltage is given. This product is the instantaneous 
power and is seen to vary from zero to maximuru and back again twice in 
every cycle. 

Frn. 3-4. Cunent, Voltage. and Power in n Resistive Circuit. 

Peak, Average, and R.M.S. Values of A.C. Waves. In the discussion 
of alternating-current waves, so far, the ma.gnitude '\\as specified in terms 
of the maximum or peak value of the wave. This is one way of sta.ting 
A.C. magnitudes. This method may be rather confusing or misleading, 
however, in dealing with average power ou~put since, in a resistance circuit 
such as is shown above, it is ohly the peak power that is equal to the product 
of the maximmn current and maximum voltage: 

P_peak = Emnx I m~x· 

The average power, 0 1· heating effect. is the importruit consideration in 
many studies of A.C. circuits. In Fig. 3-4 ihe instantaneous power is 
represented by a sine wave of double freqacncy. A horizontal lioe dra"' n 
through tbe center of this sine wave will show the average power. Since 
this axis of the wave is equally distant from the peaks it. follows that the 
axis is one half of the peak power. This ratio is also verified graphically 
by the observation that the double cross-hatched section labeled m will 
just fit into the section labeled n. The a.rca.. under the power wave is a 
measure of the energy, so the average power is a straight line which has t he 
same area beneath it as the power wave. This is seen to bet.he horizontal 
lino drawn at one half the peak power. A vcrage power for a resistance 
circuit may, therefore, be specified as, 

P _ Emnx Ima.~ _ "§!.'.!!.~ X I mnic 
IL'l'OT8ge - 2 - v2 v'2 1 

. 1- _ 1 - Ema:r. I ma:< 
since 2 = v 2 X v 2. The values represented by v'2' and ...;2 are values 

of current and voltage that "ill give average powe.r when multiplied to-
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gether and a.re called, therefore, effective values of current or voltage. It 
will be observed that the current having 10 amp maximum would have an 
effective value of 

I Imax 10 707 ettectlve = .../2 = v2 = . amp. 

Effective and R.M.S. are terms used interchangeably, and since R.M.S. 
is extensively used in the literature, the following explanation is given. 
R.M:S. means root mean square; more specifically, the square root of the 
average of the squares. This concept gives rise to an alternate development 
for effective values. Since it is desirable to have P = I2R i11 A.O. as well as 
D.C., the I for A.C. will have to be such as to give the same average power 
as the D.C. The instantaneous power is i 2R, where i is the instantaneous 

TAI3LE 3-1 

DETERMINATION OF A VERAGE AN'O R.l\•1.8. V A.Lu:E!S 

or A S INE C URRENT HA v1~0 10 AMr1mEs MAXt-

1.1u M VALUE 

Degrees i i2 
(amperes) 

10 1.74 3.03 
20 3.112 ll.79 
30 5.00 25.00 
40 6.43 41.35 
50 7.66 58.67 
60 8.66 75.00 

70 9.40 &').36 
80 9.86 97.22 
90 10.00 100.00 

100 9.86 97.22 
110 9.40 88.36 
120 8.66 75.00 

130 7.66 58.67 
140 6.43 41.35 
150 5.00 25.00 
160 3.•12 11.79 
170 1.74 3.03 
180 0.00 0.00 ' 

Sum . ... .... 114.34 900.8 

Avcro.ge ..... 6.36 50.0 

Equivalent direct current == v'so.o == 7.07 nmp. 

current, so if the values of i 2 nre averaged over a half period, the resulting 
magnitude must be equal to P.. This average is given in Table 3-1 for the 
10-amp maxi.mltn1 current referred to previously. It is foLUid that the 
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average of the i 2 is 50 and the square root is 7.07 amp. This conclusion con" 
firms the previous analysis and indicates the reason. for the use of the 
a bbreviation R.M.S. The effective values a.re used so exi.ensively in 
engineering work that unless otherwise specified it is customary to give 
the value of current or voltage in effective or R.M.S. amperes or volts. 
Electric meters a.re likewise calibrated in R.M.S. values unless otherwise 
marked. 

Jn a few applications, in power supplies and rectifiers for example, the 
average clecLron drift or flow is the real measure of effectiveness of the 
current and for these the true average of the half wave is used. As is 
shown in Table 3-1, 6.36 amp D.C. will give a cumulative electron drift 
equivalent to a rectified alternating current having a maxim.um value of 
10 amp. The average alternating current is, therefore, specified as 0.636 
of the maximum value of a sine wave. 

Rate of Change of Current in a Sine Wave. An important characteristic 
of A.C. circuits depends upon the rate at which the current is increasing 
or decreasing. Since the vertical change in the sine wave represents the 
chnngc in current a.nd t he horizonfal change represents the change in 
time, the current chauge divided by the corresponding time change is by 
definition the rate of change of the cunent. This ratio fa also the slope or 
steepness of the sine curve. In Fig. 3-5 is shown the same current of 
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1~10. 3~5. The Rate of Cbo.ogo of Currant witb Alternating Current. 

IO-a.mp maximum that has been studied before. At the point a. a tangent 
is drawn n.nd the slope can be determined by dividing the distance i' in 
amperes by the distance t' in seconds. If tbis same procedure is followed 
for a number of points on the current curve o.nd the results. plotted against 
the corresponding time, a curve will be obtained for the slope. This 
curve will be a sine wave displaced by 90°. This displacement is another 
of the significant characteristics of the sine curve. It will be observed 
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that the maximum value is :at the t ime the current is passing through 
zero, which means that it is a sine wave that leads or precedes the current 
wave by a time-phase angle of 90° o_r 7i/2 radians. The mnximum value 
of the curve of the ro.te of cbrmge of current is 2"f times the maximum of 
the current curve where f is the frequency. This maximum loco.tion ma.y be 
explained by the fo.ct that the rate of · change when the current is going 
through zero is represented by the terminus of the radius vector moving a t 
full velocity. Since its angular velo(;ity is 27if radians or f complete revolu­
tions a second, its velocity or rate of change will be 27rf times its length, 
and the length is equal to the maximum value of t he current. This rela­
tionship is very important, as it is the basis for the determination of the 
reactance of A.C. circuits. 

Sine Waves in Nature. The fact that the sine wave has a rate of change 
which is another sine wave displaced by 90° is one of the chief reasons why 
it is found so extensively in natural phenomena. When a pebble is dropped 
in still water, the ripples are sine waves. A tuning fork gives out a. sound 
or varintion in the atmosphere that varies sinusoidally with t ime. The 
pendulum of n clock is shifting energy back and forth from kinetic to 
potential in its sinusoidal movement. If a hack-saw blade is clamped in 
a vise, a weight placed on the end of it oscillates with a. sinusoidal variation 
that shifts energy back and forth from kinetic to spring or strain energy. 
Likewise, the oscillatio11s in the tm1ed circuit of a radio set arc sinusoidal 
in character. It is seen, then, that electric oscillations are just one of 
many "natural" sinusoidal variations. The manner in which these oscilla­
tions occur in electric circuits is the subject for study in the preseut chapter 
on A.C. circuits. 

Inductance. A coil of wire has a property called inductance t hnt is one 
of the foundntions of n.11 radio circuits. Inductance will be studied by 

F10. 3-G. A Coil and a Bar Magnet. 

first observing, o.s did the scientists of a hundred yem·s o.go, some simple 
experiments. Suppose n wire is wound on a cardboard tube ns shown in 
Fig. 3-6. The ends of the wire will be connected to a. galvanometer or 
sensitive meter. A permanent bar magnet wi ll also be needed as part of 
t.he equipment. 
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When the bar magnet is suddenly shoved into the coil as shown in. F ig. 
3-7, the galvanometer pointer is observed to swing to t he right, which 
indicates that a voltage has been generated in the coil and a current forced 
around the circuit. When the magnet is permit ted to remain at rest in the 

coil, as in Fig. 3- 8, no current or 
voltage is observed on the gal­
vanometer. When the bar mag­
net is then suddenly pulled out 
of the coil, as shown in Fig. 3-9. 
t he galvanometer pointer swings 
to the left, which indicates that 
a voltage has again been gener­
ated. This time the direction 

l~w. 3- 7. The Bar Maitnet Being Lnsertod of the current has been reversed, 
in the Coil. since the galvanometer is cle-

flectecl in the opposite direction. 
Lenz's Law. From these experiments severn.l conclusions mo.y be drawn. 

First, relative motion behvcen a coil and a magnetic .field produces a 
voltage. Also, the current reverses 
when the relative motion is re­
versed. If the direct ion of current 
flow in t he coil was determined, it 
would be found that it was in such a 
direction as to produce a force which 
opposed the motion of the magnet. 
This observation is of such extensive 
use that it luLs the status of a 
physical I.aw, known as Lenz's Law. FIG. 3-8. Th;: t~:rco~~ngnct a.t Rest 

It ma.y be stn.ted in its more gen-
eralized form as follows : When ci voUaae is induced in a coil as a result 
of any variation of the magneti<: field with respect to the coil, the voltage is in 

such a direction that the current 
which results tends to prevent the 
change which causes the voUage. 

This so.me phenomenon was 
observed in Chapter 2 when the 
force on the genera.tor conductor 
was found to be in opposition 
to the direction of the motion. 
Heferenc.e will be ma.de to this 

F IO . 3-9. T he Bar Magnet ·Being Withdra.wn 
from the Coil. law many times in the following 

pages. 

Magnitude of Induced Voltages. If the observations in connection with 
;r!'ie;s. 3-6 ~o ?-9 were ~arefully mo.de ~~ w9ulq b~ noj;ecl ~hat th~ swing «,>f 
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the galvanometer pointer was proportional to the rate at which the magnet 
was moved with respect to the coil. In other words, the voltage induced 
in the coil is proportional to the rate of change of the Bux. 

If two coils had been used, one ha.ving ha.If the number of turns in the 
other , it would have been found that the galvanometer pointer would have 

moved only half as far for the coil 
with half the number of turns. 
This would occur, of course, only 
if the same rate of change of .field 
were maintained. The voltage in­
duced in a coil, then, is propor­
tional to the rate of change of field 
flux and to the number of turns in 
the coil. 

The galvanometer in series with 
the coil may now be replaced by a 
battery, an ammeter, and a switch. 

FIG. 3-10. The MagneUc Field of a Coil 
Carrying Current. When the switch is closed, current 

flows and a magnetic field is set up 
as shown in Fig. 3- 10. This is seen to be a field that is identical with 
that of Fig. 3-8 and it would be reasonable to expect that in setting up 
this magnetic field, opposing reactions would occur similar to those observed 
when the bar magnet was inserted into the coil. That they do occur mn.y 

...... 
c 
c1) 

"'­
"'-

T i m e 

(a) 

T i m e 

( b J 
FIG. 3-11. (a) Current Rise in nn Inductive Circui t . (b) Yolt:igc Di,tributioo 

man Inductive Circuit. 

be observed by inserting into the circuit an ammeter with very little inertia. 
which will respond almost instantaneously to the current Bow. Such an 
ammeter shows that the current docs not suddenly jump to the value de­
t ermined by the resistance but rises at a very definite rate and gradually 
approaches the final value determined by the resistance. This behavior 
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is shown in Fig. 3-lla.. In a coil of only a. few turos1 as indicated in 
the drn.wing1 the total time indicated \Vould be less than .01 soo1 but 
in some large generators this time might be as much as several seconds. 
In any case the instruments confirm the expectations and show that a. 
reaction does tn.ke place. If the IR drop is plotted against time it is 
found that there is o. definite diff crence between this drop and the im­
pressed voltage. This difference is indicated by the shaded o.rca in 
Fig. 3-llb and is called the voUage of self-induction. It is la.beled eL be­
es.use e is the symbol for instantaneous volto.ge and L is the symbol for 
inductance. 

A further analysis of the results shown in Fig. 3-11 shows that the 
voltage of self-induction, or the counter voltage as it is sometimes called, 
is proportiona.1 to the rate at which the current is increasin(!. This relation 
should have been expected because it was learno<l in tbe experiment with 
the bar magnet that the voltage was proportional to the rate at which the 
magnet was inserted in the coil. Since the B.ux is directly pependent upon 
the eurrent1 it would be natural to expect, according to Lenz's Lmc1 that 
the opposing voltage or voltage of self-induction would depend upon the 
rate of current increase. This conclusion is important, being the basis of 
all our ideas regarding t he inductive rcactance of coils canying alternating 
current. 

Energy Stored in the Magnetic Field. · It may be well at this time to 
study some of the energy relations in a coil and its associated magnetic 
field. T he rate at which energy wo.s put into the coil in F ig. 3-11 is given 
by 

P = Ei. 
But sinee 

then 

and 
eLi = p - iZR. 

Since i2R is the power that is lost in heat in the coil resistance1 it follows 
t hat the remainder of the power, represented by e1_i, is not accounted for 
and must be presumed to be stored in the magnetic field. 

Experiments show that tbis energy is stored in the magnetic field in very 
much the srune way that kinetic energy is stored inn. hea.vy flywheel thn.t is 
rotating. A very common experiment used to verify this is shown in 
Fig. 3-12. A transformer with a large amount of inductance is oonnected 
across a. battery and a light is connected in parallel with it. The light 
should be of somewhat higher voltage than the battery so that it will not 
light or will glow only slightly when the switch is closed. When the switch 
is opened, however, the light will flash up bright for o. moment and then go 
out. The energy that caused the light to Bash wo.s supplied by the mag-
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netic field as it endeavored to maintain jtself, by forcing a current nround 
the coil in the same direction that it has been .flowing. '£he only path · 
available for this cuncnt was through t he lamp and it was, therefore, 
caused to burn brightly for a moment. 

It may be said that a. magnetic field tends to oppose any oho.age in its 
condition by generating (due to its change) a voltage in the wire.s sur­
rounding it that ca.uses cur­
rent (in a closed circuit) to 
flow in a direction opposing 
the change. This leads to 
the definition of unit induct-
ance: 

A roil of wire has an in­
ductance of one henry if a 
current change of O'nc ampere 
per second will cause a pres­
sure of ane volt to be set up in 
the coil. 

MAGN"ITUDE OF INDUCT­

ANCE. The magnitude of 

FIG. 3-12. Energy Is Stored in tho Mngnetio 
Field of a Transformer. 

the inductance of n. coil is n. physical characteristic of the coil and of the 
magnetic circuit, just as the inertia of a flywheel is n. physical charac­
teristic of the size, shape, and material used in its construction. If 
additional turns 9£ wire o.re placed on the coil without appreciably 
changing any of the other dimensions, it will be observed that the mag­
netic field will be increased in proportion to the increased number of 
turns. The magnetic field also reacts on the increased number of turns. 
The induced voltage will, therefore, be due to an increased magnetic 
field acting on an increased number of turns, so the magnitude of the 
voltage will be proportional to the square of the number of turns on the 
coil. When it is desired to chauge the inductance of a coil having a. known 
number of turns, a close approximation may be made by using tbe rela..­
tionship t hat 

where K is o. constant and T is the number of turns. If the number of 
tuxns is doubled, the inducto.nce is increased to four times its original value, 
and if the number of turns is made three times as large, the inductance is 
increased to nine times. 

Where very large values of inductance a.re desired, and where the fre­
quency is not too great, it is customary to place the coil on an iron core. 
In Chapter 2 it was learned that iron would pass magnetic Bux of severo.l 
thousand times the amount tha.t would flow in air. Therefore, inserting 
an iron core ma.y increase the inductance a thousand times. Sinr.e the 
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o.mount of flux in iron is not directly proportional to the current in the 
· coil, as shown in the magnetizing curve of Fig. 2-27, it is common practice 

to insert an air gap in the magnetic circuit so that tbc flu.x may be main­
taiMd more nearly proportional to the current. This arro.ngement will 
permit the inductance to be quite constant over a reasonable variation of 
load current. Since there is a loss in the iron for every cycle of alternating 
current, this loss becomes excessive o.t high frequencies, and ordinary iron 
ca.nuot be nsed. I t is, therefore, unusual for ordinary iron cores to be used 
above 10,000 cycles, but iron-dust cores are often used at h igher frequencies. 

Inductive Reactance. If an alternating current is flowing through a coil 
of inductance L, the reo.ctance voltage may be studied with the aid of the 
diagram in Fig. 3-13. Here the instantaneous current is represented by 

Voltage of 
Self Induction , 

e ,-~, 

~----~....------ / \ 
I 

I 

FIG. 3-13. Curront. Voltugo, nnd Powor in au l ncluctivo Circuit. 

both sine wave and i·adius vector. From Fig. 3-5 it was found that the 
rate of change of a. sine wave of current wa.s another s.ine wave 90° ahead of 
the original cunent wave. When the henry was defined as the l_lnit of 
inductance, the magnitude of the instantaneous voltage of self-induction 
was specified as the inductance of the coil in hcnries multiplied by the 
rate of change of current in amperes per second. The magnitude of the 
voltage of self-iuduction at any instant is obtained, therefore, by mult iply­
ing the inductance by the rate of change of current. In the analysis of 
the rate of change of current in Fig. 3-5, the maximum rate of change 
was 2-rrflmn~· The maximum voltage of self-inductance will, therefore, be 

EL(ml!X) = 27rflninxL 

and it will occur at the time the <:Ltrrent is passing through zero. The 
direction in which this voltage will act is important. It was learned from 
the earlier analysis of coils and bar m11gncts that a voltage would be in~ 



Chop. 31 A.C. CIRCUITS 87 

duced in such a direction as to cause a current that would oppose the 
change in flux. At the time indicated by the radius vectors of Fig. 3-13 
the current is increasing, so a cunent that would oppose the change in 
flux would be a cunent in the negative direction and the voltage of self­
inductance eL is, therefore, negative. The mstantaneous value of the 
voltage of self-induction is shown in Fig. 3-13 as eL and is represented by 
a sine wave having its negative maximum, equal to 27rfl mrixL, at the t ime 
the current is passing through zero from negative to posiliive. Since this 
wa,•e is just the opposite of the wave of t he rate of change of current, it is 
customary to write the equation for the volta.ge of self-inductance as equal 
to the negative of the rate of change of current ~imes the induct:mee. 

EL(mllx) = - (2rrflmax.)L 

This equation is usually v.Titten 

EL(mri~) = - 2-;rfLlmo.x 

n.nd the quantity 27r/L is called the inductive reactance or many times just 
the readance. The usual symbol for this term is X or Xi,, the subscript L 
being used to indicate that it is the reactance caused by an inductance 
coil. This reactance is expressed in ohms just as was resistance, because 
the product of the current and the reactance gives the magnitude of the 
reaetance voltage. 

Exercise 3-1. What is the rate of change of cunont in a coil carrying 
a maximum current of 100 mo, at a frequency of 2,000 cycles? If the coil 
has an inductance of 50 millihenries, what is the voltage of self-
induction? · 

Reactance Voltage. Although the voltage of self-induction is extremely 
important in understanding the mech:lnism of the voltage-current rela­
tionships in an inductance coil, it is itself seldom used in circuit analysis. 
Usually the designer is interested in how much current will Bow when a 
certain voltage is impressed on the circuit, and the emphasis is therefore 
upon the impressed voltage and not upon the internal opposing voltage. 
If the res.istance of the coil used in tho present study is negligibly small and 
if an A.O. voltage is impressed upon the coil, the alternating curro1'lt flowing 
will increase until the impressed voltage is neutralized by the voltage of' 
self-induction. Under these circumstances tbe voltage of self-induction 
is equal at every instant to the impres.<ied voltage, so that the impressed 
voltage wave e may be drawn on the diagram of Fig. 3-13 as equal and 
opposite to the eL wave. The assumption that the resistance is negligibly 
small may seem somewhat idealistic to the beginning student, but many 
of the most effective methods of measurement at high frequency are based 
on this assumption. 

I 
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Exercise 3- 2. \\na.t voltage b:ixing a frequency of i50 kc would be 
required to force a ma."imum of 10 ma through s.n inductance of 0.80 
millihenries? 

Ra dius-vector Representation of Sine Waves. The study of the rela­
tionship betwee~ alternating curreut and volt.age in an inductance coil 
ho.s centered so far around the sine 1•rnves Lhat mo.y be used to represent 
them. Attention will now be directed to the simplicity with which the 
rndius vectors a.t the left of the diagram indicntc these same Tela.tionships. 
In the first place, it should be remembered thnt nil dingrnms of this type 
represent not stationary, but rotating radius vectors of specified length. 
In most cases, as in Fig. 3- 13, the arrow showing rotation is omitted; 
but radius vectors should always be considered as rotating a.t o. velocity 
equal in revolutions per second to the A.C. frequency in cycles per second. 
The current vecLor* mo.rkc<l Imo." represents tho current wave an d the 
projection on the vertical a.xis represents tho instn.ntaneous value at time 
t1. The vector Emnx represents the wave of voltage impressed a.nd is 90° 
a.head of the current. The voltage ELtrnax> represents the internal voltage 
of self-induction which opposes or neutralizes tho imprcs.5ed voltage and 
prevents o. further increase in the magnitude of the current in the coil. 

Power in an Inductance Coil. Another in terestiog and impor t.ant observa­
tion can be made from 11. study of Fig. 3-13·. The power curve ho.s been 
obtained by multiplying the instantaneous valuc.5 of the current and volt. 
age. It is seen that this curve also is a sine wave, but of double frequency, 
nnd that tile positive and negntive loops are equal. The positive loops 
indicate that the power source is putting energy into the coil nnd the nega­
tive loops mean that the coil is returning energy to the power source. In 
other words, tho power source is storing energy in the magnetic field during 
the tiJne that the current is increasing, and the energy of the magnetic 
field is discharging back into the soul'ce during the time that the current 
is deer-ea.sing. This ability of the magnetic field to absorb and return 
energy gives the inductance its inertia characteristics. 

Example: A coil having negligible resistance and an inductance of 15 
millihcnries is conm-ctcd to a 120-v 60-cyclc source. Determine the cur­
rent flowing and draw the <li:i.gra.m of vectors. 

F irst, <leterminc the rcactance. No mention is mo.de to the contro.ry, so 
it must be assumed that 120 v 

E = 120 Volts is the eIT ecti ve value. The 
rcnctauce of the coil is 

J = 21.3 Amps. XL= 27rfL 
= 211" x 60 x 0.015 

Fla. 3-14. Current e.nd Voltage in an lnduotiva 
Circuit = 5.65 ohms. 

•For t he sake of brevity, nil rndiu.s vectors will bo referred to, hereafter, 113 vectors. 



Chop. 3] A.C. CIRCUITS 89 

Second, determine the current. Since the R.M.S. voltage is equal to the 
reactance multiplied by the R.M.S. current , it may be written 

E=XJ or 
E 

I= v ; 
..t!.. L 

120 
I = S.GS = 21.3 amp. 

Note. It is seen that, as yet, no properties ho.ve been given t o the rea.c­
ta.ncc XL which specify that the current should lag goo hehind the voltage. 

Characteristic of Reactance. The analyses of cun·cnt.9 and voltages in an 
inductance have shown that the current lagged 90° behind the voltage, so 
that it remains only to set up some arbitrary plan or set of signals that will 
indicate the relative positions of the current and voltage. This is usually 
done by drawing the reacta.nce vertically upward on o. diagram which bas 
t he horizontal axis as the 
reference. This arrange­
ment is shown in Fig. 
3-15. In part (a) is 
shown the indication of 
the inductance XL, 90° 
ahead of ·the reference 
line. In part (b) the cur­
rent I, which is the refer­
ence, has been multiplied 
by X1, to obtain the IXL 
which is the impressed 
voltage and leads the 
current by go0 as was 
demonstrated in the 
study of Fig. 3-13. In 
part (c) the quantity 
l/X1, is shown and it is 
lagging 90° behind the 
r eference. Whe n the 
voltage is multiplied by 
1/XL the current is ob­
tained, and it m known 

Reference I 

(a} ( b) 

Reference 

r xl 

E 

(c) (d.) 

ll'10. 3-15. (a) lnduetivc:i Rcnctunce. (b) Voltage in 
an Inductive Circuit with Curroni WI nererence. (c) Re­
ciprocal of Inductive R.oncwmcc. (d) Current in 8Jl 

lncluc~ive Cir cuit with Voltage aa Reference. 

from the circuit analysis tba.t the cunent must lag goo behind the voltage. 
In part (cl) of Fig. 3-15 tbe voltage is shown as the reference and the 
cUirent is obtained by multiplying E by l/XL. 

The Effects of Frequency on Inductive Reactance. Since t he reacta.uce 
is equal to ~! L, it will increase in direct proportion to the frequency. If 
appreciable curren t is to be passed a.t high frequencies the inductance must 
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be kept quite low; otherwise the reactance would be so high as to block 
out the current. This blocking is sometimes desirable, and inductances 
used for this purpose, usually of quite high values, are called "chokes" 
because they choke off any high-frequency current. 

Exercise 3-3. A 60-cycle 120-v line is connected to a coil bo.ving au 
inductance of 0.04 henries. What is the react1.111ce and the current flow? 
Draw a diagram of vectors showing the reactance, the voltage and the 
cunent. 

Exercise J-4.. How much current will pas.s through an inductance of 
1.5 millihenries which is used as a. choke coil n.t 600 kc if the impressed 
voltage is 12'? 

Resistance and Inductance in Series. 'l'he cff ect of resistance on the 
relation bet ween alternating cmrent and voltage has been studied, and it 
was found that the voltage is equa.l to the product of the current a.nd the 
resistance as in tho ca.se of <lirect current. The current and voltage are 
represented, therefore, as sine waves that are a.t every instant in the relation 

e = iR, 

as shown in Fig. 3-4. The two waves arc said to be in phase, since they 
pa:;s through zero at the same time and reach a mo.ximum at the same time. 

In the case of the inductance coil, however, it w!is leamed tho.t the volt­
age causing the current is 90° ahead of the current. If a resistance is con­
nected in series with an inductance coil, then the current ftowing through 
tbEi resistance and through the coil will be the same at every instant. The 
voltage required to maintain this current will bo studied with the aid of the 
combined vector and sine-wave diagram of Fig. 3-16. The current which 
is used a.s a reference starts at zero and varies sinusoidally as indicated in 
the sine-wave diagram. Th.is variation js indicated also in the vector 
diagram by the vector I drawn horizontally with a magnitude equal to 
Im,.x· The voltage across the resistance R from a to b is in phase with I 
and of n. magnitude IR shown on the vector diagram. On the sine-wave 
diagram the voltage variation is indicated by the dashed wave in phase 
with Lhe current. The voltage a.cross the inductance from b to c is shown 
on the wave diagram by the wave leading the cuxrent by 90° in time phase, 
and is also drawn dashed. This voltage is likewise shown 90° ahead of the 
current on the vector diagram, and is labeled IX. 

The magnitude of the rco.ctance voltage wave is less than the magnitude 
of the voltage across the resistance. This means that the resistance of R 
in ohms is greater than the reactance of L, u.lso in ohms. The voltage 
from a to c is the instantaneous sum of the voltages across R and across L, 
and is shown by the solid wave marked e. This wave leads the current 
wave by an angle 8* which is indicated on the d iagram. The sum of the 

• O is the Greek Jetter theta and is commonly used to indicate an nngle. 
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voltages across the resistance and the inductance is also determined in the 
vector diagram. The ease with which this voltage is determined is worthy 
of attention. It is neces53.fY only to complete the parallelogram (rectangle 
in this case) indicated by IX and IR and the diagonal is the·maximum value 
of the voltage, while the angle between this diagonal and the current is the 

R L 
~ 
a b c 

FlG. 3-16. Altornating Current ·m1d Voltuge with Resistance ancl ·Inductance in Sorice. 

angle 0 by which the voltage leads the current; or said in another way, 
the angle by which the current lags behind the voltage. The simplicity 
of this method of determining the magnitude and pha.se relationships of 
currents and voltages in circnits having both resistance and inductance 
has led to its almost universal adoption for the solution of A.C. circuits. 

Impedance and Phase Angle. The procedure described above for de­
termining the relation between the current and voltages in A.O. circuits 
indicates that a circuit 

x ------------ z L R 
~--

Z=v'R2 +x2 

tan e=f 

Sin 9= i 
R 

containing both resist­
ance and inductive 
reactance ha,s certain 
characteristics or con­
stants that are inde­
pendent of the current 
flowing. The circuit 
characterist ic t hat is 

0 used to multiply the 
current in order to 
obtain the voltage is 

FIG. 3-17. Aclclition of Ilesistance and Res.ctance to Obtain 
Impedance. 

called the impedance and the symbol used is Z. The unit by which 
impedance is measured is the ohm. In Fig. 3-16 the two voltage drops 
across R ttud L are expressed as products of current and resistance 
and of current and reactance. The sum of these two voltages might 
be expressed as a product of current ttnd the impedance, since thP. 

/ 
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impedance is a special kind of addition of the resistance and reo.cta.nce. 
This addition must be made at right angles and such an addition is shown 
in Fig. 3.,-17. Hare a line R of length equal to the· resistance of the circuit 
is drawn horizontally to the right and a line XL of length equal to the re­
nctauce of the circuit is drawn vertically upward. The impeda..nce is de­
termined by completing the rectangle and drawing the diagonal from the 
origin. The magnitude may be determined either by meo,surement or by 
recognizing that Z is the hypotenuse of a right angle tria,ngle and that, 
therefore, 

The angle 8 may be determined either by measurement with a protractor 
or by the use of trigonometric tables from the relation that 
. x 

tan 8 = R. 

The impedance is observed to have two characteristics by which it is speci­
fiecl. The first is the magnitude and the second is the angle by which the 
current lags behind the voltage. Both of these characteristics can be de­
termined from the magnitudes of the resistance and the reactance so thn;I; 
it is quite common to specify an :!mpedance by giving the magpitudes of 
l'esistance and reactance. The abov<J method of analysis is satisfactory 
even though the only circuit resistance is the resistance of th~! winding of 
the inductance coil itself. 

In determining the current from a given voltage it is necessary to divide 
the voltage by the impedance: 

rl'bis operation gives the magnitude of the current and the angle of lag is 
determined as before. That is, the current always lags as far behind the 

II 
>< 

I 
I 
I 
I 
I 
I 
I 
I 
I 
l 

J 
I 
I 
I 
I 
I 
I 

8=68.2°: 
J 

R=50 
Fro. 3-18. Im­

podanco Diaere,m. 

voltage as the volt.age leads the current. 
Exam.ple: Determine the voltage required to fo1·ce a 

current of 20 ma lihrough an inductance coil btwing a re­
sistance of 50 ohms and an inductance of 10 ruillihenries. 
The frequency is 2,000 cycles per seeoncl. What is the 
angle by which the voltage leads the current? 

First, determine the reactance. 

X = 2r.fL = 2r. X 2,000 X 
1 
~~0 = 4071' = 125+ ohms. 

I 

Second, determine the impedance. 
z = VR2 + X 2 = V502 + 1252 = V2,500 + 15,625 

= '¥'18,125 = 134+ ohms. . 

x 125 r. 
bin 0 = R = 5o = 2.<). 

0 = 68.2°. 
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Third, detem1ine the magnitude of the voltage. 

E = IZ = 0.020 X 134 = 2.68 v. 

An A.C. voltage of 2.68 is necessary to force 20 ma through the above coil. 
The voltage will lead the current by a phase angle of 68.2°. 

N ote: Many students find that a carefully drawn diagram will give 
results of engineering accuracy much more quickly and with less cha.nee 
for error than the matheml\tical calcul11tions. The use of a diagram 
drawn to scale is always a. desirable check on arithmetical calculations 
even if it is not used for the original solution. 

Exercise J-5. What 60-cycle voltage will be required to produce a 
curren t of 20 amp through an inductance coil of 20 millihenries having a 
resistance of 4 ohms? Determine the phase angle. 

The Impedance of a Circuit of Several Elements. The sum of the volt­
ages in a series circuit is not necessarily limited to two elements but may 
be of any number. In circuits of this type the voltages are added instan­
taneously, just as wn.s demonstrated in Fig. 3-16. All of these voltage 
drops may be divided up into parts due to resistance and parts due to re­
actance. Since this is possible, the impedance of the enti.re circuit may be 
obtafaed by adding the impedances of individual parts. This computation 
may be done graphically, or it may be done by adding all of the resistances 
and all of the reactanees and from these obtaining the total or equivalent 
iro pedance. 

Example: Determine the current taken from 11 60-cycle 220-v A.C. line 
when coil AJ resistance B and coil C are connected across it in series. 
Coil A has a resistance of 0.3 ohms and an inductance of 2 millihenries. 
Resistance B has a magnitude of 1.2 ohms. Coil C has a resistance! of 0. 7 
ohms and an inductance of 5 millihenries. 

First, determine the reactance of the coils. 
Coil A: 

XA = 27rfL = 27; X 60 X 0.002 = 0.2411" = .754 ohms. 

Coil C: 
Xe = 2nfL = 211' X 60 X 0.005 = 0.607r = 1.88 ohms. 

Second, determine total impedance. 

XooUlt = X;. + Xe = 2.63 ohms. 

Rto~t = RA. + Rn + Re = 0.3 + 1.2 + 0.7 = 2.2 ohms. 

Zcobll = v'W + xz = v'2.2~ + 2.632 = V4.84 + 6.92 

= Vll.7G = 3.43 ohms. 

• 
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Third, determine current and phase angle. 

E ' 220 
I = Z = 3.43 = 64.2 amp. 

x 2.63 
tan o = R = 2.2 = 1.19. 

0 = 50.1°. 

Exercise 3- 6. A 10,000-ohm resistance is in series with an inductance 
coil having a resistance of 2,000 ohms and an inductance of 10 millihenries. 
This circuit is connected across a 75-v line having a frequency of 150 kc. 

· Determine the current and the 
phase angle. 

Exercise 3-7. Two coils 
and a resistance are connected 
across a 110-v 60-cycle power 
line. Coil A has a resistance 
of 3 ohms and an inductance 
of 15 millihcnries. Coil B has 
a resist.ance of 7 ohms and an 
inductance of 5 millihenries. 
The resistance C has a magni­
tude of 2 ohms. Determine 
the current and equivalent 
impedance. 

Re Resistances and. lnduc­
F1G.3-19. Impedance Dingro.m; Example pp. 93-94. tances in Parallel. 'When 

A.C. circuits are connected 
in parallel the same general type of solution is used as was used for 
resistances in parallel. That is, the current Bowing t hrough <.>.a.ch part of 
the parallel circuit is determined and the total current is the sum of the 
individual parts. It must be kept clearly in mind thn.t the currents may 
not be in phase and that their vectors must be n.dclecl ~it the proper differ­
ence of direction. This procedure was developed in the early pa.rt of the 
chapter ao.d may be reviewed by a study of Fig. 3-3. If it is desired to 
obtain the equivalent impedance of the parallel circuit,* this calculation 
may be done by, first, assuming a pressure of 1 v across the circuit and 
determining the total cw-rent flow. The impedance is then found by divid­
ing the voltage by the total current. 

*A circuit constant called the admitta11.ce equal t.o the reciprocal of the impedance is 
sometimes used for this purpose. The characteristics of t his constant are so likely to 
cause confusiou that the constant is omitt~d frow this analysis. Very litUe loss is 
experienced from this omission, n.~ all usual circuit problems can be solved by the methods 
here presented . 
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Example: It is desired to know the total current fl.ow, the phase angle 
of the total current, and the equivalent impedance, if coil C of the pre­
ceding illustrative exampl.e is connected in pa.rnllel with coil A and resist­
ance B in series across a 110-v 60-cycle line. 

First, determine the current in coil A and the resistance B using the 
values obtained in the preceding example: 

z.Hs = v'(R"' + RB) 2 + xA2 = v'i.s2 + .7542 

= v'2.25 + .57 = v'2.82 = 1.68 ohms. 

x .754 
tan 8A+B = R = I.SO = 0.503. 

8-t+n = 26.7°. 

E 110 ~ 
1..:1.+B = z = l.68 = 65.::> amp, 

which lag 26.7° behind the voltage. 
Second, determine the current in coil C. 

Zc = v'Rc2 + Xe: = v'0.72 + 1.882 

= v'0.49 + 3.54 = v'4.63 = 2.01 ohms. 
x 1.88 . 

tn.n Be = R = 0.7 = 2.68. 

Oc = 69.6°. • 
E 110 _ 

le = z = 2.0l = ~4.7 amp, 

which lag 69.6° behind I.he voltage. 
Third, determine the total current by adding the individual currents.* 

I IA+ a1=65.4 amperes at an angle of 26.7° 
le =54.6 amperes at an angle of 69.2° 
I 1 = 112 amperes at an angle of 46° 

I, 
FIG. 3-20. Voci.or Diagram for Parallel Circuit of Example Above. 

•This can be done gmphicnlly as in Fig. 3-20 or by determining the portion of the 
current in phase with the voltuge o.nd the portion 90° behind the voltage rind tLdding 
these portions to find the portions of total cnrrent in plmse with and 90° behind the 
voltngfl. The total current cnn then be determined ft-om these by the use of right­
triangle analysis. 

• 
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Begin by determining the portion of currents in phase with the voltage-. 

I .A+B cos 8.-i+ n = 65.4 cos 26.7° = 65.5 X .893 = 58.5 amp. 

l e cos Be = 54.7 cos 69.6° = 54.7 X .349 = 19.0 amp. 
I c1n phWI•) = 58.5 + 19.0 = 77.5 amp. 

Next, determine the portio11 of the currents 90° behind the voltage. 

IA.+s sin OA+n = 65.4 sin 26.7° = 65.5 X .45 = 29.4 amp. 

le sin 00 = 54.6 sin 69.6° = 54.7 X 0.938 = 51.3 amp. 

1 190° l•g) '"" 29.4 + 51.3 = 80.7 a.mp. 

From the two individual currents, determine the total current .Bow. 

Itotnl = .../J2uo phase) + 12
($0° lsst) 

~----

= V77.52 + 80.72 = .../6,006 + 6,510 

= Vl2,516 = 111.9n.mp. 

ta "' - /100• Ill~) - 80.7 - 1 04 n Vtotal - I - r- - • 
(In ph1181>) 77.D 

8g,tal = 46.2° 

Fourth, determine the equivalent impedance. 

z - _JP_ - 110 
eQ - f totnl - 111.9 

= 0.984 ohms. 
RCQ = Z cos O = .984 cos 46.2° = 0.984 X 0.692 

= 0.682 ohms. 
Xoci = Z sin 8 = 0.984 X 0.722 

= 0.711 ohms. 

X=lOOHMS R= lO OHMS 

X= 20 OHMS R=5 OHMS 

1~10 . 8-21. Circuit Diagram for ExcTcisc 3-8. 

Exercise J-8. Determine the 
equivalent impedance of tbe circuit 
shown in Fig. 3-21. 

Exercise J-9. A resistance of 
100 ohms is conu.ected in pa.rnllel 
with a reo.ctance coil having an 
inductance of 25 millihenries and 
a resistance of 20 ohms. Wbat 

total current will flow when 40 v at 1,000 cycles are impressed on the 
circuit? 

Exercise 3-10. Three circuits are connected in parallel across a. 120,000-
cycle 20-v source. Circuit A consists of a. resistance of 2,000 ohms. Cir­
cuit B consists of a coil having 100 ohms resistance and an inductance of 
5 millihenries. Circuit C consists of a coil having a resistance of 50 ohms 

• 
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an'd. an inductance of 1.2 millihenries, and of a resistance of 1,000 ohms. 
What is the total current flo~ing and what is the equivalent impedance? 

Power and Power Factor. In the early part of the chapter it was learnod 
that the average power for an alternating current and voltage, where the 
impedance consisted of resistance only, was 

P avcrng~ = EJ, 

where E and I were the effective or R.M.S. values. A little later it was 
learned that tile 11veragc power dfasipated in un inductance coil of zero or 
negligible resistance was zero. This fact was sbown in the explanation of 
Fig. 3-13, and it was learned that energy was alternately stored in and 
recovered from the magnetic field. It would be reasonable to conclude, 
therefore, that t he only power absorbed in au inductance coil would be 
that which was converted iuto heat in the resfatance of t he winding. This 
conclusion is verified by test; and so the power in a circuit, composed of 
resistance and inductance, may be specified as 

Pnverl\ge = PR = (IR)I. 

Since IR is tho component of voltage which is in phase with the current, 
it may be dctcrmi.ned from the 'totn.1 voltage by multiplyiJ.1g by the cosine 
of the angle of 11g. Thus, 

IR= B cos o, 
and, therefore, 

P1lVcr01:e = (IR)I = IE cos 8. 

The factor cos 0 is called the power factor, since it is the faetor by which the 
product of the cw·rent o.nd voltage must be multiplied in order to obto.in 
the average power. The angle(} between the current and voltage is often 
called the power-factor angl.e. 

The Electric Condenser. When two conducting plates arc placed close 
to but insulated from e::i.ch other, they form what is known us a condenser. 
An electric charge can be stored on these plates and will be retained as 
long as the plo.tes of the condenser a.re insulated from each other. One of 
the most fundamental of all electrical concepts is the repelling action of 
charges of the same polarity and the attractive forces between charges of 
opposite polarity. If, then, the charged plate having an excess of elect1·01lS 
(or negative cbo.rge) is connected to the cha.rged plate having a deficiency of 
electrons (or positive charge), the repelling and attracting a.ction of the 
charges will cause large numbers of electrons to flow through the conductor. 
This flow of electrons constitutes an electric current which will be forced 
through the conductor against the resistive drop and '1lill, thus, cause heat 
to be developed. This heat energy was stored in the condenser a.s potential 
energy owing to the repelling force of the c11argc. The pressure or poten­
tial due to this repelling force is proportional to the charge. The acttuil 

•' 

r 
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magnitude.is dependent upon a propo1·tionality constant that is determined 
by the size of the condenser plat.es, the distance between them, and the 
insulating material. This constant i.s called the capacitance and is indi­
cated by the symbol C. Expressed mathematically, the relatio11 is 

f 
Q =EC, 

Q being measured in coulombs, E in volts, and C in farads. 
The unit of capacitance is called the farad and may be defined as that 

capacitance which will permit the storage of one coulO'mb of charge at a prr 
ten.tial of one volt. . 

Dielectric Constant. The above analysis was based entirely upon the 
effect of the charges within the. conductors and so is valid for conductors 

0 
0 
0 

Bottom Plate 

Frn. 3-22. 'l'ension in Dielectric. 

0 
0 
0 

in ~t high vacuum, an illustrat ion 
of which· is the interelectro~e 
capacita.nce of vacmtm tubes. 
Experimental studies show that 
t he same analysis is also valid for 
conductors in air. V\'hen some 
liquid or solid insulators are placed 
between the plates of the conden­
ser, however, it is found that the 

capacitance is considerably increased; this increase permits addi tional 
·energy storage. The mechanism of this storage is indicated in Fig. 3-22. 
The positive ch11rge on the upper plate attracts the negative electrons in 
the molecules of the dielectric. These electrons are bound so tightly to 
the molecule that they cannot flow as do the electrons in metals; but the 
force of attraction exercised by the upper plate and the repulsion exercised 
by the lower plat.e combine to produce a strain in the molecules of the 

TABLE 3-2 

DrELECTmc CoNSTA:."<TS OF INSUL.~TL."G M A't'ERIALS 

Dielectric 
i\!f aterial conatant 

Air ... ....•.....•. . .......•. .. . . ...... . • 1 
Glass ..... . .... .. ..... . .. .... ...... . . .. .. 6-9 
Porcelain . ............•..•..... .......... 5- 7 
Stcatite ... ............................. . 5--6 
l'l1ica .... .•...•••... ..• . .. ..•••.•.. .... . . 6-7 
Polystyrene ...... .. . ........ . .... ...... . . 2.6 · 
J3akeli1;e .. ........ .... . ....... . .. . ... ... . 5-15 

dielectric similar lio the strain in a spring which has been stretched. The 
extent to which the effect of the repelling action of the charges in the 
condcmser plates can be neutralized by the strained condit.ion of ·l;he di­
electric is dependent upon the physical characteristics of the dielectric. 
An index of this ability of a dielectric to change the capacity of a condenser 
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is known as the dielectric constant, which may be defined as the ratio of the 
capacitance of a condenser with the dielectric being considered to the capacitance 
of tile same condenser if ail- or a vacuum were used as the inStLlating medi1tm. 
A list of the dielectric constants of several common insulators is given in 
Table 3-2. It will be noticed that in many cases, varying methods of 
manufacture or varying quality cause a range of values to be given. 

Capacitance of a Condenser. Most of the condensers used in radio are 
fl.at-plate condensers and the capacitance of these may be determined from 
their dimensions by means of the formula 

C = 2,248 A{ 10-16 f. 

In this equation, A is the area in square inches of the dielectric under 
stress, t is the thickness of the dielectric, and K is the dielectric const,ant 
determined from Table 3-2. The farad is such a. large unit of capacitance 
that it is almost never used in radio practice. The microfarad (µf) aud 
the micromicrofarad (µµf) are the units used most extensively. These 
units must, however, be converted to :farads when substituti11g in equations 
unless the equations are converted so that the smaller units may be used 
directly. The value of 1 µf = 10-s f, of lµµf = 10-12 f. 

Fie. 3-23. Current, Voltage, and Power in n Capacitive Circuit. 

Relation between Voltage and Current in a Condenser. Since the in­
stantaneous charge on n giveu- condenser iS proportional to the volt.age at 
any instant, the charge will increase and decrease as the voltnge ·increases 
and decreases. In Fig. 3-23 the voltage has been plotted as a sine wave 
and the charge as another sine wave of different magnitude but in phase 
with the volta.ge. If the cluuge on the condenser is continually changing, 
the conducto1· by which the connection to the condenser is made must 
h~tve a fl.ow of electrons to and from the condenser. The current in the 
circuit is, therefore, the rate at which the charge on the condenser is being 
increased or decreased. It was learned earlier tha,t the rate of ch11nge of a 
sine wave is another sine wave 90° ahead of .the original wave in time ·phase, 
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so the current in the condenser eircuit may be shown in Fig. 3-23 .as o. 
sine wave leading the wave of charge a.nd voltage by 90° and labeled i. 
It is seen that this current is opposite in time phase to the current in an 
inductance, which lags 90° behind the voltage. 

The instantaneous power is . also plotted in Fig. 3-23, and it is found 
to be a sine wave of double the voltage frequency, having zero average 
power as in the case of the inductance coil shown in Fig. 3-13. A careiul 
study, however, will show that for the qua:,rter cycle when the voltage is 
going from positive maximum to zero, the power is negative in the con­
denser circuit while it is positive in the circuit containing the inductance 
coil. In the following quarter cycle it is positive in the condenser circuit 
and uegativo in the inductive circuit. This is an important characteristic 
of these circuit elements, because it permits periodic power transfer from 
one element to foe other and is the basis for the oscillations of tuned 
circuits used so extensively in radio equipment. 

Capacitive Reactance. In the preceding paragraph it was determined 
qualitatively that the current wns equal to the rate of change of the charge. 
It remains to determine the numerical relationships which involve the 
frequency. In the discussion on the rate of change of a sine wave it was 
found that the maximum value for the rate of change is 27rf t imes the 
maximum value of the origin.al sine wave. The maximum rate of change 
of Q is, therefore, 2r.f t imes Q.nox and this is likewise t he maximum value 
of the cun-cnt. Stated mathematically, this relation is 

I mo.x = 21rj Qmo.x• 

It is lmown that the charge is equal to the product of the voltage an<l 
capacitance; thus 

Substituting this va.luc in the above equation, 

I mu = (27rfC)Emax1 

where 27rfC is o. constant giving the relation between the current and the 
voltage. Since the ren.ctance of a capacitive circuit is that value by which 
the current must be multiplied in order to obtain the voltage, the reactaoce 
of a condenser may be specified as l/(2TrjC). In mathematical form this 
statement is 

so 

1 E =!Xe= --, 
21ff0 

1 
Xe=-- · 

2Jrj0 

Since both the capacitance and frequency arc in the denominator, it follows 
that the impedo.nce is decreased with incre~e of frequency and is de· 
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creased also with an increase in capo.citance. This is the opposite of the 
reactance of an inductance, which increases both with nn increase of fre­
quency and of inductance. The voltttge impressed across the condenser 
wa.s found to lag .90° behind the current and so it is customary to draw the 
roactance as a line vertically down.wtir.d indicating tho.t if the current 
radius vector is assumed as the reference being dro.wn horizontally to the 
right, then the voltage will be vertically downward. 

Resistance and Capacitance in Series. When resistance is connected 
in series with a condenser, a situat ion is obtained similar in many ways to 
that existing in the case of a resistance in series with a.n inductance. The 
voltage across the resistance is in phase with the cuITent, while the voltage 
across the condenser l<igs 90° behind the current. Tho total voltage, being 
the sum of the two eomponent voltages, also lags behind the current. This 
angle of lag, or the angle by which the current leads the volto,ge, has a. 
tangent, the value of which is Xc/R. 

Example: A condenser of 1 1-'f is co1mected in series with a 1,000-ohm 
resistance across n 500-eycle 12-v line. Detem1i.ne the current, the equiva­
lent impedance, and the power-factor o.ngle. 

First, detem1ine the reaotance of the condenser. 

1 1 
Xe = 2r.fC = 2;r X 500 X 10-6 

lOOO = 318.5 ohms. 
11" 

Second, determine the equivalent 
impedance. 

z = v'~Il_2 _+~x=c-2 = v'1,0002+ 318.52 

= v'1,ooo,ooo + 101,500 

= v'I,101,500 
= 1,050 oluns. 

Xe 318.5 
tan 8= R = I,OOO = 0.318. 

(J = 17.7°. 

Third, determine tho current. 

~ R = 1000 OHMS 
:I: 
0 

~ 
en 
II 
x'-~~~~~~~~....::J~ 

F.ta. 3-24. Vootor. Dingrnm, Cnpacitivo 
Circuit. 

E 12 
I = z = 1 050 

= 0.0114 amp = 11.4 ma.. 
' 

This eurreni will lead the voltage by 17.7°. 

Exercise 3-11. Determine the current drawn from a 175-v 600-kc 
source. by a condenser of 0.001 µf in series with a 125-ohm resistance. 
What is the phase angle of the current? Draw the vector diagrn.m. 

Resistance, Inductance, and Capacitance in Series. When resistance, 
inductance, and capacitance are. connected in series, the total voltage is, 
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as before, the instantaneous or vector sum of the voltages across the indi· 
vidual elements of the circuit. When an analysis is made of these voltages, 
it is observed that the voltage across the condenser is directly opposed 
to the voltage across the inductance. The voltage across the combination 
may be less than the voltage across either ·element by itself. The re. 
a.eta.nee of such a series circuit is the difference between the reactan.ce of 
the .inductance coil and the reactance of the condenser. Since these two 
reactances tend to neutralize each other, it has become common practice 
to assign one a. positive value and the other a negative value. .Since the 
.inductive reactance is drawn vertically upward with respect to th.e resist· 
ance as reference, it is considered 3..9 positive and the capacitive reactance 
is considered as negative. The power-factor angle 8 on this basis is con· 
sidered positive where the voltage leads the current and negative where 
the voltage lags behind the current. The methods of making the com­
putations are the same as for the resistance and inductance in series and 
the addition of impedances may be made graphically or algebraically. 

Example: A condenser of 50 µf, an inductance coil having a resistance 
of 5 ohms and an inductance of 0.08 hcnries, an<l a resistance of 6 ohms 
are connected in series across a 110-v 60-cycle circuit. Determine the 
equivalent impedance, the current, the power-factor angle, and the voltage 
across each circuit element. 

First, determine the impedance Z. 

1 1 
--J~ Xco11dcnser = - 21ff0 = - 211' X .60 X 50 X 10-s 

106 

Xe XL+RL R , = -
61000

11' = - 53.0 ohms. 

(/) 

~ 
:r 
0 -g 
II 

Z1=25.4 OHMS 

R=6 OHMS 

F10. 3-25. Vector Dfogram­
Re~at~noe, Inductance, and 
Capacitance in Series. 

Xcoil = 211'/l.1 = 21T60 X .08 = 30.1 ohms 

Xtota1 = - 53.0 + 30.1 = - 22.9 ohms of 
capacitive rea.ctn.nce. 

Rwtal = 5 + 6 = 11 ohms. 

Zt = yR2 + X 2 = yll2 + 22.92 

= .,,,/121 + 525 = V'646 = 25.4 
ohms. 

x 22.9 
tan 8 = - R = - ll = - 2.08. 

8 = - 64.4°. 

Second, determine the current. 

E 110 
I z = 25.4 = 4.33 amp. 

cos 8 = power factor = 0.43. 
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Third, determine the voltages across each circuit element. 

Econdmer = lXc = 4.33 X 53.0 = 229 V. 

Zco11 = yR2 + X2 = y52 + 30.JZ = y25 + 906 = y981 
= 30.5 ohms 

Econ = IZcoll = 4.33 X 30.5 
= 132 v 

Ereslstooce = 4.33 X 6 
= 26 v. 

103 

;. 

Note: In Fig. 3-25, showing the graphical summation of impedances, 
it will be noted that ea.ch impedance was determined individually. Ma.ny 
engineers prefer to add the resistances and reacta.nces separately in order to 
obtain the final result as was done in the analysis. Many others prefer to 
add the impedances as shown by the heavy lines of Fig. 3-26. This 
method permits a more complete understanding of the voltages between 
different points on the Circuit. It is possible, ·of course, to make this 
addition ~1.nalytically as well as graphically, and in many cases it is done 
in this manner. 

Exercise J-12. A resistance of 20 oluns is connected in series with an 
inductance of 100 microhenries and a capacitance of 0.05 µ.f across a 10-v 
100-kc line. Determine the current and equivalent impedance. 

Ex~rcise J-13. An inductance coil having a resistance of 0.3 ohms aQ.d 
an inductance of 1.5 microhenries is connected in series with a. 2-ohm 
resistor and a 10-µ.f condenser across a 5-v 40-kc line. Determine the dif­
ference in phase between the voltage across the coil and the voltage across 
the resistance. vVhat is the difference i11 phase between the voltage 
across the coil and the impressed voltage? 

Resistance, Inductance and Capacitance in Parallel. When parallel 
circuits are encountered which involve capacitive reactance in one circnit 
and inductive reactance in the other, each circuit is solved by itself and 
each current is obtained. The total current is then found by the vector 
addition of the individual currents. This addition again may be done 
graphically, or by determining the parts of the current in phase with the 
voltage and the a.Igebraic sum of those parts that are 90° out of phase. 
The equivf~lent impedtince is determined., as in other parallel circuits, by 
dividing the voltage by the current. The tnngent of the power-factor 
angle is determined from the ratio of out-of-phase current to in-phase 
current. 

Example: If the condenser and the 6-obm resistance of the preceding 
illustrative <~xample arc1 connected in series acrnss the 110-v line and if the 
coil is also connected across the line to make a parallel circuit, determine.the 
equivalent impedance, the purrent, and the power-factor angle. 
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First, reactances may be taken from the preceding example. 

Zc = v'R~ + X 2 = V62 + 53i = v' 36 + 2,810 = V2,846 = 53.4 ohms. 
-X 53 . 

tan Be = -n = - 5 = - 8.83. 

Be= - 83.5°. 

Z'L = VR2 + X2 = v'52 + 30.!2 + V25 + 906 = V931 = 30.5 ohms. 

tan B1., = 3~1 
= 6.02. 

OL = 80.5°. 

Second, determine parts of currents in pha.so with voltage and 90° out of 
pbnse. 

E 110 
Ic = Ze = 53.4 = 2.06 amp. 

E 110 
I L = Zt = 30.5 = 3.61 amp. 

In-phase current: 

I (ln1>1l•sel = le COS Be+ Ii, COS 81. = 2.06 COS - 83.5° + 3.61 COS 80.5° 
= 2.06 x 0.112 + 3.61 x 0.165 = 0.231 + 0.596 

= 0.827 a.mp. 

Out.-of-phase or quadro.ture current: 

XL+RL Icoutol:;>ho.st) = Ic sin Oc +IL sin (h 

0 
= 2.06 sin - 83.5° + 3.61 sin 80.5° 

= 2.06 ( - 0.993) + 3.61 x 0.984 
= - 2.05 + 3.56 

Xe R 
= 1.51 amp. 

lc=2.06 Amperes 
Bc=-83.5° 

81=61.3° 

11=1.51 Amperes 

It =3.61 Amperes 
el=ao.s0 

FIG. 3-26. 

Third, determine toto.1 current and power-factor 
angle. 

I totnl = v'0.8272 + 1.5!2 = V.685 + 2.28 = V2]6 
= 1.72 amp. 

1.51 83 
tan B, = 0.827 = 1. 

o, = 61.3°. 

Fourth, determine the equivalent impedance. 

E 110 
Z, = T = 1.72 = 64 oluns. 
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Exercise 3-14. Determine t he current drawn from a 275-v 180-kc 
source by a parallel circuit containing a condenser of 500 µµ.( in one branch 
o.nd a resistance of 250 ohms in series with an inductance of 1 millihenry in 
the other brnnch. vVbat is the maximum instantaneous power that is put 
into (a) th~ condenser, (b) the inductive circuit, o.nd (c) into the combined 
circuit? (Hint: Determine the currents in each circuit and. then plot 
sine waves of current, voltage, and power.) 

Exercise J-15. Determine the current if a condenser of 50 µ. µ.f is con­
nected in series with two parallel branches of Exercise 3-14: before being 
coruiected to the line. ' 

Exercise 3-16. Determine the current drawn from n 750-kc 10-v line 
by the circuit shown in Fig. 3-27, when the values are as follows: 

C1 = 0.001 µf 

hi. = 100 microhenries 

£3 = 80 microhcnries 

R1 = 100 ohms 

R2 = 100 ohms 

Ra = 50 ohms F10. 3-27. Circuit Diagram for Exerciso 3-16. 

What is the voltage from a to b in the parallel circuit and what phase angle 
does it make ~rith the impressed voltage? 

General Concepts of Resonance. T he term resonar..ce com es from the 
characteristic of some objects which respond to or echo back sound. Usu­
ally these objects respond to sounds of certain pitches only and it is ex­
plained that they a.re "tuned" to those pitches. 'l'he responses to sounds 
are of such high frequency and small amplitude that it is difficult to observe 
them visually. A similar phenomenon is the pendulum clock. Here the 
pendulum swings back and forth, shifting kinetic energy (motion of the 
pendulum in the center of the swing) to stored or potential energy (raised 
position of the pendulum at the end o( the swing). The slight impulse 
from an escapement wheel is all tha.t is needed to keep this pendulum swing­
ing back and forth indefinitely. The amplitude of the vibration or move­
ment is much greater t han could be given by o. single impulse from the 
escapement wheel but the regular impulse from the escapement is sufficient 
to replace the losses of energy in the friction and air resistance of the 
pendulum. 

A similar phenomenon may be produced in electric circuits which have 
both inductance and capacitance. Both of these circuit elements were 
found to store energy for one ha.If cycle and to return it on the next half 
cycle. Since the condenser i,s storing energy when the inductance is re­
turning energy, it is possible for the condenser and inductance to pass large 
a.mounts of energy from one to the o~hcr with the out.side circuit supplying 
only the losses. A resonant circuit will operate most satisfactorily when 
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the energy absorbed by the condenser is just equal to the energy which is 
being discharged by the inductance. Satisfactory operation is enhanced 
n.lso when the product of the currents in and voltages across the condenser 
is equal to the product of the same values with reference to the inductance. 
In a. series circtiit the current is the same in both circuit elements. Since 
the· voltage across the inductance increases with frequency, ancl the voltage 
across the condenser decreases with frequency, there must be some fre­
quency at which the two voltages are equal and at which the energy of 
the condenser is equal to the energy of the inductance. This is called the 
resonant frequency. The voltage across the inductance as well as that across 
the condenser may be several times the voltage of the line. This conditim1 
was met in the illustrative example of series circuits having both inductance 
and c11pacitance. Here the voltage across the eondensel' was found to be 
229, which is more than twice the impressed voltage and indicates that a 
condition of resonance is being approached in this circuit. 

When the coil and condenser are connected in parallel, the voltage across 
each will be the same, so that the currents must balance for the resonant 
condition. If the ratio of reactance to resistance is high, as it is in most 
radio circuits, the resonant frequency '''ill be approximately the same fo1· 
both series and pamllel cmrnections. In fact, in some of the more compli~ 
cated circuits, it is difficult to tell whether a resonant circuit is connected in 
series or parallel. In the elementary treatment, however, circuits will be 
analyzed as either series or parallel resonant circuits. 

Series Resonant Circuits. If reference is made to the impedance dia­
gram of Fig. 3-25, it v .. ill be seen that the equivaleut impedance is consid­
erably less than the impedance of either the condenser or the coil by itself. 
Furthermore, if a variable condenser were used and if the capacitance of the 
variable condenser were increased, the capacitive reactance would decrea.c;e. 
This adjustment might be continued until the capacitive reactance would 
be just equal to the inductive reactance. The circuit imped(u:ice would, 
then, be the resistance only, which in this case is 11 ohms. Under th~!se 
condit ions the circuit would be in resonance. 

A series circuit is said to be in resonance when the inductive reactance in 
the circuit just ne,utralizes the capacitive reactance so that the eq1tivalent 
impedance is due entirely lo resistance. This co.udition may be obto.inccl in 
practice by varying the capacitance of the condenser, as was just indicated, 
or by varying the inductance of the coil, or by varying the frequency. Jn 
any of the conditions above indicated, the resistance of the circuit is ns­
sumecl to remain constant and the circuit impedance wou.ld, therefore, al­
ways have a constant resistance component. This would mean that re­
gardless of how the reactauces were shifted, the circuit impedance would 
always fall somewhere on the line mn in the diagram of Fig. 3-28a. If the 
inductive reactance were the larger, then the reaetance would be located 
above the axis, as indicated by one of the impedances labeled ZL. If the 
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capacitive reactance were the larger, the impedance would be ns indicated 
by one of the Zc vectors. If they were equal, the impedance would be­
come R. The manner in which the current in this circuit vo.ries with fre­
quency is shown iu Fig. 3-28c:. The current rises to a ma,ximum at the 
resonant frequency, as shown by the R curve, but it does not rise very high 
nor is the peo.k very sharp. In Fig. 3-28b the same circuit is shown with 
considerably less resistance. 

It is observed thctt the current will rise to much greater magnitudes as 
resonance is reached and also that a slight variation in reactance, due to 

(a) 

m m' 

Zt Z(. 

ZL z, 
L 

R R' 

Zc Zc' 

z; 

n n' 
( b) 

.._. 
c: 
~ 
:::J 

CJ 

R' 

Frequency 

(C) 

Fm. 3-28. Scrica Resonance-Variable Frequency. 

change of frequency, will make a. much greater proportional change in im­
pedance so that curve R' is much steeper. The circuit with less resistance 
gives much sharper tuning than the other circuit. 

DEFINI'l'ION OF Q. Io this connection it is well to consider the require­
ments of coils and condensers for obtaining sharp resonance curves. In 
general, condensers ho.ve little resistance and low losses, so that they are 
quite often assumed to have zero equivalent series resistn.nce. The coils, 
however, are made of conductors which have inherent loss in them and this 
quite commonly accounts for most of the loss in the circuit. From the 
pendulum analogy, it is realized that the less loss in an oscillatory or reso­
nant circuit, the less energy must be supplied and the more efficient it will 
be. This has led to o. figure of merit of reactances by which the quality 
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of a coil may be measured.. This figure of merit is called the Q of the· coil, 
and is defined as 

Thus, the higher the ren.ctnnce in proportion to the effective resistance, the 
better is the coil or condenser.* At high frequency the losses in the di­
electric of the coils and the rapid increase of resistance due to skin effect 
of the wire causes the resistance to increase about as fast as the reactance 
of the coil so the figure of merit 

Q = 2rrfL 
R 

remains fairly constant over large changes in frequency. With a high Q 
it is possible to use the series circuit as a voltage multiplier. In many 
circuits, a voltage is needed to control the grid of a tube, and this voltage 
can be taken from the terminals of the condenser or inductance in a series 
resonant circuit. If the Q of the circuit is high,, the voltage will be many 
times the impressed voltage. 

EFFECT OF souncE IMPEDANCE. The above analysis of resonant cir­
cuits has assumed that the circuit was connected to a consta.n t-potential 
line. In radio circuits this is seldom true, as the source of the voltage may 
itself have considerable impedn.nce. In a series resonant circuit all of the 
series impedances must be considered, so that it is just as important to have 
low resistance in the source ns in the load. If a vacuum tube of high plate 
resistance is used as a source, it would be expected, therefore, that a series 
circuit would have very little frequency selectivity. 

Parallel Resonance. In the illustrative example on parallel circuits, 
it was found that the total current was less tha.u the current in either 
branch. Furthermore, if the current drawn by the condenser were in­
creased by increasing the cn.pn.citance, the total current would be reduced 
even more. If the reactive current taken by the condenser were made 
just equal to the reactive current taken by the inductauce, then the inter­
change of stored energy would be balanced and the circuit would be in 
parallel resonance. The only current drawn from the main line would be 
a smn..11 in-phase current to supply the losses. As h:is already been stated, 
the condenser losses are negligible so the main item of loss is in tlie coil 
resistance. If the Q of the coil is high, this loss becomes so small that· the 
equivalent resistance n.t resonance reaches very high values. 'l'his js a· 
very interesting circuit, because in this case a reduction in the- resistance of 
the coil makes a large increase in the equivalent circuit resistance. Al­
though th~ parallel resonant circuit is definitely in a resonant condition, the 

*This figure of merit Q has absolutely no connection with the symbol Q for charge. 
It is unfortunnte that the same letter has been adopted for both, but the mauuer of lL'le 
will indicate which menning is intended in nearly all cases. • 
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early application of resonance to series circuits caused the term. resonance 
to be applied to a condition of minimum impedance. It is, therefore, very 
common to call the condition of maximum impedance by the name of anti­
resonance. Usually, a distinction is made between t he unity power-factor 
condition which was here specified as parallel resomi.nce and the condition 
of minimum current or maximmn impedance whic.h is called antiresonance. 
Where the losses in the circuits are low, as is the case in most radio circuits, 
this distinction has little practical significance. 

EFFECT OF souncE IMPEDANCE. It has been learned that high source 
impedance destroyed the frequency selectivity of the series resonant cir­
cuit. The frequency selectivity of the parallel or anti.resonant circuit, 
on the other hand, is increased by high source resistance. This difference 
is found because the equivalent impedance of the antiresonant ci.J:cuit 
rises with the appro~tch to resonant frequency so markedly that the 
terminal voltage is much higher at resonance than a t frequencies on either 
filde of resonance. Si.nee vacuum tubes in general, and the screen-grid 
type in particular, have high interno.1 resistances, the parallel :r~sonant 
cii·cuit .is used extensively in radio circuits w.here the vacuum tube is the 
source of power. 

Exercise 3-17. (a) Determine the size of condenser necessary to give 
resonance at 300 kc when the inductance' is 10 microhenries. (b) Plot a 
resonance curve of current against frequency if the Q of the coil is 20 and 
the pressure is 4 v. (c) Plot a similar resonance curve for a coil with a Q 
of 6. (d) Plot a third resonance cu1·ve for the coil having a Q of 20, assum­
ing tha:t the power source bas a resistance of 25 ohms. 

Exercise 3-18. (a) Determine the size of condenser to give parallel ·. 
resonance on 300 kc if the coil has an inductance of 1 millihenry. (b) If 
the Q. of the coil is 20 and if this parallel circuit is connected to a vacuum 
tube having a plate resistance of 5,000 ohrns, plot a curve of terminal volts 
against frequency where the generated signal is 125 v. (c) Plot a similar 
curve for a. vacuum tube having a plate resistance of 50,000 ohms. 

Impedance Matching. In most radio circuits, the power involved is 
small and so power efficiency is of comparatively little importance. It is, 
however, important to pass as much power tlu·ough the circuit as is possible 
in ofder to obtain the maximum signal. It can be proved that this maxi­
mum power transfer occurs when the impedance of the load is equal in 
magnitude to the impedance of the power source and has a reactance equal 
and opposite to that .of the power source. This equalization of the im­
pedances of the load and generator is one fonn of impedance matching.' 
In order to match impedances, the· series resonant circuit should be used 
for power sources of low impedance and the parallel or antiresonant circuit 
should be used for high-impedance sources. 
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The use of parallel resonant circuits for impedance-matching purposes 
is quite common. Such a circuit is shown in Fig. 3-20. The high­
impedance circuit is the standard parallel resonant circuit while the low­
impedance circuit is tapped off the inductance. If this circuit is viewed 
from the low-impedance connection, it is difficult to determine, as men­
tioned previously, whether it is a series or a po.rallel resonant circuit, al­

I 
High 

Impedance 

I Low Impedance 

Fm. 3- 20. Impediin.;;o Matching Using a P1tn11lel 
Reao11u.nt Circuit. 

though it is unquestionably 
in resonance. This circuit 
can be used either to step 
up the impedo.nce or to step 
it, clown. 

Wave Meters. The reso­
nant circuit has extensive 
use as a wave or frequency 
meter for approximate 

measurements. The meter consist.s of a coil and a variable condenser 
which is calibrated in terms of the frequency at which it resonates with the 
particular coil. Such a meter is placed close to a source of radio-frequency 
power and the condenser adjusted until the indicator, a lamp or meter, has 
a maximum reading. This maxi- p 
mum indicates that the circuit is 
in resonance and the frequency can 
be determined from the adjustment 
of the condenser. 

Mutual Inductance. If an in­
ductance coil such as has been 

· studied in Fig. 3-10 has a second 
coil wound around it;, as shown in 
Fig. 3-30, and jf an alternating 
current flows in the .fast or primary 
coil, a voltage will be induced in 

I ,....__ ___ , 
I ------- I ,.._______-, 
I I 

's I I I 

the secondary coil. This second- Fto. 3- 30. A Mutua.1-inductance-Air-core 
'1'r11usformer. ary volto.gc is caused by the 

flux of the primary coil, which is increasing and decreasing sinusoidally 
with time just as the current is varying. It was found thn,t t;h.iB varying 
flux produced a voltage in the primary winding which by Lenz's Law tended 
to send a current through the coil m such a direction as to oppose the change 
of flux. Since the secondary coil is wound so very closely around the pri­
mary, most of the flux which thren.ds through the primary also threads 
through or links the secondary. The rate of change of this liu,'C produces a 
voltage :in the secondary. Since the flux is directly proportional to the 
current in the primn,ry, t he secondary voltage is directly proportional to 
the rate: of change of primary current. 
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Wben two coils are in such o. position that a. change of current in one will 
produce a change of flu.'{ linking the second, the two coils are said to have 
mutual inductance. This mutual inductance is measured in tbe same 
units as self-inductance. Thus, when a rate of change of one ampere per 
second in the primary coil will produce one volt in the secondary coil, the two 
coils are said to lw.ve one ·henry of mutual inductance. 

'\'\lben two coils are wound very closely together, as in the above illus­
tration, they are said to be very closely coupled. Wbcn, however, the two 
coils are located so that only a. small part of the fl ux produced by the pri­
mary coil links t.he secondary, the coils are said to be loosely coupled. 
Loose coupling is shown in Fig. 3-31, where tho two coils are placed some 
distance apart although still on the same axis. 

Effect of the Secondary. vVhen <lea.ling with the single coil, it was found· 
that, oeglcctiug resistance, the current in the coil increased until the voltage 
of self-inductance neutralized the impressed voltage. When a second coil 
is added, as shovm in Fig. 3-30, it produces no effect on the primary as 
long as it is open cir cuited. If, however1 resistance or some other form 
of load is connected across t he secondary terminals, a curr ent will Jlow. 
This current, by Lenz's La.w1 is in such a direction as to oppose the change 
of flux which is causing it. This tends to reduce the flux in the primary, 
·which in turn tends to reduce the counter voltage. As soon as the counter 
voltage drops even a very small amount, an additional primary current is 
drawn from the line to neutralize the maguetomotive force of t he secondary 
current and to bring the primary fl ux back to .its original value. This 
increases the induced electromotive force until it is again equal to the 
impressed voltage. If the secondary is supplying power to a load the 
secondary current will be in phase with the voltage, and the primary current 
which neutrali7,es it will also be in phase with the volt.a.go; power will thus 
be fed into the primary and transferred to the secondary through the 
medium of the common flux. Such au arrangement of closely coupled 
coils is called a tran.sformer. If the flux is in a.i.r, as in the diagram of 
Fig. 3-30, it is known as an air-core transformer. If an iron magnetic path is 
provided for the flux, the transformer is known as an ironrcore transformer. 

Use and Characteristics of the Transfonner. Since in most trans~ 
formers, particularly those having iron cores, the coupling is very dose, 
for the preli.minn.ry discussion it will be assumed that all of the flux 
threads t hrough or links both coils. If this condition exists, the rote of 
cha.nge of flux for each turn is the samo, regardless of whether the turn is 
the primary or secondary. The induced voltage across the coil will, there­
fore, be proportional to the number of turns. This ch,Q,racteristic of a 
transformer .is used to increase or decrease the A.O. voltage. If it is de­
sired to increase the voltage fed into the grid of a tube, a transformer may 
J;>e 11~erl wif,h man;v more turns on the secondary- thl'J.n on the primary. 
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Or, if a bigb-impedance vacuum tube is being used to supply o. loud­
speaker where considerable current is required at low voltage, the trans­
former coil having the very large number of, turns will be connected 
to the vacuum tu be and the coil having only a few turns will be connected 
to the loudspeaker. This is another instance of impedance matching. 

A more careful study of the e·ffects of the current in the transformer 
will now be made. It was learned earlier that the magnetic effects were 
pt'oportional both to the current and to the number of turns. This means 
thn.t the magnetic effect is proportionnl to the product of current and 
turns, usually called ampere-turns. Since the ampere-turns must be 
equal for neutralization, the currents io the primary and secondary will 
be in an inverse ratio to the number of turns. Thus, if the primary h.a.s 
three times as many turns as the secondary, it will require only one third 
ns many amperes to obtain the same number of ampere turns. It should 
be remembered that this neutralization is not complete. A certn.in amount 
of current would flow in the primary even when the secondary is open 
because flux must be produced to set up the counter voltage of self-induc­
tion with which to neutralize the impressed voltage. This current is 
known as the exciting current. A very convenient rule in transformer 
analysis is that, neglecting exruing ciment, the ampere turns on the primary 
are just equaL and opposite to the am71ere turns on the secondary. Since the 
voltage is proportional to the number of turns and the current is inversely 
proportional to the number of turns, the product, or the volt-n.mperes, of 
primary and secondary are equal. 

InoN- CORE TRANSFORMEns-PowEn. In low-frequency transformers, 
and especially in power transformers, iron cores are used to reduce the 
amount of exciting current required and thus to improve the efficiency. 
In most eases, these transformers are designed for a certain definite maxi­
mum voltage on the winding. This is because the ratio of exciting current 
to flux increases very rapidly when the flux density goes beyond certain 
limi ting values, as is indicated in the magnetization curve of Fig. 2-27. 
Here it is seen that the flux density r ises very rapidly with increase of 
ampere-turns until the density bas reached o.bout 80,000 lines per square 
inch. Thereafter, it rises mnch less rapidly and if a bjgh flux density is 
required to neutralize the impressed voltage, extremely large exciting cur­
rents will result . If, for instance, a 110-v transformer were connected to a 
220-v power line, the flux density in the core would ha.veto be doubled in or­
der to produce the necessary voltage of sell-induction. If tho trnnsformer 
were designed to operate at a maximum flux density of 65,000 lines per square 
inch, the required densit,y at 220 v would be 130,000, which is entirely be-­
yond the limits of the diagram. In circumstances of this kind the exciting 
current becomes so great tho.t the I 2R losses will cause the transformer to 
overhe,at and be dnmaged. It is very important, t herefore, that power trans­
formers should be operated s.t their correct voltage and frequency rating. 
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!RoN- CORE TRANSFORM'ERS- Aunxo. The preceding o.nalysis assumed 
that power in unlimited quantities was available at a constant voltage, 
which is a true condition for most power lines. In a. radio set, however, 
transformers are used for matching impedances, and the power source is 
usually a vacuum tube with high plate resistance. In this case the current 
in the primary is dependent upon the strength of the signal. If the strength 
of the signal is limited, then the!e is low Bux density iu the audio trans­
former a.nd the seconclary ·signal faithfully reproduces the primary signal. 
If, however, the signal strength becomes excessive, the flux clenBity reaches 
the saturation point and the flux is no longer proportional to the p1·irnary 
current, so the secondary ceases to reproduce the signal of the primary. 
This effect is known as distortion and is one of the many limitations to 
accurate reproduction of signals. 

AIR-CORE T R:\.NSI'OU!\fERS. In most air-core transfoml.ers, the assump­
tion that all of the fl.tL\'. links both windings is so far from true that results 
based on this a.nalysis are not valid. It continues to be true, however, 
that the signal impressed on the primary causes a voltage and cul'i'ent to 
be set up in the seconda.ry. The current in the secondary also causes a 
voltage to be produced in the primary which a,ffects the primary current. 
The matbematicul 
ano.lysis of this type of 
circuit is beyond the 
scope of this t ext, but 
the meaning of certain 
terms, and a qualita­
tive discussion of re­
sults, are given in the 
following pages. 

Coefficient of Coup­
ling. In Fig. 3-31 it 
is seen that only a 
small part of the flu..x 
from coil 1 threads 

----
F1c. 3-31. Mutuol Inductance-J,ollSe Coupling. 

through, or li~"'S coil 2. If the total flux of coil 1 is designated as cf>1,* 
and that part of the flux which links coil 2 as r/>12, then the ratio of rf>a to 
r/>1 is a measure of the rrnLounetic mutuality of the two coils. This ratio is 
ulso equal to the ratio of cf>21 to r/>2, when <1>21 is the flux (caused by current 
in coil 2) which links c6il 1 and cf>2 is the total flu..\'. in coil 2. This ratio is 
called the coefficient of coupli'TI{] of the two coils and may be expressed 
mathematically a-s follows: 

• cfi is the Greek letter phi and is the symbol usually used for flux. 
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It follows that 
and 

The self-inductance of coil I is the product of </>1 per ampere a.nd the number 
of turns in coil 1: · 

Li= ¢ 1N 1. 
Ii 

Similarly, the self-inductance of coil 2 is the product of cf>2 per ampere and 
the number of turns in coil 2: · 

L. = </>JV2. 
- Ii 

The mutual inductance of coil 1 with respect to coil 2 is the product of 4>u 
per ampere of current in coil 1 and the turns in coil 2: 

~1 = <!J12'l2 = k P._1 N. 
" 11 11 -· 

Similarly, the mutual inductance of coil 2 with respect to coil 1 is the 
product of "'21 per ampere of current in coil 2 a.nd the turns of coil 1: 

1',!f = <!>uN1 = k 2._1 N~. 
12 12 

If the two definitions for mutual inductances are multiplied together, 

M2 = k~ (q,1 N2 X <f>2 N1)· 
11 lz 

By rearranging terms and by substitution, 

M2 = k~c~N1 X ¢2 N2), 
Ii 12 

M2 = k2L1L2. 

Solving this oquA.tion for le, another relation is specified by which k may 
be determined : 

M k=--· 
VLil;z 

H coils 1 and 2 are connected in series so that the fluxes add, the currents 
in both are the same, and the equivalent inductance is the sum of L 1 and k 
plus the mutual inductance of coil 1 with respect to 2 and the mutual 
inductance of coil 2 with respect to 1. This becomes 

L1 = Li + L2 + 2M. 

·If the two .c.oils are connected so that the self- nnd mutual-inductance 
. fi.~~~s .o.i:e in"9l?PO$jtion, thon 

.L', =.Li.+ Li. - 2M. 
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If the second equation is subtracted from the first, then 

4M = L, - L 1
11 

M = L, - L'i. 
4 
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This relationship is the basis for an experimental determination of the 
• mag,n.itude of mutual inductance. 

Selectivity and Coupling. Although it is desirable to have a very high 
value of coupling coefficient for power transfonners, close coupling is not 
always desirable. In order to obtain a high degree of selectivity with 
respect to certain frequencies, the resonant circuits must be free to oscillate 
n.t their normal frequencies without too much interference from the cur-

"' .... -c 
~ .... 
::i 

(.) 

d 

Frequency 

FIG. 3--32. Resonance Curves for Tuned Circuits with Different 
Amounts of Mutual Coupling. 

rents in the mutual-inductance circuit element. Thus, if in Fig. 3-32 both 
the primary and secondal'y are tuned to resonance at a desired frequency, 
and if this sigual of this frequency is connected to the primary, then a slight 
cunent and voltage will appear in the secondary, even though it is some dis­
tance away. If the secondary is moved closer, this voltage E2 will increase 
beco.use more excitation is received from the prirnary coil to take care of 
the losses in the secondary oscillatory circuit. This increase does not 
continue indefinitely, however, for after reaching n. certain critical value of 
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mutual inductance the current and voltage in the secondary decline with 
increase of mutual inductance. The reactions of the secondary current 
on the primary circu_it are such that the primary circuit is no longer in 
resonance at that frt~quency and the primary current is reduced so much 
that the incrensed coupling reduces the secondary current and voltage. 

If the frequency characteristics for these several conditions of mutual~ 
inductance coupli11g are obtained from t est, it is found that with a very low • 
coefficient of coupling a curve is obtained similar to Fig. 3-32-a. It will 
be noted that it is very sensit ive to changes in frequency, but the coupling is 
insufficient to give the maximum signal. If the coupling is increased until 
the critical value is reached, the maximum signal strength comes through 
at the timed frequency. This condition is also very sensitive to frequency 
changes and is desirable where only the one definite response is required. 
If the coupling is increased just slightly beyond critical then the frequency 
response is fairly constant over a na.rrow band, dropping steeply on either 
side, as shown in Fig. 3-32-c. This coupling is extensively used in radio 
circuits. If the coupling is increased still more, a frequency characteristic 
similar t-0 that shown in Fig. 3-32-<l is obtained, which has a definite 
double resonance response. This last type of response is an exaggerated 
form of the previous one and is useful only in showing the true character 
of the previous response. 

Alternating-current Meters. Nearly all A.C. meters are current­
measuring devices. To this extent they are simila.r to D.C. meters, but 

the similarity is limited, because 
the rapid oscillations of the current 
do not permit the use of the 
D' Arson val type of meter. It is 
necessa.ry to arrange some mech­
anism which will give torque in 
the same direction in spite of the 
reversal of current. Four main 
types of indicating meters n.re used 
for this purpose. They are the 
dynamometer, the iron-vane, the. 
rectifier, and the thermocouple 
types of A.C. meters. 

THE DYNA:MOMETER TYPE. In 
the dynan:iometer type of instru­
ment;, a pair ·of coils carrying the 

Ctmrte8y of Weatcm Electrical lristrmnent Co. alternating current to be m.easured 
F1G. 3-33. Dynamomctcr Type of Meter. produces a magnetic field. These 

coils are the heavy coils shown in 
Fig: 3-33. The same current or a portion of it is calTied down to the 
movable coil through the springs. In this type of instrument the 
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reversals of current in both coils come at · the same instant so that the 
torque is always in the so.me direction and roughly proportional to the 
squnre of the curren~. This meter 
will operate satisfactorily on direct 
current, but it is not as sensitive as 
the usual D.0. instrument. It may 
be used either as an ammeter or ns 
a voltmeter, but its greatest use is as 
a wattmeter. 

When it is used as a wo.ttmeter, tbe 
load current is fed through the main 
field coils and the moving coil is 
connected in series with a resist­
ance across the line. ·Since power is 
EI cos 8 and since the field strength in 
the meter at the time of maximum 
voltage is I cos O, the torque and hence 
the res.ding wm be directly propor­
tional to the power. 

The chief disadvantage of this type 
of instrument is the cost of consttuc­
tion. Its use is limited, therefore, to Courle•y of JV •SIM Eleclricol In•trumen.t Co. 

wn.ttmeters and high-precision lo.bora- . F10. 3,-3~._ Iron-vane Type 0£ Meter. 

tory meters. 
THE moN-VANE TYPE. The il'on-vane type of instrument takes many 

different forms. All have a, soft-iron vane attached to a shaft mounted in 
jeweled be~rings. A spring provides the restoring torque and a pointer 
indicates the deflection. The torque to operate the meter depends upon 
the magnet ic response of the soft-iron vane to the magnetic field set up 
by a fixed coil. A meter of this type is shO'wn in Fig. 3-34. The alter-

nating current is flowing in the coil 
and magnetizes both the stn.tionary 
and movable soft-iron plates. Since 
the polarity of both. plates is the 
same, they will repel each other even 
though that poln.rity is reversing 
rapidly. No electrical connection is 
necessary to the moving element. 
When it is desired to use such a meter 
as an ammeter, a few turns of large 
wire are used for the coil. When 
used for a voltmeter, many turns of 

Courtuy of WC3ton Elcctricol l11tlrumcnt Co. fine Wire are used in the coil constl'UC• 
F10. 3-35. Rectifier Typo of Motor. tion. 
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RECTIFIER-TYPE METERS. I t is possible to rectify alternating current 
and use t he standard type of D. C. meter. When this is to be done it is com­
mon practice to include a small rectifier in the case of the instrument. A 
diagrn.mmatic sketch of the circui t for such a meter is given in Fig. 3-35. 
At the left of tbe diagrn,m is an illustration of the copper oxide rectifier, 
approximately to full scale. Meters of this type are usually limited to a few 
m illiamperes, and so aroused for low values of current and as voltmeters. 
Crystal rectifiers are sometimes substituted for the copper oxide type . . 
Meters of this type may be used at extremely high radio freqnencies. 

THERMOCOUPLE-TYPE 11rETERS. This type of meter uses the thermo­

A 

c 

8 

couple principle to supply a very 
sensitive D .C. meter. A diagram­
matic sketch is shown in Fig. 3- 36. 
The current to be measured flows 
from A to B, heating up the resist­
ance wire. The thermocouple has 

Courlt~Y of Wt•to11 Electrical [114trum•rtl Co. its hot junct ion at E and the cold 
Fm. 3-36. Thei-mocouple Type of Meter. junctions at C and D. Since this 

meter depends only on the beating 
effect, it is particularly adapted to current measurements at high fre­
quencie.s. Meters operating satisfactorily up to '100 megacycles may 
be obtained. 

Alternating-current Bridges. Although it is possible to obtain quite 
satisfactory measurements of resistances, of currents, and of voltages with 

c 

F10. 3-37. A.C. Dridgc. 

the a bove meters, they do not lend themselves easily to the measurement 
of t he inductance of coils or of the capacitance of condensers. The use of 
an A.C. type of Whea.tstone bridge will permit the measurement of these 
quantities by direct comparison with known variable inductors and capaci­
tors. Such a circuit is shown in Fig. 3- 37. An A.C. voltage E is im­
pressed across ab and is shown in the vector diagram at the right. The 
current flowing through the resistance&.. and the unknown inductance is 
I .Y which lags behind the voltage. The voltage drop across &. is shown 
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as Ix& and indicates that the point c has a phase and magnitude rela­
tionship as indicated. The impedance drop across the unknown inductance 
is shown as the summation of lxRx aud IxX. If RL is equal to R2, then 
the resistance and the inductance of t he standard must be adjusted until 
they are equal to the corresponding values of the unknown. When this 
adjustment is completed, the point cl is at the same voltage (both in magni­
tude and phase) as point c, and the signal across the detector will disappear. 

Condensers can be substituted for the inductances in this bridge with no 
change in theory or opera.ting procedure. After the correct adjustment is 
made, the value of the unknown can be determined by reading the cali­
brated values on the standard. Sometimes R1 is not equal to R2 and in this 
case 

x = s~:· 
Resonance Testing Methods. M11ny times the easiest and most satis­

factory method of determining inductance is to determine t he capacity 
required to produce resona.nco at a. known frc<iuency. The resonant con­
dition may be <let.ermined with meters or by any other convenient method, 
and if n calibrated condenser is used, then the inductance can be determined 
from the equation 

1 
L = (27rf) 2C' 

Note: v;7ben using equations of this type it should be remembered that 
the inductance is measured in hemies and the capacity in farads. 

A.C. Power Sources. The alternating currents which are most fre­
quently met in radio are produced by oscillators which are combinations 
of tuned circuits and vacuum t ubes arranged to produce these alternating 
currents and voltages. The study of the production of these waves ii:;, 
therefore, reserved to a later chapter. 

Voice and Music Waves. Voice and music waves are reproduced by 
the microphone as wo.ves of electric current and voltage. These waves are 
extremely complicated and their calculation is beyond the tools developed 
in this te:;...1;. The general type of procedure can, however, be indicated, 
and this will give a better understanding of the requirements of audio 
circuits and amplifiers. 

Mathematicians have demonstrated that any complex wave ma.y be re­
produced by a combination of simple sine waves of different frequencies. 
Since the ear will respond to sounds ranging in frequency from 20.to 20,000 
(in the extreme range), tbat is the Jimit of all frequencies necessary to make 
up the complex sound waves. Usually audio circuits do not try to repro­
duce accurately below 30 cycles or above 10,000 or 12,000 cycles. In 
solving circuit~ involving complex waves as above, it is usual to divide the 
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impressed signal up into component frequencies, to apply each one by itseli 
and determine the response, and then to put all of the individual responses 
together to get the final result. 

Circuits Carrying Both Direct and Alternating Cunent. The above 
procedure can be used by t he student when he is dealing with circuits 
carrying both direct current nnd alternating current at the same time. In 
this cuse the circuit will be solved for direct current just as if the alternating 
current were not there. The circuit will then be solved for alternating 
curreut just as if the direct current were not there, aod the results will be 
added. An e.'Cccption to this rnle may have to be made when the D .C. 
flow affects the circuit constants of the A.G. circuit, as is often the case 

· with tubes and occasionally with iron-core inductances. This general pro­
cedure is known as the principle of superposition and is used e:xi;ensively in. 
radio circuit analysis. 

Answers to Exercises 

3-1. Maximum rate of change = 1,256 amp per second; meaium 
induced voltage EL = 62.8 v. 

3-2. Ma>..imum voltage, 37.7j R.M.S. voltage, 26.63. 

3-3. 15.06 ohms; 7.97 a.mp. 

3- 4. 2.12 ma.. 

3- 5. 170.8 v leading I by 61.93°. 

3-6. 4.92 mo, lagging Eby 38.13°. 

3-7. 7.76 amp; 14:.17 ohms (circuit elements connected in series). 

3- 8. 8.67 ohms. 

3-9. 0.50 amp. 

3-10. 25.7 ma; 778 ohms. 

3- 11. 0.596 amp leading E by 64.78°. 

3-12. 0.271 amp; 36.9 ohms. 

3-13. Angle between Vn and VL = 51.45°; angle between EappUed and 
I 

VL = 52.0°. 

3- 14. (a) 42.75 watts ; (b) 79.4: watts; (c) 39.1 watts. 

3-15. 17.9 ma. 

3- 16. 27.4 ma; 5.83 v lagging by 170.1°. 

3- 17. 0.0281 µ.f. 

3- 18. 281 µ.µf. 
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Electronic Principles 

Introduction. Of all the compone1~t parts used in modern systems of 
radio cqmmuoication, the electron tube is one of the most important. 
Many of the basic principles of i·adio were well understood for years before 
they could be applied in practice, but their development and practical use 
bad to await the discovery o.nd improvement of the vacuwn t ube. 

Va.cuum tubes are made in all sizes, from the tiny acorn tube to the-giant 
100-kw water-cooled tubes used in h1rge radio transmitters. They function 
as oscillators, amplifiers, detectors, rectifiers, modulators, as voltmeters, 
oscillographs, and in many other special ways. The importance of having 
a good working knowledge of their properties and applications cannot qe 
overemphasized. 

Thermionic Emission. As explained in Chapter 21 metallic conductors 
are composed of atoms and molecules, with a great number of free elecJr:ons, 
in continual random motion, which are not bournl closely to particular 
atoms. If the temperature of a conduetor is raised sufficiently, some of 
these free electrons will o.cquire enough kinetic energy to peri;nit their 
escape by penetrating the surface of the conductor. This process is know:~ 
as thermionic emission, an<l it is fountl that various metals differ widely 
with respect to this property. In present-day tubes, the most commonly 
used materiu.ls for the purpose are as follows: 
' T UNGSTEN. Emitters made of this metal a.re used principally in large 
transmitting tubes, where heavy emission currents are required. Tungsten 
emitters must be operated at 2,500°K (degrees Kelvin = degrees Centi­
grade + 273), and they require relatively large amounts of power for heat­
ing. The operating temperature is close to the melting point of tungsten, 
and consequently the heating voltage must be closely regulated. Within 
this limitation, however, tungsten emitters are rugged and long-lived , and 
capable of withstanding considerable overloads. 

T HORIATED TUNGSTEN. This material is tungsten containing a small 
percentage of thorium oxide. After suitable heat treatment, it is found 
that migration of thorium atoms produces an activated layer on the fila­
ment surface, with the result that electrons are emitted o.t a much lower 
temperature (1,900°IC) than for pure t ungsten. This type of cathode 
has, therefore, a greater emission efficiency, but it is muclr more sensitive 
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to overload than pure tungsten, as the thorium layer is stripped off or 
evaporated when excessive emission currents are demanded. 

OxmE-COA'l'ED EMITrERS. Filaments and indirectly heated cathodes 
of this type consist of an inert base, usually a nickel alloy, covered with a 
layer of barium and strontium oxides. Cathodes of this type operate at 
a still lower temperature (1150°K), and the emission efficiency is very high. 
Almost all tubes of the small receiving type, as well as many of medium 
size, utilize cathodes of this type. 

Physical. Construction of Cathodes. Two types of cathodes are employed 
in vacuum tubes, the filamentary and the incfocctly heated. The fila­
mentary cathode consists of a wire fibrnent, usually bent in the form of a 
Vora W, and is heated by the passage of a current, either direct or alter­
nating, through it. I~atin.g current is used for heating, asJs..most 
fr~e casJt today, the differen~arts of the cathode are not at 
const~otential, on account of the IR drop of ~t-. - s10ce the 
electron stream is determined by the potentials of the other ube elements 
m th respect to the cathode, as e;\.1Jlained later, this roa.y cause fluctuations 
which result in the development of ~in the tube output. ~ 
~~tions_!s much as _E?~ble, it is common practi~_t~_c2nnect 
t~urn.circui!_from ihe other ~elements to a center tap on .t_he_trans­
forrner winding which ~1ili~-~filament-heating current. This point 
i~ at the average potential oHne enthe fi.ln.mfrrt". 

The indirectly heated cathode consists of a metallic sleeve coated with 
.. emitting substance, and is heated by wires passing through cha.nnels in a 

/ ' ceramic insulating core placed inside the sleeve. Tbe advantage of this 
construction is that the entire cathode is at a uniform potential, since it 
carries none of the heating current. It is therefore referred to also a.s a 
unipot,ential cathode. Another advantage is that the heater wires are so 
close together that t he current in them produces practically no magnetic 
field, which otherwise would also affect the electron flow and thereby 
contribnte to the bum in the tube output. 

Diodes. Thermionic tubes are conveniently classified according to tbc 
number of active elements. The simplest is the diode, which contains two 
active elements, a cathode and a plate or anode. If the plate is made 
positive with respect to the cathode by connecting n. battery or other source 
of potentio.l between them, electrons emitted by the cathode will be o.t­
tracted to the plate; on arriving there they deliver their electrical charges 
to the plate structure, then migro.te as free electrons within the metal o.nd 
through the battery back to the cathode, to replenjsh iti:\ supply. This 
continual flow of electrons constitutes o.n electric current, passing through 
the plate circuit of the tube. The magnitude of the current depends only 
upon the number of electrons per second arriving nt the plate, o.nd this in 
turn is a. function of co.thode temperature o.nd plate potent ial. 
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The circuit of Fig. 4-1 ma.y be used to investigate these relat ions. Ii 
the heater current 11 is held constant at a value I1i1 and the plate voltage Eb 

is increased from zero, the plate current I& will vary in the manner shown by 
the lower curve in Fig. 
4-2. If now the heater lb 1---. 

current is increased to a 
new value 1121 thereby 
raising' t he cathode 
temperature, tbe upper 
curve of Fig. 4- 2 results. 
I t will be noted that 
the two curves almost 
coincide at the smaller 
plate voltages, and that 
each becomes almost 
horizontal in the upper 

Cathode 

Heater 

region, but at dif:Ierent F10. '1- l. Circuit for Obtai11ins Diode Cha:ractcristics. 

values of plat e current. 
The leveling off of plate curren t is kno wn as temperature saturation; it is 
due t o the fact that all the electrons which the cathode is able to emit 
at this t emperature are reaching the plate, and consequently the cunent 

is at its maximum possible 
lb Ir, > I,, value. The only effect of 

0 

FIG. 4-2. 

further increase of plate volt4 

I age is to cause each electron 
'· 

Limitution of Diode Current by 
Temperature. 

to arrive at the plate with 
higher velocity, but as this 
does not increase the nurnber 
of electrons per second, the 
plate current is not chauged. 
If, however, the cathode t em­
perat ure is raised, as in the 
second curve, more electrons 
are given. off, and the maxi­
mum plate current is in-
creased. 

SPACE CHARGE. If in Fig. 
4-1 the plate potential is 

held constant at E1>1 and the heater current 11 is varied, the lower curve 
of Fig. 4-3 is obtained. On increasing tho plate voltage to a higher value 
El>-i, it is observed tbat the plate current is increased, but only at the higher 
cathode temperatures (larger values of 11). Evidently temperature .satu­
ration is responsible for the agreement of the two curves in the lower 
region. Both curves are nearly horizontal in the upper pa.rt, and this 
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limitation of current is caused by the presence of a. space charae near tbe 
cathode. 

As electrons are given off by the cathode, they form a cloud of negative 
charges in the surround· 
ing space. These negative 

0 I, 

Eb,> Eb, charges lower the potential 
in tha.t region, and thereby 
produce a field which urges 
the electrous back toward 
the cathode. If there were 
no plate, all the electrons 
emitted would eventually 
return to the cathode. Even 
with the plate at a positive 
potential, only those elec-
troos emitted with suffi· 
cient velocity will have 

Fm. 4.-<l. Limitlltion of Diodo Current by Spuce enough energy to penetrate 
Chnri;;o. ·the cloud, and their motion · 

will coostitute the pIB.te 
current. If the pltito voltage is increased, it will further overcome 
the effect of space charge, and thereby produce an increase of plate current. 

This effect of space-charge limitation is extremely important, as t.he use­
ful working range of uead)· all 
vacuum tubes is precisely the lb 
regiou in. which spnce charge is 
effective. The applications in 
which emission is limited by 
temperature saturation are very 
rare. 

PLA.TE RESISTANCE. Although 
the relationship between plate 
cl:rrent and plate voltage is not 
one of simple proportion and can­
not be expressed in terms of 
Ohm's Law, one may nevertheless 

OA 
Roe= AP 

R - QB 
Ac- BR 

speo.k of the resistance of the in- o~~;__ _ ____ !.,_ ___ _ 

terruJ.l pJu.t.e circuit of the tube. A Et> 
The ratio of plo.tc potential to Fro. 4--4. D.C. and A.C. P lo.tc Rcsistt\u.co. 

plate current .is known as the 
D.0. plate res1:stance, and is shown in Fig. 4-4 as OA/AP. The concept 
of D.C. plate rcsistanpe is useful in many cases where the current t hrough 
the tube js steady or.constant, but a much more important quantity is the 
A.O. p'tate resistance, or the ratio of change in plate voltage to change in 



Chop. 41 ELECTRON IC PRINCIPLES 125 

plate current. In the neighborhood of point P of Fig. 4-4, the A.C. 
plate resistance is given by QB/BR. For ~1any diodes, the D.C. plate 
resistance is approximately twice as great as the A.O. plate resistance. 

It is clear from the figure that neither of these resistances is constant for 
all voltages, and that both tend toward lower values as plate voltage and 
plate curreut are incrcnsed. 

RECTIFYING ACTION. If the plate of the diode is ma.de negative with 
respect to the cathode, the electrons will be driven back t o the cathode and 
no plate current will Bow. Heuce, if an alternating voltage is applied to 
the plate, current will flow only in the positive half cycles, and it will con~ 
sist of a succession of pulses, always in the same direction. The tube 
therefore functions as a rectifier, in that an alternating voltage applied to 
the tube produces a unidirectional current. Wide use is made of this 
chn.racteristic to obtain direct voltages and currents from an A.O. source. 

Effect of Gas. If t he envelope of the tube is not completely evacuated, 
so that a small amount of gas remtiins enclosed, some electrons in traveling 
toward the plate may collide with molecules of the gas. Such collisions 
may result in releasing electrons from their orbits within the gas a.toms, 
and once free these electrons likewise ~l.rc attracted to ·the plate. They 
may in turn collide with other gas molecules, and liberate 'more electrons. 
This process is known as ionization, and it may be cumulative in nature if 
enough gas ia present so tlrn,t a large number of collisions take place in the 
space between cathode and plate. 

A definite amount of energy is required to dislodge· ~n electron from an 
atom of any particular gas, and the voltage necessary to furnish this amount 
of energy jg called the ionization potential for that gas. Typical values are 
listed below. 

Gas 
Ionization 

potential ( voUs) 

Argon ............. ... ........... .. ..... 15.7 
Neon ............ ....... ............. .. . 21.47 
Helium .......... .••....... . ......... ... 4.0 
MercW'y .. . , . .. .. ....................... 10.38 

The o.tom or molecule which has lost an electron, and therefore also a 
definite amount of negative electricity, has acquired a net positive charge. 
It is attracted to the cathode, but on account of its greater mass the atom 
or molecule moves much more slowly than an electron t raveling toward the 
plat.c. It may, however, acquire co11siderable kinetic energy before com­
pleting its journey, and the impact of large numbers of such positively 
charged particles c1.1n have a destructive a.ction on the Mthode surface, 
po.rticul.arly if this is of the coated type. This action is referred to as 
cathode bombardment; it may be quite important in such tubes as the mer­
cury--vapor rectifiers considered in Chapter 5. 



~-......-- ------

126 ELECTRONIC PRINCIPLES [Chop. 4 

Limitations in Operating Conditions. In attempting to operate tubes 
at high power, certain limitations are encountered. One of these is the 
peak emission. current; it represents the maximum ro.te o.t wbicb electrons 
can be g1ven off without hann to the cathode structure, nnd wit-hout caus­
ing harmful increase of voltage drop within the tube. 

Another limitat ion is the peak inverse voltage, or the llll\ximwn voltage 
that can be impressed across the tube elements without ca.using failure, 
either by electrical breakdown or by ionization of the gns within the tube. 

Courl••ll n.c.11. /lfanu/acturino Co. 

FrG. 4-5. Air-cooled Tube with 
Ra.dinting Finij, 

Fto. IJ-0. Wnicr-cooled Tuba. 

The third import,ant limitation is plate dissipation. When an eleetron 
arrives at the pln.te, its kinetic energy is transformed to heat and serves to 
raise the temperature of the plate structure. If tho temperature goes too 
high the plate may melt, or electron emis.sion from tho plate may take place. 
Many high-power transmitting tubes have heat-radiating fins attached to 
the anode for the purpose of transferring heat generated at the plate as 
quickly as possible to the surrounding air; others are designed to permit 
water circulation around the anode structure (Figs. 4-5 and 4--6). 
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The maximum a.mount of heo.t that ca.n be safely dissipated by the plate 
\ of any tube is stated in terms of the corresponding electrical power, in watts, 

and is referred to as the maximmn pW..te dissivation. With tubes containing 
grid structures, the heating of each grid must also be taken into account. 

In the case of traD.Smitting tubes, the manufacturer furnishes information· 
giving t he maximum allowable value of each of these limiting factors, and 

• in order to insure ma.x:immn tube life it is important to consider each of 
them individually. 

1'.>iodes. A triode is a tube which conto,ins a third element, the grid, 
locat,'d between cathode and plate. The grid usually takes the form of a 
heli.x or spiral of fine wire, so tha t electrons may pass freely through it. 
§!,QQ..~Ilfil.l.rer to the cathode, the ~rid has a greater 
efkGtJ.n-conti:olliruu:le.c.tI:Qn ~n does the plate potential. If the grid 
potential is negat ive with respect to the cathode, as is usually t rue, electrons 
will not be attracted to the grid itself, and there will be no grid current. 
Variation of the grid potential will, however, have an effect on the spa.ce.. 
charge surrounding the cathode, and hence will cause variation of the plate 
current. ----Characteristic Curves of Triodes. The effects of grid and plate poten· 
tials on flow of plate current can be investigated by means of the circuit 

· of F ig. 4-7. In this setup, if the 
plate potential E& is held constant 
and the grid potential varied, one of 
the curves of Fig. •1-8 is obtained. 
The other cmves a.re found in the 
same way, by using different val­
ues of E~. Such a set of curves, show­
ing the relationship between the 
plate current and the grid potentio.l 
for constant values of plate voltage, 
is known as the family of mutual 
characteristics of the tube. By use 

1111 1111 
of this family, interpolating be­
tween curves where necessary, it is 
possible to find the plate current 

Fro. 4-7. Circuit for Obtnining Triode 
Chnractcristics. corresponding to any combination 

of grid and plate potentials. 
It will be observed that en.ch of the mutual-characteristic curves is quite 

similai; in form to the diode characteristic of Fig. 4-21 except that the 
effect of temperature saturation ts not apparent. The reason for the 
absence of saturation is that in most modern tubes the cathode is capable 
of furnishing ~any more electrons than are required for rated current. 
As a result , a certain a.mount of variation in filament or heater voltage 
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can be tolerated without seriously impairing the tube performance, and 
t he useful cathode life is increased. It will also be noted that the curves 
tend to be nearly straight lines in the upper portions, and that the curves 
for various plate potentials are nearly parallel. 1t will be shown later 
'that these properties are important where the tube is to be used a.s ari 

E, =-6.3 Volts 
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F10. 4-8. .Mutmtl Characteristics of 6J5 Triodo. 

amplifier, and where it is desiro.blc to keep the distortion of the amplified 
signal as small as possible. 

Another way of presenting the same informat ion is shown in Fig. 4-9. 
Here the grid potential is held constant for each curve, and the plate 
potential is permitted to vary. This set of curves is known as the family 
of plate characteristics, and for many purposes it is more useful than the­
mutual characteristics. The curves of this family resemble in shape those 

, 

.\ 
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of the mutuo.l characteristics. The effect of increasing the negative grid 
poten tial is chiefly to shift the curves toward the right on the diagram, 
without causing much change in form. .. 

Tube Parameters or Characteris tics. Three important ratios, obtain­
able from cit,her set of curves, aro helpful in nnalyzing t ube performance. 
These arc the ampli '.;cation factor, the nrntual conductance, and the 

16 
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Flo. 4-9. Plate Chnrnctcristi~ or 6J5 Triode. 

internal plate resistance. They arc called the tube parameters or charac­
teristics. 

The amplification factor, symbolized by the Greek letter µ. (pronoun ced 
mu), is defined as the ratio of plate-voltage clmn~to grid-voltage clrn.ng~­
when plate current is maintaiDeclc6fiS"to.nt. It is a measure\5fthe rchi­
tive ~tivcness of the grid as compared with the plate in controlling 
flow of plate current. In Fig. 4- 9, the plate currents at A and Bare the 
same and by the !'I.hove definition 

AB 
JI. = 6.E/ 

where 6.E, represents the difference between the grid potent ials of the two 
curves t hrough A and B. In tr iodes, JI. ranges in value from 2 to 100, 
with most tubes included in the range 10 to 40. For any particular triode, 
the amplificn.tion factor is alniost constant for all open'Lting conditions, 
C.'<cept at vel'y low plate currents. 

Mutual conductance, g,,., is the ro.tio of plate-current change_ to grid­
voltage change, when pfa.te voltage is held constant. It is n. measure clthe 
effectiveness of the gridiD. con"troiliilg plate current . In Fig. 4-9, 

BC 
gm = 6.E,.' 
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Mutual conductance is stated in micromhos, and for most tubes it has IL 

value of a few thousand. It is not nearly so constant as the amplification 
factor, its size depending mainly on the amount of plate current. 

Internal plate resistance, r 11 , is given by the ratio of pjate-voltage change 
to plate-cuncnt c~.nge, grid voltage being held constant. I t is measuf'ed 
in ohms, and in Fig. 4-9, j' 

AB 
rv =BC. 

In the case of triodes, r11 ranges in value between 2,000 and 100,000 ohms. 
From the above definitions, it can be seen that the following relationship 

exists between the three parameters: 

µ. = r 1llm· 

It is thus sufficient to specify any pair of these quant ities, since the third 
mo.y be computed from them. 

Components of Currents and Voltages. In most tube applications the 
pla:te current, grid voltage, and plate voltage are not consto.nt but vary 
with time between maximum and minimum values, as shown in F ig. 4- 10, 

/. 

(Maximum Varying 
Component Value l 

0 Time 

Fm. 4- 10. Components of Plate Curreut. 

which is reproduced from the I.RE. Stando.rds Report on Electronics. 
It is helpful to consider that such a. current or voltage is composed of a 
D.C. qr average component l b, together vvith an A.C. or varying com­
ponent of peak value l 11m or effective value 111• In all but a. few cases the 
A.C. component is the one of interest, but it should be noted that the D .C. 
component is necessary, since this determines the portion of the tube, 



Chop. 4] ELECTRONIC PRINCIPLES 131 

characteristics in which the operation takes place. · It should also be 
noticed that the average value lb may change when a. signal is applied. 

A typicaJ instance is given in Fig. 4-11, which shows a triode tube with 
external resistance R in its pla.te circuit. E, is 11.n alternating voltage, the 
signal, which causes the instantaneous 
grid potential to fluctuate up and 
down a.bout its average value Ee. 
The plate current i~ will vary corre­
spondingly, and it may be regarded 
as having the components lb (D.C.) 
and 11, (A.C.), as shown in Fig. 4-
10. This current in flowing through 
the load resistance R produces vary­
ing amounts of IR drop, and corre­
sponding variations i.n plate potential 
will take pln.ce. I t should be noted 
that the average or D.C. component 
of plate potential Eb is less t han the 

FrG. 4-11. Triorlo witb Resists.nee 
Loo.d. 

R 

B-supply voltage Ebb by the D.C. component of drop in the lon.d resistor R. 
The A.C. <?Omponents of plate current and plate potential combine to give 
the useful output of the tube. 

The Load Line. A convenient graphical construction may be employed 
to find the oi.1tput components for any operating condition. This construe~ 

tion is shown in Fig. 4-12, 
which consists of the plate 
characteristics of the tube 
in question and a superim­
posed load line. The load 
line is a graph of the equa­
tion 

ea = E11& - Rib, 
which is evident from the 
cireuit of Fig. 4- 11. Auy 
point on the line represents 

0..__ ____ --"-E"'"m'-.n-.---"'..__- E .... m,_a_x.-----'E ..... b-b"- a possible combination ol' 

FIG. t - 12. The Loo.d Linc. 
plate voltage and plate 
current, nndno other com­

binations n.re possible. It will be apparent from the equation, or by inspec­
tion of the circuit, tha.t for ib = 01 eb = E"". The load line therefore inter­
cepts the horizonW axis at t his scale value. Similarly, the vertical in­
t-Orcept occurs at 

. E"" 
?b =Jr' 

The load line is most readily drawn by use of these two points. 
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If the grid-bias voltage is Eci the zero-signal or quiescent condition is 
represented by the point P, which is the intersection of the loo.cl line with 
the plate chnr,!\cteristic corresponding to E,. This point will l;>e referred 
to as the operating point, and when the signo.l voltage E. is applied, the 
instantaneous relation between plate current and plv.te potential will be 
represented by a point oscillating about P along the load line. If the 
range of this oscillation is between A and B, the plate potential will fluctuate 
between Emln and Emo.xi and the peak value of A.C. plate voltage \Vill be 

E _ Emu - Emto 
;rm - 2 

The average or D.C. component of plate potential is Eb, and for a given 
loaq line this is seen to depend on the choice of E0• 

Steady o.nd n.lte.rno.ting components of plate current can be read from the 
diagram in the same manner. 

The operation of a tube with resist;nce load ~m also be represented 
by o. line drawn 011 the plot of mutual characteristics, but U.1 this case the 
line depends not only on th<! B-supply voltage aud the load resistance, but 
also on the tube characteristics themselves. This line is known as the 
dynamic mutual characteristic of o. tube and the method of constructing it is 
covered in Chapter 7. 

The Equivalent Circuit. Another method of finding the A.C. output 
of a triode or other tube is by means of the equivalent circuit. This is 

p 
shown in Fig. 4-13, and corresponds 
to the actual circuit of Fig. 4-11. 
With cert.run reasonable assumptions, 
it may be shown the equivalent 
circuit leads to the same values of eur-

R rent and voltage in the load resistor 
R as tho A.O. components of these 
quantities in the actual circuit. 

The assumptions required ru-e that 
µ. and r'P remain constant throughout 

F the range of operation, or (stated in 
ll'to. 4-13. Equivalent Circuit Corre- another way) that the curves of the 

spouding to Fig. '1-11. tube chara.ctcristics be stro.ight, 
parallel, an<l equally spaced. These 

statements may always be considered to bold for .very small signals, but 
when o. large swing is to be h11ndled their validity should be examined in 
each case. 

The voltaye arnpl'ification of the circuit of F ig. 4-11 is defined as the ratio of 
the A.C. plate voltage to the applied signal voltage on the grid. This volt­
age amplification will now be computed by use of the equivalent circuit. 
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Since r 11 and R form a simple series circuit, the current is given by 

- µEl 
111 = r,, + R" 

133 

If the direction of current flow is reversed to agree.with that flowing in 
the actual tube, the negative sign is 1·emoved from the numerator; this is 
commonly done to simplify the writing. Tli.e flow of this current through 
the resistance R produces a voltage drop between the points P and F, 
which correspond with the plate and cathode of the tube, respectively. 
The potential of P v.rith respect to F is 

E _ µE,R 
p - Tg + R' 

and the voltage amplification, or ratio of E11 to Es, is 

A= Ev= µR . 
E, rv + R 

I t should be remembered that Ev nnd E6 are opposite in phase. This 
fact can also be noted in Fig. 4-12, nnd it becomes an important con­
·sideration in amplifiers employing feedback, as will be shown in Chapter 7. 

Tetrodes. It has been noted that the A.C. grid and plate potentials 
are opposite in phase. As a result, the A.C. pot~ntial difference between 
the.sc two clements is considerable, being equal in magnitude to the sum 
of the A.C. input aud output voltages. On account of the electrostatic 
capacitmlcc between grid and plate, this potential difference produces· a 

"Cl11Tent flow from tlie output circuit to the grid by con.denser ttction, ancC 
u·ndcr certaui loaClconditions such reaction or feedback causes tho o.mplifier­
to becom~ unsta]3Ie . . 'rhe instability 1~be avoided- by inserti.Ilg an 
erectrC;static shield in the form of a screen grid between the plo.te and the 
original grid, which in this arrangement is k-uown as the control grid. A 
tube of this type is known as a tetrode, or screen-grid tube. 

T o permit the flow of reasonable amounts of electron current, the screen 
must be operated :i.t a positive potential. For adequate shielding of the 
control grid, however, the screen potential should have no A.C. component, 
and this must be carefttlly considered in any circuit application. 

The fact that the screen grid acts to shield the control grid from varia­
tions of plate potential implies also that the cathode is shielded from the 
plate. AI:, a consequence, electron emission is ·affected only very slightly 
by the plate potential; it is determined almost altogether by tbe control­
grid and screen-grid potentials. A portion of t he electron stream passes 
to t he screen on account of its positive potential, and forms the screen 
cuITent; the remainder, usually a much larger part, flows to the pln.te. 

In terms of tube characteristics, since a relatively large change of plate 
potential causes very little change in plate current, the value of r1,, the 
internal plate resistance, is much larger than for a. t riode. For the so.me 
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reason, the amplification factor µ. is greater for a tetrode than for a triode. 
The mutual conductance g,,., however, is of about the sn.me magnitude as 
for a triode, although it is somewho.t reduced by reason of the fact that a 
portion of the emis.5ion current is diverted to the screen. 

For receiving-type tetrodcs, r, is of the order of a megohm, and µ.has o. 
magnitude of several hundred. 

Plate Characteristics of a Tetrode. A typical plate characteristic for 
a screen-grid tube is shown in Fig. 4.-14. For plate voltages beyond D, 
pla.te current is nearly independent of plate voltage, as explained in t he 
preceding section, and this region constitutes the · useful working range 
for amplifier service. Below D, the action is complicated by another 
effect, namely secondary emission. 

If an electron strikes the plate with sufficient velocity, it will dislodge 
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F10. 4-14. Screen-grid Pln.f.e Chnraoterlstics. 

one or more electrou.'S from the plate structure. Those are known as 
secondary electrons, o.nd the process by which they a.re ·produced is called 
secondary emission. The secondary electrons occur in the space between 
plate and screen, and if tho plate potential is lower than that of the scr_e~en, 
sueh electrons will be attracted to the screen and socontribute to the - -- -sc~t. To the same extent they cause a. dccreas~, 
and this is quite evident in the dip between A and C, Fig. 4.-14. Below 
A, the velocity of arrival at the plato is too low for liberution of seeondary 
electrons. Above D, secondary electrons are emitted in large numbers, 
but tho plate potential is so much higher than th0 screen potential that 
they all retum to the plate, with no net effect on plate current. Plate 
voltage and screen voltage are equal at C, and the decrease in plate current 
between C and D is explained by the initial velocity of the secondary 
electrons. If thic; velocity is large enough, it will overcome the opposing 
field set up by the higher pln.tc potential, and t he plate will continue to lose 
eleetrons to the. sereen, as shown. Beyond point D, however, the electric 
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field between plate and screen is so strong that all the seoonda;ry electrons 
are returned to the plate, and the plate and screen currents remain un-
affected. ' 

The amount of secondary emission under given conditions of electron 
bombardment depends on the material of which the anode is constructed. 
Carbon and !£._l1phite, although relatively good conductors, exhibit much ' 

-:te'SsOfthis effect than most metals, and tubes in which the anode surfaces 
have been coated with graphite do not have such pronounced variations of 
plate cuneiit in the l'egion ABCD as do those with metal plate structures. 

It is frequently desirable to obtain the \>ositive voltage for the screen 
grid from the,B-supply somce, and a convenient way of doing this is shown 
in Fig. 4-15. The required screen voltage is usually less than the B 
voltago available, and the mag­
nitude of R{ is selected so as to 
produce the necessary amount 
of dtop, due to the flow of screen 
current. Thus, iI E0~ is 300 v 
and the desired. screen potentiaJ 
is 100 v, the required drop is 

Screen 
Grid 

200 v. If the screen current at 
the working volt11:ges is 0.5 ma, rv Es 
this ckop will require a drop-

Rs 

ping resistor of 400,000 ohms. 
Without some provision for 
keeping the screen potential 
constant, however, the presence 
of this screen dropping resistor 
would cause a serious loss of 

F1G. 4-15. Screen Supply for Tetrode. 

output. This loss can be understood if it is r~embered that increase of 
control-grid potential is accompanied by increase in screen current, and 
this increase in turn causes a fall in screen potential owing to the 
greater drop in R,. This foll in turn has the effect of lowering the plate . 
current, and thus counteracting in part the effect of the original signal on 
the plate current. 

It is possibl<~ to avoid this difficulty by the use-of the condenser C, shown 
in Fig. 4-15. If this condenser is large enough, it will hold the potential 
of the screen practically constant, by by-passing the fluctuations in screen 
current directly to the cathode, instead of permitting them to flow through 
R,. 'l'o deterrnin~ the proper size of C, a satisfactory rule is that its re­
actance should not be more thau one fifth the resistance in shunt with it, 
at the lowest frequency to be handled. In computing this reactance it is 
necessary to remember that there is an effective A.C. resistance within 
the tube between screen and cathode, exactly analogous to the A.C. pln.te 
resistance; Suppose·this resistance in the present case to be 100,000 oh.rru! . ...,. 
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Inspection of the circuit shows that the resistance shunting condenser C 
consists of the irit.ernal screen resistance in ·parallel with R, (lihe,source .E z,b 
is not included, since there is no A.C. potent ial across it). The .effective 
-res.istance across the condenser is thernfore 

100,000 x 4.00,000 • 
100,000 + 400,000 = SO,OOO ohms. 

By the above rule, the reactance of C must not exceed 16,000 ohms (one 
fifth of 80,000 ohms) at the lowest working frequency. If the tube is part 
of an audio-frequency amplifier passing frequencies down to 50 c.p.s., the 
required capacitance is 

106 

c = 2r. x 50 x 16,000 = 0·2µ£. 

If a by-pass condenser of smaller size is .used, the gain of the amplifier 
stage will be satisfactory at the higher frequencies, but will fall off at the 
low end. 

Pentodes. One effect of the dip due to _secondary emission in the plate 
characteristic of a screen-grid tube is to limit the available A.C. output 
voltage, since true amplifier action does not extend below the point .D of 
Fig. 4-14. The range of operation would be extended materially if the 
secondary electrons could be sent back to the plate instead of going over 
to the screen, in which c~tse the plate characteristic would have the form: of 
the dotted curve in Fig. 4-14. 

This desirable result is accomplished by the insertion of a third grid, the 
suppressor, between plate and screen grid. The suppresso1· is usually made 
with wider spacing than the other two grids, and it is connected directly to 
tb~! cathode, $0 that its potentbl is zero. lt has Very little effect Oil thH 
emission of secondary electrons from the pln.te, but it. exerts a powerful 
control ·upon them as soon a.s they are produced. Even at low plat e poten­
tials the electric field between plate and suppressor is in the proper direc­
tion to send electrons toward the plate, and for th.is reason the secondary 
electrons return to the plate instead of going to other tube elements. 

Tubes of the type just described ~tre known as pentodes. Figure 4-16 
shows the plate characteristics of the G.J7, which is a typical voltage-ampli­
fier pentocle. The suppressor-grid connection in this case is brought out to 
a separate pin in the base, sot.hat it is available for special types of applica­
tion, but in many pentodes the suppressor grid is connected internally to 
the cathode. By comparing Figs. 4-14 and 4-16 it will be quite clear 
t.hat for a given B-supply ·voltage the pentode can furnish a much larger 
A.C. output voltage than the tetrode. 

The valu1;>.s of µ, r,,, a.nd g,,. for a pento<le are approximately the same .as 
those for a tetrode of corresponding type, and t herefore the circuit applica­
tions o:f both tubes are similar. In t\.ny circuit · involving high gain it is 
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i~1portan:t.to isolate the in put.leads from the ou tput connectiqns, eltl;i.er by. 
shielding or by physical separation. If this is not done, the advantage ,of 
internal shielding by the.screen is lost, and instability occurs. For the sake 
of provid~ng convenient separation between control-grid and plate wiring, 
many of the standard tetrode and pentode tubes have the control-grid 
connection brought out to a cap on the top qf the tube,, while all the other 
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Pro. 4-:.16. Plate Chnracteristics of 6J7 Pentodo. 

connections are brought out at t~e ba.se. The 6J7 referred to above has 
this construction. A more rec.ent design, of wh.ich the 6SJ7 is an example, 
has all leads brought out a t the base,, with special internal shielding between 
the .contml-grid prong and the. other elernents. 

The performance of a pentode amplifier may be studied in the same way 
!:\cS was done in the case of a triode, either by use of the lof,\.cl ~ine. or by tpe, 
equivalent circuit. In the latt,cr case, a sU:nplification is possible on ac­
count of the large value of A.G. plate resistance of the pentode. In the 
expression for voltage ar~plification ,(p. 133), · 

A µRL 
21 = r1J + RL' 

it is frequently true that r1, is so large in comparison with RL that the latter 
may be neglected . . By reason of the. relationship between the tube con­
s'tants, it is then possible to \Hitn: 

µR,c, R .A = -r- = {/m J,• 
1> 

Variable-mu or Remote-cutoff Pentodes. In certain pentodcs, such as~ 
th.e .6K7 .and .. the 6SK7, the grid .h.elix has a variable pitchJ .. so that some of, 
the. turns am closer together than others. The . clos.ely spaced turns hl).ve 
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a greater control over electron flow from the cathode than those with greater 
separation, and as a result the mutual characteristics of the tube are consid­

erably modified. As the con-
1 ib, ma trol grid is made more nega-

-t----;--- -+,----;- - - i i2 tive, cutoff of the electron 
Eb= 200v stream is approached much 
Es= lOOv more gradually than if the 

--1c----t----+' ----+--·1--l 9 grid spacing were uniformly 

eg-20 
volts 

-15 -10 

3 

-5 

close. Tubes of this type are 
known as variable-mu, or re­
mote-cutoff, .or super-control 
pentodes. A typical example 
is the 6K7, and Fig. 4-17 
shows a mutual-characteris­
tic curve for this tube, in 
compa.rison with a similar 
curve for the 6.J7. The more 
gradual approach to cutoff of 
the variable-mu type is very 

Fw. •1-17. Mutual Cburacteristies of 6J7 and 6K7, 
Showing Sharp Cutoff and Remote Cutoff, noticeab~e. 

This property can be util­
ized to control the gain of the tube. For a pentode, the approximate ex­
pression for voltage am~lification applies: 

A= YmRL. 
The value of g,,., however, varies along the curve, being maximum at zero 
grid-bias voltage, and decreasing steadily to a much smaller value as the 
grid is made more negative. This can readily be seen from the curve if it 
is recalled that.mutual conductance is equal numerically to the slope of the 
mutual characteristic. It becomes possible then to control the gain of such 
an amplifier by simple adjustment of the D.C. grid bias voltage. In radio 
receivers, which are required to respond to signals covering a wide range of 
intensity, the grid bias is made to depend upon the amplifier output, and· 
as a result the sensitivity Ls automatically reduced when a strong signal is 
being received. This type of control, known as auwmatic vo°lmne control 
or a.v.c., is incorporated in practically all modern receivers. 

Beam Power Tubes. Instead of using a suppressor .grid to control the 
seconda.ry emission from the plate, it is possible to obtain the same effect 
by shaping the tube elements in such o. way as to control the space charge 
nea.r the plate. Figure 4--18 shows the internal structure of the 6L6, a 
typical beam power tube, and also the distribution of electrons within the 
tube. The beam-forming plate shown in this figure is connected to the 
cathode, and its potential is therefore zero. The field produced by this 
eombination of elements is such as to cause a concentration of electrons to 
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occur near the plate, ns indicated in the diagram, and thereby to produce a 
region of mini.nium potential there. As long as the plate potential is higher 
than the potential minimum due to electron concentration, secondary elec-

BEAM- FORM:.:.;1.:..:N.::.G __ ~ 
PLATE 

CATHODE.--..__ 
GRID----­
SCREEN-----

·'"'-
'--

PLATE 

OourU•tl R.C.A. Man,.JacCurinQ Co. 

Fto. 4-18. Struoturo of a 6L6 Beam Power Tube. 

trons will return to the plate, just as if a suppressor grid were present. The 
characteristic curves of this tube are shown in Fig. 4-191 and the sharp 

Plate Volts 

F10. 4-10. Plate Charaet;iristics of 6L6 Beam Power Tube. 

break on each of the curves is the point at which plate voltage a.nd potentio.l 
minimum are equal. 

Figure 4-18 also shows the accurate focusing of the electron beam, causing 
it to pass between the turns of the sereen grid. When this is done, the 
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screen cun-ent is much reduced as compa,red with earlier tubes, and more 
output power is 11vailable for a giveu amount of peak cathocle·emission, 

Dual-purpose Tubes. For reasons of economy or convenience several 
functions that would otherwise be accomplished by two or more tubes may 
be ba.ndled by a single multipurpose tube. Such a tube may consist of the 
elements of two or more tubes all mouutt>d within a single envelope, each 
unit acting independent ly of the others, or it may be a combination that 
depends for its operation on interact.ion of some sort between the several 
elements. • 

An example of the first class is the twin triode, such as the 6C8-G, which 
contnins all the elements of two entirely distinct triodes, except that a 

Plate 
single heater is used for both cath~ 
odes. It may be used in any cir­
cuit application calling for tw.o 
similar triodes. .Another example 
is the 3A8-GT, which contains u. 

(3) Screen diode, a triode, and a pentode; but 
:: : ::===;:.=::~os,--c_ill..,...at_or in this case lhe cathode, \vhich is 

~~:~.,..to_~-1 )..,..__ Anode of the filamct .tary type, is com-

Cathode 

FIG. 4-20. Pent11grid Converter. 

mon tc all three. An added fea­
ture malcing for flexibility is t hat 
a filament t11p is brought out, so 
that the tube may be operated 
at either 1.4 or 2.8 v for fila­
ment heating, by using the two 
halves in parallel or series re­
spectively. 

The second class of multipUl'pose tubes can be illustrated by th e 6A8, 
called a pentagrid converter. As seeu i.n F ig. 4-20, it contains five grids, 
which are referred to by number counting. from cathode towards pl:i.tc. 
In a typical applica.t ion, No. 1 grid and No. 2 grid serve as grid and anode 
respectively of a triode oscilla.tor. Grids No. 3 a.od No. 5 are tied together 
and serve as a screen, shielding No. 2 ~ind No. 4 from each other and from 
the plate. Grid No. 4 receives' the incoming signal, and its A.C. voltage 
modulates the electl'on stream passing from the oscillator section to the 
plate. The plate current is \;hen a combination of the effects of the oscil­
lator voltage and the signal voltage, but the only type of coupling between 
the two sources is by the electron flow; electrically the two circuits are 
isolated by the shielding action of the two screen grids. Among other 
tubes depending on electron coupling are U1e 6L7, the 6J8, and the 6K8, 
which should be studied in the tube manunls. 

Cathode-ray Tubes. The fact that electrons after leaving the cathode 
can be focused into n. narrow beam that can be deflected by electric or ma.g­
netic ·fields leads to the development of the co.thode-ray tubes, used chiefly 
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in oscillographic applications. Such a tube is shown)n Fig . . 4--21. In 
this figure, K represents the cathode, with heater .not shown; G serves as 
the control grid, although it does not resemble in form the grids used in 
amplifiers; F is referred to 
as anode No. 1, or the f o­
cusing anode; A is a.node 
No. 2, or the accelerating 
anode; B and C are two 
pairs of deflecting plo.te.s; S 
is a screen deposited on the 
inner surface of the gl~lss 
envelope, and composed of 

K 

SCHCMA TIC ARRANGEMENT OF 
£l£CTROOES IN A CATHODE-RAY 
TU8£. OF THE ELECTROSTATIC-DHlECTION TYPE 

Courle;;y oFR.C.A. Mc.rtufa.cturi11g Co. 

FJG. 4-21. 

a fluorescent subst0,nce that emit.s a luminous glow when bombarded 
'•dth electrons of high velocity. 

In operation, electrons emitted by the cathode are accelerated by anodes 
F and A, and by virt.ue of the apertures jn the various tube elements and 
the form of the 'electric field about F and A the electrons are constricted 
into a narrow beam or pencil Hfong the a.xis of the tube. The<- degree of 
concentration or focusing is controlled chiefly by the . potential of F, ·the 
first auode. After passing through anode A, the electrons proceed at· con~ 
stant velocity to the screen, since there is no further· accelerating :field, and 
collide with screen Sin a small spot at the center of the field, causing a glow 
to appear there. 

If an alternating voltage is applied between the pair of plates B, the 
electrons in the beam will be attracted to the plate which is positive at the 
moment, and repelled by the one which is negative. The beam·is therefore 
deflected np and down as the voltage varies, and the luminous spot moves 
correspondingly on the screen. The other pair of plates, G, is arranged at 
right angles to the first, and any voltage across these plates wilL produce 
horizontal deflections, to the left or right depending on polarity. 

This tube forms an extremely versatile tool for investigating electrical 
phenomena. It may be used for examining wave forms of currents or 
voltages, for comparison of frequencies, for obtaining volt-ampere charac­
teristics, and for many other purposes. Because the electrons have so 
little mass, the beam will l'espond at much higher frequencies tP-an any 
other indica.ting device available, and the range of.applications is practically 
unlimited. 

Figure 4-22 shows another type .o( cathode-ray tube, fa which deflection 
is produced by horizontal and vertical magnetic fields set up by currents 
:flowing in the deflecting co.ils X and Y. This type of clefiection·control is 
better adapted to tubes using very high accelerating voltages, and is com­
monly used in television receivers. .· 

Instead of focusing the electron beam by electrostatic means as described 
above, it is· possible to acc:omplish the.same purpose by the use of a magnetic 



142 ELECTRONIC PRINCIPLES [Chop. 4 

field directed along the tube axis. Such a field is easily produced by means 
of a coil surrounding the neck ofthe t ube, approx:imately at the location of 
F in Fig. 4- 22. 'l' he anode F may then be omitted, and this simplifica­
tion is again advantageous with tubes using very high accelerating po­
tentials. 

A variety of fluorescent materials is available for the formation of the 
screen S. The color of the glow varies with the material, and this may be 

a matter of some impor­
tance. For oscillographjc 

s use, a screen giving a 
bright green color is usu­

K 
SCHEMATIC ARRANGEMENT OF ally employed, since this 
ELECTRODES IN A CATHOOE-RAY X Y l . i} b;.~' d d 
TUBE OF THE ElECTROMAGNETIC-OEFLECnON TYPE co or lS eas y 0 wi.me an 

Courl•111 of R.C.A. Afanufaclurino Co. i t has a good visual qual­

F10. 4-22. ity. For photographic use 
a deep blue glow is more 

useful, on account of its greater actinic power. By using a suitable mix­
ture of phosphors, a glow approaching white in color may be obtained, 
and this is preferred for television screens, since the pictures present a more 
pleasing appearance. · 

When the electron beam moves away from a particular spot on the screen 
the glow disappears, but not instantaneously. Various fluorescent sub­
stances exhibit di:ff erent rates of decay of brightness after the excitation is 
removed, and tubes nre now available with either long-persistence or 
short-persistence screens. Those with long persistence are useful for the 
·examination of extremely brief phenomena., as the glow rem.a.ins long 
enough for visual obser vation. For general oscillographic use, however, 
:a screen with short persistence iB to be prefened. 

Electron-ray Tubes. The ability of an electron stream to produce 
liuoresceuce is utilized in another class of tubes to indicate the presence 
<>r the IDAgnitude of a voltage on one of the electrodes. These tubes are 
referred to as electron-ray tuhes, and typical examples are the 6E5 and the 
<6G5. These tubes have a fluorescent screen bombarded by electrons from 
the cathode, and a control electrode deflects the electrons to produce a 
wedge-shaped shadow in the general glow covering the screen. The angu­
far width of this shadow dep<:nds on the potential of thfl control electrode, 
the available range being from 0° to 90°. The control electrode is attached 
to the plate of a triode unit contained in the t ube envelope, and by using the 
triode as a D.C. amplifier t he device becomes quite sensitive as an indicator 
i0f voltuges applied to the grid. This type of tube is customarily used as a 
tuning indicator on radio receivers, but it is also very useful as a null in­
dicator in b1·idge measurements, and ·after calibrating the shadow angle it 
may even be used as a voltmeter. The 6G5 differs from the 6E 5 in having 
a remote cutoff, ond it can therefore handle a wider range of signal strength 
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Review Questions and Problems. 1. What are the relative advantages 
and disadvantages of tungsten, thoriated tungsten, and oxide-coated fila· 
men ts? . 

2. \Vhy is it common practice to connect the return circuits from the 
other tube elements to the center tap of the fil:i.ment transformer? 

3. \Vhat limits the current flow in the lower regions of Fig. 4-1? In 
the upper regions of Fig. 4-3? 

.f.. Wbat three factors limit the output obtaiqable from a tube? What 
effeet does each one of these have? 

5. What is the fundamental structural difference between a diode and a 
triode? In what manner does this difference affect the operating charac­
teristics of the two tubes'? 

6. From the mutual-characteristic curve for E;, = 200 v on Fig. 4-8, 
determine values of mutual conductance (gm) for various values of plate 
current. Plot a curve of {1111 against 111 • 

7. Detrmxiine the A.C. plate l'esistance (r11) for the triode ·plate char­
acteristics shown in Fig. 4:-8, for a grid voltage of - 10..0 and for two values 
of plate current. 

8. From the family of plate characteristics for the 6J5 triode, Fig. 4-91 

determine rp, µ.,and Ym for a quiescent operat.ing condition of Eq = -8.0 v 
and Eb = 240 v. Compare the value obta.ined for µ with the product of 
!/m and r.,,. 

9. On the plate characteristics for the 6J5 triode, construct load lines 
for a load resistance of 50,000 ohms and the following values of Ebb: 160, 
240, and 320 v. Repeat the above procedure for load resistances of 40,000 
ohms and 20,000 ohms (note that all the load lines for a given value of load 
resistance are pa.i·allel to each other). 

10.. Construct A. load line for 50,000 ohms load resistance through the 
quiescent point considered in Problem 8. Using this load line, determine 
the voltage amplification of the tube. Using the equivalent-circuit din.­
gram and the tube constants determined in Problem 8, determine the. volt­
ag~ amplification again and compare it with the value obtained above . . 

11. Explain completely the shape of the tetrode plate characteristics, 
show~ in Fig. 4-14, for plate voltages less than that indicated by point D. 

12. Determine the valuee of R11 and C, in Fig. 4-15, required to obtain 
100 v at the screen from a 250-v source, if the normal screen current is 
0.8 ma, the lowest operating frequency is 100 cycles, and the effective A.C. 
resistance in .the tube .be.tweP..n the screen and cathode is 70,000 ohms. 
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13. Trace the development of the multi-element high-vacuum t ube from 
the triode through the t etrode and to the pentode. Give the reasons for 
o.nd the effects of ea.ch added element . 

14. From the routuo.1-character!stic curve for the 6J7 pentode, Fig. 4-17, 
determine g111 at the following values of grid voltage: 0.0, - 1.0, -2.0, 
- 3.0, -4.0, and -5.0. Repeat the above procedure for the 6K7 t ub0 
and the following vo.J.ues of grid voltage : 0.0, - 1.0, -2.0, - 3.0, -5.0, 
- 7.0, -10.0, - 15.0, and -20.0. 

Plot curves of g111 ago.inst Eu for the two tubes on the same sheet of graph 
paper and compare them.• 

I S. Determine the voltage amplification for the 6J7 t ube opera.ting 
through a quiescent point of Eb = 240 v and Ev = - 3.0 v for a load resis­
to.nce of 50,000 ohms. Compare the voltage amplification obtained here 
with that for the 6.J5 tube of Problem 10. 

16. I n what different manners do the beam power t ubes and the pentodes 
nchicvc tbe sa.rne results with regard to secondary emission? 

17. Determine the pattern produced on the cathode-ray screen if a sine 
wave of voltage is supplied by the transformer secondary to the deflection. 
plates of a cathodc~-ray tube, as shown in Fig. 4- 23. 

FIG. 4-23. 



CHAPTER 5 

Rectified Power Supplies 

One of the important uses of diodes has already been ret'erred to in 
Chapter 4-that of providil1g direct currents and voltages from rm A.O. 
source. The tube in such service is known as a re.ct-ifier, and some of the 
propert ies of rect ifiers and associated filter circuits will be considered in 
this chapter. 

Half-wave Rectifier. 'l'he simplest form of rectifier circuit is that shown 
in Fig. 5-1, and the wave form of the current in the load resistance is 
shown in Fig. 5-2. The tube 
permits current to flow when 
its plate is positive with respect 
to i ts cathode,. but none flows 
when the plate is at a negative 
potential. If voltage drop with­
in the tl1be is neglected, the 
current will consist of unidirec­
tional pulses h'aving the form 
of half sine waves, .and the 
av.e.rage current throughout the 

Frn. S-1. Half-wnve Rectifier. 

I 

R 

cyple, or the D.C. component, will be l/7r or .319 of the peak value. 
Since the peak anode current is limited for any particula.r tube by the 

· emitting power of the cathode, t his rela­
tion det ermines the maximµm load cur­
rent that can be supplied. 

The maximum voltage across the tube 
occurs in the idle or nonconducting half 
cycle, and its va.lue is the same as the 
peak or crest value of the transformer 

t secondary voltage. ' This factor fixes the 
Frn. 5-2. Output of Half-wave maxinrnm load voltage t;hat can be sup-

Rectiffor. plied by a giveu tube. 

Full-wave Rectifier. 'l'he wave form of 
the rectified loa.d current can be improved by mt~king use of both positive 
and negative halves of the A.O. cycle, 1.md one way-of doing this is shown 
in Fig. 5- 3, with the corresponding wave form of load current in Fig. 5--4. 
The .tube has two separate anodes and one cathode. Typical tubes are the 

145 
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5T4 and 5Z3. The transformer secondary is provided with a center tap. 
On tracing through the circuit it is seen that in each half of the cycle, one 
half of the secondary winding and one rectifier a.node carry current, the other 
being idle. The D.C. component of cunent.is 2/ir or .636 of the peak value. 

- ->-

Flo. 5-3. Full-wove Rectifier. 

Besides giving a better wave form 
than the half-wave rectifier, the full­
wave circuit has the adYantage of 
'symmetrical action in the trans­
former. In the half-wave circuit, the 
secondarycurrentalways flows in the 

t 
FlG. 5-4. Outr>ut of Full-wave Rcct.ifier. 

sa~e direction around the transformer core, and thereby produces a D.C. 
component of flux in the cor<~. The A.C. flux set up by the primary cur­
rent is superimposed on the D.C. flux, and to avoid oversaturation the 
transformer mu.st be made larger than would be necessary if no D.C. com­

A.C. 

ponent occurred. 
Voltage-doubler Rectifier. 

It is possible to omit the trans­
fonner shown in Figs. 5-1 and 
5- 3 and still obt.ain a D.C. volt-

R 
D.C. Output age high enough to serve as 

B supply by nse of t.he voltage-­
doubler circuit of Fig. 5-5. 

+ 

F.10. 5-5. Volt1igc-doublcr Circuit. 

+ 

The heater is supplied directly 
from the A.C. line through re­
sistor R, which may include 
heaters of other tubes in the 
set. When the upper A.C. ter-
minal is positive, current ·flows 

through the left anode into condenser C2, charging it to pe!tk line 
voltage. In the twxt half cycle current flows in the other l\node, 
charging C1 to the same volta.ge. The two condensers arc in series with 
respect to the D.C. output terminals, and the sum of their voltages is avail­
able. vVhen a load is connected to the output terminals, the load current 
is dra\v11 from the condensers, reducing their voltage between charging 
intervals. The larger the condeusers, the less the decrease in voltage, and 
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therefore the better the voltage regulation. · It is common practice to use 
condensers as large as 40 µf in this circuit. 

With large condei1sers, the charging current attains high peak values 
and flows for only a brief time. To avoid excessive emission currents, a 
protect ive resistor may be 
inserted at the point 
marked X, which is in 
series with each condenser 
as it is being charged. 

Filter Circuits. The 
output wave forms shown 
in Figs. 5-2 and 5-4 are 
entirely satisfactory for 
many applications, such 
as the operation of rc­
la ys, battery charging, 
and so forth, but they are 
not smooth and continu­
ous enough to be useful 
for B-volts.ge supply of 

-Input 
from 

Rectifier 

-lnp!.lt 
from 

Rectifier 

L 

c Load 

(a} 

Load 

( b) 

amplifiers and radio re- F10. &-6. Choke-input Filkir Circuite: (n) Single-
ceivers. Service of this section, (I>) Two-section. 

sort requires that tho sup-
ply voltage be practica.lly pure D.C., with very little ripple superimposed 
upon it. 

Smoothing of the rectified A.C. voltu.ge is accomplished by the use of 
filter circuits comp-OSed of inductance n.nd capacitance, or resistance 'and 

-Input 
from 

Rectifier 

L 

Fie. 5-7. Condonscr-inpul Filler. 

capacitance. Figure 5-6 
shows single-section and 
two-section filters of the 
choke-input t:r1)e. The 

Load rectified current in flow­
ing tlu·ough the induct­
ance L encounters a high 
reactance at ripple fre­
queucy, but very little re­
sistance to the D.C. com-

ponent, and as a result the fluctuations are greatly reduced. The condenser 
C in parallel with the load helps still more in this direction by absorbing 
most of the remaining fluctuations in current, siilce its reactance at ripple 
frequency is less than the Ion.cl resistance. If the reduction in ripple is still 
not sufficient, another section of filter may be added, as shown in Fig. 5-6b. 

Another form of filter circuit is shown in Fig. 5-7. This is known as 
the condenser-input filter, since the condenser C1 is supplied directly by the 
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rectifier. In operation, the condenser C1 is charged to the peak voltage 
available from the rectifier, and this charge is withdrawn gradually by the 
load current. Fluctuations in current and voltage arc smoothed out by 
Land C2, as in the choke-input filter. No further cun-ent i.s supplied by 

the rectifier until its voltage is 
again higher than that remaining 
on C1. This operation is shown 
in Fig. 5-8. 

Rectifier In comparing the two types of 
Output Voltage 

F10. 5-8. O~rution of Condenser-input 
Filter. 

filters, it is seen that rectified 
cur rent flows continuously in 
the choke-input filter, whereas it 
flows for only a brief part of 

' each cycle in the condenser-input circuit. For the same D.C. load cur­
rent, t.he peak anode current in the rectifier will therefore be much larger 
with condenser input than with choke input to the filter. Rectifiers for 
supplying large amounts of load cunent are commonly provided with fil­
te1·s using choke input, for this reason. 

Another comparison between the two circuits concerns the voltage 
regulation, or the variation of output D.C. voltage with load current. l3y 
referring to Fig. 5-8, it can be seen that if the load current is increased, 
the voltage across C1 will fall more rapidly, and 

1
the average or D.C. voltage 

will decrease. This effect is not present in the choke-input circuits of 
Fig. 5-6, and consequently the voltage regulation is better with choke 
input than with condenser input. It should be noted, however, that the 
input inductance loses its effect if the curren t through it is too sma.111 a,nd 
when this takes place the circuit behaves very much like that of Fig. 5-7. 
The approximate point at which this lower limit of load current is reo.cbed, 
in the case of a single-phase full-wave rectifier operating at 60 c.p.s., is 
where L = R/1,200. Here R is the D.C. load resistance in ohms, and Dis 
the inductance of the filter choke in henries. Thus, if a recLifior is to 
furnish 400 ma. o.t 2,000 v D.C., the apparent load resistance is 

R - 2,000 - - 000 hms - ~ - a, o , 

a.nd the minimum size of filter choke will be 

L 5,000 4 2 h . 
= 1 200 = . ennes. , 

If, however, the load current is likely to fluctuate between 400 and 100 ma, 
this choke will not be suitable, for at the lower current, the D.C. rosisto.nce 
has become 20,000 ohms, and the necessary inductance changes to 

L 20,000 '16 7h . = 
1 200 

= . enr1es. 
' 
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A choke of this size or larger will provide satisfactory operation over 
t he entire range of load currents. So-called "swi.ngin.g" chokes, having 
large inductance at low current and considerably smaller inductance at 
maximum current, are available for such service, at appreciable saving in 
weight and cost. 

Still another comparison may be made between choke-input and con­
denser-input filters. In the case of the filter with choke input; the D.C. 
output voltage is approximately equal to the av<frage rectified voltage of 
the supply. With condenser input, however, the D.C. voltage approxi­
mates the peak rectified voltage at light loads, and the amotmt of decrease 
with load depends on the size of the first condenser, G1. More output 
voltage is therefore available for the same A.O. supply, especially if a large 
input condenser is used, and for this reason most of the power supplies 
used in radio receivers and small amplifiers are of the condenser-input type. 

Filter circuits of resistance and capacitance were referred to above. A 
typical example of this type of filter has already.been discussed in connec­
tion with the screen supply sµown il1 Fig. 4-15, and for use with rectifiers 
the R-C filter is very practical and economical wherever the current drain 
is small, as in the case of cathodq-ray oscillographs, photoce11s, vacuum­
tube voltmeters, o.nd so on. 

Rectifier Tubes. 'l'wo broad classes of t ubes are used in rectifier service, 
the high-vacuum and the gas-filled. In the high-vacuum tube, emission 
is controlled by space 
charge, and increase of cur· 
rent through the tube is 
accompanied by increase of 
anode potential, that is to 
say, voltage drop in the 
tube. In the gas-filled tube, 
ionization of the gas takes 
place, and consequently the 
voltage drop across the tube 
can never greatly exceed the 
ionization potential of the 
gas. Most t ubes of this 
type use mercury vapor as 

Eb volts 
80 1--~~~+-~~~+-~~-.."'---I--

60 1~~~~;-~~,r--1-~~~-+--

401--~~~+-~~~-+-~~~---+---

20 1---r-~~;-~~~-+-~~~-+--

83 

O'--~~~-'-~~~~~~~--'--

the gas, and for these the o 200 400 600 Ibma 

tube drop is approximately Fio. 5-9. Plate Characteristics or Reeti!ier 
15 v, independent of the •rubes. 

current flowing. Figure 5- 9 , 
shows current-voltage characteristjcs of the 5T4, a high-vacuum rectifier, 
and of the 83, a mercury-vapor rectifier, which have approximately the 
same maximum rn.tings. 

In rectifiers employing meroury-vapor tubes, it is important that the 



150 RECTIFIED POWER' SUPPLIES (Chap. 5 

£lament or cathode be brought to full working temperature before tho 
plate voltage js applied. If . this is not done, electron emission will be 
limited and the voltage drop across the tube will be excessive. Greater 
voltage drop causes increased bombardment of the cathode by positive 
ions, as described in Chapter 4, and when the voltage drop exceeds 22 v 
this bombardment is sufficiently intense to cause disintegration of the 
ca.thode st'uface. 

Mercury-vapor t ubes should not be used with condenser-input filters 
unless a protective resistance is placed in series with the input condenser, 
to limit the peak charging current. 

Regulated Power Supplies. Even though the output of a rectifier-filter 
be satisfactorily smooth n.nd free from ripple, there may be some fluctuation 
of voltage due to variations in the A.C. supply, or iu the lo.ad itself, and for 

Unregulated 
Input 

Glow 
Discharge 

Tube 

some applications these 
fluctuations cannot be 
tolerated. Figure 5-10 
shows one method of ob­
taining a stable value of 
D.C. voltage, depending 
on the use of a glow­
discharge tube such as 

Regulated the VR150/30. This ·Output 
tu be has the property 
that its anode potential 

F10. 5-10. Rogulu.t-0d Voltt\go Supply. 

remains practically con­
stant at 150 v over a 
wide ra.nge of currents 

up to 30 ma. Th~ siz~ of the resistor R is selected so as to provide the 
necessary a.mount of drop due to the. ccmbination of loa.d current and 
current in the glow tube. Thus, if the supply voltn.ge is 250, a.nd the load 
current is 20 ma at, 150 v, one should o.llow for a glow-tube current of 20 
ma. The resistor R is then called on to provide a drop of 100 v (from 250 
to 150), while ca,nying a current of '10 ma. The required resistance is 
100/.040 = 2,500 ohms. Fluctuation of the supply voltage will cause 
more or less ctlrrcnt to flow through the regulator tube, but will have prac­
tically no effect on load voltage or cunent. 

Triode Regulators. A still better control can be obtained by means of 
circuits similar to the one in Fig. 5-11. The load current flows through 
the 2A3 t ube, and control is obtained by altering the conductance 
of this tube and thereby its voltage drop. This effect may be seen by 
tracing tru:ough the operation of the circuit. The cathode of the 6F5 tube 

• is maintained at a constant potential by the VR75/30 glow tube. If the 
output voltage of the supply tends to rise, it will cause the grid potential 
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of the 6F5 tube to rise, and therefore its plo.te current also. This rise 
P.roduces an increased drop in Ru and decreases the grid potential of the 
2A3 tube. For the given amount of load current, this decreased potential 
requires more voltage drop between plate and cathode of the 2A3 tube, 
which results in restoring the voltage at the output terminals to its original 
value. 

+ 

Unregulated 
Input 

2A3 

F1a . &-11. Electronic Voltage Regulator. 

+ 

Regulated 
Output 

Regulator circuits of this type are extremely effective over a considerable 
range of output currents, and no difficulty is found in holding output 
fluctuations below .02 v per milliampere. In addition to controlling the 
D.C. voltage, the regulator is capable of absorbing !t o appreciable amount 
of ripple voltage, so that the cost and weight of the filter complement can 
sometimes be reduced considerably in comparison with an unregulated 

.supply. 

Review Questions and Problems. 1. What is the maximum inverse 
voltage applied to the t ube in a half-wave rectifier circuit operating from a 
transformer with secondary voltage of 300 (RM.S.)'? 

2. What is the maximum inverse voltage applied to the tube in a full­
wave rectifier circuit operating from a t ransformer with a secondary voltage 
of 300 (R.M.S.) from the center tap to either of the outside leads'? 

3. Trace the operation of the voltage-doubler circuit through one · 
complete cycle. 
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4. What arc the relative advantages and disadvantages of choke- ·~rnd 
condenser-input filters? 

S. Determine the minimum a.mount of inductance that the choke in a 
choke-input filter should have if it is to opemte with a single-phase full­
wave rectifier and is to supply a minimum current of 50 ma at 400 v D.C. 

6. A 5-henry choke is available for the construction of a choke-input 
filter to be used wit.h a single-phase full-wave rectifier. The rectifier 
supplies a load which may draw a current vnrying from a. minimwn of O·ma 
to a maximum of 50 mo. at a D.C. voltage of 1,000. W1iat is the maximum 
amount of bleeder resistance that should be used at the out put of the 
filter? 

'!. What is the advantage of using a "swinging" choke in a choke-input 
filter? 

8. What clanger is . incurred if the plate supply on a mercury-vapor 
rectifier t ube is turned on before the cathode ha~ reached its full opera.ting 
temperature? 

9. Explain completely the operation of a typical t riode voltage-regu­
lator circuit. 



CHAPTER 6 

Sound and Its Electrical 
Transmission 

Nature of Sound. The physical effect which is interpreted by the ear 
as sound co.nsists of a pressure wave in air, that is, n. succession of variations 
in pressure, above and below the normal static pressure of approximately 
15 pounds per square inch. These pressure variations travel outward 
from the source of the sound at a. constant velocity of 1,100 feet per second, 
varying slightly with t emperature and barometric pressure of the air. 
The pressure variations for ordinary sounds are only a very smnll fraction 
of the total air pressure; thus a sound which is just barely audible will be 
produced by an excess pressure of 1/109 of the static pressure, and a souud 
so intense as to cause the sensation of pain in the ear requires only an 
excess pressure equal to 1/10'1 of the average. 

The frequency of the sound wave is perceived a.s the musical pitch of the 
tone, a.nd the range of frequencies included in the field of audible sounds 
extends from 20 c.p.s. to 20,000 c.p.s. For most purposes it will be satis­
factory to cover the range from 50 to 10,000 c.p.s., and in special cases a 
still more restricted band will be adequate. 

The wave f orrn of the sound depends upon the source which produced it, 
and for most voices and musical instruments it ]s quite complex. Just 
as in the case of electrical waves, the sound wa.ve may be decomposed into o. 
fundamental component and a succession of harmonics. In studying the 
properties of any electrical system for the transmission or reproduction of 
sound, the response due to each of the harmonic components present in the 
sound wave may be evaluated separately, and lihe total response will then 
be the combination of all these. This procedure is justified by the principle 
of superposition, as outlined at the close of Chapter 3. 

Distortion. In the process of electrical transmission or reproduction of 
sound, the output wave form generally deviates from the original form in 
some degree, and this devia.tion is classed as distortion. There are three 
principal types of distorliion, and these will be considered separately. 

FREQUENCY DISTORTION. Every transmission system has 11 limited 
range of frequencies over which it cn.n operate, and the response of the 
system within this range may be different nt different frequencies. Two 
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typical frequency-response curves are shown in Fig. 6-1, and it will be 
noted that curve A shows a much more uniform response over o. range of 

A 

frequencies than doos curve B, 
besides covering a wider range. 
On the other ho.nd, curve B 
shows a much larger response 
in the middle range of frequen­
cies, and for this reason might 
represent a more desirable char­
acteristic for certain o.pplicn.­
tions. Vo.riation of res ponse 
with frequency is referred to ns 
frequency distortion . 

.__.t._
1 

_ ___________ __.__ It is frequently convenient 

Log f f2 to refer to the useful band width 
of a system, and for a char­
acteristic such as A of Fig. 6-1, 

this is usually taken as extending between the frequencies f1 o.nd fz, at 
which the response is .707 of the uniform response in the middle range. 

FIG. 6-1. Frequency Distort.ion. 

It will be noted in the fig­
ure that the horizont.a.1 axis is 
plotted in terms of the loga­
rithm of frequency. T his 
logarithmic plot is used partly 
to avoid the crowding which 
would occur at low frequencies 
if :a uniform scnle were used, 
but also because our ability 
to distinguish frequencies of 
sound shows a logarithmic 
characteristic, and a truer pic­
ture of the performance of the 
system is obtained by this type 
of curve. 

N ONUNEA.R DISTORTION. A 
system or device is nonlinear 
when the relation between in­
put and output is given by a. 
curved chara.cteristic, a.s shown 

! 
&t 

I 
I 
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in Fig. 6-2. As will be seen FIG. 6-2. Non.linear Distortion. 

from the figure, the output cor-
responding to a pure sine wave of input will he distorted, and the result 
will be the formation of new frequencies not originally present. In the case 
illustrated, the new frequencies are the harmonics in the output wave, 
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and t hey are therefore all multiples of the origino.l frequency. However, 
if the input signal conta.ins mor.c than one frequency, as is always the situ­
ation in practice, the output will also contain frequencies equal to the sums 
and differences of the input frequencies, and of integral multiples of these 
frequencies. 

DELAY OR P HASE DIS'roRTION. Signals in passing through a transmission 
system always encounter a. certain amount of delay, and if the delay time 
is <li,ffercnt for different frequencies, the result will be an alteration of wave 
form. This is because harmonics in the output wa.ve will appeo,r at differ­
ent phase angles with respect to the fundamental than they occupied in the 
input wave, even though theiJ: amplitudes may be unaltered. Distortion 
of this type is known as phase distortion. It is not of much import:mce in 
sound transmission, since t he relative phase of a harmonic makes prac­
tically no difference in the quality of a sound as perceived by the ear. In 
other applications, such as oscillogra.phy and television, however, it takes 
on considerable importance. 

Microphones. A microphone is a device that t ransforms sound energy 
into electrical energy. In most types of microphone, the sound pressure 
acts upon a thin plate or diaphragm, 
setting it into vibration, and this me­
chanical motion is then utilized to 
produce electrical effects. The chief 
types are described below. In addi­
tion to these, available microphones 
include the condenser type and 
various direct ional types. 

T HE CARDON- GRUN ?.UCROPHONE. Bridge 
One of the earliest types of micro- support 
phone, and tlie one still most com­
monly used, depends for its action on 
the fact th.at the electrical resistance 
between carbon granules in conto.ct 
with each other varies with the con- ~ ~C 
t act pressure. Figure &-3 shows a 
simpliiied section.al view of a single- 11!1 
b utton carbon microphone, such as F1G. s-a. Carbon Microphone. 

is used in telephone sets. A small 
brass cup contains two polished carbon disks, one fastened solidly in the 
cup and the other attached to the diaphragm. The space between the 
disks is partly filled with carbon gran ules, and as the diaphragm vibrates 
in response to the sound waves stri.k.i.ng it, the varying pressure on the 
granules cause.a changes in the electrical resistance between the buttons. 
The microphone circuit is shown in the same figure, and from this it is seen 
that variat ion of microphone resistance will alter the current through 



156 TRANSM ISS ION OF SOUND [Chap. 6 

the transformer primary, and so will set up induced volta.ges in the 
secondary. 

By proper choice of diaphragm stiffness and mass, tho moving system 
can be made to resonate near the middle of the speech range of frequencies. 
Wilen this is done, the elect.rical output is large enough to operate a receiver 
over a considerable length of line without requiring amplification. The 
frequency response is then not very uniform, although it is entirely adequate 
for speech reproduction. 

By using a very light diaphragm, tightly stretched, the frequency re­
sponse is greatly improved, but a.t the expense of sensitivity. Carbon mi­
crophones with this type of construction, and having two buttons, or carbon 
cells, have been used e>.."tensively in broadcast pra.ctice. 

THE CRYSTAL MICROPHONES. Another type of microphone, widely used 
in public-address systems, depends for its action on the piezo-electric effect 
possessed by certain crystals, in this case Rochelle salt. The term piezo­
electric effect refers to the fact that when pressure is applied on the crystal 
in the proper direction, electrical potentials are produced between opposite 
face.s of the crysta.1. The sound-cell type of microph9oe contains an as­
semblage of small erystals of this type, so connected tha.t their piczo~ 
electric potentials a.re in series. The sound falls on the crystals and vi­
brates them directly. The electrical output is quite small, but the fre­
quency range and uniformity of response are excellent. 

In another type of crystal microphone, a metal diaphragm is coupled 
mechanically to a crystal of Rochelle salt in such a way thn.t vibration of 
the diaphragm causes a twisting of the crystal, and thereby the generation 
of a voltage at the terminals. This type has much greater output than the 
sound cell, but the frequency response is somewhat limited by the inertia 
and stiffness of the diaphragm and the o.ssociated driving members. 

THE ELECl'RODYNAl\llC l\UCROPFTONE. Several types of microphone 
depend for their action upon the induction of voltage in a conductor mdving 
in a magnetic field. The mo11inr;-coil microphone contains a small coil 
attached to a diaphragm, so arranged that when the diaphragm vibrates 
the coil moves back and forth in a radial magnetic field, and thus generates 
the output voltage. By careful design of the moving element, and by 
making use of air-chamber resonance, it is possible to obto.in a nearly uni­
form response from 40 c.p.s. to 10,000 c.p.s. An incidental advantage is 
that tho output impedance of the microphone is low, and the microphone 
cable is less sensitive to hum pickup than in the case of the crystal micro­
phones. 

RmnoN MICROPHONE. In this type the moving element is o. very thin 
ti.nd flexible alumi.11um ribbon, upon which the sound waves act directly. 
It vibrates in a tra:nsverse magnetic field, and generates ttn electromotive 
force which appears between the two ends of the ribbon. The ribbon 

· impedance is so low that a small step-up transformer is included in the 
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microphone mounting to l'aise the impedance to a level suitable for trans­
mission over a line. Most ribbon microphones respond to air particle. 
velocity in the sound wave, rather than to sound pressure, and they are 
referred to as velocity microphones. They can be mad~ to have excellent 
frequency characteristics. 

Reproducers. A reproducer is a device for converting electrical energy 
into soi.mcl. As in the case of microphones, this transformation usually 
involves o.n intermediate mechanical motion. 

TELEPHONE RECEfVERS. The ordinary telephone receiver is the most 
commonly known acoustic device. A modified form, the watch-case type 
used in operators' headsets, is shown in section in Fig. 6-1:. Two small 
coils are wound on soft iron pole pieces, which are attached to the poles of a 
permanent magnet. The poJc pieces attract the steel diaphragm with a 
steady pull due to the permanent magnet, and with an alternating force 
due· to the voice currents flowi11g in 
the coils. The diaphragm is set .into 
vibration, and sets up sound waves in 
the air in contact with it. The per- Magnet 
manent magnet is necessary to avoid 
distortion in tbe output, as will be 
apparent when it is noted that the 
diaphragm would be attracted twice 
in each cycle if only the A.C. attrac-
tion were present . 
. The ordimuy receiver used with 

telephone instruments is wound for 
about 70 ohms resistance, and it has FrG. 6-4. Telephone Receiver. 
a definite resonance peak near 11000 
c.p.s.1 for the sake of sensitivity. By winding with many turns of fine 
wire,. the sensitivity to weak currents can be greatly increased, and such re­
ceivers are very useful as indicators in A.O. bridges and for radio communi­
cation systems. 

LounsPEAKERS. The commonest type of loudspeaker is shown schemati­
cally in Fig. 6-5. The moving coil, situated in o. powerful radial magnetic 
field, carries the operating current. The reaction of the signal current 
with the magnetic field causes the coil to move back and forth along its 
axis. In this motion it carries with it the paper cone radiator. The cone 
is supported at its outer edge by a. flexible sus'pension, and, at least at the 
lower frequencies, it moves as a rigid piston, without appreciable bending 
or deformation. The result is a very effective transformation of the elec­
trical input into sound energy radiated from the surface of the cone. 

The radiation from the rear surface of the cone is opposite in phase as 
compared with that from the front surface, and it is the function of the 

. baffl.e shown in tbe figure to prevent the.~e two effects from canceling each. 
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other. The baffle will be effective at any frequeucy for which the distance 
from the front of the cone, around the edge of the baffle, to the rear edge of 
the cone, is greater than a half wave length of sound. For example, at 

Cone Radiator 

100 c.p.s. the wave length is A= 
1,100/100 = 11 ft (see Chapter 9), and 
the distance from front to back of cone 
should not be less than 5.5 feet. 

Telephone Circuits. Two-way oper­
ation is essential for satisfactory tele­
phone service, and many of the 
problems of the industry arise from this 
fact. A simplified circuit for obtaining 
two-way opera.tion is shown in Fig. 6-6. 
This is called a local-battery system 
because a separate battery is required 
at each end of the line, and in such a 
telephone system each subscriber must 
have a battery on his premises. The 
operation of the circuit is self-evident, 
and it is seen that speaking into either 
microphone will set up voice currents 
in both receivers. The transformers 
isolate the direct current required for 
the operation of the microphone, and 
also improve the efficiency by stepping 
up the voltage and reducing the cur­
rent in the line. 

Co:Ml'ttON-DATTERY CIRCUITS. The 
obvious advantages of removing tht 

batteries from the subscribers' premises to the central office led to the de­
velopment of the common-lJaUery system, using one large stora.ge battery to 

Fm. 6-5. Cone Typo of Loudspc11kor. 

Fm. 6-6. Local-battery Telephone Circuit. 

supply microphone current to all subscribers' sets. This led to a new diffi­
culty, however, in thnt the ·voice currents of all circuits in use fl.ow through 
the same battery, and because of its internal impedance there is a possi­
bility that some of these currents will find their way into other circuits. 
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This effect is known as cross talk, and it is avoided by use of a transformer 
called the 1·epeating coil. 

This device, imd its manner of use, are shown in Fig. 6-7. It will be 
recognized as essentially a one-to-one transformer with primary and second­
ary windings split at the battery. Other repeating coils, connecting 
other pairs of subscribers, may be tied in at the points BC, B'C~, and 
when so connected will offer extremely high impedance to flow of voice 
current from one channel to the other, but practically none to the ·flow of 
voice current in its own channel. 

The talking circuit of the subscriber's set is different in the case of the 

Subscriber's 
Set 

B 

A D 

A' D' 

c 

c· 

Subscriber's 
Set 

Fro. fr.7. Common-battory Tolcphono Circuit. 

common-battery telephone. Transformers '1\ and T2, usually c~ill~d in­
duction co·ils, and condensers Ci and C2, are connected in such a way tha.t 
the direct current from the battery flows through the microphone.s Mi 
and 1¥[2 but not through the receivers R1 and R2. The induction coils are 
connected as auto-tran~f armers, that is, the lower portion of the windiug 
serves as primary and also as part of tl:~e seeondary to step up the A.C. 
component of the microphone voltage. 

Telephone systems require additional equipment for signaling the opera­
tor and subscribers and for switching connections between subscribers. 
Their discussion is beyond the scope of this book. 

Telephone Lines. The transmission lines used in telephony are of two 
kinds, open-wire and cable. The open-wire lines are gradually being super-
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scdcd by cable construction, either overhead or underground, for two prin­
cipal reasons. In the fust place, many more circuits can be accommo-­
cl:i.tcd-thcrc is a standard cable containing more than 2,100 pairs of wires, 
:i.nd it is common practice to run 900 pa,irs in overhead cables on a. single 
pole line; while a pole line carr:ring 50 pairs of open-wire construction would 
be o. monstrosity. The other reason for preferring cable is that it affords 
much better protection against weather hazards and age.inst electrical inter­
ference, both noise and cross talk. 

TlIE DECIDEL. Losses in telephone lines and other equipment a.re stated 
in torms of a logarithmic unit, the decibel. I t is defined as follows: 

los.s iu db = 10 log : :. 

where W1 is the input power and W2 is the output power. For an ampli­
fier, the output power excee.ds the inpnt power, and t he loss given by the 
above expression becomes negative. Negative loss is referred to o.s gain, 
and thus 

gain in db = 10 log ::. 

The decibel is also used as a measure of the amount of power absorbed or 
furnished by any device, by comparing it with.a standard power. This 
stnnchird is referred to as ze:ro level, and in telephone practice the power a t 
zero level is 1 milliwatt. For example, if tho power output of an amplifier 
is 4 wn.tts, its power level expressed in decibels is 

4 
output = 10 log .OOl = 10 log 4,000 = 36 db. 

The decibel is a very important unit, and. it is used extensively in o.11 
branches of electrical communications. The fact that it is logarithmic in 
nature makes it possibleto obtain over-all effects resulting from a combina­
tion of lines, amplifiers, and other equipment by simply adding or subtract­
ing t heir respective gains or losses. I t is also true that the sensitivity 
of the ear is nearly a logarithmic function of sound intensity, so that a. 
logarithmic unit is very appropriate. It turns out that a. difference of 
sound level of 1 db is just barely perceptible to the average person , which 
shows further that the size of the unit is well chosen. 

LossEs IN TELEPHONE LINE S. The smallest conductor used in standard 
open-wire telephone circuits is No. 12 B.& S. gauge, and a line of such con­
struction will have a loss of approximately 0.06 db per mile. Cable cir­
cuits, on the other band, mo.kc use of conductors not larger than No. 19, 
and o. typical cable circuit with wire of this size will show a loss of about 
1.0 db por mile. In this respect cable circuits are at a <lisadvanta.ge as 
compo.1·ed with open lines, especially for long distances, although recent 
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improvements in the efficiency of telephone.instruments have extended the 
useful range of cable circuits very materially. 

LOADnTG. Losses in transmission circuits can be decreased by the in­
sertion of loa<Uno coils at intervals in the line. These coils add series induc­
tance to the line and provide a more favorable ratio of inductive to capaci­
tive effect, particularly with cables. The result is that for a given power 
level the voltage is raised and the current lowered, just as the voltage is 
raised on a power-transmission line by use of transformers. Lower current 
results in smaller resistance losses and higher efficiency. 

A limitation in the amount of loading is encountered from the fo<lt that 
these loading coils, in conjunction with t he capacitance of the int.ervening 
sections of tho line, constitute a so-ca.lled low-pass filter whlch will not 
transmit frequencies above a certain cut-off frequency. This critical fre­
quency is given very closely by the expression 

1 
J. = 1T;/ LCd' 

where fc is the upper limit of frequency transmitted, L is the effective 
inductance of each loading coil, C is the capacitn.nce per mile of line, and 
d is the distance in miles between loading coils. 

Examination of this equn.tion shows that as L is increased to improve 
transmission, Jc is decreased unless the loading interval d is lowered in 
proportion. 'l.'he loading interval has been standardized at 6,000 ft, and 
a material reduction of this spacing would involve a prohibitive cost . 
Because of gren.tcr emphasis on better speech qua1ity, requiring transmission 
of the higher frequencies, recent trends have been toward a reduction in 
amount of loading on some circuits. 

REl?EATEns. In long-distance line8 losses are so high that satisfactory 
operation becomes impossible without the use of amplification. Amplifiers 
for telephone service a.re known as rqJea.ters, and they must of course 
function in both directions along the line. Repeater stations a.re ordinarily 
installed at 50-mile intervals along the line, except in the newer wide-band 
transmission systems, for some of which repeater spacing is as little a.a 
5 miles. Deco.use of the total number of stages of amplification in a long­
distance transmission, the performance requirements of telephone re­
peaters are very severe. Any distortion is cumulative,· and if present in 
appreciable amount would soon result in unintelligible speech. The 
demands of high-quality program transmission for broadco.st networks 
are even more oxi:i.cting. 

One method for obtaining two-way repeater service is shown in Fig. 6-8. 
Two amplifiers are employed, one for each direction of transmission. Feed­
back and oscillo.tion are prevented by the hybrid coils, which are essentially 
three-winding transformers of balanced construction. A signal traveling 
from west to east encounters the first hybrid coil, where part of the power 
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enters the west-east amplifier by way of the center taps on the main wind­
ings. The remainder of the power is dissipated in other parts of the circuit 
and has no further effect. The amplified power is fed into the third wind­
ing of the other hybrid coil, and divides there into two equal portions, one 
passing out on the line to the east, the other into the artificiaJ network. 
This network is constructed to have impedance properties equal to those 

E-W Amplifier 

l1•• w Line E 

W-E Amplifier 

F10. ()-8. Type 22 Telephone Repenter. 

of the line over the entire frequency band, so that the combination of line 
and artificial network is equivalent to a balanced bridge. As a result of 
this balance, none of the output of the west-east amplifier reaches the input 
terminals of the east-west amplifier, and feedback around the loop is 
avoided. 

It will be noted that power is diverted and lost at both hybrid coils. 
This loss is compensated for by raising the gain of the amplifier by an 
equivalent amount, which turns out to be 6 db. 

Review Questions and Problems. 1. Determine the wave lengths in air 
for sound waves of the following frequeucies: 20, 50, 100, 1,000, 10,000, and 
20,000 cycles per second. 

2. Explain the difference between frequency distortion, nonlinear dis-
tortion, and delay or phase distortion. 

3. Why are the curves in Fig. 6-1 plotted to a logarithmic scale? 

4. Explain the operation of a carbon-grain microphone. 

5. \Vhy is it essential to have a permanent magnet in a telephone 
receiver? 

6. Explain the operation of a typical loudspeaker of the type shown 
in Fig. ()....5. 

7. Explain the operation of the circuit in Fig. 6-6. 

8. A nonloaded telephone cable circuit using No. 19 conduc~ors bas an 
effective impedance (nearly pure resistance) of 4.50 ohms. If the power is 
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being transmitted at a. level of + 2.0 db, find the values of voltage and 
current present on the li.ne. 

9. R.epeaters similar to Fig. &-8 are installed at 50-mile intervals in a 
No. 19 cable circuit having a loss of 1.0 db per mile. The input level to 
the repeater is 0.0 db, and the amplifier gain is adjusted so that the input 
to the next repeater is the same. Find the voltage at the output of ampli­
fier, if its load impedance is 5,000 ohms. 



• 



CHAPTER 7 

Audio Amplifiers 

Fundamentals of Amplifiers. In Chapter 6 it wns shown how sound 
energy can be converted into electl'icnl energy by means of n microphone, 
the electrical energy transmitted over wires, and then changed into sound 
by means of headphones or loudspeakers. Somewhere in this process it is 
generally necessary to amplify or increase the volume of the signal being 
transmitted. This amplification is done while the signal is in the electrical 
st.ate by means of an audio amplifier or a repeater. Because energy cannot 
be created i t is not possible to amplify the signal (that is increase its energy) 
without taking energy from somewhere else. In an electrical amplifier the 
varying signal voltage is used to control the energy output of some other 
source such as a battery or power supply and this greater controlled energy 
becomes the output of the amplifier. 

An audio amplifier is one suitable for amplifying signal voltages whose 
frequencies lie within the audible range. If the amplification is uniform 
for all frequencies within this band the amplifier is said to be flat over the 
range of frequencies considered. Jn general the amplification tends to 
drnp off for both the vory high and very low frequencies and specin.l pre­
cautions must be taken in the design of the amplifier to prevent this. A 
modern broadcast amplifier is usually designed to be flat from 30 to 15,000 
c.p.s. 

To obtain larger amplifications than can be secured with a. single tube, an 
amplifier usually consists of several stages, the output of one stage being 
fed to the input of tho next. An amplifier stage may be either a. voltage 
amplifier or a power amplifier, and a complete audio amplifier usually 
consists of one or two stages of voltage amplification followed by a single 
power-amplifier stage. 

A voltage amplifier is one designed to produce a large voltage amplifica­
t ion with very lit tle power output. Such an amplifier could bo used to 
furnish signal voltage to the grid of n. succeeding stage, since when properly 
operated the grid circuit requires no appreciable power. 

A power a.mplifier is designed primarily to supply a largo amount of 
power to a loudspeaker or other power-actnated device. Jn this applice.-­
tion the actual voltage step-up is of secondn.ry importance and is usuo.lly 
sacrificed to improve the power-handling capacity of the stage. 

165 
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Classification of Amplifiers. Audio amplifiers are also classified accord­
ing to the operating conditions under which t he tube works. The classifi­
cat ions in general use are Class A, Class AB, and Class B. A Class A 
amplifier is one in which the plate current flows continuously t hroughout 
the cycle of alternating voltage applied to the grid . The grid b ias and 
nlterno.ting grid voltage are selected so that operation is confined to the 
linear or straighlrline portion of the grid-voltage- plate-current character­
istic curve. The shape of the output voltn.ge wave will be similar to the 
input voltage wave on the grid of the tube. 

A Class AB amplifier is one in \vhich plate current flows for m ore than 
half hut less t han a complete electrical cycle. 

A Class B amplifier is one in which the plate current flows for only one 
half of each cycle of the alternating grid voltage. 

The subscript 1 may be used with the letter classification (for example, 
Class A1) to indicate that the grid is not allowed to swing positive during 
any part of the cycle. The subscript 2 is used (for example, Class AB2) to 
indicate that t he grid does go positive for a fraction of t he cycle. 

These classifications are discussed more fully in the section on power 
amplifiers and in Chn.pter 11. 

Resistance-capacitance-coupled amplifier. It was seen in Chapter 4 
that a voltage vari tition applied to the gri<l of a t ube would produce a varia­
tion in its plate current. If this varying plat e current is made to flow 
through a resistor R, us in Fig. 7-la, a varying voltage e: will be developed 
across the resistor, similar in all respects to the original voltage e1, except 
t hat it may be many t imes larger. Tb.is larger voltage could then be ap­
plied to t he grid of a second tube and still further omplification obtained. 
A pract.ical circuit for connecting this second tube to the first is shown in 
Fig. 7-ld. In order to see why each of the components R.1n C and R9 is 
necessary for satisfactory performance, t he operation of other simpler 
circuits will be considered. 

F igure 7-lb represents the simplest form of coupling possible. The 
batteries Efl E bb and Ee a.re necessary to maintain the correct operatin(! 
voltages on t he tubes. It was seen in Chapter 4 that the plate ~nd grid 
voltages of a tube must be selected so that it, operates on a linear or straight­
line portion of its characteristic (E9-l11) curve. This selection is necessary 
if the output voltage e: is to be a faithful reproduction of the input voltage 
e1. In practice it is usually desirable to supply power for heating t he fila­
ments of the tubes from a. common battery or other source of supply. If 
this were done in F ig. 7-lb by connecting together points a and c and points 
b and d, it is evident that the battery voltages E&~ and E. would be shorted. 

The arrangement in Fig. 7-lc get.s around this .difficulty by connecting 
t he negat ive of both filaments to the negative of the B battery. However, 
this arrangement places the B battery between the grid and filament of the 
second tube and so puts a large positive voltage on the grid instead of the 
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small negat ive voltage usually required. Therefore a large negative volt­
age must be put in series with the grid of the second tube by the battery Ee. 
This circuit is sometimes used in amplifiers built for amplifying D.C. volt­
ages. It has the very serious disadvantage tht\t the small D .C. voltage on 
the second tube is obtained as the difference of two comparatively large 
voltages and so a small percentage change in either of the large voltages will 
produce a large percentage change in the voltage on the grid. For example, 
if the plate voltage E11 were 90 v and the. required grid voltage on the next 

(b) 

(c) 

(d} 

Fxo. 7-1. Dovolopmont of a Resistancc-couplod Ampli6Gr Circuit. 

tube were -4·} v, the battery voltage E, would hnve to be -94t v. If now 
the voltage of Eb were to drop 5 v (that is, to 85) due to aging of the battery 
the voltage on the grid would increase from. -4t to -9!, while if the volt­
age E, had dropped 5 v the grid voltage would have changed from - 4} 
to -f-t. The rnsult is that a.n amplifier coupled directly as in :F'ig. 7-lc 
tends to be unstable and its operation may be affected too much by changes 
in supply voltages. 

The connections of Fig. 7-ld arc designed to overcome these and certain 
other difficulties. T o prevent the voltage Eb from being applied to the 
grid of t he ne>..-t tube a. condenser C, usun.lly called a coupling condenser 
because it couples the two stages together, is used. However, this leaves 
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the grid disconnected from the filament as far as direct voltages and cur­
rents arc concerned. This condition of jloai-ing grid must not be permitted 
because any electrons from the filament that reach the grid have no way of 
leaking off. This situation allows a large negative charge to build up on the 
grid and the tube beeomes inoperative. For this rcn.son the grid-leak re­
sistor Rv is used and the correct bias voltage E. is applied in series with it. 
It will be noticed that the S(tme condenser-resistor combination is 
used in the input of the first tube. This arrangement isolates the tube 
from any D.C. voltage that may be present along with the sig1ml voltage 
and Msures that the correct bias voltage will be applied to the grid of the 
tube. 

Having aniYed at the circuit of Fig. 7-ld as one that will be suitable as 
an amplifier, the next problem is to determine what values should be used 
for the resistors and condensers. It is evident that each of these com­
ponents has two separate funct ions to perform: the first is to assist in 
applying the correct D. C. or operating potentials to the tube and the second 
is to proYide the best condit ions for the amplification of the alternating or 

rp 

0
-----1 

p 

Rp e2 

_____ ! 
(a} (b) 

signal volt!\ge. Often 
the two functions call 
for widely different 
values and a compro­
mise value must be 
used. 

THE PLA.'l'E RESIST-­

OR. When a tube is 
Fra. 7-2. Effect onAmplifica- operating as a voltage 

g ~ tion of Dccrcnsing tho R~ist=ee 
;;; • of the Pl11 to Rcsist-0r (Rp} in a. S.ID:(llificr the only re-
:1! 1.0 --------- Triode Circuit. quiremeut on the plate 
~0.8 
< resis tor R,, as far as the signal voltage is con-
~ u h ~ o.4 ccrned is t at the resistol' be as large as possibie. 
~ 0.2 From the equivalent circuit of a triode shown in 

0o 2 s .!!!.. Chapter 41 and reproduced here, it will be recalled 
{c) 'P that the tube acts like a generator having a voltage 

equa.1 to µev io series with the pln.te resistance r,, of the tube. The way 
in which the voltage e2 across Rv varies as the size of R,, is increased 
is shown in Fig. 7-2c. R,, is shown as so many times rp, and ~ is 
shown as a fraction of µe~. When the resistance of R,, is very small 
nearly all of the voltage drop occurs across the resistance of the plate r.,, 
and the voltage e~ is small, while if I?.P is made very rarge compared with 
rp , theu nearly all of the total genera.tor voltage ( µeg) will appear across 
R,,, and 82 will be nearly equal to µe0 , whieh is the maximum value it can 
have. F roin this it appears that llp should be made very large, say abont 
a hundred t imes as large as rp. 

But now consider the D.C. or operating voltage. The D .O. voltage E& on 



\ 

, 
, Chop. 7] , AUDIO AMPLIFIERS 169 

the plate of the tube. will be the battery voltt1.ge E00 minus the D.C. voltage 
drop in the resistor. If RP is made t oo large there is too great a voltage 
drop in this resistor and. the resulting plate voltage will be too small. It 
would be possible to raise the plate voltage by increasing.the battery v.olt­
age Ebbi but to do so might require several hundred to a thousand volts and 
this is not conveniently obtained. It is evident then that a smaller value 
of RP would have to be used and a compromise value of 1 to 10 times rz, is 
ge.ne1:ally chosen for a triode voltage a,mplifter, depending on whether rv .is. 
l-iigh or low. Fol' a power amplifier t)lere are other considerations that 
dictate the value of Rp. 

GRID-LEAK RESISTOR. In Fig. 7-ld not all of the signal voltage across R,, 
will be a.pplied to the grid of the second t u.be. The reactance of the con-: 
denser C i~nd the resistance R~ act together as a voltage divider and only 
that part of the voltage across R9 will be .impressed on tbe grid. Hence, as 
far as the signal voltage is concerned, R9 should be as large as possible. 
\Vhen the circuit is properly openit.ed there is no fl.ow of grid current and so 
the resistor is not limited by the voltage-drop consideration as was the plafo 
resistor. However, if the grid-leak resistor is made too large the effect of 
floa.ting grid begins to appear, because any charge, either positive or nega­
tive, that collects on the grid cannot leak off fast enough. The actual size 
of the resistor required varies with the tube ltnd usually lies in the range 0.1 
to 10.0 megohms. The proper value is generally specified by the manu­
facturer of the tube. 

'I'm!: coUPI.ING coNmmsER. The function of the coupling condenser is 
to keep the large positive voltage E~ off the ~rid and a.t the same time to 
offer minimum impedance to the signal voltage. This requirement indi­
cates a large va.lue for the capacitance, but ag~ti.n if C is made too large any 
charge t hat collects on the grid (f111d therefore charges this condenser) will 
require too long !J. time to leak off through the grid-leak resistor. It is 
evident that this effect depends upon both the size of the condenser and 
the size of the grid-leak resistor, since increasing either of them will in­
crease the time required to discharge the condenser, or the time con.stant 
of the circuit as it is generally ca1led. The time constant is.given by the· 
product of C X R where C is in farads and R is in ohms. It represents the 
time in seconds required to discharge the condenser to about one third 
(actually to 1/2. 718) of the original charge. A typical value for a resist.. 
arrce-capacitance-coupled amplifier is .004 second, which could ·be obtained 
with a 1-tncgohm grid leak and a .004-µf condenser or a 0.5-megolun leak 
and a .008-µf condenser, or any other suitable combination. 

Another practical consideration that enters into the sefoction of a coup­
ling condenser is that it, should have sma.11 lea.kage, tlrn.t is, a .high leak~ge 
resistance of the order of hundreds or thousands of megohms. If the leak­
age resistance is small, an appreciable amount of direct cuITent will flow 
through it. Then the plate resistor RP, the condenser leakage resistance, 

• 
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and the grid leak, all in series, will act as a voltage divider across the supply 
voltage E~a and put a positive D.C. potential on the grid. As an exo.mple, 
if RP = 0.1 mcgolun, Ru = 1.0 megohm and the leakage resistance is only 
10 megohms, then for a plate supply voltage of 100 v there is a current of 
.009 ma through the circuit and this produces 9 v across the grid-leak re· 
sistor. 

Frequency Response of a Resis tance-coupled Amplifier. As was pointed 
out earlier, most. applic11tions of an aucUo amplifier require that it have fairly 
flat or uniform response over a wide range of frequencies. In other words, 
the amplifier mttst amplify all frequencies within tb.iS range approximately 
the same amount. The rcsisto.nce-coupled amplifier is particularly suited 
t,o do this because its main impedances (the resistors) arc independent of 
frequency over the audio range. At medium n.nd high frequencies the re­
a.ctance of the coupling condenser is so small, compared with R,, that it 

(a) 

(C) 

-.010 

~8 
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.~ 4 

~ 2 

(b ) 

.~t-1 

er o~----------
Frequency 

(d) 

Fw. 7-8. ,Equivalent Circuit for a ResisLance-coupled Amplifier at: (n) low, (b) medium 
nnd (c) high froquencies; nnd (d) the ty1ie of rc~ponae obt11inod. 

may be considered a short circuit a.<> far as the signal frequency is concerned. 
At very low frequencies, however, its reactnncc becomes large and some of 
the signal voltage appears across it as well as across the grid-leak resistor 
'vhere it i..s wanted. For this reason the amplification will fall off n.t low 
frequencies. At very high frequencies the reactances of the tube capaci­
tances and wiring capacitances become low compared with the resistaqces 
which they shunt (see Fig. 7- 3), and so the amplification drops off. The 
tube capacitu.nces involved are the plate-to-cathode capacitance of the first 
tube, which parallels RP, and the grid-to-cathode resistance of the second 
tube, which paralfols R9 • This is shown in Fig. 7- 3 which also shows the 
equivalent circuits at low and high frequencies and the frequency-response 
curve of such tin amplifier. 

Gain of an Audio Amplifier. The voltage gain of an amplifier stage is 
given by the ratio of the signal voltuge appearing a.cross the grid of the 
second tubo to t he signa.l voltage on the grid of the first tube. It is quiw 

I 
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easily determined over most of the frequency ra.nge, fo r which the e<1uiva­
lent circuit of Fig. 7- 3b will apply. It bas already been shown in Chapter 4 
tlu~t the voltage EP appearing across a resistor R in the plate circuit of a 
triode (Fig. 4-11) is given by 

E _ µE,R . 
"" - r11 + R 

In the case of Fig. 7- 3b, the resistance R consists of R11 and Ru in parallel. 
That is, 

R = RoRo 
ftp+ Ru 

If the grid leak resist.ance R, is very much larger than the plate resistor R11 , 

ns is often t he case, the effect of Ri in parallel with R 11 will be small and R 
will be approximately equal to RP. In this case t he voltage amplification 
of the sta.ge is the same as the voltage amplification of the tube, and is 
given by 

C2 µRtJ 
CJ 1'11 + R11. 

It will be seen that as the plate resistor is ma.de very large compared with 
rp the plate resistance of the tube, the actual amplification approaches µ., 
the amplification fac tor of the tube (see Fig. 7-2c). When RP is 9 times rp, 
the amplification will be lTI" of µ.. 

At low frequencies, where the exaet circuit of Fig. 7-3a must be used, 
it is a little more difficult to compute the gain. But if R0 is still very much 
larger than RP, the gain will be given a.pproximately by 

R,A 

where 

A= µR" ' 
r 11 + Ilp 

and is the gain in the modium-frequency rnnge. This is because R0 and 
Xe act ns n voltage divider across llp, and the fract ion of the total voltage 
that appears across Ru is given by 

Ro 
vRi +xi 

Xe is the reactance of the coupling condenser a.nd is given by 

"{,. 1 
Ac = 'PtrfC' 

where f is the frequency (cycles per second) and C is the capacitance in 
farads. At that frequency which makes X, equal to RP, the amplification will 
have dropped to 1/ v'2 times A, iLs value for the medium. frequencies. Since 

• 
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power is proportional to the square of the voltage (across a fixed resist­
ance), t his means that the power will have dropped to ono lu~lf which corre­
sponds to a drop of 3 db (seo chart, Chapter J). This is the lower hfllf- · 
power frequency of this amplifier stage o.nd is considered as being the lower 
limit of frequency response where reasonable fidelity is required. Simi­
larly the ·upper half-power frequency is that frequency at the upper encl of 
the range where gain has dropped to 1/ v12 times A due to t he shunting ef­
fect of the tube and wiring capacit ies. lt can be calculated by considering 
the effect of these capacities in parallel with the plate and grid resistors. 

The P entode Amplifier. T he circuit of a resistance-coupled pentode 
amplifier is shown in Fig. 7-4. Except for the co.unect.ions to the two new 

~ -i---­

r r 

grids to ttpply the proper 
D.C. potentials to them, 
the circuit Is similar to that 
of the triode. However, 
there are important differ­
ences in its operation, ns was 
pointed out ill Chaptel' 4. 
Because of the screenin g 
effect of the screen grid, the 
plate voltage has little influ­
ence on the plate current. 
This means that both the 
plate resist::.mce r71 and the 

Fro. 7-4. Circuit of n Resistnncc-couplcd Pcntode µ of the tube will be very 
Amplifier. high. The plate l'esistancc 

is usually greater than a 
megohm, so thnt instead of using a pla.te resistor R11 having several times 
the value of r11 it is now necessary to use one that is very much smaller 
than r 1,, because its size is still limited by the D.C. voltage drop across it. 
The gain of the stage will be still given by 

Voltage gail.l = ~ = ___di_, 
C1 Tp + R 

but now rp will be much larger than R (R is even smaller thn.n Rp), so it is 
possible to consider that (r11 + R) is about the so.me as rp and write 

~ =J!...R. 
e1 Tp 

N ow f is equal to Om: the mutual conductance or transconductance of the 
'P 

tube, so for a pento.de the gain of a st~Lge of amplification is given by 

Voltage gain = ~ = YmR, 
Ct 
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which is approximn.tcly equal to g111R,, if the grid-leak resistor is several 
times larger than the plate resistor R11 • 

From t his i·elation it is evident that tho figure of merit or worth of a 
pentodc as a resis tance·coupled amplifier is its trs.nsconducto.nce rather 
thn.n its amplification factor. With the pcntode as with the t riode, the 
D .C. voltage mi the pWle is the plate-supply voltage minus the voltage 
drop in the plate resist.or. :however, with tbe triode the plate current that 
flows is proportional t.o the plate voltage so that if this phle voltage should 
be decreased owi.ug to use of n. larger plate i·osistor or lower plate-supply 
voltage, the plat e cmrent will decrear;e u.nd so reduce the voltnge drop in 
the plu.to resistor. In tho cnsc of the pentodo tbere is no such compensating 
effect because the pla~c current depends upon the screen voltage and is 
almost independent of the plate voltage. For this reason, if a larger plate 
resistor is used or the plate-supply voltage is reduced it is neccs.5m'Y to 
reduce the plate current by decreasing the screen voltage. If this is not 
done the plate voltn.gc mn.y bG reduced to n.lmost zero and the tube will 
cease to function as o.n amplifier. 

Multistage Audio Amplifiers. · It is generally desirable to have more 
gain than can be obtained from a single stage and for this purpose two or 

c c 

lnput 
Rp Rp R, 

Output 

RF 
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Fta. 7-5. A Two-at.ago Resistance-couplotl Amplir•cr Using P ont.odes. 

more amplifier s tages are connected in cascade. A typical circuit using 
two pentodes jg shown in Fig. 7-5. The resistors R11 and R0 n.rc the usual 
plate and grid·leak resistors respectively, ::md the condensers C are the 
coupling condensers. Resistors RD arc voltage-dropping resistors to 
reduce the screen volt ages belo\v t hose used on the plates, and condensers 
CD arc the necess.'lry screen-r~istor by-pass condensers whose function 
has already been discussed 'in Chapter 4. Resistors Ro o.re cat hode re­
sistors whose function is to furrrish tbe. required grid bia.'3. Beea.use the 
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plate current must flow th.rough t hese resistors in order to complete the 
path back to ground and the high voltage supply, there will be a positive 
voltage on the cathodes furnished by the IR drop across these resistors. 
Since t he grids are operated at ground pot.ential, the cathodes will be more 
positive than the grids, or the grids will bo negative with respect t o the 
cathode, by the voltage drop a.cross the cathode resistors. The required 
size of resistor is then given by 

E 
R - ' G -y, 

1' 

where E, is the required grid bias and I,, is the D.C. plate current Bowing in 
that particular tube. T he condensers C, are cathode by·pass condensers 
whose function is to by-pass the signal currents around the cathodt~ re­
sistors. This low-impedance path is necessary, for otherwise the audio­
frequency variations in the plate current would produce an audio-fre­
quency voltage whieh would be introduced directly into the grid circuit. 

The resistor and condenser combinntion RrCr constitutes what is known 
as a filt~r or decoupling circuit. One of the precautions that must be taken 
in constmcting a multist.age audio amplifier is to prevent the signal voltage 
in the output stage from getting back to t he input circuit. If this feedback 
occurs the signal which is fed back will be in such a direction tha.t it either 
aids or opposes the original input sigmil. The first is called regenerative 
and -the second dc(lenerative feedback. With regenerative feedback the 
signal f cd back from the output results in still more signal being fed into 
the input and the signal strength may progressively incrense until the 
amplifier reaches an oscillating or singing coudition. This phenomenon 
is particularly t roublesome with three-stage amplifiers or with two-stage 
amplifiers having a high gain, for t hen the output signal is very large conl­
pared with the input signal and it requires only a very small percentage 
of the output signal to be fed back to produce t he unwo.nted oscillation. 
This feedback may occur in several ways, but in audio amplifiers the most 
common cause is the coupling between stages clue to the common high­
volt.age supply. If batteries a.re used they will have a low internal resist­
ance when they are new and no feedback clifficulties should be experienced. 
However, as the batteries age t heir internal resistance increases greatly. 
The alternating plate current of the last stage flows through this resistance 
o.nd the result ing alternating voltage is applied to the plate of the first tube 
and hence directly onto the grid of the second t ube. This condition results 
in feedback. 

If a power supply is used instead of batteries it must be well filtered, as out· 
lined in Chapter 5. In this case the alternating pl.ate current must flow 
through the output condenser of the fi lter and so will produce a voltage drop 
across this condenser. The condenser is usually quite large, sa.y 8 µf, so this 
voltage drop will be very small except n.t the low frequencies where the con-
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denserreactance 1/ (27rfC) becomes o.ppreciable. * (For example, an 8-µ.f 
condenser has~ reactance of only 20 ohms at 1,000 cycles, but t his increases 
to 400 ohms at 50 cycles.) For this reason the frequency of the oscillation 
which occurs is generaUy quite low and gives rise to the sound !mown as 
motO'l·-boat:ing. This type of feedback.can be eliminated by the filter circuit 
CFRG(sometim.es for high gain a two-section filter is required). The resistor 
and condenser in series act like a voltage divider across the power supply 
with only the voltage across the condenser being applied to the plate circuit 
of t he fast tube. If the condenser rcacta.nce is small (that is, if t he con­
denser is large) and the resistor is large, this voltage will be only a small 
fraction of the original voltage appearing across the power supply. 

Hum and Tube Noise. When several stages of amplification are used 
difficulty is often experienced with hum and other noise which is present 
with no signal applied to the input. T his trouble occurs because in a. 
high-gain amplifier even a very small stray voltage picked up in the first 
stage may be amplified to a large signal at t he output. Hum may origi~ate 
from stray electromagnetic or electrostatic pickup from A.C. power lines. 
T his type of pickup cun be eliminated by adequate shielding. Shielded 
t ubes and grid leads are necessities for t he first stages of a high-gain ampli­
fier. A poorly filtered power supply is a common source of hum and for it 
t he remedy is obvious. With A.C. operation the filament leads carry · 
alternating current, so they should be twisted together in order to reduce 
their magnetic field and should be kept as for as possible from grid and plate 
leads. (The corner of the chassis is a good place to run filament leads.) 
When direct current is used for t he filament the grid return may be made 
to one side of the filament supply (usually the negative), but when alter­
no.ting current is used to heat the filament the grid return should be made 
to the center t.ap of the filament tra.nsformer. If there is no center t.ap, a 
small center-tapped resistor ma.y be connected across the filamen~ leads 
and the grid return made to the center of t his. Sometimes a small potenti­
ometer is used and a screwdriver adjustment provided for setting to the 
position resulting in least hum. 

T ube noise may also be a. source of trouble in an audio a.mplifi.er. It 

• For purposes of quickly estimating the effect of a condenser it is well worth remem­
bering that nt 1,000 cycles a l-µf condenser bas a reactnnce of 160 ohms u.pprox.imately. 
From this it is p ossible to estimate without slide r ule or pencil and paper the 1tpprox.imate 
reaetanco of auy other size of condense:r at any audio frequency. For example, the 
reitctancc of o. O. l-µf condenser i~t 50 cycles would be 

. 1 1000 
lGO X J X SO = 160 X 10 X 20 = 32,000 ohms, 

while tl1e rcactance or an 8-µ£ condenser at 100 cycles would be 

160 X ! X l,OOO = 160 X 10 = 200 ohms 
8 100 8 . 

In the rn<lio-frequency rango it is u...<:eiul to remember that 1.000 u uf at 1.000 lee has 
160 obms reactance. 
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may a.rise from mechanical vibration of the tube parts,. in which case it is 
culled microphonic noise. Replacing the offending tube with a nonmicro­
phonic ·tubc will usually cure this source of trouble. Another form oftube 
noise appearing a·t very high amplifications is a hissing sound produced 
by the so-called shot effect. This effect is due· to the random motion of 
electrons in the tubes, in particular the first tube of the amplifier, because 
any noise occurring there is amplified by all the other stages. A similil.r 
type of noise, which places an upper limit on' the amplification that ~an be 
obtained, is that known a.s thermal agitation. The electrons in any con­
ductor or resistor are iu constant motion back and forth, with an average 
velocity that increases with the temperatme of the material. This random 
motion of charges produces fluctuating volt~iges in the conductor or resistor 
and these are amplified by the amplifier. The noise due to thermal agita­
tion in the g1·id resistor of the first tube is of most importance, because it 
receives the full amplification of the amplifier. The noise can be reduced 
by using a lower vtilue of resistance but this will also decrease the signal 
gain and the signal-to-noise ratio will not be improved. 

Over-all Gain and Frequency Response. The total gam of an amplifier 
consistiQg of several stages is the prochict of the gains of the individual 
stages when these gains are expressed as voltage rat,ios. For an amplifier 
having a voltage gain of 100 in each of the first two stages and 2 in the 
last stage, the over-all gain would be 100 X 100 X 2 = 20,000. When 
the gain is expressed in decibels the total gain is the sum of the gains of the 
individual stages. From Fig. 1-13 of Chapter 1 it will be found that the 
gain of the above amplifier would be '10 + 40 + 6 = 86 db. The over-all 
frequency response of an amplifier is also the product of the frequency 
response of the i.ndividm1.L stages whell this frequency response is expressed 
as a voltage ratio, as in Fig. 7-3d. If the gain of an amplifier stage, at 
10,000 cycles were only ha.If of the gain at some reference frequency such a.s 
1,000 cycles, then the gain at 10,000 cycles of two such stages in cascade­
would be only ~ X ! = t of the gain at the reference frequency. If the· 
frequency response were e'rpressed in decibels a single stage of the above 
amplifier would be down 6 db (see Fig. 1-13) at 10,000 cycles below the 
gain at 1,000 cycles. Two similar stages in cascade would be clown 6 + 6 = 
12 db at 10,000 cycles. It is apparent that if the over-all frequency l'e­
sponse of an amplifier is. to be reasonably good, the frequency response of a 
single stage must be very good. It is possible to compensate au amplifier 
to improve its frequency response and some methods of doing this ·will be 
discussed under video ampl(fiers. 

Nonlinear Distortion in Audio Amplifiers. All of the three types of 
distortion discussed in Chapter 6 are found in audio amplifiers. The first 
of these, frequency distortion, has a.b-cady been covered under resistance­
c:oupled amplifiers, and the third, phase distortion, is not important iil 
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audio amplifiers. Nonlinear or amplitude distortion t)sually appears in the 
output or power stage of an amplifier because that is where the signal is of 
greatest amplitude, but it may be produced in any of the other stages if 
incorrect operating conditious are used. Figure 7-6 shows possible ways 
in which nonlinear distortion may be iutroduced into an amplifier. 

In Fig. 7-6a are shown the correct operating conditions with the tilter­
nating grid voltage swinging over the linear or straight-line portion of the 
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FIG. ?-6. )J"onlincs.r Distortion Produced by Incormct Opers.t,ing Conditions. (a) Cor­
rect operating condit,iou. (b) Gl'id bias too large. {c) Grid uius t-00 sm11ll. (d) Correct grid 
L>i11s l>ut grid driviog voltage too high. 

characteristic curve. The result is a plate-current wave form that is n. 
faithful reproduction of the grid voltage wave form. 

In Fig. 7-6b is shown the effect of using too large a value for the D.C. 
grid bias. Operation has now been carried into the nonlinear portion at 
the lower end of the Eq-Iv curve and the resulting plate~current wave will 
be flattened off on the lower peaks. This flattening results in the introduc­
tion of new frequencies (particularly second harmonic) in the output that 
were not present in the input. 

In Fig. 7-6c is shown the effect of using too small a value of gl:id bias. 
This insufficiency allows the instantaneous g1·id voltage to swing positive 
over a fraction of a cycle. If the upper pttrt of the characteristic curve is 
straight (solid-line portion) no particula.r harm will result, but if it curves 
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sharply aod flattens off (dotted curve) after passing into tho positive grid­
voltage region, t;he upper peaks of the plate-current wave will be cut off 
aud serfous distortion will result. 

This dotted curve is the one that usually applies. It is obtained when 
the gl'id circuit has a high .resistance, as was the case in the resistance­
coupled amplifier. As long as the grid is negative it attracts no electrons 
and no grid current flows. However, when the grid goes positive it attracts 
some oi tlle eicctrons being emitted by t he filament and grid current flows. 
If the grid circuit has zero or very small resistance, this fiow of grid current 
has little effect on the grid voltage; but if this grid current has to flow 
through a high resistance (as would generally be the case), a large voltage 
drop occurs across the resistance and this drop reduces the grid voltage. 
This voltage reduction in turn reduces the plate current which would flow 
for positive grid voltages, and changes the characteristic curve, as shown by 
the dotted portion. If special low-impedance grid circuits are used it is 
possible to operate in the positive grid region without serious distortion and 
it is somet.imes desirable to do this because of the larger power outputs 
obtainable. Such operation is indicated by use of the subscript 2 after 
the letter, indicating the class of operation. 

Figure 7-6d shows operation with the correct grid bin.s but ·with too 
large u. signal voltage on the grid. In this case both the upper and lower 
peaks are flattened off and the distortion may become quite bad. 

lb (A) 
E - Static Characteristic Curve 

b R Constant Plate Voltage Eb= Etb 
E P (Rp=O) 

I 

Ebb 

,. /Dynamic Characteristic Curve 
Plate Voltage Eb-Ebb-lbRP 

Fto. 7- 7. Sta.tic and Dynamic Characteristic Curves of n Vacuum Tube. 

Dynamic Characteristics of a Vacuum-tube Circuit. .From the above it 
will bo apparent that the selection of the correct opern.ting voltages for a 
tube is quite important if a large signal with low distortion is desired. 'l'o 
dctennine the correct operating voltages it is necessary to consider the 
!lO~ion of a tube in a circuit. Fii?Ure 7-7 \curve A) shows a. mutual-~~rav~ 
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tcristic curve for a tube relating grid voltage to plate current. (This 
curve is similar to t he curves of Fig. 4-8, Chapter 4.) However, tbis curve 
cimnot be used in plotting the operation of the tube in. a circuit because it 
is for a constant plate voltage and makes no allowance for the fact tho.t the 
actunl plate. voltage decreases a.s the phte current increases owing to the 
voltage drop ln the plate resistor. The curve which takes this into account 
and which shows actual plate current against grid voltage when there is a 
resistor in the plate circuit is a lower curve, such as (B) in Fig. 7- 7. This 
curve is the dynamic or operating chracteristic mentioned in Chapter 4. It 
depends upon the size of the load or pla.tc resistor as well as on the charac­
teristics of the tube. This dyn.n.rnic characteristic can be obtained very 
·easily from the plate characteristics of the tube and t he load line. Each 
intersection of a plat e-characteristic cttrve with the load line shows the 
plate current that will Bow for a. given grid voltage Ee and for the actual 
plate voltage on the tube. Therefore, if these corresponding values of plate 

. current n.nd grid voltage n.re plotted on the diagram of F ig. 7-7, Lhcy will lie 
along n. line such as B. This line is the dynamic chrs.cteristic curve for the 
value of load resistor used to construct the load line in Fig. 4- 12. For a 
larger value of resistor, the load line of Fig. 4-12 would be less steep and 
the dynamic cb:uactcristic of Fig. 7-7 would also be less steep as indicated 
by the dotted cl.ll've B. 

The dynamic characteristic obtained in this way can. be used to plot the 
plate~curren.t changes that will occur as the grid voltage is varied. This 
plot is shown in Fig. 7-B. If the dynamic charn.cteristic is curved, then non­
linear distortion will occur and new frequencies (chiefly second harmonic) 
will be introduced into the output, as shown in Chapter 6. Howevet, the 
dynnmic characteristic will be straighter than the static chamctcristic and 
in general the higher the value of load resistance the strn.ighter will be the 
dynamic curve. 'fhe amount of distortion, as indicated by the percentage 
of second harmonic present in the output wave, can be estimated roughly 
from the shape of the plate-current wave in Fig. 7-8. The solid line shows 
t he actual pla.tc current, which has a greater amplitude for the top half of 
the wave than for the lower halt - The dotted line is a true sine wave for 
which the two halves arc equal . Also shown dotted is the second harmonic 
wave, which when added to the dotted sine wave (fundamental) should give 
the actual ~ave. The percentage of second harmonic will be given approxi­
mately by (a/b)lOO. 

It is o.lso possible to d etermine the second-harmonic percent.ago dirnctly 
from a set of plate-currcut-plate-voltage cmves such as those of Fig. 4-12. 
This second method is dealt with in most tube manuals. 

Selection of the Operating Point. Figure 7-8 shows that in order to avoid 
distortion the tube should be operated 011ly over the straight-lino portion of 
its characteristic and the lower curved por t ion of the dynamic curve should 
be avoided. Because the grid should never he allowed to swing positive, 
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this requirement locates tbe opera.ting region between. the point where the 
curvature star ts at the lower end of the curve and the point E, = 0 at the 
upper end. The operating point P should then be midwo.y between these 
limits. This same operating region can be located directly on the load line 
of Fig. 4-12. It extends along the load line from the curve Be = 0 down 
Lo the region where the plate characteristics become curved. 

Dynamic 
Characteristic 

p 
I 
I 
I 
I 

-----l-----
1 

7 

------- -- -~ :./ __ L 
True Sine Wave->'~-"'--- ~t-

Grid Voltage 

FIG. 7-8. Distoriion Introduced by n. Nonliuoar Dynamic Cha.motoriaLio. 

Avoiding Nonlinear Distortion. To nvoid excessive distortion in an 
amplifier st.age certain precautions must be obserred. 

(1) The correct. plate and grid voltages should be used so that operation 
takes place on the linear portion of the dynamic characteristic curve. The 
manufacturer usually specifies two or three sets of correct operating volt­
ages, and where possible one of these should be used. I t should be remem­
bered that the voltiige on. the plate of tho tube will be less than the supply 
voltage by the voltn.gc drop in the plate resistor or coupling transformer. 
In the latter case the drop will be small, but in the former cnse it may be 
the larger part of the supply voltage. 

(2) The load resistance should be of the right value. In the case of 
triodes th.is usually means about two or three times the plate resistance of 
the tube if maximum power output with small distortion is desired. In 
the case of pentodcs the amoont of distortion increases quite raoiclly if the 
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wrong load resistance is used. The correct value is usually specified by 
t ho manufacturer and this recommendation should be follo wed closely. 
With pentodes it should also be remembered that if the value of plate 
resistor is increased it is necessary to reduce the plate current by reducing 
the screen voltage in order tha.t the voltage ch·op across the plate resistor 
should not be too great. 

(3) Even with correct operating potentials and Jon.cl resistance, serious 
distortion will occur if tho sigool voltage on the grid is too great. In this 
case both peaks of the output wave will be flattened off. The remedy is to 
reduce the input signal voltage by means of a. poten tiometer or volume 
control in the grid circuit. 

Transformer-coupled Amplifier. Another type of coupling commonly 
used in audio-frequency amplifiers is transformer conpling. Although its 
most general use is in coupling the output stage to tho speaker or load, it 
may n.lso be used as intcrsttige coupling. Here it ht1.s the advantages of 
giving somewhat higher gain and elim inating the voltage drop that occurs 
in the plate resistor when resistance coupling is used. It has the dis­
advantages of greater cost, increased space requirement, and the possibility 
of a poorer frequency response. In a resistance-coupled amplifier all the 
volttige gain is produced by the tubes and the maximum gain possible from 
a sfal.ge is given by the amplification factor or µ. of tho tube in that stage. 
As was shown in an earlier section, the actual amplification is always less 
thnn µ by the factor 

R 
Rp+ R· 

With a transformer-coupled stage, however, the maximum possible gain is 
given by µ X n, where n is th e step-up turns ratio of the t ransformer. For 
reasons to be given, n is generally limited to about 3, bnt even so with 
low-µ tubes t his is au important factor and the early nudio amplifiers were 
mostly transformer coupled. However, the introduction of pentodes :md 
high-µ. triodes has largely removed this advantage been.use it is now possible 
to obtain easily amplifico.tions of the order of 100 times with a single 
resistance-coupled amplifier sttige. For this reason tru,nsformer coupling is 
used mainly in the power amplifier stage or stages where certain other 
advantages make it.s use desirable. 

F igure 7-9 shows a transformer-coupled amplifier, an approximate 
equivalent circuit, and a typical curve of amplification against frequency. 
Tbe amplificat ion is fairly uniform over the medium-frequency range 
from b to c but falls off at the low-frequency end (a to b) and aga.in 
at the high-frequency end (d to e). The 11mplificatio11 represented 
by the 'flat portion b to c is approximately µ. X n. For all low and 
medium frequencies up to the point c, the voltage e, ncross the secondary 
of the transformer is n times the voltage e11 a.cross the primary. For a 
given sigoa.l volt.age eg on the grid of the tube the voltage e11 depends upon 
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the ratio of the reactance of the primary winding of the transformer to the 
plate resistance r:11 of the tube. It is very small when that reactance is 
much less than 1·11 and increases as tho reachmce increases, 11pproaching n. 

(a) 

frequency 

(c) 

( b) 

Fro. 7-9. (:1) 'l'rnnsformer-coupled Amplific.r. (b) Approximate Equivalent Circuit 
Showing Effect of CapMities. (c) 'l'ypicul Frequency-response Curve. 

constant value µell as the reactnnce of the tr~tnsformer primary becomes very 
la.rge compftred with rv. This beb:wior is similar to the way the output 
voltage of a resistance-coupled amplifier increases as the load resistor is 
· increased and a curve 
~ 100 similar to the curve of 
E 
8 80 Fig. 7-2c would apply. 
'O This is shown in Fig. 7-
gi., 60 ~ 101 where ep is plotted 
~ 40 against the ratio of the 
(f primary reactance X 11 to 
~ 20 the plate resistance rP. 
: o The reactance of the pri-

o I 2 3 4 5 6 7 8 9 IO mary winding depends 
·~P Ratio of Reactance of Transformer Primary 

to the Plate Resistance of the Tube upon the frequency .and 
is given by 21Tf[, where L 

Fm. 7-10. Voltngo c'P acroes the Pl'imary Winding of a is the inductance of the 
'rransforma:r aa u Function of the Reactancc of the Wind-
ing. winding, a constant, and 

f is the frequency. The 
curve of Fig. 7-10 is there.fore also a picture of how eD varies with the fre­
quency. At a frequency which makes 2rrJL = rP, e9 will be .707 times its 
maximum value µell. Above this frequency the amplification changes very 
little but below this frequency it falls off sharply. 

It is istill necessa,ry to explain the hump t~t point d and the shtirp drop in 
amplification at still higher frequencies. Both primary and secondary 
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windings of the transformer consist of a large number of turns of wire and 
there is considerable cap~tcity between windings and between the individual 
turns of each winding. These capacities can he represented approximately 
by an equivalen.t capacity shunted across the secondary winding (Fig. 7-9b). 
At low frequencies this capacity has negligible effect because its reactance 
will be very high, but at high frequencies where its reactance becomes 
smaller it acts as a shunt to by-pass the signal and the amplification is lost. 
This effect is shown by the portion o:f the curve from d to e. · At some 
point intermediate between the high-frequency and low-frequency cases, 
represented by the hump d, there is a frequency at which resonance can 
occur between this equivalent capacity and the leakage reactance of the 
transformer. At this frequency the amplification may rise to quite large 
values, producing serious frequency distortion. This situation will be 
especiaUy probable if the plate resistance rp has a very low value. 

Si.nee the amplification of a transformer-coupled amplifier stage is given 
approximately by µn, it would nppen,r possible to produce very high 
amplifications by the simple expedient of making the turns ratio extremely 
large. However, if this is done by winding on a large number of turns on 

, the secondary the equivalent capacity across the secondary will be in­
creased to such an extent that the Wgh-frequency response of the trans­
former will drop off bacUy. On the other hand, if the turns ra.tio is increased 
by decreasing the number of primary tums, the primary reactance will be 
9ecreasecl and the low-frequency response will suffer. Usually a trans­
former ratio of 1 : 3 is about the greatest that can be used. 

A transformer is 
generally designed to 
be used with a tube 
having a certain 
value of plate resist­
ance. The effect of 
using tubes having 
plate resistances 
higher and lower 
than this proper 
value is shown in 
Fig. 7-11. 

Curve (a) is for a 
tu be lrn. ving about 
the correct value of 

(c) Plate Resistance 
too High~ 

~....;:..--

Plate .Resistance 
Correct 

(a) 

Frequency 
Fro. 7-11. Effects of Different Pluto R~sistances on the 
Frequency Ress)OUSC or a Transformer-eoui>lcd Amplifier. 

plate resistance. If the pla.te resistance of the tube is much lower than the 
proper value (curve b) there is danger that the hump in the amplification 
curve will rise to a high peak. If the plate resistance.of l;he tube is much 
higher than the proper value, the primary reactance of the transformer at 
low frequencies will not; be large compared with rp, and so the low-frequency 
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amplification will be reduced. At the high-frequency end the shunting effect 
of the equivalent capo.city wm be greater and t.be high-frequency response 
will also be reduced. Because tubes with large plate resisLa11ces also have 
large amplification factors, the amplification in t l1c middle-frequency 
range, still being given by µn, may be quite high inid the resulting curve 
will be as shown it1 c. This explains why it is not fen.sible to use pentodes 
or high-µ. triodes with o. transformer t.o obtain very l:ugc amplifications. 
If for some n>ason it is desired to use n transformer with n. tube having a 
high plate resist.ltnce, this can be done by shunting the primary winding of 
the transformer with a. resistance equal to the plate resistance of the tube 
that should be used with the transformer. This shunt hM the effect of 
reducing the amplific:i.tiou in the medium-frequency range and the result­
ing frequency response will be about the same as would be obtaiJJed with a 
tube having the concct plate resistance. The actual amplification that 
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Fm. 7-12. (n) A :Push-pull A.mpllficr. (h) Reduction of Even Ilnrrnonic Distortion by 
U~e of Push-pull Conueotion. 

results will be proportional to the trn.nsconduct.ance of the tube being used 
and >vill be independent of its o.mplifica.tion factor. 

Push-pull Circuits. To get greater ouput than can be obtained from a. 
single tube, two tubes 9.re often connected in a push-pull circuit as shown in 
Fig. 7-12. At the instant the voltage on the grid of tube 1 is a positive 
maximum , the volt..<t.ge on the glid of tube 2 will be a negative maximum. 
At this instn.nl; the plu.tc current of tube 1 will be increasing and the plate 
cunent of tube 2 will be decreasing. These currents will produce voltages 
in the seconda.~y of the transformer that are in the same direction, and so 
twice the power output can be obttl.inecl. The cil'cuit ha.s t he advantage 
tho.t distortion from the second and all even harmonics will be reduced, 
because for thcsr harmonics the currents will ftm,. in opposite directions 
through the transformer and so cancel out. Even harmonics give to the 
lower half of a wavo a shape clifferrnt from that of the upper half, as for 
example the flattening off of the lower half shown in Fig. 7-6, when too 
large a grid bias was used. In a push-pull circuit the top half of the current 
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wave of one tube is added to the bottom half of the other, and a symmetrical 
wave results. This is sbowu in Fig. 7-12b. Because twice the output of a 
single tube can be obtained with less distortion, it is possible to obtaitl more 
t,han twice the output with the same distortion given by a single tube. 
Push-pull operation also has the advantage t hat any A.O. hum volto.ge 
from. tho power supply will produce current,5 in opposite directions in tho 
primary of t he transformer and no hum voltage will appear across tho 
secondnry . H owever, this advantage applies only to hum introduced in 
this stage, since hum introduced in preceding sta.ges will be amplified just 
as is t he signal voltage. The D.C. pla.te currents to the tubes also flow in 
opposite directions in the transformer primary winding so t hat large plate 
currents may be used without danger of sat urating the '.core. 

Power Amplifiers. T he final sta.ge of an audio ll.Illplitier is usually a 
power-amplifier stage, because loudspea.kers, modulation transformers, 
and m ost other devices which 
the radio signal must drive 
require power (that is, cttr­
rent us well as voltage) for 
their operation . Class A am­
plifiers are used extensively 
as po,ver amplifiers and the 
essential differe.nce between 
their operation as power 
amplifiers and their opero.tion 
as volta.ge amplifiers is in the 
magnitude of the load resist­
ance and the plat e voltage 
used. For voltage amplifica­
t ion t he load resistance is 
ma.de os high as possible to ob­
tain maxi.mum voltage gain; 
but when power out put is the 
chief consider ation t he load 
resistance is reduced t o a. 
value t hat gives most power 
for a certain permissible value 
of distor tion. With power 

Grid Bias-

+ 
Class A1 

Class AB1 

Class AB2 

Class B 

amplifiers t he highes t pos- Fm. 7-13. Audio Amplifier ClaMi lico.tions. 

sibl.e plate voltage is used 
because the power output possible is directly dependent on the plate 
voltage. 

To obtain larger power outputs for a given tube size and plate voltage, 
Class AB and Cluss B operation are used. The different amplifier classi­
fications are shown in Fig. 7-13. · In Class A.1 operation the grid-voltage 
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swing is generally confined to the linear portion of the curve and the plate 
cmTent flows for the entire cycle. The grid never goes positive and hence 
the maximum grid swing permissible is limited to that shown in Fig. 7-13. 

By increasing the grid bias Ee a larger swing of grid voltage can be ob­
tained without the grid ever going positive; such operation is known as 
Clnss AB1. In this c11se the negative peak of the grid-voltage swing c~1rries 
the operation off the curve ::md the plate current is zero for a fraction of a 
cycle. This would produce excessive distortion with a single tube, but by 
using t.wo tubes connected in push-pull the clU'rent waves 11re made to 
supplement each other as shown in Fig. 7-12b; thus the distortion is kept 
within reasonable limits. 

If the grid-voltage swing is iucreased still fwiher with the sam.e grid 
bias, a greater output can be obtitined but the grid will be positive for-a 
small portion of the cycle. Such operation is called Class AB2. It requires 
a driving voltage fed from a low-irnpedance source, or grid-circuit nonlinear 
distort ion of the type shown in Fig. 7- 6 will result. Practically, this means 
that because the grid circuit dra.ws cunent it requires power from the pre­
ceding stage. For this reason the preceding stage should be a Class A1 

amplifier feeding the grid circuit; of the Class AB2 stage through either a 
one-lo-one or a step-down transformer. 

Ji:ven greater power output ~an b~~ obtained from a tube by operating it 
Class B, in which case the grid bi!is is increa.s<~d almost to plate-current cut­
off so that plate current flows only for the positive half of the grid-voltage 
swing. Because this type of operation is used chiefly to modulate the ra<lio­
frequency power of a transmit ter, a .more detailed discussion of it will be 
given in Chapter 11. 

Inverse Feedback. Distortion in an audio amplifier can be reduced and 
t he frequency response of the amplifier greatly improved by the use of 

INPUT 
a 

10 Volts 

b 

c 

Amplifier 1 Volt 

-9 
Volts d .__ _ _ ___ __ ___. 

OUTPUT 

FIG. 7-14. Principle of Inverse Feedback. 

inverse feedback (also called negative or degenerative feedback). This 
im.provement in quality is obtained a t the expense of the gain of the mnpli­
fier, but with modern high-µ. tubes it is easy to obtain all the gain tbttt may 
be desil'ed. In an inverse-feedback circuit; some of the output voltage is 
Jed back to one of the preceding stages in a. direction such that the voltage 
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fed back opposes the original signal voltage at that point. If some dis­
tortion has occurred in the amplifier and the output contains new frequen­
cies not originally present in the input, these new frequencies are now intro­
duced into the input in a direction such as to tend to cancel those produced 
in the amplifier itself. Again, if t.he a.mpli.fier produces frequency distor­
tion so that some frequencies are amplifi.e~ more than others, these over~ 
amplified frequencies produce a large signal in the input (due to the feed~ 
back). This large signal opposes the origimtl signal and the actual input 
signal at these frequencies will be small. A numerical example will help 
make this situation clear. 

Suppose an amplifier without feedback requires 1 v input acros.q cd to 
produce 100 v output (Fig. 7-14). A feedback circuit is then added which 
feeds back 9 v to the input when the output is 100 v. If this 9 v is in 
the opposite direction to the original 1 v, it will now require IO volts 
(1 + 9 = 10) at the input tel'minals ab to keep 1 v at cd and so nuiintain 
the 100 v output. The original gain of the amplifier without feedback was 

~utput volts = 100 = lOO. 
mput volts 1 

The new gain with feedback added is 

OU tput = 100 = 10 
input 10 · 

' The first effect of feedback has thus been to reduce the gain of the amplifier. 
These results can be expressed mruthematically by saying that the gain of 
the amplifier with feedback is given by 

G
. A 

am= 1 - fJA' 

where A is the amplification without feedback and {3 is the fraction of the 
out.put volt.age that is fed back. fo the above example A = 100 aud {3 = 
- 9/100 = -.09, so that 

G . 100 100 10 
iam = 1 - (100 X - .09) = 1 + 9 = · 

Now consi<lel' the effect on frequency response. Suppose the amplifier 
alone has considerable frequency distortion and amplifies a 1,000-cycle 
signal 100 times but amplifies a 3,000-cycle signal 200 times. For the same 
input signals the rtl.tio of 3,000-cycle to 1,000-cycle signal in the output. will 
be 200 /100 = 2, without feedback. When feedback is applied it will re­
quire for the 1,000-cycle signal 10 v at ab to produce 100 v at the output. 
(As before, 9 v of this will be used in overcoming the feedback voltage and 
the other volt will appear across ed.) However, for the 3,000-cycle signal 
it requires only 9t v at ab to produce 100 v at the output, because it re­
quires 9 v to overcome the feedback voltage and only ~ v across cd to pro-
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duce 100 v at the output. Thus it is .found that with feedback the amplifier 
gain for 1,000 cycles is 100/10 = 10, but for 3,000 cycles it is 100/9.5 = 
10.5 approximately. If a 10-v 1,000-cycle signal is applied at ab the output 
will be 10 X 10 = 100 v, but if a 10-v 3,000-cycle signal is applied at ab 
the output will be 10 X 10.5 = 105 v. With feedback, then, for the same 
input signal the ratio of the output voltages at 3,000 cycles and 1,000 cycles 
will be 105/100 = 1.05. Instead of having twice as much 3,000-cycle out­
put as 1,000-cycle output (that is 100% greater) ill comparison with the 
case without .feedback, with feedback the 3)000-cycle output is only 5% 
greater than the 1,000-cycle output. 

Of course the over-all gain has been reduced but this cuu be overcorne by 
designing the original amplifier for very high gain. 

· PnAC'.t'ICAL INYERSE-Fl~En:BACK cm.curTs. Inverse feedback may be used 
over one, two, or "three stages. That is, the voltage may be fed back to the 

FIG. i-15. Two-stage Amplifier with Inverse Focdl>ack. 

same stage, to a preceding stage; or to the stage before the preceding stage. 
One- and two-stage feedback is fairly easy to apply, but three-stage feed­
back is more difficult because of the possibility of phase shift or delay in the 
amplifier. If this phase shift amounted to nearly a half cycle a.t any 
frequency the voltage fed back would aid rather than oppose the original 
signal a.ud oscillation would result. Figure 7-15 shows a typical two-sfa.ge 
feedback amplifier. Voltage is picked off the output stage at either of 
points a or b and fed back through a blocking condenser c and resistor R1 to 
the cathode circuit of the first tube. The amount of feedback is set by 
adjusting t he sizes of R1 and R2. Ji the voltage is picked off at a, any dis­
tortion introduced by the transformer is not compensated for by the feed­
back circuit. If the connection is mr.i.de to point b1 t.he feedback circuit. will 
also compensate for frequency distortion introduced by the transformer. 
However, if the secondary ·winding is a low-impedance winding such as 
would be used to feed to the voice coil of a loudspeaker, there may not be 
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sufficient voltage available for feedback at the point b, and it will be neces­
sary to make the connection to point a. 

The big advantage of inverse feedback in an amplifier is that it makes the 
gain and frequency response of the amplifier almost independent of changes 
that may occur in tube characteristics due to variations in supply voltages, 
aging of the tubes, and so on. The gain and frequency response depend 
mainly on the feedback circuit, and because this is composed only of re­
sistances and o. condenser, the characteristics will remain constant over a 
long period of time. For this reason inverse feedba,ck is applied to A.C. 
operated vacuum-tube voltmeters, D.C. amplifiers, o.nd other equipment 
that requires an arnpljfier of constant gain. 

Video Amplifiers. For certain a.pplications, especially in television, an 
amplifier is required which will pass a very wide band of frequencies, usually 
from about 20 cycles up to 3,000,000 cycles. Such amplifiers are called 
video amplifiers, because they are used to o.roplify the picture signal in tele-

Tube Capacitances Shunting Resistors 

(a} ( b) 

Fm. 7-16. (a) Video Amplifier Showing Tube Capacitancns. (b) Equivalent Circuit of 
Video Amplifier Correct for High Frequoncics. 

vision as opposed to the sound signal which requires au audio a:mplifier. The 
chief difference betwecu a video amplifier and an ordinary amplifier is that 
it must be designed to amplify the hlgh frequencies ns well as the medium 
frequencies. It is noi possible to build a trnnsformer-coupled amplifier to 
cover such a wide range, so some form of resistance coupling is generally 
used. T he amplification of an ordinary resistance-coupled amplifier drops 
off at the high frequencies because of the shunting effect of the tube capaci­
tances. This is shown in Fig. 7- 16. It is seen that the plate-to-cathode 
Capacitance CpK Of tube l , and t he grid-to-Cathode Capacitance CqK Of tube 
2, are in parallel with the plate and grid resistors respectively. Besides these 
there are the stra.y wiring capacitances to ground which are also in parallel 
with the resistors. At low frequencies these capacitances have very little 
effect bean.use their reactance is so large compared with the resistances, but 
at very high frequencies their reactances become very smnll and they act 
like short circuits across the resistors. To reduce this effect as much a.a 
possible, tubes o.re used which have small capo.citances combined with large 
values of transconductance. The amplifier is then wired in such a way as 
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to reduce wiring capacitances to a minimum. This care e:d;ends the fre­
quency rn.nge quite considembly. It can be further extended by uso of a 
compensatin{J ind7.tctance in series with the plate resistor. This is shown in 
Fig. 7-17, n.long with the equivalent circuit u.ccurate for high frequencies. 
The effect of the inductance is to form a parallel resonant circuit with the 
capacitance and so to produce a high impedance between the grid of the sec­
ond tube nnd ground. I3y suitable selection of the inductance, the resonant 
frequency can be placed at the desired upper limit of the frequency range. 
Because of Lhe large resistance R11 in series with L, the reso~ancc curve for 
this L, C, and R circuit will be very broad, so that t he impedance will be 
high over a wide frequency range. This condition improves the entire high-

(a) B+ (b) 

FIG. 7-17. (a) Video Amplifier Showing Compensating Inductance. (b) Equivalent Circuit 
Accurate for High Frequencies. 

frequency response of the amplifier, and with careful sclectiou of vn1ues it is 
pol'lsible to obtain nearly uniform re~poose up to 4 or 5 me. 

Direct-current Amplifiers. Most amplifiers whose circuits are similar to 
those desc1'ibed above have poor low-frequency respons~ and will not am­
plify D.C. voltages at all. Since it is sometimes necessary to amplify D.C. 
voltages, or A.C. voltages of very low frequency, changes must be made in 
the circuit of the amplifier. Many special cfrcuits have been developed 
which can amplify direct voltages. Such amplifiers are known as direct­
current amplifiers. The most common type of D.C. amplifier is the direct­
coupled mnplifier. Direct-coupled amplifiers are used in som e oscilloscopes 
to amplify voltages before applying them to the plates of the cathode-ray 
tube and in vacuum-tube voltmeters to increase their sensitivity. One 
type of direct-coupled amplifier , known as the Lo~in-Wbite amplifier , bas 
been used in radio sets as an A.O. amplifier. A type of direct-coupled 
amplifier is also used in regulated power supplies (see Chapter 5). 

It was pointed out earlier in this chapt.er that the drop in low-frcqueocy 
response iu a resist.ance-capacit.ance-coupled amplifier is mainly caused by 
the drop in voltage across the coupling condenser between stages. The 
coupUng con<lcnser blocks off D.C. voltages completely so that they do not 
reach the grid of the tube in the next stage. Hence, if D.C. volt.ages are 
to be amplified this condenser must be removed entirely from the circuit. 
However, if it is removed the plate volt.age of the pl'evious stage applies a 
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high positive bias to the grid of tho tube. To overcome this positive bias, 
the negative bias on the grid must be greatly inereased, so tl;lat a. large 
battery is required. The circuit in F ig. 7-18 shows an amplifier of this 
type. The first sta.ge is the same as used in rcsista.nce-capacitn.nce-couplcd 
amplifiers, except that there is no condenser in the input lead to the grid 
of the first tube. In the second stn.ge, the bias battery EC2 has to overcome 
a positive voltn.go equal to the supply voltage of t he previous stago minus 

Tube 1 

Input E + 
c, Eb, Eb 

--=-ij1i-:--i+ _ ______._ _ ___.______ -__, • 
irxG. 7-18. A D.C. Amplifier Circuit. 

the D.0. voltage drop in the plate resistor of this stage, and also bas to 
supply the nee~ negative bias for the tube. This circuit is ttn example 
of u. di1·ect-coupled amplifier, which could be used for amplifying either 
D.C. or A.C. voltages. This circuit is not often used because it requires 
such o. large bias battery in the second st.age. 

In order to reduce t he number of batteries required, the circuit cau be 
changed as show11 in Fig. 7-19. The plate resistor of the first tube and 

e 

Input Output 
b 

-4)1'-'-'-+ -~ 1111111111fit11111~~ - -----'-

Fm. 7-l9. ..i..n Alternative illc~hod of Connection for a D.C. Amplifier. 

one side of the filament, as well as the plate resistor of the second tube, are 
conuccted to taps on one battery. The plate supply for the first stage is 
the voltage between taps a and c. If the filament of the tube in the second 
stage were connected to point c instend of b, there would be a negati·ve 
bias on this stage due to the plate cul'rcnt in the first tube flowing in the 
resistor R111. 'l'his voltage is usually too large a negative bi.as for the second 
tube, so that part of it is bucked out by moving the filament lead to tap b. 
The plate voltage on the second stage is the voltage between taps b and d. 
In this circuit it should be noted that the filaments of the two tubes arc not 
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at the same potential, so that either separate filament supplies, or tubes 
with indirectly heated cathodes, must be used. 

Instend of using a tapped battery in the circuit of Fig. 7- 19, a voltage 
divider can be used as shown in Fig. 7-20. This circuit is known as a 
Loftin-White drrect~couplcd amplifier. When A.C. voltages are to be 
amplified, it is necessary to by-pass the various sections of the voltage 
divider with low-reactaoce condensers. At the lowest frequency to be 
amplified these condensers should have reftctances that are low compared 
with t he resistances they by-pass. · 

If more than two stages are used in n. D.C. amplifier, it becomes very 
difficult to make the amplifier stable. Any small changes in the voltages 
on the first tube are amplified to such an extent that it is bard to ma.intain 

Input 

Tube I 

a b c d 

Output 

R~ 

FIG. 7- 20. Loftin-White Dircct-coupletl. Amplifier. 

the· correct grid bias on the last tube in the amplifier. For this reason 
D.C. amplifiers seldom have more than t wo stages. 

Public-address Systems. One of the importa.nt uses for an audio 
amplifier is the amplification of speech and music, eitller indoors or out­
doors, so that the sound may be heard over a large area. A public address 
system (more briefly p. a. system) is the name given to the complete in­
stallation requfre<l for this application. A public-address system includes 
all necessary amplifiers, microphones, volume controls, m ixing systems, 
loudspeakers, record turntables, and sometimes volume indicators and 
monitoring systems. A block diagram of the main parts of a large public­
n.ddress system is shown in Fig. 7- 21. N ot all of these clements ~re in­
cluded in smaller public-address systems, which mo.y consist of only one 
microphone input, one phonograph input, and a simple volume-control 
system followed by one amplifier to feed from ODE:\ to three loudspeakers. 
Only very large installations use volume indicators and mouitoring ampli­
fiers. In these large ins tallations, such as in a theater , each of the pn.rts 
shown in the diagram occupies a separate chassis. The usual small public­
address system contains the amplifiers, the mi-,;:er, and the power supply 
tl.11 on one chassis. 

PnEA.MPLIFIERS. Most microphones now used have very low voltage 
outputs so that considerable amplification must be used with them to 
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produce the power required by the loudspeakers. While any properly 
designed amplifier with enough gs.in can be used, it is usua.1 to emplo:y a 
prea.m.plijier ah~~ad of the main amplifier. A preamplifier is an o.mplifier of 
moderate gain (about 50 db for example) especially designed to have very 
low hum and noise levels in its output. This low-noise feature is essential 
since any hum or noise iu. the first stage will be amplified by succeeding 
stages and will interfere with the desired audio signal. The noise level in a 
preamplifier can be kept low by using good-quality components in the 
circuit, by making careful joints and connections, and by ade.quate shield­
ing. A preamplifier is particularly susceptible to hum, so that <mre must be 
taken to keep it away from power transformers, filter chokes, and filament 

Preamplifier 

Preamplifier 

Volume 
Indicator 

Power 
Amplifier 

F10. 7-21. Block Diagram. of 1~ L1\rgc Public-address System. 

Loudspeaker 

Loudspeaker 

and power leads. A good way to reduce hum is to build tho preamplifier 
on a separate chassis, but with proper caro it is possible to include it oo the 
chassis wi th the main amplifier . 

.Mb::ers, volume con trols, and switching circuits are common sources of 
noise, so it is usual to place them in the circuit after the preamplifier. In 
this way, the microphone output is ampljfied enough by the preamplifier 
so that it overrides any noise introduced in these circuits. Noise from 
moving contacts in m.i.xers and switching circuits is mainly Ci\used by dirt, 
so that regulo.r cleaning is necessary w keep down their noise level. They 
may be cleaned with cn.rbon tetrachloride. 

1vhxEllS AND YOLUM I!: CO)l'TROLS. - When several microphones and phono­
graph turntables are used at one time, it is necessary to be able to control 
the volumes from each of them sepn.ratcly, an<l to combine OL' mix their 
outputs. This is accomplished by means of 11. mixing cinuit or m1:xer. 
While mixing circuits are ordinnrily used w mix the outpul.s of several 
sources to obtain the most natural balance between the vnrious sounds, 
somet.imes they arc used to change the natural levels to obtB.in specin.l 
effects. A mixing circuit is usually followed by a master volmne control or 
attcm~ator which changes the volume of all the signals after they ho.ve been 
mixed. 
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One of the simplest mixing circuits, known as a resistance mixer, is shown 
in Fig. 7-22. In this circuit the i!lputs arc applied to separate volume 
controls (variable resistors) and the val'iable arms of the controls connected 
together through the resistances R2 and R4. These resistances are neces­
sary in the circuit since, if they were left out, turning one volume control 
to zero voltune would short-circuit the output cf the other. They must, 
not be made too small, typical values being 0.25 to 0.5 megoluns. The 

Input I 

variable re.<;istors R1 a.nd R3are usually 
0.5 t.o 1.0 megohms. Resistance mix­
ers of this type do not give completely 
independent control, since changing 
one .control affects the volume of the 
other slightly. In most a pplications, 
however, the cbo.nge is not noticeable, 
as it is usually less than 6 db. 

Another simple type of mixing 
circuit is shown in Fig. 7-23, which 

Flo. 7-22. Resistance ll•Iixing Circuit. is called an electroni,c mixer. In t his 
circuit the two inputs arc connected to 

the grids of a twin-triode tube and the two plates are in parallel, with a 
common plate resistor. An electronic mixer gives completely independent 
control of the two inpnts. Figure 7- 24 shows a slightly different type of 
electronic mixing circuit which is often used in preference to that of Fig. 7-
23, as it has a higher gain. 

BroadCllsting studios and theaters employ mixing circuits which contain 
constan~·impedance volume controls or attenuators. These constant-

Input 1 

Input 2 

F1a. 7-23. Electroni" Mixer. 

impedance volume controls arc of three main types, called T-pads, H-pads, 
and L-pads, which are illustrated in Fig. 7-25. Their action may he seen by 
considering a T-pad as follows. The three resistances are made variable 
and are connected or ganged ton. single control knob. R1 and R2 arc made 
equal r-rnd vary together. As the control knob is turned, resistances R1 
oud R2 dcc;rease and resistance Rs increa.ses by the correct am.ount to 
maintain the impedance looking into the pn.d at a consta1)t value. But 
as the k"Ilob is turned in this direction, the voltu.ge drop across R1 and R2 
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decreases and that across R3 increases, so that more and more of the input 
voltage appears at the output, which may be thought of as being in paral­
lel with Ra if R2 is small. Thus a T-pad will change the volume in the 
circuit without changing the input impedance. The action of L- a.nd 

Input 1 

Input 2 

Fro. 7-2•1. Improved Elootronic Mixing Circuit . 

I-­
Output 

r 

li-puds may be analyzed similarly. T-pads and JI-pads maintain con­
stant impedance on both the input and output since they are symmet­
rical. The L-pad will maintain constant impedance in only one direction, 
that is, on the side containing the series arm. 

T-Pad 

L - Pad 

Fro. 7-25. At tonuntors. 

The way these pads can be coMected in the circuit to form a mixer is 
shown in Fig. 7-26. T his circuit uses two T-pads as mixers and one T-pad 
as a master volume control. Mixer 1 determines the volume of input 1, 
and mixer 2 that of input 2, while the master volume control gives control 
over t he volume of the total signal after mix:ing. Since changing the 
setting of mixer 1 does not vary the impedance at its output terminals, 
there will be no change in the impedance copnected to the output of mixer 2. 
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Consequently there is no change in the voltage supplied. by mixer 2 as 
mixer 1 is varied. This means that the settings of the mixer controls are 
independent of each othel'. In the circuit shown, the output.s of the two 
mixing pads arc really connected in series. Other arrangements are 
po5.5ible in which tho pads are connected in parallel. By using more pads 
it is possible to mix ns many circuits as desired, while a.lwo.ys having 
separate control on CJO.ch circuit. 

PunLIO-ADDRESS Allll'LIFIER cmcuITs. The purpose of the mo.in amplifier 
is to amplify the output of the mh.ing circuit up to a level sufficient to 
drive the loudspeakers to tho desired volume. A ~·ide variety of circuits 
is employed in these amplifiers, the circuit used depending on a. number of 

Mixer '1 

Master Volume Control 

Output 

Fro. 7-26. Comploto Mixing Syetem. 

foctors-;-SUch as power output required, type and number of input circuits, 
the quality or fidelity required, portabiliLy, and cost. Public-address 
nmplifiers are usually ra.tcd .in terms of t heir power output, which is the 
amount of power delivered to the load, with no more t han 5% to 103 
(\istortion. The power-output stage is ordinarily a Class A amplifier in 
low-power high-fidelity amplifiers, Class AB1 or Al32 in medium-power 
amplifiers, and Class B in the large amplifiers. Class AB a.mplifiers are 
very popular for public-address work because of their excellent power out­
put at low cost. The remainder of the amplifier is designed to provide the · 
necessary ampliucation between the output of tho mixing circuit and the 
input t-0 tho power stage. Factors in the design of such amplifiers have 
nlready been considered earlier in the chapter. 

A circuit diagra.m of n. typical public-address amplifier is shown in Fig. 7-
27. T his amplifier has an output of 12 to 15 watts undistorted, and is 
provided with oi1e microphone input and one phonograph input. A 
resistance mixing cirnuit similar to that shown in Fig. 7- 22 is used. The 
preamplifier for the microphone is a 6J7 connect.eel as a pentode resistance­
cn.pn.citance-typc a.mpliller. The gl'id bias for this stage is obtained from 
o. bias cell, a specially built battery for use only in grid circuits where no 
grid current fiows. The cells give a volt.age of from 1 to lf, and may. be 
connect~d in series to give higher voltages. They are often used to bias the 
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FIG. 7-'J:l. A 15-watt. Public-addccll!I System. 
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first tube in a preamplifier because they eliminate the cathode bias ing 
resistor and by-pass condenser, giving decreased hum and distortion nt 
low cost. 

The output of the mixer is amplified by a type 6J7 pentode tube which is 
operated as a triode by connectin g the screen, suppre.."SOr grid, and plate 
together to form t he trio<le plate. This stage is resistance-ca pacitance 
coupled to the next s tage, called the driver, which supplies grid excitation 
to the power-output stage. The plate circuit of the driver stage shown 
contains a shunt-fed or parallel-fed transformer. Many transformers nre 
designed to carry the D.0 . plate current of the tube to which they n.re 
connected, but often transformers are designed with relatively little h on 
in the core so that if the D.C. plate current should flow in the primary 
winding, saturation would take place, causing distortion. In t he latter 
case, the t ransformer is parallel fed, by using a resis tor in the plat e circuit 
just as in a resistance-capaci'tance-coupled amplifier. A blocking condenser 
is use<l to keep the direct current from flowing in the pr imary of the tnins­
fonner. This condenser must be chosen so that it will not resonate with 
the primary inductance of the transformer at a. frequency where this 
resonance would be object iono.blc. Sometimes, however, this resonance 
is made to occur a.t a frequency which will increase the bass response of 
the a.mpli fier. 

The power stage in the amplifier uses a pair of 6L6 tubes connected for 
Class Ai. T he output trausformcr is provided with two output windings, 
one to foed a londspeakcr and tbe other to feed a 500-olnn line. Output 
transformers often use tapped output windings instead of separate wind­
ings, and provision is made for supplying several loudspeakers, as well as 
the 500-ohm output. The 500-ohm output is used to feed power into a. line 
such as a telephone line, or to feed pmver over a transmission line to a loud-

Internal 
Resistance 

of Generator 

E= 10 Volts 

spmiker located a considerable distance 
from the amplifier. 

lMPED.A...""OE MA'l'CHING. In connecting 
together the various parts of th e public­
acldress amplifier system that have been 
described above, there a.re some precau­
t ions to be observed, one of which is 
impedance matching. When two pieces of 
equipment are connected together, their 

FJG. 7- 28. J~quivulent Circuit of 
a Generator Counct·k d w a Loa.cl. impedances are said t.o be matched when 

the impedance of the load is adjusted to 
the best value to absorb power from the source. Impedances arc matched 
for t wo reasons: (I) to obtain maximum power output; (2) to reduce dis­
tortion . 

To see why impedan<»e matching gives m:i.ximum power output , consider 
the circuit shown in Fig. 7- 28, which consists of a genera.tor (such as a 
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battery, a power amplifier, or any device capable of supplying electrical 
power) and a load resistance. All genera.tors have some internal loss which 
ci:tn be considered as an -internal resistance. In the figure, Il1 represents 
J;he intemal resistance of the generator, B2 the load resistn.nce and E the 
volta.ge of the . generator. The problem is to determine what the size of 
B2 must be to give maximum power output. 

Suppose the internal resistance of the generator is 1 ohm and its voltage 
is 10 v. Then if various values of load resistance are connected to the 
generator, that is, if various values are assigned to R2, the current can be 
calculated by Ohm's Law and the power in t.he resistor R2 determined. 
Table 7-1 shows the results of some calculations for various values of R2. 

TABLE 7-1 

Rz Current Voltage across Ri Power in R2 
(ohms) (nmperes) (wo.tts) 

0.1 9,07 .907 8.20 
0.5 (i.67 3.33 22.2 
I 5 5.00 25 
11 2 8.00 16 

100 .099 9.99 .998 

An examination of this table shows that the ma~imuro power that it is 
possible to take from the gener~ttor is 25 watts, and it occurs with a load 
resistance of 1 ohm, that is, a load resistance equal to the internal resistance 
of the generator. It can be shown that no matter wlud; the voltage or 
'the internal resistance of the generator, the maximum power 01.tlp-ui, is 
obtained when the load resistance equals the internal resistancl'l of the 
generator, that is, when their impedances are matched. However, it 
should be noted that the voltage across the load resistance inc1·eases as the 
load resistance is increased, and is not a maximum when the impedances 
are matched. Hence if the maxim.um voltage across the load is required, 
the impedances should not be matched, but the load impedance should be 
as large as possible. When the source is a va~mrm tube there is a definite 
load resistance which will give the maximum power with a particular 
allowable amount of distortion. This load is specified by the manufacturer. 

In a long transmission line such as a telephone line, it is found that 
signals transmitted over it will be distorted unless the load resistance at 
its output end has a particular value, called the characteristic impedance 
of the liue. The characteristic impedunce of the liue is the impedance 
tha.t must be matched for maximum output and minimum distortion. If 
the terminal impedance is not equal to this characteristic impedance, it is 
found that some of the energy sent down the line is reflected when it strikes 
the impedance mismatch at the end. If the line is long, reflected energy 
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is largely lost, and since the amount of reflection depends somewhat on 
frequency, different amounts of power will reach the load resistance depend­
ing on the frequency. This variation produces distortion of the~ trans­
mitted signal, which co.n be avoided by matching impedances. The 
chara.ctcristic impedance of most telephone lines is about 500 ohms. 

Another case where mismatched impedances may cause distortion is in 
circuits involving transformers and in long microphone cables. In these 
cases the distortion is not usually serious except for widely mismatched 
impedances. 

The microphone cables ordinarily used are high-capacitance c!lbles, so 
that if a long length of such a cable is used to connect a high-i~npeda.nce 
microphone to the grid of the preamplifier, the capacitance of tho cable 
which is in parallel with the high impedrmce of the microphone by-pn.sses 
tbe higher frequencies. In order to reduce the loss of high-frequency 
response, it is usual to transform the high impedance of the microphone 
to a low impedance by means of a micropbone transformer or by an 
amplifier n.t the microphone with a transformer output. The capacity of 
the line has much less shunting efiect on t.he low-impedance output of the 
transformer, so that longer lines can be. used without losing high-frequency 
response. JVIicrophone cables as well as transmission lines are designed to 
have low characteristic impedances, since low-impedance liucs pick up less 
hum and noise than high-impedance lines. 

OPERATION OF PUBLIC-ADDRESS SYSTEMS. In the operation of public­
address systems it is often necessary to hu.vc the microphones and loud­
speakers in the same room or auditorium. Such arrangements cause 
considerable difficulty due to acoitstic feedback from the loudspeaker to the 
microphone. Any noise in the room picked up by the microphone is 
amplified and fed to the loud5peaker, which reproduces the noises louder 
than before. 'rhis louder noise repeats the scune cycle and thus the sound 
builds up to the limit of the amplifier. Tho result is a howl at o. frequency 
for which the over-all system bas most gain. Feedback can be avoided by 
taking suitable preca,utions to limit the amount of sound from the loud­
speaker that can be picked up by the microphone. Methods for doing this 
include the use of directional loudspeakers such as horns, curtains or drapes 
on the walls to reduce reflections, directional microphones, and careful 
control of the volume. Manipulation of the tone control on th0 nmplifier 
will sometimes help to stop acoustic feedback. 

1Vhere several loudspeakers a.re to be used, care must be taken to see 
that the audience will not be able to hear the sound from two or more loud­
speakers at different distances with about the same volume, otherwise 
echoes will be heard which make hearing difficult. 'When only one micro­
phone and one or two loudspeakers are employed, a good a.rrangement is 
to put the loudspeakers above and slightly forward of the mi;;rophone. 
This makes the sound from the loudspeakers reach the audience o.li about 
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the same time as the direct sound from the speaker and thus avoid.ff echoes. 
Since the characteristics of rooms vary so widely it is difficult to .lay down 

specific rules for placing mi~rophones and loudspeakers. Ea.ch particular 
job requires special consid~ration, so that either experience or trial and 
error must be used to determine the correct placements. 

Review Questions and Problems. 1. The energy supplied to the 
speaker of a radio is many times In.rger than the energy received at the 
antenna. From where does this extra energy come? 

2. What is meant by a flat response for an audio amplifier? Is such a 
response desirable'? 

3. What deterrnines the operating class of an amplifier? Distinguish 
between Class A, Class AB, and Class B operation. 

4. Why aren't amplifier tubes hooked i~ cascade with the plate of one 
tube connected directly to the grid of the next tube'? 

S. What is meant by the operating voltages of a tube? 

6. What is the function of the grid-leak resistor? What is the t·ime 
constant of a coupling condenser of 1 mf together with a grid-leak resistor 
of 1 megohm? Is this a suitable value for use in an amplifier? 

7. How does an hlcrease in the plate resistor increase the amplification 
of a triode amplifier? ':Vby is not the resistor made extremely large .in 
practical amplifiers? 

8. How would an increase in the size of the coupling condenser of a 
resistance-coupled amplifier affect the voltage gain of the amplifier at high 
frequencies and at low frequencies'? How would an increase in the value 
of the grid-leak resistor affect the voltage gain at high frequencies and nt 
low frequencies? Should the plate resistor be· large or small compared to 
the grid-leak resistor of the neA-t tube'? 

9. "7bat characteristic of a pentode determines its worth in a resisto.nce­
coupled voltage amplifier"? How does the va..lue of the load resist.ance 
affect the voltage amplification? 

IO. Why is the condenser Ca placed in the circuit of Fig. 7-5? How is 
the grid bias obtained in this circuit? What eomponents prevent feedback 
through the common plate supply? 

11. If the gain in decibels of each stage of an amplifier is known, bow 
can the over-all g11in be obtained'? What :is meant by the expression 
"down 3 decibels at 5,000 cycles11? 

12. Explain the various ways in which amplitude distortion may be 
produced. How docs the dynamic I .,,-E9 ch.aractel'istic differ from the 
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static ch~ractcristic? What is the load line, and how is it used in
1 

deter­
mining the dynamic characteristic'? 

13. Study Fig. 7-8 and devise an experimental method for testing for 
the presence of second-hannonic distortion. (How does the average value 
of the plate current change with grid excitation?) 

14. Explain the salient features of the frequency response of a trans­
former-coupled amplifier. How does this response depend upon the plate 
resistance of the tube? 

15. Draw a cfoigrarn of a simple resistance-coupled triode amplifier 
showing all of the necessary bias resistors and by-pass condensers for power­
pack operation. 

16. Draw a circuit diagram of a simple resistan.r.P.-coupled pentocle 
amplifier showing all the necessary bias resistors and by-pass condensers 
for power-pack operation. 

17. Draw a circuit diagram of a push-pull amplifier. How do the 
output, distortion, allowable grid swing, and power-supply hum for a 
push-pull amplifier compare with those of a single triode stage? 

18. Distinguish between power amplifiers and voltage amplifiers. 
\Vbere in a radio would you use power amplification? Where voltage 
amplification? 

19. Arrange Class A1, AB1, AB2 and B amplifiers in the order of t1heir 
po'wer output and again in the order of the distortion they produce. 
Wnich classes of operation demand large input power'! 

20. What class of operation would give the largest undistorted power 
amplification in push-pull operation? 

21. What. is feedback, regenerative feedback, degenerative or inverse 
feedback? Explain how inverse feedback reduces frequency distortion. 

22. What special cho..racteristic must a. video amplifier have'? Vi7hy 
isn't transformer coupling used in video amplifiers? 

23. Wnat are the limiting faetors to the high-frequency response of the 
circuit in Fig. 7-16? How does the circuit of Fig. 7-17 ex-tend the fre­
quency response over that of li'ig. 7-16? 

24. Does an increase in the loa.d resistance of a triode amplifier increase 
or decrease the amplitude distortion'? Does this apply to pe·ntode am~ 
plifiers? T:Iow would the voltage gain be affected in these two cases? 
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CHAPTER 8 

Vacuum-tube Instruments 

A large variety of instruments depending for their operation on elec· 
tronic tubes has been developed ior use in laboratory investigation and 
mc~nsurements, not only for ttudio- and radio-frequency use, but also for 
D.C. applications. The most important of these are oscillators of various 
types, cathode-ray oscillographs, and vacuum-tube voltmeters. 

Oscillators.. As stated in Chapter 4, if a port.ion of the amplified output 
of a vacuwn tube is fed back into the input circuit in the proper phase, 
self-sustained oscillations will be produced. These oscillations occur at 
the frequency at which the gain through the tube is a maximum, usually 

' the natural frequency of any resonant circuit that may be present. 
Oscillator circuits are used as signal generators to provide audio- and 

radio-frequency voltages for laboratory and shop testing; and for maximum 
usefulness in such service they should meet certain requirements. Usually .1 

the frequency needs to be adjustable over a wide ra.nge, but for any setting 
of the control dial it should be accurately known, and it should be per­
fectly constant and sta.ble; there should be very little or no frequen<,y drift. 

Particularly in o.udio-frequency oscillators, it is important that the wave 
form of output voltage be very good1 with total lrn.rmonic content not more 
than 13. This high quality is necessary when distortion introduced by an 
amplifier is to be determined, since there is no satisfactory method of sepa­
rating such distortion from tha.t introduced into the amplifier input from 
the signal source. 

In most cases, the magnitude of the output voltage should remain con­
stant or nearly so over the entire frequency range of the oscillator, and this 
voltage should be <~asily and smoothly adjustable from zero to the maximum 
obtainable. In the true signal generators, there should also be an accurate 
calibration of the output voltage, so that the strength of the signal is known. 
This requirement can be waived in the ca,se of oscillators used for bridge 
measurement.s, frequency comparisons, receiver alignment, and so forth. 

broU.C'l'A..'l"CE-CAPACITANCE (L-C) oscILJ,A.'rons. Figure 8-1 shows a 
typical oscillator circuit of the type using a resonant circuit for frequency 
control. In this circuit, the oscillation frequency is very nearly equal to the 
resonant frequency of L 0 and C1. Pfate output power is fed into the grid 
circuit by way of ihe mutual inductance 1lf between J,0 and Lp. In order 
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to produce oscillations, this coupling must be in such phase that a current 
flowing in the tank circuit composed of L 11 and C1 will produce voltages on 
plate and grid which are opposite in phase. Furthermore, the coupling 
must be large enough so that the power transferred frmn the plate circuit is 
more than e11ough to overcome the losses in the tank cireuit and in the grid­
Ieak resistor R0• Houghly speaking, this requirement means that the grid 

Fro. 8-1. L--G Oscillator. 

voltage produced by this 
coupling must be slightly 
in excess of 1/ µ times the 
plate voltage. ' 

In this circuit, grid-bias 
voltage is produced by fl.ow 
of grid current tm·ough the 
grid-leak resistor R0 • This 
current can flow in only one 
direction, shown by ·&he 
arrow, and in passing 
through R11 it produces o. 
negative potential at the • 
grid. 

The condenser 03 serves 
as a blocking condenser, preventing a short-circuit of the D.C. plate potential 
through LP, but yet permitting the alternating plate cunent to flow through 
L.,,. Resistor R1 isolates the B supply from the A.C. plate potential) and 
the output voltage of the oscillator may be obtained across R1. Resistor 
R1 may be replaced by a radio- or audio-frequency choke) according to the 
frequency range of the oscillator) and this substitution will cause an increase 
in the strength of oscillations by raising the D.C. plate potential. 

This circuit employs shunt or parallel plate feed, since the A.C. and D.C. 
components of plate current flow in sepa~·ate paths. It is also possible to 
employ series plate feed, for example by connecting the B-supply voltage 
between L0 and L11 and omittiug Ca aud R1. 

The operation of any oscillator of this type may be analyzed by consider­
ing it as a Class C amplifier, with a port ion of its output utilized to supply 
the driving power which otherwise would come from a preceding stage or 
driver. 

RESISTANCE-CAl'ACITANCE (R-C) OSCILLATORS. An altogether different 
type of oscillator which is steadily gaining prominence depends for its 
openi.tion on combinations of resistance and capacitance instead of induct­
ance and capacitance. One advantage of the R-C type is that the fre­
quency produced is not so much affected by the tube constants as is the 
case with the L-C type, a condition which mo.kes for better frequency 
stability. Another advantage is that a wider frequency range can be cov­
ered on each band. For example, if 01 in Fig. &-1 is a variable air condenser 
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having a-ratio of maximum to minimum capacitance of 10:1, the frequency. 
range for a given coil will be nearly in the proportion .y!O; 1, st:i.y 3: 1. In 
the R-C oscillator, for the same type of condenser, the frequency range for 
a fixed value of resistance 
wm be 10: 1' and therefore 
fewer bands of frequency 
·will be needed to cover a 
given totnl range. Still 
another advantage is that B 
it is somewhat easier to 
obtain good wave form 
with the R-C oscillator 
than \vith the L-C type. R2 

A compact oscillator of 
the R-C type is shown 
schematically in li'ig. 8-2. 
The tube employed is a 
standard voltag<Mt.mplificr 
pentode such as the 6K7, 
but it is used in an uncon-

5v. 

c~ 

J---(-----__.A 

20v. 80v. 

Flo. 8-2. R-0 Oscillator. 

ventional manner. The operntion of the circuit depends upon the rela­
tion between suppressor voltage and screen current, with control-grid and 

--------l-- >---1- 15 
-+----IP...,.--!----+- - 5 i 
I I 4! 
~_jl_6K7 - ·-- 3i 
_..l _ _ -l--Ep = 20 v. 8 

Eg,=Ov. 2 £ 
EP.,= JOOv. t 

i---+---1- ---;---1---- I <fl 

Suppressor Volts 

F10. S-3. Mutual Characteristic of 6K7 Tube. 
Suppressor Voltag<rScreen Current. 

plate potentials held constant. 
This rel:1tion is a mutual char­
acteristic, similar to the one. 
between grid potential and 
plate current discussed in 
Chapter 4, but with opposite 
slope. The characteristic is 
shown in Fig. 8-3, which shows 
that a positive change in su {>' 

pressor potential produces a 
negative change in screen cur­
rent. Another way of stating 
this fact is that the mutual 
conductance, suppressor~to~ 
screen, is negative. 

Referring again to Fig. 8-2, 
assume tha.t a small increase 
of suppressor potential occurs. 
This increase will cause a d~ 

crease in screen current, on account of the negative mutual conductance, 
and the dec1:ease of current is accompanied by an increase of screen voltage 
because of the reduced drop in the screen load impedance. This increased 
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potential is fed back to the suppressor through 02, and reinforces the 
original change. The action is therefore cumulative and proceeds in the 
same direction until limited by change of tube characteristics in one form 
or another. When the excess charges on the condensers start leaking off, 
the same sequence of events takes place in reverse direction, and an oscil­
lation is set up. If the resistances Rt and R2 are reduced· until oscillations 
can just barely be maintained, the waveforms of the currents and .potentials 
are very nearly pure sine curves, and the frequency stability is very good. 
The frequency of the oscillation is given by 

1 
j = 7rVR'1R201C2' 

whe1·e R'1 is the parallel combination of R1 and the A.O. screen resistance. 
It is convenient to control the frequency by varying the condensers C1 

and 02, which may be identical air condensers mounted on a single shaft. 
If this is clone, the frequency is inversely proportional to the capacitance of 
either section, and the~ range from minimmn to Illil..~mum condenser settings 
will Le in a ratio of more than 10:1. 

Cathode-ray Oscillographs. '1'.he operation of the cathode-ray tube has 
already been described in Chapter 4, and mention made of its most im-

R 

c 

1--+-----111,____, 
Ee Ebb 

Fm. 8-4. Catl1odo-1·ay Sweep Generator. 

Sweep 
Voltage 

portant application a.c; an oscillog1·aph. A necessary auxiliary for tbis 
instrument is some provision to produce a linear sweep across the screen of 
the tube, so that vertical deflecting voltages may appear as a cmve plotted 
against time. This sweep must be recurrent at a rate which is an integral 
submultiple of the frequency being observed, so thtit successive traces · 
coincide on the screen and ·give a stationary pattern. One method of ob· 
taining a suitable voltage for this purpose is shown in Fig. 8-4. 
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The tube used in this circuit is a gas triode such as the 884. Thjs tube 
contains a definite amount of argon gas, and conduction occurs by foniza­
tion of the gas when the plate potential exceeds a critical value. T ile 
critical plate potential depends upon the potential of the grid in the manner 
shown in Fig. 8-5. 

When the cfrcuits of Fig. 8--:1 are first closed, the plate potential of the 
tube will be zero, since the condenser C is uncharged. Current flowing 
through R charges the condenser, raising the plate potential of the triode, 
until the critical potential is reached. The tube then becomes a very good 
conductor 3.nd effectively short-circuits C. The plate potential falls 
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FIO. 8-5. Con trol GbtLructeristic o[ Type 884 Gas Triodo. 

abruptly to a value too low to sustain the current flow through the t ube. 
This lower value is the extinct-ion potential of the gas, and is nearly equal 
to the ionization potential as given in Chapter 4. The cyclf! then is re­
peated, and the variation of plate potential is us shown in Fig. 8-6. 
· It will be seen that the curve of plate potential against time is a typical 
exponential charging curve, but if only the lower portion is ut ilized a good 
approximat ion to a straight line is obtained: If this voltage is used to pro­
duce horizontal deflection on a cathode-ray screen, the spot will travel at 
nearly uniform velocity during the interval a~b, then return almost instan­
taneously to its start ing point, b-c, and t·epeat. The frequency with which 
this cycle occurs may be controlled by adjusting R, C, or Eci as can be seen. 
It is customary to vary R for the fine control, and to make C adjustable in 
steps to give the necessn.ry range in frequency. Rp is a protective resista.nce 
to limit flow of grid cu:rren1;. 
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T he linearity of the sweep depends chiefly upon the rntio of B-supply 
vol tage to striking voltage of the tube, being bcttct: as this ratio is higher. 
Variation of E, will therefore have an effect on linearity, as well as on the 
amplitude of sweep voltage; hence this variation is not a. desira.ble means of 
frequency control. 

T he sweep frequency may be mpwhronizP.cl with the signal frequency on 
the vertico.l plates, so that successive traces on t he screen are exactly 

a 
Time 

---

coincident o.nd the pattern 
observed is completely sm­
tionary. This synchroniz­
ing is accomplished by ap­
plying a small voltage of 
the signal frequency to the 
terminals S, o.nd through 
the t ransformer to the grid 
of the 884. The sweep fre­
quency is adj usted to b~ 
slightly low, 11nd then the 
positive swing of the A.C. 
grid voltage determines the 
inst.ant at which strik:in.g 

F ii:. 8-G. Plate Pot.ontinl of the Sweep Generator potcntia.l is attained. T he 
Tuho. cfi'cct is indica.Lod on the 

third cy cle of F ig. 8-6, and 
the roturn trace is seen to occur slightly earlier than it would in the absence 
of synchronizing voltage. 
Us1~ OF TBE CATHODI:-nAY OSCILLOGRAFH. T he commonest o.pplicat ion 

of t ho citthode-rny oscillograph is the one alren.dy referred to, nmndy to 
plot a voltage against t ime ou o. li11ear base. Otdino.rily it is necessary to 
amplify t he voltage under observn.tion, and t he properties of the deflection 
amplifier must be considerecl. Obviously its frequency rnnge must include 
that of the voltage being observed, but if the wave form as such is of im­
portance, the amplifier must be capable of passing all the important har­
monics, which ordinarily means tha.t it must include frequencies up to ten 
times t.he signal frequency. In many cases it is important tha.t this 
amplifier ha.vc no delay distor tion, which is equivalent to sa.ying that the 
t irue delay should be uniform at all frequencies, or t hat the phase shift 
should be propor tiono.l to frequency. 

Anoth er consideration is the t.ype of circuit in which the volt age ap· 
pears- whether balan ced or unbalanced to ground. Some communica­
t ion circuits have t he two sides at equal and opposite potent.in.ls "~itb re­
spect to ground; others ha.ve one side of the circuit grounded, the opposite 
side being "hot " . The s.'.l.Ille distinction occurs in input amplifiers for 
cathode-ray oscillogru.phs, and if an oscillograph input amplifier having one 
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$ide grounded is applied to a bal~tnced circuit, the etfect will be to ground 
one side of the .circuit. This grotu1ding may disturb the distribution of 
voltage and current in the circuit and give an altogether erroneous pic­
ture of what is taking place. Care should always be taken to preserve the 
balance of any circuit to gnmnd, to avoid mislea.ding results. Many of the 

(a) (b) (c) 

Frn. 8-7. Lissajous Figmes, Equal FJ'oqucnciea on Horizontal und Vertical Plat.es. 

more complete cathode-ray oscillogra.phs include provision for use with 
either balanced or unbalanced circuits. 

L1ss.A.Jous FIGURES. Another }tpplication of the oscilloscope is in the 
comparison of frequencies. If voltages from two sepr1rate sources are im­
pressed 011 the horizontal and vertical deflect ion plates respectively, the 

F10. 8-8. Lissajous Figu:re, 
Frequency Rotio 3;1. 
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Fro. 8-9. Trnpczoid Pattern 
Showing l\'lodu!ntioo.. 

pattern observed on the screen will be statiomtry only if one frequency 
has a ratio to the other represented by the mtio of (;wo integers. Figure 
8-7 shows patterns obtained when the two frequencies are equal: (a) when 
the t wo volta.ges are ex11ctly in phase with each other, (b) when the voltages 
are 90° apr~rt in phase, and (c) when some intermediate phase relation 
exists. Figme 8-8 shows the ELppf!arance of the screen pa.ttern if the fre­
quency applied to the vertical plates is three times as gren.t ns that on the 
horizontal pl11tes. This ratio can easily be recognized by tracing out the 
pattern and noting thn.t three complete vertical cycles occur in one traverse 
but only one horizontal cycle. 

, 



' 

210 VACUUM-TUBE INSTRUMENTS [Chop. 8 

If n. m odulated radio-frequency voltage is applied to tho vertica.1 pl.ates, 
while the modula.Ling voltage (audio-frequency) is a.pplied to the horizontal 
plates, a pattern such as is shown in Fig. 8-9 is obtained. The degree of 
modulation is easily determined: 

AB -CD 
rn = AB+ CD. 

The linearity of t.he modulation is indicated by the stmightness of the lines 
AC /\nd BD, while if any pba.se shift occurs in the modulation process it 
will be showu by the appeara.nccs of elliptical curves in placo of the lines 
.AO nnd BD. 

Vacuum-tube Voltmeters. It is essential that voltmeters for use in 
many communicat ion circuits hn.ve a very high input impedance, so as 
not to load the circuits appreciably, and essential also L~t their indications 
be independent of frequency over a wide range. Both these requirements 

- Ebb + 
Fro. S-10. Diode Vncuum-tubc Voltmeter with D.C. Amplifier . 

CM be met more easily by vac.'Ut1ID-tube voltmeters thv.n by any oLher type 
of insLrument. 

The vacuum-tube voltmeter may take many forms, but a very sn.tisfac~ . 
to1·y type is shown in Fig. 8- 10.* Essentially this consists of a diode 
rectifier followed by a D.C. o.mplifier. Alternat ing voltage o.pplied at the 
input terminals produces a unidirectional current in the diode T 1 and in R1• 

The voltage developed across R1 by this current is pulsa.tiag, but the filter 

• Gtnoral Radio Expqrimentcr, .?, 12, May, 1937. 
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formed by R2, C2 passes only its D.C. component to t he grid of T2, and the 
resulting clrn.nge of plate cunent is read on the meter I. The resistor R3 

provides a considerable amount of negative or inverse feedback (Chapter 8), 
which causes the calibration of the instrument to be nearly independent of 
t ube characteristics. It is mo.de adjustable to provide several ranges of 
fu ll-scale voltage. The other resistors are used to provide proper bias 
voltage for the D.C. amplifi er and to balance out the steady ot· 1..ero-signa.I 
component of pbt.c current from the meter cirnuit. 

The input impedance to this type of voltmeter is roughly one fourth the 
resistance of R1, which in the commercial instrument is 50 megohms. The 
amount of power taken from the circuit being measured is t,hercfore entirely 
negligible in almost any application. The calibration is in dependent of 
frequency over the ent ire audio range, and for all radio frequencies to 50 
me per second. 

F or some purposes the vu.cuum-tubc voltmeter just described does not 
have sufficient sensitivity, for example the mcasm·ement of radio-frequency 
volt.ages in the early b'ta.ges of a radio receiver. The detecting efficiency or 
a diode is low for inputs less tha.n 1 v , and increased sensitivity therefore 
requires preliminary amplification of t.he voltage to be measured. 'rhc 
preliminary amplifier may consist of one or more stages of audio- or radio­
frequency amplification, clependLng on the required sensitivity and fre­
quency range. 

Review Questions and Problems. 1. In the circuit of J!'ig. 8-1, the con­
denser G1 has a range from 30 to 450 µµf. Neglecting any sLrn,y capacity, 
determine the inductances Lv to provide a frequency range from 50 kc to 
20 m e, allowing 103 overlap in frequency from baud to band. 

2. In the circuit. of Fig. 8- 2, condensers 
C1 and C2 both have ranges from 30 to 450 
µµf. D etermine resistances R'1 and &. to JI 
provide a frequency range frorn 40 cycles to 
50 kc, allowing 103 overlap in frequency 
from band to band. 

J. Find the mutual conductance from 
suppressor to screen for the 6K7 tube, 
making use of the curve in Fig. 8-3. 
Compare with the ordinary mutual cou­
ductance from control grid to plate. Can 
you o.ccount for the difference in magni­
t ude? 

i1 
F10. 8-ll. 

4. Determine the pattern produced on the co.thode-my screen if a 60-
cycle sine wave of voltage is supplied to plates A-A and a 120-cycle sine 
wave of volta.ge is supplied to plates B-B of Fig. 8-ll. Phase relation is 
such that the posit,ive peaks of the two voltage waves nre s imultaneous. 



212 VACUUM-TUBE INSTRUMENTS [Chop. 8 

S. Repeat Problem 4, if the phase relnt ion is such t hat the zero points 
of t he two voltage waves are sim ult aneous. 

6. If Ra, R 4, R$, R6 in F ig. 8- 10 each have a value of 50,000 ohms, and 
Ebb = 150 v, what value of plate current in T2 will produce zero cmrent 
in the indicating meter? Does change in the value of R3 affect this result'? 
If the t ube is a 6J5, wha.t grid bias is required? What should be the setting 
of the tap on Ra to obtn.in this bias? If Ra is reduced to 25,000 ohms, what 
should be the tap setting on Re t o retum the meter current to zero? 



CHAPTER 9 

Electromagnetic Waves 

Nature of Waves in Any Medium. Water waves, sound waves, radio 
wa.ves-apparently v.idely different phenomena-have certain character­
istics in common. 

Each type of wave provides a means for tra.nsferring energy. It is prob­
able that nearly all energy is transmitted by meaus of wave motion. When 
a large steamer plows through the water and sets up waves that rock a 
small boat half a mile away it is cusy to see tbn.t the energy required to do 
the rocking was transmitted by means of waves. W'hen speech is heard 
across n. room and energy from a radio station is i·eceived a thousand miles 
away it is not difficult to believe tbat the energy wns transmitted by means 
of waves. However, when a mnn pushes on one end of a steel bar and the 
other end pushes against o.n object he is moving with it, it is not so obvious 
that the energy has been t ransmitted by wave motion . But if the vibrating 
cone of a. loudspeaker were alternately pushing and pulling at one encl of the 
bar, the wave motion which carried the vibration to the other end of the 
bar would become more apparent. Iu this c1:i..se, if the alternations were 
rapid enough, it might be found tlu1t when the front end of the bar was 
pushing forward the other end might already be pulling backward. This 
would be because of the time taken for the wave to travel down the bar. 
This same time is requfred when t he man pushes the bar, but it is so small 
tbat its existence is not generally realized with this type of motion. 

Figure 9-1 is a representation of wave motion. Figure 9-1 Pn.rt A might 
represent :i. cross-~tion of a. water wave at a particular instant. If the 
wo.ve is moving from left to right po.rt B would be a picture of the wave an 
instant later. It will be seen that the crest of the wave which was at 
position 1 in A has moved over to position 2 in B. Part C shows the same 
wave at a still later instant, at which time the crest has moved to position 3. 
The rate at which the wave is moving from left to right is called the velocity 
of the wave. Next consider the motion of the point a, which might be 1i cork 
floating on the water or a particle of the water itself. At the instant 
represented by A. the particle a is on the crest of the wave. An instant 
later the crest has moved on and the particle has dropped clown, as shown 
in B. Still later it occupies tho position shown in C. While the motion 
of the wave has been continuously forward, the motion of 11. particle such 

213 
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as a has been up and down along a vertical line such as 9. Tho n\o.ximum 
distance either side of the line Jg traversed by the particle is cnlled the 
amplitude of the wave. Thfa is shown as the length h in part A and corre· 
sponds to the definition of the amplitude of a sine wave given in Chapter 3. 
The distance botwcea successive crests of the wave is co.lled a wave lenoth 

1 2 3 4 5 6 7 8 9 10 11 
------A---~ 

A 

B 

c 

I 
Direction of Motion of Wave 

FIG. 9-1. Represenldtion of ~ave Motion. 

and is represented by the Greek letter "A (lambda). Of course this is also 
the distance between successive troughs or any two corresponding points 
on successive waves. 

The numbc>r of oscillations per second made by a particle such as a is 
known as the frequency, and is designated by the letter f.* If the waves 

• No confusion Is to be expected as between the symbol f for frequency nnd the 
abl>rcviation f ror fnrn.d. 
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were being generated by moving a board up and down in the water the 
frequency would depend upon the number of times per second the bonrd 
was moved up and down. That is, the frequency depends upon the source. 
On the other hand, the' speed with which the waves traveled outwards 
would be independent of how rapidly the board was moved up and down 
and would depend only u pon the propert ies of the medium- in this case 
upon the properties of water. If some other liquid such ns oil or alcohol 
were used, the velocity of the waves would be different. The velocity of 
propagation depends only upon the medium and is independent of the som·ce 
of the waves. 

The frequency with which the po.rticle a moves np and down along the 
tine 9 is also the frequency with which the waves are going past theJlim!, 
for each time a reaches a. top peak in its journey up and clown, the crest 
of a wave is going past. 

For a given frequency f and velocity of propagation V, the wave length 
}>. is fixed and is given by 

).. = v. 
J 

}>. is UBually expressed in meters, V in meters per second, a.ud the frequency 
f in number of cycles per second. 

This can also be written as 
V= Aj, 

which states that the velocity with which the wo.ve is moving is equal to the 
length of a wave times the number of waves per second passing a given 
point. 

The velocity of sound in air is about 344 m per second, so that a 344.- cycle 
oscillat ion would produce a wave 1 m long. The velocity of electro­
magnetic waves is 300,000,000 m per second and with t hem it requires an 
oscillation frequency of 300 me to produce a wave 1 m long. 

Transverse and Longitudinal Waves. The waves pictured in Fig. 9-1 
are known as t ransverse waves because the mot.ion of the particle is at 
right a.nglcs to tho direction of motion of the wave. That is, the wave is 

llffitl I HJ.~lffil UJJl~~lllll 
Fro. 9-2. Longitudinal Wavo Motion. 

moving forward, left to right, and t he par ticle is moving up and down. 
With sound waves in air, on the other hand, the par ticle motion is back nnd 
forth in the direction in which the wave is moving. Such a wave is called 
a longitudinal wave. It is illustra.ted in Ji'ig. 9-2. T he density of the 
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lines represents the pressure in thnt region. Pressure maxima and mirtirna 
correspond to the crests and t roughs of the wave of Fig. 9-1. The wave of 
pressure is moving from left to-right and the arrows indicate the direotion 
in which. the pe.rticlcs are moving. The particles move in both directions 
from a pressure maximum in toward n. pressure minimum. This particle 
movement results in a pressure maximum being formed where a pressure 
minimum existed a moment beforej and in this manner the wave moves 
on. The individual particles, however, only oscillate back a.nd forth in a 
manner similar to the up-and-down oscillation of the particle in the case 
of transverse waves. 

P hase in Wave Motion. In Fig. 9-1, if attention is concentrated upon 
the motion of two particles, say a and c1 it will be noticed that c does exactly 
what a does but at a later time. In A, the particle a is at the crest o.nd t.he 
particle c is half way between trough and crest but on the wn,y up. In B, a 
is on the way down and c is still on the way up. In 0, a is half way down 
and c has just reached the crest. The m.otions could be followed through a 
complete cycle and it would be found that the movement of c was similar 
to that of a but coming after it by a constant interval of t ime. The po.rticlc 
c is said to lag a in phase. There is a phase difference between a and c and 
t his difference may be expressed as a fract ion of a cycle. In this case c 
la.gs a {or a leads c) by a. qun.r t.er of a cycle. A complete cycle consists 
of 360°, so that a quarter of a cycle is 90°. Phase difference is usually 
expressed in degrees, as, for example, c lags a by 90°. 

Phase difference is of im portance when more than one wave is involved. 
If two waves of the s11:nw frequency arc moving togel;her in the sarne direc­
tion t hey wiU combine to give a resulting wave which will be the sum of the 

e.=e, +e2 ,/E,=2E, e,=e,+ e, 
1

E, ="2E, 

~ 
(a) (b) (C) 

Fm. 9-3. Addition of Siuo Waves: (a) in phnso, (b) 90~ pb1\8C di fference, (c) 180° phase 
d ilTeronco. 

two waves. If the waves have the same phase, that is, if corresponding 
particles on the two waves reach the crest at the same insta.nt 1 the ampli­
tude of the resulting wave will be just double t hat of a single wave. This 
is showu in Fig. 9- 30.. However, if the wa.ves have 90° phase difference 
as slwwn iu Fig. 9- 3b, the amplitude of the resulting wa.ve is only 1.414 
(or vl2) times that of a. single wave. This figure can bo proven by o.dding 
the two waves together point by pc•int. li'igure 9- 3c shows t he apecin.1 
case where the waves differ in phase by 180°. In this case, because the 
particle motion due to one wave is exactly egua.l and opposite that due to 
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the other at all points and o.11 times, the mnplitude of the resulting wave ia 
zero. That is .. the waves have canceled each other. Complete cancellation 
can occm only if the two waves are of equal amplitude. This case will 
be of pa.rticular interest in the study of directional antenna arrays. 

Although the amplitude of the resulting wave can be obta.ined as above 
by plotting the wtwes and adding them point by point, iG can be obtained 
much more rnpidly using a simple geometrical construction. This con­
struction is shown in Fig. 9-4 for the three cases just discussed. The 

Ei E3=2E;. 

E2 
4,.,,<v' 
~ «;> 

180" 
90° Q 

< ) 

E, E~ E,=O E1 

Ez 

FlG. 9-4. Vector Addition of Sine Waves. 

procedure is to lay off from an origin or point 0 two lengths proportional 
to the amplitudes of the two waves being added. The lengths are•drawn 
with an angle between them equal to the phase difference. For the three 
cases being considered the phase <lifierences were 0°, 90°, and 180°. With 
the lengths laid off the parallelogram is completed and the length of the 
diagonal from 0 will be proportional to tbe amplitude of tbe .resulting 
wave. It will be seen that this method gives the same answers in the 
three cases considered as did the point-by-point addition. 

Reflected Waves and Standing Waves. 'When a moving wave such as a 
water wave strikes a boundary such as a solid wall, the original wave is 
abruptly halted but a reflected wave is set up which travels in the direction 
opposite to that of the original wave. This combination is shown in 
lt'ig. 9-5, where the incident wave traveling from left to right is shown by 
the solid curve and the reflected wave traveling from right to left is 
shown by the dotted curve. This gives rise to two waves existing simul­
taneously at the same place, so they can be added together to show the 
resultant just as were the waves of Fig. 9-3. However, these waves are 
traveling in opposite directions so that it is not surprising to find a result 
different from that obtained in Fig. 9-3. Parts A to I of Fig. 9-5 show the 
original wave at successive instants of time. It is traveling forward, left 
to right, as was the wave of F.ig. 9-3. The reflected wave is also shown 
at these same insta,nts. It is traveling backward, right to left. It will 
be noted that the reflected wave is just the mirror image of the continuation 
of the original wave beyond the boundary. The resultiLnt of the two 
waves is shown by the <la.shed wave in pa.rts A to I. Figure 9-5J shows 
all the resultant waves of parts A to I plotted on top of one another, tliat is, 
J shows the resultant over a complete cycle. A striking feature of this 
is that at some points the resultant is always zero. This resultant·ocours 
at one quarter of a wave length from the boundary, again at three quarters 
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of a wave length and every odd quarter wave length from the end. Such 
points are called nodes. It will also be noticed that the resultant reaches 
its largest values at the botllldary and o..t points distant from the boundaJ"y 

FIG. 9-5. ltell.ection or a \Ynve at t• Boundary, Showing Addition of Initi1;J :md Re!:lectcd 
Waves to Give Stnnding Waves. 

by multiples of one half wave length. These points of maximum ampli­
tude are called 'loops or antinodes. 

Figure 9-6 shows a. more detailed picture of the resultant wave for the 
successive instants of time A through I over n. complete cycle. It v.rill 
be seen that although particles arc everywhere in motion (except at the 
nodes) the wave seems to be standing still as there is no forward motion 
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of the crests as was the case with the wave of Fig. 9-3. For this reason 
such a resultant wa.ve is called a stationary wave or standing 1vave in contrast 
to the traveling or progressive wave of Fig. 9-3. 

An effective illustration of such wave motion can be obtained with a 
length of rope. If the fo.r end of the rope is left free and the rope is jerked 
up and down at the near end a wave of motion will 
be seen to travel down the rope. If the far end of 
the rope is then fLxcd solidly to a wall or other sup­
port and the near end of the rope is jerked vigor­
ously, a wave will be seen to travel down the rope, 
be re.fleeted at the boundary, and return to the send­
ing end. ·The next step is to send a continuous wave 

Fxo . 9- (l. Rosult1int 
Wnvos of Fig. 9- 5 Ovor a 
Comploto Cycle. 

motion down the rope by continuously moving the near end of the rope 
up and down. Interference between the incident and reflected wave will 
become evident, and if the frequency of the up-and-down motion is varied 
it will be found possible to produce standing waves on the rope. In this 
case the nodes will be at the end a.nd hall-wave-length distances from the 
end and the loops will come at the odd quarter-wave-length points. 
Whether a node or a loop appears at the reflecting boundary depends 
upon the boundary conditions. In the case of the rope fixed solidly at the 
far end, the boundary conditions were such that there could be no motion 
o.t this point- that is, it mus& be a. nodal point. 

An understanding of the ideas of wave motion, tho.t is, traveling wn.ves 
and standing waves, is of grea,t assistance in the study of antennas and 
their feeder systems. 

Electromagnetic Waves on Wires. When a pair of parallel wires is used 
to connect a battery or generator to a load there will be a voltage V be­
tween the wires and a current I flowing through. them as shown in Fig. 9-7a. 
Because of the voltage between the wires there will be au el.eclric jiel(l 
about t hem which will everywhere have the direction shown by the lines 
of electric force. The density of these lines in any region is proportional 
to the strength of the electric field E (volts per centimeter) in that region 
(Fig. 9-7b). The electric field is strong near and between the wires and 
becomes weaker the further awn.y from the wires one goes. It will be noticed 
that the lines terminate on the wires at right angles to their surfaces. 

Because of the current I flowing through the wires there will be a mag­
netic field Ii surrounding them, as shown. The density of these lines is 
proportional to the maonetic field strength and their direction indicates the 
direction of the magnetic fiold. The lines of magnetic fi eld strength 11 
are everywhere at right a.ogles to the lines of the electric field E. 

The arrows on both the electric and magnetic field lines indicate the 
directions of the fields which correspond tu the directions of voltage and 
current shown in Fig. 9- 7a. If the generator terminals were reveraed so 
that the top line became negative and current flowed from right to left in 
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the top line, the directions of both electric and magnetic fields would be 
the reverse of those indicated by the arrows. If the D.C. generator were 
replaced by an A.O. generator so that voltage and current on the wires 
were o.lternating, the electric and magnetic fields would also be alternating; 

I 

-I 

(a) (b) 
F 10. 0-7. Electric and Magnetic Fields about a Pair of Par111lol Wir03. 

that is, their positive and negat.ive directions would change with the re­
versal of voltage and current. Moreover, at the instant that the voltage 
and current were zero the electric and magnetic fields would o.lso be zero, 
so thnt with A..C. operation. the electric and magnetic fields are continually 
being built up and then collapsed back again to 11ero. 

1 1\ ..,..-Thin 
1 ~, "'D''ia· phragm Driv~ 

Piston : ........ i- ._~ i.-1 R 

s -1-;..Jl:~r-u.J...J.._.!.......J_.L....L.,_ ........... ..........,~__._.._ ............. ~-J........,.,,1/1-

(2) (1) (4) (3) 
(a) Transmission of sound waves along 

a sound tube 

( b) Pr~sure distribution in lube at 
instant shown in (a) 

FIG. 0-8. Tmnsmissio:i of Sound Waves along o. Tube, Showing the Inatantaneous 
Pressure Distribution. 

Sound Waves and Electromagnetic Waves. It will be interesting and 
instructive to compare the trn.nsmission of sound waves in a span.king tube 
with electromagnetic waves iilong a pair of po.ra.llel wires. In Fig. 9- 8 
tbe sound tube is shown with an oscillating piston or diaplmigm at the 
sending end Sand a. .flexible diaphragm at the receiving encl R. \Vben the 
piston is moved back and forth quite slowly, the pressure is the same nil 
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along the tube and the diaphragm R moves in and out with the driving 
piston S. R and S are then in. phase. Actually there is a. small time 
interval between the maximum forward position of S, position 1, and the 
maximum forward position of R, position 3. This time interval is so small 
compared with the time for a complete oscillation (a period) that it can be 
neglected in this caso. However, as the piston is speeded up to a higher 
frequency, t he time for an oscillation becomes small and the time interval 
required for the pressure produced at S to reach the diaphragm at R be­
comes important . When the piston is vibrating fast enough it will be 
possible to have it back at position 2 by t he time R has reached position 3. 
In this case R would be lagging S by one half cycle or 180°. Rand Sare 
then said to be 180° out of phase. As the frequency is increased still 
further, the driving piston may have moved from 1 to 2 and back to 1 again 
by the time the pressure has reached R to move it to position 3. In this 
case R and S would move in and out together, but R would lag S by a 
complete cycle or 360°. For the case shown in F ig. 9-8 the piston has 
made two complete movements in and out before the disturbance has 
reached R, and R lags S by two complete cycles or 720°. Figure 9-8b 
shows the pressure which would exist n.long the tube at the instant that S 
and R are in their most forward positions. It is evident that f or this 
frequ.micy the t ube is just two wave lengths long. 

It is important to note the differences that e.>..-ist between the slow and 
rapid operation of the driving piston. When tbc frequency of oscillation 
was low so that the correspondiug wave length A. = TT If was very ln.rge 
compared with the length of the tube, the pressure in the tube was every­
where the same and tl)e direction of motion of the air particles was the 
same in all parts of the tube. However, when t he frequency was increased 
so that the wave length was reduced to t.he same order of magnitude as 
the length of the tube, these conditions changed. The pressure was diiTer­
ent in different parts of the tube and the particle velocity was forward in 
some plades and backward in others. Quite similar effect.s will be ob­
served with electric waves. 

Figure 9-9 illustrates the transmission of electric energy along a pair of 
p~rallel wires, or a transmission line as it is generally called iu communica­
tion work. As in the case of sound in a tube, as long o.s the alternations of 
tbe genera.tor are slow so tlrn.t A. = V If is large compared with the l<?ngth 
of the line, the voltage will be practically the same all along the line (re­
sistance drop considered negligible) and t he current will be in the Sll;me 
direction along the line; th~tt is, left to right on the top wire and right 1io 
left on the bottom, or vice versa. This situation is just the familiar 60-
cycle case, because the wave length at a frequency of 60 cycles per second is 

>. = 3~o,oii·OOO = 5,000,000 m = 3,100 miles, 

a.nd this is long compared with any transmission line that might .be used. 
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However, when the frequency is increased to very bjgh values such as 
are used in radio work, the corresponding wave length becomes small and 
even short transmission lines 11U1Y be severn.l wn.ve lengths long. Figure 9- 9 
shows the case for which the frequency has been increased until the wave 
length is just one half the length of the line or the line is two wave lengths 
long. The inst~tntaneous direction of current is shown in Fig. 9- 9a and 
the instantaneous voltage distribution is shown in Fig. 9-9b. The simi­
larity to particle velocit,y and pressure in the sound tube will be evident. 
No longer is the voltage between the wires constant a.long the line, for as 
a voltage maxinnun leaves the generat or and starts on its journey down the 

Direction of Current 
Direction of Voltage 

,-,.,'-+-->,-~~-----,-~~-..,...~~:._,._., 

! t R 

- ~ 
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fill 
.S t---T-~~-~~~~·\-~~-1-~.1---

-1--- This wave moving 
In th is direction 

wi th a velocity of 
300.000.000 meters 

per second. 
g 

(b) 

FrG. 9-9. Volt.a;te tlnd Current on a Tmnsmission Line aL thu In.st1111t of Maximum Gcn­
emtor Yolt11gc. 

line the generator voltage changes and goes t hrough two compiete alterna­
tions (in Lhe case shown) before the first voltage mnximum reaches the 
load at the end of the line. Similarly, t he direction of cun ent from the 
generator changes four times (two complete cycles) while a particular 
current crest is traveling down t he line. • 

The idet:i. of current lc~iving one termiirnl of the generator, going around 
the circuit and returning to the other terminal now becomes rather a wk­
w11rd, and it is better to t.hink of it as positive cunent leaving one terminal 
and negative curren t leaving the othet·, n.nd these two current mates 
t raveling down the liue together. Of course, whcu the tdtero.n.tor voltag<.) 
and current reverse, the t ennina.ls from which t he positive and negative 
curren ts leave will reverse o.nd the currents along the lino will be as shown 
in Fig. 9-9. 

So far the transmission of energy from the generator to the load has 
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been considered in terms of voltages and currents along the line. As was 
seen earlier, corresponding to these voltages and currents are electric a.ncl 
magnetic fields that surround the wires and travel down the line with their 
respective voltage and current mates. Actually, then, tbe energy is 
conveyed from generator to load by these fields through the space surround­
ing UlC wires, and the wires themselves merely guide the energy to its 
destinn.tion. This guidance corresponds to the acoustic case, where the 
sound tube serves merely a.s a guide, the sound energy being conveyed by 
the motion of the air in the tube. For the transmission of electromagnetic 
waves along wires it is immaterial whether one considers voltages and 
currents or electric and magnet.ic fields, but for the trausmission of electro­
magnetic waves in space 1ohere there are no wires, consideration of t he 
electric and magnetic fi elds is necessary. 

Standing Waves. H the end of t he sound tube of Fig. 9- 8 is closed by a 
solid plate instead of the flexible diaphragm, the pressure ~ave is reflected 
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Fro. 0-10. (u) Standing Waves of Pressure and Partio!o Velocity in n Closed-end Tube, 
or Vollar:o und. Cuncnt. on an Open-ended Line, (b) Altcrnntivo Representation, Not Consid­
ering PluLSo DifToronccs bet ween Adjacent Loops. 

from it instead of being absorbed. The reflected wave travels back down 
the tube, interfering with the incident wave and producing standing waves 
as iu Fig. 9- 5 and Fig. 9-6. Because the end of the pipe is soliJly closed, 
the pressure can build up to a ma.ximwn and there is a pressure loop at the 
end and a pressure node one quarter of a wave length from the end as in 
F.ig. 9-6. The particle velocity, however, must bo zero at tho ond because 
the solid plate is immovable, and the layer of air next the plate must also 
have zm:o velocity. The distribution of paxticlc velocity is therefore as 
shown in 'Fig. 9-10, with a node at the end and at hn.lf wave length from 
the end. Fig. 9-lOb is an alternative representation of Fig. 9-lOa. The 
only difference between t wo adjacent crests such as B and C is that they 
have 180° phase difference, the one beiug negative when the other is 
positive n.nd vice versa. Because a pressure meter (in the case of sound) 
and a voltmeter (in the case of electricity) cannot measure phase, the 
pressure or voltage indicated by such instrwncnts would be n,s shown in 
Fig. 9- lOb. 
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If the transmission lino of Fig. 9- 9 is open at the end instead of being 
terminated in a resistance, standing waves of voltn.ge and current are set up 
as in the case of the sound tube. With an open-ended line the current 
must be zero at the end but the voltage c.o.n go ~o a. maximum, so that the 
voltage and current distribution are as indicn.tcd in Fig. 9-10. If, on the 
other hand, the line is shorted instead of being left open, reflection also 
occurs but in this case the voltage must be zero at the end (because of the 
short cfrcuit) and the current can go to a maximum. For this case the 
voltage and current distributions shown in F ig. 9-10 a.re interchanged. 

Waves in Three Dimensions. If either the sound tube of Fig. 9-8 or 
the transmission li11e of Fig. 9-9 is left open at the end, a certain amount of 

Frn. 9-11. Rntli1ition from tho Opo11 Encl of ti T1·1mamisoion Line or Sound Tul>e. 

the energy escapes or is radfoted from the end. This energy spreads out 
in all directions in space in the manner shown in Fig. 9-11. Because the 
same a.mount of energy is spreading out through surfaces of ever-increa-sing 
size, the energy tlmt flows through a given area decreases as t he distance 
from the open encl iucre11ses. This statement means that the pressure or 
electric-field strength, ns tbe case may be, decreases with increasing dis­
tance. It is found that both pressure and electric-field strength are 
inversely proportional tor, t he distance from the source. For the electro­
magnetic wave 1 

K E=-, 
r 
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whore ]( is a constant t hat depends upon the amount of energy radiated 
per second. 

Because 11 radio wave released into spo.ce becomes weaker as the disto.nce 
from the transmitter increases, it is important that as much energy as 
possible be radiated from 
the source. In the case of 
the sound tube, radiation 
from the end can be in­
creased by opening the end 
out into a. horn. The effect 
of thfa enlargement is to set 
a larger volume of air into 
motion and so increase the Fro. 9-12. Use of a Ilom to Incroaso Radiation 
amount of energy radiated. from the End of a Sound Tube. 

Of comse this extra radi-
ated energy is furnished by the driving piston; the effect of the horn 
is to increase the back pressure on the piston and so make it do more work. 
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I 

11111~ 
\ ,.--..... ,.--...... ... --..\~ 

/ ... / ' / \:' ' I /. " 
~I lml I I Ill I I 

' // \,.. ,. I / , __ ,,, ..... _ _.,,,. ' ...... _-// 
I 

(d) (e) 

Fw. 0- 13. End of u. Transmiasion Line Opene<l Out to Increase Radio.tion: (u) Line 
hcforo opouing out; (b) opened-out lino sho~•ting current <listribution.; (c) con-esponding mag­
netic field; (cl) voltage di.stribution; (o) corresponding electric fieltl. 

In this respeet the horn is like a transformer or impedance-matching device 
because it matches the low "impedance" of the air to the relatively high 
impcdn.nce of the driving mechanism. 

Tho end of the transmission line can be "opened out" in a somewhat 
similn.r manner, as shown in Fig. 9-13, when the ends of the transmission 
line have been turned back to form a radiator or antenna. The current 
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distribution and a. cross section of the corresponding magnetic field are 
shown in Fig. 9-13b and Fig. 9-13c; the voltage distribution and cros.s 
section of the corresponding electric field are shown in F ig. 9-13d and 
Fig. 9-13e. As in the case of the horn, the opening out of the line into 
an antenna increases the radiated energy and this energy is taken from the 
genera.tor. Here again, the antenna acts as an impedance-matching device 
to couple or match the genera.tor to "space." 

Dimensions of an Antenna. For efficient radiation an antenna should 
liave dimensions at )east of the oi·der of a qual'l;cr of a wn.ve length. The 
reason for this can best be seen in Fig. 9- 13b. Upon examining the 
cmreots in the turned-back or radiating port.ions of the line it will be found 
that they 11re in the same direction; li kewisc, the conesponding magnetie 
and electric fields in space will be in the sarne direction and will reinforce 

ca.ch other to produce 
relatively strong fields. 
This reinforcement in 
turn means a large 
amount of energy radi­
o.tcd. The longer the an­
tenna, up to one wave 
length, the more of this 
current there will be in 
the radiating portion and 
the stronger will be the 
fields. When each of the 
turned-back portions is 
longer than one half wave 

FIO. D- 14. Antennn Longer than One Wave Length, length SO that the total 
Showing Canceling Current Loops. antenna length is greater 

than a. wave length, 
there will be included on the antenna portions of other current loops in 
which current is flowing in the reverse direction (Fig. ~14). These 
reverse cuncnts change the directions iu which maximum energy is radiated 
so that the antenna becomes a dfrectional o.ntcnnu. (see Chapter 16). As 
will be seen later, there are certain advantages to making an antenna just 
one half wave length long, and this is a very commonly used length. 

Radiation Resistance. When a transmission line is left open or is shorted 
at the encl, the electromagnetic wave is reflected and sent back up the line 
so tho:t t here is no net fl.ow of energy along the line (except a small amount 
to supply resistance losses). However, as the end of the line is opened out 
into a radiator some of the energy is rndialicd into space iusliead of being 
1·eflect.ed back, and energy is taken from the generator. As far as the 
geuero.tor is coucerned, then , the antenna. is like a resistor absorbing power 
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at the end of the line. The particular value of resistance which would 
abso1·b the same amount of power as the antenm1 is called the radiation 
resistance of the antenna. The power a,bsorbed by a . resistor is l 2R; 
the power absorbed, and therefore radiated, by an antenna is l 2R01 where Re 
is the radiation resistance of the antenna. and I is the current flowing in 
at the feed point. 

Mechanism of Radiation. So far, nothing has been said as to how the 
electromagnetic wlwes manage to leave the wires and travel on in free 

:o 
(a) 

(b) 

@ 
(C) (d) 

a 

space where there are no 
wires and therefore no cur­
rents and no charges. The 
mechanism of ra<liation is 
complicn.ted and any simple 
picture can but suggest the 
manner in which it occurs. 
Figure 9-15a indicates the 
electric-field distribution 
about an antenna at the 
instant that the voltage be­
twe<m the two halves of the 
antenna is a maximtun. As 
the voltage goes to zero 
the charges upon which 
tbe lines of electric force 
end flow towards the center 
(the antenna current) and 
the lines contract or col­
lapse back to .zero. How­
ever, it takes a certain 
lengt,h of time for them { e) (f) 
to travel outward and 
back in again (they move 
with the speed of light); 
if, therefore, the voltage 

F10. 9-15. Ele()tl-ic-fiold Distribution about an 
Antcnno. at Succel!sivc Instnnt.s over n Complete 
Elcctricnl Cycle. 

alternations on the antenna are very rapid, the volt;age may have reached 
zero and be building up in the opposite direction before some of the outer­
most lines have collt\psed. This condition is illustrated in Fig. 9-15b for 
a particular line. This line then becomes detached and is pushed out 
into space by the new set of lines expanding outward with the increasing 
voltage on the second half cycle. This process continues m1cl resnlts in · 
loops of electric force or electric stro.in moving out into space with the -
velocity of light. Along with these lines of electric force, and at right 
angles to them, is a magnetic field or lines of 1nagnetic force also moving 
outward with the speed of light. These lines of magnetic force form circles 
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about the antenna, the cireles increasing in diameter as the field moves 
outward. 

When electromagnetic waves are guided along wires, there exists both 
a moving elect.ric field corresponding to the moving charges (electrons) 
and a moving magnetic field which is generally considered as being produced 
by the current or moving charges. In turn, the moving or collapsing 
magnetic .field generates a voltage which corresponds to the "lectric .field. 
It was Clerk Maxwell who pointed out that the int.ermediate step of charges 
and current s is not necessary and that a chanoing electric field ·is equivalent 
to a current, which he called displii..cement current, and so ca.11 produce a 
magnetic field directly. In a similar way a moving or changing magnetic 
field generates n.n electric field. 

In this manner the propagation of electromu.gnet.ic fields in regions where 
there are no conductors is explained. 

Direction of the Electric and Magnetic Fields. Prom the above it will be 
evident that the direction of the electric field at tiny point remote from an 
antenna is at right a.ngles to a line from the a.ntem1a to the point and lies 
in the plane through the antenna. and the point. This arrangement is shown 
in Fig. 9-16i where the plane through the antenna and the point is the 
plane of the paper. The direction of the magnetic field is perpendicular to 

Magnetic Field, H 
Right Angle- (perpendicular to paper) 

foirection of Electric Field, E 
c parallel to paper) 

Half Wave -------------A 
Antenna IO 

FIG. 9-16. Direction of t.ha Electric F ield about nn 
Antenns.. 

this plane and therefore 
pcrpendiculo.r to the elec· 
tric field. The strengths 
of both the electric and 
magnetic fields decrease 
with distance, being in­
versely proportional to 
r, the distance from tlie 
antenna. Also the field 
is stronger at points 
along lines perpendicu~ 
Jar to the antenna (such 
as along the line OA.) 

than in other directions making a smaller angle with the antenrui (such 
as along OP). This relation is expressed by saying that the field s trength 
is proportional to sin 8 where 8 is the angle between the antenna and the 
direction of radiation. When () is zero, that is, when the point co:usidered 
is directly above the antenna, t he field s trength is iero. The above re­
lation is tn1e for very short antennas, considerably less than a half wave 
long. Longer antennas become directional and may radiute much more at 
certain angles than a.t others. 

The Receiving Antenna. If the generator or transmitter at the end of 
the transmission line in Fig. 9-13 were replaced with a receiving set, the 
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anterma would be a. rece·iving antenna (Fig. 9-17). As the olcctroma.gn eLic 
waves radiated from a distant transmitting antenna speed by, the electric 
field induces a voltage in the 
receiving antenna. Tb is volt- Moving with the velocity of light 

n.ge nltcrno.tcs in direction at 
the same frequency ::i.s the 
voltage in the t ransmitting an~ 
tenna. It is also possible to 
consider that it lil t he lines of 
magnetic force moving post 
the antenna which generate a. 
Yoltage in it. Either point of 
view is o.cccptable nnd both 
lead to the same answer. 
However, in calculating t he 
voltage o.ctually induced in 
the antenna, the voltage 
should be considered as t he 
result of the electric field or 
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F1a. 9- 17. Rcccplion or an Elcctroma.gnotic 
W&ve by o. Recoivin1t Antenna. 

the magnetic field, but not both, since t hese nre but two different ways 
of vie~;ng the same phenom enon. 

Review Questions and Problems. 1. In connection with wo,vo motion, 
define the fallowing: frequency, wave length, velocity of tho wave, phase 
difference, nodes and loops, t ransverse and longitudiu::..l waves. 

2. C::i.lculo.te the wave length (a) of a. 1,000-cyclo sound wave; (b) of o. 
l ,0004 cycle radio wave. Answet: (a.) 34.4 cm, (b) 300 km. 

3. What are the differences between a. stcmding wave and a traveling 
wave? Explain fully. 

4. Show ho\V the voltage (as measured by a voltmeter) varies along o. 
line having zero resistance carrying (a) a t raveling wave; (b) a. standing 
wave. 

5. Find tho result.ant of two wo.ves, each of amplitude A , which differ 
in phase by 60°, by (a) plotting and adding instantaneous values, (b) vector 
a.dJition. Repeat for phuse differencos of 90°, 120°, 180°, 270°. 

6. Figure 9- 5 shows a wave reflected at a boundary without change of 
phase. This could be o. voltage wave reflected from t he open end of a line 
or a current wave reflected from th e short-circuited end of a. line. Redraw 
Fig. 9- 5 to show a wave reflected with 180° phase reversal. This would 
represent a voltage wave reflected from a shorted end or a current wave 
reflected from the open enu of a line. 
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7. '\\Tho.t is meu.nt by the radiation resistance of an antenna? 

8. Would one expect to receive much signal on a horizontal antenna 
when the t ransmitting antenna is vertical? Explain in terms of the 
directions of the electric and magnetic fields about a. vertical transmitting 
antenna.. 



CHAPTER 10 

Transmission of Signals by Radio 

Radio Communication Systems. A communication system is established 
for the purpose of rnpidly t.ransmitting infol'mat.ion from one point to an­
other. The. two principal means for "instn.ntaneous" communication are 
by wire and radio. Radio is the only practical means for communicating 
with such moving conveyances as hon.ts, airplanes, and motor vehicles. 

When a body of water, such as the Atlantic Ocean, is located between. 
stationary points of communication, radio often proves to be the best 
system. Radio is also the most logical system to use where the transmis­
sions are t.o be rccci ved at a grea.t many points, as in broadcasting to the 
general public. The reason for this is that the medium of t ransmission is 
present everywhere and such a physical connection as a wire circuit be­
tween the two points of communication is unnecessary. 

Radiotelegraphy. The information to be t ransmitted may take the form 
of a message sent in dots and dashes. This m ethod ia called radio teleg­
raphy. The t ransmission is instantaneous. 

Radiotelepbony. The human voice, music, and other sounds may be 
transmit ted by radio. This method is cn.lled radi-0telephony. T ransmission 
by ra.diotelephony is instantaneous. 

Radio Facsimile. I t is also pos~ble to t ransmit the contents of pages 
cont""ining written matter and pictures. The page of m::i.terial is placed in 
the transmitting device and a page of blank paper is placed in the receiving 
device. By means of clectriciil impulses t ransmitted by radio, a reproduc­
tion or facsimile of the original page is obtained at the receiving point. 
Trnnsmissiou of informo.tion by this means is called facsimile. 

Television. The fourth principal means of transmitting information by 
radio is called television. 'rhis is the process of tra11smitting continuous 
instantaneous visual pictures of events occnrring at a distance. Motion 
pictures may also be transmitted. In addition to viewing the ~wtion, the 
observer also may hear what is going on at the piclµtp point through trans­
missions over a radiotelephony cba1mel that accompanies the visual t rans­
missions. 

T his chapter will be concerned principally with the fundamentals of ro.dio­
tclegraph and radiotelephone systems. 

231 
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Audio-frequency Electromagnetic Wave Radiation. It was shown in tbe 
previous chapter that electric waves could be started out in all directions 
by ca.using current to flow buck aud forth in a -w;rc called an antcnnu. If 
means o.re provided at n distant point fo 1· detecting these elcctroma.gnei;ic 
waves the system c:i.n be used for comn.1tmication. 

The system which would first occtll' to an experimenter would he to con­
nect the output of a microphone and an o.udio-frequcocy amplifier directly 
to an antenna and radia,te waves at the audio frequency corresponding to 
the original sound and music. However, there are reasons why audio­
frequency elect1·omagnet ic wa vcs cannot be used directly for communica­
tion without wire connections. It w:i.s shown in tbe previous chapter that 
the antenna should have a length which is an appreciable part of the wave 
length. The audio-frequency bnnd extends o.pproximately rrom 30 to 
20,000 cycles, dependent on the list eners' cars. The highest audio fre­
quency ordinarily of importance in communication work is 10,000 cycles; 
tho wave length corresponding to this frequency is 30,000 mor187 miles. The 
lowest usable audio frequency is auout 50 cycles ; this corresponds to a wave 
length of 6,000,000 m or 3, 720 miles. It hn.s not been practiciL! to build 
an tennas much over 1,000 ft h igh. From the discussion in Clrnpter 9 
on the dimensional requirements for an efficient o.nt.enna, it is seen that any 
pract ical height will be a. small fraction of tho height required fo r efficient 
1·adiation at these frequencies. Therefore the so-called audio frequencies 
cannot be transmitted with an efficiency high enough to be nscful for distant 
communication. 

At audio frequencies, even were it possible to erect no efficient antenna 
for the transmission of audio-frequency electromagnetic wo.vcs, there 
would still be other limitations. It is seen t hat a communication system 
employing audio-frequency electromagnetic radiation directly is im~ 
practical. .., 

Modulation. I t was shown. in Chapter 9 that electromagnetic waves 
could be radiated efficiently from antennas of moderate physical size if a 
sufficiently high frequency is used. The question arises-can such a radia­
tion be used for communication.? 

It is obvious that n high-frequency radiation which is tmnsmitted con­
t inuously can contain no infommtion. However, if the t rnusmission is 
turned on e.nd off by a key to form the dots and dashes of the telegraph code, 
information ean be sent if a proper receiver or detecting system is provided. 
The operation of the key in turning the signal on and off is called modul,a.. 
tion. 

If the amplitude of the transmitted power can be varied contilluously in 
accor<ln.oce with the complicated variations characteristic of speech or 
music, then it is possible to transmit the more complicated information in­
volved in such signals. Tbe impressing or a variation in amplitude, 
whether it is the on-or-off varie.tioo of the telegraph signal or the continuous 



Chop. 10] TRANSMISSION OF SIGNALS 233 

and complicated variation of sound, is co.lleq amplitude modulation. The 
wave upon which the modulation ta1'es place is called the canier. 

Common Use of the Transmission Medium. If only one t ransmitter and 
0110 receiver were in existence the problem. of radio would be very simple. 
However, the whole world lllust use tho same medium and thousands of 
ro.dio transmitters are opera ting simultaneously. A given receiver must be 
a ble to select the particular transmission to which it wishes to respond. 
This it can do in part by using resonant or selective circuits which make it 
sensit ive to t he frequency or frequencies involved in the desired signal and 
insensitive to ·waves tit other frequencies. 

'The useful raclio s pectrum at present is approximately fro m 10,000 cycles 
up to 10,000 me (1,000,000 cycles = 1,000 kilocycles = 1 megacycle, ab­
breviated 1 me) . 

Each radio transmitting station requires a certain segment of the radio 
spectrum. Assume tho.t a radio signal is being transmitted 011 1,000 kc. 
In order to transmit intelligence, the radio signal must be modulated. The 
effect of m.odulation causes the signal to have components on either side 
of its original frequel1cy, as will be explained later in the chapter. The 
segment required in the radio spectrum for t he transmission of a message 
on a given carrier frequency is called a channel. The center frequency of a 
cbnnnei is t he carrier f requency. · 

The transmit.ters of the world operate on various channels in the radio 
spectrum. There are not enough channels so that each t ransmitter may 
have exclusive use of one. For certain services, a given channel can be 
slaLred, within a short distance of the order of 100 miles; for other services 
Lhore can be only one transmitter on t he clrn,nnel in t he entire world. The 
rnclio channels of 1,230 kc, 1,240 kc, 1,340 kc, 1,400 kc, 1,450 kc and 1,490 kc 
hnve been set aside on the North American ·continent for the use of low­
powered tra.11smitters designed to render broadcast service to a. single city 
a.nd its immediate vicinity. Low-powered stations are placed on the same 
channel within distances as low as 70 to 100 miles and still each station per­
forms a useful service to its ovm community. On .the other hand, inter­
national code transmitters and international brondcast stations, used for 
the purpose of transmitting from country to country and from continent 
to continent, require the exclusive use of a channel. 

As will be explained in Chapter 15, t he propagation characteristics of 
radio chn1mels at different frequencies vary greatly. Fortunately, the 
ent ire radio spectmm is useful for one type of service or o.nother. It 
would have been unfort unate indeed if it had been found tlmt only a small 
segment of the presently lmown radio spectrum had the optimum charac- · 
te.ristic for all services. 

There is a shortage of radio channels and they must be used very care­
fully and wisely. There are many uses for radio transmission besides those 
that arc in common use today. However, t here a re not enough channels to 
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go around for all of these uses. It is therefore necessary to allocate the use 
of the frequencies in the order of importance of the service. 

Allocation of Channels. By international agreement the radio spectrum 
has been divided up for specific uses. The part of the radio spectrum from 
550 to 1,600 kc has been set aside for domestic radio broadcasting in ench 
country. The channels most suited for international transmission have 
been carefully divided up among the nations of the world so that each trn.ns­
mittcr may have an exclusive channel. 

Each country in the world regulates the use of radio channels in its own 
country. In the United States this function is performed by the Federal 
Communicn.tious Commission. The F.C.C. determines who may use the 
international facilities available to the United States. It also allocates 
channels for the ~use of all other civil radio services in the country. The 
eha.nncls are carefully allocated so that each transmitt ing station can render 
a useful service. 

Besides international agreements on the use of channels and national 
regulation of their domestic use by each country, it is sometimes necessary 
for adjacent countries to have additional agreements for the use of certain 
facilities. An example of this is the N ortb American Regional Broadcasting 
Agreement. The parties to this agreement are Canada, M exico, Cuba, 
H aiti, the Dominican Republic, Ne"•foundland, o.nd the United States of 
America. These countries are so close together that if they did no1; agree 
on certain divisions of the domestic b roadcasting chatlllels and cerLain uni­
form methods for using them there would be a great deal of interference 
between the broadcast stations in the various countries of North America.. 

As a result of international agreement 11nd proper regulation in ea.ch 
country, thousands of radio transmitters throughout the world can use the 
comparatively few channels o.f the radio spectrum in the same medium of 
transmission. 

Radio Communication System. The three principal parts of a. com­
munication system are the transmitt-ing station, the medium, and the receiving 

Transmitting Receiving 
Antenna Antenna 

'''"'m'"'' ~ ..::C.;;;;m-4' 1 '~'" I 

F:ro. 10-1. n adio Communication Sntem. 

station. A block diagram of 
a communication system is 
shown in Fi.g. 10-1. The 
transmitting staJ:ion is com­
posed of a transmitter t hat 
generates and modulates the 
radio-frequency power and an 
antenna that produces the 
electromagnetic radiation. 

The rnedium conducts the electromagnetic rndi11tion out into space. A 
receiving station consists essentially of an antenna and a. receiver. The 
receiving antenna is in the electromagnetic field produced by the trans-
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mitting station and therefore a current is made to flow through it . The 
receiver performs the function of converting the current in the receiving 
antenna into the int.elligence that is contained in the transmission. 

Radiotelephone Communicatian System. T he transmitter and the 
receiver of a radiotelephone communication system is shown in Fig. 10-2 

r~===========~~-_-_-_-_-_-_:-_-_-_~I 
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1 
i Rad io lrequency section I I Antenna 

~--~II 
I I .--. --.-. I J 
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I L __ _ ~1~o_!r.:_q~e~c~ S.!_C.!!_O~ ___ J 1 
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FIG. 10-2. Ro.cliot-Olophone Tr&namitting Stiition. 

and Fig. 10-3. The various components of t he t ransmitter and receiver 
are shown in block form in these diagrams. 

Transmitter. A radio transmitter consists of two principal sections. 
These are the radio-frequency section and the audio-frequency section. 
The radio-frequency section genern.tes energy at the carrier-wave frequency 
and amplifies it to the output power of the transmitter. The andio­
frequency section is concerned with modulation of the radio signal. The 
radio-frequency section of the transmitter is shown in a dotted box. This 
consists of a crystal, crystal oscillator, and two successive st.ages of radio­
frequency amplification, labeled first radio amplifier and second radio ampli­
fier. This section of the transmitter produces continuous-wave ra.dio­
frequency power. Modulation by the audio frequeney takes place in the 
modulated amplifier. In order to obtain the audio-frequency power neces­
sary for proper modulation from a microphone it is necessary to insert 
audio-frequency amplification between the microphone and the modulated 
amplifier. Microphones produce a. very weak audio-frequency energy arid 
this therefore roust be amplified. The energy is further amplified by the 
modulator. ]};ven though it is an o.udio-frequency amplifier, the modulator 
is so named because it supplies the necessary power for modulation in the 
modulated nmplifier. 

The output of the modulated amplifier is a modulo.ted radio-frequency 
wave. The modulated radio-frequency energy is used t o excite the antenna. 
to produce an electromngmitic radiation. The modulated radio-frequency 
energy is carried to the site of the transmitting antenna by a. rad·io-freqttency 
transmission line. This is often several hundred feet long. The term£na­
tion unit couples the transmi~ion line to the antenna. 
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The medium conducts the radiation from the transmitting o.ntenna out 
into space. 

Medium. Electromagnetic radiation is conducted out through space o.t 
the speed of light. The behavior of electromagnetic waves, or 1·adio waves 
as they are commonly called, is well known. However, li ttle is actually 
known about the medium that carries them from the transmitting antenna 
to the receiver. The medi1tm, for radio-wave transmission, is better known 
by the behavior of radio waves in space. This behavior is discussed in 
detail in Chapters 9 and 15. 

Receiver. The electromagnetic field causes a radio-frequency current to 
f!o\v in the receiving antenn11;s. Referring to Fig. 10-3, it is seen that the 
first important component of a. receiver is the selective circuit. If no selec­
tive circuit wore used the receiver would respond to o. number of trans­
missions at once, causing interference with the desired signal. The selec­
tive circuit is tuned to allow only the desired signal to pass into the receiver. 
The radio-frequency signal is dernodulat.ed or detected in the detector so as to• 

Antenna 

Selective 
circuit 

Radi<l freq· 
uency ampli· Detector 

fier 

Audio 
amplifier 

Fio. lo-3. R:idio Receiver. 

loudspeaker or 
earphones 

obtain, in the form of audio-frequency currents, the intelligence transmitted 
by the radio-frequency signa.L In order to increase the sensitivity of the 
receiver, thereby cxtendiog the range of the system, a radio-frequency 
amplifier is inserted between the selective circuit and the detector as shown 
in Fig. 10-3. The radio-frequency amplifier consists of one or more stages 
of radio-frequency amplification. 

In Fig. 10-3 the selective circuit is shown as the first component of the 
receiver. In pra<:tice there is usually a tuned circuit between the antenna. 
and the first vacuum tube and between the successive vacuum tubes up to 
the detector. These tuning circuits all constitute the selective circuit, 
shown as a block component in Fig. 10-3. In some cases, a pair of co.r­
pbones is used on the output of the detector. If it is desired to listen to a 
loudspeAker rather tba,n earphones, then the weak audio frequency from 
the detector is amplified to the proper level to operate the loudspco.kcr. 
This audio-frequency amplification is shown in Fig. 10-3. In most re­
ceivers, andio-frequency nmplifica.tion is provided even for earphone re­
ception. 

There a.re two principnl types of receiver, the radio-frequency re<..'Civer 
(RF receiver) a.nd the superheterodync. The oue shown in Fig. 10-3 is 
a. RF receiver and employs straight detection. 
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Superheteroi:lyne Receiver. The superheterodyne type of receiver is 
more sensitive and tunes sharper t han does the radio-frequency receiver. 
'l'he block di.a.gram of a typical simple superheterodyne receiver is shown 
in Fig. 10-4a. The incoming signal is impressed upon the first detector. 
Assume that the incoming signal is at 1,000 kc. The local oscillator is 
adjusted so that it produces a signal at a. frequency such as 1,455 kc. These 
two signals mix in the .first detector, producing a new signal at 455 kc, 
called the intermediate frequency. The intermediate-frequency signal is 
amplified in an intermediate-frequenciJ amplifier and it is then detected in 
the second detector to obtain the audio-frequency currents to actuate the 
earphones. 

In order to make the superheterodyne receiver more sensitive, a tuned 
radio-frequency amplifier is added ahead of the first detector as shown in 
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Intermediate 
frequency 
amplifier 

Second 
detector 

Audio 
amplifier 

Local ( b ) Refined super heterodyne receiver 
oscillator 

Fro. 10~. Supcrbetorodyne Recuivo1·s. 

Fig. lo-4b. An.other important reason for adding the radio-frequency 
n.mplifier is discussed in Chapter 13. In order to increase the audio-fre­
quency output of t he receiver o.n audio amplifier is added a.fter the second 
detector. 

The superheterodyne type of receiver is used almost to the exclusion of 
the radio-frec1uency receiver. 

Radiotelegraphy. How a radio-frequency signal can be modulated has 
already been e>..-pla ined. Tbe cCLrricr may be modulated in such a wa.y as 
to produce combinations of dot;s and dasbes forming a code. This form of 
communication is called racl'iotelegraphy. There rLre two types of radio­
telegraph. These are continuous-wave (C'\V) and i·nteni.ipted. c01ltimwus­
tcave (ICW). 

Continuous-wave (CW) Radiotelegraphy. The co.rrier wo.ve itself may 
be interrupted in such a fashion as to form dots and dashes \Vhich constitute 
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code transmissions. Figure 10-5 _shows graphically what happens to the 
wave. A telegraph key may be used to start and stop the carrier wave 
indirectly. Referring to Fig. 10-5, as an example, the telegraph key can 
be depressed for a fraction of a second, left open. for a fraction of a second, 
and then closed for three times as long as the first time, thus tra.usmitting 

DOT DASH 

1,000,000 per seconcl--1lf- ~ Time 

-- -1/10~3/10 --

Time in Seconds 

Frn. 10-5. Continuous-wave (CW) Telegraph. (The 
waves are sine '!Vavca. They arc shown as :stmight lines 
for convonicnce only.) 

two impulses or radjo­
frequency groups that 
may bo interpreted by 
a receiving system as 
being a dot and dash. 

Assume that the car­
rier frequency in use is 
1,000 kc. The impulses 
received will be at 
1,000 kc. This fre-
quency is much above 

the audible range. A continuous-wave (CvY) receiver has incorporated in it 
a radio-frequency oscillator. Adjusting the oscilla.tor to 1,001 kc produces 
two additional waves in the receiver, one the sum of 1,000 and 1,001 kc and 
the other the difference of the two waves, tho.t is, 1,001 - 1,000 = 1 kc. 
The 1-kc or 1,000-cycle component may be used to actuate a pair of ear­
phones or a loudspeaker to produce an audible tone. H is seen that th~ 
transmission of the dots and dashes on 1,000 kc produces impulses that will 
actuate earphones or a loudspeaker to produce audible tones of 1,000 cycles. 

Interrupted Continuous-wave (ICW) Radiotelegraphy. Besides CW, the 
other principal method used for radiot;elegraphy is interru.vtecl cont:imwus-

.L 

~ ¥AMMM/1 Time 

lb l Audio frequency wave 
(al Radio frequency wave 

( c I Modulated radio frequency wave 

F10. 10-6. Modulation of 1~ RiLdio-h-cc1ullncy Wavo. 

Time 

wave (ICW). In this method the carrier is modulated at a ftxed frequency 
by one of several methods. The desired audio frequency, to actuate the 
earphones or loudspeaker, is produced in the receiver without the use of a 
local oscillator such as is necessary with the continuous-wave type. 

Amplitude-modulated Wave. A radio-frequency wave is shown :U1 
Fig. 10-fot. The audio-frElquency wave shown in Fig. 10-Gb is low in fre-
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quency compared to the radio-frequency wave shown in Fig. 10--6a. An 
audio-frequency wave (such as that shown in Fig. 10--6b) co.n be combined 
with a radio-frequency wave (such as that shown in Fig. 10-6a) in such a 
way tha.t the audio-frequency wave varies the magnitude of the radio­
frequency wave exactly in accordance with its own wave form. The result 
of this operation is an amplitude-modulated wave and is shown graphicn.lly 
in Fig. 10-6c. The hea.vy lines in Fig. 10-Uc form what is called the modu­
lation envelope, which is 

- ---- - - - - - ------- Time 

n replica. of the modulat- E 
ing audio-frequency 
wave. If n. more compli­
cated signn.l were used, 
the modulation envelope 
would still follow it in 
detail. 

Fl(l. 10-7. Envelope or Modulated Ro.dio-irequcncy 
Signal over Shor~ Period of Tillie. In radiotelephony the 

envelope of the carrier 
wave is very complex as compared with the envelope of the wave when a 
single frequency modulates the transmitter as shown in Fig. 10-{i. Fig­
ure 10--7 shows graphically what the envel.ope of a radiotelephone modu­
lated wave might look like over a period of short duration. 

Side Frequencies. A.ualysis of the electrical circuits is always on the 
basis of simple sine waves. It is apparent th.at the modulated wave shown 
in Fig. 10-6 is not such a sim.ple sine wave. It may be shown both by 
mathematics and experiment, that this wave really contains three frequen­
cies. These arc 

fo (called the carrier wave), 
fo - f1 .(called the lower side frequency), 
fo +fl (called the upper side frequency), 

where fi fa the signal or modulation frequency. As an example, if fo is 
1,000 kc and f1 is 1,000 cycles, then the resultant waves will have frequen­

Carrier 

Lower 
Side-frequency 

llpper 
Side-frequency 

cies of 999 kc, the lower side frequency; 
1,000 kc, the carrier wave, and 1,001 
kc, the upper side frequency. 

Figure 10-8 shows a so-called spec­
t rum analysis of such a wave. 

SrnE BANDS. If the modulating sig­
nal contains several frequency compo­liiG. 10-S. Side Frcqucncios in Modu-

lation. nents, ea.ch component wi11 produce an 

999 1000 1001 
Frequency in kilo-cycles 

upper and lower side frequency. The 
group of lower side frequencies is called the 1.ower side band, and the group 
of upper side frequencies the 1q>per side band. The width of each band is 
equal to the highest frequency component of the signal to bo transmitted. 
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Therefore the total width of the segment occup·icd in the spectrum by an 
amplitude-modulated » ave is t wice t he highest frequency in the signitl. 

Receiver Selectivity. In order to receive satisfactorily a modulated 
wave, it is necessary that the receiver be able to accept the b and of fre­

Response 
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1395 1400 1405 
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quencies tha.t is transmitted. I t is also 
necessary that the receiver reject signals 
on other frequencies. The dotted lines in 
Fig. 10-9 show an ideal response character­
istic for a receiver. The carrier wave of the 
received signal is 1,400 kc and t he highest 
modulri.tioo frequency is 5,000 cycles. The 
response is uniform from 1,395 kc to 1,405 
kc. There is no response outside this band. 
Unfortunately , for practical reasons, such 
response curves cn.nnot be obtained. 

Figure 10-lOa shows the response curve 
of a typical tuned radio-frequency receiver. 
Figure 10- !0b shows the response curve of a 
typical superhcterodyne receiver. Assume 
that the trnnsmitter carrier is on 1,400 kc 
and t hat the highest modulat ion frequency 

FIG. io-o. Ideal Selectivity Re- is 5,000 cycles. The desired frequency re-
s;ponso Curve of Receiver. sponse of the receiver would then be as 

shown in Fig. 10-lOc. This is 5 kc on each 
side of the carrier frequency o( 1,400 kc. As may be seen from the response 
curves, neither the curve of Fig. 10-lOa nor that of Fig. 10-lOb is the 
ideal box. The superheterodyne 
response corve, as shown in Fig. 
10-lOb, howeveri comes the 
closest. It will therefore receive 
t he desi1·ed signal and still not 
respond, to any great extent, 
to signals on other frequencies. 
On t he other band, the response 
curve of the radio-frequency 
receiver, as shown in Fig. 10-
lOa, shows an appreciable re­
sponse even at 1550 kc and 
at 1250 kc. Such a radio-fre­
quency receiver would ho sub­
ject to a grea.t df'.al of interfer­

., 
"' c 
0 
0. 

"' QI 
c:: 

I I I 
(a l RF receiver 
(b l SupNheterodyne 
( c ) Ideal 

1550 1500 1450 1400 1350 1300 1250 
Frequency in kilo-cycles 

F10. 10- 10. Scloctivity llosponse C 11 r1·cs of 
Reooivor~. 

ence from other stations between 1,250 and 1,550 kc. Relatively, the 
supcrhctcrodyne receiver would only be interfered with up to about 1,420 
kc and down to about 1,380 kc. 
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Review Questions and Problems. 1. Under what conditions may radio 
communication be used to advantage? 

2. What are t he four principal types of radio communication? 

J. Why is it that audio-frequency electromagnetic wave radiation 
cannot be used for communication '? 

4. Wh11.t is modulation? 

5. Name the three principal parts of a communication system and 
briefl y tell what each does. 

6. (a) Describe an amplit ude-modulated radio transmitter. (b) Tell 
the fuuction of each pa.rt. 

7. What is Ju1own about the medium of transmission for radio com­
munication? 

8. Vt hnt function. does a receiver perform? 

9. (a) Name the principal parts of a receiver. (b) Describe what each 
does. 

10. Name the two general types of receivers and describe how they 
function. 

11. What is the difference between continuous-wave (CW) and inter-
rupted continuous-wave (ICW) radiotelegraphy? 

12. vVb.at are side frequencies? 

13. Vlhat are side bands? 

14. Why is selectivity important it1 receivers? 





CHAPTER 11 

Radio-frequency Amplifiers and Detectors 

Radio-frequency Amplifiers. Radio-frequency amplifiers are .used in 
both trn.nsmitters and receivers for the purpose of amplifying a radio- ' 
frequency voltage or power. 

Fundamentally, vacuum-tube amplifiers operat e in the same way regard­
less of the frequency of the voltage to be amplified. A signal voltage 
impressed upon the grid of a vacuum tube will control a relatively large 
output in the plate circuit. The grid of the tube must be properly biased 
and the tube must work into t he proper load impedance. The circuit 
diagram of a conventional resistance-coupled audio-frequency amplifier is 
shown in Fig. 11-la.. The bias for vncmun tube T is obtained through the 
resistor R. The signnl input voltage is impressed across Ras well as :i.cross 
the grid and filament of the tube. The value of R must therefore be large 
enough so that it does not unduly load the input circuit and reduce the 
signal input voltage. Resistor R1 is the proper output load impedance 
for the vacuum tube T t o work into. Assume th.at R and R1 a.re pure 
resistances. Over a wide frequency range the vacuum t ube T funct ions 
as an am plifi.er. 

An amplifier such as that shown in F ig. 11-la can function as a Class A 
radio-frequency amplifier. It is obvious that such a circuit does not 
respond to the desired signal to the exclusion of others. A receiver using 
such an o.mplifier will be unsatisfactory because it does not reject undesired 
signals. Because of shunting capacities, moreover, the gain would also 
be limited. ' 

In Chapter 3 it was shown tho.t a parallel circuit, consisting of an in­
ductance and a capacity, has a relatively high impedance at the anti­
resonant frequency. It was also shown that t he parallel-circuit impedance 
rapidly decreased ou either side of the antiresooant frequency. A parallel 
circuit may be substituted for the load impedance R1 of Fig. 11- la.. Such 
a substitution is shown in the diagram of Fig. 11-lb. The air-core in­
ducthnce L and the capacity Ca form a panillel antiresonant circuit. By 
proper selection of Land Ca, the impedance across points a and b may be 

• In the radio trade, radio-freq1«me1J amplliiers, chokes, and so forth are commonly 
called simply radi-0 amplifiers, chokes, 11Dd so forth. When there is no likelihood of 
confusion, this practice will be follo1vcu in this book. So Rlso for audi-0-frequ,ency and 
audio. 
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made Io..rge for any given radio frequency. The amplifier will therefore • 
function properly at the resonant frequency. Beca.use the impedance of 
the parallel circuit rapidly decreases on each side of resonance, the amplifier 
output will be reduced at other frequencies. Selectivity has therefore 
been obtained by substituting a parallel resonant circuit for the lond 
resistance R1 of Fig. 11- la. 

The use of a parallel resonant circuit a.g a load impedance for a vacuum 

.----..-1P--
Input 

+ 
Plate Voltage 

(a ) Resistance coupled amplifier 

c 
----11 r---r----!-

Input 

+ 
Plate Voltage 

(bl Resonant circuit coupled amplifier 

Output 

L 

tube is important in 
transmitters. The r<? 
sistor R1 of Fig. 11-la. 
wastes plate-supply 
power. In itself this is 
unimportant in mdio­
frequency amplifiers 
used in receivers, be­
cause of the low power. 
The r elatively high 
powers involved in 
radio-frequency ampli­
fiersused in transmitters 
require that efficiency 
be carefully considered. 
The parallel-resonant­
circuit loud impedance 
avoids the loss of power. 
Another important con­
sideration is that the 
plate voltage must be 
raised to compensate for 
the drop in the resistor 
R1. In Fig. 11-lb the 
plate current flows 

FIG. 11-1. llcaistaaco- and Rcsonnnt-circuit-couplod through the inductance 
A11.1plificra. L. The resistance of 

t·he ind uctn.nce to 
direct current is negligibly small compared with that of R1 in Fig, 
11-la. 

The selectivity of the parallel re...~nant circuit is somewhat important 
in t ransmit ters but not to the extent that it is in receivers. 

The inductance or radio-frequency choke marked RFC in the circuit 
diagrn.m of Fig. 11- lb is an air-core inductance presenting a high impedance 
at radi'o frequencies. Therefore it will not short the radio-frequency input 
signal. If a resistor, such as R in Fig. 11.-la, is used to supply bias to a 
vacuum tube used as a radio-frequency amplifier in a transmitter, the 
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power loss may become appreciable. · Radio-frequency chokes, such as 
RFC in Fig. 11- l b, are therefore extensively used in transmitters for 
feeding bias voltage to o. radio-frequency amplifier vacuum tube. 

The principal difference between a Class A resistance-coupled audio 
amplifier circuit and a radio amplifier circuit is that parallel resonant 
circuits a.re used in the latter for coupling. In addition, bias voltages 1uc 
usually fed through radio-frequency chokes. However, resistances are 
sometimes used in low-powered radio amplifiers. 

Resonant-circuit Coupling for Radio Amplifiers. In audio-frequency 
amplifiers, the coupling devices are usually transformers, resistances, or 
impedances. Parollel-resonant-circuit coupling is usually used in radio 
o.m plifiers. 

In receivers, the resonant coupling circuits act to accept the desired 
signal and reject the undesired signals. A resonant coupling circuit is, in 
effect, an impedance-matching circuit. It is easy to adjust the impedance 
of the circuit to any desired value. This adjustment is particularly im­
portant in transmitters, where large amounts of power are used and where 
efficiency is therefore important. The impedance of a resonant coupling 
circuit can readily be adjusted for the optimum load impedance of the 
vacuum-tube amplifier, thereby attaining maximum efficiency. 

Figure 11- 2n. shows a pamllel resonant circuit consisting of a capacity 
C in paro.llel with inductance L which is in series \Vith resistn.nce R. 

A.NTIRESONANT FREQUENCY. The impedance Z looking into terminals 
X-X is a pure resistance at antiresonance. The circuit shown in Fig. ll-2a. 
has the approximate constants for resonance nt 1,000 kc. At 1,000 kc, 
when R is zero, Z is infinite; when R is 10 ohms, Z is 10,000 ohms; and 
when R is 100 ohms, Z is 1,060 ohms. R may be selected so that the 
impedance Z will be whatever value is the proper load impedance for ·the 
amplifier. This selection is impedance matching. As an exalllple, the 
10-ohm load has been matched to 10,000 ohms. The use of parallel 
resonant circuits for impedance matching is more fully discussed in 
Chapter 3. 

A parallel resonant circuit may be adjusted so as to present the proper 
load impedance to a vacuum tube operating at n. specific carrier frequency, 
such as 1,000 kc. In radiotelephony,, however, the amplifier must also 
properly nmplify the side bands. · 

Referring to Fig. ll-2a, assume that the circuit is resonant under three 
conditions, uamely R equals 0, 10 ohms, and 100 ohms. It is also assumed 
that there is no appreciable resistanee in the condenser a, which is true 
in a well-constructed condenser up to the ultrahigh frequencies; and that 
L is a pure inductance and lia-s no tesistance, which is not true in practice 
because of the resistance of the wire. The impedance Z over a band of 
frequencies under the three conditions is shown in Fig. ll-2b. 

A tuned-circuit such as is shown in Fig. 1 l-2a appears as a pure resistance 
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o.t its terminals only at the antiresonant frequency. At other frequencies 
the impedance Z is partly reactive. 

Curve A shows that when R equals zero the impedance Z rises to infinity 
at the resonant frequency of 1,000 kc. Cune B shows Z when the resist­

x---.---~ 

lmpedance­
Z 

(a) Parallel resonant circuit 

Curve A - R equa Is zero 
B- R equals 10 ot.ms 
C- R equals 100 ohms 

L 
50 Micro· 
henries 

R 

12,000 ..-----.---------~-------

z 

c 

ance is 10 ohms. If 
the highest modu­
lation audio fre­
quency is 10,000 
cycles, tho band of 
frequencies to be 
transmitted is from 
990 to 1,010 kc. 
Curve B shows that 
the impedance 
varies somewhat 
over this range. A 
radio amplifier can 
work satisfactorily 
·with this difference 
_if simple precau­
tions are taken. 
Curve C of Fig. ll -
2b is a plot of Z 
when R is equal to 
100 ohms. Over the 
band of frequencies 
from 990 to l,OIOkc 
the impedance is 
substantially equal 
at all frequencies. 
Howe.,.•er, it is to be 
noted that the im-
pedance Z is much 

o~~-----_ ......... _.._ _ ____ ____, lower than that 
900 Frequency in KC 1000 

990 1010 
( b) Frequency, impedance characteristic of parallel circuit 

F10. 11-2. Im1>cdunce of Par:illcl Circuit. 

llOO usually required for 
the plate load of a 
vacuum tube. If an 
att.empt is made to 

::nake the impedance characteristic too flat, the impedance at antireso­
nance is then too lo·w to opcrnte as 11 coupliug device for o. vo.cuurn tube. 

liARl'vIONJC SUPPRESSION. Vacuum tubes generate harmonics that pro­
duce undesirable radiations when coupled to an antenna if precautions 
are not taken to suppress them. The second harmonic of 1,000 kc is 2,000 
kc, the third harmonic is 3,000 kc, and so forth. If the harmonics were 
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allowed to radiate, interference with other stations on the liarmonic fre­
quencies mny result. The curves of Fig. 11-2b ex-tend only up to 1,100 kc. 
However, it can be seen that ii they were extended to 2,000 kc the value 
would be very low. The harmonics are reduced beco.uso the amplifier 
would be working into u. very low impedance at the harmonics. 

Resonant-circuit Coupling for Audio Amplifiers. Faithful reproduction 
through an electrical system is dependent on the ratio, usually expressed 
in per cent, of the band wi<lth to the lowest band frequency a.ncl not on 
t he band vridth itself. 

If a 1,000-kc carrier is modulated by 10,000 cycles, then the band width 
is 20,000 cycles. The band extends from 990 to 1010 kc. The band width, 

10,000 ~------~--~-~---....------. 

8,000 t-----+------+- -ttt---+-- ---t-----t 

., 6.000 l----+--------+--l!l---l-- --1----i 
u 
c: 
"' ~ 
Cl. 

..§ 4,000 l---l-- ------+---1H+---l----l----i 

2,000 1----1------+--++-1---+----J----j 

0'---....1--- ---'----'----'----'----' 
50 100 500 1000 2000 5000 10,000 

f requency in Cycles 

F10. 11-3. Parallel Rosona.nt Circuit at Audio Frequencies. Electri-
" cal Constants Equivalent to (D) of Fig. 11- 2. 

20 kc, is 2.023 of the lowest frequency, 990 kc, of the bancl. This rntio 
corresponds to an audio-frequency band of 990 to 1,010 cycles. 'l'he 
electrical equivalent of Fig. ll- 2a. could be set up for 1,000 cycles. In 
this case C and L would have much higher values than for 1,000 kc. It 
would be expected that the electrical behavior would be the same over the 
same fraction (per cent) of band width. The impedance Z of such a circuit 
is plotted in Fig. 11-3. It is seen Crom Fig. 11-3 that tho resonant circuit 
presents a high impedance only in the neighborhood of 1,0.00 cycles and 
that over the rest of the audio band, from 50 to 10,000 cycles, the impedn.nce 
is very low. This impedance curve causes a great difference in amplifica­
tion LLt frequeneies other than 1,000 cycles. Resonant circuits therefore 
cannot be used as coupling devices in audio amplifiers, whereas they ma.y 
be used and are desirable in equipment designed to handle an equal band of 
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frequencies after it has been t ransferred to a higher place in the radio­
frequency spectrum. 

Radio-frequency Amplifier Circuit. The fundamentals of all classes of 
mdio amplifiers are the same. The schematic circuit diagram of a simple 
radio-frequency amplifier is shown in Fig. 11-4. The vacuum tube T 
works into the resonnnt circuit composed of condenser C and inductance L. 
In some circuit applications, the wire forming the inductance L has enough 
resistance so that the resonant-circuit impedance is the right value for 
proper operation of the vacuum tube. This often is the case where voltage 

c, amplification is required, n.s in 
-=----,---.-1~ N radio receivers. 

i.---+-- Output T he signal input voltage e0 to be 
M amplified is impressoo on the grid 

through terminals I-I. The bias 
voltage E, reaches the grid through 
the radio-frequency choke RFC. 
RFC prevents the radio-frequency 
input signal voltage from being 

FIG. 11--4. Simple Triode Radio Ampli fier. shorted through the bias supply. 
The radio-frequency by-pass con­

denser C2 is of such 1t vttlue that points a-a are at the same radio­
frequency potential without shorting the pl11t13 voltage . The resonant 
output-coupling circuit is composed of inductance L and condenser C. 
So far as radio frequency is concerned, the coupling circuit is connected 
directly from the filament to the plate of the tube. Blocking condenser 01 
is of such a capacity· that output terminal N is effectively connected to 
one end of the resonant circuit, so far as radio frequency is concerned. 
C1 prevents the plate voltage from appearing u.cross the output terminals. 
Output terminal M is effectively connected to the other end of the 
resonant circuit through capacity G2. Whatever radio-frequency voltage 
develops o.crose PQ also appears 11cross the output terminals NM. 

There are actually many difierent ways for coupling the signal input 
voltage into l\U amplifier and for coupling the output of the amplifier to 
t he load. There are also many methods for connecting the bias volto.ge 
to the grid, nnd there are many methods for supplying plate voltage to the 
tube. The resonant output circuit or tank circuit, as this is often called, 
takes many different forms. 

Radio Amplifier Input Circuits. A number of different input circuits may 
be used for impressing the input signal voltage on the grid of a ra.dio ampli­
fier. Four different methods are shown in Fig. 11- 5. L a.i1d 0 in Fig. 
11-Sa represent t he output circuit of a radio amplifier. The radio-fre­
quency input voltage is impressed upon the grid of the tube through the 
radio-frequency blocking condenser C1. H.adio-frequency choke RFC 
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prevents the bias supply from shorting the radio-frequency voltage between 
the grid and fila.ment. The blocking condenser C1 prevents the plate 
voltage of the preceding amplifier from being impressed on the grid. 

C and Li represent the input tuning circuit to the radio amplifier in 
Fig. ll-5b. The resistor R is the cathode bias resistor. Condenser C1 is 
a radio-frequency by-pass around the cathode resistor, therefore effeetively 
placing the input voltage directly across the gl'id and cathode. Jn Fig. 11-5c 
the condenser C and the inducta.nce L' rep1·esent the output circuit of ,a 
preceding amplifier. L induces a radio-frequency voltage into L1. Con­
denser C1 by-passes the radio-frequency voltage direct.ly to the cathode, 
thereby impressing the voltage from L1 across the grid a.nd cathode. The 

.,. + 
B + Blas Voltage ( b) 

circuit shown in Fig. 
11-5d may be used 
where it is desirable to 
use a separate bias sup­
ply and still be able to 
ground one end of the 
tuning condenser. As 
may be seen from the 
diagram, condenser C 
is grounded o.t one end. 
The condenser C1 is 
large enough so that it 
is a short circuit for 

L---+ 

IJ 
radio frequency. Ii; 
prevents the bias volt- (c) 

(d) 

age from being shorted. Fie:. 11-5. Types oC Radio-amplifier Input Circuit.. 

The bias voltage is fed 
to the grid o.f the tube through inductance L1. Radio amplifier input cir­
cuits may take many different forms. The four shown in ·Fig. 11-5 
are typical. 

Single-ended Radio Amplifier Output Circuits. There are many differ­
tmt types of output circuits that may be used with radio amplifiers. Tne 
general fundamentals of most of these are illustrated in Fig. 11-6. In 
Fig. 11--0a, Land C comprise the tuned output circuit. The plate supply 
is fed to the plate of the tube through inductance L. C2 is a radio-frequency 
by-pass condenser effectively connecting ·one eud of the output circuit to 
the filament. Condenser C1 allows the passage of the output radio fre­
quency but stops the plate voltage from being in1pressed upon the output 
terminals. The plate supply is said to be series fed because the plate volt­
age is fed in series through the tuning inductance L to the plate. 

Figure 11-6b illustmtes parallel feed of the plate voltage. The plate 
voltage is fed to the plate through the radio-frequency choke RFC. As 
may be seen from the din.gram, the plate voltage 11nd the output circuit 
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nre, in effect, in parallel. The radio-frequency choke RFC prevents the 
radio energy from passing into the plate supply and the condenser Ci pre­
vents the D C. plate voltage from passing into the tuning circuit. In­
ductances I , and Li form a radio-frequency transformer. The output of 
\,he ampliner is inductively fed from L to L2. 

A somewhat different type of output circuit is shown in Fig. ll- 6c. 
In this circuit tuning is accomplished by the variable capacity C. In­
ductB.nces Li and L2 form a radio-frequency transformer. Therefore, the 
tuning circuit is reflected into the inductance L1 and is effectively in series 
with the plate of the tube. 

An output circuit used extensively in transmitters is shown in Fig. ll- 6d. 

(a) 

tjj~"'"' 
-~~+ 

(C) 

B + 
( b) 

- B + 
(d) 

Fw. 11-6. Typcij of Single-ended Itndio-amplilicr Output Circuit.s. 

Inductance L and condensers C a.ucl C2 form the output tuning circuit. 
In this circuit the output of the m11pli.6.cr is obtained from across con­
denser C2. This type of circuit helps to reduce harmonics. 

Output circuits such as those shown i.n Figs. 11--Ua, b, d are used exten­
sively in t ransmitters . The output circuit shown in Fig. ll-6c is exten­
sively used in receivers. Variations of Fig. 11--Ua are also used in receivers. 

Grid-bias Voltage Supplies. Grid-bias voltage may be supplied to au 
amplifi.er by any one of a number of different methods. Several of these 
are shown in Fig. 11- 7. In each of the five figures shown, L and L1 repre­
sent the input and output circuits respectively of the amplifier. 

Figure ll-7a shows ii battery in use as a grid-bias supply. This type of 
bias supply is extensively used in portable battery-operated receivers. It 
is seldom used in amplifiers deriving their power from a 60-eycle A.C. source 
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because the bias voltage can readily be supplied by other means. S<r 
called cathode biasing is shown in Fig. ll-7b. Th~} resistor R is in series 
with the cathode of the tube. The plate current drawn by the tube 
returns to the cathode t.hrough the resistor R and therefore there is a 
D.C. voltage drop across the resistance. The polarity of this voltag<i is 
positive at the cathode end a.nd negative at the other end. By connecting. 
the grid· return lead as shown in Fig. 11-7b, the grid is biased negative in 
relation to the cathode. The voltage across resistor R is equa.l to the 
plate current multiplied by the resistance. By using the proper value of 
resistance, tbe proper bias voltage is obt11ined for the amplifier. 

Figure 11-7c shows cathode biasing except that the grid return is made 

'~'· 
Battery -=- - + 

L 

(a} Battery Bias 

+ 
B+ 

( d} Plate Supply Voltage 
Divider Bias 

( b} Cathode Bias 

L 

( e) Rectified Power 
Supply Bias 

l 
L, 

B + 
(cl Adjustable Cathode Bias 

( f) Grid Leak Bias 

I•'rn. l l-7. Gr·id-bias Voltage Supplies. 

to the arm of a potentioUleter so that the bias voltage to the tube may be 
varied at will. This type of biasing is not generally used but is convenient 
in experimental and test equipment. . 

Figure ll-7d shows biasing by means of a voltage divider across the 
pla.te supply. The voltage divider is composed of resistance R1 in series 
with a potentiometer R. The flow of current through the voltage divider 
is such that .negative bias is supplied to the grid of t.hc tube. 

Biasing such as is shown in Fig. 11-7b is extensively used in receiver 
radio amplifiers and in low~powered audio amplifiers. It is also used in 
transmitters to some extent. The circuit of Fig. 11-7c, as explained, is 
a vn.riation of that in Fig. ll-7b and has a limited use in experimental 
and test equipment. The use of biasing as shown in Fig. ll-7d is prin­
cipally limited to low-powered amplifiers such as those in receive1·s. How­
ever, it is not in such general use as is the biasing shown in Fig. U-7b. 

J'i'igure 11-7e shows a method of biasing that is extensively used in 
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transmitters. In this method o. separate rectifier is used to supply the 
bias voltage. 

Gri.d-leak biasing is shown in Fig. 11- 7f. This type of biasing is used 
extensively in transmitter radio amplifiers, particularly iu code trans­
mitters. When the radio-frequency grid input voltage exceeds the bias 
voltage, an amplifier draws !,"l'id current. .As shown in Fig. ll- 7f, the 
grid current returns to the :filament through the radio-frequency choke RFC 
imd the resistor R. The Bow of current through R produces a voltage drop 
across R and this drop biases the grid of the tube. Grid-leak bias hM. the 
disadvantage that if the signal input voltage to the grid is removed, the 
bias on the tube is removed because there is no flow of current th1·ough R. 
\Yithout bias the tube will draw an abnormally high plate current and may 
be damaged. To avoid this possibility, sometimes a fixed bias supply is 
inserted between t he resistor R and ground. The bias supply contributes 
part of the bias voltage and the voltage drop across R contributes the rest. 
The fixed bias is high enough to limit the plate current to o. safe value in 
the event that the signal input voltage to the grid of t he tube is removed. 

Voltage and Power Amplification. The terms volta{le amplification and 
power amplifica.tion have the smne meaning in rn.dio amplifiers that they 
have in audio amplifiers, as explained in Chapter 7. 

Radio Amplifier Classifications. Radio-frequency vacuum-tube ampli­
fiers divide into three classes dependent on the method of operation. 
These arc Cl~s A, Class B, and Class C. 

CLASS A AMPLIFIER. * .A Class A amvlifi.e1· is an amplifier in which the 
grid bias and alternating grid voltages are such that 1)late current in a specific 
tube flow.~ at all ti~. 

Class A radio amplifiers are usually used for ~ge amplificfiljon. 
Their efficiency and power output a.re low. 

CLASS B AMPLIFIER.* A. Cl.ass B amplifier is an amplifier in which the 
grid bias is approximately eq11.al to the cuto:tf value, so that the plate current 
is approximately zero when no exciting grid voltage is applied, and so that 
p~te current in a specific tube flows for approxirnately one half of each cycl.e 
when an alternating grid voltage is applied. 

Class B radio amplifiers are .usually used as power amplifiers to amplify 
modulated radio frequency. Class B amplifiers operate at a much higher 
efficiency than do Class A. 

CLASS C AMPLIFIER.* A Class C amplifier is an amplifier in which the 
grid bias is appreciably rrreater than the cutoff valur;, so that the plate current 
in each tube is zero when no alternating grid voltage is applied, and so that 
pbte current in a s-pecific t·ube .flows for appreciably less than one half of e.ach 
cycle when an alternating grid voltage is applied. 

• The definition in itnlics is from the Sto.ndards on Electronics by the Ynstitntc of 
Radio Eugiueern. ' 
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Clnss C radio amplifiers are usually used for power amplification of 
unmodulated radio frequency. They will not amplify modulated radio 
signals. A Class C radio amplifier may, however, be modulated in its 
plate output circuit. Class C radio amplifiers operate at the highest 
efficiency. 

Rltdio amplifiers operate much the same as do audio amplifiers. One 
principal difference is tbat resonant circuits may be, and usually are, 
used for input and output coupling circuits. 

Class B radio amplifiers can function either single ended or push-pull, 
while Class B audio amplifiers must be push-pull. 

Cfass C amplification may be used for some radio amplification applica­
tions but not for audio amplification. Cla.ss C produces the highest plate 
efficiency and the highe:;:t, power output. This efficiency is important 
where farg;e amounts of radio-frequency power are involved, as in radio 
transmitters. 

C1,Ass B AUDIO AMPLIFIER. Class B audio-frequency vacuum-tube 
amplifiers operate in a manner similar to Class B radio amplifiers. 'l'hey 
a.re frequently associated with radio-frequency equipment as nwdulators. 
For these two reasons they are discussed later in this chapter rather than 
in Chapter 7. 

Class A Radio-frequency Amplifier. The principal characteristics of 
Cfo.ss A rn.dio amplifiers are high voltage amplifica.tion, faithful reproduc­
tion of the input wave, low plate efficiency and low power output. Triode, 
screen-grid, and pentode tubes may be used. Class A radio amplification 
is usually used where high voltage amplification and faithful reproduction 
of the wave is required. Class A radio amplifiers are used extensively 
in receivers where high voltage gain per stage is important. The plate­
supply power used by radio amplifiers in receivers is small and therefore 
power efficiency jg unimportant. 

In transmitters the plate power is large and therefore output efficiency 
becomes important. Efficient amplifiers of the Class Band Class C type 
have been developed to the point where they have almost entirely elimi­
nated the use of Class A radio amplifiers in transmitters. 

The radio amplifier shown....in_Fig. 11-4 could operate as a Class A radio 
~m1;Ii~· if the input and output impedances were of the nglit value and 
if the bias voltage, the plate voltage, and the signal input to the grid were 
proper. 

Figure 11-8 shows the relation between grid voltage and plate current 
for a properly operated Class A radio~frequency amplifier. Grid voltage 
is plotted along the abscissa and plate ·current along the ordinate. Curve A 
of Fig. 11-8 is the characteristic cUl've of a vacuum tube with a load and 
is a plot of the plate current 11, as the grid voltage Ee is varied. A Class A 
radio amplifier must operate on the straight portion of the characteristic 
curve between points c and d, as shown in Fig. 11-8, for faithful reproduc-. . 
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tion. Because c to d is a straight portion of the characteristic curve, it can 
be seen that the plate-circuit signal output current of the va.cuum t ube 
will be a faithful reproduction of whatever sign.al input voltage is impressed 
on the grid circuit of the vacuum tube. 

The bias voltage Ee is of such value that the operating point o is half way 
between c and d. With no signal input to the grid, the plate current 
will be o-n. Class A amplifiers usually are used to amplify modulated 

- Bias 

Plate Current 
Ip 

-Time 

+Bias 

Fro. l l-8. Grid-voltf.lgo- P late-eur­
rcnt Relations in Class A Amplific.ation 
of n. 1003 Modulutcd Radio-fre­
quency \Ynve. Proper Operation. 
(Tho waves are sine WBves. They nre 
shown o.s straight lines for conven­
ience only.) 

waves. In F ig. 11-8 an unmodulated radio-frequency input voltage is 
shown along the time axis between e to f and has an amplitude of e,. This 
voltage causes a ra.dio-frequency current ip to flow in the plate circuit 
during a corresponding time interval of e1 to f1. The time interval f to g 
indicates 1003 modulation of the carrier wave by an audio frequency. 
A modulated wave impressed ou the grid circnit en.uses a current to flow 
in the plate circuit of the tube during the corresponding time intervn.l 
f1 to Oi· The modulated radio signal voltage input to the grid is faithfully 
reproduced in the output of the tube been.use the operation ha-s taken place 
over the linear portion of the characteristic curve between c and d. 

It was shown in Chapter 7 that the efficiency of Class A. audio amplifiers 
is low. For the srune rea-sons Class A radio amplifiers operate at a. low 
efficiency. If a Class A amplifier were used to amplify an unmodulated 
carrier, then the entire portion of the characteristic curve from c to d could 
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be used for tho carrier. Both ec and ip would be twice the value shown in 
.Fig. 11-8. The efficiency would be approximately the same as for Class A 
audio amplification. In radiotelephony the peak of the modulation voltage 
Em must not exceed the portion of the characteristic curve between c and d. 
In order to provide for 1003 modulation it is necessary to reduce the car­
rier wave to operation over the portion of the characteristic curve between 
a and b. This reduction requires that the radio-frequency signal input to 
the grid be half of what it would be if an unmodulated wave were to be 
amplified; conversely the output current iP is half. This condition means 
that the carrier output power is low. The plate current o-n is the same 
regardless of the input signal voltage, and therefore the efficiency of the 
amplifier is low. 

IMPROPER OPER.~TION. Improper operation of a Cl.a...~ A radio amplifier 
results if operation on the characteristic curve takes place below point c 
or above point din Fig. 11-8. 

If operation e>..-tends below point c, part of the operation takes place on 

Time 

- Time 
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Frn. 11- 9. Grid-volt,ngo-
Plate-current Relation in Clnss 
A Radio Amplification. Im­
proper Operation, Because Dias 
Voltage is too High. 

a curved portion of the characteristic curve and therefore faithful repro­
duction is not obtained. Figure 11-9 illustrates this type of improper opera­
tion. The bias volto.ge B0 has been increased over that shown in Fig. 11-8 
so that the operating point o is lower on the characteristic curve. 

In Fig. 11-9, 100% modulated radio-frequency input voltage to the grid 
is shown during a time interval! tog. The characteristic curve is straight 
from a to d and therefore there is faithful reproduction of the input wave 
over this portion of operation. The portion of the characteristic curve 
from a to c is not a straight line and therefore the reproduction is not linear, 
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as demonstrated by the lower half of the envelope of the output current. 
The dotted lines p and q indicate what the shape of the envelope would be 
if the reproduction had been true. 

When the voltage on the grid of a vacuum tube becomes positive a 
current flows through the grid. This current flows through the resistance 
of the input circuit, causing a voltage drop that changes the bias point 
of the amplifier. It is therefore necessary, if grid current is drawn, to 
make the resistance of the input circuit low. When it is made low, a 
comparatively high input power is required to produce the voltage neces­
sary on the grid to obt.ain the desired output. Class A amplifiers are used 

Time 

to obta.iu high voltage 
amplification, and 
therefore high-imped­
ance input and output 
circuits are used. 
Owing to t)le high­
im pedance input cir­
cuit, grid current can­
not be allowed to flow 
in a Clt~ss A amplifier . 
Improper operation of 
a Class A radio am­
plifier, where grid cur­
ren~ is drawn over 
part of the opcl'ation, 
is shown in Fig. 11-
10. The bias voltage 
Ee is exceeded by the 
peak grid signal volt­
age input e.,,. during 

- part of the time, and 
therefore the grid draws current when it is positive during the portion 
of t ime when em exceeds E.. Operation over the chnracte1·istic curve 
between c and d is linear, and therefore the input voltage is faithfully 
reproduced ovor that portion of the curve. Over the portion of t he curve 
from d toe the grid current flows, causing the reproduction to be nonlinear, 
as indicated by the envelope of the modulated wave. The dotted lines 
p and q indicate what the envelope would look like if the reproduction had 
been faithful. 

1'hc D.O. plate ammeter indicates the average plate current o-n as 
shown in Fig. 11-8. If the operation is improper, as shown in Fig. 11- 9 or 
Fig. 11- 10, then the average plate current will change dnring modulation 
and the D.C. plntc ammeter will change indication. If 1003 modulation 
is uot exceeded and the in.put modulated · wave is sinusoidnl, then proper 
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operation of a Class A radio amplifier, as shown in Fig. 11-8, is indicated 
by no change in the D.C. pl.ate ammeter during modulation. 

PLATE DISSIPATION l~lM:IT. A given tube will dissipate only a certain 
amount of power in heat without being dama.ged. Class A radio amplifitn· 
tubes in receivers can have a plate dissipation which is lm·ge compared to 
the small amount of plate input power . required, so there is usualJy little 
or no difficulty from dissipating heat. In transmitters, however, where 
large amounts of power may be involved, the matter of plate dissipation is 
of particular concern. The bias voltage must be adjusted so that the sa.fe 
plate dissipation of the tube is not exceeded. Referring to Fig. 11-8, the 
bias voltage Ee on some tubes may need to be higher than that shown so 
that the tube operates at some point between o and c. The 100% modu­
lated power output of the amplifier is limited then bec1wse operation on 
the characteristic curve is limited to twice o ·to c. 

Neutralization. The grid-to-plate capacity of a triode vacuum tube is 
very small, and therefore at audio frequencies the impedance of this capac­
ity is extremely high. At radio frequencies, however, the impedance is 
much lower. Therefore, at radio frequencies, an appreciable amount of 
energy from the plate circuit may f eedJmck-to the grid circuit through this 
capacity. The energy feedback from the plate circuit to the grid circuit 
may cause the tube to start oscillating, This oscillation interferes with 
the normal. operation of the trloclC'aS a ra.dio amplifier. It; js possible to 
counteract the energy feedback from the plate to the grid. This process 
is called neutralization. In F ig. 11-lla Cpu represents the interelement 
plate-to-grid~ty. Energy from the output of the tube is fed fro1p 
plate to grid through Cpu· This feedback usually causes oscillation. The 
feedback thtough Cw may be neutralized; how t-his may be done is shown 
schematically in Fig. 11-lla.. The tuning condenser for the output circuit 
is really two condensers in series, allowing the ground return to be ma.de on 
the center of the two condensers. The voltage from N to M is across the 
plate and filament. This feeds voltage back to the grid tbl'Ough the 
capacity C1111 • The voltuge from IvI to 0 is opposite in polarity or 180° 
out of phase with the voltage across MN. The voltage across MO causes 
o. current to flow through the neutralizing condenser C,. to the grid. If 
capacity C,. is made equal to the plate-to-grid capacity Cw, tben the same 
voltage is fed to the grid through Cn as is fed through Cp~· Inasmuch as 
the resultant voltages on the grid a.re equal and of opposite phase, they 
cancel out at the grid of the tube, thus preventing oscillation. 

Neutralization may be aceomplished in a great many mo.nners. Figures 
11-llb and 11-llc show two practical forms of plate neutralization. 
Cn in both cases is the neutralizing condenser. In practice the neutralizing 
condenser is made variable and of n. capacity in excess of the plate-to-grid 
capaeity. The reason for this higher capa.city is thn.t stray capttcit.ies 
between wiring and pieces of cquj pme.nt in the cil'cuit will require a neutral-
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izing capacity higher than tbe plate-to-grid capacity. The type of neu­
tralization shown in Figs.11-llb and 11-llc is called plate 1ieutralization 
because energy is fed from the plate circuit back to the grid. 

Gricl neutralizatiort may also be employed. This type of neutrn.lization 
is mustrated in Fig. 11-lld. The operation is identical with plate neutral­
ization except that voltage is fed from the grid circuit to the plate. C,, is 
the neutralizing condenser. 

Figure 11- lle illustrates a type of neutralization which is being used 
more and more in t ransmitters. Cpg represents the pla~e-to-grid capacity 
of the tube. Condenser C and inductance L represent the neutrn.lizing 
circuit . Inductance L, of the proper value, is connected from plate to grid. 
In practice, a condenser C is inserted in series with inductance L so t hat 
the plate volt.age is not impressed on the grid of the tube. The current fed 
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Frn. 11-11. Typos of Neutmli7.o.tion for Radio Amplifiers. 

from the plate to the grid through inductance L is out of phase with the 
current fed through C1'!r If [, is of the proper value then the resultant 
voltages on the grid will be equo.l and out of phase. The voltage fed 
back through Cvo is neutralized on the grid by the voltage fed tru·ough 
inductance L. 

Another type of neutraliza tion is illustrated in Fig;. 11-lG. In push-pull 
the neutralization is usually what is called cross neutralizat.ion. The two 
condensers in Fig. 11-16 labeled C,, are the neutralization condcnf?el's. As 
may be seen from the diagram, they cross feed from the plate of one tube 
to the grid of the other. 

Class A Pentode Radio Amplifier. Pentode vacuum tubes have a 
number of characteristics that make them ideal for use as voltage ampli­
fiers. The principal advantages are large voltage or power amplificatiou 
per stage, and freedom from the need for nentmlization. The elements 
in a pentodc are the filament or cathode, control grid, screen grid, Sllp-

J 
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pressor grid, and plate. The suppressor grid is located in the tube between 
the pln.te and the other elements. When the suppressor grid is connected 
to the cathode of the tube, it behaves as an electrostatic shield between the 
plate and the control grid. 

Figure 11- 12 shows the d:iAgram of a pentode radio-frequency amplifier. 
In the vacmun tube T, Ga is the suppre.~sor grid. There is a n intcr­
element capacity between the plate and the suppressor grid. As may be 
seen from the diagram, because of the radio-frequency by-pn.ss condenser 
Ca, this capacity is virtually a.cross the output inductance £3 and tbus 
forms part of the output circuit. There also is an in terelement capacity 
between the suppressor grid Ga and the control grid G1. This capacity is 
v irt ually across the grid input circuit a.nd therefore becomes part of the 
input tuning circuit. The two capacit ies are independent of each other 
owing to the fact that the suppressor grid is connected to the cathode of 
the tul;>e. The capacity from the plate to the control grid G1 is, for all 
practical purposes, not present. As a practical mo.ttcr, there is a slight 
cap'l1city present between the plate and the control gri<l through the meshes 
of the suppressor grid and the screen grid. The grid-to-plate capacity of 
a typical pentode tube is about .008 µµf. If the suppressor grid and the 
screen grid were removed from the tube, the capacity would be something 
on the order of several micromicrofarads. The suppressor gTid reduces' 
the plate-to-grid capo.city to a value so small that it cLumot feed enough 
energy back from tho plate to the grid circuit to cause oscillation. Tho 
suppressor grid, accordingly, eliminates the need for neutralization. 

Capacit ive or inductive coupling between the plate and grid circuits of a 
radio amplifier, if of sufficient vnlue, will cause oscillation. Referring to 
Fig. 11- 12, if the output circuit coils La and £4 are placed in inductive 
relation to the inpuL circuit comprised by Li and L2, there will be a feedback 
causing oscillation. Oscillation could also be caused by running the leads 
from the grid and plate too close t.o each otber. Other circuit components 
of the input and output circuit.s, if placed in proximity to each other, 
may c-ll.use enough feedback to make the va.cmun tube oscillate. 

Shielding. Shielding is resorted to in order to prevent oscillation from 
taking pla.ce as a result of these causes. The pent ode vacuum tube itself 
is usually placed in a metal shield. In receivers this shield may be a small 
metal cylinder that.fits rather snugly over the tube. Many types of tubes 
are made with a metal envelope instead of gl.H.ss. These tubes a.re sclf­
shielded and usually require no further shielding. The input and output 
coupling circuits also should be shielded. Usually the tuniog inductances 
are fully shielded and limited shielding is sometimes e1nployed around the 
variable tuning condensers. SUlall by-pass condeusers a re sometimes 
placed in metal shield housings. This shielding is not necessary in all 
parts of the circuit. It is also common practice in some applications to 
shield the lead from the input tuning circuit to the grid of t he tube . 

• 
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It is also important that the circuits of one amplifier be shielded from 
the circuits of other stages of amplification. When using pentode tubes 
shielding is automatically accomplished because t he individual components 
are quite well shielded from ea.ch other, ancl t herefore from components 
of other stages of the amplifier. 

In triode amplifiers it is not so important ns in other types to keep t,he 
various clements of an amplifier stage isolated·from each other. However, 
it is good practice to follow the same general principles. In order that the 
stages of amplification shall be isolated from each other, each stage is some­
times shielded. Shielding the tuning inductances is usually sufficient in 
receivers and lo\v-powercd transmitters. In high-powered transmitters, 
in addition to shielding the individual tuning circuit inductances, each 
amplifier stage is often shielded completely. 

Typical P entode Radio Amplifier. Figure 11- 12 is a circuit diagram of a. 
typical pentode radio-frequency amplifier. The funda111entals of the 
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circuit a.re the same whether the amplifier is used in a receiver or in a trans­
mitter. An indirectly heated cathode is shown in Fig. 11-12. This type 
of cathode is common practice where pentacles a.re used in receivers. For 
power use in transmitters a directly heated filament is usually preferred to 
the cathode. The input resonant circuit to the vacuum tube Tis composed 
of L2 and C1• The signal input voltage impressed on L1 is induced into 
L2. L1 and L2 comprise a radio-frequency transforme~. L. and C4 induc­
tively couple into the plate circuit through the transformer formed by Lt 
and La. This sequence constitutes t.be output resonant circuit of the ampli­
fier. The plate of the vacuum tube receives its current through RFC and 
L 8• RFC is a radio-frequency choke and along with by-pass condenser Ca 
stops the radio-frequency energy from passing through to the source of the 
plate voltl\gc. The need for this blocking will be discussed in detail in a 
later paragraph of this chapter. The screen grid G2 receives its voltage 
through resistor R2. Screen grids usually operate at a voltage a. little bit 

• 

i 
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lower than the plate-supply voltage and they also draw a small amount of 
current. The screen-grid current passing through resistor R2 causes a 
voltage drop that effectively reduces the volta,ge on the screen grid' G2• 

Condenser C2 is a radio-frequency by-pass from the screen grid to the 
cathode circuit. R2 and Cz form a filler to keep the radio-frequency from 
passing through to the plate supply. Resistor R1, connected between the 
groUJid and the cathode, is called 11 cathode resisto1·. The current drawn 
from the plate supply by the plate and the screen grid G2 passes through 
resistor R1 to the cathode, causing a voltage drop in R1. The voltage 
across R1 has the polarity shown in the diagram of Fig. 11-12. The control 
grid G1 is connected to the negative end of R1 through inductance L2• 

Owing to t he polarity of the voltage drop in resistor R1 the control grid is 
negative in respect to the co.thode. By proper selection of resistor value, 
the bias on the control grid ma.y be set at the proper operating vnlue. 
Condenser C is a by-pass conde11scr and serves two purposes. It is vir· 
tually a short circuit for radio frequency a.nd therefore the input reso­
nant circuit is effectively connected across the cathode and control grid. 
Condenser C aJso effectively by-passes the radio frequency around the· 
resistor Ri. 

F igure 11-12 is schema.tic of a practical circuit hookup of a radio ampli· 
fier. Many circuit variations are possible. There is no oue circuit which 
is more fundamental than any one of a number o.f others. The class of the 
amplifier, the service that it is to perform (for <~xample, whether it is used 
in radiotelegraphy or radiotelephony), n.nd the power t hat the radio ampli­
fier is to handle govern, to a marked degree, the speci.fie circuit that is used 
and the vu.Ines of the eompouent parts. 

Screen-grid Voltage Supplies. In some applications the voltage to the 
screen grid of a tetrode or pcntode is the sam.e .ns 'the plate voltage, and in 

F 10. 11-13. S~rcon-gricl Voltago Supplies. 

such applications tho screen grid is connected to tbe positive terminal of t he 
B or pliLte supply. Usu.ally, however, Lhe screen grid operates at a voltage 
lower than the pln.tc voltage. There arc two principal means for obtaining . 
the lower voltage from the plate suppljr. The two methods are shown in 
Fig. 11-13. L indicates tho output ci1·cuit of tho vacuum tube. A resistor 
R is shown in series with the screen grid G2 in Fig. ll-13a.. The screen 
grid draws current and th erefore there is a voltage drop across the resistor 
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R. The net voltage on the screeu grid is t he plate-supply voltage minus the 
voltage across the resistor. The second principal method of obtaining the 
lower screen grid voltage is shown in Fig. ll-13b. A potentiometer or 
voltage divider is connected across the plate supply. A tap n.t the proper 
voltnge is taken off the voltage divider to supply volta.ge to the screen 
grid G2. 

Tetrode Radio Amplifiers. Tetrode or scret>n-grid tubes contain a 
filament or cathode, control grid, screen grid, and plat e. Screen-grid 
tubes may be used in radio-frequency amplifiers. The pentode tube has 
displaced the screen-grid tube in most receiving-set applications. The 
screen grid in a tetrode tube functions to reduce the plate-to-control-grid 
capacity. Jn addition to the screen grid, the pentode tube also has a 
suppressor grid. The plate-to-grid capacity of a pentode is less than it is 
in a tetrode tube. Therefore an amplifier using a pentode tube is less 
liable to oscillate than is one using a tetrode tube, and the pentode tube 
is usually preferred over the screen-grid tube in radio amplifiers. 

The explanation of the operation of a pentode radio amplifier is applicable 
to an amplifier using the screen grid tube. · 

Filtering D .C. Supply Circuits to Radio Amplifiers. In a previous para­
graph mention wa.s made of filtering circwils in the plate and screen-grid 
leads from the plate-supply sources. The necessity for isolating various 
circuit components froJD. each other has also been discussed. T he impor­
tance of isolating cascaded amplifiers from ea.ch other wa.s pointed out. 
A series of amplifier stages is usually operated from the same plate· and 
bias supplies. If two cascaded stnges of amplification are properly shielded 
it is still possible for feedback to occur through the plate or grid power 
supplies if precautions a.fo not taken. A common way to prevent feedback 
through the power supplies is to use filters. Referring to Fig. 11-12, tho 
radio-frequency choke RFC and the condenser CJ form a filter which 
prevents the radio-frequency energy in. the plate-circuit output from feed­
ing into the plate supply, where it in tum could feed into the plate circuit 
of the preceding tube and fron.i t.hcre to the grid circuit of the vacuum 
tube T. In some cases, this feedback could be enough t o cause oscillation. 
The radio-frequency choke RFC is 3. high inductance presenting a hjgb 
impedance to the radio frequency. The condenser C3 presents a very low 
impedance to the radio freqnency and therefore by-p~isses the rn.dio fre- · 
quency energy around RFC and the plate supply. In this manner the 
radio-frequency energy in the output of the vacuum tube is prevented 

. from feeding iuto the plnte power supply. In some cases a resistance may 
be substituted for the radio-frequency choke RFC. Resistance R-i and 
condenser C2 fonn a filter for the screen grid G2 in the circuit of Fig. 11- 12. 

Figure 11-14 shows four different types of power-supply filters. These 
are labeled types 1 to 4. The type numbers given arc arbitrary. T;ype 1 
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is the same as the fi lter composed of choke H.FC and C3 in Fig. 11-12. 
Type 3 is the same us the filter composed of R3 and C2 in Fig. 11- 12. 
Type 2 u.nd type 11 are the same as type.s 1 EJ,nd 3 except that an additionii.l 
condenser Ca has 
been added. Tho c e 
condenser Ca adds o--1 
to the filtering ac-
tion. In most cases 
there is £\ large ca-
pacity across the 
output of the D.C. 

A 
Type I 

C B 

D-1 

A 
Type2 

L 

C B 
o-j 

A 
Type 3 

A-In ea.:h use goes to - supply 
8 -ln each case goes lo circuit lh•t is to be fil tered 

R 

C B 
D~ 

o-4 
A 

Type 4 
supply circuit and • 
therefore the con­
denser C0 is un­
necessary. 

D-ln ea(h ease goes lo the ~lhocle °'ground return of lite filament 

In transmitte1-s, 
there is another 

1"10. 11-14. D.C. Powor-supply Filtort1. 

R 

reason why mdio-f requency supply circuit filters are important. Mer­
cury-vapor rectifying tubes arc .in. general use for changing 60-cyclc 
alternating current into direct current for use as pin.to and bias power 
supplies. Radio frequency affects the operation of mercury-vapor rec­
tifying tubes and therefore it is important that radio frequency be isolated 
from them .. 

Transmitter Output Tube Complements. The output power of radio 
transmitters varies from :i. fraction of a watt up to sovcral hundred kilo­
watts. The amount of power required is determined by the service of the 
communication system. It would be desirable to l1n.vc a. single vacuum 
tube in the output amplifier of a radio transmitter. For economic reasons, 
the power output capacity of the output tubes should not be much higher 
than is required for the operating power of the transmitter. Thus, if tho 
transmjtted carrier power is 1,000 watts, it is uneconomical to operate with 
tubes tha.t can produce a.n output power of 5,000 watts. The larger the 
tubes are, the more expensive they arc. The large tubes also requjro 
more power to light the filament. 

It is impract ical for the tube mauufocturers to produce a single tube 
wit h the proper power output for en.ch ll.lld every use. Neither is it prac­
tical to build tubes larger than a certain size; therefore, if the use demands 
a power higher thnn Lhc capability of the largest tube, it becomes necesso.ry 
to use two or more tubes in the output amplifier. 

By using combinations of two or more tubei.in tra.usmitter amplifiers, 
it has been fo und feasible to standardi;io ill some degree on the power 
capability of vacuum tubes. A multitude of different power output.s is 
obtained by proper combination of a limited number of vacuum tubes of 
various power ratings. When two or m.ore tubes arc used in an amplifier, 
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t hey may be Op<!ratcd either in parallel or in push-pull. Tubes so operated 
~ust be similar. 

PARALLEL OPEnA'l'IOX OF VACUUM TUBES. Any number of vacuum 
tubes mn.y have their clements connected in 'parallel. T he power output 
ciipo.bility of the combination is equal t.o Lhe sum <>f t.lio power Otl'Lput 

cnpn.1Jili't.ics of t he individual t 11 bes. Figure 11- 15 (ii) shows three vacuum · 
tubes with the filn.meuts connected in pa.ra.llcl, the grids connected in 
parallel, nod the plates connected in parallel. 

When tubes arc connected in parallel there is a tendency for parasitic 
oscillations to be set up at a very high frequency. Parasitic oscillations 
are extra oscillations occurring at a frequency diffeL·ent from the main or 
desired oscillations. They U.ke power away from· the intc11cled output 
and sometimes cause undesirable heating of the tube clements and erratic 
oporation. This tendency may be present even in a single tube. How-

Filaments 

(a) 

Grid __,__, L--'­

lnput c 

(b) 

Bias 
Tube H1 

Plate 

Blas 
Tube 112 

1~10. ll-15. Pnrullcl Operation of Vncuum Tubes. 

Bias 
Tube #3 

ever, it is uot nearly n.s serious as it is when two or more tubes are connected 
in parallel. Parasitic oscillat.ion interferes with the normnl operation o( 
the tube. The circulating currents from parasitic oscillations can readily 
become so high th::i.t the parasitic current Bowing through the grid return 
in tho glass ~ of the lube will heat the conductor to the extent that it 
will dnmage the t ube. Parnsitic oscillations may be prevented by inserting 
a simple circuit in series with the plate of each tube. Figure 11- 15b shows 
the scheme of parasit ic chokes associated with three vacuum tubes operated 
in parnllcl. The inductances L o.re small, usually solllcthing on the order 
of about 15 turns on a diameter on the order of an inch or two. The 
i.nduct.n.nce presents a very high impedance to the po.msitic frequency 
because the parasitic frequency is usually very high. Tho inductance, 
however, is small enough so that it has no effect at the operating frequency. 
The resistance R is usun.lly of the or<ler of 50 ohrus nud is pla.ced in parallel 
with the inductri.ncc /.J. T his circuit serves to damp out the parasitic 
oscillations. The values for L aud R given above would be suitable for 
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use in the medium frequencies, such a.s the broadcast band of 550 to 1,600 
kc. At higher frequencies the inductance is smaller. 

Vacuum tubes of the same type do not possess absolutely identical 
cho.nwteristics. I t is sometimes necessary to allow for this fact in the 
circuit of an amplifi er using vacuum tubes in parallel. Usually this allow­
ance takes the form or a separate bias-voltage adjustment for each tube. 
A method for supplying the proper bias to each individual tube is shown in 
Fig. ll-15b. The signal voltage input is supplied to each tube through 
condenser C. Separate bias voltage may therefore be fed to each grid 
through the radio-frequency chokes RFC. 

PusH-PULL OPERATION. The second method of using multiple tubes in 
a radio amplifier is to operate them in push-pull. This method of operation 
requires that the number of tubes in use be even. Push-pull operation 

L2 
L1 

Signal --;;i 
Input -3 

R 

FIG. 11-16. Push-pull Triode Radio-fnlquency Amplifier. 

of tubes has several ndvauta.ges over parallel opcrat.ion. Cross neutraliza­
tion of a push-pull amplifier does not complicate the circuits as much as 
does neutralization of o. ~inglc-endecl amplifier. 

Two tubes in push-pull operation will give a slightly hjghcr power output 
than will the same two t ubes operating in parallel. Another advantage 
push~pull bas is that theoretically the even h::wmon.ics produced by the 
vacuum tubes a.re Ct\noeled out. In practice this cn.ncellation amounts to 
a marked reduction in the ampli\;ude of the even harmonics provided 
circuits are carefully bttlanced. A ci.rcuit diagram of a push-pull t riode 
radio-frequency w:nplifier is shown in Fig. 11-16. k. and C1 comprise the 
resonant input circuit. T he signal input volt.'l.gc in L1 is trn.nsformed to 14 , 

where it is impressed upon the grids of the vo.cuum tubes. 'rhe tuning 
condenser C1 is a double-section condenser. Ench section is a condenser 
by itself and the two sections are connected in series so that the midta.p 
may be grounded to form a balanced input circuit to the grid of each tube. 
Balance is necessary in order that the voltage impressed on the grid of each 
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tube shall be tho same. The output circuit is comprised of inductances 
L. and L3 and couclenser Cs and is similar to the input circuit. Condenser 
C.s is connected from the midtap of the tuning condenser to ground, thus 
giving a balanced output circuit so that each tube works into the same 
impedance. The plate supply to the vacuum tubes is obtained through 
the radio-frequency choke RFC and the inductance LJ. In this type of 
plate-supply circuit there is a t.endency for parasitic oscillations to fonn. 
A resistor R is placed across the radio-frequency choke RFC to damp out 
these parasitic oscillations. The two condensers labeled C11 arc the neu­
traliiing condensers nnd are connected for cross ne·utralization. 

The radio-frequency amplifier shown is typical in transmitters. The 
t ransformer T, is used to light the filament~ of the tubes. The plate cur­
rent returns to the filaments through the roidtap of the filament trans-

(a) 

+ 
Plate 

Supply 

+ 
Plate 

( b) Supply 

F m. 11-17. Types of Push-pull Radio-amplifier Out.vu~ Circuits. 

L 

Output 

former. It is not feasible to return the plate current through e. filament 
midtap resistance because the resistance would need to have a very high 
current-carrying capacity and would necessarily be unduly large. I t is 
therefore common practice in transmitters to return the plate current 
through the midtap of the filament transformer, whereas in receivers it 
is more common to make the rctmn through midtap resistors. In some 
low-po\\-er transmitter amplifiers the midtnp-re.sistor return is used. 

0UTPU'1' cmcurrs, P USH-ruJ,L RADlO AMPLIFIER. One type of push-pull 
ro.dio amplifier out.put circuit is shown in Fig. 11- 16. 1\,,o other push-pull 
radio amplifier output circuits are shown iu Fig. 11-17. The plate supply 
was series fed in the diagram shown in Fig. 11- 16. In both diagrams 
shown in fig. 11- 17 the pla:te supply is parallel. The plate voltage is fed 
to the plates of the tubes through the rnclio-frequency chokes RFC. T he 
blocking condensers Cz and C3 prevent the plate-supply voltage from being 
impressed upon the tuning inductance. In Fig. ll-17n, the output of the 
amplifier is obtained from taps on the tunfag inductance L . In the circuit 
shown in Fig. 11-17b, the output is obtn,ined across the condensers C" and 
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Cs. The circuit shown in Fig. ll-l 7b is preferred in amplifiei·s used in the 
final stage of a transmitter because the condensers C 4 and 0 6 aid in reducing 
harmonics. Tho condensers Ct and C,, have a lower impedance at the 
harmonics and therefore partially shunt the harmonics around the output 
terminals. The hookup shown in Fig. 11- l 7a is more applicable to inter­
stage radio amplifiers. 

Class B Radio-frequency Amplifier. Class B radio-frequency amplifiers 
a re mainly used in transmi1iters for the purpose of amplifying a modulated 
signal. The main characteristics of Class B radio amplifiers are faithful 
reproduction together with higher plate efficiency aud greater power output 
tha.n Class A radio amplifiers. Class B amplifiers are biased at the cutoff 
point so that, with no signal input to the grid, there is no .Bow of plate cur.-

(b) 

Resultant 100% modulated 
wave in tank circuit 

Fm. ll-18. Crid-,roltage-Plnte-current Relation in Clnss B Amplification 
of u. Mo<lulated Radio-frequency Wave. Proper Operation. 

rent. Referring to Fig. 11-18a, for proper operation a Class B radio 
amplifier is biased to point a. Dtu·ing the time intervo.l e to f , unmodulated 
radio-frequency signal voltage is impressed on the grid of t he tube. Owing 
to the operation at the cutoff point , the negative half of each cycle of the 
signul voltage impressed on the grid produces no current in t he plate cir­
cuit. The result is t,ha.t half-cycle pulses of plate current are nuide to fl.ow 
as sbowu in t ime interval e1 t o fi. These hall'-cycle pulses n.re impressed 
on t he r esonant output tuning circuit. A resonant circuit has the property 
t hat if part of n. cycle at a given frequency is impressed upon it, the pulse 
excites the resonant circuit aud produces 11 full sine wave. This fact 
makes it possible to operate radio amplifiers at the cutoff point single­
ended. Figure ll- 18b represents the instantaneous tank current circulat­
ing in the output resonant circuit. Time interval ei to !2 corresponds to 
time interval ei to !1 nnd represents the full-sine-wa.ve current flowing in the 



268 RADIO-FREQUENCY CIRCUITS [Chop. 11 

tank circuit produced by the ha.U--sine-wave pulses received from the plate 
circuit of the vacuum tube. 

Class B radio amplifiers may -be operated over a portion of the character­
istic cmvc extending up lio where the top slopes off. The operating por­
tion of the clrn.racterist.ic curve as shown in Fig. 1 l -18a is from a up to 
where t he curvature starts at poiut c. To amplify faithfully a 100%modu­
lated ru.dio signal, the signal input vollii.i.ge without modulation must be half 
of a.c or up to point b. During the time interval f tog the carrier is 100% 
modu.Iated by an audio frequency. As ma.y be seen from Fig. 11-18n., the 
part of the signal input voltage to the lef t of the operat ing.axis has no efiect 
on the instantaneous plate current i'/). During modulation the plLl.ses of 
radio-frequency current in the plate cirnuit have an envelope (represented 

in the time interval f1 to g1) tlult corresponds with the modulation fre­
quency. The ha.li-cych~ pulses of plate current excite the reso1)ant output 
circuit, producing full sine~ waves o.f mdio frequency to produce a modu­
lation envelope as shown in Fig. 11-lSb between Ji n.nd f)2. 

EFFicnmcY. The efficiency of Class B radio amp.lifiers for the carrier 
only without modulation is much higher than that of Class A .radio ampli­
fiers. Cluss B radio amplifiers opernte over a greaf,er portion of the char­
acterist.ic curve than do Class A radio a.m.plifiers and therefore n given tube 
will give a much greater output. As rna.y be seen from Fig. 11- lSa, the 
signal input voltage at 100% modulation exceeds the bias voltage and ther~ 
fore the grid goes positive. For this reason the impedance of the grid input 
circuit must be low. Therefore a higher input power is required for a 
Class B 11mplifier tha.n is required for a Glass A radio amplifier where the 
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input impedance is high. A carrier efficiency as high as 353 is obtainable 
from Clnss B m dio amplifiers. 

F igure 11-19 shows t he effect produced when t llo bins of a Class B am­
plifier is too high. During modulation the signa.l input voltage between 
points a nnd b is such that there is complete cutoff of the plate current and 
therefore the envelope of the radio-frequency pulses i11 the plate circuit is 
not a sine wave. Part of the full envelope has been cut off between 
point':i c and d. Figure ll-19b shows t he current iu the tuned circuit; 
the diagram shows that the envelope of the moduhited wave is not a 
sine wave. 

The single-ended amplifier circuit,s shown so far and tbe push-pull radio 
amplifier shown in Fig. 11-16 may be operated as Cla.ss B radio :l.mplliier& 
if the constants of the circuits are properly selected and the voltages are 
properly adjusted. 

Class B Audio Amplifiers. Class B audio amplifiers may operate at 
efficiencies as high ss 503 to 70% for maximum output. They are thote- ' 

a 
-Bias 

Plate Current 

Ip Plate~~!::nt Pu l:_:~ip _ 

Audio Signal Input 

FIG. 11-20. Gl'id-voltage­
P IM-0-cmrrcul; Relation in Class 
B Amplilicrilio11 of Audio Fre­
quency. 

fore used whenever o. lo.rge a.mow1t of audio power is required. Many 
radiotelephone tro.nsroitters are modulated in the output arnpli1ier. The 
amount of audio power required for 1003 modula.tion is half of the plate 
power input to the amplifier. As an illustration, a 10,000-watt transmitter 
operating at an efficiency of 80% ho.s a plate input power of 12,500 watts. 
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The audio power required for 1003 modulation is 6,250 watts. Audio 
powers of this magnitude are difficult and expensive to obtain from Class A 
a.udio amplifiers. High-efliciency Class B audio amplifiers are th.etefore 
used in transmitters to produce the ~iudio power required for modulation. 
An amplifier so used is termed a modulator. 

Figure 11-20 shows the grid-voltage-plate-current relation of a vacuum 
tube used in Chiss B audio amplification. The bias voltage E0 fixes the 
operation point at the cutoff point of the characterist ic curve. The voltage 
ec is an audio signal voltage impressed on the grid of the tube. This volt­
age causes ha.If-cycle pulses of plate current to fl.ow, as shown by i 11 • As 

-Bias Tube 1 0 
+Blas Tube 2 

Characteristic of 
Tube 2 

Plate Current Tube l 
Ip 

Bias Tube 1 + 
Bias Tube 2-

Ip Half Cycle B 
FIG. 11-21. Grid-voltnge-Plate-<:urrcnt Rela­

tion in Push-pull Class If Audio Amplification. 

Plate Current Tube 2 

m:plained earlier in the chapter, resonant circuits cannot be used for audio 
n.mpli6er coupling. Class B audio amplifiers use a transformer for the out­
put coupling. I-falf-cycle sine-wave pulses im.pressecl on a transformer pro­
duce a clistorted output wave and not a full sine wave as does a resonant 
ci.rcuit. It is necessary, therefore, to operate Class B audio amplifiers in 
push-pull so that, in effect, the first tube will produce a half cycle while 
the second tube is idle. The second tube then produces the other half 
of the cycle while the first tube is idle. The two tubes in combination pro­
duce the full-sine-wave output. 

Figure 11-21 represeuts graphica.Jly the operation of two tubes in a 
Class B audio amplifier. The characteristic curve of tube I is shown in 
the upper portion of the diagram. The chn.racteristic curve of tube 2 is 
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shown turned around in such a way that the two characteristic curves 
form a straight line. The volta.ge e~ represents the audio-frequency signal 
input voltage to the grids of the tubes. Both tubes are biased to the cutoff 
point so that there is little or no plate current fl.owing when there is no 
signal input voltage. During the half cycle of ec labeled A the grid of 
tube 2 is made more negative and therefore the plate current of tube 2 re­
mains at zero. Iu t ube 1, during the half cycle A, t.he total grid voltage 
(the sum of E., the bias voltage, and e" the signal input voltage ou the 
grid) becomes more positive and operation takes place over the portion. of 
the characterist ic curve of tube 1 from a to b. A half-cycle pulse of plate 
current i 111 is produced. During the half cycle B of grid input, the grid of 
tube 1 becomes more negative and therefore the plate-current flow from 
tube 1 remains at zero. The total voltage on the grid of tube 2, however, 
becomes more positive and opera.tes over the portion of the characteristic 
curve of tube 2 from c to d. This causes a half-cycle pulse of plate cµrrent 

+ + 
-Bias'XIXO: + Plate 
~ Supply 

Filament Transformer 

Flo. 11-22. Circuit Diagram of t1 Push-pull Class B Audio .Amplifier . • 
lp2 to flow. 1111 supplied by tube 1 and lpz supplied by tube 2 form a full­
wave reproduction of t he input signnl voltage to the grid<> of the tubes. 

CLASS B AUDIO AMPUPnrn. cmcurT DIAGRAM:. A simple cil·cuit diagram 
of a push-pull Class B audio amplifier is shown in Fig. ll-22. The signal 
input voltage is impressed on the grids of the tubes through the input 
audio-frequency t ransformer T1• The output power is obtained from the 
plates of the tubes through the audio-frequency transformer Tz. 

Figures 11-20 and 11-21 show that in operation the grids of the vacuum 
tubes in Class B audio amplifiers go positive and therefore draw grid 
current. It is therefore necessary to use a low-impedance input to the 
grids. The low-impedance input requires a relatively high input power to 
produce the necessary grid input voltage across the resistors R and R. 
For proper operation it is necessary that the bias voltage shall not change 
when the input signal is ~ippUed. Without an iuput signal no current is 
drawn from the bio.s supply. However, as soon as the input signal ·becomes 
high enoush so thf'!-t th~ tot~\} voltage on the ~rid is positive, ctment i$ 
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drawn by the grid of the tube. In order that the bias voltage may be held 
as constant as possible, it is necessary that the regulation of the bias­
vo1tnge supply be good. 

Pulses of curre11t are drawn from the plate supply by the plates of t he 
vacuum tubes. The amount of ctme.nt drawn from the plate supply varies 
from zero to the total plate current at the crest of the output audio-fre­
quency wave. This r::i.nge of current is comparatively large. As in the 
grid circuit, it is necessary to ma.intruu the pla te-voltage supply at a nearly 
constant voltage. It is therefore necessary to have a plate supply with 
good regulation for supplying power to a Clnss B audio amplifier. To 
operate properly, Class I3 audio-frequency ampliFters require very careful 
design in order to assure tha.t all the rigid requirements for proper opera­
tion be met. 

PowER AMPLn~1cATION. Class D audio amplif'lers using triode tubes have 
a. rclo.tively lO\V power amplification . P entodc tubes produce a higher 
power amplification. However , they have other disadvantages. This 
problem will be discussed in a later para.graph. The low power-amplilica­
tion gain of a class B audio amplifier using t riode· tubes is more than offset 
by the high power output and high output efficiency for applications where 
a la rge amount of audio power is required. 

Class C Radio Amplifiers. The chief characteristics of Class C radio­
freq uency amplifiers are that they have the highest output power and 

· output efficiency of all 
classes of radio ampli­
fiers, but they have 

- Bias power amplification 
less thn.n Class B ra.dio 
n.mplifiers and can am­

Time plify only unmodu­
- la ted waves. Class C 

I radio amplifiers, be-

: Full-wave current in cause of t heir high 
I output circuit efficiency, are used in 

Time the output amplifiers 
Pw. 11- 23. Grld-rnlt.a~e-Plat~urr~mt Rcln_t.ion in Clrui3 C of radiot elegraph 

Ifad10 Amplification. t •tt d . ranstnl ers an ill 

the modula ted stn.ges of radiotelephone t ransmitters when using plate or 
grid modulat ion. 

Figure 11-23 shows the gricl-voltage-plate-eurrent relation in Class C 
amplification. A high bias volto.ge is used so that'. the tube is operating 
beyond the cutoff point.. Usually the bins voltage is about twice the volt­
age rnquil'ed for cutoff. Referring to Jl'ig. 11- 23, c, represents the radio­
frequency signal voltage impressed on the grid of ·Lhc tube. Pulses of 
plate cuncnt iv are produced in the plate circuit of the tube. In discussing 
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Class B radio amplification, it was shown that these pulses were a full half 
cycle. In Class C amplification, it can be seen by an inspection of Fig. 11-
23 that t he plate pulses i11 arc less than a full hali cycle. These pulses, 
however, being impressed on the resonant output tuning circuit of the am­
plifier, produce a full-sine-wave reproduction of the radio-frequency signal 
voltage impre.ssed on the grid of the t ube. This type of pulse excitation 
of the resonant circuit produces a higher plate-circuit output efficiency than 
does the full-half-wave signal-pulse excitation in the Closs B radio ampli­
fier. Class C radio amplifiers operate at efficiencies as high as 80%. If 
an attempt is made to modulate the input signal voltage e, the plate circuit 
output modulation envelope will be greatly distorted because the entire 
length of the characteristic curve has been used to produce the unmodulated 
signal. However, the output signal can be properly modulated. This out­
put modulation is discussed in Chapter 12. The radio-frequency amplifier 
circuits shown pre .... iously in this chapter may be used for Class C radio 
amplification by proper select ion of component parts and voltages. 

P entode Radio Amplifiers , Class B and Class C. Because of their high 
voltage amplification, pentode tubes are ideally suited for Class A amplifiers 
when the maximum voll;a.ge amplificat ion is desired. Pentode tubes, capa­
ble of a power output of several hundred watts, are available for use in 
transmitters. In addition to having a large voltage amplification factor, 
pentodes also possess a. high power amplification. Pentode tubes, operated 
as power amplifiers, possess t he undesirable property of high distortion. 
In services where voice traustnission only is required, the high distort ion is 
not objectionable and therefo"":e they are coming into wide use for these 
services. Pentode tubes are coming into extensive use in t ransmitters in 
stages previous to the modulated amplifier. Research work is constantly 
improving pento<le tubes and new ways are being <leviscd to use them so 
that their uscf ulne..<\S steadily increases. 

Pentode Audio Amplifier , Class B. Because of their high power ampli­
fication, pentodes are being used more and more in Class B audio amplifiers 
for services wlHlre disLol'tion is not particularly important . They are 
extensively used for output :mdio amplifiers in inexpensive receiving sets. 
T hey are also extensively used in the output amplifiers of public-address 
systems. They n.re also becoming more widely used in voice radiotelephone 
transm i Uers. 

Pcntocles ha.ve extremely high plate resistance. Fortunately, their 
characteristics are such Lhat a low-impedance Ion.cl may still be used when 
the tube is employed as a power ampliner. 

Detection or Demodulation. The process of modulating a radio­
frequency carrier to transmit intelligence is described in Chapter 10. The 
envelope of the modulated wave varies at an audio-frequency rate. An 
audio-frequency wave derived from the modulation envelope may be used to 
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actua.te earphones or a loudspeaker, producing an audible sound to the 
listener. T he process for obtaining t ho signal from the modulated wave 
is called detection or dcmodulal·ion. 

There are many different types of detectors. However, fundamentally, 
they all opern.1;c in tho same way. The operat ion of a detector or demodu­
lator is accomplished in tlu-oo steps. T hese are rectificaticn, filtering, !\nd 
separation of the aud£o-.frequcncy component. 

Ru;cnFJCATl ON. A radio-frequency signal is shown in Fig. 11-24b. 
Duril1g the time interval .f tog the carrier wave is unmodulated. D uring 
the time interval g to h t.110 carrier wave is a.mplitude-modulated by an audio 
freq uency. As described in Cha.pter 4, if an A.C. wave is impressed upon 
a rectifier, the posit ive halves of each cycle will pnss through and the nega­
tive halves will be cut off. l"igurc 11- 24a shows a radio-frequency input, 
a rect ifier, and an output in series. If the radio-frequency signal shown in 
Fig. ll-24b is impressed on the input, t hen the output will be as shown in 

Rectifier 

RF~tput 
( a ) 

Fw. 11-:?4. Rcctiliontion of Hadio-frequcncy Signal. 

Fig. 11-24c. The signal in the output will be half-cycle pulses of radio 
freq uency. The em·elope of the half-cycle pulses will be iclm1tic~il with the 
envelope of the input signal shown in Fig. ll-24b. Rectificatiou of t he 
radio-frequency signn.1 is t.he first step in detection . 

F u:rERCTG OF THE R ECTIFIED SIGNAL. The second step in detection is to 
filtier the i·ectificd radio-frequency wave so as to obtain current that v:i,rics 
at an audio frequency in accordn.nce with the radio-frequency signal input. 
Condenser C and resistor R, as shown in F ig. ll- 25a, constitute such a 
filter . The rectified r;1dio-frequency input signal to the filter is shown in 
Fig. 1 l-25b. This signal is the same :i.s the s ignal shown in Fig. ll-24c. 
As wns shown in Fig. 11-2-1:, if the output of the rcetifier is a resistance, then 
tbn voltage n.cross tho output resistance Ris a series of half-wavo pulses at 
a radio-frequency rate. T he uckUtion of a condenser C, as shown in Fig. 
11-25a, smooths out or filters the pulses, thereby producing a varying volt­
age across R. T he current will vary in n,ccordanec 'l\>ith ·Lhe envelope of the 
input ::iigna.l. At the time when the first part uf the firn~ half-wave sigu.al 
is impressed upon the filter, the voltage across C and R increases. This 
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increase occurs between a and b of Fig. ll-25b. At the point b there is a 
voltage e across the resistor and condenser. As the voltage of the half 
wave decreases between b And c, t he voltage a.cross R would norma.lly de­
crease with it. However, during a to b the condenser C has charged up. 
The condenser, during the time interval c to d, discharges through R, 
maintaining a constant volta.ge across R. The resu'lt is a direct current 
flowing through U, thereby producing a. D.C. voltage across R. The posi­
t ive half-wave radio-frequency pulses have produced a D.C. voltage across 
R. Referring to Fig. ll-25b, during the time interv:il f to a t he input 
signal is unmodulated and therefore ii constant D.0. voltage is produced 
across R, as shown by e1 of Fig. ll-25c. During the time intcrv11l g to h 
of Fig. ll- 25b, the input signal is modulated. This causes the output 
voltage across R to vary in accordance with t.he moduhtion. The cuncnt 
variatioJl from g to h, as shown in Fig. ll-25c, is the same as that of the 

c, 
f g h 
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~ ~U~u~ ~~ Time 
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( b) Rectified RF Jn put Signal 

f g h 

(C} Resultant Voltage Across R 

I 1~ . / 
(d~;:c;;~~--

Frequency Output 

F10. 11-25. J."iltering of Ratlio-frcquency Wave t-0 Obtain Audio r:rcquc11cy. 

envelope of the modulated wave as shown between g uncl h of Fig. J 1- 25b. 
The voltage across R is a varying voltage during the time intervul g to h. 

SEPARATION OF AUDIO-Fill~QUENCY COMPONENT. Audio frequency is re­
quired for the operation of r .. m·phones or a loudspeaker in order t htit sotu1d 
waves may be produced that can be heard by the human ear. It is there­
fore desirable to obtain an audio frequency tbat is in accordance with the 
envelope ·of the varying voltn.ge shown in 11'ig. ll-2::5c. Condcnsc1· C1 
shown in Fig. 11- 2ifa is an t\udio-frequeucy hy-pn.ss condenser. C, o.llows 
alternating current to flow th.rough it but it docs not allow dil'ect current 
to pass. The result at the output terminals will be an f~udio frequency, 
as shown by Fig. ll-25d. The audio frequency is in tLccordance with the 
modulation envelope of the origin::il radio-frequency signal wave, as shown 
in Fig. 11- 24b. 

In the three steps of detection, namely rectification, filt~ring, and separa-· 
tion of the audio-frequency component, an audio frequency has been ob­
tained that conforms 'l\'ith the envelope of the modulated radio-frequency 
signal input. 
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Types of Rectifiers. Any device thn.t conducts electricity in only one 
direction is a rectifier. There are three principal classes of rectifiers msed 
in detectors. These are crystals, diode vacnwm titbes, and triode vac'U'llm 
tubes. 

CRYSTAL DETEcrons. Crystal detectors were extensively used until the 
advent of the vacuum tube. They have been used little since the early 
1920's. Recent developments have produced dot.cctor requirements t,hat 
are admirably fille<l by the characteristics of crystals. They are, therefore, 
again becoming important. The diagram of a simple crystal detector is 
shown in Fig. 11-26. The input circuit, consisting of inductance I./'i and 
condenser C, is tunc<l to the ca.rrier frequency. The incoming moclul!Lted 
s ignal is rectified by the crystal X. Condenser c~ and resistor R comprise 
the filtering circuic. Condenser Ca separates the audio-frequency compo­
nent from the varying voltage across R. Figme 11-26 shows the signal in 
the various stages of detection. The individual steps were discus.sed in 
detail when considering Fig. 11-24 and 11- 25. 
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F ro. 11-26. Simplo Crystal D otcctor. 

For i\11 practical purposes, the D.C. resistance of the earphones could be 
substituted for resistor R and the condenser Ca eliminated. In a simple 
rece.iver such as th.is, t he earphones ca.n handle the D.C. component of the 
output of the filter. With this mo<lifictLtion the circuit diagram shown in 
Fig. 11-26 would be typical of some of the receivers used previous to the 
advent of the -vacuum tube. 

Crystal detectors have several advantages ns well as disadva.ntages, 
in comparison with vacuum-tube rectifiers. A detector circuit using a 
crystal rectifier is simple because there are only two leads from a very 
small instrument. In comparison with crystals, vncuum. tubes have the 
disn<lvantage that the filamencs must be heatccl and the filaments burn 
out. The vacuum-tube rectifier is also more bulky than is a crystal 
detector. Crystals have a sensitivity that; compares quite favorably with 
diode detectors. At extremely high carrier frequencies the interelcmeut 
ca,pacity of a vacuum-tube detector and the spacing of the elements L'3 
important. A crystal rectifier, on the other hand, h~ts an extremely low 
capacity between terminals 1:md the detecting element is a. point. 'There-
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fore crysto.1 rectifiers have a decided advantage in the extremely high fre­
quencies. 

A piece of crystal is usut~lly imbcdded in some soft metal with a low 
melting point, such as Wood's metal, with one face of the crystal exposed. 
This crystal face forms one terminal of the rectifier. A sharp-pointed 
piece of wire forms the other terminal The crystal does not have good 
rectifying properties all over its foee, and therefore it is necessary to move 
the point of the wire around on the face of the crystal until a good rectifying 
point is found. The contact wire is usually easily dislodged from the sensi­
tive point and therefore the rectification is unstable and the detection 
erratic. In order to avoid this difficulty, a good spot is found on the crystal 
nnd the wil'e is securely held in place by some sort of sealing compound. 
This sealed position makes a stable and reliable rectifiel' and therefore 
greatly extends the usefulness of the crystal. 
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F10. 11-27. Diode Detector. 

Separation ot Audio 
Frequency 

f g h 
I I I ucv---

Audio Frequency 
Output 

DrnnE DETECTons. The principal characteristics of diode detectors are 
faithful reproduction and low sensitivity. In a cliode detector, the rectifier 
is a diode or a two-element vacuum tube conta.i.ni.ng a filament or cathode 
and a plate. This type of tube is a unilateml conductor of electricity and 
therefore will rectify an impressed alternating current. A diode detector 
circuit is shown in Fig. 11-27. The radio-frequency signal input voltage 
is induced into the rcsonan1; circuit by inductance L. 'rhe tuned circuit, 
consisting of inductance L 1 and condenser C1, is tm1ed to resonance. The 
radio-frequency input signal wave form is sho\vn directly below the input 
circuit. During the time interval f to g, the carrier wave is unmodulated. 
During the time interval (J to h, the carrier is modulated by an audio fre­
quency. Rectification of the input. signal occurs in the diode vacuum 
tube T. Directly below T is the wave form of the half-wave radio-fre­
quency pulses fonned as a result of the rectification. Condenser C2 and 
resistance R comprise the filter. The wave form of the varying voltage 
across R is shown directly below the filter. During the time interval 
from/ tog, when the carrier is unmodulated, the voltage across Risa. con-
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stant D.C. voltnge. During the time interval g to h, when the input 
carrier wave is modulated, the voltage across R is varying at an audio 
rate. The varying voltage is the same as the envelope of the positive half 
of. the radio-frequency inpu t signal voltage. 

Condenser C3 is an audio-frequency blocldng condenser separat i11g the 
audio frequency from the D.C. component of the voltage across R. The 
wave form of the a.udio frequency is shown directly below Ca. During the 
time interval f to fl, when there is no modulation, there is also no audio 
output. During the time interval g to h, when. the carrier is modulated, 
an audio frequency appears at the output terminals. 

Diode detectors m ust work into a high load resistance and therefore 
resistor R will have a value on the order of l to 1 megohm. If the con­
denser C2 is ma.de too large, it will not only filter out the half-wave radio­
frcquency pulses but it will u.lso filt er out t he audio modulation of the volt­
age across R. The higher the modulation frequency, the smaller the value 
of C2 may be. C2 may have a value on t.he order of 150 to 200 µ.µf. The 
values given for C2 and R would be about right for the medium frequencies 
in the neighborhood of the standard broadcast band of 550 to 1,608 kc. At 
higher frequencies, C2 could be made srnaller. 

Figure 11-28 shows the rect ifica tion characteristics of a diode vacuum 
tube. The static relation between input volto.gc and output curmnt is 
shown by the line diode plate-c·urrent characteristic. The voltage ec repre­
sents tbe radio-frequency signal input voltage to the diode. During the 
ti.me interval f to (J the carrier is unmodulated. During the time interval 
g to h the carrier is modulated by rm audio frequency. It can be seen 
from tho diagram t hat the negative half-wave cycles of nidio frequency 
are cut off while the positive ones are allowed to pass through the tube. 

Plate 
Current 

Diode Plate Current 
Characteristic 

F10. 11-28. Diod11 RectifiNi.tion. 

This separntion produces 
the half-wave radio-fre­
quency pulses labeled i 1,. 

The dotted curve marked 
cl is the average of the 
radio-frequency half-wave 
pulses. The envelope of 
d is in accordance with 
the envelope of the modu­
lated input signal. In 
other words, the curve d 
is the same as the varying 
voltage shown in Fig. 11-
27. 

Figure 11-28 represent.s 
the .first two steps of a complete detecting system. The current i,, repre­
sents the result of rectilicatiou and d represents the result of filtering. 
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The third step, separation of audio frequency, is really not part of the 
detecting process. However, for purposes of clarity it has been included 
in the explanation of detector action so far. 

Triode Detectors. Triode vacuum tubes may be used in detector cir­
cuits. The methods of detection divide into two general classes. These 
are plq,te-circuit detection and grid-circuit detection. There are two types 
of plate-circuit de~ectors, the linear plate detector and the Bquare-law plate 
detector. Grid-circuit detection and square-law plate detection possess 
undesirable characteristics tind are little used. Linear plate detectors 
and diode detectors, because of their fidelity of reproduction, are exten­
sively used. In linear plntc detection, the triode vacuum tube also acts 
as an amplifier and therefore produces some gain in signal. 

Plate Current 

Io 
Characteristic 

Curve 

R 

T ...,+~-- + 
Bias Plate Supply 

Fm. 11-29. Triode Hectification. 

LINEAR PLATE DETECTION. Figure 11-29 shows a triode vacuum tube 
connected as an amplifier with 11 pure resistance output R. The grid of 
the tube is biased to the cutoff point by t he negative bias voltage. A radio­
frequency signal impressed on the grid of the tube will produce half-cycle 
pulses of radio frequency through resistance R. The envelope of the half­
cycle pulses in R will be the same as the envelope of the positive half of 
the signal input voltage envelope. Th.is process in. effect. is rectification, 
and if the half-cycle pulses are put through a filtering circuit the full process 
of detection has been performed. Beca.use the vacumn tube is connected 
as an amplifier, there ·will also be a certain amplification between the 
input and output. 

A linear plate-circuit detector diagram is shown in Fig. 11-30. 'fbe 
triode vacuum tube T is biased to the cutoff point. The signal input 
voltage is impressed on the grid of T through the tuning circuit composed 
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of inductance L"'!. and condenser C. The input circuit Ls tuned to resonance. 
The signal input wave form is shown directly below the input circuit. The 
vacuum tube T performe the rectification. The·half~cycle ·radio~frequency 
pulses are shown below the vacunm tube. The output load circuit of the 
vacumn tube is composed of t he resistance R shunted by the condenser C1. 
R and C1 form the filter for the detector action. Directly below C1 and R 
is shown the varying voltage. Separation of the audio freque~cy is 
atto..ined by the condenser C2. The resultant audio frequency is shown 
directly below. · 

Referring again to Fig. 11-29, the linear portion of the characteristic 
curve must be used or else there is distortion, as wus explained in discussing 
Class B radio amplifiers. The curvature in the characteristic at point a 
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F10. 11-30. T .. inear Plate Detector. 

introduces a certain amount of distortion, which can be made relatively 
small as the maximum extent of the characteristic curve is utilized. 

SQUARE-LAW PLATE DETEC'rION. Square-law plate detection has been 
used in the past because of a lack of good radio-frequency amplifiers in spite 
of its great distortion. With modern tubes the signal input voltages may 
easily be built up by radfo amplifiers to a value high enough to operate 
properly a diode detector or a linear plate detector. Figure 11-31 shows 
the lower end of the charncteristic curve of a triode vacuum tube used in 
square-law detection. This portion is in the vicinity of a in Fig. 11-29. 
A small signal input voltage is impressed ou the grid of t;})e tube. 'rhis 
causes a plate current i1, to flow in the plate circuit. As may be seen 
from I!'ig. 11-31, the curvature of the characteristic ca.uses a distortion of 
the output current i 9 • The dotted curve d indicates the average current 
of the radio-frequency waves. This current varies approximately il1 
accorclnnce with the modulation envelope of the input signal. Owing 
to the curvn.ture in the characteristic, distortion is introduced and therefore 
t;he envelope of d is not a. true reproduction of the envelope of the input 
signal. The output signal pulses 'iv may be put through a filter, producing 
p. varying current as sh.own by d. Th~ 1:1.udio-irequency c9mpon~n1; may 
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then be separated by means of a blocking condenser. A circuit diagram 
would be the same as Fig. 11-30. 

Gnrn-crncUIT DETJ~CTION. In the triode detectors described so far, 
t he rectification has taken place in the plate circuit. By the use of the 
proper circuit, rectification may take place in the grid circuit. An exami-

I 
Input Signal 

I 

Time 

Fw. 11- 31. Square-law Pl&te Deteotlon. 

.--d 

no.tion of the diagram in Fig. 11-32 will show that the input circuit com­
posed of inductance L2 a.nd condenser C11 the fi lter circuit composed of 
resistor Rand condenser C, and the grid and .filament of tb.e tube, together 
comprise a diode detector circuit such as that shown in Fig. 11- 27. There 
are only two differences. One is that a grid is used in Fig. 11- 321 wheren.s 

Pio. 11- 32. Grid-circuit Detection. 

a plate is indicated in Fig. 11-27. The other difference is that an output 
circuit is not shown across the filter circuit. 

In effect, the detector action of rectification takes place in this circuit 
ca.using a varying current to flow through R. The D.C. component of 
the current through. R is such that the voltage o.cross R is negative at the 
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grid end and the proper bias voltage is therefore automatically supplied 
to the vacuum tube Tso that it may function as an amplifier. The audio­
frequenc:y component of the varying voltage across R is impressed across 
the grid and filament of the vacuum tu be through inducta:nce Li. The 
radio-frequency inductance L 2 is small enough so that at audio frequencies 
it has negligible impedance. The audio-frequency component across the 
grid and filament is .11mplificd by the vacuum tube, producing an audio 
frequency that is tmnsformed from the plate ci.J:cuit to the ou·t;put terminals 
through the audio-frequency t ransformer T,. Part of the radio-frequency 
signal voltage appearing across tbe tuned input circuit is impressed upon 
the grid of the tube through resistor R and condenser C. This is also 
n.mplified by the vacuum tube. The by-pass condenser C2 is provided to 
shunt the radio frequency in the output circuit to ground. 

Grid-circuit detection is characterized by high sensitivity, high output 
audio-frequency sigMl for a given radio-frequency signal voltage input, 
good fidelity for small input voltages, and iuercasing distortion as the 
input voltage is increased. 

Grid-circuit detectors have beerr replaced, to a great extent, by diode 
and linear plate detectors-for the same reason that square-law plate 
detectors have been replaced, naUlely because the signal input voltage 
may easily be built up in radio amplifiers to a value high enough to operate 
properly a diode or linear plate detector. 

H eterodyne Detection of Continuous Waves. As may be seen from the 
explanation of the foregoing detector actions, an unmodulated carrier wave 

· that has been detected produces 
..L no audio frequency at the output ¥4M• terminals or the detector. There 
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Cc) Resultant RF Signal Modulated at t he 
Frequency Difference of f, and 1. 

is therefore no auclio-frequeney 
current present to actuate a loud­
speaker or a pair of earphones. 
An incoming continuous-wave 
signal f. at 1,000 kc is shown in 
Fig. 11-33a. The signal wave 
from a local oscilh~tor in the re­
ceiver is shown in l"ig. 11-33b. 
The local oscillator frequency f h 

is 1,001 kc. The frequency / 1, is 
coupled into the input circuit to 
the heterodyne det~tor. The 

F10. 11-33. :Heterodyne Det<>ction. t f . .f h . . 
- wo requencies, ;. t e lllcommg 

signal, tin<lf,, the local oscillator signal, combine to form a inoclula.ted wave 
such ns that shown in F'ig. ll-33c. The modulation envelope varies at 
a rate that conforms with the difference in frequency betwe~n f, and f,., 
that is, 1,000 cycles. Figure ll-33c shows a resultant radio-frequency 
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signal modulated a.t the frequency difference between f, ~nd f h· The 
resultant radio-frequency signal may be passed through a detector to give 
a 1,000-cycle audio frequency that mo,y be used to actuate a loudspeaker 
or earphones. The audio-frequency output of the detector may be put 
at. any frequency desired by adjusting the local oscillator to a frequency 
that is different from the incoming continuous-wave signal by an amount 
equal to the audio frequency desired. Assume that a continuous-wave 
transmitter is being keyed a.g a code transrnitt.er. Referring to Fig. 11-34, 
during the time interval from f to g tho key is open at the transmitter and 
no signal is being transmitted. Dw'iug this interval tho local oscillator 
in the receiver is producing o, sign,'tl in the input of the receiver f,.. During 
this time interval there is no audio frequency in the output of the detector 
because a continuous-wave signal by itself does not produce an audio 
frequency. During the time 
interval from g to h the key at g h 

tbe t ransmitter has been closed 
and a cont inuous-wave signal is 
emitteO. This wavcf. combines Ca) 

with f,. in the receiver input 
circuit to produce a signal mod­
ulated at u.n audio frequency 
that is the difference between (bl 

f. and f 11 • By detector action, 
an audio frequeo.cy is produced 
in the output terminals of the 
detector during the t ime inter- (c) Audio Frequency 

val g to h. At h the key is 04tpyt 

again opened and therefore only F ro. 11_34_ D etection of Koycd Transmitted 
the signal f h is on the input of Continuous Wn\'c. 

the detector. There is there-
fore no audio-frequency signal in the output of the detector. By prop­
erly keying the transmitter in code groups of dots and dashes it is pos­
sible to t ransmit code signals. 

Detection of Interrupted Continuous-wave Signals. Interrupted con­
tinuous-wave signals may be put through any one of the various types 
of detectors, thereby producing an audio output signal that is proportional 
to the envelope of the i.oterrupted continuous-wave signal. Straight 
detection and not heterodyne detection is required for interrupt ed con­
tinuous-wave signals because the incoming wave is modulated. It should 
be remembered t hat a continuous-wave carrier amplitude modulated by 
speech or music audio frequencies is detected by straight detection and 
not heterodyne detection, because the signn.l input to the detector is a. 
modulated wave. Only in the case of continuous-wave coda transmission 
is a heterodyne detector required. 
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Review Questions and Problems. 1. What is the principal difference 
between audio-frequency and radio-frequency amplifiers? 

2. '''by do tuned circuits reduce bn.rmo.uics? 

3. \¥by is it that resonant-circuit coupling cannot be used for audio 
amplifiers? 

4. Describe three methods of supplying grid-bias voltage to o. radio 
amplifier. 

5. Na.me the three classes of radio amplifiers and describe briefly their 
characteristics. 

6. \Vhy is the operation of a Class B n.udio amplifier similar to that of 
o. Class B radio amplifier? 

7. (t1) How is o. single-ended radio ampli£er neutralized? (b) How is 
a push-pull radio amplifier neutralized? 

8. What are the advantages of pcntode radio amplifiex:s? 

9. In cascaded ro.clio amplifiers, why is it desirable to filter the .gupply 
leads from the grid-bias supply and the plate-voltage supply? 

10. Why is shielding employed in radio amplifiers? 

11. Why is it not necessary td neutralize tetrode and pentode radio 
amplifiers? 

12. (a) What trouble is likely to be encountered in operating tubes in 
parallel? (b) How is this trouble overcome? , 

13. (a) What type of radio amplifier is used in the plate modulated 
stage? (b) Why? 

14. '\'hat is detection or demodulation? 

15. No.me the three steps of detection and explain. 

16. Name three types of detectors and explain their cha.racteristics. 

17. How are continuous-wave tclegra.ph signals received? 



CHAPTER 12 

Amplitude-modulation Radio Transmitters 

The part of a radio communication system called the radfo transmitter 
produces radio-frequency energy for the purpose of exciting nn nntenna, 
causing electromagnetic radiation. Fundamentally, an amplitude-modu­
IB.ted radio transmitter consists of means for generating radio-frequency 
energy and means fo1· controlling: or modulating the radio-frequency energy 
by means of audio frequencies. 

A t.ransmitter divides into two principal sections. These are the radio­
frequency section 11nd the audio-f1·equency section. A block diagram of im 
amplitude-modulation radio transmitter is shown in Fig. 12-1. The 
audio- and radio-frequency sect.ions are individua.lly blocked out by dotted 
lines. 

Radio-frequency ·section. The frequency of a transmitter must be con­
trolled very carefully so that transmission will occur only on. the assigned 
channel. If the tro.nsmitting frequency is allowed to vary, the result may 
be interference v.i.th services on other channels. Vacuum-tube oscillators, 
such o..s those described in Chapter 8, may be used in transmitters. Crystal 
oscillators, however, are almost unive.rsally used for maintaining trsns­
m.itt.ers on their assigned frequencies. Crystal oscillators will maintain 
frequency within very narrow limits. Crystal-oscillator output power, 
however, is small. It is therefore necessary to amplify the small radio­
frequency energy produced by the crystal oscillator up to the output power 
of the transmitter. 'l'be number of radio amplifier stages necessary is 
dependent ma.inly on tbe transmitter outpnt power. It is customary, 
however, to have l\t leaBt one stage of radio amplification between the 
crystal oscillator and the modulated amplifier. Such au amplifier is ca.lied 
a buff er ampl1Ji,er. 

During the process of modulation the power output of the transmitter 
is varied. The variation in modulated amplifier output power may react 
on the previous radio amplifier or oscillator. In order to maintain fre­
quency properly, the crystal oscillator is usually isolated from the reaction 
that takes place in the modulated amplifier by a buffer amplifier whose 
function will be explained later. The particular transmitter shown in 
Fig. 12-1 has two radio amplifiers between t he crystal oscillator and the 

285 
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modulated amplifier. In some low-powered transmitters no buffer ampli­
fiers are used. This practice is followed where .ltigh-prccision frequency 
contl'ol is not necessary and where fidcliLy of transmission is not important. 

'l'he intenncdiate power amplifier, preceding Lhc modulated nmplifier, 
must supply enough power for the input to the Class C modulated amplifier . 
The last. radio am plifier shown in Fig. 12-1 is labeled modulated vower ampli­
fier. Modulation takes place in this mnplifier and it is ~ilso the output 
amplifier thn.t supplies the r::i.dio-frequency power to the outpttt terminals 
of the transmitter. The intermediate amplifiers between the crystttl 
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F1G. 12- 1. B lock Dit•grnm uf Cryatnl-i:nntrollod Amplitude-moduhit·ed Trall.9-
ruitl-0r (high-level modulation). 

oscillator nu.cl the modulated power ampli.fier may be either Class A, 
Clns.s Il, or Class C. The amplifier preceding Lhe modulated amplifier 
is usually a Clnss C amplifier. 

Audio-frequency Section. Two components are shown in the audio­
freq uency section box of Fig. 12-1. These arc the audio amplifier and the 
rnodttlator. The moclulti tor supplies the amlio-frcquency power to ampli­
tude-moduhit.e the radio-frequency power amplifier. An audio-frequency 
amplifier is ustu:Llly provided in a transmitter ahead of the modulator su 
t lmt the audio-frequency input power to the transmitter need not be higher 
than approxiinn.Lely the power required to feed n program over a telephone 
line. Three other importu.nt components of a. 'lro.nsmittcr arc the filam.ent, 
bias, and pl::ifo power supplies. These three are shown as blocks in 
Fig. 12-1. 

Transmitters a.re classified according to whether they are high-level 
mod1ilated or low-level modtdatcd. T he transmitLet· shown io F ig. 12-1 is a 
high-level modnla.ted tl'aosmitter because mod ulation takes place in the 
output amplifier at the highest level. Some transmitters a.re modulated 
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in one of the radio amplifiers preceding to the output ii.mpli.fier. These are 
called low-level modulated trm1smitters. The amplifiers after modulation 
must be lin<~ar, and therefore they are either Class B radio amplifiers or 
one of several types o:f so-called "high-efficiency" linear a nplifiers. 

The block diagram of a low-level amplitude-modulated transmitter is 
shown in Fig. 12-2. Modulation takes place in the third radio-frequency 
amplifier. The modulated radio-frequency output of the third nmplifier 
is raised to the transi:nitter output power by the fomth linear radio ampli-

r-------------------------- ----1 
I RADIO FREQUENCY St:CTION I 
: 1st Radio 2nd Radio 3rd R<1dio 4th Radio I 

I C t I Buffer Linear T nsm tter I 
rys a RF Amplifier Power Output ra ' 1 I I Oscillator Amplifier Amplilier Output I 

L--------------------------- ---~ r---- -------, 
: AUDIO FREQUENCY SECTION : 

I Audio Audio Modulator I 
I Input Amplifier I 
I I 
I I L _____________ J 

FIG. 12-2. Block Di~grD.Ill o! Cryslal-eontrolled Amplitude-modulated Transmitter 
(low-level modulat.ion). 

:fier. In some transmitters there may be two or more linear amplifiers 
after the modulated amplifier, but modulation is usually acco:mplished 
either in or next to the output radio-frequency amplifier. 

Over-all Transmitter Efficiency. The over-all power efficiency of a 
transmitter is important. As distinguished from the power output effi­
ciency of an amplifier, this efficiency is the radio-frequency carrier output 
power of the transmitter divided by the total power input to the trans­
mitter, multiplied by 100 to f!Xpress it in per cent. A 50-kw transmitter 
with an over-all power efficiency of 20% draws 250 kw from the power 
mains. If the over-all efficiency is 50% the total power drawn from the 
mains is 100 kw. 

A low-level moduh1tecl 50 kw mdiotelephone transmit1;er, witb ~i Class B 
radio amplifier output;, requires a power input of about 250 kw. As was 
explained previously, the radio amplifiers after the modulated stage must 
be linear. A linear Class B radio amplifier usually operates at an efficiency 
of about 33%. In order to produce a 50-kw carrie1· at; the output of the 
transmitter, the power input to the plate of the last amplifier would accord­
ingly be 150 kw. This difference i1lone accounts for 60% of t he total power 
input to the transmitte1·. Transmitters such as this a.re st.ill in use. How­
ever, they are rapidly being supplanted by transmjtters with much higher 

' 
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efficiency. The two types of transmitters with high over-all efficiency 
are the low-level high-efficiency linear amplifier lranS?niller and high-fouel 
modulated transmitter. 

Low-LEVEL F IGil-EFFICIENCY LINEAtt AMI'LIFIER TRANSMITTERS. There 
are several types of high-efficiency linear amplifiers. One in common use 
is the Doherty amplifier. The Doherty amplifier takes the place of the 
Class B radio amplifier in the output stage of a Jow~level modulated trans­
mitter. The efficiency of a Doherty amplifier under unmodulated c..<trrier 
conditions is 603-653. The plate input power to the output amplifier 
of the transmitter is 78 kw as compared with the 150 kw required by a 
linear Class B radio amplifier. As a result of this, and of increases in 
efficiency in other components of the transmitter, a low-level modulated 
Doherty amplifier transmitter will produce an output carrier power of 
50 kw with a total over-all transmitter efficiency of about 35% . 

HrnH-LEVEL MODULA'l'ED TRA..i"'<SllHTTER. In a high-level modulated 
transmitter, modulation takes place in t he output amplifier. This amplifier 
is therefore a Class C radio amplifie1· and operates n.t o. high efficiency. 
Such an amplifier may operate.at an efficiency of 80%. For a transmitt.er 
carrier power of 50 kw, the input power to the plate of the last o.mplifier 
would be 62.5 kw. The total over-all efficiency of a. typical 50-kw high­
lcvel modulated transmitter is slightly better than the h.igb.-efficiency linear 
amplifier transmitter. As may be seen from these figures, the high-level 
modulated transmitter bas the greatest efficiency. This efficiency has 
been made possible by the development of t he high-power-output Class B 
audio-frequency amplifier that can be used as a modulator. To modulate 
the high-level modulation transmitter just described, 31.2 kw of audio­
frequency power is required. Large amounts of audio-frequency power 
have· been made availn.ble fo1· modulators by the development of the highly 
efficient Class B audio amplifier. 

The transmitter proper ends at the terminals marked transmitter output 
in Fig. 12-l. Transmitting antennas are usually plnccd at a distance of 
several hundred feet from the transmitter. The radio-frequency energy 
output of the transmitter is conducted from the transmitter lo tbe antenna 
by a radio-! requency transmission line. The energy is connected from the 
tro.nsmission line to the antenna by means of a terminat·fon unit. Radio­
frequency transmission Iiocs and termination units are discussed in Chap­
ter 16. 

Crystal Oscillators. It was shown in Chapter 6 that a conversion from 
sound to electrical energy is accomplished by a microphone. It also was 
shown that a. conversion from electrical to sound energy is accomplished 
by an earphone or loudspeaker. In each caso there is an intermediate 
transfer to mechunical energy. 

Certain crystalline substances a.lso possess the property of converting 
energy from electri~l to mechanical form and vice versa. When such a 



Chop. 121 AMPLITUDE-MODULATION TRANSMITTERS 289 

crystal is mechanically stressed, ~tn electric field appears between its faces. 
Conversely when a voltage is applied to electrodes on two parallel faces of 
the crystal a mech:mical displacement occurs. This behavior is called the 
piezo-electr.ic effect. Among substances having this property are quartz 
crystal. 

A piezo-crystal that vibrates naturally at a certain frequency is the 
electrical equivalent of an LC circuit tuned to tbn.t frequency. Such a 
quartz crystal may he substituted for the input circuit to a vacuwn t ube, 
thus producing au output oscillation at a rate determined mainly by its 
thickness. A piezo-electric quartz crystal, about the thickness of a half 
dollar, vibrates mechanically at a rate of about 1,000,000 times per second. 
The thickness of the crystal will vary with the temperature. Because 
frequency varies with thickness, the temperature of tbe crystal is maintained 
constant by a heat control~ usua.lly within. a range of about 1° F or less. 

Crystal 
1000 KC 

1 .i ,.,. '. 
~; ·'- .· 

+ 
Plate Supply 

Frn. 12-3. Simple Crystal-control Circuit-Triode Tube. 

1 
The precision of heat control necessary is determined by the type of crystal 
and the type of service the trH.nsmittcr is to perform. 

A simple crystal control circuit is shown in Fig. 12-3. In Fig. 12-3, 
assume that the crystal ha,s a. natural vibration of 1,000 kc and that the 
output circuit of the vacuum tube T, composed of condenser C and the 
inductance L, is tuned to 1,000 kc. The grid and t he plate circuits are 
both effectively t uned to the same frequency and therefore th<~ feedback 
through the plate-to-grid Capacity C'PO cauSeS OSCillatiOD.. lnaSlil\lCh 8.S 

the crystal vibrates at 11 natural frequency of 1,000 kc, the output radio­
frequency power will also be at 11000 kc. Crystal oscillator circuits may 
take many different forms. However, Fig. 12-3 is typical of a c1-ystal 
t riode oscillator. In the operation of a crystal oscillator a grid current 
will flow through the radio-frequency choke RFC and the grid-leak resistor 
R of Fig. 12-3. There is also a radio-frequency volto.ge across the crystal 
and a radio-frequency current is caused to flow through the crystal. If 
the current is too high the crystal is liable to crack, and therefore the 
power output of a crystal oscillntor tube must be limited. The power 
output, using triode tttbes, is usually not more than 5 watts. 

•' 
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Tetrode and pentode oscillators place a lower strain on the crystal for a 
given power output than do triode tubes. It is also possible to get a little 
higher output from these tubes. Figure 12-4 shows a crystal control 
circuit using a. tetrode or screen-grid tube. The crystal is connected be­
tween the control grid G1 and the ground. Across the crystal are placed 
a radio-frequency choke HFC and the resistor R in series. This circuit 
supplies part of the bi~is voltage for the tube. The ctithode resistor R1 
also supplies part of the bias voltage. G2 is the screen grid. The output 
circuit of the vacuum tube is composed of condenser C1 a.nd inductance L. 
The plate-to-grid capacity of a tetrode tube is very small and in some co.ses 
is not large enough to cause oscillation. Then it is necessary to aid feed­
back by adding a small capacity between the plate and the control grid 
such as Cs in Fig. 12-:1. 

PENTODE-'fUBE CRYSTAL OSCILLATOR crncurr. Figure 12-4 would show 
the diagram of a crystal control circuit using a pentode tube if a suppressor 

R 

Plate + 
Supply 

FIG. 12-i. Crystal-controlled Circuit-Tet.rodo Tube. 

grid were added between the screen grid G2 and the plate and if it were 
connected to the cathode. Tetrode and pentode crystal coutrol ci.rcui ts 
function much the same except that the extra capacity C,, as shown in 
Fig. 12-4, is more often required with pentode than it is with tetrode tubes. 
'!'here are a great many different crystal oscillator circuits. A circuit is 
shown m Fig. 12-13 in which the crystal is_connected bet.ween the control 
grid and the screen grid of a pentode. 

The thickness of the crystal is the main condition that determines the 
frequency of a crystal oscillator. Other conditions affect frequency to a 
smaller degree, such as the capacity and inductances associated with the 
crystal oscillator tube. The filament, plate, and bias voltages also may 
slightly affect the frequency of the oscillation. Where high precision of 
frequency control is required, the tuning circuit, such as C and L in 
Fig. 12-3, is also maintained at a constant temperature. 
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Buffer Amplifiers. In order to maintain the frequency constant, the 
crystal oscillator must operate under constant conditions. In order that 
the crystal oscillator may function independently to produce a constant 
frequency it is customary to insert at least one radio -amplifier between the 
crystal oscmator and the modulated amplifier. Amplifiers used for this 
purpose are called buffer amplifiers. 

In order to prevent reaction and undesirable feedbacks to the crystal 
oscillator, buffer amplifiers are often carefully shielded, as are the crystal 
oscillator circuits. If a triode is used for the buffer, it is often desirable 
to have it neutralized as well as possible to prevent feedback from its plate 
circuit to its grid circuit and thence to the crystal-oscillator tube. Because 
of their low feedba.ck qualities, as described in Chapter 11, pentodes are 
ideal tubes for use as buffer amplifiers. They also have the added advan­
tage of greater amplification. 

Modulated Amplifiers. There are many different methods for accom­
plishing amplitude modulation. The methods divide into two general 
classifications, grid modulation and plate modt'-lation. An amplifier using 
plate modulation is much more efficient than one using regular grid modula.­
tion and therefore this type is used to a greater extent. 

PLATF...-MODULATED Ai\fPLIFmn. The schematic of a plate-modulated radio 
amplifier is shown in Fig. 12-5. Radio amplifier tube Tis operated as a 
Class C radio amplifier. The output efficiency of a Cla.ss C radio amplifier 
under unmodulated carrier conditions may be as high as 80%. The plate 
voltage E is supplied to the vacuum tube T through the audio-frequency 
choke CH and the radio-frequency choke RFC,. Modulation takes place 
by varying the plate supply voltage. At 1003 modulation the variation 
is between zero and ZE. The vacuum tubes T2 and Ta are connected as a 
Class B audio-frequency amplifier. They are the modulators. The power 
output of the modulator is impressed across points a and b through the 
audio-frequency transformer T,2 and condenser C4. Condenser C4 pre­
vents the D.C. supply voltage from being impressed on the secondary of the 
transformer T,2. If the audio-frequency choke CH were not used, the 
audio-frequency output from the modulator would be shorted through 
the plate supply. The audio-frequency voltage from the modulator is 
effectively placed in parallel with the D.C. voltage from the plate supply. 
During the positive half cycle of audio frequency it adds to the D.C. plate 
voltage and during the negative half cycle of audio frequency it subtracts. 
The plate voltage to the amplifier tube T is then varied. '.rhis variation 
varies the output power of the modulated amplifier1 thus producing a. 
modulated wave. 

The varit.ltion of power output with variation in plate volt.age is shown in 
Fig. 12-6. Figure 12-6a shows the radio-frequency outpu\i of a radio­
frequency amplifier. During the time interval from f to g the carrier 
power only is being supplied, and therefore the cycles of radio-frequency 
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voltage are all the so.me. During this time interval there is no input to the 
modulator and therefore no audio-frequency voltage is produced in the out­
put of the modu1ator. The audio-frequency voltage out put of the modu­
lator is shown in Fig. 12-6b. The plate-voltage supply to the modulated 
amplifier is shown in Fig. 12-6c~ The D.C. pla.te-voltagc supply e~ is 
constant during the time interval f to (}. During the time interval g to h 
the audio-frequency voltage e0 , as produced by the moduin.tor, is shown in 
Fig. 12-6b. The audio-frequency voltage adds and subtracts from the 
D.C. pla:te voltage and a. varying voltage results. This resultant is shown 
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FIG. 12--6. PJat-0 Moclulntion. 

in Fig. 12-6c for the time interval between g and h. The vn.rying pla.te 
voltage co.uses the output power of the modulated amplifier to vary. 
Figure 12-6a during time interval g to h shows the variation in the voltage 
across the radio-frequency output circuit L.,, Ca of Fig. 12-5. Figure 12-6a 
shows that during the time interval g to h the radio-frequency output 
voltage is varying or modulated at the rat.c of the audio-frequency voltage 
output of the modlllator. Referring to Fig. 12-6, at 100% modulation ea, 
the audio-frequency voltage, is equal to eD, the D.0. plate voltage. The 
varying plate volto.gc, as shown in Fig. 12- 6c, varies between zero and 
twice ei,. The rn.dio-frequency output voltage shown in Fig. 12-6a. also 
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varies between zero and twice enF, the voltage under no modulation. lnas-­
much as power varies as the square of the voltage, t he peak output power of 
the amplifier at 1003 modulation will bo four times the carrier power. 
I t is therefore necessnry that the tube or tubes used in a modulated. amplifier 
be able to put out a peak power four times that of the unmodulated carrier. 

GRID-:'110DULATED AMPLIJ<'IER. In grid modulation the function is per­
formed in the grid circuit of the tube. A grid-modulo.ted amplifier operates 
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( a) Radio Frequency 
Output 

+E• f 

o-----'--~~~~--' 
{ b) Audio Frequency Voltage 

from Modulator 

h 

l 
Time 

h 

I Time 

:r_J i· ~£:~. 
I- ( c) Plate Voltage Supply to Modulated Amplifier 

FIG. 12-0. Plate Modulnt.ion: Varit1tio11 of Power Output witli 
Variation in Plato Voltage. 

at an effic~ency that is below 353 and usually about 253. It is usually 
only used in. low-power stl~ges. The fundamental circuit of a grid­
modulAted amplifier is shown in Fig. 12-7. A grid-modulated amplifier 
is biased as a Class C amplifier. The efficiency is low, however, because 
only a limit ed portion of the characteristic curve can be used for the carrier 
condition. The circuit diagram of the grid-modulated amplifier shown in 
Fig. 12-7 is conventional except that the secondary of an audio-frequency 
transformer T, has been inserted in series wit.h the grid-bias supply lead. 
The audio-frequency voltage Ea appearing across the secondary of the 
transformer T, is e!Iectively placed in series with the D.0. voltage of the 
bias supply. Therefore the audio frequency varies the total bias voltage 
on the grid of the tube. 

The gric.l-voltagc-pl.ate-currcnt relation in a grid-modulated a.rnplifi.er is 
shown in Fig. 12-8. The gl'id-bias voltage Ee is at least twic€l that re­
quired for cutoff and therefore the amplifier is biased as a Class C amplifier. 
As ex:pl.ained before, however, the efficiency is low. During the un­
modulated carrier condition, as shown during the ume interval f to g, the 
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radio-frequency grid voltage iuput ec causes part-cycle pulses of plate 
current i11• During time interval g to h, the bias >oltage is varied by an 
audio-frequency voltage impressed in series with the bins-voltage supply. 

- Bias+ - Plale + 
Supply 

FJG. 12- 7. Crid-modula.tion Circuit. 

r 
[:Output 

This vu.rio.tion causes the r11dio-frequm1cy volt.age input to the grid of the 
tubo to vary in accordance with the audio-frequency voltage as shown 
over time interval g to h. This variation in turn causes part-cycle pulses 
of plate current t o fiow, which have an envelope in nccordance with the 
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Grid-volt:lgc-Plntc-current nolntion in Grid Modulation. 

audio frequency. As explained in Chptcr 11, the plate current pulses~ 
produce full sine waves of radio frequency in the output circuit of the 
amplifier. This effect is shown in F ig. 12-Sb. 
~foDULATION OF scRJ:flN-c11no TUBES. Screen-grid tubes of the 

pentode type may be used as plo.te--modulu.tcd radio-frcqucucy Class C 
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amplifiers. The circuit diagram of a. modulated screen-grid tube is shown 
in Fig. 12-9. In order properly to plate-modulate a. screen-grid tube, it 
is necessary to moduln.tc the screen-grid voltage also. The screen grid G2 

is connected to the plo.t.c-supply circuit through its dropping resistor R2• 

The plate-supply voltage is obtained thrnugb the secondn.ry of the modu­
lator output audio transformer T and therefore the screen g1·id and the 
plate voltage are modulo.ted simultaneously. In this type of modulation 

·~ Bias + Suppressor-Grid 
Voltage 

FIG. 12- 9. Modulo.Uon of Screen-grid Tubo. 

flle audio-frequency power required for 100% 111odulu.tion i.<:1 one half 
the input power to the plate and the screen grid. 

This type of modulation may be used where the highest fidelity is not 
required. 

SUPPilESSOil-GRID MODULATION. A screen-grid tube of the pentode type 
may be modulated in the suppressor-grid circuit. The circuit cllilgram of 
such a. modulated amplifier is shown in Fig. 12-10. The amplifier hool-up 
is a conventional pentode amplifier hookup except t hat the secondary 
of the modulator output transformer T, is inserted in series with the len.d 
to the suppressor grid GJ. The suppressor-grid-modulated amplifier 
opero.tes under conditions similar to those for grid-bias modulo.tion, and 
therefore the plate efficiency of suppressor-grid moduhtion is low. 

Modulators. It ha.s previously been explained that amplifiers after the 
modulated stage must be linear. They must, therefore, either be Cl.ass B 
radio amplifiers operating nt a low efficiency or linear radio amplifiers 
such as the Doherty nmP.li6er opernling at a relatively high efficiency. 
The use of the Class B radio amplifier is rapidly being resirirted because 
of its low efficiency. The Doherty type of amplifier employs n more com­
plicated radio-frequency circuit and requires a plate voltage approximately 
503 higher than a high-level modulated amplifier reriuires. The high 
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level, howevel', requires a large audio-frequency power for modulation. 
The plate-modulated amplifier is in more general use than are the Doherty 
types of amplifiers.' 

As a consequence of the trend towards high-level plate-modulated 
amplifiers, the Class B audio-frequency amplifier, which can produce a 
high audio-frequency power output, has assumed major importance. 

In plate modulation the modulator, at 1003 modulation , must supply 
an audio-frequency power that is 50% of tho plate input power to the 
modulated amplifier. The D.C. plate-supply input power to a 5,00~watt 

Plate + 
Supply 

F10. 12-10. Suppl'cSSOr-grid Modulniion. 

modulated amplifier operating at 80% efficienc.Y is 6,250 watts. For 
100% modulation the modulator must supply im audio power of 3,125 
-watts. 

Regulation of P~te Power Supply for Class B Radio Amplifiers. Fig­
ure 12-lla shows a vacuum t ube T opera.ting as a linear Class B radio ampli­
fier. L is a filter choke in the plate-supply rectifier filter. Condenser C 
is a filter condenser of the plate-supply rect.ifier filter. F igure 12-llb 
shows the cuITcnt drawn by the plate of the tube. During time interval 
f to o the carrier is unmodulated ancl therefore the plate current has an 
amplitude of t'b1- During the time interval g t.o Ji the carrier wave is 
modulated with an audio frequency. The pla.te current is a varying 
current during this t ime interval. During the positive half cycles of 
modulation the plate current is i1n and during the negative peaks of motlu­
Jation the plate current is 11, .. During rnodttl!l;tion there is ti large varia­
tion in plate current. At the same t ime the plate voltage must remain 
constant. The filter condenser C is constantly being charged by the 
voltage output of the rectifier. During the positive half cycles of modula­
tion the plate of t.be vacuum tube draws additional current. During this 



I 

Chop. 12J AMPLITUDE-MODULATION TRANSMITTERS 297 

period the condenser C discharges, furnishing the ~tdditioqal current for 
the positive peaks of modulation. The tilter inductance L prevents this 
current from coming from the rectifier because its inductance offers a 
high impedance to the passage of a current varying at an audio frequency. 
The condenser C, on the other hand, has a.very low impedance and therefore 
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L 
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Fro. 12-11. Class B Radio Amplifier Plate-supply Regulation. 

it readily gives up its charge to supply current for the positive peaks of 
modulation.. During the negative peaks of modulation the grid of the 
Vi~cuum tube is made more negative and therefore the fl.ow of pla.te current 
is reduced. During this time interval the condenser C regains the cbarge 
it lost during the positive half cycle of modulation. The condenser C and 
tbe inductance L act ns a filter so that the audio-frequency variations are 
not imposed upon the rectifier. The output current I of the rectifier, 
therefore, remains substantially constant. The inducfaiuce L and the 
condenser C do double duty because they are also serving to iron out the 
A.C. pulses from the l'ecti.fier tubes. 

The term reg1tl.alion was explained in Chapter 5. This is a measure of 
the variation of the voltn.ge output l'rom the rectifier filter between no.load 
and full load. As current is drawn from the fil ter of a rectifier, the output 
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voltage is redticed owing to the D.C. resistance of the filter chokes and 
als"o owing to the D.C. resistance of the power transformer. In Cl'tss B 
linear amplifiers, tbe current drawn from the 'rectifier is substantially 
constant and therefore the plate-supply regulation need not be very exact. 
However, for ren.sons of efficiency, the filter chokes and the plate power­
supply transformer are built with rather low resistance to avoid losses due 
to heating in t.be windings. 

Regulation of Plate Power Supply for Class B Audio Amplifiers. Fig­
ure 12-12 shows tlH! chart-1.cterisliic curves of two tubes used as a Class B au~ 
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FJO. 12-12. Regulation of Plato Supply for Clnss B Audio Amplifior. 
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I 

di.o amplifier. As explained in Chapl;er 11, the tubes are biased at approxi­
rruttely the cutoff point. With no input to th(~ Class B ~iudio amplifier, 
the plate current drawn by the amplifier is approximately zero. In 
Fig. 12-12, during the t ime interval f to y, there is no audio-frequency in­
put to the grids nnd therefore during the corresponding period the plate cur­
rnnt i,, is small. During the t ime interval g to h an audio-frequency illput 
has been impress~~d upon the grids of the tubes. During the positive half 
cycle of audio-frequency input, tube 1 draws plate current I,.,1. During 
t he other ha l.f cycle of a udio-frequency input , tube 2 draws plate current 
i,.,z. The pla te current drawn by the two tubes when amplifying audio 
frequency varies over a large range. The plate-supply voltage to 'the 
amplifiers must remain const~i,nt for linear reproduction. Therefore it is 
necessary to employ a pla te. supply with good regulat ion. This require-
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ment means that tl-.e·filter choke and the power transformer must be made 
with relatively low D.C. resistance. Also, a large condenser must be used 
in the output of the fil ter. Also, the audio-frequency output t ransformer 
of the amplifier must have a relatively low D.C. resistance. T he plate 
current passes through the primary of the output audio transformer and 
therefore the D.C. drop must be kept low. 

Regulation of Plate Power Supply for Modulated Class C Radio Ampli· 
fiers. In modulating a Class C ampli.fier, the plate voltage is varied and 
therefore the plate cmrent varies. This variation is added to the one 
caused by the Clf.\.ss B modulator and therefore plate~supply regula tion 
must be good. 

Regulation of Bias Supplies. Amplifiers that operate without drawing 
grid current need not have bias supplies with very good regulation because 
there is no change in the current drawn from the bias .snpply. Such 
applications are linet1.r Class A radio amplifiers and linear Class A audio 
amplifiers wlwru the signal iuput voltage does not exceed ·tlrn bias 
voltage. ·when an ampli(i.er draws a steady or substantially steady grid 
current, there is no need for good regulation in the bias supply. The 
radio-frequency amplifier stages ahead of the modulated am.pli(ier in a 
radiotelephone transmitter and some of the amplifiers in an .unmodulated 
radiotelegraph t ransmit ter are examples. The factors that affect regula­
tion in plate supplies also are a pplicable to bias supplies. 

Schematic Circuit of a Transmitter. The schematic circuit diagram of a 
1,000-watt high-level modulation radiotelephone t ransmitter is shown in 
Fig. 12-13. The diagram is complete except that it does not show the 
prima.ry power circuits nor the control circuits such as overlon.d relays. 
These circuits have been omitted for clarity. Prin:iary powl~r circuits and 
overfoad relays will be discuss~~d separately later in the chapter. 

The circuit diagram of Fig. 12-13 has been divided into sections by 
dotted lines. The divisions are: radio-frequency section, audio-frequency 
section, second a.u.dio bias-sitJ)ply rectifier, low-power plate-s'!t7)ply rect(ffor, 
modulated bias redUicr, and high-voltage plate-supply rect1fier. T he nidio­
frequency section shows the circuits associated with the production of the 
radio-frequency wave and its amplification up to the carrier output power. 
The audio-frequency section includes the audio-frequency amplifiers used 
for the purpose of producing the audio-frequency power for modulat ion . 
The four rectifiers pi;oduce the bias supplies and the plate-voltage supplies 
for the various ampli.fiers. The various sections of the transmit ter \vi\l be 
discussed individually. 

Radio·frequency Section. The radio-frequency section is composed of a 
crystal oscillator and three successive stages of radio amplification. The 
successive stages of radio amplificatjon are labeled the buffer amplifier, the 
intermediate power amplifier, and the power amplifier. 
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OscJLLATOR. The first part of t.he radio-frequency section of a trans­
mitter is the oscillator. The frequency of the oscillator shown in Fig. 12-13 
is controlled by the crystal X. In order to maintain the frequency con­
stant the crystal is placed in a crystal heat chamber. The crystal heat 
chamber is insulated so that a constant temperature may be maintained 
inside. The resistor R shown in Fig. 12-13 is a heating element employed 
to keep the temperature of the chamber well above normal room tempera­
tures thn.t may be encountered. The selected temperature is usually on 
the Ol'cler of H0° I!'. A thermostat 81 is connected in series with the 
i·esistor R. A.s the chamber temperature reduces, the thermostat contacts 
close, thus allowing current to pass through the heater R. As soon as the 
tempern,ture in the chamber has increased to the p~·oper point the thermo­
stat conto.cts again open, stopping the flow of cmrent th1·ough R. The 
thermost!it S1 thel'efore functions to maintain o. constant temperature 
inside the crystal heat cbamber. The condenser C is placed across the 
eontacts of the thermostat to avoid sparking and arcs. Sparkiu·g and 
arcs injure the them1ostat contacts and must therefore be avoided. 

In Fig. 12-13, the crystal oscillator tube V'l'i is a pentocle. The crystal X 
is connected between the control grid and the screen grid of the tube. 
The screen-grid voltage is supplied through resistor Ra from the voltage 
divider R~. The source of the voltage across R5 will be described later. 
The control-grid bias is obtained from two sources. Part of the bias is 
obtained from the cathode resistor R2 and part is obtained from the grid 
leak Rl. The frequency of a crystal is affected, to a certain degree, by a 
capacity across it. The variable con.denser C1 is connected across the 
crystal for the purpose of rnaking minor frequency adjustments. It is, 
therefore, not necessary to grind the crystal to exacUy the proper thickness, 
inasmuch as C1 provides a certain amount of a.cljusl:.ment. ·The .output 
circuit of the oscillator is composed of condenser Gs mid inductance L1. 
The plr1te voltage is obtained through the radio-frequency choke RFC1. 
The en.t i.re oscillator is contained in a shield sn th1it the operation of the 
Qscillator will be as independent as possible. It is also to be noted thn.t 
·the power-supply cil'cuits a.re all carefully filtered. c., C1 and R3 form the 
filter for the screen grid. Cs a.nd R4 form the filter for the suppressor giid. 
0 6 and RFC1 form a filter for the plate supply. Ti represents the secondary 
,of the transformer that heats the filament of the vacuum 'tube VT1• For 
·diagram simplicity, the prima11' power supply to the various filament 
transformers is not shown. These are T1, T2, Ta, T4, T6, T9, T11, T1~, 
·Tia, T16, Trn, T18, and T19. The ammeter A1 in series with the cathode 
-resistor R2 measures the plate current, the screen-grid current, and the 
:suppt·essor-grid current of VT1. The radio-frequency voltage output of the 
,oscillator is fed to the grid of the buffer amplifier through the condenser C9, 

Buir:imrt AMPLIFrn.n.. The buffe1· amplifier functions to prevent reaction 
()ll the crystal oscillator from the succeeding radio amplifiers. The vacuum 
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tube VT2 is a pontode. The self-neutralizing qualities of the pentode tube 
prevent anything that happens in the amplifiers subsequent to the buffer 
amplifier from l'eacting bu.ck on the oscillator through the tube itself. 
The resistol' R; fuuct.ions to damp out any high-frequency parasitic oscil­
iations. The control-gl'id bias for the buffer amplifier is obtained from 
the voltage drop across the grid-le11.k resistor RG. An ammeter A2 is con­
nected between ground and the midtap of the secondary of the filament 
transformer. This ammeter measures the current dra.wn by the plate, 
suppressor grid, and screen grid of VT2. The output circuit composed of 
Cl3 and L,. is the same type us the one employed in the output of the 
oscillator. 'l'be output of the buffer amplifier is impressed upon the grid 
of .the intenuediate power amplifier through condenser C14. It . is to be 
noted throughout the transmitter dhi.gram that grounds are frequently 
shown. The output circuit of the buffer amplifier is· connected between 
plate and ground tlU'ough the radio-frequency by-pass condenser C12. This • ' 
voltage is then effect ively im.pressecl across the grid and filament of VT 3• 

lN'l'ERMEDIA'rE i>owT~n AMI'LIJrmn.. Vacuum tube VT 3 functious as the 
second radio amplifier. Rs is a para.sitic-damping resistor. The bias for 
VT :i is supplied by the calihocle resis.tor R10 and the grid leak Ro. When 
the radio-frequency power becomes appreciable it is necessary to keep it 
out of the grid leak. The radio-frequency choke RFC3 performs this 
function. The resistance Ru is comparatively small and therefore would 
place a heavy load on the output circuit of the previous amplifier. This 
load would lower the radio-frequency volt.age on the grid of VTa. There 
is a considerable amounli of dist·1•ilntted capacity in many types of resistors. 
This capacity acts the same as if a condenser were placed across the resistor, 
and forms a low-impedance by-pass for the radio frequency. This addi­
tional factor wo~ld reduce the voltage from grid to plate if the ra<lio­
~requency choke RFC3 were not used. The distributed capacity also 
would cause rndio-frequency currents to circula.te in the resistor. Such 
currents sometimes cause t he grid leak to burn C'ut. It is therefore usual 
practice to employ a ra.dio-frequency choke in series with the grid leak when 
the radio-frequeucy power becomes appreciable. 

The plate voltage for VT3 is pnra.llel fed through RFCt. The 1·adio­
frequency output of the intertnecliatc amplifier is fed to the output circuit 
composed of C18 and La through the radio-frequen.cy blocking condenser 
C11. When the radio-frequency power in a, eircuit becomes appreciable it 
is usually customary to provide a meter for measuring the current at some 
place in the circuit. H.tidio-freqnency ammeter Aa in series with C18 

measures the current in the output circuit of the intermediate power 
amplifier. The output of the intermediate power amplifier is fed through 
the radio-frequency transformer composed of La and L1. to the grids of the 
power amplifier. Tbe rnidtap of L 4 is grounded. The grids in the power 
amplifier art! then fed equal radio-frequency input voltages. 
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PowER A.MPLrn'IER. The output power n.mplifier of the transmitter 
employs two tubes VT 4 and VT5 in a push-pull circuit. The power ampli­
fier is pln.te modulated and therefore the transmitter is high-level modiilated. 
The operation of the amplifier is Class C. The control-bhts voltage is 
obtained from a combination of grid-leak bias and cathode bias. R11 ~ind 
R.1z are the grid-leak resist.ors and R1s and R1.1 are the cathode resistors. 
The ammeters A4 and As measure the direct current flowing through the 
grid leaks; As and A1 in series with each cathode resistor measure the 
plate current clnl.\vn by each tube. Ammeter As measures the total plate 
current drawn by the amplifier. 

When the power of an amplifier gets to be on the order of several hundred 
watts or more, a combination of inductance and resistor in a choke cfrcuit is 
used for suppressing parasitic oscillations. Resistor R16 and inductance 
Lr-. pt·ovide the parasitic-suppression circuit. If a plain resisl;ance is used1 

larg<~ enough to stop the parasitic oscillations, there will be excessive he~ili­
ing in the resistor if the power of the amplifier is too high. This heating 
occurs because the grid current flows through the resistor. In small 
amplifiers this heating is not objectionable. In larger arnpllfiers, however, 
a sm.all inductance such as Ls or Ls is placed across the resistor. The small 
inductance hn,s a high impedance at the parasitic frequencies. They a.re 
therefore damped out by the resistance such as Ris or R16 across the induct­
ance. The D.C. resistance of the choke, however, is very low and therefore 
the grid current flows principally through t he inductance and not tluough 
the l'esistor. Excessive heating in the resistor by the grid current is thus 
a,voided. The output circuit of the power amplifier is balanced to ground 
by the use of a double-section condenser composed of C28 and C29• Plate 
voltage is supplied through the radio-frequency choke RFC; and through 
the output inductfince Lj. The amplifier is eross neutralized by the con­
densers c~.1 a.nd C2r.. The condensers C2s and C21 are filament by-pass 
condensers. As may be seen from Fig. 12-13, one side of each condenser 
is grounded. Due to these condensers, the filament of vacuum tube VT6 

is effectively at grotll1d potential so far as radio frequency is concerned. It 
is to be noted that simi!a.r filament by-pass condensers are provided on the 
othm' amplifiers. In low-powered radio-frequency tubes it is not neces­
sary to use t.hr~ midtap filament by-pass condensers. Referring to C3 of 
Fig;. 12-13, it may be seen that a single filament by-pass condenser bas 
been used on the low-power oscillator circuit. 

The output of the amplifier is transferred to the impedance-matching 
network through the radio-frequency transformer formed by L7 and L8• 

The proper adjustment of inductances L., and Lio and condenser C31 makes 
it possible for the transmitter out.put power to be feel into a. wide range of 
load resistances. 

The power amplifier of the transmitter is, of necessity, Cla.ss C because 
it is plate modulated. Class C amplifiers are less critical in operation than 
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arc other classes. Their runplifica.tion per stage is a little lower than other 
classes. However, the plate-cireuit efficiency is higher. Therefor() tlrn 
buffer amplifier and the intermediate power amplHier are also opera:tcd t\S 

Class C amplifiers. 
Audio-frequency Amplifier. There are three stages of amplification i11 

the audio-frequency section of the transmitter. Enough audio amplifica­
tion is provided so that the audio input to the transmitter need not be higher 
than that required to feed a telephone line. The first two stages of amplifi­
cation employ pentode tubes m1d the third or modulator stage employs 
triode. t ubes. All three stages of audio amplHict\tion a.re in push~pull. 
The audio-frequency input voltage is impressed upon the grids of the fu·st 
audio amplifier through the transformer Tio· By the proper select.ion of 
the load resistors R22 nnd Rz3, the frequency-response characteristic of the 
t.ransforrner T10 may be made uniform over the audio-frequency band. 
R~6 and R21 form the cathode resistor. The grid return is made between 
Ru. and R21 and therefore the control grid bias voltage is the voltage ap­
pe.'"tring across R2e only. The resistors Jl:41 R:a, R3o, R31, Ris, and R3n and 
the connecting wires indicated by Z comprise the inverse feedback circuit. 
This circuit improves the fidelity of reproduction of the amplifier and will 
be described in more detail later. The screen-grid voltage for the .first 
audio tubes VTu and VT12 is obtained from the voltage dividers R2s and 
R29· It is to be noted that the voltage divider is across the pl:Lte supply 
to the first audio amplifier. The interstage coupling between Lhe first 
and second amplifiers ic; resistance coupling. Rao and Ra1 a.re the pln.te 
resistors. Cu and C 44 a.re the blocking condensers. Ra2 and Raa are the 
grid resistors for the second audio amplifier tubes VTu and VTu. Scpn­
rate bias adjustments are provided for each of tbe tubes in the second audio 
amplifier. The second audio amplifier must supply enough input power for 
the Class 13 final audio amplifier. It is therefore necessary to adjust tbe 
second audio amplifier for optimum performance by separate adjust,rnent 
of tbe bias.voltage on each of the tubes. The ammeters A10 and Au measure 
the plate current drawn by each tube. 

Tl4 is the interstage transformer between the second and third audio 
amplifiers. It has a double secondary so that each sect.ion ma.y feed the 
grid of one of the tubes in the modulator. RH and Ra6 ~ire t.hc~ load resistors 
on t he secondaries of the transformer Tu. Bccmuso optimum opera.ting 
conditions ar<~ required in a Class B audio ampliricr, separate bin.c.; adjust­
ments are provided for the grid of each tube. The pla.te current. to each 
tube is indica.tcd by the ammeters A12 and Arn. T he output t rnnsformer of 
the modulator is T11; the plate voltage is fed to the plates through a midta.p 
on its primary. If the radio-frequency Class C power amplifier is operating 
at an efficiency of 80% for a 1,000-watt canfor, then the power drawn by 
the plates of the power amplifier is 1,250 watts. The audio··frcq11oncy 
power output of the modulator required for 100% modulation is 625 wo.tts. 
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The plate voltage to tbe radio-frequency power amplifier is obtained from 
the high-voltage plate supply rectifier through the n.uclio-frequency induct­
ance. L11 and the radio-frequency choke RFC1. The plate-supply voltn.ge 
is prevented from shorting to ground through the secondary of transformer 
T11 by the oondenser 045· The condenser 046 is large and therefore has a 
very small reactance at audio.frequencies. The resistor R4o is also com pa.riv 
tively small. The o.uclio-frcquency output voltage in tbe seconda.ry of f H 

is therefore effectively impressed between ground and point Y of the dia­
gram in Fig. 12-13. The audio-frequency choke L11, called the 11wdulation 
choke, prevents the audio frequency rrom shorting through the high-· 
voltage pla.te-supply rectifter. The audio-frequency output of the modu­
lator therefore varies the plate supply voltage u.nd hence causes modulation 
in the plate circuit of the radio-frequency power amplifier. 

Resistors RJG and R31 are in series between the pla.te aucl ground of VT16• 

Likewise, R3a and R39 are in series between the plntc and ground of VT16• 

The audio-frequency out.put of the pbtes of the modulntor tubes is across 
these t1'o pairs of resistors. The two pairs of resistors act as voltage divid­
ers so that a small portion of the audio-frequency output voltage can be fed 
to the grids of t he first audio amplifier through the two circuits indicated 
by Z. The audio-frequency voltage across Ra1 is impressed across the grid 
resistor R2.i. of the fil'st audio amplifier. Likewise, the audio-frequency 
volta.ge across resistor R3s is impressed across the resistor Ii.is. The feed­
back voltages across R2& and R2.1 are ont of phase with the input voltages t.o 
the grids across the resistors Jl..i2 and R2a· This feedback ca11cels out dis­
tortions that are introduced by the amplifiers nncl it also cancels out a cer­
tain amount of internal 11oise in the amplifiers. This is inverse feedback, 
as described in Chapter 7. 

It is to be noted that there is a D.C. component across the resistors R37 
and Ras from the plate-supply voltage to the tubes of the modulator. T his 
D.C. voltage is also impressed across the resistors R2.1 and Ru;. This 
voltage is positive in respect to the grids of tho first n.udio amplifier. It is 
therefore neccss::i.ry to mo.ke the bias voltrLge ncross R2u equal to the sum of 
the normal bias voltage required plus the voltage drop across R2.1 or R26· 

The feedback D.C. voltage is, however, very small because Ra1 and Ras 
are a very small portion of the plu.te-voltage dividers of the modulator 
tubes. 

The audio-frequency current i.n the seconclo.ry of tho transl"ormcr T17 

passes t hrough condenser 0 46 and resistor U40. There is, therefore, an 
audio-frequency voltage across the resistor R.o. Tho audio frequency o.p­
pearing across R.o is used to monit,or the out.put of the tm nsmitter. Any 
distortion that may o.ppcn.r in the radio~frequcncy n.rnplifier is reflected iJ1to 
the modulator circuit through the tro.nsi"ormcr sccondo.ry to T17 and is 
detected in the monitor output. Likewise, dist;orl;ion tluit is due to the 
radio-frequency power amplifier is reflected ton certa.in degree into the fe<~d-
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back circuit through the transformer T11 and therefore it is partially nulli­
fied by the feedback circuit. 

Second Audio Bias-supply Rectifier. This rectifier supplies the bias 
voltage for the second audio amplifier. The bias voltage to each vacuum 
tube in the second audio amplifier is separawly adjustable by means of the 
potentiometers R11 and Ria· These are across the output of the rectifier 
filter circuit. Filter reactors Lu, L12 n.nd condensers Cs2, C3a constitute the 
filter for the rectifier. The rectifier is full-wave, employing a single tube 
with two plates. The power supplied by this rectifier is rather small and 
therefore the small type of full-wave rectifier tube may be used. In such a 
small rectifier, it is feasible to employ only one transformer such as T. for 
supplying both the filament voltage and the plate vol tage. 

Low-power Plate-supply Rectifier. This rectifier supplies the sup­
pre.-ssor-grid, sereen-grid and plate voltages for all amplifiers except the 
radio-frequency power amplifier and the modulat-Or. The various voltages 
required for the different grids and plates are obta.ined from the voltage 
divider R19. The full-wave rectifier employs two half-wn.ve rectifier tubes 
VT1 and VTs. Ts is the filament tFansformer and T1 the high-voltage 
transformer. The filter is composed of Cs~, Ca5, L13, and Lu. Voltmeter 
V2 measures the output voltage of the low-power plate-supply rectifier. 
Caa is a by-pass condenser for the screen grids of the second audio amplifier 
tubes. 

Modulator Bias Rectifier. This is a full-wave rectifier supplying the 
bias voltages for the modufator tubes. Two half-wave rectifier tubes VT9 
and VT10 are employed. The filament transformer is Tn s:md the plate 
voltage transformer 'l.'8• The main filter is com.posed of C~1, L1&, and Ll6. 
Separate biA.s o.djustmen,t for each tube in the modulator is provided by the 
voltage dividers R2o and R21· Additional filtering is provided by the con-
densers C as a.nd C 39. • 

High-voltage Plate-supply Rectifier. This rectifier supplies plate 
voltage for the radio-frequency power amplifier and the modulator. I t is a 
bridge rectifier employing the four half-wave rectifier tubes VT11, VT1s, 
VT1s, and VT20. T18 o.ncl Tio are the filament transformers. T20 is the high­
voltage plate transformer. The filter is composed of Lis, Li,91 C4o1 and C,1• 

D.C. voltmeter V1 measures the plate voltage on the modulated power 
amplifier. 

The voltage divider R19, as shown in Fig. 12-13, is pictured as a single 
resistor with five taps on it to supply the variable voltages required. In 
practice, however, this voltage divider is usually made up of several separate 
resistors. Figure 12-14 shows a plate-supply voltage divider made up of · 
i:;even separate resistors. Five of the resistors, R1, !4., Ra, R5, and R7, are 
pot~ntiometers and may be used to tap off voltage of a desired value. By 
the proper arrangement of resistors and potentiometers the taps may be 
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located at the proper point on a voltage divider so that the potentiometer 
for any given voltage supply will provide the necessary operating adjust­
ment. 

In practice, similar voltage dividers are sometimes used in such places as 
R5, RJ7, R1s, Rm, R~o, and R-21 of Fig. 12-13. 

For clarity in understanding the circuit diagram of a rndiotelephone 
transmitter, certain pieces of equipment and certain circuits are not shown 

R1 

Plate Supply 
+ 

Plate Supply 
Fw. 12- H. Plntc-supply Volt.age Divider. 

in Fig. 12-13. These arc such items as overload relays, switches, time­
delay relays, interlock switches, primary power circuits to the primarie.s of 
filament and plate transformers, and so on. 

Figure 12-15 shows the f1htmcn t ground-lead circuit of a vacuum tube 
through an inductance L. The plate current of the tube flows through L. 

T 

AL::! 
IJ'10. 12-15. Overloud Rchty. 

The inductance L is a coil in an 
overload relay. When the current 
through L becomes excessive, the 
relay operates to open the contacts 
A. The contacts A may be inserted 
in the prinmry power-supply circuit 
to the high-voltage plate transformer, 
thus shutting off the plate supply 
to the vacuum tube T of Fig. 12-15. 

This circuit provides a means for protecting a vacuum tube against over­
load that may damage the tube. 

The schematic circuit diagram of the primary power-supply circuit of a 
simple transmitter is shown in Fig. 12-16. 81 is the main switch that con­
trols power to the entire transmitter. The primary fuses for the entire 
transmitter are indicated by Fi. 
~he main. primary power-supply switch 81 is usually left closed so that 

the crystal heat circuit may Jmve power at all times. It is usually unde-
• sira.ble to let the crystal heat cho.mbe!' cool off if or when the transmitter is 

shut down. The next switch in the sequence of the transmitter primary­
supply circuit is 82. This controls power to the rest of the transmitter. 
The filament transformer and the bias-voltage rectifier transformer are 
connected on the output of 82. 83 controls the power to the primaries of the 
plafo-supply rectifier transformers. With 83 open and ~ closed the fila­
ments of the tubes in the transmitter can be warmed up to operating tem­
perature before the plate voltage is applied. 83, upon being closed, sup­
plies power to the primaries of the plate-supply rectifier transformers. The 
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contacts of all overload relays, such as that shown at A in Fig. 12-15, are 
put in series with 83 so that if any one of the relays has an overload, the 
power to the plate-supply rectifier transformers will be interrupted. For 
safety reasons) transmitters are enclosed in housings so that the open'l.ting 
personnel cannot come in contact with the dangerous high voltage. Access 
doors to the equipment are provided in case work must be done on any of 
the equipment. In order to prevent someone from accidentally opening 
one of the access doors and coming in contact with the high voltage, a.n 
interlock switch is provided on each door. The interlock switch contacts 
are in series with Sa. Therefore, if an access door is opened, the contacts 
of the interlock switch open, thereby shutting off the high~voltage plate 
supply. 

Crystal Heat 
Circuit 

Fi lament 
Transformers 

Bias Supply 
Transformer 

Overload Interlock 
Relay Contacts Switches 

\ ....... --1--..-- ---'---!--' ___J t____J 
Primary . s F

1 
S2 S3 

Power Mains ;,._...,, ._...1.-_ _ __JL----J 

f1 
Fuses 

Time Delay 
Relay 

High Voltage 
Plate Supply 

Rectifier Transformer 

FIG. 12-16. Transmitter Control Circuit. 

Most transmitters are provided with automatic start, so that only 
one switch such as Si need be closed in order to start the transmitter. 
In such a procedure Sa would be normally closed. Upon closing Sz the 
.filaments and bias supplies would receive power but not the high-voltage 
plate-supply rectifier transformer because the contacts in a time-delay 
rel.ay would be open. These would be in series with Sa. The closing of 82 
would energize a coil in the time-delay relay. Mter a predetermined time 
the contacts would close, thus closing the power cfrcuit to the high-voltage 
rectifiers. 

In small transmitters, 82, Sa, the overload-relay contacts, the interlock 
contacts. and the time-delay relay contacts would themselves be in series 
with the power circuits. In larger transmitters, where the current drawn 
in the primary power-supply circuit is high, the switches and contacts 
would be used to opera.te power-control relays called contactors. Con­
tactors are similar to the overload relay described in connection with Fig. 
12-15 except that they sometime.s have more than one set of eontact-s, 
depending on how many circuit.s must be opened n.nd closed. The coil to 
operate the eontactor requires a comparatively small amount of power. 
The contacts may be built to handle a large amount of power. 
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The circuit diagram shown in Fig. 12-13 is somewhat similar to the cir­
cuit diagram of the RC.A. 1,000-watt broadcast transmitter type 1-K. 
The regular circuit diagram oft.he type 1-K is too complicated for instruc­
tion purposes. A picture of the R.C.A. type 1-K transmitter is shown in 
Fig. 12-17. The rear of the transmitter is shown in Fig. 12-18. Va.ri9us 
components of the tnmsmitter are identified and a reference given to the 

Coitriay of R.C.A. Manu/acluring Co., Inc. 

F10. 12-17: Front Viow of 1,000-wa.tt Broadcast Rndio­
tolephono Transmitter, R.C.A. Type 1-K. 

similar piece of equipment as it would be used in. the transmitter circuit 
dfagram shown in Fig. 12- 13. 

The complete schematic diagram of the type 1-IC t ransmitter is shown 
in Fig. 12- 20. The description of this diagram will not be given. H ow­
ever, a study of the circuit diagram in F ig. 12- 20 compared with the circuit 
diagro.m in Fig. 12-13 will yield information per tinent to the over-all 
circuit diagram of a transmitter. I t should be kept in mind t hat the circuit 
diagram of Fig. 12-13 is similar to tho.t of Fig. 12-20 but tba.t it is not a 
simplification of the circuit diagram of tbe 1-K transmitter. Many of the 
circuits have been omitted, par ticularly the control circuits and primary 
power circuits, and some of the other circuits have been modified for clarity 
in explaining their operation . 

An inside view of the RC.A. type 5-E transmitter is shown in Fig. 12-19. 
The left-hand panel is the output amplifier. Two tubes are shown and they 
aro both used for 10-kw output. For 5-kw oper ation only one of the tubes 



F10. 12-18. Rear View of 1,000-watt Ra.diotcic[lbono RC.A. Type 1-K. 

KEY TO COMPONENTS 
Corresponding Equipment 

Number and Descri7Jlion in Fig. 19-18 
1. Crystal holder nnd heat chamber .... ..... ..... .. .... .... Crystal heat ch.-i.mber 
2. Crystal osciUator and shield . .... ... .. . . ....... . .. . ...... Oscilla tor 
3. Spare crystn.l bolder .... . . . ..... .. ... ....... . .... . ..... . 
4. Buffer amplifier tube .. . ...... ... .... . ..... ...... . . ... . . VT2 
5. Intermediate power amplifier tube ... .. .... . ... . ... . ..... VTa 
6. Radio-frequency power amplifier tubes ......... .. . . .. .. ... VT, o.nd VT$ 
7. First audio amplifier shield . ....... ..... ... ... ... . ...... . 
8. Second audio amplifier tubes . . .. ....•.•. . . . . . ......•.... VTa and VT1~ 
9. Modulator tubes ... . ..... . . ... . . .. ......... . ......• .. . . VTu and VT16 
UA. Modulo.tor output t1·0.nsformer .. ...... . ... ........ , .•... . Tu 
9B. J'l'Iodulo.tiou reactor . ... ........ ....... ....••. .. , , .. • , . . L11 
9C. Audio by-pass condenser . ....... . ....... .... ..... .. ..... C.15 

10. Second audio bins rectifier tube . ............... .. ....... . VT0 

11. Inter mediate pla.te-supply rectifier tubes ....... . .......... VT7 and VT8 
llA. Intermediate plate-su pply high volklge transformer ..... .. . T1 
llB. Intermediate plate-supply filter react-Ors ... . .... ..... .... . Lis and Li~ 
12. Modula.tor bins recti1ier tubes . . ...... .... . .. . ........... VT• and VT10 

13. High-voltage plate-supply rectifier t ubes .... .. .. .... . ..... VT1 7, VTu, V'Tu , and VT20 
13A. High-voltage p lnte-supply transformer .... .. . . . .... . . ... .. T~o 
13B. High-volt.age phtc.'-SUpply filter reactors . . . .. .. ....... .... Lu and L,9 

13C. High-voltage plate-supply filter condensers ....... ... ...... C,o aod Cu 
14. Filament transformers . ... ........ ... . . . .... .... . .. . .... Such as T,, Tu, TiG, T18 and T,, 

309 
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C01trl<•11 of R.C.A. Manu facluritto Co., !11c. 

F10. 12-19. Inside View of 5-kw Broadcast Radiotelephone Transmitter, R.C.A. Type 5-E. 
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is used. It is to be noted that the t ubes are inserted in radiator fins. 
Directly below each tube is an air blower thn.t forces air up around the tube. 
The heat dissipo.tion of tubes of 
t his size is high and the heat must 
therefore be removed by forced 
air circulation. The second rack 
from the left contains some of the 
rectifiers and the low-powered 
audio and radio amplifiers. The 
transmitter is high-level modulated 
n.nd therefore o. high n.udio power 
is required for modulation. One 
of the two modulator tubes may 
be seen to the left in the third rack 
from the left. Two of the high­
voltage filter condensers may be 
seen in the lowe1· right-hand' corner 
of the third rack from the left. 
The right-hand panel contains the 
control circuits, the voltage ad­
justments, and the overload relays. 

250-watt Transmitter. A front­
view picture of o. 250-watt broad­
cast transmitter is shown in 
Fig. lZ-21. This is a bjgh-level 
plate-modula.ted transmitter em­
ploying a crystal oscillo.tor and two 
stages of radio am plifi ca ti on. 
There arc also two stages of audio­
frequency amplification. A rear Courtuy of R.C.A • .lfanu/odurinq Co., Inc. 

view of the t ransmitter is shown in Fio. 12-21. Front View or 260-watt 
Fig. 12-22, in whlch various com- Broadcast Radiotelephone T ransmitter, 

d ifi d 
R.C.A. Type 2SOK. 

ponents are i ent' e . 
Inverse Feedback in Transmitters. Inverse feedback for audio ampli­

fiers was described in Chapter 7. One method of applying inverse feed­
back to a transmitter was explained in connection with Fig. 12-13. 

Inverse fceclbo.ck may be applied to a transmitter in a different way . 
Ref erring to Fig. 12- 23, the inductance Li. picks up radio-frequency energy 
from the output circuit inductance L of the transmitter. This energy 
is fed through n detector to obto.in the audio frequency to be used in the 
inverse feedback. This audio frequency is fed across resistor R2 in the grid 
circuit of the first audio-frequency amplifier of the transmitter. It is out 
of phase with the audio frequency input to the fust audio amplifier and, 
therefore, the benefits of inverse feedback are derived. 
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Courtesy of R.C.A . • ~fanufacluring Co., Inc. 

FIG. 12-22. Rear View of 250-watt Broadcast Radiotelephono Transmitter, R.C.A. 
Type250K: (1) crystal holder and heat chamber; (2) cryst.nloscillator; (3) buffer amplifier 
tube; (4) radio-frequency power amplifier tubes; (5) first audio amplifier; (6) modul1itor 
t ubes; (6A) modulator output audio transformer; (7) plate voltage-supply rectifier tubes; 
(7A) plat.e-supply rectifier high-voltage transformer; (7:a) plate-supply .fi}t.er reactor; 
(7c) plate-supply filter conden..o.ers; (8) bia5 rectifier tube. 
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l st Audio Frequency Stage · 

Transmitter 
Output 

FIG. 12-23. Inverse Feedb:.ck Applied to e. Modulated Trau/lmitter. 

Distortion introduced by the t raosmitter is reduced, the frequency 
response of the transmitter is improved, and the noises int roduced by the 
transmitter a.re reduced. 

Review Questions and Problems. 1. What function does a ra<lio trans-: 
mitter perform in a communication system? 

2. (a) What are t he two principal sections of an amplitude-modulation 
radio transmitter? (b) D escribe in general the components of each section 
and how they function. 

3. Wby are buffer amplifiers used? 

4. What are the two types of modulated transmitters a.nd why are they 
so named? 

5. \.Vhat two precautions are taken to insure that the frequency of a 
crystal oscillator will remain within proper limits? 

6. What type of audio-frequency amplifier is usually used for modula­
tors? Explain why. 

7. (a) What is power-supply reguh:i.tion? (b) Why is good regulation 
necessary in Class B audio amplifiers a..nd in Class C mo<lulatccl nmpli.fiers? 

8. How may inverse feedback be o.pplied to a transmit ter? 





CHAPTER 13 

Amplitude~modulation Radio Receivers 

A radio receiver performs the function of producing sound ' waves that 
are in accordance with the modulation envelope of a radio-frequency signal. 

The main receiving-set factors are sensitivity, selectivity, and fidelity. 
Sensitivity is a measure of a receiver 's ability to receive weak signals. 
S e'ledivity is concerned with the receiver's ability to reject undesired 
signals. Fidelity is a measure of a receiver's ability to reproduce faith fully 
audio-frequency currents t hat are in accordance with the moduln.tion 
envelope of the received signal. 

Sensitivity. The sensitivity of a receiver is determined by the amount 
of radio amplification preceding the detector. T he sensitivity of receivers 
used for various types of communication varies a. great deal. A broadcast 
receiver for local reception need not be very sensitive and may be built. 
with as few as three or four tubes. On the other hand, a receiver employed 
commercially for transocem.lic communication must have a high sensitivity. 
It is not uncommon for such a receiver to employ fifteen or more vacuum 
tubes. 

There is a .practical limi t to the amount of sensitivity that can be em­
ployed in a receiver . Static is a limitation, and there is no point in building 
a receiver that will respond to signals lower than the static level. Man­
me.de n oise is also a limit at ion; however, steps may be taken to reduce this. 
Man-made interference may be minimized by filters on the electrical 
apparatus causing the interference. Commercial receiving instn.lla.tions, 
however, are often located in the country away from power lines and other 
electrical apparatus. 

Another impor tant source of noise is the random motion of electrons 
in the first stage of the amplifier, both in the grid circuit o.nd in the tube 
itself. Since these random motions produce small varying voltages which 
are amplified through all the stages of the receiver, they set an upper limit 
on the total amplification which can be used. 

A narrower band width is required for code than for radiotelephone 
reception. 'l'he narrower the band width, the less static and man-made 
noise the receiver aceepts. T herefore, owing to the narrower band width, 
code receivers may employ a greater sensitivity. With a given trans­
mitting power the range of the station is greater for radiotelegraphy tho.n 
it is for radiotelephon.y. 

315 
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In commercial communication installations, high-gain antennas are 
usually used. High-gain receiv1ng antennas n.re directional and a greater 
signal input voltage is therefore impressed upon the receiver input by a 
trnnsmitter in the proper direction from the antennn. Such antennas 
effectively increase the sensitivity of a receiving system. 

Selectivity. The greater the selectivity of a receiver the more it will 
discriminate ag{Linst undesired signals on channels adjacent to the one 
that the desired station is 011. If the sensitivity of a receiver is increased 
by the addition of radio amplifiers the selectivity is auto111.aticn.lly improved. 
The selectivity of the individual tuned coupling circuits between radio 
amplifiers functions to improve the over-all selectivity. This latter is 
greater than tbat produced by an individU&l tuned coupling circuit. 

If the selectivity is ma.de too great, then the receiver will not respond 
unilormly to the balld of frequencies contained in an amplitude-modulated 
wave. The successive tuning stages may be slightly detuned to produce a 
uniform response over all of the band. This process will be explained lat er. 

Fidelity. A great many factors in a receiving set have a bea1ing on t he 
fidelity of reproduction. In the paragraph on selectivity, mention was 
made of manipulating the successive t m1ing circuits so as to obtain a uni­
form response over a band of frequencies. If a uniform response is not 
obtH,ined, then the higher frequencies will be, attenuo.ted and the quality of 
the received music or voice will sound boomy. 

The response curve of a tuned circuit is shown in Fig. 13- la. It is 
assumed that the carrier frequency is 1,000 kc and that the highest modula­
tion frequency is 10,000 cycles. The desired band width is from 990 to 
1,010 kc. 'l'bc response is not uniform over this band and therefore the 
higher modulation frequencies are discriminated against. In a receiver 
with multiple tuned circuits the succc.ssive circuits may be tuned slightly 
off the carrier frequency. Figure 13-lb shows a plot of the response or 
two tuned circuits A and B, slightly detuned from the canier frequency of 
1,000 kc. The over-all response curve of the two circuits is shown in 
Fig. 13-lc. The response is comparatively uniform over t he desired band 
from 990 to 1,010 kc. 

Ra.dio-frequoncy transformers are usually used for interstage coupling 
in receivers. Examples a.re shown in Fig. 13-9. Assume that both the 
primary and secondary of a radio-frequency interstage coupling are tuned 
to resonance. The coupling between the primary and secondary of the 
radio-frequency transformer may be adjusted so as to produCJe a response 
such as that shown in Fig. 13-lc. In this method of obtaining a flat 
response the circuits are not staggered but are actun.lly tuned to resonance 
and the c:O.'ect is obtained by varying the coupling bet\veen primary and 
secondary. 

As the band width of the receiver is expanded, the receiver responds to 
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more static and man-made noises. I t therefore requires a higher signal 
strength to give interference-free reception. 

The detector in a. receiver is very important. I t is often the source of 
poor quality. Pa.ins must therefore be taken to see that the detector is 
linear. 

The audio system of a. receiver is composed of an audio o.mplifier and 
a pair of earphones or a. loudspeaker. The audio amplifier must be able 

1000 
990 1010 

Frequency in KC 
(al Tuned circuit response 

1000 

Frequency in KC 
( b) Two successive tuned circuits 

slightly detuned 

Responsa 

1000 
990 1010 

Frequency in KC 
( c) Resultant response of ( b) 

Fto. 13-1. Multiplo-circuit Soloctivity. 

to reproduce faithfully all of the audio-frequency components of the 
modulation envelope of the received signal. The earphones or loud­
speaker must likewise be able to reproduce these frequencies faithfully. 
In a high-fidelity loudspeaker, two or more units are sometimes used. In 
a two-unit loudspeaker one unit reproduces the low frequencies and the 
other reproduces the high frequencies. 

Simple Receiver. The simplest type of receiver employs au antenna, 
11n input tuning circuit, a detector, Lmd a pail' of oarphoncs. A simple 
receiver such as this is unsatisfactory for two reasons. The first reason is 
that it is not sensitive enough. The second reason is that a single input 
tuning circuit docs not effectively reject undesired signa.ls. 

A simple crystal receiver is shown in Fig. 13-2. Tho signal from the 
antenna is transformed to the tuning circuit by the radio-frequency trans­
former composed of inducto.nces L and Lz. Lz and (J comprise the tuned 
circuit. X is the crysta.1 rectifier. Condenser C1 and the rosista.nce of the 
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earphones form the output filter of the detector. Such a receiver has very 
low sensitivity because the highest output power available is the detected 
signal itself. The selectivity of the receiver is poor because there is only 
one tuned circuit. 

In order to increase the sensitivity of a receiver, radio-frequency amplifi­
cation is employed between the antennaand'the detector. There is a tuning 

Antenna 
x 

L2 I 
~ Earphones 

Fla. 13-2. Simple Crystal Reooivor. 

circuit on the input to the first radio amplifier, a tuning circuit between e.ach 
succeeding radio amplifier, and a tuned input circuit to the detector. The 
additional tuning circuits add to the selectivity of the receiver. 

Tuned Radio-frequency Receiver. The block diagram of a. simple tuned 
radio-frequency receiver is shown in Fig. 13-3. The elements of the 
receiver a.re a radio-frequency amplifier, a detector, an audio-frequency 
amplifier, and a loudspeaker. The radio-frequency amplifier amplifies the 
signal input voltage from the antenna and impresses it upon the input to 
the detector. The audio-frequency output of the detector is amplified in 
the audio-frequency amplifier to a volume great enough to operate a loud­
speaker or a pair of earphones. 

RF Amplifier Detector Audio 
Amplifier 

Pro. 13-3. Block Dini;rnm of Simple Tuned Radio-frequency Receiver. 

SELECTIVITY. There is a tuned input circuit to the radio amplifier 
and a tuned input circuit to the detector. The selectivity curves of the 
two circuits function to prodnce a greater over-all selectivity. Tuned 
radio-frequency receivers usually have two or more radio amplifiers. Each 
time a radio amplifier is added to the receiver another tuned circuit is 
added, thereby increasing the selectivity of the receiver. 

A given selectivity is more easily attained with a snperheterodyne circuit. 
This greater selectivity is one of the reasons why superheterodyne receivers 
are in greater general use than are tuned radio-frequency receivers. 

Multistage Radio-frequency Receiver. The block din.gram of a multi­
stage tuned radio-frequency receiver is shown in lJ'ig. 13-4. Three radio 
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amplifiers are shown ahead of the detector. The additional radio ampli­
fication increases the sensitivity and the selectivity of the receiver. 

Threshold Sensitivity of a Receiver. Mention bas been made of the 
increased selectivity resulting from the additional tuned circuits employed 
with radio amplifiers. A single tuning network may be built with selec-

RF Amplifier RF Amplifier 
No. 1 No. 2 

RF Amplifier 
No. 3 Detector Audio 

Amplifier 
Audio 
Output 

F10. 13--4. Block Diagram of Multiatago T11ned Raclio-frequ1mcy Receiver. 

tivity equivalent to that possessed by several radio amplifiers. This net­
work could be inserted be.tween the antenna and the detector. 

A receiving set is shown in Fig. 13-5. The selective circuit is composed 
of multiple inductances and condensers to simulate the selectivity of several 
interstage tuning circuits. 'I'he selectivity characteristic is the same as 
that obtf~ined by the combined selectivities of the coupling circuits in a 

Antenna 

Selective 
Circuit 

Detector Audio 
Amplifier 

Frn. 13-5. Receiver with "Lumped" Selectivity. 

Output 

multistage radio amplifier. In order to bring the output of the receiver up 
to the desired level, it is assumed that the audio-amplifier contains sufficient 
amplification. 

In the light of this it would seem that the output of the detector could 
be amplified at audio frequency to whatever level was desired. There are 
noises generated internally in a vacuum tube which are amplified through 
audio-frequency amplifiers. The radio-frequency signal input voltage to 
the detector must be high enough so tha.t there is a proper.ratio between 
the incoming ·signal and the internal noises in the detector. Therefore 
the signal input voltage to the detector must not be below a certain thresh­
old or the reception will be marred by internal noises in the detector. In 
order to operate a receiver at signal voltage inputs far below the detector 
thre_shold, it is necessary to add radio amplification ahead of the detector. 
Linear detectors such as the diode and the linear plate detector require 
comparatively large signal inputs. 11a<lio amplification ahen.d of the 
detector is used for this reason also. There is a discussion of this point 
in Chapter 11. 
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Superheterodyne Receiver. Superheteroclyne reception is accom­
plished by converting the frequency of the incoming signal to a second 

_frequency called tbe interm~diate frequ&ncy. The radio amplification takes 
place at the intermediate frequency. The signal at the intermediate 
frequen cy is then detected to obtain the audio frequencies. Assume that 
two radio-frequency signals of frequency /1 and f2 are brought together 
in the input to the vncuum-tube detector. Two new signals are formed. 
One is the sum of f1 and f2 and the other is the difference between !1 and fz. 
Assume tha.t /1 is 11000 kc nnd f2 is 1,455 kc. The result.ant new signals 
will have frequencies of 2,455 kc and 455 kc. If f 1 were amplitude-modu­
lated, then its side bands would be converted over to the new signal of 
455 kc. The new modulnted signal at 455 kc may be passed through radio 
amplifiers and then detected to obtain audio frequencies in accordance with 
the envelope of the original modulated signal on 1,000 kc. This is the 
general principle of superbeterodyne reception. 

The block diagram of a. simple superhetcro<lyne receiver is shown in 
Fig. 13-6. It is assumed tb:i.t the incoming signal has a frequency of 

Input Tuned ' First 
Circuit Detector 

Heterodyne 
Oscillator 
1455 KC 

Jntermed1ate 
Amplifier 
455 KC 

Second 
Detector 

Audio 
Amplil1er 

FIG. 13- 6. Dlock Diagram of a Simple Suporhotorodyne. 

1,000 kc. The input circuit is tuned to this frequency. A local heterodyne 
oscillator is adjusted to the frequency of 1,455 kc nn<l is coupled into tl1e 
first detector along with the incoming signal. Through heterodyne action, 
a signal with a frequency of 455 kc is formed. 'This signal is amplified in 
the inler11iediate-frequency ampiifier. The output of the intermediate 
amplifier is impressed upon the grid of tbe second detector, where detection 
takes place; thereby audio frequencies are obtained that are in accordance 
with the modulation euvelope of the· incoming 1,000-kc signal. 'l'he audio 
frequencies a.re amplified, in the audio amplifier, to a level high enough to 
actuate a loudspeaker or a pair of earphones. In order that signals with 
different carrier frequencies may be received, the tuning of the input cll-cuit 
and the heterodyne oscillator are variable an<l simultaneous on one di.al. 
T he frequency of the oscillator is always 455 kc higher than the frequency 
of the incoming signal. Therefore, whatever the frequency of the incoming 
signal is, the intermediate frequency is 455 kc. Other intermediate fre~ 
quencies are n.lso used, but 455 kc is common in broadcast receivers. Since 
the int.ermediate frequency is fixed in any given receiver, it is possible to 
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employ fixed tuning in the intermediate-frequency amplifier. It is easier to 
obtain a desired selectivity and gs.in at a. fixed frequency than it-is when the 
amplifier must tune over a range of frequencies. The superhetcrodyne 
therefore has the advantage over a tuned radio-frequency receiver )n that 
the radio-frequency amplification may be obtained at a :fixed frequency . 

The heterodyne action in itself increases the selectivity, another advcm­
tage that the superhcterodyne circuit has over the tuned radio-frequency 
circuit. Assume that a. desired station is on 1,000 kc and that an undesired 
station is on 1,010 kc. The difference in frequency between the two sta­
tions is 1 % of the carrier frequency of the desire'd station. If the desired 
station is properly tuned in, its intermediate frequency may be, say, 455 kc. 
The undesired signal will be at an intermediate frequency of 465 kc. The 
stations are still 10 kc apart. 'The difference in frequency is now 2.23 
of the frequency of the desired signal. The superheterodyne action bas 
increased the percentage difference between the undesired and the desired 
signal. As is pointed out in Chapter 11, the frequency response of tuned 
circuits is determined by the relative change, expressed per cent. The 
selectivity of a circuit, in other words, is increased as t.he numerical ratio 
between t he undesired and desired signals iucrenses. Tbe superheterodyne 
action, therefore, contributes mat erially to the selectivity of the receiver. 

The superheterodyne circuit has one disadvantage, namely that the 
heterodyne oscillator i s in reality a low-powered transmitter. Hefcning 
to Fig. 13--0, the 1,455-kc signal generated by the heterodyne oscillator is 
connected to the input of the first detector and thence through the input 
tuning circuit to the antenna. Radiation from the receiver takes place on 
1,455 ~c. If another receiver in the vicinity is tuned to receive a sigruil on 
1,455 kc there will be interference. In order to prevent this, preselection 
radio amplification is employed. One or more radio-frequency amplifiers 
are placed between the antenna and the first detector. One stage of pre­
sclection radio amplification is not always entirely satisfactory because 
there is still a slight feed through the plate-to-grid capacity of the radio 
amplifier. 

In order to stop radiation effectively, t he radio-frequency section of the 
receiver should be carefully shielded. ' 

Automatic Volume Control. Tho received intensity of a signal from o. 
transmitting station at a distance may vary over wide limits. Variations 
due to sky-w~we transmission are explained in Cbo.pter 15. The signal 
input voltage to an automobile receiving set will vary over wide limits 
dependent on the location of the vehicle. In tuning from one station to 
another or in tuning over a range of frequencies to listen to a number of 
different transmitters the received signals will have intensities that are 
different to a great extent. It is desirable in either of these common 
situations that the signal out of the loudspeaker remain substantially the 
same even though the input signals at va.rious frequencies vn,ry greatly in 
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intensity. R,eceiving sets incorporate mdomatic volume control ciJ:cuits that 
make it possible to obtain substantially the same audio-frequency output 
from a i·eceivcr with large differences in radio-frequency signal input to 
the receiver. The voltage amplification of radio amplifiers varies with the 
voltages on the screen grid and the suppressor grid and with the bias voltage 
on the control grid. The automatic volume-control circuit functions to 
vary one or more of these voltages so as automatically to change the 
tnnplification of the radio nmplifiers. This circuit includes the radio­
frequency as well as the intermediate-frequency amplifier. The voltage 
to accomplish this is obtained from the detector. It is easier to obtain 
the control voltage from a diode detector than it is from .other types of 
detectors and this is an additional reason why diode detectors are exten­
sively employed in receiving sets. 

The circuit diagram of a diode detector is shown in Fig. 13-7. Resistor R 
and condenser C1 comprise the output circuit of the detector. As was 

R + 

explained in Chapter 11, 
when a radio-frequency 
signal input voltage is 
impressed upon the diode 
detector, a D.C. voltage 
is produced across the 

c, Audio Output output resistor R. As 
1---------11--l ~ the radio-frequency sig~ 

+ nal voltage is increased; 
DC voltage used tor automatic the D.C. voltage across 

volume control 
R is increased. The 
D.C. voltage across R is 

fed back to the bias leads of the radio amplifiers and is there employed to 
vary the amplification. As the signal input voltage to the diode detector 
increases, the D.C. voltage n.cross R increases, thereby reducing-the ampli~ 
fication of the radio amplifiers. By proper adjustment, the audio-frequency 
output of the diode detector can be maintained at approximately the same 
intensity despite large changes in radio-frequency signal input voltages to 
the receiver. 

/ 

Fw. 13-7. Automatic Volume Control. 

Squelch Circuit. When a receiver is tuned to a station, the amplification 
of the receiver is reduced by the automatic volume control to a point where 
the proper audio-frequency output is obtained from the receiver. If the 
J•eceiving set is then tuned in search of another station, the sensitivity of the 
receiver greatly increases between stations. The noise level from static 
and man-made sources greatly increases and may produce an annoying 
disagreeable noise from the loudBpeaker. The noise received when an 
incoming .signal is not present in a i-eceiver may be reduced by employing 
a squelch circuit. Such a circuit is shown in Fig. 13-8. Vacuum tube T 1 

is employed in a diode detector circuit. L and C constitute the tuned 
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radio-frequency input circltit. The output circuit of the diode detector is 
composed of C1 and R. Ca is a conventional audio-frequency coupling 
condenser. The audio-frequency output of the diode detector is impressed 
on the grid of the vacuum tube Ta through Ca. The cathode K of the diode 
rectifier, at audio frequencies, is effectively connected to the cathode of 
Ta through the by-pass condensers 04 and Cs. T3 functions as an audio­
frequency amplifier. Ta obtains its plate supply from the section of the 
voltage divider marked c. Its bias voltage is obtained from the section 
of the voltage divider marked b and from the voltage drop in the resistor 
U2• R2 supplies plate voltage to the .Yacuum tube T2. The vacuum tube 
Tz and its associated circuits produce the squelch action. The plate 

' current ru:awn by T2 determines the bias voltage on the audio-amplifier 

c, 

t-;;;dro 
lnp~ 

R, Output 

a 
Voltage D1v1der 

B B 

Fro. 13-8. Squelch Circuit. 

T 3• When there is a radio-frequency signal input voltage to the diode 
detector, there is a D.C. yoltage across the resistor R. This D.C. voltage 
furnishes bias to T2. R1 and C2 constitute an audio-frequency filter. This 
filter irons out the audio frequency in the varying voltage n.cross R and 
thereby furnishes a steady D.C. bias voltage for T2. The circuit constants 
are so adjusted that when there is a radio-frequeney input to the diode 
detector, the bia.s voltage on T2 will be beyond the cutoff point, thus 
stopping the flow of plate current to T2. Therefore there is no voltage 
drop across R2. The bias voltage on the audio amplifier Ta will only be 
the voltage across section b of the voltage divider. This voltage is ad­
justed so that T 3 will function as an audio-frequeney amplifier. 

V\Then there is no radio-frequency signal input voltage to the diode 
detector there is no D.C. voltage drop across resistor R, and therefore 
there is no bias on the squelch tube T2. T:i therefore draws a large plate 
current through resistor R:i and thereby causes a large D.C. voltage to 
appear across R2. This additional volt.age biases the audio amplifier T 3 

beyond cutoff, thus preventing T 3 from amplifying any audio frequency 
that may be impressed on its grid. Therefore Ta cn.n only function as 
an amplifier when there is a radio-frequency input voltage to the diode 
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rectifier. In this way, during tu~g from station ·to station, the output 
of the receiver is cut off. 

Squelch circuits. are also used in mobile communication systems, such 
as police receivers. Normally the transmitter is inactive, and if no squelch 
were supplied the receiver would be very noisy. With the squelch the 
receiver is silent until the carrier frequency is received from the trans­
mitter; then the receiver becomes normally operative. 

Superheterodyne Receiver Circuit A complete schematic diagram of 
the circuit of a six-tube superheterodyne automobile receiver is shown in 
Fig. 13-9. The receiver has a preselection radio-frequency amplifier,. a 
combination first detector and oscillator, one stage of intermediate­
frequency amplification, a combination second detector and audio-frequency 
amplifier, an automatic volume control, and one stage of audio-frequency 
amp1ification. The primary power supply for the receiver is obtained 
from a 6-v automobile battery. All vacuum-tube filaments are heat.ed 
by the 6-v battery supply. Inductance L10 a.nd condenser C27 form a filter 
to prcveut noises originating in the electrica.I system of the automobile 
from entering the receiver through the filaments. The instrument marked 
VIBR is a vibrator that causes pulses of the 6-v direct current to pass 
through the primary of the transformer T1. T1 is a step-up transformer 
used as the plate-supply transformer for the 6X5G rectifier tu be. The 
output voltage of the rectifier is filtered by the inductance L15, the resistor 
R1.1, and the condensers C30 and 031. The loudspea,ker used is electro­
dynamic and current must therefore be supplied to the field coil. This 
current jg supplied from the battery. The field coil of the speaker is 
indicated by L11• The audio-freqnencjr output tra.nsformer is T2 and the 
plate voltage to the audio-frequency ampli.fier is supplied through the 
primary of this transformer. 

The circuit of the preselection radio-frequency amplifier will be recog­
nized as one of those shown in Chapter 11. A single 6A8 vacuum tube 
functions as the first detector and oscillator. The oscillator circuit, com­
posed of C10, Cu, C12, L4, and Lo is connected to two grids of the first 
detector tube. This circuit produces the local oscillation which in turn 
produces the intermediate freqnency of 260 kc. The signal input volt.age 
from the radio-frequency amplifier is impressed upon one of the grids 0f 
the 6A8 detector tube. The control grid of the tube is biased in such a 
manner that the tube also functions as a detector, thereby causing the 
inte1·mediate frequency to be formed. The GIC7 tube is the intermediate­
frequency amplifier. The tuning between the first detector-oscillator and 
the intermediate-frequency amplifier, and between the intermediate­
frequcncy amplifier and the second detector, is :fL\'.ecl at the intermediate 
frequency of .260 kc. The 6Q7G second detector tube contains a. diode 
rectifier and a triode tube in the same envelope. The diode clements 
perform the rectification for the second detector. The control grid of the 
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triode is connected to the arm of the potentiometer R9. R9 is the manual 
volume control of the receiver. Ril is in the diode detector circuit and 
therefore audio frequency is supplied to the grid of the triode. The triode 
element then functions as an audio-frequency amplifier. Automatic­
volume-control voltage is fed from the diode through the resistor Rg to 
the grids of the previous tubes. Variation in signal input to the diode 
detector produces a change in the D.C. voltage acro!5S the di~de circuit 
resistors ~ and Rs. This variable D.C. voltage is fed to the grids of the 
previous tubes, changing their bias and thereby changing their voltage 
amplification. Automatic volume control is thus obtained, as e;.,.-plained 
in detail earlier in this chapter. The audio-frequency output of the triode 
in the 6Q7G vacuum tube is resistance-coupled to the 6K6G output audio 
amplifier tube. The output of the 6K6G tube is fed to t he loudspeaker 
through the matching transformer T2. 

Review Questions and Problems. 1. \\7bat function docs a radio 
receiver ~orm? 

2. What are the three main receiving-set factors? Explaiu what each 
is and their importance. 

J. What are the principal components of a radio-frequency receiver 
and what function does each perform? 

4. What are the principal components of a superheterodync receiver 
and what function does each perform? . 

5. Wby is a superheterodyne receiver more selective than a radio­
frequency receiver? 

6. What are ihe limiting factors in radio-receiver sensitivity? 

7. (a) Why is an automatic volume control used in a receiver? (b) Ex­
plain how it functions. 

8. \Vhy is a squelch circuit used in receivers? 

9. Explain the superheteroclyno action. 



CHAPTER 14 

Frequency Modulation 

General Principles. A station whose mdio wave does not change in any 
respect cannot be used to send signltls .from one point to another, because 
all information is conveyed by changes in the radio wave. The process 
of changing the amplitude or strength of the wave has already been dis­
cussed. This chapter deals with a second method of changing the radio 
wave, by varying its frequency in. a manner which corresponds to the 
information to be transmitted. Such a variation is called frequency 
mod1tlation (F.M.). 

The frequency is the number of alternations (cycles) per second that 
the wave makes, and is the same as the figure often used to identify a. 
radio station-such and such a number of kilocycles, for instrmce. If some 
meo.ns were used to vary or change this frequency a slight amount on either 
side of its average or assigned value-faster or slower-these changes 
might be discovered or detected by a suitable device at tho receiving end . . 
Such changes can be made by suitable transmitters, and receivers can be 
constructed which will respond to a frequency-modulated wave. 

An example of frequency modulation for co<le transmission may be used 
ns an illustration of how t his frequency variation might be eITccted. Code 
signals consist of dots and dashes in groups to make up letters and words. 
One wiiy to send these dots and dashes is to press a. switcb or key which 
will start the transmitter or "put it on the air" for the time necessary 
to make a dot or a clash a.nd len.ve it off the air for the rest of the time. 
This is amplitude modulation, because the amplitude or strength of the 
signal is changed from nothing (with the key open) to its maximum (with 
the key closed) as often as necessary to spell out the let ters and words of 
the message. An alternative system is to keep the transmitter on the air 
all of t he time but use an extra circuit which may be switched into opera­
tion when the key is open and cnt out again when the. key is closed. This 
extra circuit is so arranged as to cause the transmitt.er to operate at a 
different frequency from the one used when there are no signals. The 
receiver is tuned to the second frequency and the signal will appear when 
the extra eireuit is connected. Signals may be transmitted which· seem 
(at t he receiving end) to be like those of the amplitude-modulation system. 
The transmitter is operating all of the time a message is being sent, the 

~27 
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only change being a shift of frequency in step with the keying used t.o make 
the Morse cbara.cters. T he operation clcpendB upon changes of frequency 
to convey the informat ion, although this system usually is not called a 
frequency-modulation system and has been practically obsolete for some 
t ime. 

Such o. system will not work to transmit voice or music because it is an 
"all or none" arrangement. However, if a scheme is used which will 
increase the frequency slightly when a positive voltage is applied and de­
crease the frequency when a negative voltage is applied (or vice versa.) 
t his difficulty will be overcome. M oreover, the vo.riations have to be 
perfectly smooth, with the frequency change following instantly the slight­
est change. of volto.gc in either direction,_ and they must be linear- that 
is, if a change of 1 v changes the frequency by 1 kc, then 2 v must change 
the frequency by .2 kc, 3 v make a change of 3 kc, and so on. 

Now speech or musical sounds have a complex \Vave form which by 
its character tells the listener whom or what he is hearing. If a voitnge 
produced by sound striking a microphone and subsequently amplified is 
applied t o the system just suggested, t he frequency of the transmitter 
will increase whenever the complex audio voUnge is posit ive and the 
frequency will decrease whenever the complex audio voltage is negative. 
I t is assumed that the system will operate fast enough so thl\t any audio 
frequency within the useful rtl.nge will be followed \vithout lagging. Th.is 
process will nlt.ernately increase and decrease the frequency of the wave 

. from the station. Increasing the frequency means that t here will be more 
cycles inn given .period of time and decreasing it means that fewer cycles 
will appear; this vu.riation is shown in the diagram of Fig. 14-1. The 
process of frequency modulat ion t reats the radio wave something like an 
accordion, squeezing it in and out according to the needs of t he speech 
or music hei11g transmitted. The corresponding picture for an amplitude­
modulated wave is shown in Fig. 14-2 .for comparison. 

The height or amplitude of the amplitude-modubted (A.M.) wave 
changes aecording t o the loudness of the sound in the microphone, the 
greatest permissible variation being shown in the diagram. This is called 
1003 modulation, which occurs when the wave is pressed down to zero 
during one half cycle of the audio frequency n.nd reaches double the 
unmodulated am,plitude duri11g the other half cycle. I t may be shown 
(with a meusuring instrument or by mathematics) that the power i.J.1 the 
wave increases during modulation-as much as 503 in case of 1003 
modulo.tion. The amplitude of the frequency-modulation wave, on the 
other hand, remains t he same u.ll of the time and the t-0tal power supplied 
by the transmitter also remains the same, instead of increasing with 
increased modulation as it docs in the amplitude-modulation wave. 

The modulation percentage in the amplitude-modulation system is 
limited to 1003 , because any further increase would shut the stat ion off 
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the o.ir momentarily, and ca.use other technical troubles. In the frequency· 
modulation system there is a different limjta.tion to the nmount of modulo.­
tion which may be applied. An incrcnse in modulation simply means that 
the station occupies more of the as5igncd radio frequencies. If this process 
goes too far, ihe station being considered will interfere with other stations 
by tl'espMSing upon their frequency range, and so the frequency swing ie 
limited by law (for frequcncy·modulation broaden.sting service to a channel 
200 kc wide, 100 kc on each side of the carrier frequency which is in the 
center of the channel.). In practice the present stations do not try to swing 
the entire 200 kc but consider a total of 150 kc, or 75 kc on each side of 
the carrier, to be enough. Tee modulation percentage in frequency· 
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F10. 14-1. Frcqucncy-modulutcd Wave. 
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FJG. 14-2. Amplitude-modulnted Wa''e. 

modula.tion broadcasting is defined as the percentage of this 75 kc that 
the frequeucy a.ctually swings through nt any given time. 

This frequency swing or freque:nciJ deviation depends upon the loudness 
of t.he sou nd in the microphone. It is convenient here to define another 
term, the mod·ulation i1uicx, which is ihc frequency deviation djvided by 
the audio frequency. For C."<ample, if the maximum frequency deviation 
from the unmodulated frequency is 75 ko and the audio frequency trans-­
nutted is 15,000 cycles (15 kc), then the moduln.tion iode:t is 75/ 15 = 5. 
For the highest audio frequency this is called the deviation ratio. If a 
single audio frequency of 1,500 cycles (1.5 kc) were broo.clcnst at full 
modula.tion, the modulation index would be 75/1..5 = 50, ten times as 
great as before. For an audio frequency of 150 cycles (0.15 k c) the modu· 
lation inde.."< would be 500, and so on. The roodulntion index is large for 
low audio frequencies and small for high audio frequencies of the same 
intensity. 

T he modulation index also varies with the loudness of t he sound in the 
microphone. In the first example above, when the maximum loudness of 
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sound was acting, the frequency deviation was 75 kc. If the sound de-- 1 

creMed to one half of this intensity the deviation would be half as much 
as before and the modulation index would drop to half its former value 
(37.5/15 = 2.5). If there were no sound in the microphone the frequency 
deviation would be zero, and no sound would be hen.rd from the receiver. 
To sum up: for any given audio frequency the moduln.tion index will vary 
directly with the sound level (or audio-frequency voltage); for any given 
sound level the modulation index will vary inversely as the audio frequency; 
and both of these effects may occur at the same t.ime. 

A suitable network may be connected in the audio-frequency channel 
to make the voltage of the high audio frequencies somewhat great-er than 
their normal values; this is called pre-emphasis and tends to equalize the 
modulation index for the various audio frequencies as well as to aid in the 
reduction of noise. 

Nearly any wave which is not a pure sine wave may be analyzed into 
component parts which o.re t rue sine waves. As a simple example, the 
blunt-topped wave shown in Fig. 14-3a is made up of a pure sine wo.ve 
and another pure sine wave of three times the frequency of the first (the 
component waves are dotted). This wave may also be pictured by a 
frequency spectrum as in Fig. 14- 3b. In this spectrum the height of the 
line indic.o..tes the peak amplitude of each component and the horizontal 

Wave with Third Harmonic 

Resultant 

Third Harmonic 

Frequency 
Spectrum 

f0 3f0 

(a ) (b) 

Fro. 14-3. Distorted Wnve and Components. 

distance their separation in terms of frequency. The amplitude of the 
third harmonic shown is one fifth of the height; of the fundamentn.1 and the 
distance between them is 2/0, where fo represents the frequency of the 
fundament.al or lowest-frequency wo.ve. 

In a frequency-modulation system the wave is alternately squeezed and 
stretched (a.s mentioned above) so that the shape of each individual cycle is 
no longer that of a pure sine wave but is slimmer or fatter than it would 
be if unchanged. Figure 14-4a shows one of the squeezed cycles and 
Fig. 14-4b shows the result of o,nalyzing a frequency-modulated wave 
into pure sine waves and plotting the amplitudes of t hese sine waves on 
a frequency-spectrum clingra.m. The center line, marked !" indicates the 
carrier frequency, and the height of the line indicates the amplitude of 
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the canier under certain conditions. The other vertical lines indicate 
frequencies which are called S'ide bands; there may be a great many of 
these. With a large modulation index the number of important side bands 
is greater than with a small modulation index. The exn.rnples above show 
that when the modulation index is large the audio frequency is low and 
vice versa. The side bo.nds a.re spaced ottt from the carrier frequency at 
distances which are proportional to the audio frequency; that is, en.ch of 
the side bands set up by a 100-cycle note will be separated from its neigh­
bors by 100 cycles, the side bands of a. 1,000-cycle note will each be sepa­
rated by 1,000 cycles, and so forth. At the time when there are o. large 
number of important side bands, then, these side bands will lie closer to 
the carrier frequency than when the modulation index is small (with a. 
small number of side bands). In general, the side bands decrease in 
amplitude as their frequency beeomes farther from that of the carrier. 
The result is that the station may stay within a certain assigned frequency 
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ba.nd o:nd the sido bands do not cause interference out.side of the station 
channel. 

Wide-band Frequency Modulation, an Outgrowth of the Search for 
Static Eliminators. Noise in the output of a. radio set may bo broadly 
defined as any sound appearing which wo.s not present a.t the microphone. 
In case of message service, often called "communication service," this 
definition includes any disturbance which interferes with understanding 
the message coming over the air. Noise comes from many sources, such as 
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atmospherics, lightning, magnetic storms, ignition systems, diathermy 
machines, interfering stations, and so on-even from the rundom motion 
of electrons in circuit components within tho set itself. These disturb­
ances are like radio signal~ in character, appear at all radio frequencies, 
and cannot be tuned out. 

To overcome the effects of noise, some means must be used to ena.ble 
the receiver to separate the desired signal from the noise. Some of the 
methods intended to effect this arc the use of high power in the transmitter, 
increase of modulation, selective ciJ:cuits at the receiver, and directional 
antenna systems. Each of these methods has certain draw backs. Beside 
the above methods, which arc effective under certain conditions, many 
inventions which do not work have been proposed for reducing noise. 

In a.n amplitude-modulation syst.em the interfering signal or noise will 
add directly or cumulatively to the desired signal and the result in the 
output of the receiver may be serious interference if the undesired signttl 
is a.s small as 13 of the desired signal. With Lhe frequency-modulation 
system, on the other band, tho o.ddition of the noise and the desired signal 
is quite different and a condition results which is much more favorable 
to the reduction of noise. This fundamental difference has been proven 
both by mathematical analysis and by experiment. In frequency modu­
lat ion, when two signals are u.dded o.nd the modulation index of the desired 
signal is fairly.large while the undesired signal (either noise or radio trans~ 
mission) is less than half the amplitude of the desired signaJ, the modulation 
of the sum is determined almost completely by the larger or desired signo.l. 
In fact, no appreciable distw·bing effect will be noticed in t he output of 
the receiver under these circumstances. This is a gren.t improvement 
compared with the amplitude-modulation system, and is the situation 
observed in actual installations. This same effect leads to "blanketing" 
of a weak station by a stronger one, which is sometimes an advantage 
and occasionally a disadvantage. 

Other Factors in Frequency-modulation Systems. The only portion of 
the radio-"frequency spectrum where wide-band channels (200 kc) are 
available fo accommodate frequency-modulation sta,tions is among the 
ultrahigh frequencies. The band assigned to commercial frequency­
modulation stations is froru 43 to 50 me. 

The fa.ct that the range of signals at these frequencies is about one to 
three tin1es the distance from the transmitting antenna to the horizon 
(or less than 100 miles in most cases) means that the same carrier frequency 
may be used by stations separated by intervals of about 200 miles without 
causing serious interference. In commtmimttion or emergency work the 
same frequency may be used by stations much closer together or by a whole 
group of stations; in some such cases the blanket ing effect of a strong 
carrier might be lmdesirable, if it concealed the fact that the weaker 
station was on tbP. air. 
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If two amplitude-modulntion stations operate with carrier frequencies 
which are very nearly the same and signals from both st.ations appear in a 
radio receiver, a squeal or heterodyne is set up. This squeal often prevcnt.s 
the reception of a desired signal and may be caused by an interfori.ng station 
a thousand miles or more o.way, whose signal strength.is very small com­
pared with that of the desired station. Heterodyne effects between 
frequency-modulation stations on the same or very nearly the same 
frequency are eliminated by the limited distance covered by the signal and 
by the blrmketing effect of the stronger of the two signals. 

In broadcasting enterta.inment programs, the usual narrow channel has 
always been a barrier against transmitting the higher audio frequencies 
which give brilliance and life to music and speech. Frequency modulation, 
with a top o.udio frequency in commercial transmitters of 15,000 cycles, 
removes this limitation to high fidelity. 

In amplitude-modulation systems the power output under conditions 
of 100% modulation must average 50% more t han the power required 
'Vith no modulation, and reaches peaks of power which are four t imes the 
unmodulated value. This ro.dio-frequency power mu~t be supplied by 
changes in the efficiency of the linear radio-frequency amplifiers or by the 
audj.o-frequoncy high-level m.odulator stage. With large stations this 
situation may lead to grc~it engineer ing difficult ies. In frequency-modula­
t ion systems, on the contru.ry, the modulator may be a receiving-type 
tube and the output stage, operating efficiently as a Cla.ss C amplifier, 
delivers the same amount of power to the ant01ma at all times. Changes 
in the modulation simply change the distribution of the power between 
the carrier and the various side bands. 

Because of t he noise-reducing properties, high fidelity, and limited inter­
fering range of frequency modulation, it has often been proposed and 
sometimes used in radio relay circuits to supplement or substitute for wire 
transmission lines or program circuits. Frequency-modulation trans­
missions may have several services multiplexed, or sent simultaneously 
on the same carrier-such ::is a combination of sound and facsimile, or 
two sound channels to give binaural reproduction, or combinations of 
television picture and sound signals. In the latter case the picture mo.y 
use amplitude modulation and the sound frequency modulation. 

Frequency-modulation Systems for Communication Services. The 
primary purpose of commu11ication or message services is to convey infor~ 
ma.tion; tone quality and similar factors are of .minor importance. For 
example, a restricted auclio-frequenc.y range of, say, 250 to 3,000 cycles is 
found to be adequate. With this compressed audio-frequency range the 
frequency deviation may be considerably reduced and stations assigned to 
narrower channels, which would permit the simultaneous operation of 
more statlons in a given limited area. The deviation ratio ms.y still be 
large to retain the noise-reducing properties of frequency-modulation; 
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thus a top frequency of 3,000 cycles and a deviation ratio of 5 means a 
frequency swing of only 15 kc on either side of the carrier frequency or a 
channel width of 30 kilocycles. As a matter of fact, experin1ents have 
shown that near the limit of the useful range of frequency-modulation 
signals for emergep.cy service it is better to use a small deviation ratio, 
which will still further reduce the channel width. 

The useful sensitivity of any receiver is limited finally by the noise level. 
Because of their low noise level, frequency-modulation receivers are well 
suited for communication service. On the other hand, it is imperative 
that frequency-modulation receivers have very high gain, because the 
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FlG. 14-5. Block Diagrum of .Armstrong Frequency-mollulo.tion Tro.nsmitter System. 

limiter circuit (to be described later) needs a certain minimum voltage to 
operate properly. When no carrier is being received the frequency­
modulation receiver is opeu to any random noise or static from the air 
iincl its high gain and broad amplifiers ma.kl:} it more troublesome in this 
respect than a comparable amplitude-modulation receiver. For com­
munication work1 where the carrier is switched on only when needed for 
messages, the continuous noise of the receiver becomes very annoying. 
Some sort of effective squelch circuit should be included to prevent any 
sotmd from coming out of the audio channel when no carrier is applied 
t.o the receiver. 

Frequency-modulated Transmitters. The operation of many of the 
circuits in a frequency-modulated transmitter is identical with the corre­
sponding circuit in an amplitude-modulated transmitter. There a.re, 
however, certain circuits which are unique to the frequency-modulation 
system and these will be described in some detail. 

Two methods of obtaining frequency-moduhitcd signals are in present" 
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use: · (1) the Armstrong system, and (2) the reactance-tubc or Crosby 
system. Other methods are possible but have not been widely used. 

In the Armstrong system of frequency modulation, the stages shown 
in the block diagram, Fig. 14:-5, .are used. 

This transmitter has an oscilln.tor whose frequency is held IJ.t, a constant 
value by means of a quartz crystal at about 200 kc. This constant-fre­
quency wave is sent through two channels; one channel consists of s. radio­
frequcncy amplifier which builds up tbe amplitude of the wave, and the 
other channel includes a phase-shifting network and a balanced modulator. 
The balanced modulator is simi.ln.r in most respects to the standard modu­
lated stage used in amplitude-modulation transmitters, whose output can 
be analyzed into a. caJTicr and a pair of side bands for ea.ch audio-frequency 
component in the sigun.l from the microphone. However, in this case the 
cs,rrier is not wanted and is removed by the action of this modulator . The 
phase-shifting network is needed because it has been found that if the side 
bands set up by this ho.lanced modulator are added to the origin.al carrier 
after a 90° phase shift frequency modulation may be produced. The devia­
tion ratio is small and must be multiplied to reach a. useful amount. 

The output of t he combining network is fed into a series of frequency­
doubliug stages. These consist of Clas.<; C radio-frequency amplifiers whose 
plate circuit is tuned to double the frequency of the grid circuit; the radio 
frequency applied to tho grid is thus multiplied by two and the deviation 
ratio is also multiplied by two. 

In · frequency-modulati.on transmitters for broadcasting service it is 
found that a continuation of this multiplying process does not give a suffi­
ciently large deviation before t he carrier frequency becomes too high to be 
used. A frequency converter is then used to lower the carrier frequency 
without affecting the deviation ratio. This converter, which is the same 
sort used in a superbeterodyne receiver, is snpplied with a fixed frequency 
from a.nother crysto.l-controlled 
oscillator. 

The out put of the converter 
is passed through more doubler 
stages to increase the devintion 

Oscillator Frequency 
Multiplier 

and carrier frequency still fur- ~~~~taanncJ Discrim· Frequency Crystal 

ther until the correct carrier fre- Circuit inator Converter Oscillator 

quency is obtained. All of these 
operations may be cnrried out Audio 

using receiver-type tubes. The Amplifier 

output, with high carrier fre- FIG. 14-0. Reactance-tubo or Crosby System 
Frequency-modulation Truusmittcr. 

quency and high deviation, may 
then be applied to as many Class C power-amplifier stages as are necessary 
to build up the power output of the transmitter to any amount desired. 

In this system the modulation index is directly proportional to the 
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signal voltage. The audio frequency supplied t.o the modulator must be 
passed through a network which makes the audio amplitude and hence the 
modulation index inversely proportional to t he audio frequency. 

The reactance-tube system is shown in block diagram Fig. 14-6. 
In this system the oscillator is not crystal-controlled but self-excited. 

Another tube, the reactance tube, is connected in parallel with the tank 
circuit of the oscillator. The reactance tube is supplied with the usual 
J)late voltage and cathode-bias voltage as shown in Fig. 14-7. In addition, 

~c, 
Ls ~ 

T, 
'--~-'-~~~~~~~~~L-B+ 

Frn. 14- 7. Circuit Diagram of Oscillat6r and Rcnc tance Tube. 

its plate is supplied with altcrna.ting voltage from the tank circuit of the 
oscillator through condenser Cs. By means of a suitable circuit, as shown, 
this tube is caused to act like a renctance (coil or condenser) and its i·ea.ct­
ance is varied in accordance with ~he audio frequency. The frequency of 
the oscillator is also changed because of the changing reactance conncc,-ted 
across its tank circuit, and a frequency-modulated signal appears in its 
out.put. 

This carrier with frequency modulation is passed through a number of 
frequency doublers or multiplier stn.ges to increase the carrier frequency and 
deviation rn.tio. Finally, power amplifiers step up the power a nd feed the 
signal into the autenna. 

Some meo.ns must be provided to keep the transmitter upon its assigned 
carrier frequency . A self-excited oscillator, such ns that used here, would 
not hold closely enough to a particular frequency to be satisfactory in this 
service. Stability is obtained by comparing the output of the tmnsmitter 
"l\"'itb a standt\rd, crystal-controlled oscillator and feeding back a suitable 
correcting voltage from a frequency converter and discriminator (to be 
explained later) to keep the self-excited oscillator on the correct frequency. 

Frequency-modulation Receivers. The typical frequency-modulation 
receiver jg n superheterodyne, conventional in many respects but with cer­
tain special features. Among the latter are (a) a limiter to remove any 
amplitude modulation, including noise, appearing along with the desired 
frequency-modulation signal; (b) a discriminator circuit to change the 
frequency variations into audio-frequency voltages. 

I n entertainment receivers, the audio-frequency channel and especially 
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Lhe loudspeaker should be of the highest quality to tnke advantage of the 
high ficlcUty possible in frequency-modulation systems. This higli quality 
may require the use of special loudspeakers for the high audio frequencies 
in n.dclition to the usual spc:i.ker for low and.medium frequencies. 

Th0 pre-emphasis at tho tl'ansmitter to increase modulation at the higher 
audio freq uencies must be corrected with a de-emphasis circuit in the re­
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Fto. 14--8. Block Dic1gram of Typical Frequency-modulation Receiver. 

ceivcr to restore the correct balance of tone. This circuit may consist of 
a resistor and condenser in series whose time constant is about 100 micro­
seconds (such as a 100,000-olun resistor and a 0.001 µf condenser) . 

A block diagram of a typicD.l frequency~modulation rncoivt~r is shown in 
Fig. 14-8. 

l.O l-------4----::--+--==""~--t-----1 

o ....._~~~~-'-~~~~...._~~~~-'-~~~~-' 
1 10 100 

Antenna Microvolts 
1000 10,000 

Fla. 1~9. Circuit of Liuiitor Stn.ge and CuTVe Showing Limiter Action. 

Tho circuit for a typical limiter stage and its action are shown in 
Fig. 14- 9. The limiter tube operates with a low plate voltage (40 to 80) so 
that it will reach its maximum output with a rela tively low signal voltage. 
Tbe circuit operates like a Class C amplifier, and even though large signals 
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are applied t-0 the input of the set , the output of the limiter remains prac­
tically constant. Hence amplitude modulation a.rising from any cause is 
wiped off the signal; the limiter does not interfere with tho frequency modu­
lation because its action does not affect the instantaneous frequency of the 
wo.ve. 

The circuit diagmm of a typical frequency-modulation clotcctor (or 
discriro.inator) is shown in Fig. 14-10. 'Vhen a signal is applied which is 

Flo. 14-10. FrcQucncy-modulation Dotwtor or Discrimino.tor. 

exactly the same frequency s.s tha.t to which t he seoouda.ry of the intermedi­
ate-frequency t ransformer is tuned t.he voltage across each diode is the 
same aud no audio-frequency voltage appears. If the applied frequency is 
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varying about this same fre­
quency, an audio-frequency volt­
age apperns at tho audio terminals 
and is amplified with the audio­
frequency ::i.mplifier of the set. 

A typical curve showing the 
relation of the a pplied frequency 
to the resulting audio voltage is 
that of Fig. 14-11. 

Another method of converting 
:F'rG. 14-11. Freciucncy Vnrintion Plotted frequencr-modulntion signals is to 

nrininst Audio-frequency Output in a Dis-
criminator. apply the incoming signal to a cir-

cui t tuned to o. slightly different 
frequency from tho.t of the signal , as shown in Fig. 14-12. A h igher fre· 
qucncy will cause an increase in the cm rent i11 the tuned cll:cuit n.nd a lower 
frequency will cause a corre:sponding decrcnso in cw.Tent . This current 
change converts t..hc va.riation in frequency into a variation in t he amplitude 
of a cun ent, which may then be pa~ed on to a. stancbrd nruplitudc-modu­
lation type of detector. This effect explains the fact that frcquency­
modulation signals may be brought in with amplitude-modulation re-
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ceivers under certain conditions-although the quality is usually very 
poor owing to nonlinear action of the circuits. 

The ciicuit diagram of a typical frequency-modulation receiver (which 
also includes an amplitude-modulation receiver) is shown in Fig. 14- 13. 
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F10. 1'1- 12. Off-resonance Tuning to Convert Frequency-modulation Signals into AmpJi. 
tude-modulation Signals. · 

Review Questions and Problems. J. Point out the main differences 
between a frequency-modulation and an amplitude-modulation radio 
system. 

Z. What arc some of the reasons for the noise-reducing properties of 
frequency-modulation systems? 

J. Why is a. limiter necessary in a frequency-modulation receiver? 

4. What is the frequency-band width for frequency-modulation trans­
mission at present? 

5. Compare the variations of output power when modulation level is 
changed in a. frequency-modufation system and then in an amplitude­
modulation system. 

6. What is the ratio of band width to rnid~frequency in the intermediate­
frequency amplifiers of a frequency-modula.tion system as compared with 
cm amplitude-modulation system? 

7. Why is it not practical to have frequency-modulation stations in the 
tegular broadcast band? 
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8. In an entertainment receiver using frequency modulation, why is it 
desirable to have the best possible audio amplifier and loudspeaker? 

9. Why is it practical to use a narrow band of audio frequencies in 
communication service? · 

10. ''i'bat advantages would the frequency-moduJa.tion system offer iu 
mobile service? 
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CHAPTER 15 

Radio Wave Propagation 

General Nature of Propagation. When n radio wave leaves l.\ll antenna 
it spreads out in all directions as indica.tcd in Fig. 15-1. Pa.rt of the ro.di­
ated energy travels along near the ground and is guided a.round the surface 
of the earth much as electromagnetic waves are guided by wires. Thi~ 
portion of the racUa.tion is called the ground wave or surf ace wave. The re­
mainder of the energy is called the sky wave or space wave. It is radiated 
upward into space and would be lost completely were it not for reflecting 

FIG. 15-1. GrouDd-wave un<l Sky-wave Radiations. 

ln.yers of ions and electrons that exist some 30 to 250 miles above the 
earth's surface. These ionized layers can reflect or refract a portion of the 
incident rn.diatioo bn.ck towards the enrth and so produce a signal at distant 
points. 

Polarization. If the signal radiated by a vertical a.ntenna is received a 
short distance away it will be found that the received sjgnal is 8: maximom 
when the receiving antenna is vertical and zero ·when the receiving aotcntlll. 
is horizontal. This is because the electric field is in the vertical direction 
at this point. The radiation from the n.ntenna is said to be vertically 
polarized. In a direction at some vertical angle O to the sending antenna 
(see Fig. 9- 16) the receiving o.nteona must lie in the direction shown by E 
for maximum signal pickup. It is then not v01tical but it "\\ill still be in the 
verticul plane through the o.otenna and the point P, and there will be zero 
voltage induced in an antenna perpendicular to this plane. The radiation 
from the antenna is still sa.id to be vertically polarized, or more correctly, 
plane polarized in the tJertical plane. Similarly the radiation from o. hori-

341 
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zontal a.ntenna is said to be horizontally polarized and t here will be no direct • 
pickup of such a signal on n vertical antenna. 

The Ground Wave. The pa.rt of the radiated energy that travels-along 
near the ground, that is, the ground wave, induces voltages o.nd currents 
in the ground that subtrn.ct energy from the wave. If the ground were o. 
perfect conductor, these ground currents could flow without o.ny losses and 
the wave would not be affected. However, the ground docs have resistance, 
or a finite canductivity, so t hat energy is required to make these ground 
currents flow and this energy is absorbed from the wave. The result is 
that the ground wo.ve is thus attenuated or decreased in strength even more 
than by the distance factor l / r which is due to t he spreading out of the wave 
through larger surfaces as it recedes from the antenna. The a.mount by 
which t he wave is attenuated due to an imperfectly conducting ground is 
important in det ermining how for t he wa.vc will travel before the signal be­
comes too weak to be of any use. 

The o.ttenu3.tion due to the ground depends both upon the conductivity 
(or resistance) of the ground and upon the frequency being used. A high-

\ 
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F10. l&-2. EITect of Frequency nnd Ground Conductivity upon tho Strengl.h of .the 
Oround-wavo Signal. Solid lines: fnirly good conductivity (100 X 10-1• c.m.u.). D ashed 
lines: poor conductivi~ .(20 X io-1• o.ro.u .). 

frequency W3.Ve is attenuated .much more than a low-frequency wave over 
the same ground. 

Figure 15-2 illustrates the manner in which the ground-wave signal de­
pends upon frequency and upon the conductivity of the ground. The 
curves show t he field strength in millivolts per meter against distance from 
the transmitter. The expression millivolt.s per meter (or microvolts per 
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tneter) refers to the voltage that wmild be induced in a wire 1 rn long when 
placed parallel to the direction of the field at that point. A field strength of 
0.1 mv per meter is about the lowest signal strength that will give satisfac­
tory reception, although this depends upon the amount of noise present in 
the receiving location. A noisy location will require as high as 10 or 100 
mv per meter for worthwhile reception, while in a very quiet locality, at a 
ti.me when static is weak, a signal of 10 µ.V per meter may be entirely ad~ 
quat.e. 

The solid curves in Fig. 15-2 are for a fairly good ground conductivity 
while the dashed curves are for a poor ground. Ground conductivity is 
usually expressed in electromagnetic units (e.m.u.); a conductivity of 
100 X 10-15 e.m.u. represents a fairly good ground while a conductivity of 
20 X 10-15 is considered a very poor ground. The ground conductivity 
seems to depend to a large e::...-tent upon the nature of the terrain. Flat 
prairie country usually shows a high value of conductivity while moun­
tainous or rugged, broken country has a low conductivity. 

Because the ground wave is attenuated so much at the higher frequencies 
its chief usefulness lies in the long-wave and broadcast bands. Daytime 
reception of broadcast stations is entirely by means of the ground wave: 

The ground wave is always vertically polarfaed because any horizontal 
component of electric force would be shorted out by the ground. For 
this reason vertical antennas must be used for ground-wave transmission. 

The Sky Wave. The energy radiated upwards by an antenna, that is, 
the sky wave, would be wasl;ed energy as far as radio communication is 
concerned if it continued on its path and did not return to ea~th. For­
tunately, under certain circumstances it is reflected from the ionosp.here, 
or J(ennelly-l:Iea,viside 1,ayer as it used to be called. The reflected wave may 
return to earth at distances from the antenna much greater than can b~ 
reached by the ground wave·, and this reflected wave makes extreme long­
distance communication possible. 

The Ionosphere. The ionosphere consists of several ionized layers, that 
is, layers which are electrically conducting. These layers exist at high 
altitudes, in' the upper parts of the earth's atmosphere. Radio waves 
that strike these conducting layers have their paths changed while passing 
through the layers. Often the waves penetrate all the layers and a.re lost, 
but more often the ·waves are bent in their paths so much th.at they return 
to earth at distant points. The heights of the layers and the degree 
of ionization (that i~, the number of ions and electrons in a given volume) 
determine how far radio waves .will go, and what frequeucies give the bsst 
transmission. The ionized la,yers are found usually at height.s between ·5Q 
km (30 miles) and 400 km (250 miles) above the surface of the earth. 
' In Chapter 4 it was shown that in a gas under very low pressure it is 
possible to knock o.ue 01· more electrons out of a. molecule of the gas, leaving 
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a positive charge on t he molecule. The positively charged molecule is no 
longer a true molecule, but is a.n inn, and can be attracted or repelled by 
electric forces. Electrons can be knocked out of a molecule not ooly by 
fast moving particles like electrons, but also by certain types of radiation 
such as ultraviolet rays and cosmic rays. Ir. the high atmosphere, where 
the pressure is low, conditions are excellent for ionization to take place. 
The sun constantly gives off ultraviolet rays, and when these reach the 
upper atmosphere they cause a large proportion of the air particles to be­
come ionized. Cosmic rays are believed to cause some ionization nls6. 

Fm. 15-3. Refraction of the Sky Wnvo by an Ionized Layer. 

Since the atoms, ions, and electrons in a gas n.re in constant motion, fre­
quent collisions take place between them. When a positive ion collides 
with an electron, it may keep the electron to neutralize its charge so that 
it once more becomes a. molecule. This process of recombination goes on 
all the time, so that a molecule, once it has been ionized, does not remain 
ionized indefinitely. The time that it takes for recombination to occur will 
depend on several factors, but particularly on the average distance between 
the particles in the gas. If there are only a few particles present, as high 
in the upper atmosphere, collisions will not occur very frequently, so that 
t he air particles remain iouized for long periods. In the lower parts of the 
earth's atmosphere, collisions take place so often thnt the air molecules do 
not remain ionized for very long. Another reason why there is relatively 
little ionization in the lower atmosphere is that the ultraviolet rays from the 
sun are largely absorbed by the upper parts of tho atmosphere. · As a result 
1here is very little ionization below about 30 miles. Above 250 miles there 
are so few air particles present to be ionized thnt the density of ionization 
is a.gain very low. I:Iowever, at intennedin.tc heights there is considerable 
ioniiation. The region between 30 and 250 miles above the earth is thus 
the region where the ionosphere exists, and this region therefore bas the 
most influence on the propagation of the sky waves. 

Sky waves that return to earth from the ionosphere are found to come 
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from different heights above the earth, depending on the frequency and on 
the time of reflection. This phenomenon shows that the ionosphere is not 
one layer, but several layers. The reason why there are several layers in 
the ionosphere is because the different gases in t he earth's atmosphere 
ionize at different pressures, t hat is, at different heights abo,re the surface of 
the earth, aod because ~here a.re other ionizing agents (cosmic rays, for 
enmple), which penetrate to different depths. T he number of layers, their 
heights above the earth, and the amount they bend tho sky wave all vary 
from day to day, from month to month , and from year to yem. There are 
t wo principal layers, called the E layer and the F layer. The E layer is 

· usually found at a height of 110 km (68 miles), but may vary from 90 to 
140 km (55 to 85 miles) . The other principal layer is one layer only at 
night, but splits into two parts during the daytime. The designation F 
layer is used to refer to the night layer. T he designu.tions F'i and F2 are 
given to the two parts of the layer which exist in the daytime, the Fi layer 
being tbe lower one. The F, Fi, and F2 layers arc always above the E 
layer . Another layer, the D layer, exists only in the daytime at very low 
heights, but its effects are not as important as those of the other layers, 
and so will not be considered furthe.r . The heights at which the various 
layers exist is shown in Table I. 

TABLE 15-1 

Name of layer flci(fhl rJf layer, mil« 
E ..... . .. ... .. .. .. ...... ..... .... 55 to 85 
F (njgbt only). . . . . . . . . . . . . . . .. . . . . ll 0 to 250 
Fi (daytime ouly) . .. .. . . . . . . . . . . . . . 85 to 155 
F' 2 (summer dny) .. ... , . . . . . . . .. . . . . 155 to 220 
F2 (winter da.y). . . . . . . . . . . . . . . . . . . • !JO t;o 185 
D....... .... .. . .... ... ..... . ..... 30 to 55 

Effect of the Ionosphere on the Sky Wave. 'The way in which radio 
waves nre bent by tbe ionized layers in t he ionosphere may be seen with t he 
aid of Fig. 15-3. In this figure the ionosphere is shown as one layer, the 
dashes representing ions and the number of dashes in any region indicating 
the density of ionization in that region. Suppose a wave is sent upwards 
along the path shown, from the transmitter at point A. The path is a 
straight line until it reaches a region where there are ions. The path of 
the signal now becomes bent, and bends inore and more as it gets into 
regions of higher and higher ion density. T he wave is always bent away 
from regions of high density to regions of low density. If the signal is bent 
sufficiently in the layer, it finally emerges and retums to earth as shown. 

The act.uul po.th of the wave in the ionized layer is a curve, as shown, 
and it is said to be caused by refraction of the wave. ThLs is similar to the 
refract ion of ligh t tbat t akes place in a prism. Since i't is usually simpler 
and more convenient to t hink of the wave as being reflected, rather ths.n 
refracted , the path can be assumed to be the straight lines AD and DB 11.'! 
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indicated in the figure. This assumption is made in measurements of the 
height of a layer. To measure. the. height of an ionized layer, a wave is 
sent out from a transmitter at A and the time taken by the sky wave travel­
ing over the patb AD-DB to reach the receiver is compared with the time 
taken by the ground wave a.long t~e direct path AB. From this informa­
tion, and knowing the distance AB, it is possible to calculate the height 
of D above the eru:th. This height is called the virt1tal height of t he ioPo­
sphere, since it is not the t rue height. In order to m easure the true height 
of the layer it would be necessary to know the shape of t he curved path. 
In measuring virtual heights the points A and 13 a.rn usually placed very 
close together so that the wave is sent nearly vorti.cn.lly upward. 

If the frequency of the transmitted wave in Fig. 15-3 is .increased suffi­
cfontly it will be found that a point is reached beyond which the wave is no 
longer reflected back to earth. The path taken by the ray in this case is 
shown in Fig. 15-4. The path is straight until it reaches the ionized 
region, when it again is bent, but not as much as before. This is because 

F10. 15-4. Path of 81.-y Wave Which Pcnotrntos nn Ionized Layer. 

waves of higher frequency arc bent less easily in the ionosphere than waves 
of low frequency. The path is bent away froin the region of 'high ion 
density to that of low density, as shown from points B to C. At C the 
wave passes through the region of highest ion density and is again bent 
away from this region to a region of low density. As a result, t he path is 
now curved in the opposite direction and the wave is not bent back towards 
the earth. The wave emerges from the layer and is lost unless it should 
be retlectecl from another higher layer of greater ion density. Whether 
a wave such as that just considered is reflected from a layer or whether it 
penetrates the layer depends on the frequency, on the. density of the layer, 
and on the angle at which the wave .first strikes the lo.yer. In the example 
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of Fig. i5-4, if the density of ionization in the layer should increase for some 
reason, it may happen that the wave path will be bent enough to make the 
ray return to earth, so that higher frequencies would have to be used to 
make the ray penetrate the. layer. 

Now suppose that a wave of the same frequency as tbe signal in Fig. 15-4 
is sent out from the transmitter along a path such as AFB (Fig. 15-5) which 
makes a lower angle with the ground. When the wave strikes the ionized 

/ 

FIG. 15-5. Effects on TrallBmission Due to the Angle ut Which the Sky Wave Ia Transmitted. 

layer, its path begins to bend as before. The amount which the wave is 
bent is llO\V greater than before, since the wave spends a longer time in the 
ionized region owing to the low angle at which it is traveling. Thus it may 
happen that if the angle is low enough, the wave can become bent enough 
to return the wave to earth again, even though wn,ves of this same frequency 
would penetrate the layer at steeper a.ng1es. Waves sent out at all angles 
less than t;hat of the wave AFB shown in Fig. 15-51 on the same frequency, 
will be bent back to earth. Thus there wiJJ be an area, say from B to C, 
in which it is possible to receive the sky wave from the transmitter at A. 
If a receiver is located at a point nearel' to the transmitter, as at D, no sky 
wave will be received, and unless the ground wave is strong enough, as at 
E, it will be impossible to receive the signals. There will be therefore an 
area from B to B in which it is impossible to receive signals for the trans­
mitter, even though points farther away are able to receive. This area of 
no signal is known as the skip area, or skip zone, and the distance AB from 
the transmitter to the point where the sky wave first can be received is 
known as the skip distance. 
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When a wave is returned to the earth as at B or C in Fig. 15-5 it co.n be 
reflected from the co.rth, since the earth also is partially c~nducting. This 
reflected WlWC from the earth will then strike the ionosphere and be re­
flected once more, returning to earth at a great distance from the trans­
mitter. This type of path is know11 a.s f:wo-hop transmission as compared 
with the one-hop transmission in Fig. 15-3 and 15-5. 

Critical Frequencies. It was ment.ione<l in connection ·with Fig. 15- 3 
that it is possible to measure the virtual heights of the layers in the iono­
sphere by sencUng signals vertically upward and measuring the time ta.ken 
by the signals to return. Since the speed that radio waves tnwel is known 
(186,000 miles per second), it is ensy to calculate the distance the wave has 
traveled. Because the time taken is extremely short, f\ few thousandths of' 
a second, the signo.l that is .sent up must be a very short pulse in order that 
the ground wave signal and the reflected signnl may be separn.ted. An. 
oscilloscope is used to observe the two signals for measuring the time 
difference. If such measurements of virtual height of n. layer are made o.t 
successively increasing frequencies ii will be found (as mentioned earlier) 
that a frequency .will be reached for which the waves a.re no longer reflected 
back to earth from this layer. The highest frequency for which wa. ves 
sent vertically upward are returned by a layer is called the critical frequency 

B 

Fla. 15-6. Trnnsmission by Means of Ionosphere Reflection, Showing Anglo 0. 

for the layer at the time and place the measurements are made. The 
critical frequency for a particular l;lyer is not the highest frequency that 
can be used for communication using that layer. As shown in Fig. 15-5, 
it is only necessary to decrease the angle that the path of the wave makes 
with the earth in order to have a wave of higher frequency reflected by the 
layer. For communication between two fixed points the angle the pa.th 
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of the wave makes with the lo.yer depends upon the height of the layer and 
the distance between the points (see Fig. 15-6). For a given layer height 
BC there will be a particular angle () corresponding to en.ch distance AD 
between tro.nsmitting nnd receiving points. It has been found that the 
maximum frequency that can be used for sky-wave communication between 
two such points is given by 

-1:_ 
fmox. = COS() 

where f, is the crit ical frequency at the point of reflection and 8 is the angle 
between the rny and the vertical. This maximum frequency that cnn be 
used for trnnsmission between two points is called the maximum usable 
frequerunJ. 

As the distance between transmitting and receiving points is iJ1creased 
a limit occurs where, owing to the curvature of the earth, the path of the 
wave is tangent to the surface of the earth at these points. The angle e 
corresponding to this limiting distance is about 74° for the F layer. For 
this case the maximum usable frequency will be 

1 
- 740 = 3.6/. cos 

and this wilJ be tho maximum frequency that will be reflected back to earth. 
If measurements of the virtual height of the ionosphere are made at 

frequencies higher than the critical frequency for the lowest layer, it is 
found that the waves a.re still returned to earth, but from a greater height. 
This difference shows that the waves are penetrating the lower layer and are 
being reflected from a higher layer. As the frequency is increased more, 
critical frequencies for the hjgher layers will be found; finally a frequency 
will be reached for which the waves sent vertically upward are no longer 
returned to earth, showing that the waves are penetrating all the layers. 
Exceptions to this beho. vior occur occasionally when sporadic E reflections 
are present. Owing to reflections at a boundary caused by sharp changes in 
ionization density, strong reflections from a layer at the height of the E 
layer sometimes occur at frequencies considerably in excess of the normal 
critical frequencies for the E layer. 

Absorption in the Ionosphere. In addition to the virtual heights and 
critical frequencies for each of the layers, the attenuation or absorption of 
energy from the waves by the ionosphere is an important factor in limiting 
radio transrrussion over lnrge distances. Wheu a radio wave passes through 
an ionized region, it causes the electrons to vibrate. The vibrnting elec­
trons collide with neighboring molecules and ions and give up some or all 
of their energy. This energy is used up in heating the :i.ir and is thus 
wasted. The amount of energy that will be taken from a radio ·wave and 
wa;ited in this way will be greater, the greater the distance the wave travels 
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in the ionized region and the greater the density of the ions a.nd air molecules 
in the layer. Since ultra.violet rays from the sun ca.use ionization to be 
present at lower levels in the daytime than o.t night, and since th.ere are 
more air particles at the low altitudes, the absorption of energy will be 
much gre:i.ter during the daytime t han during nighttime, the absorption. 
occurring mostly in the D and E layers. On account of a. sort of resonance 
condition for the electrons moving in the earth's magnetic field at 1,400 kc, 
the maximum absorption occurs at this frequency. The further the fre­
quency of a wave is from t his resonance frequency, tho less the attenuation.. 
For long-distance transmission, frequencies near the maximum usable 
frequency for the distance are most desirable. 

Regular Variations in the Ionosphere. The characteristics of the iono­
sphere go through regular variations which affect the propagation of radio 
waves. These variations ca.n be predicted with fail: accuracy. They are 
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of three principal types, called diurnal variations, scn.sona.l variations, a.nd 
sunspot-cycle (11-year) vnrio.tions. These changes in the ionosphere are 
due largely to changes in the radiation from the sun, so that they are mostly 
changes in ion density in the layers rather than in the virtual heights of the 
layers. With the exception of the P2 lnyer, tho heigh~ of the layers show 
only modernts fluctuations. Tbe.refore the variations in the ionosphere 
are mostly exhibited as changes in a.boorptiou and in critical frequencies. 
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Changes in the E layer are particularly -regular from day to day and . 
from season to season, and depend almost entirely on the position of the 
sun in the sky. When the sun is directly overhead, the ionization density 
is highest, as shown by a high crit ic.al frequency for this layer. The critical 
frequency is thus higher during the day than it is at night, and higher in 
summer than in winter. Variations in the critical frequency for the E 
layer occur from year to year owing to the 11-year sunspot cycle. The 
density of ionization in the ionosphere seems to vary with sunspot activity, 
and is greatest during the most active sunspot periods. Thus the critical 
frequency and the absorption for the-E lo.yer are lowest during a minimum 
in sunspo1; activity. 

The reguhtr changes in the ionosphere can be predicted fairly accurately. 
The diurnal and seasonal variations follow regular patterns, so that when 
allowance is m.ade for the changes brought about by the 11-year sunspot 
cycle, predictions tire readily made. The Bureau of Standards publish.ea 
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each month ionosphere data including predicted maximum usable fre­
quencies for the ensuing mouth. Figure 15-7 shows a sample graph 
sinular to those published. The graphs show the predicted ma,.imuro 
usable frequency which may be used for transmission over any given 
distance with one-hop transmission. By making use of these graphs, 
communication services can Jay out ahead of time a schedule of the best 
frequencies (from among those they have a.vailable) to use for communico,t,.. 
ing over particular distances at various times of the day. These predio­
tions of miiximum usable frequency are based upon measurements of 
virtual heights and critical frequencjes made regularly by the Bureau of 
Sta.ndards in Washington. These mea-surements a.re also published in 
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. graph form (see Fig. 15-8) along '1-ith predictions of maximum usable 
frequency. 

Fading. Fading of radio waves is the name given to undesirable ehanges 
in the intensity or loudness of the waves at the receiving point, and is 
caused by variations in the height and density of ionization in the layers 
of the ionosphere. To see why fading occurs, consider Fig. 15-9. A 
transmitter at point A is sending out signals a.t various angles above the 
surface of t he earth. One signal follows the path ABC and is the ground 
wave from t he transmitter. Another wave follows a po.th such as AEG, 
being refh~ctecl from the E layer (which is shown as a line for simplicity) 
and received at G, but not at C. A wave sent out at a higher angle follows 

_______ F 

Fw. 15- 0. Fndln11 Duo to Interference between Wa:vos Which Iiuvo Traveled Different 
Distnnccs. 

the path ADC, s ince it penetrates the E layer but is reflected by the P 
layer and is received at points C and G. At point C the received signal 
is the result of two waves, one a ground wave and the other a. sky wave, 
which have reached that point by traveling different paths. D epending 
on the differences in the lengths of the paths followed by these two waves, 
they will add together in phase, giving a loud signal, or they will add out of 
phase giving a very weak signal. T he difference in path will depend 
greatly on the height of the Flayer in this case, so t hat small changes in its 
height may change the two signals from the in-phase condition to the out­
of-phase condition. This change of phase causes large variations in the 
received signal strength; that is, the signal fades. 

In the n.bovc illustration it was shown that fading a.t point C is the result 
of interference between the ground \Yave and a sky wave. Fading can 
o.lso occur as a result of interference between two sky waves, as for example 
at the point G. Here the received signal is the result of two sky waves 
which h ave traveled different paths so that ch:mges in either or both layers 
can cause fading. One signal arrives at G by one hop and the other by 
two hops. 
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All modulated signals consist of a band of frequenc ies, not just one fre­
quency, the width of the band depending on the type of signal. Because 
of the difference between the component frequencies, only part of the signal 
may fade at any given t ime, so that, for example, one part of a side band 
fades independent ly of another part, giving a peculiar form of distortion 
in the audio signal, which is known a.s selective fading. 

Fading in a received signal may take place very slowly or it may take 
place quite rapidly, s ince the ionosphere varies from a number of en.uses, 
some slow and som e rapid. It wns pointed out above that conditions in the 
ionosphere go through regular variations from clay to day, season to season 
and year to year. Variations in signals due to these variations are not 
usually tilought of as fading because they take place so slowly. However, 
in addition to tilese regular changes i.n the ionosphere, other more or less 
irregular changes t:.i.ke pince and cause severe fading. 

One of the most startling of the irregular v11ria.tions in the ionosphere is 
that know11 as a radio fadeout. A radio fadeout. is the result of o. sudden 
burst of ionizing radiation from t he sun which causes the ionization in the D 
layer t-0 increase suddenly, which in turn greatly in.creases the absorption 
of sk-y waves of a11 frequencies. The effect on radio transmission is the 
sudden fadeout of all signals on frequencies above about 1.5 me. The 
drop in signal strength occurs suddenly and lasts from about ten minutes 
to an hour or more. 

Another and important irregular change in the ionosphere is known as an 
ionosphere storm. D uring such a storm the ionosphere becomes quite 
unst'able in its effects on radio waves, causing signals on frequencies above 
abont 1.5 me to drop in level and fade badly. A type of fading known as 
:flutter jading takes place, especially at night. The effeet of these storms 
is usually to weaken t he sky wave on the broadcast band at night , but 
sometimes it is increased in strength. Ionosphere storms may last from 
one or t wo clays on the high frequencie~ to sevcrn.l weeks on t ile low fre­
quencies. Radio communication is very erratic dming these storms. 

Reduction of Fading. T here are several ways in which fading can be 
reduced so that usable signals can be received. The most common means 
employed is au.tom.atic volume control (a.v.c.) in the receiver, described in 
Chapter 13. In tilis system, tho strength. of the canicr of the signal being 
received is used t o control the volume of the receiver so that the output is 
held reasonably constant in spite of variatious in the sigual strength. Auto­
matic volwne control is not a complete solut ion t o the problem of fading, 
since the signals often drop so ·much that they are below the noise and no 
a.mount of amplification i:n the receiver will make the signal usable. Aut o­
matic volume control cannot help selective fading since components of the 
same signal fade out at different times. 

One of the best means for reducing fading is known as diversit'l} recept'ion. 
It has been found that fading does not usually occur at two different places 
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at exactly the same t ime. H ence, if two or more receiving antennas are 
used, and spaced several wavelengths apart , it is unlikely that the signals 
will fade out completely on all of them at the same time, so t hat if the signals 
from all of them are combined there will nearly always be some signal pres­
ent. Complicated receivers must be used with diversity receiving systems 
since it is necessary to combine the outputs of the antennas in the correct 
phase relation t.o give a large signal. Another type of diversity system 
makes use of the fact that signals received on vertically and horizontally 
polarized antennas usunlly do not fade at the same time. 

Telegraph transmitters sometimes employ freq_uency diversity systems, 
which are based on the fact that signals spaced even as little ns 500 to 1,000 
cycles apart fade independently (select ive fading). This is done by using 
500- or 1,000-cycle modulation on the carrier, a.nd keying this modulated 
carrier. The modulation on the carrier produces a side band on esch side 
of the ca;rrier frequency; each side band may be considered to be another 
carrier, which conveys the same signal when keyed. Since fading is usually 
selective as regards frequency, such a telegraph signal is less affected by 
fading than a. single unmodulated keyed carrier. 

Sta.tic and Man-mad.e Noise. The output of o. receiver which is tuned to 
n relatively weak signal usually contains some noise in addition to the de­
sired signal. This noise may come from any one of several differeut 
sources, natural and man-mude. Noise in a receiver is usually the limiting 
factor in determining the lowest signal strength that can be used for com­
munication or broadcasting purposes. 

STATIC. Noise picked up by the n.nterum iii referred to as static or almos­
phmcs wheu it is due to natural causes. Static is caused by natural elec­
trical distmbances, principally thunderstorms, and its energy is found 
distributed throughout most of the freqLtency range used in radio. The 
energy in static decreases as the frequency is increased, so that most static 
is found at low frequencies. Static is relatively unimportant at ultrahigh 
frequencies. Since stat ic is really a radio signal produced by naturo, it is 
propagated the same way radio waves are, and is reflected by the ionosphere 
under suitable conditions. Static impulses ma.y therefore travel great dis­
tances under the right conditions, and cause interference in a receiver a.t a 
great distMce from its origin . A ltwge part of the static heard o.t any par7 

ticular place comes from a considerable distance, and the rest is from local 
thunderstorms and the like. 

Since the sky wave on the broadcast band and lower frequencies is greatly 
attenuated in the daytime, very little daytime static on these bands comes 
from great distances. Most of the daytime static on these frequencies is 
due to local thunderstorms. At night, however, t he sky wave propagates 
with less attenuation, so tlmt the static noise level is usually greater than 
in t he daytime. In the short-wave region, the noise level due to static is 
much less tbau it is at lower frequencies; the higher the frequency, t he less 
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the static. Short-wave static can travel great distances in the daytime 
with very little attenuation, so the static beard at any particular place may 
have come from some distant point. 

In the frequency range from about 9 to 21 me it has been found that even 
when there is no ordinary static or man-ma.de interference, some noise is 
still picked up by the antenna. It is believed that this noise conl.es from 
some region in space, probably in the Milky Way. This form of noise is 
often the limiting noise in this frequency range at a good receiving location. 

Above about 30 me no energy is reflected from the ionosphere and so dis· 
tant static has no effect. Normally there is no static interference in this 
range except during local thunderstorms. 

~lA.i.'l"-?.L\DE NOISE. Man-made noise is generated by most electrical 
applica.nces and electrically-operated devices. Ignition systems, d.iathenny 
machines, power-line discharges, sparking brushes on motors and generators 
all can cause interference with radio reception. In fact, almost any device 
that produces an electrical spark can interfere with reception. Such noises, 
once produced by the device, are carried by the power lines connected to the 
device and are either carried directly into the receiver by the power lines, 
or radiated in th(~ neighborhood of the antenna and picked up along with 
the desired signal. 

Man-made noise is of two general types, hiss types and impulse types. 
Impulse types of noise ()onsist of separate and distinct pulses of very high 
amplitude and are produced by separated electrical sparks such as occur in 
ignition systems, A.C. power leaks, switch and key clicks, and so forth. In 
hiss types of noise the pulses occur so closely together that they overlap 
and sound like a continuous noise. Hiss noise is produced, for example, by 
commutator sparking in D.C. motors and A.C. series motors. Static re­
sembles the hiss type of noise in that the separate pulses overlap. 

Noise-reducing systems. There a.re several ways in which the .noise in 
a receiver may be reduced in order to improve reception, the system used 
depending on the type of noise it is desired to reduce. The best noise­
reducing system is, of course, the elimination of the noise at its source if 
possible. This method is often practicable as far as electrical appliances 
are concerned. An appropriate electri.cal filter ~laced in the line at the 
source of the noise will often eliminate or greatly reduce the interference. 
A simple line filter consists of a 0.1-µf condenser placed across the A.C. line 
right at the appliance, or in some cases, of t wo such condensers in series with 
their midpoint connected to ground. When these simple filters do not 
effect a cure, choke coils must also be inserted in series with the A.C. 
power line. The sizes of condensers and coils for most effective suppression 
of noise can best be determined by experiment. A power-line filter at the 
receiver will sometimes reduce noise. 

In most cases it is not possible to eliminate the noise at its source, so 
other means of reducing the noise must be found, the system depending on 
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the type and source of the noise. For str~tic i:md hiss types of noise, in-_ 
creased selectivity at the receiver will usually reduce the interference. 
This reduct-ion is possible because the noise energy is spread out over a 
considerable frequency band, so that the wider the band the receiver ac­
cepts, the more noise it picks up. Crystal filters in the receiver are very 
helpful in reducing hiss types of noise. If the noise is coming from a defi.-. 
nite direction a highly directive receiving array will reduce the interference 
with reception. 

Owing to their specin.l characteristics, impulse types of noise require 
different treatment. Impulse noises are pulses of extremely short duration 
separated by much longer time interv:ils. The energy in each puL~, n.nd 
hence the amount of interference it produces, will depend both on the 
duration and the amplitude of the pulse. If the noise is sufficient to inter­
fere with a signal, it must therefore have a pulse amplitude very much 
greater than the signal. 

The simplest noise-reducing circuit in a. receiver is the audio limiter, used 
only for reception of telegraph signals. Such circuits operate on the prin­
ciple that a high-amplitude noise pulse causes transient disturbances in the 
loudspeaker or earphones that last much longer than the pulse it.self, so 
that by limitu1g the amplitude of the pulse, the tra.nsient.s are reduced. 
Circuits used for audio limiting include triodes operated with extr emely low 
plate voltn.ge (of the order of 8 to 10 v), pentodcs with low screen voltage 
(30 to 40) 1 and bin.sod diodes shunted across tho output so that n.ny noise 
or signn.1 exceeding the bias is by-passed by the diodes. Audio-limiting 
noise-reducing systems are not very effective with low level signals or with 
hiss types of noise, and cannot be used for rndiotelephone reception on 
account of the distortion t;hey produce by the limiting process. 

Superheteroclync receivers often hav<~ noise-reducing systems placed at 
the second detector, w])ich operate on the principle that since the noise 
pulses in impulse types of noise laBt for such a short time, no appreciable 
loss of intelligibility of the signal occnrs if the receiver is made inoperative 
during t he pulse. Two types of circuits are used, both employing diodes 
for theiI· action . In one circuit a low-impedance path for the noise pulse is 
provided so that the noise is short-circuited to ground. In the other, a 
diode is connected so tluit when the noise pulse occurs, the circuit of the 
audio amplifier is opened and nothing is heal'd. 

A third type of noise-reducing system employs a fast-acting automatic­
volullle-control system in the intermediate-frequency amplifier to reduce 
the sensitivity of the receiver during a noise pulse. This type of noise 
silencer is very effective against impulse types of noise and is of some help 
with hiss noise. Intermediate-frequency noise silencers are usually used 
with receivers with crystal filters, so that all types of noise can be reduced. 

Mention has been made of crystal filters, which are used to increase the 
selectivity of receivers. Quartz crystals can be cut so that they act like 



Chop. l 51 RADIO WAVE PROPAGATION 357 

high-Q resonant circuits and therefore can be used in place of the usual 
coils and condensers in the intermediate-frequency amplifier of a super­
heterodyne receiver to increase the selectivity. Special circuits have been 
devised which allow the selectivity to be va.ried. Some circuits also allow 
interfering stations on nearby frequencies to be tuned out. 

Ultrahigh-frequency Propagation. For ultrahigh frequencies, that is, 
frequencies higher than about 30 me, the sky wave is no longer reflected 
back to earth from the ionosphere. l:VIoreover, at these frequencies ground­
wave propagation is uot possible even with ve1tically polarized waves, for 
at very high frequencies both vertically and horizontally polarized waves 
t raveling along the surface of the earth are shorted out by it. (At low 
frequencies this shorting out occurs only for horizontally polarized waves.) 
The result is tha.t transmission and reception at these frequencies depends 
upon stro.ight-line propagation from the transmitter to the receiver. For 
best results, both transmitting and receiving antennas should be located as 
high n.s possible above the surface of the earth. The height of the o.ntennas 
determines how far apart they may be located and still receive the signal, 
because of the curvature of the earth and because, except for diffraction 
and refraction effocts (to be discussed later), the waves travel in straight 
lines from transmitter to receiver. Figure 15-10 shows di1·ect-ro.y trans-

Fra. 15-10. Direct-ray Propagation at the Ultrahigh Frequencies. 

mission from an antenna o.t A having a height h1 above the earth to a receiv­
ing antenna. of height l'2 located at B. As the receiving antenna is moved 
further away from A, a poin~ will be reached where the line of sight from A 
to the receiving antenna will just graze the surface of the earth. This 
situation is shown by the location C; the distance from A to C represents 
the maximum over which this direct line-of-sight transmission can occur 
for antennas of height h1 and hz. However, if the height of either of the 
antennas is increased, this distance will be extended. In the figure the 
receiving-antenna height is shown increased to ha and the maximum dis­
tance of propagation has been increased from AC to AD. When this same 
height ha is used for a receh--ing antenna located a.t F no direct-path signal 
will be received. 

DmEC.'T AND REFLECTED RAYS. When the distance between the trans­
mitter n.nd receiver is in line of sight, the reeeived signal is the result of two 

' waves, one the direct wave shown as A-C in Fig. 15-11, and the other a 
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wave re-fleeted by the surface of the earth and shown as .t1BC in the figure. 
These two waves add together at the receiving point C and will reinforce or 
cancel each other depending upon whether they arrive in phase or out of 
phase. This addition of wa.ves in phase and out of phaso was shown in 
Fig. 9-3. The reflected wave will be reversed in phase upon reflection. 
This is because the incident wave induces cunents in the ground which 
set up a new wave (the reflected wave) which has the directiou of its electric 
field reversed from what jt was in the original wave. That is, the reflected 
wave is 180° out of phase with the initial wave. 'l'his phase reversal 
always occurs when horizontally polarized waves are reflected from the 

A 
Transmitting 

Antenna 

FIG. 1~11. Reception of Direct and Reflected Wa.ves at Ultrahigh Frequencies. 

ground but occurs for vertically polarized wave.s only at the very high 
frequencies. 

Th'bcther the two waves from the tra.nsmitti~g antenna at A arrive at C 
in pbnse or out of phase depends upon the relative path lengths of the two 
waves. If the path lengths are the same (as they very nearly are when 
the antennas are close of the ground) the waves arrive out of pha.<>e because 
of the phase reversal suffered by the reflected ray. However, if the path 
of the reflected wave is one half wave length longer than tlmt of the direct 
ray, it takes one half of a cycle longer to travel from A to C nnd so arrives 
in phl.\se. It is evident that it would also arrive in phase if the path 
difference were three halves, five halves or any odd number of half wave 
lengths. Th(i signals will arrive out of phase when t.he path difference is 
any even number of half wave lengths. Whether cancellation or re~ 
inforcement occurs at C, then, depends upon the heights of the antennas 
and their dista.nce apart. These should be picked, if possible, so that the 
path difference between the two rays is an odd ba.lf wave length and re­
inforcement will occur. 

DIFFRACTION AND REFRACTION. It has been found that reception is 
possible somewhat beyond the line-of-sight distance. This reception is 
due to two factors not yet considered, namely, diffraction and refraction. 
It is possible for wave.s, whether sound waves, light waves or radio waves, 
to be diffracted or bent around obstacles in their path. The amount of 
bending or diffraction depends upon the size of the obstacle as compared 
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with the wave length of the wave. If the obstacle is very large in terms 
of wave lenoths, the bending will be small. This case embraces light waves, 
where the wave length is so small that nearly all objects arc very large 
compared with it and little diffraction occurs. In the case of sound, how­
ever, where the wave length may be several feet, bending occurs quite 
readily around most objects. At low frequencies the length of radio, 
waves is sufficiently large compared with ordinary obstacles that the wo.ves 
bend around them. At very high radio frequencies the wave length be­
comes much shorter and only a small amount of bending or diffraction 
occurs. However, it is sufficient to enable signals to be received at these 
frequencies severe.I miles beyond t he line of sight . 

Refraction of radio waves occurs as the result of changes in the density 
of the air with height and changes in the temperature, pressure, and 
amount of water vo.por in the air. This refraction tends t o bend the waves 
back to earth and bas an effect in the lower atmosphere somewhat simimr 
to the eff eot of the ionosphere in the upper atmosphere. The increase in 
distance of transmission. obt~ined as the result of refraction can be allowed 
for by considering that the earth is flatter than it really is, tho.t is, by 
assuming its radius to be increased by about 20% to 35%. Signals re­
ceived by reason of refraction are not as stable as those for clll'Cct-ro.y 
transmission, bec::n1se slight changes in the condition of the atmosphere 
change the amount of refraction and so produce fading. 

Summary of Radio Wave Propagation. Low FREQUENCIES (50 TO 

550 KC). At frequencies below the broadcast band the ground wave is 
attenuated very little and it may be used for communication up to dis­
tances of 1,000 mjles or more. The signals are very stable and show no 
diurnal or seasonal variations. At greater distances the sky wave becomes 
of more importu.nce tbnn the ground wave. The sky wave is fairly reliable 
but there arc slight fJuctun.tions due to variations in the ionosphere. The 
a bsorption of the sky wave is less at night than in the dayLime, but at 
the very low frequencies the absorption is low even in t he daytime. Sky­
wave transmission at these frequencies is good for distances from 500 miles 
up t.o 8,000 miles. At the upper end of this band , that is, near t he broad­
cast band, the daytime absorption of the sky wave becomes large and the 
sh.--y wave is useful only at night. 

BROADCA.S'l' FREQUENCIES (550 TO 1,600 KC). In the broadcast band the 
range of the ground wave varies from 50 miles at the higher frequencies to 
about 200 miles ot the lower frequencies, depending also upon the power 
of the transmitter. Sky-wave reception is not possible in the daytime 
owing to high absorption or the sky wave by the D a.nd E layers, but at 
night the sky wave gives reception at distances from 100 to 3,000 miles. 
A~ night there is generally an area where the sky wave and gi·ound wave 
are of nearly equal magnitudes and in this region severe fading will occur. 
At greater distances the sky wave alone exists but there will still be some 



• 
360 RADIO WAVE PROPAGATION [Chop. 15 

fa.ding caused by variations in the ionosphere. The absorpt ion of the 
sh.-y wave in the broadcast band increases with frequency up to 1,400 kc. 
At t his frequency the absorption is a maximum. The absorption de­
creases '\\ith decreasing frequency below 1,400 kc o.nd decreases with 
increasing frequency above 1400 kc. 

HrGR FREQUENCIES (1,600 KC TO 30 MC). The attenuation of the 
ground wi:we at frequencies above about 1,600 kc is so great as to render 
the ground wave of little use for communication except at very short 
distances of the order of 15 miles. The sky wo.vc must be employed, 
and since it mo.kes use. of the ionosphere for its propagation, communica­
tion by means of it, although not perfectly reliable, is possible over distances 
as great as 12,000 miles. The sky wave absorption in this range decreases 
wit.h increasing frequency, so that the higher the frequency the more effi­
cient the transm.ission. It is therefore desirable to use a frequency as 
near as possible to the maximum usable frequency (defined above). How­
ever, if a frequency too near the maximum usable frequency is employed, 
the irregular changes in the condition of the ionosphere make communica­
tion uncertain. Therefore there is a range of frequencies, from about 
503 to 85% of the maximum usable frequency for the given distance 
and time, that may be used satisfactorily. The particular layers utilized 
in transmitting over a given distance will depend on the distance, the 
time of day, and so on. For very short-distance communication (say a f ew 
hundred miles) using tbe sky wave, the frequency must be below the 
critical frequency for the layer used since the sky wo.ve strikes the iono­
sphere at almost vertical incidence. 

U:urRA.Jfl(;H'.I FUEQ.UE.VGIES (30 MC TO 300 MC) AND MICROWAVES (ADOVlil 

300 Mc). There is no ground-wave propae;o.tion on frequencies above 
about 30 me, and there is usually no reflection from the iono::iphere, so 
thlit communication is possible only if the transmitting and receiving 
antennas are raised sufficiently above the surf ace of the earth to allow use 
of a direct wave. T he reflected wave from the smfn.ce of t he earth com­
bines with the direct wave to give a strong or weak signal depend.ing on 
the distance from the transmitting antenna. These signals will be quite 
stable however, with very little static interference. For distances beyond 
the line or sight, diffraction and refraction must be relied on to produce 
signals. The refracted signal is v ariable been.use it depends on conditions 
in the lower atmosphere, so that fading occurs. At times when the 
sporadic E layer occurs, reflections of the sky wave can occur, giving 
tro.nsmission over long distances at frequencies up to 60 me. Since the 
sporadic E layer is patchy, transmission is possible only between certain 
locali tics and for shor t t imes. 

In the microwave region the direct wave must be used a.nd communica­
tion is not possible much below the line of sight. Since there is practically 
no sbitic or fading in this region, reception is very satisfactory. Highly 
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directive antenna arrays can be built in a small space to concentrate the 
energy in a narrow beam, thus increo.sing the signal s trength. 

Review Questions and Problems. 1. Why is there a low density of 
ionization in the atmosphere below about 30 miles and above 250 miles 
from the earth's surface? 

2. Wha.t factors determine whether a radio wave is reflected by or 
penetrates an ionized layer? 

3 . W'hat is meant by virtual height? Critical frequency? Maximum 
usn.ble frequency for a given Ja,yer? 

4. Why is energy absorbed from a wa.ve passing through an ionized 
layer? How does the amount of attenuation vn.ry between day and 
night conditions'? 

5. What causes fading of signals from broadcasting stations at night? 
Why is fading not present i.J.1 the daytime on the broadcast band? 

6. What causes selective fading'? Flutter fading? Radio fade-ou t? 

7. How does the energy in static vary ~rith frequency? 

8. \Vhat causes fading on ult rahigh frequencies? 

9. What factors must be considered by a communication company u1 
deciding which frequency to use for communication between two fixed 
s tations? 





CHAPTER 16 

Radio Antennas 

Functions of an Antenna System. An antenna system usually serves a 
twofold purpose. It~ chief func tion is to radiate efficiently the energy 
furnished by the t ransmitter. Its second function may be to direct this 
energy into directions where it is wanted o.nd to prevent radiation in other 
directions where the signal is not wanted. A simple antenna can do the 
first job quite well. To do the second may require a very complicated 
structurn. 

Practical antennas fall into one of two classes, elevated antennas or 
grounded antennas. An elcvo.tcd antenna is operated some distance above 
the ground. It may be eithei· horizontal or vertical. A grounded antenna 
operates with one end grounded through the output of the transmitter or 
the coupling coil at the end of the feed line. Elevated antennas are used 
at the higher frequencies, above about 2 me, while grounded antennas are 
generally used at frequencies bek>w this. At the lower frequencies, a wave 
length becomes very long an<l the necessary size of antenna for efficient 
fadiation becomes quite large. Bcc~tuse of the difficulties of elevating 
large stnwtures above the , 

I 
ground, grounded antennM are 1 

I 
used a t these frequen cies. 1 

\ 
Grounded antennas are also ' 

Voltage \ 
used at high frequencies in (Sine wave) \ 
certain particular applications , 
such as airplane antennas 
where the airplane itself be­
comes the ground . 

The Elevated Half-wave 
Antenna. When an elevated 
antenna is used it is generally 
ma.de a half wave length long. 

' 

The antenna is then of a res- F10. rn-1. Volu1ge nnd Current Distribution on 
nn ElevAted Hali-wave Antenna. 

onant length, that is, it is tuned 
to resonance and its input impedance is a pure resistance equal to its 
radiation resistance. The advantage of operating it this way will be 
shown later, in the section on transmission lines. The current and volt­
age distributions are similar to those obtained nt the end of an open-cir-

363 
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cuited transmission line. These a.re illustrated in Fig. 16-1. The current 
is zero at the ends (necessarily) and the voltage is a maximum at these 
points. This voltage is the voltage between the two halves of the an· 
tenna, one end being positive and the other negative. at any given instant. 
The current distribution is very nearly sinusoidal, that is, the current 
loop shown has the shape of a half sine wave. This distribution occurs 
because' it is obtained by the addition of two traveling sine waves (the 
outgoing wave and the reflected wave), as illustrated in Fig. 9-5. The 
voltage w~ve is also sinusoidal with a node a.t the center of the antenna, 
which corresponds to a point one quarter wave length back from the open 
end of the transmission. line of Fig. 0-5. The voltage loop is generally 
shown crossing over at the nodal point to indicate the 180° phase differ· 
cnce between the top and bottom halves. 

Because the voltage between the two halves of the antfmna is zero (or 
very nearly so) at the center, it is possible to short them together without 
affecting the operation. Of course it is still necessary to feed power to the 
antenna, but this can be done by tapping the feed line directly to the 

Iroedor 

= 

(a) 

= 

antenna or by coupliJ1g into the 
antenna by means of a radio­
frequency transformer. 

The half-wave antenna op­
erated in this manner is simi· 
lar in many respeet.s to a parallel 
resonant circuit (Fig. 16--2) in 
which a large circulating current 
can be built up with but a small 
current in the feed line. As with 
the resonant circuit, if the an­
tenna is detuned slightly the 
circulating current, or in this 
case the stancling-wave current 
on the n.ntenna, will drop 
sharply. The antenna will be 

c b) detuned if it is shorter or longer 
Fm. 10-2. '.l.'bo lfolf-wnve Antenna Com- than is required for resonance at 

pnrod with IL P!lrullcl Resonant Circuit. the frequency being used. If it 
is too short, that is, if it resonates 

at a higher frequency, it ca.n be tuned by adding inductance at the center ex~ 
actly as in the case of the parallel circuit. This added inductance is 
known as loading. If the antenna is too long it can be tuned by inserting 
capacitance at the center, which is equivalent to adding series capacitance 
in the resonant circuit. 

Radiation Characteristics of a Half-wave Antenna. As was mentioned 
in. Chapter 9, an antenna radiates a stronger field at i·ight angles to its a::-..is 
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than in other directions. The radiation characteristic of a. half-wave 
antenna far away from the ground is shown in Fig. 16- 3. The ro.diation 
characteristic is a method of representing grnphically the relative field 
strength in different directions. The distance from the center of the 
antenna to the curve, along any particular line, represents t he relative 
field strength in t.ho.t direction. In Fig. 16-3 the line OA is twice the 
length of OB, so that field strength E in the direction of OA is twice as 
great as the field strength 
in the direction of OB. B 
The field is symmetrical 
about the ax.is of the an­
tenna. and the character­
istic shown is merely a 
cross section of the solid 
figure, which would repre­
sent the three-dimensional 
characteristic. This solid 
figure could be obtained 

----

Antenna-

by rotatin
0
D" the character- Frc. 16--3. Radiation Charnctcristic of n Half-wave 

Antenu.a.. 
istic of Fig. 16- 3 about 
the axis of the antenna. It is a doughnut shape with practically no hole 
s.nd with the antenna sticking vertically through the middle. 

The characteristic ho.s been shown for a vertical antenna, and for such 
it is the vertical radiation characteristic; that is, it indicates the relative 
field strength at various vertical angles. The horizontal characteristic, 
which shows the relative field strength at various horizontal angles, is just 
a circle of radius OA for t his antenna. This is because t he antenna radiates 
uniformly in all directions perpendicular to its a..""Cis. 

If this same antenna were operated in the horizontal position, t he same 
radiation characteristic would apply, except t hat it would be turne<l over 
"'itb the antenna. The characteristic of Fig. 16-3 would then be the 
horizontal characteristic. The vertical characteristic looking a.long the 
length of the antenna would be a circle. 

The Grounded Antenna. At the lower frequencies a half wave length 
becomes quite long and an elevated half-wave antenna would be a 
large and costly structure. This is particularly true been.use o.t these 
frequencies the ground wave is used for transmission and so the· antenna 
would have to be vertical. 

In the middle of the broadcast band, at a frequency of say 1,000 kc, a 
half wave length is 150 m or about 500 ft. The difficulties of constructing 
a vertical ante.n.n.a of this length and elevating it above the ground are 
evident. Fortunately, under t hese circumstances it is possible to use an 
antenna only a qu a1·ter wave long (or even shorter if inductance loading is 
used) and operate it mth one end grounded. In this case the ground 
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takes the place of the lower half of the antenna. This is shown in Fig. 16-4, 
where the lower half of the ·antenna bas been replaced by the image of the 
upper half in the ground. It is possible to do· this because if the ground 
were a perfect conductor the distribution of the· electric field about the 
antenna would be as shown by the solid lines of :Fig. 16-4b. This distribu-

Antenna 

Current 
Distribution 

Electrostatic 
Field 

Ground t 

Image 
Antenna 

' t I 
I 

1 Image 
1 / Current 
I; 
v 

(a) 

I I 1, ; I i J l I 
I I \ I I I I I 
I I I \ ,v / I I I I 
I I I I \ I I / I f / 
\ 1, I \\ ',.!- .. / I I I I 
\ \ / I I I 
I \ \ ', I ,/ I I I \ \ \ '-l-..- I I I 

\ ' '-,_ I // I / '.... ..... ..... __ :,:t.-:.-=:-"'.I' _,,/ ..... _____ , ...... ___ .,,, 
{b} 

Fro. 16-4. A Quarter-waYe Vertic11l Antenna at the Surface of the Enrth. (a} Antenna. 
and its image, showing current distribution. (b) Elcct.rosta tic field about the nntennn, 
showing how tbe image antenna can be used to account for the eITcct of tho ground. 

tion above the ground is exactly similar to that obtained about one ha.If of a 
half wave antenna in free space (far away from the ground). Therefore, in 
considering the operation of a grounded ante1ma it is merely necessary to 
replace the ground by the image of the antenna and then determine the 

p fields of this com:plete a11-
tenna as if it' were in free 

Actual 
Antenna ar 

Ground Plane 

Image 
~/"-wave Reflected from the Ground Here 

aq"""" 
~ Reflected Wave Appears to come 
~ from this Point 

FIG. 16-5. Vertical Antenna at the Earth's Sur­
face Showing How the Image Can Be Used tc 
Accouut for the Re.fleeted Wave. 

space, that is, remote from 
the ground. 

This behavior can also be 
understood by' considering 
the cuuent in the a11tem1a. 
The strength of the electric 
field at a point in space 
(not too close to the an­
tenna) due to any portion of 
the antenna is proportional to 
the current flowing in that 

portion. The total electric field at the point is the 8'Um of all the electric 
fields produced at that point by the various portions. (ThiS addition must 
be a vedor addition and the full meaning of this term will be discussed 
later under Directional Antenna Arrays.) In Fig. 16-5, to determine the 
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relative electric field strength at the point P, the contributions due to 
the cuITents in each of the small lengths a m ust be summed up. However, 
besides the energy which reaches P by direct radiation from each of 
these points there is the reflected energy which is radiated towards the 
ground and then reflected up to the point P. As far as the electric field 
strength at the point P is concerned, it is exactly ns if this reflected 
energy were coming from another antenna which is tbe min·or image of 
the actual antenna. (A mirror image is the t ype of image that is seen in a 
mirror, with right-hand points on the right, left-hand points on the left, 
close points close and distant points far away.) . 

Antennas of Other Heights. As in the case of the half wave antenna, a 
quarter wave grounded antenna is of a resonant length and twts like a circuit 
tuned to the frequency being used . E ssen tially this condition m eans that 
looking in at the feed point to the antenna the impedance presented is a 
pure resistance. It also means that with this length of antenna the an­
temia curren t for a given applied voltage will be large. If the antenna is 
lengthened or shortened slightly from this length the current will drop 
sharply. However, if it is necessary to use an antenna longer or shorter 
than this resonant length, such an antenn11 may be resonated or tuned by 
adding capacity or inductance respectively in series with it. This tuning 
is often done with broadcast antennas. In particular, because of cost 
considerations, it is often desirable to operate with a shorter antenna, say 
one sixth or one eighth of wave length. In this case it is neceSS!l.ry to load 
the antenna with series inductance to t une it to the frequency being used. 

Losses and Efficiency. I t has already been seen that beca.use an antenna 
radiates energy it acts like a resis tance at the end of the line feeding it. 
This resist.a.nee, because it is a result of the energy or power ro.dinted, is 
called radiation resistance. However, there are also some other i·esistances 
in the circuit. The antenno. will be constructed of wires or rods or steel 
girders, depending upon its size, and these will have resisttince. If the 
antenna js loaded with an indllctance coil this coil will also have a resist­
ance, which may amount to several ohms. These resistances o.re generally 
called ohmic or loss resistances to differentiate them from the radiation 
resistance of the antenna. The ant enna current must flow through these 
ohmic resistances and so there is a power loss. In addit ion there is a 
dielectric loss in the ground due to the penetration of the electric field 
into it. The relative amounts of power lost and power radiated will depend 
upon the ratio of the loss resistances to the radiation resistance. For this 
reason it is desirable to have n.n antenna with a high·radiation resistance, 
since the radiation resistance gives a measure of power radiated or tho 
useful power. The radiation resistance of a half-wave antenna is about 
73 ohms. If it is properly const ructed its Joss resistance mny be only 
1 or 2 ohms or even less. This means that the losses will be small 
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compared with the useful output power and tbe efficiency will be high. 
For a loss resistance of 2 ohms, the efficiency in this case would be given by 

Efficienc = ~utput X 100 = output x 100 
Y input output + losses 

73 = 73 + 2 x 100 = 97%. 

For an elevated antenoo the only other losses likely to occur are losses in 
supporting insulators and absorption losses clue to currents induced in 
other conducting structures near th<> antenna. These can be kept small 

About ~ Wave 
Lengt~ Long 

Fw. lG-G. Radin! Type of Ground System Used for Grounded Antennas. 

by placing the insulators at low-voltage points and by keeping the antenna 
a.way from ne11.rby condu~tors. 
. In tho case of grounded antennas the losses rnay be considerably greater 
than t,his. T he ground that is taking the place of one half of the antenna, 
and which Wt'l.S assumed to be a perfect conductor for this purpose, actually 
has resistance that may be quite high. Referring to Fig. 16-4, it wi11 be 
seen that the current fl.owing in and out of the bottom of the antenna must 
also flow out of and into the ground connection. Once in the ground it 
spreads radially in all directions from the antenna, keeping near the surface 
or penetrating to considerable depths depending upon whether the wave 
length is short or long. These ground currents flowing through the re-
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sistance of the ground cause losses which must be supplied from the input 
power. This loss decreases the efficiency of the antenna system . 

.A13 the antenna is made shorter (in terms of a wave length) the losses 
become quite large, for three reasons. (1) As the antenna is made shorter 
it requires more current in it to produce the same amount of rndiated 
power. The losses increase as the square of the current (P = l 2R), and 
so mount rapidly. (2) The antenna must be loaded with an inductance 
coil to tune it to resonance and the large current flowing through the 
resistance of this coil may absorb an appreciable portion of the power. 
(3) The electric field at the base is high, which incren.ses the dielectric 
losses. 

Ground Systems. 'l'o reduce the losses in the ground which occur with a 
grounded antenna, a ground-system is used quite generally, especially with 
broadcast station antennas. The ground system is often constructed as 
indicated in Fig. 16-6. Wires of about a half wave length a.re stretched 
radially outward from the ~ound connection. The usual angular separa­
tion is 3° so that there :i.re 120 of them. To save wire, alternate radials 
are of ten made shorter; this does not affect the operation much. If the 
wires are soldered or preferably welded together at the joints the resulting 
ground system will have very small losses. 'l'he dielectric loss at the base 
can be reduced by placing a screen under the antenna which is also con­
nected to the ground system. 

Radio-frequency Transmission Lines. RESONANT LINES: It is gener­
ally not possible to locate the transmitter right at the input to the antenna 
and some means jg required for conveying the radio-frequency energy 
from the output of the transmitter to the antenna. Some form of radio­
frequency transmission line is therefore used. One type of transmission 
line, known as a resonant line, has already been ment ioned (Ch.apter 9). 
Two examples of such a line feeding a half-wave antenna are shown in 
Fig. l&-7. The standing waves of voltage ttnd current existing .on the 
antenna cont inue back along the line to the generator. In order not to com­
plicate the diagrams, only the current distributions are shown. The voltage 
distributions are similar except that the voltage nodes occur at the current 
loops and the voltage loops occur at the current nodes. Figure l&-7a 
shows the antenna being fed by a transmis.'>ion line that is approxi­
mately a half wave length long. The line feeds the antenna at a point ·of 
current maximum and the current distribution on the line is as shown. 
In this case (with n. half-wave line), the transmitter feeds the line at a point 
of curren!; maximum. This point is also a poi11t of voltage minimum, and 
since impedance is given by the quotient voltage divided by current, it 
is also called a pO'irzt of minimum impedance or a low-impedance point. 

In Fig. 1&-7b the same n.ntenna is fed by a. line which is three quarters 
of a wave length long, and in this co.se the transmitter feeds the line at a 
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current minimum and voltage max1mum. This point is, of course, a hi.gh­
impedance pai,nt, and a different method of coupling the transmitter to the 
line is required, as wm be described later. If the line were o. quarter wave 
long, or any odd number of quarter wave lengths long, the input to the 
line would be at a high-impeda.nce point. 'l'his condition exists as long 
as the line feeds the ant.enna at a current loop or low-impedance point. 
Also, for this case when the line is any .integral number of luilf wave lengths 
long, the input to the line is at a low-impedance point. When t he lines 

---- ~ ---•""'! 

l 
3 .\ 

w 
l""I 

Transmitter Output 

(a) {b) 

FIO. 10-7. Rcsonnnt Lice Feed t-0 Hall-wave Antcnnn. (a) Linc hns low input imped­
anco when it is an integral number of half 1,·ave longths Long. (b) Lino has high input im­
pedance when it is 1m odd number of quarter wave lengths long. 

are some length other than an integral multiple of a quarter or half wave 
length, it is necessary to tune them by adding inductance or capacity, 
usually at the input point of the lines. Tuning is discussed in the next 
section. 

Characteristic Impedance and N onresonant Lines. 'I'hc lines of Fig. 16-7 
are called resonant lines because, like the antenna itself, they have 
standing wl1ves of current and voltage and so must be tuned to resonance. 
With resonant lines the input impedance, or the impedance which the 
transmitter has to feed, varies with the length of line. It will be recalled 
from Chapter 9 that standing waves of voltage or cw-rent exist on a line 
when there is a reflected wave ns well as the initial wave. A wave is com­
pletely reflected at the end of a line ii the line is open-circuited or sbort­
circuited. This is so because no energy can be dissipated 01· used up at the 
end of the line under either of these conditions and so it must be reflected 
back. However, if the line is terminated in a. re8ist,cmcc at least some of the 
energy will be absorbed by t.he resistance. If tbe resistance is very large 
(nearly an open circuit) oDiy a small amount of energy will be absorbed 
and most of it will be reflected. If the resistance is very small (nea.rly a. 
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short circuit), again only a fraction of the energy in the initial wave will be 
absorbed. There is one particular value ol' resistance which will absorb 
all the energy in the initia.l wave. This particular value of resistance is 
called the chamclr.•risl·ic rem:stance or characteristic impedance of the line. 
Its value depends upon the cha,racteristics of the line, in particular upon 
the inductance and capacity per unit length of the line. The symbol 
representing it is Z0 and its vtLlne for ~t line is given by 

Z 
Jf, 

0 = Ye' 
where L and C are the inductance and capacity per unit length of the line. 
For an open-wire line of the type usuaJly used to feed half-wave antennas, 
the Yalue of the characteristic impedance is about 500 ohms. That is, if 
such a line were terminated by a 500-obm resistance, all the energy would 
be absorbed and there would be no reflected wave and therefore no standing 
wave on the line. Now, the radiation resistance of a half-wave antenna 
(fed at the center) is only 73 ohms, 11.nd since this is small compared with 
500 ohms, most of the energy will be reflected back instead of being 
absorbed by the antenna system nnd radiated. Hence there are standing 
waves on the transmission line. They are not perfect standing waves 
(that is, the voltage and current nodes do not go right down to zero), 
beeause some energy is absorbed o.nd therefore the reflected wave is not 
quite as large as the initial wave. However, if it were possible to ·use 
some sort of a transformer to transform the 73-olm1 resistance of the an­
tenna into 500 ohms, that is, to nw.lch the antenna to the line, then all the 
energy traveling down the line would be absorbed, there would be no 
reflected wave, and the line would carry.a traveling wa1Je of current (that is, 
there would be a wave traveling in one direction only). The line would 
then be called a nonresonant line because there would be no standing 
waves on it and it would not be necessary to tune it to a resona.nt length. 
In this case its input impedH,nce would be independent of its length. 

Losses on Lines. The losses on a nonresonaut line on which there are 
no standing waves will be less than on a resonant line which has standing 
waves of voltage and current. The reason is that when standing waves 
are present the current and voltage on the line may at certain points be 
many times that required when a nonresonant line is used to feed the 
antenna. The huger value of current increases the losses, which are 
porportional to the square of the current. The voltage becomes very large 
at the voltage antinodes, and may be sufficient to cause arc-overs if much 
power is being delivered. The reason for these large currents and voltages 
is easy to understand in terms of initial and reflected waves. If reflection 
occnrs at the end of the line, as it does on resonant lines, the only energy 
radiated by the antenna is the d(O.erence between the initial and reflected. 
waves. If the reflected wave is nearly equal to the initial wave, it will 
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require very large values for bpth of them to make their difference appre­
ciable. As an example, suppose i of the initial current wave is a.bsorbed 
(that is, radiated by the n.ntenna) and ! of it is reflected back down the 
line. The initial and reflected waves will add in phase at cert.ain points 
to produce a standing wave equal to! (or-!+!) of the amplitude of the 
initial wave. Since the current effective in producing radiation is only 
t of the initial cum;mt wave, the standing-wave current (at a cmrent loop) 
will be 9 times the current required to transmit the same power if the line 
were nonresonant. Since the losses are proportio.nal to the square of the 
current, the losses at the current loops will be 81 times what they would be 
on a line without standing waves. ·This explains the hot spots that occur 
on a resonant line trn.nsmitting appreciable amounts of power. 

Quarter-wave Matching Sections. One form of network commonly used 
to match a line to the antenna is a quarter-wave matching sect-ion. Thi~ 

makes use of the standing waves which exist on a l'esonant line feeding 
the antenna (see Fig. 16-7). In this case the resonant line is made just 
a quarter wave long and has the current distribution shown in Fig. 16-8. 

1 
The end nearest the antenna has 11 

current loop and is a low-impedance 
point, while the open end has a cur­
rent node and is a high-impedanc~ 
point. Somewhere in between. these 
low-and high-impedance points there 
is a point where the impedance is 

Non-resonant Transmission Line just 500 ohms. This point is shown 
Frn. 16-S. Use of 11 Qu11rter-wave Mntcb­

i11g Sccti(;>n to Match 11 High-impedance 
(500-ohm) J.ine to o. Low-impedance (73-
ohm} Antennn. 

as point a in Fig. 16-8. If a 500-
ohm line is attached at this point, 
it will then be terminated in its 
characteristic impedance and all the 

energy of the initial wave traveling down it will be absorbed. There will 
then be no reflected wave and therefore no standing waves on this line 
and it will operate as a no:nresonant or untuned line. This i~ becau.se 
the quarter-wave section has matched the line to the antenna. 

Parallel-wire and Concentric· Lines. The two types of transmission lines 
most commonly nsed for conveying power to antennas are tbe pa.rallel-w&e 
line already mentioned and the concentric or coaxial line. Most ama· 
teur installations use parallel-wire lines because of their relative ease of 
installation and low cost. Commercial stations favor the concentric line, 
which consists of a small copper tube or a copper wire within a larger copper 
tube. The current .flows on the outside of the in.ner tube and the inside of 
the outer tube. The electric and magnetic fields are shown in Fig. 16-9. 
Such a line is completely shielded from possible interference. Since the 
electric and magnetic fields are entirely on the inside there is no radiation 
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from the line. The size of the tubes used depends upon the amount of 
power to be transmitted. Sizes of the outer tube range from f-inch diam­
eter for a power of a few watts up to 3 or 4 inches for a 50-l"W station. 
The loss depends upon the size of tubes and upon the ratio of the diameters 
of the outer and inner tubes. The optimum value of this ratio for least 

(Outer Conductor 

-~91-- - - - - --,.~ -
' I I I I I I l 
I I I I 
I I I I 

t~J l_J 
\insulating Spacers Magnetic Field 

Electric 
Field 

F1a. 16-0. Concontric Trnnamission Line Showing Eloctcic and Magnetic Fields. 

loss is 3.6, but considerable variation from this value is possible without 
increasing the losses much. 

The characteristic impedance of a concentric line is lower than that of a 
parallel-wire line, being around 75 ohms. I t can be calculated from di­
mensions of the conductors by use of the formula 

b 
Zo = 138 log10 -, a • 

where b is the inside diameter of the outer conductor and a is the outside 
diameter of the inner conductor. For the. optimum rat io of b/a = 3.6 this 
gives 

Zo = 138 log10 3.6 = 77 ohms. 

. 

The formula for the characteristic impedance of parallel-wire lines is 

b Zo = 276 logw -, 
a 

where in this case bis the spacing between wires, center to center, and a is 
the radius of the wire. For No. 10 wires at 3-inch spacing this gives about 
490 ohms, while for No. 10 wires at &-inch spacing the characteristic im­
pede.nee is about 570 ohms. 

Another difference between these two types of lines is that t he paro.Uel­
wire line is a balanced line while the concentric line is urrhaLmced to ground. 
With a balanced line the two conductors ho. ve the same capacity and induc­
tance per unit length and also the same physical relation to the ground. 
With the concentric or w1balo.nced lino the outer conductor is at ground 
potential a.nd the voltage on t he inner conductor is then a voltage ·with 
l'espect to ground. Balanced lines nre required for properly feeding ele­
vated hnlf-wave antennas and other similar types that a.re balanced to 
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ground. Concentric lines, on the other hand, are pa.rticulnrly suited to 
f ceding grounded antennas because then one connection of the line must 
be grounded if it is to be directly connected to the antenna. It is possible 
to feed grounded autennas with balanced lines and elevated antennas with 
concentric lines, but suitable coupling networks must be used. 

Coupling Networks. Coupling networks are used to couple or connect 
the transmitter to the transmission line and the transmission line to ~he 
antenna. (If there is. no transmission line the coupling network is used to 
couple the transmitter output diN!ctly to the antenna.) Coupling net­
works serve to isolate the transmission line and antenna from the large 
D.C. potentials at the output of the transmitter. They are used to tune 
to resonance the circuits they connect, and for this purpose are generally 
provided with one or more variable elements, such as variable condensers 
or variable inductances. Finally" they provide a means for varying the 
coupling between the circuits and therefore can be used for impedance 
ma.tching so that the ma.rimum possible amount of power is transferred 
from the transmitter to the antenna. 

There a.re many different types of coupling networks, some of which are 
shown in Figures 16-10 to 16--15. However, the two functions of tuning and 

Generator 

Coupling Network impedance .r_natchi_ng 
r----------; can be explamed with 

-u..-+
1 

--1 reference to the sim-

I I L ________ J 

. Load pie ooupling nety10rk 
shown in Fig. 16-10. 

TUNING. In order to 
obtain large currents in 
ann.ntenna or any other 1 

F10. 10-10. Typical Series-tuned Coupling Network for 
Connecting a Low-impedance Generator to a Low-impedance 
Load. 

circuit having react­
ance it is necessary to tune the circuit to resonance. In Chapter 3 it was 
seen that this can be accomplished by adding either inductance or capaci­
tance to the circuit nntil the inductive reactance is just equal to the capaci­
tive reactance If the circuits to be coupled together are not already tuned 
to resonance the coupling network can be made to tune them. 

In the network of Fig. 16-10, the variable condensers are used to tuM the 
generator and load circuits. Of course it might happen that either or 
both of these circuits would require added inductance instead of capacity 
for correct tuning. However, in this case, since the coupling coils used are 
now part of these circuits, it is only necessary to make· the reactance of 
these coils large enough so that the circuits (without the condensers) are 
inductive, n.nd so can be tuned by means of the condensers. Variable con­
densers are preferred to variable inductances in all low-power applications 
because they are easier to construct and adj'ust, but with high-power trans­
mitters the opposite is sometimes true. In that case the condensers would 
be fixed and the inductances made va.riable. 
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If only one of the circuits being coupled together requires to be tuned 
(the other ah eady being resonant), then a variable element will be required 
only in the untuned side. However, if both circuits are detuned nnd the. 
coupling ootween them is 7.oose, a variable element will be required in both 
input and output sides of the coupling unit. Coupling is said to be 1.cose 
when it is insufficient, as defined in Chapter 3. In this case the tuning of 
one circuit does not have much effect on the tuning of the other and so the 
circuits can o.nd must be separately tuned to the resonant frequency. 
However with close coupling, that is, where the coupling is sufficient or 
greater than critical, the tuning of one circuit affects the tuning of the other 
so that only one variable element is required for tuning both circuits. 

It is necessary nevertheless to adjust the amount of coupling in order to 
t ransfer the maximum amount of power from one circuit to the other, and 
this adjustment affects the tuning so that the correct over-all adjustment 
is more difficult to obtain. With a tuning element in both circuits the tun­
ing procedure is simpler. In this case the coupling between circuits is ma<le 
loose and each circuit is then tuned to resonance iudependcntly of the other. 
The coupling is then increased until maximum current flows in t he second 
circuit and the correct adjustment has been obtained. Because of the ease 
of adjustment that results, two tuning elements are often used even where 
only c;me is necessary. 

lMPEDA.L'<CE MATCHING. Besides tuning the circuits they couple together, 
coupling networks are used to control the amount of power transferred from 
one circuit to the other. This control is known as impedance matching. 
In Fig. 16-10 the amount of power transferred is controlled by varying the 
coupling between the two coils. Often, though not always, it is desired to 
t ransfer the maximum possible amount of power from one circuit to the 
other. In this case the coupling is increased until the resistance coupled 
int.o th~ generator circuit by the coupling is just equal to the resistance of 
the generator circuit alone. It hns been previously shown (Chapter 7) 
that this is the condition for maximum power tra.nsfer. 

Coupling between two circuits can be varied in ways other than varying 
the mutual position of two .coils. If the coils are fixed or wound on the 
same form the coupling may be varied u p to the maximum obtainable by 
providing the coils with taps and tapping on at different points. 

The amount of mutual inductance that can be obtained conveniently 
with air-core coils, such as are used in antenna coupling networks, is quite 
small. If the resistances of the generator and lon.d are small so tho.t large 
currents a.re required for a given amount of power, the large current flowing 
through the primary will produce a large amount of magnetic fimc and 
sufficient voltage. will be induced in the secondary. A series circuit, such 
as that shown in Fig. 16-10, in which the coupling coil and condenser a.re 
in series with the generator or lo11Cl, is satisfactory in this cnse. However, 
when high resistance circuits are to be connected together, only small 
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currents will fl.ow, and it would require a very large number of turn.s to 
produce sufficient magnetic flux to induce the required voltage in the sec­
ondo.ry. In this case the parallel connection of Fig. 1()-11 is used. The 
coil and condenser a.re in parallel with t~e generator or load. Here a reJ.a.. 

Coupling Network 
.----- ---; 

I 

Generator Load 

I I 
L--------J 

Fm. 10- 11. A Parallel-tuned Network for Coupling a 
High-impodo.nce Generator to e. H igh-impodl\lleo Loud. 

tively small current 
(but correspondingly 
large voltage) from the 
high-impedance gen­
erator will produce a 
large circulating cur­
rent in the primary 
parallel reson.o.nt cir­
cuit. This large cur­

rent produces sufficient magnetic flux to induce the r equired voltage in 
the secondary. If both generator and load circuits are high-impedance 
circuits (that is, high-voltage-low-current circuits) the parallel connection 
is used on both sides of the coupling network. If oue is a high-impedance 
circuit and the other is a low-impedance circuit, ~he parallel connection 
will be used on the high side and the series connection on the low .side. 

TYPICAL COUl'LING :t-.TETWORKS. Some typical coupling networks used 
to couple the transmitter to the transmission line o.nd the transmission line 
to the an tcnoo. o.re shown 
in Figs. 16-12 to 16- 15. 

Figure 16- 12 shows 
me1ihodsof couplingfrom 
the fmo.l stage of the 
tru11smitter to a resonant 
lino. The plo.te circuit 
of a tube is n. high­
impedo.nce circuit and 

(a) (b) 
Fro. 16-12. Couplins n Trnnsmitter to n Resonant 

Line. (a} Series feed for coupling 11t n low-imped1U1c0 
point. (b) Pa.rullol food for coupling at a. liigh-impedance 
point. 

parallel tuning is used on that side. On. the secondary side series tun­
ing js used, as in Fig. 1&..'.7s., when the resonant line is being fed at a low­
impedancc point. If the line is being fed at a. b.igb-impeda.nce point 
(Fig. 16-7b), the parallel circuit of Fig. 16-12b is used. 

~ 
'When a. nonresonant 

F ~ I I-- parallel-wire tra.nsmis-
e.._ 1-- sion line is being used, 

the input impedance 
(a ) ( b) will be a pure resis-

:J.i'10. 1.6-13. Coupling n Tra.nBinitter to a. Nonrcaonnnt ta.nee (usually about 
Lino. 1(11) Inductive coupling. (b) Direct coupling. 500 ohms) and its value 

will be independent of length. The coupling circuits of Fig. 16-13 a.re 
suit1.tble for this. In Fig. 16-130. the condenser is omitted on the line 
.side and th~ .em.~ll .~ID9JJI).t 9..f J.ni!iJctiv~ reactancp fotroduced by the sec.ond-
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ary coupling coil is tuned out on the primary side. Close coupling is neces­
sary to accomplish this tuning. In Fig. 16-13b the same result is ob- · 
tained by direct coupling to the primary coil. The amount of the coupling 
is varied by moving tbe taps on t he coil. Loose coupling requires only a 
few turns between taps; close coupling is obtained with a larger numbel' of 
turns. The fixed condensers are necessary to isolate the line from the high 
D.C. voltages present in t he plate circuit of a transmitting tube. · 

Figure 16-14 shows a method of coupling a. transmitter to a concentric or 
un bu. lanced transmission 
line. Such a line has a low 
impedance n.nd so series feed 
is used. A Faraday shield I 
is often used in this case. A 
Faraday shield is a shield 
which prevents electrostatic 
coupling between the coils 
whHe allowing magnetic 
coupling. 

FIG. l&- 14. C(1upling u Transmitter to an 
Unbu.lu.nced Line. 

COUPLING 'l'Ellll TRANSMISSION LINE 'l'O THE ANTENNA. Several methods 
of coupling o. transmission line to an antenna are shown in Fig. 16-15. 
Figure 16-15a shows a. series-feed connection to a vertical grounded 
antenna. If the antenna is shorter than a. quarter wave length it will have 
a capacitive reactance and this co,n be tuned out by proper adjustment of 
the loading coil. There is no provision for impedance matching. The 
radiation resistance of the antenna is about 36 ohms for a. quarter wave 
length and drops rapidly as the antenna height is decreAsed, being only 
about 13 ohms at one sixth of a wave length and 7 ohms at one eighth of a 
wave length. Because of this drop, considerable mismatch may occur 
and the feed line will be operating a.<> a resonant line. Figure 16-15b 
shows a parallel-feed connection to couple a. high-impedance (500-ohm) 
line to a grounded antenna. The coil in series with the antenna and ground 
is used to tune the antenna circuit to resonance, o.nd the impedance match 
is obtained by adjusting the coupling between the coils. In Fig. 16- 15c 
is shown a shunt-feed a'i-rangement sometimes used with broo.dcast an­
tennas. The feed line is run up at an angle and connected directly to the 
antenna tower at a point where the impedance is the same as the line 
impedance. The impedance to ground along the antenna is zero at 
the base and increases to a maximum at the top. (This is similar to 
an elevated ba.lf-wave antenna in which the voltage and therefore the 
impedance between halves is 1ow at the center and increases to a maximum 
at the ends.) · 

Connections to elevated antennas are showu in Fig. 16-15d to 16-15g. 
The center-feed connection (Fig. 16-15d) makes the feed line a. resonant 
line (with standing wn.ves) because of the impedance mismatch between 
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the 500-ohm line and 73--ohm antenna. Ho\vever, tuning can be accom­
plished at the transmitter end of the line and the only effect of the mismatch 
will be to increase somewhat the losses due to the standing waves. If the 
line is to be quite long the direct feed connection of Fig. 16-15e is to be pre­
ferred, since the impedance of the antenna and line can be matched a.nd 
standing waves on the line eliminated or at least reduced. The matching 

GROUNDED 
ANTENNAS 

( a ) Series feed 
(Low-impedance line) 

( b ) Parallel feed 
(High · impedance line) 

------( 
Cc l Shunt feed 

' 

ELEVATED 
ANTENNAS 

Insulator 

(d} Center- feed 
(Resonant line) 

( e) Delta matched 
(Non- resonant line) 

----''91'---

n ( f} Parallel feed 
( Non- resonant fine) 

( g) Direct feed 
(Single Wire Non -
resonant line) 

-cl~~~~~b,e~~~~a~-~ave LengtM , , 
11 

Sfiding LJ 
Short Bar ( h) Shorted Stub 

(Non - resonant line) 

FtG. 16-15. Methode of Coupling the T ransmission Line to tho Ant~nna. 

comes about in the same way as it docs for the shunt feed arrangement of 
Fig. 16-15c. The impedo.nce between two points on opposite sides of the 
cmter of the antenllll. increases ns the distance between the points is in­
crc.'\Sed. By tapping tho transmission line to the antenna a.t points where 
the impedance is equ9.l to that of the transmission line an impedance mateh 
is obtained. H owever, because of the loop tha.t then exists at the end or the 
line some inductive reo.ctancc is present a.long with tho resistance, so that 
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a slight detuning results and there will be some standing wave on the line. 
Figure 16-15f illustrates a parallel type of feed similar to that in Fig. 16-
15b. It is possible to obtain both an impedanee match and proper tuning, 
but the arrangement is not well suited to outdoor work. 

Figure 16-15g shows a single-wire feed line direct-connected to the 
antenna. By tapping the line to the antenna at a suitable distance off 
center an impedance match can be obtained and stn.nding waves on the 
feed line eliminated. 

Figure 16- 15h shows a coupling system using a portion of a line as a. 
matching and tuning network. The total length of the antenna from one 
end down around the shorting bar on the stub and out to the other end 
should be an odd number of half wave lengths. This length will make the 
antenna circuit resonant. Tuning can be accomplished by adjusting the 
shorting bar. A current loop will appear at the shorting bar and current 
nodes at the ends of the antenna. A match to the open-wire transmission 
line can be obtained by tapping the line to the stub at an appropriate dig.. 

ta.nee from the shorting bar. 

Directional Antenna Systems. Besides acting as efficient radiators or 
receivers of electromagnetic energy, antennas may be used to select the 
directions along which the energy shall be transmitted or received. This 
selection is usually accomplished by using two or more single antennas 
properly spaced and suitably. fed. Such a system is known as a directional 
array. For transmitting antennas directional arrays are used to direct the 
energy into certain directions where it is desired and to prevent its radiation 
in other directions where it would be wasted or where it would create 
interference. For receiving antennas a directive array can be used to 
discriminate o.gainst undesired signals coming from directions other than 
that in which reception is desired. 

The gain of a. directional army is the ratio of the signal strength in the 
desired direction using the direction.al antenna system to the signal strength 
obtained using a nondirectional antermA. The gain is usually expressed in 
decibels, a 6-db gain corresponding to an increase of two-to-one in signal 
strength. Since gains of 10 to 15 db are possible in both transmitting and 
receiving antenna systems, the reduction in transmitted power ngcessary 
for a given received signal strength in point-to-point communication is very 
marked. According to the reciprocity theorem, the radiation pattern of 
an antenna system used for transmitting is the same as its pattern when 
used for receiving. (Exceptions to this occur in the case of the V and 
rhomic antennas owing to the polarization of the transmitted wave.) 

Directivity of a Single Half-wave Antenna. A single hall-wave antenna 
radiates unifonnly in all directions perpendicular to its axis. However, 
the radiation in directions making other angles with the axis depends upon 
this angle. The radiation reduces to zero as the angle goos to zero, that is,· 
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along the line of the antenna. The graphical representation showing the 
relative radiation or field strength in different directions is known as the 
radiation characteristic or radiation pattern of the antenna. system; It is 
also called the directional characteristic or directional pattern of the antenna. 
a.nd this expression is usually shortened to pattern. 

The horizontal pattern is the directional pat tern seen when looking down. 
on the antenna from above. It shows the relative field strengths at all 
horizontal angles. The vertical pattern shows the relative radiation at all 
vertical angles. The horizontal o.nd vertico.l patterns are shown in li'ig. 16-
16 for vertical o.nd horizontal antennas. Figure 16-16a shows the hori­

0 
(a) (b) 

0 ·-a-
(c) (d) (e) 

F10. 16- 16. Radiation Patterns of n Single Hnlf-wave 
Antenna. (a) Horizontal pattorn of o. vertical antenna. 
(b) Vertical pattern of a vertical antenna. (c) Horizon tal 
pnttern of a horizontal antenna. (d) Vertical patt~rn of a 
horizontal antenna (looking along tho lino oi the antenna). 
(o) Vcrticnl pattern of a horizontal antenna (looking along 
a lino perpendicular t.o the a3is of the nn tenna) . 

zontal po.ttern of a 
vertical antenna, and 
since the radiation is. 
uniform in all hori­
zontal directions this 
pattern is simply a 
circle. Figure 16-16b 
shows the vertical pat­
tern of a vertical an­
tenna. Figure 16-16c 
shows the horizontal 
pattern of a horizontal 
antenna far away from 
the earth and is, of 
course, exact ly the 
same as Fig. 16-16b. 
The vertical pattern of 
a horizontal antenna 

looking along the line of the ruitcnna is shown in Fig. 16-16d. This is the 
sa.rne as Fig. 16-16n.. The vertico.l pattern of the same horizontal antenna 
looking along a perpendicular to the axis of the antenna is shown in Fig. 16-
16e. This pattern is similar to Fig. 16-16b and Fig. 16-16c. 

Vertical Antennas Spaced One Half Wave Length. One of the simplest 
directional arrays consists of two vertical antennas spaced one half wav!l 
length apart n.nd fed in-phase with eq1,lal currents. The expression iu­
pbase means that the currents in the two antennas reach their maxima 
(in the same direction) o.t the same instant. Figure 1(3- l'fa. shows the 
horizontal pattern which would be obta ined for this array. It is the so­
callcd "figure eight " pattern with the line of zero radiation parallel to the 
line of the antennas (the line drawn between the antennas). The pattern 
is simply explained by reference to Fig. 16-17b. For the direction OA 
the distances from the two antennas to the receiving point are equal so that 
radiations leaving the two antennas at the same instant will arrive simul­
taneously at the point A. The currents in the antennas are assumed to be 
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in-phase, so the radiations will leave the antennas in-phase and will arrive 
at point A in-phase. The addition of sine waves having a phase difference 
between them was covered in Chapter 3. The addition is accomplished 
by drawing vectors with the appropriate phase angle between them. In 
this case the phase angle between the waves arriving at A is zero (they 
arrive in-phase) so that the resultant field strength is just twice th~t from a 
single antenna (Fig. 16--17c). 

For radiation in the direction of OB, conditions are different. Antenna 
No. 2 is one half wave length further from the receiving point than antenna 
No. 1, so that it requires a longer time for a wave from No. 2 to reach B 

Antenna '1\ 

CD 
Antenna lf2/ 

(a) 

B 

(b) 

Radiation from Radiation from 

"'·:·1· r 1·."'"" ., 
"-Resultant"" 0 

Angle B = 180° 

(d) 

Radiation from 
An~tenna llf-2 

/ 

esultant 

Angle Radiation from 
B Antenna *l 

(e) 

Fm. 16-17. Horizontal Rndio.tion Pnttern for Two Vert.ica,I Antennas Spaced One llalf 
Wavo Longt,h and Fed In-phase. (11) Il.o,dio.tion pattern. (b), (c), (d), and (e) Mothod of 
obt11ining p~~torn. 

tha.n it does for a wave from No. 1. A wave leaving antenna No. 2 at a 
moment of a current maximum will arrive at antenna No. 1 just one ho.If 
cycle later when the current in No. 1 is a maximum in the opposite direction. 
The two waves which leave No. 1 and travel on together toward P,Oint B 
will then be 180° out of phase and they will cancel each other. Their 
resultant, as shown by the vector addition in Fig. 16-17<l, is zero. 

l~'or waves traveling towal'd some other point P along a line which makes 
an angle O with the line of bhe antennas, the difference in distance between 
antenna No. 2 and P and antenna No. 1 and Pis something less than a half 
wave length. This difference in distance is shown as D in Fig. 16--17b, 

and by geometry it will be seen to be approximately equal to ~ cos 6 

where A is a wave length. In this case the phase of tho current in antenna 

... 
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No. 1 will change by an angle B which is less than 180° wbile the radiation 
from No. 2 is f,raveling the distance D. The angle lJ will be given by 

B = 180 X ~2 = 360 X ~ degrees. 

The waves which travel on together towards point P will differ in phase by 
B degrees, and so their resultant at P will be as shown in Fig. 16-17e. 

In this manner the radiation at any angle 8 can be computed, and if this 
is done for all angles a directional pattern as shown in Fig. 16-l 7a will be 
obtained. It is a maximum along OA, zero along 013, and varies from the 
maximum to :&ero as the angle 8 changes from 90° to 0°. 

As an example, the radiation along an angle 8 = 60° will be computed. 
The disto.nce D for this angle is 

D = ~ cos 60° = ~. 
2 4 

The angle B will be 

B = 360 X ~ = 90°. 

For B = 90° the two vectors are at right angles and the resultant vector 
has a length which is v'2 times that of a single vector. Therefore the~ 

B i·ndintion in a direction 

Ot-
l-

(a) (bl (c) 

(d) (e) 

FIG. l.6-18. lh1dir~tion Patterns for Commonly Used An­
tenna. .Arrays. (o.) Two aotennus spaced one half wave 
lcoli\'th and with 180° phase difference. (b) Same wilh 00° 
phase difference. (c) Two antennas spaced one quarter 
wave Jeo"lh nnd fed with 90° phase difference. (d) Broad­
side array (ourron tij in-phase). (e) End.fire array (cur­
rente 180° out-of-phnso). 

mi.iking an angle 8 = 
60° is v2;2 times the 
mt\ximnm ro.diation 
along OA. 

Antennas Fed with 
Currents Having 180° 
Phase Differen ce. 
Wbon t he same two 
vertical antennas as 
above are fed with cur­
rents which have 180° 
phase di.ff erence the re­
sulting radiation pat­
tern is another ufigure 
eight/' this time with 
the zero radiation di­
rection perpendicular 
to the line of the an­
tennas. This pattern 
ir-; shown in Fig. 16- 18a. 
The explanation of this 
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pattern is similar to that of the antennas fed in-phase, except that now 
radiations which leave the antenna at the same instant are 180° out of 
phase so that they cancel each other along the line OA. However, along 
the line OB, the current in antenna No. 1 changes by 180° while the wave 
from No. 2 travels the distance between the antennas so that the two waves 
leaving antenna No. 1 and traveling along togetbet· towards B are now 

The Array . The Pattern 

• • 8 
The Group Pattern of the Group 

co 
The Unit Pattern of the Unit 

Fro. 16-19. .Horizontal Pattoro. of Two H01·izontal Antennas Spnccd Ono ffolf Wnve, and 
Fed In-phae~Obl.l\inod by Multiplication of P11.ttorna. 

in-phase and so produce ~L lo.rgc resulting signal in this direction. The 
radiation in other directions ctin be computed in a manner similar to that 
of the in-phase case of Fig. lG-17. 

Other Phases. When the two antennas are fed with equal currents 
having other phase differences the directions of zero radio.tion will be 
different and different patterns will result. The pattern for o. phase differ­
ence of 90° is shown in Fig. 16-18b. 

Other Spacings. A variety of different pattems can be obtained by 
changing the spacing between the antcnmis. An example of particular 
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interest is the cardioid pn.ttern obtained with a spacing of one quarter wn.ve 
length and a phase difference of 90°. This pattern, shown in Fig. 16-18c, 
is sometimes kno\\;n ns a unidirectional pattern because most of the energy 
is transmitted in one direction. 

Line of Antennas. When more gain or sharper directivity than can oo 
obtained with two antennas is desired, a line of antennas is often used. 
A line of antennn,s spo.ced one-half wave length and fed in-phase is known 
as a broadside army because the energy is radiated broadside to the line of 
the array. This is evidently so because the radiation from all the anteunas 
would add in phase along the perpendicular to the line. A typical pattern 
is shown in Fig. 16-lScl. If the same array were used with alternate 
tintenllilS fed 180° out of phase, the resulting pattern wuuld be as shown in 
Fig. 16-18c and the array would be known as an end-fire array. 

Horizontal Patterns of Horizontal Antennas. The po.ttems of Figs. 16-17 
and 16- 18 are horizontal patterns of vertical antennas or vertical po.t­
terns of horiwntal antennas. (The effect of the ground on these pat,. 
terns will be considered later.) The horizontal pattern of two horizon-

,,----..... .,,.----.... 
; ''° / ' 

I I 

I l 
I i\ I 
i--~ 
I 2 I 
• • 

8 
Group 
Pattern 

x 8 
Unit 

Pattern 

-
- 8 

tal antennas spiLced 
Resulting o.ue half wave length 
Pattern and fed in-phase can 

be obtained as in Fig. 
16-17, but there will 

Group be one difference. The 
Pattern individual vertical an-

tennas radiate equo.lly 

-8- Unit 
Pattern 

in all the directions con­
sidered, that is, their 
individual patternsa.re 
circles. Theborizontal 

8 
Resulting 
Pattern 

antennas will ea.ch 
have a (horizontal) 
pattern as shown in 
F ig. 16-16c. This lat­
ter pattern is Ct\llcd 
the pattern of the unit, 
while the pattern of 
Fig. 16-17, which is 
due to a combination 

Fm. 16-20. Pntter11 of n Coli11cnr Array (Half Waves 
ln-phase)-Obtnillod by Multi.plicntiou of Group nnd 
Unit Patterns. 

of antennas (each ra­
diating unifonnly), is known as the pattern of the group. The directional 
characteristic of an army of (similar) antennas, whether they radiate uni~ 
formly or not, can be obtained by multiplying the pattern of the group by 
the pattern of the unit. This computation is illustrated in Fig. 16-19, 
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where the horizontal pat.tern of two horizontal anten.na.s spaced one half 
wave length and fed in-phase is determined by multiplying the pattern of 
the group (Fig. 16-17a) by the pattern of the unit (Fig. 16- 16c). This 
principle of multiplication of patterns can also be used quite effectively 
in determining the effect of the ground on the vertical patterns of anteilDJl. 
arrays. 

C-Olinear Array. A colinear array consists of half wave elements in a. line 
parallel to the axis of the element. The elements are fed in-pbo.se. Since 
t he centers of the antennas are one half wave apart the gronp po.ttcrn 
would be that of two (nonclirectional) units spaced one half wave length 
and fed in-phase, that is, s imilar to F ig. 16-17a. The pattern of the unit 
is, of course, Fig. IG-16c. Multiplied together as in Fig. 16-20, they give 
the resulting pattern of a colinear :i.rray. 

Effect of the Ground on Vertical Radiation Patterns. The ground is not 
a perfect conductor and therefore not a perfect reflector of radio waves. 
However, at low and medium- p 
high frequencies it crm be con­
sidered as such for the purpose 
of determining its effect on 
the radiation chara.ctcrist.ics of 
antennas. Figure 16- 21 shows Ground 

a ver tical antenna elevated w~~w.w.?;i~~ 
one half wave length above 
the ground. As far as the 
effect a.t some point P is con­
cerned, the wave reflected from 
the ground appears to come 
from an inw.ge antenna located 
one half wave length beneath 
the swfacc. This image an­
tenna. is in-phase with the 
actual antennA and the two 
antennas constitute a direc­
tion.al army. Figure 16-Zlb 
shows a horizontal antenna 
elevated one quarter wave 
length (say) above tho oorth. 
Again the image n.ppea1·s an 
equal distance below t he sur­
face, but this t ime its current 
is 180° out of phase with the 
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Fro. 16- 21. Image Antenna D ue to u (Perfectly) 

IlcBooting Ground. (n) Vertio11J nntennns (ro­
flcction without phase reversal). (b) Horizontal 
nntcstnM (phuae re\•ersnJ on reBection). 

current in the a.dual antenna. This opposite phase occurs because in this 
case the wave is horizontally polarize<l and the wave reflected from the 
ground is reversecl in phase upon reflection. 
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The effect of the presence of the ground may be determined by con­
sidering the antenna and its image a~ a directional array and using the 
principle of multiplication of patterns to obtain the vertical radiation 
charnctcristic. This procedure ·is illustro.ted in Fig. 16-22, where the 
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E'IG. 16-22. Vorticnl Tindintion Pattern of a Fforizontnl 

Antenna. Ono Quarter Wi•V<l Length 11bovo the G round, 
Dotoro1inod by Considoring the Antenna a11d !ta Imago. 

vertical radiation pat­
tern of a horizontal an­
tenna located a. quarter ./ 
wave length above the 
ground is determined, 
as shown. Of course, 
only the upper half of 
the resulting pattern 
will apply. The pat­
terns for vertical or 

horizontal antennas at any other heights above tho ground can be de­
termined in a similar manner. The pat.terns for n, horizontal antenna 
located n.t heights 
)./4, )./ 2, 3>./ 4, and ). 
above the ground are 
shown in Fig. 16- 23. 

Loop Antennas. 
An antenna t hat has 
useful directional 
characteristics is the 
loop antenna shown 
in Fig. 16-24. The 
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Height above groond = t Height above ground= 1 

dimensions of this an- Height above ground = 3
4
>. 

tenna. are usually 
Height above ground = A. 

Frn: 1~23. Verticul Rndit1tio11 Pnttorns of a Horizontal 
small compared with Antenna at Various IIcight.s abovo a (Perfect) Ground. 
a wave length, so that 
the currents are in phase all around the loop (as shown). The two vertical 
sides of such o. loop are then equivalent to two verticn.l antennas having a 

t 

--~ 

F10. IG-24. Loop 
Antonnn. 

spacing that is a fraction of a wave length and hav­
ing currents in opposite phase (one current is up when 
the other is down) . Tho resulting horizontal pat-

1 tern is a "figure eight" with the zero line perpeodic-
~ ular to the plane of the loop. The top and bottom 

parts of the loop are equivalent to two horizontal 
antennas, also 180° out of phase so that their pattern 
is also a "figure eight" (this time vertical) having 
its zero line pcrpendiculnr to the plane of the 
loop. This sharp null or zcro-si1~nal line makes the 

loop vel'y useful in the direction-finding applicntions discussed in the. sec­
tion on rndio beacons. later in this chapter. 



Chop. 161 RADIO ANTENNAS 387 

Radio Beacons. By making use of the directional properties of an­
tennas, systems of ,.adio beacons for aircraft have been developed and are 
now used extensively for ma.rking the courses for nircrnft to fly. The 
type of beacon used in the United States operates in the following msnner: 
when a plane is flying on its proper course as marked out by the beacon, o. 
continuous tone signal from the beacon is beard in a receiver, but if the 
plane gets off course two tone s igrui.ls will be beard, the code letter N (- .) 
a nd the code letter A (. - ), one being louder t.ban the other, depencli:ug on 
whether the plane is off course to one side or the other of the beam. Dy 
turning the plane t o make the two code signals blend together into a con· 
tinuous tone, the pilot gets back on the beam from the beacon. 

The principle on which the beacons opero.te may be seen with the aid of 
F ig. 16-25. Four antennas are used, with the radio-frequency power being 
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Flo. l &-25. A Ro.dio Bea.con Showing Diroclional Patterns of tho Pairs of Antennas, and 
Direct ions of Eq ual Sii;nals. 

fed to them in pa.irs so that they really consist of two directional antenna 
systems with their patterns crossed. T he antennas a.re u.rm.nged on the 
corners of a square, the diagonally opposite antennas forming pairs. A 
switching arrangement is used to feed the power to one pair of antenno.s, 
tho N antennas, at one moment, a.nd then to the A antennas at the next 
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moment, but never to all the antennas at once. When power is being fed 
to the A o,ntennas, a directional pattern shown by the solid line in the 
figure is produced. This is just the "figure eight11 pattern of Fig. 16--18a. 
'\Vhen power is fed to the N antennas, the "figure eight" pattern shown by 
the clashed line is obtained, with its zero-signal line at right angles to the 
zero-signal line of the A antennas. In general, a plane will receive stronger 
signals from one pair than from the other, depending on the direction of 
the plane from the beacon. However, along the directions of the diagonal 
lines BC and DE the signals will be equal. TJ:ie switching system used to 
feed the power alternately to one pair and then to the other pair is such that 
the signal sent out from A antennas consists of a. short signal (dot), a short 
pause, a long signal (dash), a long pause (sp11ce), and then this sequence 
repeats. T llls signal is a series of A's in the International code. During 
the pauses, the energy is fed to the N antennas, so that the signal from the 
N antennas is a series of N 's in the International code. Wl1en the plane is 
off the course line BC (or .DE), either the A signal or the N signal will be 
louder than the other, depending upon which side of the course the plane is 
on. When the plane gets back on, course the A and N signals are of equal 
loudness, and. since the N signal just fills in the pauses in the A signal a 
continuous tone will be heard. The continuous tone is the on-course signal. 

The on-course si&rna.ls are actually heard over a small zone, instead of the 
mere line shown, because the ear is unable to detect extremely small differ­
ences of volume. The on-course zone usually is a sector, a degree or two 
wide, so that it becomes narrower as the pl::i.no approaches the beacon. 
The courses de.fiued by these zones will lie along lines at right angles to eacb 
other, that is along the lines BC and DE. In order to chtmge these C0Ul'ses 
so that they pass over air routes which are not located 90° apart, the 
directional patterns of the antennflis must be changed. The ways of doing 
this include changing the positions of the antennas so that they lie on the 
corners of a rectangle instead of a square, the feeding of di'fferent amounts 
of power to the pairs of antennas, and ·the addition of more antennas to 
make more complicated arrays. Radio beacons commonly use vertical 
antennas or towers, but sometimes crossed-loop antennas are employed. 
Since a single loop antenna has the same "figure eight" pattern shown for a 
pair of vertical antennas, a loop may be substituted for ea.ch pair, forming 
the crossed-loop beacon. 

Directly above the beacon there will be very little signal from either 
pair of antennas, so that a cone of silence exists, which tells the pilot he is 
over the beacon. As the plane approaches the cone of silence, the signal 
builds up rapidly to a loud volume a.nd then disappears. Sometimes, 
however, false cones of silence exist, caused by rapid flight over changing 
conformations of surface of the earth, as for example while flying over a 
deep canyon. False cones of silence are easy to detect because of the 
absence of the lou<l build-up before the signal disappears. 
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Radio beacons a.re subjeet to what i9 known as night error. Radio 
bes.cons usually operate on the low frequencies, so that, just as in the 
broadcast band, a sky wave is present at night. Reflections from the 
ionosphere can en.use an apparent change in the directional pattern of the 
beacon antennas, so that the direction of the on-course signo.l is changed 
slightly. The explanation of the night effect is given below in connection 
with direction finders. The night effect is very small with vertical type 
antennas, but mar be appreciable with crossed-loop antennAS. 

Direction Finders and Radio Compasses. Radio beacons keep an air­
plane Byilig on a predetermined course, but tell the pilot very little about 
b.is actual position. When the plane's nctual position must be known, and 
for plotting courses when not flying on a beam, radio direction finders and 
radio compasses a.re used. Direction finders are also used by vessels for 
navigating, particularly neo.r ha1·bors and dangerous locations. Radio 
direction finders and radio compasses make use of directional antenDD.s at 
the receiver, instead of at the transmitter as in beacons. By using a direc­
tional receiving antenna which can be rotated, the direction from which a 
signal is coming can be determined quite a.ccuro.tely. 

Most direction finders use loop antennas, as these are much smllller than 
other types of directiona.l autennas. When used for receiving, the pattern 
of a loop antenna is a "figure eight," as it is in transmitting. When the 
plo.ne of the loop is at right angles to the direction from which vertically 
polarized waves are coming, the· same voltage will be induced in each of the 
vertical sides of the loop; but since these voltages send currents around the 
loop in opposite directions, they will cnncel and no signal will be heard. 
The same is true for waves tho.t come from the opposite direction. Now, 
suppose the loop is rotated 90° so that one side ·of the loop is nearer to the 
transmitting station than the other. The voltages induced in each side 
of the loop are now not quite in phase opposition because of the time the 
radio wave takes to go from one side to the other. Tberef ore the t wo 
voltages will not quite cancel each other and a signal will be heard. Signals 
will be heard for waves that come from the opposite direction also. In 
order to increase the signal output from a loop antenna, it is usuo.l to use a 
condenser at the terminals to tune the loop t-0 resonance. 
· If a loop antenna is mounted so tha.t it can be rotated a.uout a vertical 
axis, and tuned to a station, the loudness of the signal received will depend 
on the direction of the loop with respect to the station. If the plane of the 
loop is at right angles to the line to the station, no signals will be heard, but 
if it is turned 90° from this position, maximum signals will be heard. 
Thus, either the position of zero signal (the null position.) or the position 
of loudest signal could be used for direction finding. The null is usually 
used since it gives a sharper indication. 

When a loop is turned to either the null position or the maximum-signal 
position, there is still an uncertainty as to whether the signal is coming 
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from the front. or the back directions of the loop. This unc.ertainty exists 
because there are two positions of the loop for zero signal. Often it is 
known in which general direction the station lies, especially in marine 
navigation, so that the uncertainty is removed. However, in cases where 
this is not known, other means must be used. 'l'o determine the .sense of 
the reading of the loop (that is, which of the two possible directions is the 
correct ooe), sense antenna~ are sometimes used. A sense antenna. jg a. 
small vertical antenna that picks up a signal which is then fed into the loop 
in such a. way as to unbalance the loop. The unbalance. of the loop makes 
one of the directions of maximum signal louder than the other. To use the 
sense antenna, a bearing using the null position is first taken with the sense 
antenna disconnected. Then, t o determine tho sense, a switch is closed and 
the loop is turned until the direction of loudest sjgnal is found. A pointer 
on the loop then shows the true direction of the station. 

Loop antennas arc subject to certain errors, most of which can be avoided 
by proper construction and calibration. If a loop antenna is not balanced 
with respect to the ground, unequal stray currents will fl.ow io the sides of 
the loop, changing the directions in which zero signal occurs. These two 
directions of zero signal are no longer exactly 180° apart, so that incorrect 
bearings will be obtained, depending on which null· direction is used. 
Errors from this cause are elimi~ted by using a loop that is shielded 
electrosta.tically and carefully balanced with respect to ground. Some­
times small compensating condensers are used to eliminate any resid­
ual unbab.ncc'. The presence of wires, large metal objects, and con­
ductors in the neighborhood of a loop can cause errors in the bearing 
indications. 

There will be some horizonta.lly polarized waves present m signals that 
have been reflected from the ionosphere, a.s the plane of polarization ma.y 

be rotated on this path. These waves are coming down­
ward instead of traveling horizontally as do the ground waves. 
The horizontal component of the wave induces voltages in 
the horizontal arms of the loop, thus affecting the null po-
sition and giving incorrect bearings at night. This n?'.ght 
error can be largely eliminated by using a.n Adcock antenna. 
An Adcock antenna. is simply a pair of very short vertical 

To antennas, spaced a small distance apart and crossed over at 
Receiver their centers to form an H. This antenna is shown in 

Fig. 16-26. The action of the antenna is just the same as 
Fm. 16-26. that of a loop as far as vertically polarized waves are con­

Adcock An- cerned. Horizontally polarized waves, such as those prcs-
tcnM. l ent in downcomiug sky waves from tie ionosphere, induce 
voltages in the hori?.ontal parts of the antenna in such a way that they 
cancel and do not produce any signal. Small Adcock antennas give V<Jry 
low signals since they are equivalent to a. loop antenna with only one turn. 
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Adcock antenruls give accurate bearing indications under conditions that 
render loop antennas completely useless. 

It is possible to attach a meter or other indicator to a loop antenna in 
such a. wa.y as to give indications on a dial telling the pilot whether the plane 
is headed directly towards the transmitting station or whether it is flying 
to the right or left of this direction. An arrangement of this type is called a. 
radio compass. One type of compass uses a fixed loop at right angles to the 
line of flight. Another vertical antenna is used with it to give a maximum 
signal from the front of the plane. When the plane is flying directly 
towards the station, the needle on the meter rests in the center of the dial. 
If the plane deviates from this course the needle moves from the center 
position, showing which way the plane bas deviated from its course. This 
arrangement is often called a homing device, since it guides the plane to its 
home base. Homing devices are very useful in guiding planes back to an 
aircraft carrier. 

Another form of radio compass operates on the same principle as that 
described above, but with the difference that the loop can be rotated. This 
rotation allows the pilot to take bearings on stations off his course without 
changing the direction of flight . .An import.ant advantage of this type of 
compass is that it allows corrections to be made for drift, which cannot be 
done with fixed-loop homing devices. 

Review Questions and Problems. I. (a) Sketch the voltage and current 
distributions on an elevated half-wave antenntt and on a quarter-wave 
grounded antenna. (b) Sketch the vertical and horizontal radiat ion 
characteristics of these antennas (in the vertical position). 

2. Why should au antenna be tuned? How can this be accomplished? 
What is meant by loading an antenna? 

3. Why can the effect of the ground be simulated by an image antenna? 

4. Wbat are the power losses which can occur in an a.ntenna system? 
Why is a. short antenna likely to be less efficient than one which is a quarter 
or half wave long? 

5. Explain fully why long resonant lines are less efficient than non-
resonant lines of t he same length? 

6. Define characteristic resistance of a transmission line. 

7. Explain the use of quarter-wave matching sections. 

8. Number 12 wire has a din.meter of .081 inches. Compute the char­
acteristic impedance of line having two such wires spaced (a) 6 inches 
a.pa.rt; (b) 3 inches apart. Answer: (a) 600 ohms, (b) 520 ohms. 

9. The plate circuit of a vucuuru tube is to be connected to o. 500-ohm 
transmission lfoe. Show a coupling network suitnble for this connection. 
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Why would a. parallel resonant circuit rather than a series resonant circuit 
be used on the tube side of the network? 

10. Explain how airplanes co.n be kept on course by means of radio 
beacons. 

11. How do direction finders operti.t-e? What is a radio compass? A 
homing device? 
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2451!. 
selectivity and, 115f. 

Critical frequencies, 318f. 
Crosby system, frequency modulation, 336 
Cros.s neutralization, 258 
Cross talk, 158f. 
Crystn.l detectors, 276f. 
Crystal microphone, 156 
Crystnl oscillators, 288ff. 
Current: 

components of, in tubes, 130 
mte of change, in sine wave, 80f. 
relation between voltt1ge and, in con-

denser, 9!)£. 
D 

D 'Arsonval, Arsene, 69 
Decibel, defined, 35 
Decimal fraction, defined, 5 
Decimal places, defined, 5 
Decimal points, use of, 5 
De-emphasis, 337. 
Degenerative £eedb11ck, 174 
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Deionization poiential, 207 
Delay distor.·tion, 155 
Demodulation, 273f. 
Denominator, defined, 4 
Detection, 273f. 
Deviation rat!o, 329 
Dielectric constant, defined, 98f. 
Diffraction, 358f. 
Digit.<>, use of, 1 
Diode detectors, 277ff. 
Diodes, 122ff. 
Direct current, circuits carrying alternat-

ing and, 120 
Direct-current amplifie.rs, 19011. 
Direct-cw·rent circuits, 4lff. 
Direct-current generators, 65ff. 
Direct-current meters, theory and Ci:n-

struction of, 68ff. 
Direct-current motor, principle of, 67f. 
Direct-current snpply circuits, filtering to 

radio amplifiers, 262£. 
Directional antenna, 226 
Directional antenna systems, 379 
Direction finders, 389f. 
Direct mys, 357f. 
Dissimilar terms, defined, lOf. 
Distortion, 113, 153ff., 176(., 180£. 
Diversity reception, 353£. 
Dividend, de·fined, 5 
Division, use of, 3, 11 
Divisor, defined, 4 
Driver, 198 . 
Dry cell battery, construction of, 57f. 
Dual purpose tubes, 140 
Dynnrnic characteristic, of tube, 131 
Dynamometer type of meter, 116f. 
Dynamotors, principle of, 68 

E 

Effective valnes, see Root mean square 
Efficiency of antenna, 367ff. 
Electrical quantities, 42f 
Electrical sheets, 65 
Electric current, magnetic effect of,· 6lf. 
Electric fields, direction of, 228£. 
Electrodynamic microphone, 156 
Electromagnetic waves, 21311., 219f., 

220fi. 
Electromagnetism, 60.ff. 
Electromotive force, defined, 65 
Electronic mixer, 194 
Electronic principles, 1211I. 
Electron-ray tubes, 142f. 
Electron theory, of electricity, 41 
Elevated half-wave antenna, 363{. 
Emitters, 121ff. 
Equiitions: 

algebraic, 16ff. 
quadratic. 19f. 

Equjvo.lent circuit, 132f. 
Error, relative, ·.finding, 6 
Exciting current, 112 
Exponents: 

rules of operation with, 9 
use of, in licientific nota.tion, 7f. 

F 
Factoring, defined, 14 
Factors, de·fined, 10 
Fading, 352ff. 
Faraci, "defined, 98 
Feedback, 174, 186, 200 
Fidelity, 316f. 
Filter circuits, 147.ff. 
Fins, heat-radiating, 126 
Fluid theory, of electricity, 41 
Flutter fading, 353 
Flux, symbol for, 113 
Formulas, see Eqnations 
Fract;ions, use of, 3ff., 18f. 
Frequencies: 

altemation,,75, 76 
o.ntiresona.nt, 245!. 
broadcast, 359f. 
high, 360 
low, 359 
sound waNe, 153 
nltrahigh, 360 
waves, 214 

Frequency, effects of, on inductive react-
ttnce, 89f. 

Frequency deviation, 329 
Frequency distortion, 153f. 
Frequency-modulated transmitters, 334ff. 
Frequency-modulated wave, 330 
Frequency modulation, 32711'. 
Frequency-modulation receivers, 336.ff. 
Frequency response, 176 
}' uJl-wo.vc rectifier, 145f. 
Fuses, nse of,. 56 

G 
Gas, effects of, on tube, 125 
Generators, direct-current, principle of, 

651f. 
Grnphs and curves, use of, 2sr. 
Grid-bias voltage supplies, 250f. 
Grid-circuit detection, 281f. 
Grid-leak biasing, 252 
Grid-leak resistor, 169 
Grid-modulated a.mplifier, 293f. 
Grid neutralization, 258 
Grounded untenna, 3651J. 
Ground systems, 369 
Ground wave, the, 342f. 

H 
Half-wn.ve antenna.: 

radiation characteristics of, 364f. 
single, directivity of, 379f. 
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Half-wave rectifier, 145 
Harmonic suppression, 246£. 
Hcnt, generation of, 53 
H eterodyne detection of continuous waves, 

282f. 
High frequencies, 3GO 
High-voltage plate-supply rectifier, 305ff. 
Homing device, 391 
Horizontal antennas, hol'izonto.l patterns 

of, 3841. 
Horseshoe magnet, magnetic lield of, 60 
Hum, 175f. 
H ysteresis, defined, 63 
H ysteresis loops, 63f. 

I 
Impedance, 91fI., 93f. 
Impedance lines, 370f, 
Impedance. matching, 109f., 198f., 375f. 
Improper fraction, defined, 4 
Index, defined, 37, 38 
Induced voltages, m~nitudc of, 82.ff. 
Inductance: 

defined. Slf. 
magnitude of, 85f. 
mutual, n or. 
resist ance, capacitance nnd, in parallel, 

103ff. 
resistance, capacitnnco o.nd, in series, 

lOlff. 
resistances and, in po.l'allel, 94.ff. 
1·esistance and, in series, 90f. 
unit, defined, 85 

Inductance-capacitance (lrC) oscillators, 
203f. 

Inductance coil, power in, 88£. 
Inductive reacta.nce, 86£., 89f. 
Input circuits, radio amplifier, 248f. 
Insulators, defined, •.1:2 
Integers, defined, 2 
Intermediate power amplifier, 301 
Internal resistance, of bo.ttcrjr, 60 
Interpolat ion, solvin'g by, 23£. 
Interrupted continuous-wave (ICW) radio-

telegraphy, 238 
lut.<:rrupted continuous-wave signals, de-

tection of, 283 
Inverse feedback, 1861T., 311, 313 
luverse-feedback circui t.q, 188f. 
Ionization, define<l, 125 
Ionization potential, 125 
Ionosphere: 

absorption in, 340f. 
regular variations in, 350f. 
t he, 343ff. 

I.R.E., Standards on Electronics, 130 
252fo. 

Iron : 
as o. conductor, 62 
magnetic characteristics of, 63 

Iron-core trunsCormers, 111, 112t 
Iron-vnne t ype of met-er, 117 

J 
Joule, dclined, 55 

K 
Kilowatt-hour, defined, 55f. 
Kirchhoff's laws, 51 

L 
Lcnz's Ltiw: 

application of, 84, 110, 111 
statement of , 82 

Linear pla te detection , 279f. 
Lissajous figures, 209f. 
Loading, 161 
Load line, 131f. . 
Logo.l'it,Jnns, use of, 29ff. 
Longitudinal waves, 215f. 
Loop r1ntennas, 386 
Loops, defined, 218 
Losses: 

antcn1111, 367ff. 
on lines, 371f. 

Loudspeakers, 157f. 
Low frequencies, 359 ' 
Low-power plate-supply rectifier, 305 

M 
Mugnotic field: 

closc1·ibcd, 61 
d irect ion of,.228f. 
energy stored in, 84fl'. 
s trength of, 62 

M agnetic flux: 
direct.ion of, rule for .finding, 61£. 
lines or, 61 

Magnetic structure, laminated typo of 
64£. 

Magnetis m, 60f. 
Mttgnet i:mtion curve, 64 
l\fognetomotive force, ampere-turn 1u~ 

unit of, 62 
Magnets: 

alnico, 65 
bnr, 61 
horseshoe, 60 
permanent, 63 

Mngrtitude of ind~ced voltages, 82.ff. , 
85f. 

Mnn-mnclc no~5e, 355 
Mantissit, defined, 32 
Matching sections, quarter-w1we, 372 
Mathemntics, need for, 1 
Medium, 236 
Members, of equations, defined, 17 
Meters: 

alternating-current, 116ff. 
direckurrent, 68ff. 
dyn arnomet.er type, 116f. 
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Meters (Cont): 
iron-vane type, 117 
l'ectifier-type, 118 
thermocouple-type, 118 
wave, 110 

Mho, defined, 46 
Microphones, 155.ff. 
Microphonic noise, 175f. 
Microwaves, 360f. 
Mixet'S, 193.ff. 
Modulo.ted o.mplifie1'S, 29lff. 
Modulation: 

frequency, 327.lf. 
index, 329f. 
screen-grid tubes, 294f. 

Modulator, 270 
Modulator bias rectifier, 305 
Motorboating, 175 
Motors, direct-cunent, principle of, 6"7£. 
Moving-coil microphone, 156 
Multiplication, use of, 3, 11 
Multistage audio amplifiers, 173.ff. 
Multistage radio-frequency receiver, 318f. 
Music waves, 119f. 
Mutual characteristics, of tube, 127 
Mutun.l conductance, 129 
Mutµal inductance, llOf. 

N 
Negative numbers, use of, 2 
Networks, coupling, 374.fl. 
Neutralization, 257£. 
Night error, 389, 390 
Nodes, defined, 218 
Nofae, static and man-ma.de, 331f., 

354f. 
Noise-reducing systems, 355ff. 
Nonlinear dist-0rtion: 

avoiding, 154.f., 180f. 
in nndio amplifiers, 176£. 

Non.resonant lines, 370 
Numerator, defined, 4 

0 
Ohm, the, defined, 12 
Ohmmeter, principle of, 70 
Ohm's Law, applications of, l'"(f., 43ff., 

54f., 77£., 199 
Operating conditions, tubes, limitations 

in, 126 
O'pemtiug point: 

of load liue, 132 
selectfon of, 179f. 

Oscillnto1'S, 203ff., 288ff., 300 
OsciUographs, cathode-my, 200.ff., 208f. 
Output circuits: 

push-pull radio ttmplifier, 266f. 
single-ended radio umpli6er. 249f. 

Output tube complements, transmitter, 
263ff. 

Over-all gain, 176 
Over-all transmitter efficiency, 287f. 
Oxide-coated emitters, 122 

p 

Parallel: 
resistance, inductance and capacitance 

in, 103ff. 
resistances ttnd inductances in, 9·1:1!. 

Parallel circuits, 116 
Parallel operation of vacuum tubes, 264£. 
Parallel resonance, 108£. 
Parallel-wire lines, 372f 
Parasitic oscillations, defined, 264 
Parentheses, mathematical. use of, 3, 13 
Patterns: 

horizontal, of horizontal antennas, 384f; 
of antenna system, 380 
vertical mdiitt.ion, effect of ground on, 

385f. 
Peak emission cunent, 126 
Peak inverse voltage, 126 
Peak values, A.C. waves, 78 
Pentode audio amplifier, class B, 273 
Penta.de radio amplifier: 

class. A, 258f. 
Class B and C, 273 
typical, 260f. 

Pentodes, 136.ff. 
Pentode-tube crystal oscillator circuit, 290 
l)ercentage of error, finding, 6 
Permalloy, magnetic characteristics of, 65 
Permanent magnet, 63 
Phase, in wave motion, 216f. 
Phase angle, 9lff. 
Phase distortion, 155 
Pi, symbol, use of, 18 
Piezo-electric effect, of crystals, 156 
Plate characteristics, 128f., 134f. 
Plate ilissipation, 126f. 
Plate dissipation limit; 257 
Plate neutra.li;mtion, 258 
Plate power supply, regulation of: 

for class B audio amplifiers, 298f. 
for class B radio amplifiers, 296ff. 
for modulated class C radio amplifiers, 

299 
Plate l'esistance, 124.f., 129 
Plate resistor, 168f. 
.Polarization, 60, 341f. 
Polynoniia.ls, defined, 11 
Positive numbers, use of, 2 
Potentiometer, use of, 45 
Power amplifictttion, 272 
Power amplifiers, 185f., 302f. 
Power, ele~tric, generation .of, 65 
Power and ener~y. derivation of, 53f. 
?ower factor, defined, 97 
Power-factor angle, 97 
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P ower ratings, on voltage dividers, impor-
tance of, 71 

Powers of ten, table of, 7 
Power sources, altcrnnting-ewTenf., 119 
P ower supplies, rcgult, tcd, 150 
Power transformers, 112 
Prco.mpli6ers, l 92f. 
Pre-emphasis, 330, 3:37 
Prefixes, use of, f.o designate numbers, 

9 
P rimary batf.ery, USC or, 56 
P roper fraction, defined, 4 
Propagation: 

nature of, 34lff. 
ultrahigh-frequency, 357fI. 

Public-address amplifier circuits, 19Gf. 
Public-address systems, 192fl'., 200!. 
Push-pull circui ts, 18'Jf. 
Push-pull operations, 265f. 
Push-pull radio amplifier, output circuils, 

266f. 
Pythagoras' theorem, 22 

Q 
Q, definition of, 107f. 
Quadrotic equations, solving, 19f. 
Quarter-wave matching sections, 372 

Radian, de.fined, 28 
Radiation: 

R 

audio-frequency electro magnetic wave, 
232 

mechanism of, 227f. 
Radiat ion resistance, 22Gf. 
Radical sign, use of, 10 
Radio amplifier input circuits, 2'18f. 
Ilndio ampli6ers: 

class B, regulation of plate power supply 
for, 296Cf. 

class C, 272f. 
m odulated cll\SS C, regulation of plo.f.e 

power supply for, 209 
Radio beacons, 387f. 
Radio communicntion system, 234f. 
Radio facsimile, 23 1 
Radio fadeout, 353 
Radio-frequency a mplifier circuit, 248 
!lndio-frequency amplifiers, 243!1., 267II. 
Radio-frequency section, 285f., 299ff. 
Ro.dio-frequency t ransmission lines, 3Cl9f. 
R adiotelegraphy, 231, 237f. 
Radiotelephone communication system, 

235 
Radiotelepbony, 231 
Rndius vecf.or, defined, 75 
R eactance: 

capacitive, lOOfT. 
charnct6ist.ics of, 89 
inductive, S6f.. S!lf. 

R eactance-tube system, frequency modu 
lation., 336 

Reactance volt.ngc, 87f. 
Receiver circuit, supcrheterodyne, 324f. 
R eceivers: 

amplitude-m odulo.lion rndio, 315£1'. 
frequency-modulation, 336ff. 
multistage radio-frequency, Sl&f. 
simple, 317f. 
superhet.erodync, 237, 320f. 
threshold sensitivity of a , 319 
tuned radio-frequency, 318 

Receiver selectivity, 2-10 
Receiving antenna, 228!. 
R ectification, 274 
Rectified signal, filtering c1f, 274f. 
Rectifier : 

full-wave, 145f. 
half-wave, 145 
high-voltage pl11tc-supply1 305ff. 
low-power plate-supply, 305 
modulator bins, 305 
second audlo bins-supply, 305 
t ubes, 149f. 
types of, 276ff. 
voltage-doubler, 146f. 

Rectifier-type met.ers, 118 
HectiI.>ing action, 125 
Refiecte<l rays, 357f. 
Reflected waves, 217ff. 
Refraction, 358f. 
Regeneni.tive fceclbnck, 174 
Regula tors, triod e, J50f. 
Remote-cutoff pontodcs, 137f. 
TI.epeaf.ers, 16lf. 
Repeating coil , 159 
Reproducers, 157f. 
Resistance: 

altcrno.ting-currcnt ci rcuit -n;tb, 77f. 
capacitance and, in series, 101 
defined, -14 
determination of, 50f., 71 
inductance and, in pnrnlJel, 94ff. 
inductance and, in i;crics, 90£. 
inductance, cnpncitnnce un<l, in parallel, 

103ff. 
inductance, capucitmice and, in series, 

l Olff. 
radiation, 226f. 

Rcsistance-capacitnncc-coupled nmplifier. 
166f. 

Resista.nce-capacitnncc oscillntors, 204f. 
Resistance-coupled a mplifier, frequency 

l'OSponse of, 170 
Resistance mixer, Hl4 
H.esisf.or: 

cathode, 2Gl 
grid-leak, 169 
plate, 168f. 
roting of, 7lf. 

' 
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Rcsonn.nce: 
genernl concepts or, 105f. 
pnrnllcl, 108f. 

Rcsouance testing methods, 119 
Resonant-circuit coupling: 

for nudio amplifiers, 2'!7f. 
for radio amplifiers, 2451!. 

Resonant circuit.-;, sedcs, 106.II. 
Resonant frequency, 106 
Resonant lines, 309£. 
Ribbon microphone, 15(if. 
Right triangle, defined, 21 
R.M.S., sec !loot mean sqllllre 
Hoot mean square, valties, A.C. wnves, 

7SIT. 
R ounding off numbers, 7 

s 
Schematic.circuit of I\ transmitter, 299 
Scientific notation, writing numbers in, 

7f. 
Screen-grid tube, 133; 294f. 
Screen-grid voltage supplies, 2(1 If. 
Secondary battery, use of, 57 
Secondary coil, effect of, mutual induct-

nnce, 111 
Secondary emission, 134 
Second a udio bias-supply J'ectifier, 305 
Selective fading, 353 
Selectivity, 115f., 2110, 316, 318 
Self-induction, voltnge of, 84 
Sense antennas, 390 
Sensitivity, 315f., 319f. 
Series: 

rcsistnnce and cnpacitnnce in, 101 
resistance an<l inductance in, oor. 
resistance, inductance ond capacitnnC'e 

iD, 101.II. 
Series circuits, 45 
Series-parallel circuits, 48 
Series resonant cil'cuit.s, 106!1'. 
Shielding, 259f. 
Side bnnds, 239£., 331 
Side frequencies, 239f. 
Signals: 

continuous-wave, detection of 
intenupt-ed, 283 

transmission of, 2310'. 
Signilicn.nt figures, uA~ of, 6f. 
Signs, nlgebmic, rule of, 12 
Similar t~rms, defined, lOf. 
Simple receiver, 317f. 
Sine curve, constructing, 27 
Sine of a.n llJlgle, defined, 21, 75 
Sine waves: 

in nature, 81 
radius-vector representation of, 88 
rnte of change of current in, 80f. 
representation of, 75f. 

Single-ended radio runplifier output. cir-
cuits, 249f. 

Sinusoidal waves, sec Sino waves 
Skip distance, 347 
Sky wo. ve, the, 343 
Slide rule, basis of, 38 
Solid jumpers, use of, 5G 
Sound, nnture of, 153 
Sound waves, electromognctic waves and 

2201I. 
Source impedance, cltcct of, 108 
Spnce charge, 123f. 
Specinl products, dellncd, 14 
Square-law plate detection, 280f. 
Squares, binomial, factors of, 15£. 
Squelch circuit, 322ff. 
Standing waves, 217.ff. 
Static, 35-lf. 
Steels: 

dynamo· and transformer, nmgnetic 
characteristics of, G-U. 

liardeued carbon mngnetlc cba.racteris­
tics of, 63, 65 

permanent ma.guet, magnetic chnrnc-
tcristics of, 65 

Storage battery, construction 0£, 58f. 
Subtrnction, U5c of, 2f. 
Super-control pentodcs, 137£. 
Superbetcrodyne receiver, 237, 320f. 
Supcrheterodync rcceive1· circuit, 324f. 
Superposition: 

method of, 52f. 
principle of, 120 

Supply circuits, D.C. filtering to radio 
amplifiers, 262f. 

Suppressor, 136 
Suppressor-grid modulntion, 295£. 
Sl\inging chokes, 149 
Symbols: 

algebraic, lOf. 
of opcrntion, use of, S 
USC of, 56 

T 
Tangent of an angle, defined, 21 
Telephone circnits, 158f. 
Telephone lines, 15911'. 
Telephone receivers, 157 
Television, 231 
Tempe1·nture saturation, 123 
Terms, algebraic, defined, l 0 
Tetrode radio amplifiers, 262 
Tetrodes, 133f. 
T hermnl agitation, 176 
Thermionic emi&ion, defined, 121 
Thermocouple-typo meters, 118 
'l'hcta, symbol, use or, 26 
Thoriated tungsten, 121!. 
Threshold sensitivity of a receiver. 

819 



I , . _,~~·-
,.,'4/, ~ ;, ~'' 

400 INDEX 

Transformer, use nod chnro.cteristics of, 
llllf. 

Transformer-coupled amplifier, 18l fI. 
Transmission lines: 

coupling, to antennn, 377LI. 
radio-frequency, 360f. 

Transmission medium, common use of, 
233£. 

Transmitter output tube complements, 
2631I. 

Transmitters: 
runplitudc-modulntion, 285fi. 
frequency-modulated, 33'11T. 
principle of, 235f. 

Transmitter, schematic circuit oI, 29:J 
250-watt, 311 

Transverse waves, 215f. 
Trigonometric functions, values for, i;olv-

ing, 22, 27 
Trigonometry, use of, 201J. 
Triode detectors, 2701J. 
Triode regulators, 150£. 
Triodes: 

chnmcteristic curves of, 127f. 
defined, 127 

Tube noise, 175f. 
Tube parameters, 129f. 
Tubes: 

h<lrun power, 138f. 
cathode-my, 140fI. 
dual-purpose, 140 
electron-ray, 142£. 
rectifier, 149f. 

Toned rnclio-frequency receiver, 318 
Tungsten emitters. 121 
Tuning, 374£. 

u 
Ultrahigh frequencies, 360 
Ultrahigh-frequency propagation, 357ff 
Unipotentia.l cathode, 122 
Unit inductance, defined, 85 
Unk-nown quantities, use of symbols to 

designate, 10 

v 
Vacuum-tube circuit, dynamic chamc-

teristics of, 178ff. 
Vacuum-tube instruments, 203f£. 
Vacuum tubes, pnrnllel operation of, 26'.lf. 
Vacuum-tube voltmeters, 210f. 
Vruinblc-mu pentodes, 137f. 
Vruinble quantities, use of symbols to 

express, 10 
Vector addition, 26f. 
Vector sum, finding, 26£. 

Velocity microphones, 157 
Velocity of tho wave, defined, 213 
Vert ical nntcnnns, spaced one 11alf wnvc 

length, 3801!. 
Video amplifiers, 189f. 
Voice waves, 119f. 
Volt, the, defined, 42f. 
Voltage: 

alternating, defined, 75 
compononts or, in tubes, 130 
generation of, 66f. 
relation between current and, in con· 

denser, oor. 
\-oltnge divider: 

use of, 45 
power ratings on, 71 

Volfage-douuler rectifier, 146f. 
Voltage supplies: 

grid-bias, 250f. 
screen grid, 261f. 

Voltmeter: 
caution on uso of, 72 
principle of, 70 
u...<>e of, 41 
vacuum-tube, 210£. 

Volume controls, 193ff., 32lf., 353f. 

w 
Watt, defined, 54 
Watt-second, defined, 55 
Wave form or sound, 153 
Wave length, defined, 214 
Wave motion, phase in, 216f. 
Wave meters, 110 
Waves: 

amplit ndo-modulated, 238f. 
continuous, heterodyne detect ion or 

.282f. 
clectrom:tgnetic, 213fJ., 210f. 
frequency-moduJated, 330 
ground, 342f. 
in throo dimensions, 224f. 
longitudinal, 215f. 
microwaves, 300£. 
mnsic and voice, llOf. 
nature of, 213ff. 
reflected, 217fI. 
sky, 3'13 
sound and electromagnetic, compnred, 

220ff. 
standing, 2J7ff. 
transven;c, 215f. 

Wide-band frequency modulation, 33lf. 
Wires, electromagnetic waves on, 219f. 
Writing numbers, rule for, in scientific 

notation, 8 




