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Preface
HE purpose of this volume is to present the basic material of radio
required for all types of radio work, both civil and military. The
authors have covered each topic in such a way as to make clear the functioning of a complete radio system, and they have also laid the foundation
for a more advanced study of the subject.
The reader need have only an elementary knowledge of algebra, which
is reviewed briefly in Chapter 1. This chapter and the two following
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 the 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 the
person who is to contribute to development and research.
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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 a.re given (at least in pa.rt) by mathematics.
What is mathematics? Mathematics may be defined as a shorthand
system which used 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 easier when some of the rules of mathematics
are known. The starting point of a system of mathematics is a. set of
numbers.
Our number system uses ten symbols or digits, 0, 1, 2, 3, 4, 5, 6, 7, 8, 9.
The symbol 3 always means three: three men, three radio sets, or three of
whatever is being counted. The symbol 9 indicates nine objects, 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
u!!ed makes our system better than most other systems man has tried.
Thus the number 1,492 means 1 thousand + 4 hundreds + 9 tens + 2
units. 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, 2 units and 1 thousand. There is no limit to the sizelarge or small-of numbers that can be written in this way; distances
tetween the stars in the sky are examples of the possible range in one
direction.
The digit O (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 are to 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 take by its place in
the number; zero indicates that none are to be taken where it occurs.
1
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Besides the saving of time in writing numbers in such a manner, the operations which may be performed with numbers are made much easier or,
indeed, possible.
Positive and 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 above and below sea. level,
profits and losses, and even bank ha.lances 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 a.re less than zero. A diagram,
Fig. 1-1, will h~lp to make this clear. Distances a.long a. line a.re marked
-5

-4 -3 -2

-1

0

+l +2 +3 +4 +5

I I I I I I I I I I I
Fm. 1-1. Graph Showing Positive and Negative Numbers.

with numbers that correspond to the length of the line from zero. For
each number there is a. certain length. Distances measured to the right
of a convenient point, marked O, a.re called positive; distances measured
to the left a.re negative. Thus, + 1, + 2, + 3, + 4, + 5, + 6, and so on,
a.re positive numbers, and - 1, - 2, - 3, - 4, - 5, - 6, and so 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 are enough; that is, 1, 2, 3,
4, 5, 6, 7, 8, 9, 10, 11, and so on. These numbers and others are used in
the four fundamental operations of addition, subtraction, 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 trial will show that instead of the objects themselves being
counted, the numbers representing them may be added in a. manner that
never varies. 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 be performed; (2) if the operations are correctly carried out, the results are always right. Taking
advantage of the properties of the system of numbers, it is necessary only
to memorize sums of digits like 1 plus 1 equals 2, 1 plus 2 equals 3, and
other ha.sic combinations in order to add any numbers whatsoever.
Subtraction is the opposite or inverse of addition. If a. television set
has 35 tubes and a. deluxe radio receiver has 24, the difference between the

Chop. 1)
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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 the difference, 11, to the smaller
number, 24, and the larger number, 35, is obtained.
M ultiplica!ion 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 and multiplying by the number in each rank: that is, 4 timc1:1
4 equals 16.
Division is the inverse of multiplication, just as subtraction is the inverse
of addition. Thus, if 60 is divided by 12 the result is 5; the inverse operation, 12 multiplied by 5, gives 60. 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 symbols of operation are
used. Among these are:

+).

+

For addition: the plus sign (
21
12 = 33.
For subtraction: the minus sign ( - ). 18 - 8 = 10.
For multiplication: the multiplication sign (X), sometimes the dot ( •);
sometimes the quantities to be multiplied are simply written side by side.
5 X 6 = 30 or 5 · 6 = 30; 4 X a = 4a.
For division: the division sign + , the bar--, or the mark /. Thus
28 + 7 = 4, V ==: 4, 28/7 = 4.
Sometimes, to avoid confusion, a complicated expression must be enclosed in parentheses(), brackets [], or braces { }. For example, consider
15 X 5 - 2. Does it mean 75 - 2 or 15 X 3? By using parenthesc1:1
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
the 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 indicated operations.
1. 18 + 6 + 4 =
7. 35 + 7 =
12
2. 37 - 5 =
8. 42/6 =
.
9
7
3. 30 + 6 - 10 =
• /O =
13.
4. 25 - 5 + 15 - 3 = lO. J/ =
14.
11 20 + 5 =
S.5X9X2=
6.3X0X7=

'3 +2
(Note: Add first.)

3 X 5 X 8
2 X3 X4

=

(200) (0) (5)

=

(4

+ 3)(2 + 5) =

15. (8

+ 0)(3 + 1) =

Fractions. As long as the objects to be counted arc whole units, like
tubes in a radio set, the natural numbers will do for counting; but if the

4
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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 fractions of the pie; each will be
the whole pie
1
three slices =· 3 ·
Thus, if one integer (natural number), called the numerator, is divided 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
proper fraction; if the numerator is the larger, the fraction is said to be an
improper fraction. Thus,½, -f, ¾,-Hare proper fractions; !, !, i;., ¥fare
improper fractions, The latter are frequently reduced to the sum of an
integer and a proper fraction: -i = l + ½= l½; Ji-= -f + i = 1¼;

~e = JU + H = 2H.

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 t they
must be reduced to a common derwminator, thus:

3 X 5 + 2 X 7 = 15 + 14 = 29.
5
7 X 5
7 X 5
35
35
The same process is needed in subtracting fractions; to subtract½ from
proceed as follows:
7 4 7 X9
4 X 8 63 - 32 31
~

7

+~ =

8 - 9 - 8 X 9 - 8 X 9 -

72

-f,

= 72.

Fractions may be written in several forms which mean the same thing;
thus ½is the same as¾, since upon dividing the numerator and denominator
of the latter by 2 the original ½is obtained.
Multiplication of fractions may be done without reducing to a common
denominator; for example, ¾times i becomes
3 5
3 X5
15
4 X 8 = 4 X 8 = 32.
Division of fractions is easy if one rule is used: invert the dii>isor (fraction dividcd into another) and then multiply. Thus, dividing ¾by i,
3. 5_3 8_3X8_24_6_ 1
4 . 8 - 4 X 5 - 4 X 5 - 20 - 5 - l-ir,

Perform the indicated operations.

Exercise 1-Z.

1• ~7

+ 85 =

5

2

1

1

5

4

2•

6+3 =

3•

3+ 4+ 5 =

4•

8- 7=

6•

-1 =
11- ~ =

7.

0X 5=

5.

1

~

5

17

4

19

S. G-l X 49

9• !x~X~=
3
5
7
lO.

5

9

8 + 16 =

13 ..,_ 13 _
11 . 32 . 15 -

=

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

12.

I+ l

¼+I¾=
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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
to better advantage.
J.f the numerator and denominator of ¼be multiplied by 25, the fraction
becomes -?lr;, which also equals toTh• This may be written 0.25, by
extending the idea of place values discussed on p. 1. Any common fraction may be converted to a decimai fraction by dividing the numerator by
the denominator. Forexample,f= 0.875; ¼¼ = 0.171875; ½= 0.333 ···,
the dots indicating that no matter how long the division is continued, there
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
0.125
0.625 - 0.0625

= 1.000

0.21 X 0.3
1.5 + 0.5

= 0.5625

= 0.063

= 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 of the number of decimal places in the numbers multiplied together; in dividing, the decimal point may be located by setting
the decimal point to the right in both the divisor 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 until the divisor
(0.12) is no longer a fraction, thus:
14.4
12) 172.8(14.4
12)172.8
or
-12 ·12
52
52

48
48
48

48
48
48

Exercise 1-3.
1. Change to decimal fractions: ¾, i, ,&, H, H, l, H2. Prepare a table of decimal equivalents of fractions of an inch in
rrinch steps; that is, -h, -,h, -A, -h, and so on.
3. Add: 0.125, 0.791, 0.3415, 1.403, 7.142.
4. 0.784 - 0.038 =
5. 3.142 X 7.553 =
6. 1.173 + 1.42 =

6
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Accuracy and Significant Figures. Most of the numbers used in radio
work are obtained by measurement of one sort or another. It is necessary,
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 an accuracy stated as "Maximum error 3% of full-scale reading." This means that with a 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 reading. Unfortunately, the same 3-v error may also happen at lower scale
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 reads 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 = __!_
true value 16.2 81

= 0 0123
·

·

Multiplying the last figure by 100 to convert it to percentage gives a.
percentage of error which is about 1¼%, 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 about 1¼% 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 as 8,000 miles,
which 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 nearest 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 figures shall be only those digits determined by measurement. 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 figures: 17,000; 0.00057; 95; 23,000,000.
With certain instruments measurements may be made which are accurate
to five significant figures, such as 60,103. If the instrument had read
• Volt., is abbreviated v.

7

MATHEMATICS OF RADIO

Chop. I J

60,100, the last two zeros would not count as significant figures unless the
fact was expressly so stated. l\foasurements and calculations in radio
seldom are carried to more than three significant figures.
Now if two numbers which represent quantities obtained by measurement, each with three significant figures, are multiplied together, 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 accuracy 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 in
the calculation. In rounding off numbers it is usual to take the next
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 even. Thus,
124 would be rounded off to 120 with two significant figures; 127 would be
rounded off to 130; and 125 to 120; but 135 would be rounded off to 140.

Exerdse 1-4. State the number of significant figures in the following.
5. 0.0000543.
6. 0.00000006.
7. 0.08735.
8. 50,000.21.

1. 24,000.
2. 5,280.
3. 186,230.
4. 3.141597.

9. 0.0809007500.
10. 0.142857.

Scientific Notation. Many very large and very small numbers are used
in radio. Two schemes are used to get around the difficulty of writing the
large number of digits required to express such numbers in ordinary place
notation.
The first plan 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 many
times ten is to be taken. For example, 10 2 means ten taken twice or 10 X
10 = 100; 1()3 means ten taken three times or 10 X 10 X 10 = 1,000; the
( 2 ) and the (3) arc ca.Bed exponents.
A table showing powers of ten and their
exponents follows.
TABLE 1-1

Large N umhers
101 =
102 =
103 =
10 4 =
10 5 =
lQG

=

10
100
1,000
10,000
100,000
1,000,000

Small Numhers
100

=1

10-1 = 0.1
10-2 = 0.01
lQ--3 = 0.001
10-• = 0.0001
IQ-& = 0.00001
10-6 = 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 1 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 1()3, 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 = 10 6• So 2,500,000 is written 2.5 X 10 6, 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-:1. Therefore 0.0025 is written 2.5 X 10-:i in
scientific notation. For 0.0000025 the 8ystem works even better to reduce
the number of zeros. This number is 2.5 times 0.000001; from the table
0.000001 = 10- 6 ; therefore 0.0000025 = 2.5 X. 10-s. Now for a rule
use the following:
RULE FOR WRITING NUMBERS IN SCIENTIFIC NOTATION. To write a
given number in scientific notation, (1) move the decimal point to the
right of the first digit which is not O (counting from the left of the given
number) which will give a new number between 1 and 10; (2) multiply
this 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 left if negative) as many places numerically as indicated
by the exponent of 10, supplying zeros as necessary. For example, 2.56 X
10 2 = 256; 1.86 X 10 5 = 186,000; 7.853 X 10-3 = 0.007853; 2.4 X 10-5
= 0.000024.

Exercise 1-5. 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 5,870,000,000,000 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 10 5 miles.
2. The mass of the earth, about 6.6 X 1021 tons.
3. DiametPr of red corpuscle in blood, about 3 X 10- 5 inch.
4. 6.4 X 10- 2• 5. 1.20 X 109• 6. 6.28 X 10- 6 •
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Besides being easily and quickly written, numbers in scientific notation
are handy when multiplying and dividing. Suppose that 2.2 X 1()3 is to
be multiplied by 3 X 10 2• First multiply 2.2 by 3, which gives 6.6. For
the !O's, consider that 1()3 = 1,000 and 10 2 = 100. 1,000 X 100 =
100,000 = 105 (from the table). But 10 5 equals 10 2 +a. Rewriting the
solution gives
(2.2 X Hl3)(3 X 102)

= (2.2 X 3)(103 X 102)

=

6.6 X 10m

= 6.6

X 10. 5

RULES OF OPERATION WITH EXPONENTS. For any given base, such as 10,
the following rules apply:
To multiply, add exponents:
104 X 10 2 = 104+2 = 10 5•
To divide, subtract exponents: 104 + 10 2 = 10 4- 2 = 102 •

Exercise 1-7.

Perform the indicated operations.

1. (1.86 X 10 )(3.6 X 102) =
2. (9.3 X 107) + (1.86 X 10 5) =
3. If a true value is 4.3225 X 10&, what is the relative error in using the
5

value 4.33 X 10 5?
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

Multipl~he known
num rof-.

to obtain the unknown
numbero£

mega- kilo-

by

!

7

1
103
10'
centi- .................. 10s
milli- ................. 10•
micro- ................. 1011
millimi<.'ro- ............. 101•
micromicro- ... . .. .. ... 1011

kll!~--·.:
:::::::::::::::
unit....................

-by

unit

milli- micr0centi- milli-1 micro- micromicr0-

b y -by- -iiy b y b y -by

!

!

!

!

!

!

!

10-s

1O-<I
10-•
l
1()2
102
10'
10'
10"

JO-<I
10-•
10-•
l
10

10-1
1O-<I
10-•
10-1
l
103
10'
10•

10-12
10--

10-16
10-12
10 •
10-7
10-1
10-•
l
103

10-11
10-1•
10-11
10-10

l
103
10'
10'
109
10"
101•

10'

101
1010

lQ-<1

10-,
10-•
l
103
10'

10•
10-1

10-•
l

For example, a kilocycle is one thoui,and cycles; a megacycle is a million
cycles; a microfarad is one millionth of a farad; a millihenry is one thousandth of a henry; and 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 column to the line containing the desired unit; the number at thi8
point multiplied by the standard unit gives the desired unit. For example,

10
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to co_pvert millihenries into microhenries, find milli- at the top of the table,
go down this column to the line marked micro-, and find 1()3. Therefore,
multiply millihenries by 1,000 to get microhenries.
Symbols of Algebra. Algebra 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 many sorts of trees: large or small in size, slender or bushy 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
algebraic 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
paper and talked about easily; using words for the same purpose would
often cause confusion. What method shall be used to choose these symbols? First, symbols must be as brief as possible; second, their meaning
must be generally a(O'CCd 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 almost universally; for example, 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 (la.st few letters of the alphabet), which usually
mean quantities unknown or variable; a, b, c (first letters of alphabet) often
stand for known or unvarying quantities. Mathematics packs much meaning into one symbol to make the symbol useful where words or numbers
would riot serve.
The symbols used in mathematics are precise in meaning; words also
are used with meanings more precise and more limited than they may have
in everyday conversation, and sometimes these meanings are different
from the common ones. Some definitions of such words follow.
An algebraic expression is any combination of numbers, letters used for
numbers, and signs of operation written according to the rules of algebra.;
like lOx, t + t, mx + b. Note that lOx means 10 times x; this is a product
and the 10 and the x a.re 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 are to be multiplied; xy means x times y, 10a means 10
times a. In the product 10a, 10 is the numerical coefficient or factor and a is
the literal (letter) coefficient or factor. When x is written alone, the coefficient 1 is understood; x means 1 times x. A term is any expression like
lOx, t, mx, b, 5r, and so forth. Similar terms are those with the same letter
or letters, such as lOx and mx. If terms do not have the same letters (or
literal coefficients) they are dissimilar terms. Similar terms may be com-
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bined by adding 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. 10m + 8m

+ 6m =

2. 40v - 30v =
3. 90q 50q - 40q
4. ¼b ¾b =

+
+

5. te -

¼e =

6. 9.5x - 7.2x

=

=

7. 19k - 1.73k =
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 occur, they may be combined in groups
of similar terms; for example, 50a + 98b + 5a + 3b + a = (50 + 5 + l)a
+ (98 + 3)b = 56a + 101b.
M uUiplication and division are carried out with the coefficients of similar
tenns like 7 X 2a - 1-ta- ½X 10w = 5w· lOx - 5x· 2 (6x - 3 x) - 2x·
'
'
•2-'
3
'

18x
6

x

= 3 (a number only).

Exercise 1-9. Perform the indicated operations.

+ + + +a =
+
+ + 10.2d =

7_ 20a =
4
8 3.68r • 4 -

1. 4a
6b 5a 1b
2. 6.2e 8.9d
7.8c
3. 18 X 2'f =
4. 20 X ¼x

=

9. 4.5d + 1.5d =
4x
2y
2

5. 10 X 9.2y
6. 2.5 X 6z =

IO. 3a

+

+

=

Just as 10 X 10 = 10 2, a X a= a2, and a X a X a= a 3• Similar terms
with the same exponents may be combined; that is, 3a2 + 4a 2 = 7a 2•
Expressions containing several terms arc called polynomials, for example
3r + 4x2 - 5x + 2, which is a polynomial in descending powers of x.
Polynomials may be added by combining 11imilar terms as follows:

+

3x'
4x 2
- 2x' - x 2
x'
3x2

+

5x + 2
+ 8x - 1
+ 3x + 1
-

Exercise 1-10.

+
+

1. Add 2a 2 - 3ab
4b 2 to 6a 2 - 2ab - 4b 2•
1
2. Add x - 4x
10 to 2 - 6x - 2x 2•
3. Add r 2 3rs - 5s2, 2r 2
7s 2, and - 5r2 - rs - 5s2•
4. Subtract - 2a2 - 8a t 14 from a 2 - 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 10 2 + 6 X 10 + 5
5 X 103 + 3 X 10 2 + 3 X 10 + 1
7 X 103 + 8 X 10 2 + 9 X 10 + 6
Incidentally, numbers are usually read in this fonn: seven thousand,
eight hundred, and ninety-six. The additions of the digits are done from
memory and the lO's with exponents are carried through without change.
Now if x be substituted for 10, the resulting algebraic expres8ion may be
added in the same way.
2x3+5x2 +6x+5
5x3 + 3x2 + 3x + 1
7x3 + 8x2 + 9.x + 6
Now any other number, such as 2 or 3, may be put in place of x anq 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+a = a 5 ; -a3 = a-1 •I (a 2) 3 = a 2 X a 2 X a 1 = a9 ;
ai X ai

=a

=

Va X v'a:

ai =

Va

RULE OF SIGNS. In multiplying or dividing, if the terms have like signa
the result is positive (has plus sign); if the terms have unlike signa the
result is negative (minus sign).

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

=

(+a) X (- b)

= - ab
= -ab

(-a) X(+b)

Example.
( +3a 2b) X (- 2a3b2c)

Exercise 1-11.
1.
2.
3.
4.

+ ab

( - a) X ( - b)

(2x 2)(3x 5) =
h4 ( - h3) =
( - 5d) 3 =

(+a) + (

+ b)

(- a) + (- b)

=

+ ba

= + ba

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

(+a) + (- b)

= (+ 3)(- 2)(a2)(a3)(b)(b2)(c)

=-

6a5b3c.

Perform the indicated operations.

(5E)(- 3E3)(- 2E 2) =
5. - (21)3 =
6. 5y(- 3x 2y) =

( - 3a3t) 2 =
- (3a3t) 2 =
e(Se') ( - ¾e 5) =
(- 2nd)(- 3n)(- 4d 2)
11. ( - z2y&)3 =
12. (2dc 5) 2 =

7.
8.
9.
10.

=
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Removal of parentheses (and of other signs of grouping) from expressions
is easy if certain rules a.re followed. These signs of grouping a.re often
used to indicate multiplication of terms, and in the course of solving a.
problem it may be necessary that they be removed systematically. Therefore:
(1) Apply the rule of signs (above).
Example:
2(a
b - c) = 2a 2b - 2c.
Also,
- 3a(a2 - 3a
5) = - 3a 3
9a 2 - 15a.

+

+

+

+

(2) If no coefficient is indicated for the group, consider the coefficient
to be 1.
Example:
(a + b) = 1(a + b) = a + b.

Also,

(x - 2y)

-

=-

l(x - 2y)

=-

x

+ 2y.

(3) Perform indicated multiplications or divisions first; then addition
or subtraction.
Example:
5 - 3(a + 2b) = 5 - 3a - 6b.

This does not equal 2(a + 2b).
(4) Remove signs of grouping one set at a time, starting with the innermost set.
Example:
- 3c[a
2b(b - c)]

+

=-

3c[a

+ 2b

2

-

2bc]

=-

3ac - 6b 2c

+ 6bc

2

•

Exercise 1-12. Remove parentheses and signs of grouping and combine similar terms (that is, simplify).
1. 4(2b

+ 3)

- 7

+

=

2. 4n - 4(n
8) =
3. - 3(5d - 4)
12 =
4. 4a(2a
b - c) 7ac =
S. 6s - 3(r s t)
(2r - s
3t)
6. - (8d - 3) + (- 3d + 4) =
7. 6n 2 - (3n
2)
2n(n - 5) =
8. 5[2n - 6(n
2)] - 3n
8 =
9. 3a[6
2(a - 3)]
10a 2 =
10. s{s - 2(3 - 5s)
7} - 2s2 =
11. 2x - 3[2x - 3(x - 5)] =

+
+
+ + +
+
+ +
+
+
+
+
+
4y + 2y[3y - (5 - y) + 6] =
8r - [7 - 2(3r - 5)] =
9x + 3x + 2[2x - 5x(x - 1) 19x - 3[x - 3(x - 2(4y + 3} +

12.
13.
14.

15.

2

=

+

=

10] - (2x 2
7x)
2y)
3x] - y 2 =

+
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In the multiplication of algebraic expressions certain combinations
occur so often that they need special study, so that they may be known
and the answers obtained quickly. These combinations are often called
11pecial products. If the special product is recognized, its factors may
often be found by inspection. Factoring 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' - 9x3 + 12x2
it is possible to divide out a 3, an x 2, or a 3x 2• The latter, being the largest,
is usually the factor desired; thus,
3x 4

-

9x3

+ 12x = 3(x
2

=

=

3x3 + 4x 2)
x (3x - 9x + 12)
3x2 (x 2 - 3x + 4).
4

2

-

2

Exercise 1-13. Factor the following.
1. 7xy - 14xz =
4. 8xy 2 - 16xy + 12x =
2
2
2. 5a b - 25ab =
5. a 2b2 - 3ab2 + 4a3b - 12ab
3. 2irr2

+ 2irrh =

6. 24m2n - 6mn 2

+ 36m n

2 2

-

=
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

2x+

6
5
2x
6x
- lOx - 30
2x 2 - 4x - 30
X 2

+

or
(2x

i

A

+ 6) (x i i

BC

5)

i

= 2x2 -

4x - 30

D

From this 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 binomials; (3) the second term is 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.
5. (x 2 - 4)(x 2 - 12) =
1. (n + 3)(n + 2) =
6. (th + 7)(th - 12) =
2. (a - 5)(a + 2) =
3. (p - 4)(p - 5) =
7. (3x + 1)(3.x - 3) =
8. (x 2 - l ly 2) (x 2 + 5y 2) =
4. (a+ b)(a + 2b) =
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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 9x 2 + 18:z: + 5, two binomials are needed having their first terms factors of 9x 2, having their
second terms factors of 5, and having 18:z: as the sum of the product of the
two outer terms plus the product of the two inner terms of the trial factors (A)(D) + (B)(C). The correct factors are found by trying out different combinations until the right ones are obtained. Several possible
combinations may be set down, but only one meets the third requirement.

Trial factors

Second tcnn

(x + 5)(9x + 1)
(x + 1)(9.i: + 5)
(3x + 1)(3x + 5)

x + 45x
46x
5x +9.i: = 14x
15x + 3.i: - 18x

Conclusion

First attempt ...........
Second attempt .........
Third attempt ..........

=

No good.
No good.
Correct.

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

Exercise 1-15. Factor the following.
1.
2.
3.
4.

+ 5n + 6 =
6x + 5 =
a2 - 9a + 20 =
6n + n - 2 =

n2
x2

5.
6.
7.
8.

-

2

+ 3xy + 2y =
+ 22a + 8 =
2 + 7x + 5x =

x2

2

15a 2

2

a4 -

6a 2b2 -

55b 4

=

Certain binomials 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

b'

aXb

..,

.

X

a•

F10.

1-2.

Illustrating Binomial Squares by Areaa.

the sum of three terms: (1) 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 the binomial. That is,
(a

+ b)2 = (a+ b)(a + b) = a + 2ab + b

(a - b)

2

2

=

(a - b)(ri - b)

=

n2 -

2

2nb

+b

;

2•
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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) + 3 2
= 400 + 120 + 9 = 529;
(29) 2 = (30 - 1) 2 = (30) 2 - 2(30)(1) + l2
= 900 - 60 + 1 = Sil.
Using the formulas for these squares is easier than multiplying out the usual way. Diagrams illustrating the binomial squares are shown in Fig. 1-2.

Exercise 1-16. Perform the following operations.

+

+
+

1. (x
3) 2 =
5. (2x - 3) 2 =
9. (5r2 s 1) 2 =
2
2
2. (x - 5) =
6. (3a
5) =
10. (a1
12) 1 =
2
3. (x
6y) =
7. (a - 3b)' =
11. (h - ¼)' =
4. (a - c) 2 =
8. (3k 2 - 1) 2 =
12. (ta·+ ½b) 2 =
It is easy to factor expressions of this sort; simply take 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) 1,
4x 2 - 12x + 9 = (2x - 3) 2•
Note: Be sure that the middle term is twice the product of the square
roots of the first and last terms.

Exercise 1-11.
1. x

2

-

12x

Factor the following expressions.

+ 36 =

2. 16x1

3. 25 a'

-

40.ry

+ 120a b + 144b' =

+ 25y =
1

1 2

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 taking the square root
of c>ach square and making the factors the sum and difference of these roots.
4n 1

-

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 may be considered as the product
(30 + 1) X (30 - 1) = 900 - 1 = 899.

Exercise 1-18.

1. (x

+ y)(x -

Perform the operations indicated.
y)

+

=

2. (10 - a)(lO
a) =
3. (4a
3b)(4a - 3b) =
4. 36r2 - s 2 =

+

5. - 8lv 2

+ 25u =
2

6. 12c3 - 3r =
7. 63 X 57 =
8. 75 X 45 =

Solving Equations. It is very fortunate that the behavior of the equipment 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 f ormul,as
to forecast the behavior of radio circuits. Some formulas are simple and
others look complicated; but after the equation has been arranged in a
useful form, values (numbers) may be placed 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 members; either 'lefthand and right-hand member or first and second member, respectively.
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 l,aws of operation state that if equals are added to, or subtracted
from, or multiplied by, or divided by equals, the results are equal. For
example, suppose an equation
>. _ 300,000

-

f

is given and >. (read lambda) is given as 600; how may f be found?
Solution: First multiply by/ on both sides of the equal sign,
I'\. = 300,000/
J"
f
'
and then divide both members of the equation by >.:

!~ =
but

~}. =

1 and [
f

=

1 so
'
f

t·

(300,000)

= 300,000.
}.

Substitute the value of >.

= 600 in this equation and obtain
f

= 3~0~00 = 500.

An important formula in radio is Ohm's Law, usually written in symbols
as E = IR. The meaning of the symbols will be explained later, but this
equation will serve as another example of the operations which may be
performed on an 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
JR
E
R = R = I,
or
I = lf
• Division by O is not possible.
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Still another change may be made; suppose both sides of the equation arc
multiplied by I; then
EI = (I)(IR) = l 2R.
Just above, it is shown that I

=

I;

substituting this value for I in the last

equation makes it

The rule for the last operation is that thing8 equal to the aame 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 J 2R.

Sometimes it is not possible to evaluate an equation exactly because
some factors in it arc not exact; for example, a formula containing
'If' = 3.1416 (approximately), such as
1
XL= 2rfL
or
Xe= -2rJC
-·
In this case, the number used for 'If' should have the same number of significant figures as the rest of the data; 6.28 is often used for 2,r.
Exercise 1-Zd. Perform the following calculations, using the appropriate formula above.
1. Given f = 60, L = 1, find XL.
2. Given f = 1.5 X 108, L = 5.5 X 10-e, find XL.
3. Given f = 500, C = 2 X 10-e, find Xe.
4. Given/= 3.105 X 10 8, C = 0.85 X 10-s, find Xe.
5. Given X = XL - Xe, J = 108, L = 1.4 X 10-4, C = 1.8 X 10-10,
find X.

Clearing fractions is often nece:!Sary in solving equations.
the equation
1

Consider

R=--·

_!_+_!_

R1

R2

The first step is to place the denominator over its own common denominator:
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Finally, the denominator is inverted and multiplied by the numerator,
which in this case is 1:
R = R1R2 (l) = R1R2 •
J.l2 R1
R1
R2

+

+

Exerdse 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 Rand R2.

Quadratic Equations.

An equation of the type

ax 2 +bx+ c

=0

is called a quadratfo equation. The coefficients a, b, c are any numbers,
positive or negative, and x is a variable whose value is to be found. Special
equations of this type have already been considered on pp. 14-15, but
sometimes it is difficult to find the neceBSary factors. To Bolve the quadratic
equation, that is, to find a formula which will always give the correct value
of x, first divide the entire equation by a, the coefficient of :z:2, to give
:z;2

+-ab :z; +-aC = 0.

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

a

X2

+ b-a X = - -•
a
C

From the discussion on p. 15, it will be seen that the third term in a perfect
square is the coefficient of x divided by 2 and then squared. Performing
this operation, and adding this term to both sides of the equation, we get
2

:z;2

2

+ -ab X + -4ab = -4ab - a-•
2

C

2

The square root of both sides may now be taken. The left-hand side has
now been made into a perfect square, so it may be factored; on the righthand side the operation can only be indicated. Since both
and quantities have the same sign when squared (rule of signs), both signs must
be used before the square-root sign or radical ( v) on the right. So

+

!_ _

or
:z;

=

- b

+ v'b
2a

2

x

+ 2a -

-

4ac

±

../ b2

l'

and

4ac
4a 2 '

-

:r

=

- b - v'b 2

-

4ac

2a

The process used to work out this formula is known as "completing the
square." Now an example of its use will be given,
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Consider the equation

4.x' + 12.x + 9 = 0.
This is a quadratic Conn, with a = 4, b = 12, and c = 9. Putting these
figures in the formula.
X

=

=

- 12

:1:

v(l2) 2
2(4)

- 12

:1:

Vl44 - 144

-

4(4)(9)

s

12

3

=-s=-:r

Since equations do not always yield a solution as readily as the one
above, consider another example. Given the equation
2x 1

+ 5.x -

12

= 0,

it is seen that a = 2, b = 5, c = - 12. Substituting these values in the
formula
- 5 :1: V5 2 - 2(4)( - 12)
- 5 :1: V25 + 96
X =
2(2)
=
4
•
With the plus sign,
-5+11
6 3

x=

4

=4=~r

With the minus sign,
X

=

- 5 - 11
- 16
4
= -4-

= -

4.

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

2( - 4) 2

=

x=l½=i

-4

+

5( - 4) - 12
2(16) - 20 - 12
32 -

=0

2(V'

=0
32 = 0

+ 5(U + .1/- -

2(-1)

12
12

=0
=0

=0
0=0

12 - 12

0=0
Exercise 1-22. Solve the following quadratic equations.
1. .x 2 + 2.x - 3 = 0
2. x 2 - 8.x
15 = 0
3. x 2 - 9.x - 22 = 0
4. 2x 2 - 9x
4 =0
5. 6x 2 - 5x + 1 = 0

+
+

6.
7.
8.
9.
10.

5x 2 - llx + 2 = 0
12y 2 + 25y + 12 = 0
x 2 + 19 = 20.x
x2 2x = 48
x' + 2ax - 3a2 = 0

+

Trigonometry. Tri{Jonometry is that branch of mathematics which
deals with the properties of triangles. Actually, the idea.~ of trigonometry
have been extended to solve many problems in radio, as will be seen later.
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A right triangl,e is a triangle in which one of the angles is a right angkor 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 e.ach angle is marked
a= side opposite
with the corresponding small letter
angle A
90•
a, b, c.
C
In geometry it is shown that the
b = side adjacent to
angle A
sum of the angles in any triangle is
180°; that is, A + B + C = 180°.
FIG. 1-3. Right Triangle with Parta
But since C = 90°, A+ B = 180° Labeled.
C = 180° - 90° = 90°.
Therefore
A and B each must be less than 90° (acute angles) and the following relations must be true:

A+ B = 90°;

B

A= 90° - B;

= 90° -

A.

Now consider two triangles like ABC and AB'C' in Fig. 1-4, one of which
is larger than the other. In geometry it is shown that these two triangles, ABC and AB'C', are simi8' Zar, that is, their angles are equal
and their sides are proportional
to one another. Therefore, it may
be said that
BC

B'C'

AC= AC'

= a constant.

No matter what the size of triangle
AB'C', as long as the shape is the
same as that of the triangle ABC
F10. 1-4. Triangles ABC and AB'C' are
Similar.
this ratio will be true. If the angles were changed, the ratio would
change also. There is a definite relation between an acute 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, which 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
~--=-------,,---~'----~length of hypotenuse

Bille O

. A = a- '
= Sill
c'

.
fA
length of side adjacent to angle A
A
b
cosme o
= -=--,----~-----'-'-- = cos = -·
length of hypotenuse
c'

tan ent of A
g

=

length of side opposite anp;le A
length of side adjacent to angle A

= tan A = ~b
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The abbreviations sin, cos, and tan a.re commonly used in place of the
corresponding complete names sine, cosine and tangent. Other ratios may
be formed but a.re 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 may be shown that in any MJJhl. triangle the square on the hypotenuse
is equal to the sum of the squares on the two sides; this generalization is
called the hypotenuse rule or the Theorem of Pythagoras. That is,
a2

From which,

a= v'c 2

-

+ b' = c

2

b=v'c2 -a 2•

and

b'

•

Values for the ratios or tTUJ<m<nnetric functions may be worked out for
certain angles quite easily. Consider a triangle with three equal sides,
ea.ch one unit in length. Since the sides are equal the angles opposite
them must be equal. The sum of the three equal angles is 180° and so
ea.ch 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 ½unit long, and will divide the triangle into
two portions, each of which is a right triangle. Taking one portion of the

I

1

1

2

2

(a)

A b C

(b)

(C)

FIO. 1-5. Equilateral Triangle and 30"--60" Triangle.

triangle (Fig. l-5c) and lettering the angles and sides as stated at the first
of this section, the ratios can be evaluated for the angles in this triangle.
From the hypotenuse rule the side a is

a = v' c2 -b 2 = v'l2 - (½)2 = v- r.---;1 - ¼ = v'f = V3
2
From the definition,
0 87
sin A=~= ·
C
1

= 0.87 = V32 = sin 60°.

From the definition,
cos A

= ~C = -12• +

1

= 0./'iO = rrn1 60°.

= 0.87.
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Likewise,

a 'V3 1
= b = 2 + 2 = V3 = 1.73 = tan 60°.
From the fact that angle A = 60° it is found that sin 60° = 0.87, cos 60° =
tan A

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,
sin B = sin 30°

= ~C =

0.50;

also,
cos B

= cos 30° = ~C = 0.87;

and

b
tan B = tan 30° = a

= 0.58.

Exercise 1-23.
1. Draw a right triangle whose sides are 3 inches a0d 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°. From 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°
and cos 30°?
4. For the triangles studied, is this a true statement: ein (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 the 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 tan 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 this 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 interval between cos 16° and cos 17°. To calculate cos 16.5° it is necessary to subtract the proportional part of the
cliffPrence from the value of cos 16° because the cosines decrease as the
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angle increases. This operation is called interpol,al,ion, and is performed
as follows:
(a)
cos 16° = 0.9613
(d)
C'os 16° = 0.9613
(b)
cos 17° = 0.9563
(e) 0.5 X 0.0050 = 0.0025
(c) Difference = 0.0050
(f)
cos 16.5° = 0.9588
(4) To find tan 35.66° {35°40'). Since the tangent of an angle increases
as the angle increases, the proportional part of the difference is added to the
value of tan 35° to give tan 35.66°.
(a)
(b)

tan 36°
tan 35°

(c) Difference

(5) Find angle A if sin A
lies between 41° and 42°.
(a)
(b)

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

= 0.7265
= 0.7002
= 0.0263

tan 35.66

(f)

= 0.6626.

sin 42° = 0.6691
sin 41° = 0.6561

From the table it is seen that A
sin A = 0.6626
sin 41° = 0.6561

(d)
(e)

(c) Difference = 0.0130

= 0.7177

(f) Difference

= 0.0065

+ ~::~ X 1°.
41° + 30' = 41°30'.

(g) Since A is betwccn41°and 42°, A= 41°
(h) A = 41°

Exercise 1-24.
1. sin 45°

2. cos 45°
3. tan 45°
4. sin 90°

5. cos 15.5°
6. tan 75°

+ 0.5° =

41.5°

or

Find the following functions and angles from the table.
7.
8.
9.
10.
11.
12.

cos 88.6°
sin 79.25°'
Angle A, if sin A = 0.9135
Angle A, if tan A = 0.2035
Angle A, if cos A = 0.9310
Angle A, if sin A = 0.9995

These functions of trigonometry are used to solve many problems in
radio work. First, however, an illustration based on the action of mechanical forces will be discussed.
Consider the ordinary boys' slingshot (Fig. 1-6a), which consists of a
forked stick with a rubber band fastened to the 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 proportional 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 th<' rubber band. For
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TABLE 1-3
SINES, COSINES, AND TANGENTS

Sine

Degrees

Cosine

Tangent

(opp.)
hyp. (adj.)
hyp. (op~")
adJ .

Degrees

Sine

Cosine

Tangent

(opp.)
hyp. (adj.)
hyp.

(op~")
adJ.

0
1
2
3
4

.0000
.0175
.0349
.0523
.0698

1.0000
.9998
.9994
.9986
.9976

.0000
.0175
.0349
.0524
.0699

45
46
47
48
49

.7071
.7193
.7314
.7431
.7547

.7071
.6947
.6820
.6691
.6561

1.0000
1.0355
1.0724
1.1106
1.1504

5
6
7
8
9

.0872
.1045
.1219
.1392
.1564

.9962
.9945
.9925
.9903
.9877

.0875
.1051
.1228
.1405
.1584

50
51
52
53
54

.7660
.7771
.7880
.7986
.8090

.6428
.6293
.6157
.6018
.5878

1.1918
1.2349
1.2799
1.3270
1.3764

10
11
12
13
14

.1736
.1908
.2079
.2250
.2419

.9848
.9816
.9781
.9744
.9703

.1763
.1944
.2126
.2309
.2493

55
56
57
58
59

.8192
.8290
.8387
.8480
.8572

.5736
.5592
.5446
.5299
.5150

1.4281
1.4826
1.5399
1.6003
1.6643

15
16
17
18
19

.2588
.2756
.2924
.3090
.3256

.9659
.9613
.9563
.9511
.9455

.2679
.2867
.3057
.3249
.3443

60
61
62
63
64

.8660
.8746
.8829
.8910
.8988

.5000
.4848
.4695
.4540
.4384

1.7321
1.8040
1.8807
1.9626
2.0503

20
21
22
23
24

.3420
.3584
.3746
.3907
.4067

.9397
.9336
.9272
.9205
.9135

.3640
.3839
.4040
.4245
.4452

65
66
67
68
69

.9063
.9135
.9205
.9272
.9336

.4226
.4067
.3907
.3746
.3584

2.1445
2.2460
2.3559
2.4751
2.6051

25
26
27
28
29

.4226
.4384
.4540
.4695
.4848

.9063
.8988
.8910
.8829
.8746

.4663
.4877
.5095
.5317
.5543

70
71
72
73
74

.9397
.9455
.9511
.9563
.9613

.3420
.3256
.3090
.2924
.2756

2.7475
2.9042
3.0777
3.2709
3.4874

30

31
32
33
34

..5000
.5150
.5299
.5446
.5592

.8660
.8572
.8480
.8387
.8290

.5774
.6009
.6249
.6494
.6745

75
76
77
78
79

.9659
.9703
.9744
.9781
.9816

.2588
.2419
.2250
.2079
.1908

3.7321
4.0108
4.3315
4.7046
5.1446

35
36
37
38
39

.5736
.5878
.6018
.6157
.6293

.8192
.8090
.7986
.7880
.7771

.7002
.7265
.7536
.7813
.8098

80
81
82
83
84

.9848
.9877
.9903
.9925
.9945

.1736
.1564
.1392
.1219
.1045

5.6713
6.3138
7.1154
8.1443
9.5144

40
41
42
43
44
4.5

.6428
.6561
.6691
.6820
.6947
.7071

.7660
.7547
.7431
.7314
.7193
.7071

.8391
.8693
.9004
.9325
.96.57
1.0000

85
86
87
88
89
90

.9962
.9976
.9986
.9994
.9998
1.0000

.0872
.0698
.0523
.0349
.0175
.0000

11.4301
14.3007
19.0811
28.6363
57.2900

·····
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example, if the rubber band is stretched so that ea.ch half or ea.ch side
exerts a force of 1 unit (which may be called Fa) in line with itself,

C

Rubber
Band

A

(a)

( b)

F10. 1~.

Slinphot and Fort'e Diagram.

what is the force exerted on the stone (represented as F 8 )? From the
triangle, cos 45°

= ~ aor ~ C = d cos 45°.

Since ea.ch side of the band

supplies half the force on the stone, then
½F 8 = Fa X cos 45° = 1 X 0.7071 = 0.7071.
The total force on the stone will be twice this, or 1.4142 units.
Vector Addition. Some relationships to be explained later are indicated
in the triangle in Fig. 1-7.
R
R
R = Zcos8
Z=z=cos8
cos 8
X
X X
.
X = Z sin 8
Z== 1>lll
8
sin 8

z

R
FIO. 1-7. Impedance Triangle with Paru, Marked.

Z

= v'R2 + x2

tan 8

X

=R.

The symbol 8 is the Greek letter theta.

Exercise 1-2S.
1. Given R = 8, X = 6, find 8.
2. Given Z = 10, 8 = 45°, find Rand 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 arithmetic 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, place them as shown in the
triangle (the arrowhead indicating the direction of each) and draw a line
from the beginning of R to the end of X. This will be Z, the vecwr

Chop. 1 l
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sum of R and X, and its length is Z = v'R 2 + X 2 = V8 2 + 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 expressions, as x.
Another system for finding the values of the trigonometric functions is
to draw a curve of sines. Suppose a circle is drawn whose radius is 1 unit
long (Fig. 1-8), with center at A. Then draw a diameter AD and continue this line to E; draw another line at a right angle to the diameter and
to the end of the radius (CB). The triangle ACB is a right triangle and
~;in 8

=

~!·

II

E

12

F10.

1-8.

Construction for Sino Curve.

But AB = 1 (unity in length) and so sin O = CB. If the radius were
drawn in another position (AB'), the line from B' to the diameter at C'
will again be sin 81 = C' B', and so on, no matter what the angle Ohappens
to be. If the entire circle be divided into parts (say 24) and the radius
considered as if moving, in a direction opposite to that 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. By drawing lines horizontally from the 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 arc joined by a smooth curve.
Other information may be obtained from such a diagram. Following
the lines used in making the diagram, it may be seen that sin 120° =
sin 60°, sin 150° = sin 30°, and so on. This suggests a general statement
that sin (180° - A) = sin A. :i\lany 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 O = AC. If the radius were again rotated, and the
lengths AC, AC', and so forth, plotted vertically above the dc>grce marks
on DE, a cosine curoe would be obtained. The two curves may be compared; the shape is exactly the same, but when the sine curve is zero the
cosine curve has the value 1, and so on.
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Exercise 1-27. Compare the values of several points on the sine curve
with the values of cosines in Table 1-3. Could the relation sin (90° - A)
= cos A be used to plot a curve of cosined?
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 2r times with9=1 radian out overlapping (1r = 3.1416, approximately). That is, 21r radii
=57.3°
will be needed to make a curved
line as long as the circumference.
The relation is true no matter what
the size of the circle. The radius,
Fro. 1-0. Mensuro or Angle in Radiana.
wrapped around the circle, will be
the curved edge of a piece of pie,
with an angle at the center (Fig. 1-9). This angle is called a radian.
One radian is about 57.3°. There will be 2r radians in the whole circumference or 360°. To convert degrees to radians, divide the number of
degrees by 57.3; to convert radians to degre/!8 1 multiply the number of
radians by 57 .3.
Exercise 1-28.
1. Convert the following angles to radians: 45°, 60°, 90°, 180°, 120°,
135°, 22.5°, 200°, 3,000°.
.
1r 311' 1r 71r 20ir
2. Convert the followmg angles to degrees: , , , ,
3 4 72 6 3 , 0.9811'.

Graphs and Curves. A fairly reliable aid in predicting the future is the
experience of the past. To this end information is collected about the
number of automobiles built, number of babies born, temperatures in
various cities, prices on the market,
so-----------.
and many other things. This information may be listed in the fonn of
tables or shown on graphs. A graph
70
of the average daily temperature in
!!
::,
some locality is shown in Fig. 1-10,
~
8.
which is plotted from Table 1-4.
E

.,

TABLE 1-4
Dau
May 1
May2
May3
May4
May5
May6

I-

60

Temperature,
degrees
51
58
68

55
69

74

500

4
3
5
7
6
Date
Fm. 1-10. Chart of Daily Temperature
for May.
2
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The gradual rise in temperature at this time of year and the drop of temperature on May 4 a.re easily seen on the graph.
Sometimes important decisions a.re ma.de on the be.sis 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).
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Present Plant Capacity

/\Install New Capacity

~
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~0.5

s:,

0

?9_20_ _ _1.....
93_0_ _ _
194
....0_ _ _1.....9-50_ _ _
1960..._
Y e a r

FIG. 1-11. Output or Plant, by Years.

Another use for graphs has already been shown-a curve of sines may
be used as a table of sines of angles. The curves for cosines, tangents, 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 written in scientific notation. A similar plan
may be used to simplify multiplying, dividing,
and other operations.
1()3 = 1000
Consider again the table showing powers of
10 2 = 100
10 and their equivalents in place notation. It
101 = 10
is seen that 100 = 1 and 101 = 10. A number
100 =
1
between 1 and 10 must be represented by 10
10-1 =
0.1
10- 2 =
0.01
raised to some power between O and 1. Tables
have been prepared to show what this power
10-3 =
0.001
is, and Table 1-5 is this kind of a table for the
etc.
base 10.
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TABLE 1-5
LOGARITHMS
N

0

10

0000

11

12
13
14
15

16
17
18
19
20

21

22

23
24
25

26
27

28
29

30

31
32
33

34
35

36
37
38
39
40

41
42
43

0414
0792
1139
1461
1761
2041
2304
2553
2788
3010
3222
3424
3617
3802

3979
4150
4314
4472
4624
4771
4914
5051
5185
5315
5441
5563
5682
5798
5911
6021
6128
6232
6335

54

6435
6532
6628
6721
6812
6902
6990
7076
7160
7243
7324

N

0

44
45

46
47
48
49

50

51
52
53

- -- -- -- -- -- - - 1

2

3

4

5

6

7

8

9

0043
0453
0828
1173
1492
1790

0086

0128
0531
0899
1239
1553
1847
2122

0170
0569
0934
1271
1584
1875
2148
2405
2648
2878
3096

0212
0607
0969
1303
1614
1903
2175
2430
2672

0253
0645
1004
1335
1644
1931
2201
2455
2695

0294

1038
1367
1673
1959

0334
0719
1072
1399
1703
1987

2227

2253

2480
2718
2945
3160

2504
2742
2967

0374
0755
1106
1430
1732
2014
2279
2529
2765
2989
3201
3404
3598
3784
3962
4133
4298
4456

2577
2810

0492
0864
1206
1523
1818
2095
2355
2601
2833

3032

3054

3075

3243
3444
3636
3820
3997
4166
4330
4487
4639
4786
4928

3263
3464
3655

3284
3483
3674

3838

3856

2068

2330

5065

5198
5328
5453
5575
5694
5809
5922
6031
6138
6243
6345
6444
6542
6637
6730
6821
6911
6998
7084
7168
7251
7332

4014
4183
4346
4502
4654
4800
4942
5079
5211
5340
5465
5587
5705
5821
5933
6042
6149
6253
6355
6454
6551
6646
6739
6830

6920
7007
7093
7177
7259
7340

2380

2625

2856

4031
4200
4362
4518
4669
4814
4955
5092
5224
5353
5478
5599
5717
5832
5944
6053
6160
6263
6365
6464
6561

3304

3502
3692
3874
4048
4216
4378
4533
4683
4829
4969
5105
5237
5366

5490
5611
5729
5843
5955
6064

6170
6274
6375
6474
6571

2900

3118
3324
3522
3711
3892
4065

4232
4393
4548
4698
4843
4983
5119
5250
5378
5502
5623
5740
5855
5966
6075
6180
6284
6385

6656

6665

6749
6839
6928
7016
7101
7185
7267
7348

6758
6848
6937
7024
7110
7193
7275
7356

6484
6580
6675
6767
6857
6946
7033
7118
7202
7284
7364

3

4

5

-1- -2- -- - - --

2923

3139
3345
3541
3729
3909
4082
4249
4409
4564
4713
4857
4997
5132
5263
5391
5514
5635
5752
5866
5977
6085
6191
6294
6395
6493
6590
6684
6776

0682

3365

3560
3747
3927
4099

4265
4425
4579
4728
4871
5011
5145
5276
5403

5527
5647
5763
5877
5988
6096

6955
7042
7126
7210
7292
7372

6201
6304
6405
6503
6599
6693
6785
6875
6964
7050
7135
7218
7300
7380

6

7

6866

3181
3385

3579
3766
3945
4116
4281
4440
4594
4742
4886
5024

5159
5289
5416
5539
5658
5775
5888
5999
6107
6212
6314
6415
6513
6609
6702
6794

4609

4757
4900

5038

5172
5302
5428
5551
5670
5786
5899
6010
6117
6222
6325
6425

6972
7059
7143
7226
7308
7388

6522
6618
6712
6803
6893
6981
7067
715?7235
7316
7396

8

9

6884

-- - - - - --
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TABLE 1-5 (Continued)
LOGARITHMS

N
55

56
57
58
59
60

61
62
63

64
65

66
67
68
69
70

71
72

73
74
75

76
77
78
79
80

81
82
83
84
85

86
87

88
89
90

91
92
93
94
95

96
97
98
99

N

1
4
7
------- ---7404 7412 7419 7427 7435 7443 7451 7459 7466 7474
2

0

7482
7559
7634
7709
7782
7853
7924
7993
8062
8129
8195
8261
832.5
8388

8451
8513
8573
8633

8692
8751
8808
8865

8921
8976
9031
9085
9138
9191
9243
9294

9345
9395
9445
9494
9542
9590
9638
9685

9731
9777
9823
9868
9912
0956

7490
7566
7642
7716
7789
7860
7931
8000

8069
8136
8202
8267
8331
8395
8457
8519
8579
8639
8698
8756
8814
8871
8927
8982
9036
9090

9143
9196
9248
9299
9350
9400
9450

9499
9547
9595
9643
9689
9736
9782
9827
9872
9917
9961

3

7497
7574
7649
7723
7796
7868
7938
8007
8075
8142

7505
7582
7657
7731
7803
7875
7945
8014
8082
8149
8209 8215
8274 8280
8338 8344
8401 8407
8463 8470
8525 8531
8585 8591
8645 8651
8704 8710
8762 8768
8820 8825
8876 8882
8932 8938
8987 8993
9042 9047
9096 9101
9149 9154
9201 9206
9253 9258
9304 9309
9355 9360
9405 9410
9455 9460
9504 9509
9552 9557
9600 9605
9647 9652
9694 9699
9741 9745
9786 9791
9832 9836
9877 9881
9921 9926
9965 9969

7513
7589
7664
7738
7810
7882
7952
8021
8089
8156
8222
8287
8361
8414
8476
8537
8597
8657
8716
8774
8831
8887
8943
8998
9053
9106
9159
9212
9263
9315
9365
9415
9465
9513
9562
9609

9657
9703
9750
9795
9841
9886
9930
9974

5

6

7520
7597
7672
7745
7818
7889
7959
8028
8096
8162
8228
8293
8357
8420
8482
8543
8603

7528
7604
7679
7752
7825
7896
7966
8035
8102
8169
8235
8299
8363
8426
8488
8549

8663

8722
8779
8837
8893
8949
9004

9058
9112
9105
9217
9269
9320
9370
9420
9469
9518
9566
9614
9661
9708
9754
9800
9845
9890
9934
9978

8609

8669
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

8

7536 7543
7612 7619
7686 7694
7760 7767
7832 7839
7903 7910
7973 7980
8041 8048
8109 8116
8176 8182
8241 8248
8306 8312
8370 8376
8432 8439
8494 8500
8555 8561
8615 8621
8675 8681
8733 8739
8791 8797
8848 8854
8904 8910
8960 8965
9015 9020
9069 9074
9122 9128
9175 9180
9227 9232
9279 9284
9330 9335
9380 9385
9430 9435
9479 9484
9528 9533
9576 9581
9624 9628
9671 9675
9717 9722
9763 9768
9809 9814
9854 9859
9899 9903
9943 9948
9987 9991

9

7551
7627
7701
7774
7846
7917
7987
8055
8122
8189
8254
8319
8382
8445

8506

8567
8627
8686

8745
8802
8859
8915
8971
9025
9079
9133
9186
9238

9289
9340
9390
9440

9489
9538
9586
9633

9680

9727
9773
9818
9863
9908
9952
9996

--- ---- ---1
4
s -- -- - 0

2

3

6

7

8

9
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Before using the table consider that 2, for example, lies between 1 and
10; it may be represented by 10°·3010, in which the e~ponent lies between
0 and 1. Also it is possible to write 3 as 10um. 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 base at all. The logarithms of the numbers
from 1 to 10 are the following (logarithm is abbreviated "log"):
log 1
log 2
log 3

= 0.0000

= 0.3010
= 0.4771

log 4
log 5
log 6

= 0.6021
= 0.6990
= 0.7782

log 7
log 8
log 9

= 0.8451

= 0.9031
= 0.9542

Now from the table of powers of 10 the exponent (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 and similarly
log 200
log 2,000

= 2.3010
= 3.3010

The part 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 the decimal point changes by 1 whenever the number is
multiplied or divided by 10.
The decimal fraction or right-band part of the logarithm is given in
the table to four decimal places and is called the mantissa. The integral
part to the left of the decimal point is called the characteristic and is found
in the following way:
(a) Move the decimal point in the number until the number remaining
is between 1 and 10.
(b) Count the number of places the decimal point bas been moved and
call this number the characteristic.
(c) Make the characteristic positive if the decimal point was moved
to the left and negative if it was moved to the right.
(d) A negative characteristic is written as a positive one, with 10 subtracted from the entire log.

Example: Find log 4,570 in the table.
(a) Find 45 in the left-band column of Table 1-5 and move across
this line to the column headed by 7 to find 6599. Write this as 0.6599.
(b) Move the decimal point to the left three places to give 4.570, a
number between 1 and 10. The characteristic is 3 and positive.
(c) The complete logarithm is 3 + 0.6599 = 3.6599.
Example: Find log 0.00121.
(a) Find 12 in the left-band column, go across this line to the column
beaded 1 and find 0.0828.
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(b) Move the decimal point to the right three places, to give 1.21.
The characteristic is 3 and negative, but is written 7.
- 10.
(c) log 0.00121 = - 3
.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; (d) log 91.9 = 1.9633.
2. Find logs of these numbers: 206, 75,400, 8,300, 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 between 1 and 10.
(b) Move the decimal point to the right as many places as the characteristic when the latter is positive and to the right when it is negative.

Exampl,e: 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.

Exampl,e: Find antilog 7.3243-10.
(a) Find 0.3243 in line 21, column 1; consider this as 2.11.
(b) The characteristic is 7 - 10 = - 3. Therefore, move the decimal
point 3 places to the left to get 0.00211 as the required antilog.
If the exact value cannot be found in the table, take the value nearest to
it; or interpolate as follows:

Exampl,e: Find antilog 0.4208.

= 0.4216
log 2.64 = 0.4216
= 0.4200
given log = 0.4208
= 0.0016
Difference = 0.0008
0.0016 = 0.5, the required antilog must lie 0.5 of the

log 2.64
log 2.63
Difference

Since 0.0008 +
way from 2.63 to 2.64, or 2.635. The characteristic is zero so the decimal
point does not have to be moved.

Exercise 1-30.
1. Check the following: (a) antilog 1.8169 = 65.6; (b) a.ntilog
7.9325-10 = 0.00856; _(c) antilog 4.4814 = 30,300; (d) antilog 3.5711
= 3725; (e) antilog 8.8766-10 = 0.07527.
2. Find the antilogs of the following: (a) 2.9274; (b) 9.9533-10;
(c) 3.5441; (d) 0.6196; (e) 6.6169-10.
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Logarithms may be used to make multiplication and division easier.
The rules are the same as those stated for exponents. That is, to multiply,
add the logarithms of the numbers and look up the antilogarithm of the
result. The work of multiplying 479 by 89 may be arranged as follows:
log 479
log 89
log of product
antilog 4.6297

=

2.6803

= 1.9494
= 4.6297
=

42,630.

To divide, subtract logs; to divide 479 by 890, arrange thus:
log 479 = 12.6803 - 10
log 890 = 2.9494
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 I-JI. Perform the operations indicated, using logs.
5. 87.5 + 37.7
1. 3 X 7
2. 746 X 0.567
6. 0.685 + 9.75
7. 3.14 + 2.72
3. 5.55 X 637.
8. 0.0385 + 0.00146
4. 0.0495 X 0.0267
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 the operation much easier. Thus:

log 24 = 1.3802
multiply by
5
log (5 X 24) = 6.9010
antilog 6.9010 = 7,962,000.
Others powers are also easy: for example, 20.s = 21

= V2.

log 2 = 0.3010
multiply by
0.5
6
log 2° = 0.1505
antilog 0.1505 = 1.414
This is actually the process of extracting a square root, because
20.s X 20.s = 20.s+o.s = 21 = 2.
Logarithms may be plotted graphically, and the resulting curve may be
used as a table or otherwise. Instead of using equal divisions on the paper
in plotting this graph, it is handier to use paper which is divided according
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to the logarithms of the numbers, as shown in Fig. 1-12. Entering the
chart at 2, on the bottom, proceed upward to the line and then to the left
to find 0.3, which is log 2. To find antilog 0.8, enter the chart at 0.8 on
the left, proceed horizontally to the line, and then down to 6.4 as required.
1.0

0.7
0.6

z

30.5
0.4,-0.3

0.2
0.1

0.0
2

1

3

4

5

6

7 8 9 10

N=Number
F10. 1-12.

Curve Showing Logarithms of Numbers.

Exercise 1-32. Compare the values of logs found on the chart with
values from the table.
Besides the use of logarithms for calculating, there arc other reasons for
understanding their use. The human car acts in a manner that is of
logarithmic nature. What we hear depends upon where we are, among
other things. As everyone knows, it is harder to make another person
hear what is being said in a noisy location (such as city traffic) than in a
quiet place. The reason is that the increase of sound necessary to give the
impression of a change in sound intensity is governed not only by the
actual change of sound intensity but also by the amount of other sound
present. By selecting a unit of sound intensity 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 decibel (abbreviated db) and is
defined by the equation
P1
db = 10 log p ,
2
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Frn. 1-13. Relation between Power Ratio and Decibels.
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where db is the number of decibels, P1 is the larger amount of power, and P2
the smaller amount of power (or sound) being compared. If one sound is
twice as loud as another (twice as much power), then the ratio Pi/P2 = 2;
log 2 = 0.3010, and therefore £he 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 the 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 said to have a loss, or the gain is expressed
in negative decibels. By assigning a figure to the zero level, the power
output of amplifiers and other equipment may be rated in decibels, as is
often done.
Exercise 1-33. 1. From the chart find the number of decibels corresponding to the following power ratios: 2, 4, 10, 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 may be made with divisions which are logarithmic. For some purposes it is more convenient to use simply a scale
which is divided into parts proportional to the logarithms of numbers, such
as 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 numbers 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 arc also by lO's (410,
420,430 • · ·) but the smallest division represents only 5; that is, 405, 415,
425, ••·with lO's divisions bctwem. In Fig. 1-15 is a scale with the
following 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.
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Logarithmic Scale with Certain Points Marked.
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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.
The numbers at either end of the scale (called the left-hand and righthand index, respectively) may be multiplied or divided by any power of
10; 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, the C scale
may be matched with the D scale or moved to any position along the latter.
For example, if the 1 on the C scale (called C for brevity) be placed opposite 2 on D, 2 on C will be opposite 4 on D, 3 opposite 6, and so on. But
4 is 2 X 2, and actually log 2 on C has been added mechanically to log 2 on
D and the result, quite properly, is log 4. This process (adding logarithms
mechanically) is the basis of the slide rule, which makes tedious calculations much easier.
Division may 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 the 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. This 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 may be found by rules like those used
for logarithms, but is often located by inspection. Thus, in multiplying
195 by 24, 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 divisions on the D scale and 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.

n-

Exercise 1-3S. Perform the following operations with the sliding
scales.
1. 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. Dividl': 87.5 + 37.7, 0.685 + 8.93, 1,029 + 9.70, 0.00377 + 5.29.

= x ; 7.8.'3.
.
.
4 11 3 17 193
4. Convert to decimal fractions: , T ' ,
5 6 32 348, 1I 095.
3. Solve the proportion: 2 : 3

Compare values of logarithms found on the L scale 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; (IO) 2; (11) 5; (12) 5; (13) O; (14) 49;
(15) 32.
1-2. (1) 1-l-,; (2)
(9) ,Js; (10) 1½; (11)

I½;

(3) H; (4)

i\r;

H; (12) ff§-.

(5) l; (6) tH; (7) ½; (8)-INe-i

1-3. (1) 0.75, 0.625, 0.5625, 0.265625, 0.9, 0.666 • • ·, 0.764 · · ·;
(2) st>c machinist's or other handbook; (3) 9.806; (4) 0.746; (5) 23.731526;
(6) 0.826.
1-4.
(IO) 6.

(1) 2; (2) 3; (3) 5; (4) 7; (5) 3; (6) 1; (7) 4; (8) 7; (9) 7;

(1) 6.05 X 1023 ; (2) 6.94 X 1011 ; (3) 5.87 X 1012 ; (4) 9.3 X 107 ;
(5) 2 X 10- 1 ; (6) 3 X 10- 23 •

1-S.

1-6. (1) 860,000; (2) 6,600,000,000,000,000,000,000;
(4) 0.064; (5) 1,200,000,000; (6) 0.00000628.

(3) 0.00003;

1-1.

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

1-8.

(I) 24m; (2) 10v; (3) lOOq; (4) b; (5) ½c; (6) 2.3x; (7) 17.27k;

(8) 22h.

+

+

+

1-9. (1) 10a
13b; (2) 7.8c
19.ld
6.2c;
(5) 92y; (6) 15z; (7) 5a; (8) .92r; (9) 3; (10) J-a
1-10. (1) 8a2 - 5ab;
(4) 3a2 + 4a - 10.

(2) -x2

-

lOx

+ 12;

(3) 36/; (4) 16x;

+ 2x + y.
(3) -2r2 + 2rs -

3s2 ;

1-11. (1) 6x7 ; (2) -h7 ; (3) -125d3; (4) 30.E9; (5) -8t3 ; (6) -15x2y2 ;
(7) 9a8t2; (8) -9a5t2 ; (9) -6c9 ; (10) -24n2d3 ; (11) -x5y18 ; (12) 4d2c10•

+

+

+

1-12. (1) Sb+ 5; (2) -32; (3) -15d 24; (4) 8a2 4ab 3ac;
(5) -r
2s; (6) -lld + 7; (7) 8n2 - 13n - 2; (8) -23n - 52; (9)
16a2 ; (10) 9s2 + s; (11) 5x - 45; (12) 8y2 + 6y; (13) 14r - 17; (14)
-3x2
lOx - 20; (15) 16x - 90y - y 2 - 54.

+
+

1-13. (1) 7x(y - 2z); (2) 5ab(a - 5b); (3) 21rr(r + h); (4) 4x(2y2 4y + 3); (5) ab(ab - 3b + 4a 2 - 12); (6) 6m(4mn - n 2 + 6mn2 - 7m:).
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1-U. (1) n2 + 5n + 6; (2) a2 - 3a - 10; (3) p2 - 9p + 20; (4)
+ 3ab + 2b2 ; (5) x 4 - 16x2 + 48; (6) tW - 5th - 84; (7) 9x2 - 6x
- 3; (8) x 4 - 6x2y2 - 55y 4•

a2

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); (6) (3a + 2)(5a + 4); (7)
(2 + 5x)(l + x); (8) (a2 - llb2)(a2 + 5b2).

+

1-16. (1) x2 + 6x + 9; (2) x2 - l0x + 25; (3) x1
12.xy + 36y2 ;
(4) a2 - 2ac + c2; (5) 4x2 - 12.r + 9; (6) 9a2 + 30a + 25; (7) a2 - 6ab +
9b2 ; (8) 9k' - 6k2 + 1; (9) 25r 4 + 10,-2s2 + s'; (10) a'+ 24a3 + 144;
(11) h2 - ½h +
(12) '4-a2 + Jab + ¼b2•
1-11. (1) (x - 6) 2 ; (2) (4x - 5y) 2 ; (3) (5a2 + 12b2) 2•

n-i

1-18. (1) x2 - y2 ; (2) 100 - a2 ; (3) 16a2 - 9b2 ; (4) (6r + s)(6r s); (5) (-9v + 5u)(9v + 5u); (6) 3c(2c - 1)(2c + 1); (7) (60 + 3)
(60 - 3) = 3,600 - 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) 0.603; (5)

1-21.

(1) 118; (2) (RR2)/(R2 - R).

o.

(1) X = -3, +1; (2) X = +3, +5; (3) X = +11, - 2; (4)
(5) X = ½, lj (6) X = 2, l; (7) y = -¾, -t; (8) X = 19, lj
(9) x = -8, +6; (10) x = -3a, +a.

1-22.

X

= 4, ½;

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

= cos 60°, sin 60° =

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.

1-21.

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°, 2.5°, 210°, 1,200°, 176.4°.
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; (d) 4.16; (c) 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; (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, 42.1, 1.32 X 10- 3 ; (2) 2.32, 7.68 X 10- 2, 106,
7.13 X 10-•; (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 the designers and operators of radio equipment to set up vibrations at the proper frequencies, and of sufficient power so that they can be
detected by electric circuits tuned to respond to these particular vibrations.
The proper care and manipulation of the complicated radio apparatus of
the present time requires an extensive knowledge of electric circuits,
vacuum tubes, and other equipment. The basis of all work in radio 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 flows 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 explain the results became more and more complicated. 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 the electrical technician
to understand only the more elementary of them in order to work
effectively.
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 along a
wire. These negatively charged particles are called electrons and 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 nuc!Ptts of the atom. As a result large numbers of
these electrons are free to drift about in the interatomic space. Metals
of this type are called conductors. If the electrons arc attracted by con41
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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 before it has gone very far 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 structure 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 are called insulators and are used in electric circuits 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 knowledge of electric circuits. Occasional reference may be made to the above
statements to give a clearer explanation of physical occurrences. The
simple fluid theory, however, will be the basis for most of the development.
Electrical Quantities. In order to discuss electrical phenomena intelligently, it is necessary to define some 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 definitions will be added as the need arises.
THE COULOMB. The unit of electrical charge or the quantity of exceM
electrons is called the coulomb. It is the charge which would be obtained
by collecting approximately 6,300,000,000,000,000,000 (6.3 X 10 18) 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 electric flow is called the ampere. H one
coulomb of charge passes a. given point on a wire in one second, then one
ampere is said to flow. In other words, the ampere is a special name given
to a coulomb per second. It is specified by international agreement as
the constant current which will deposit silver at the rate of 0.0001118 g
per second, as this definition gives a means by which a standard may be
obtained anywhere, while the counting of the electrons would be difficult.
THE OHM. The unit of resistance to electric flow is called the ohm and
it is specified by international agreement as the resistance which at a
temperature of 0°C 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 14.45 g. The magnitude of the croSd section so specified is essentially a square millimeter.
THE VOLT. The unit of electric pressure is the volt and is the pressure
which will force one ampere to flow through a resistance of one ohm.
It is often difficult to visualize the magnitude of these units from the
formal definitions so the following information may be of aid to the beginning student. Some idea of the size of the coulomb may be gained from
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the fact that if a. charge of 6.8 millionths of a. coulomb were placed one foot
from a. similar charge 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 which takes about one ampere of current. The
favorite comparison for the volt is that a.n ordinary dry cell has 1.5 v. The
nonna.l pres.sure for domestic electric service is 120 v. The resistance of
an electric toaster or flat iron is a.bout 25 ohms. These statements may
assist the novice in visualizing these quantities.
Ohm's Law. In order to obtain a better understanding of electrical
circuits, use will be made of the old but still useful fluid analogy. In Fig.
2-1 a pump is shown driven by a motor. This pump is used to circulate
R

Voltmeter

Motor

_01--

-=- Battery

---

Ammeter
Pump

(a>

(b)

(C)

(d)

Pre88Ure
(lb/in2)

(gal./min.)

Prossure
Flow

Electric
pre88ure
(volts)

20
35
75
100
150

1.6
2.8
6.0
8.0
12.0

12.5
12.5
12.5
12.5
12.5

8.0
12.0
16.8
22.4
47.0

Flow

F10. 2-1.

Electric
flow
(amperes)
0.92
1.38
1.93
2.57
6.40

Volta
Amperes
8.7
8.7
8.7
8.7
8.7

Analogy Between Hydraulic and Electric Circuits.

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
across the coil a.nd a. flow meter is inserted in the pipe to measure the rate
at which the oil flows through the tubing.
If the speed of the pump is changed and if readings a.re taken of the
pressure gauge and flow meter a.teach pump speed, a set of data will be
obtained as shown in the table in Fig. 2-lb. It is important to observe
that at each pump speed the pressure divided by the flow gives the same
• Oil is U!!ed instead of water because it is a liquid of high viscosity and will obey the
Ohm's I..aw of the hydraulic circuit.
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result. In this case that 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 than those tested it might also be obtained by
dividing the pressure by 12.5.

Example: What is the flow at 50 lb per square inch pressure?
According to the relation stated above,
pressure
50
.
flow =
_ =
_ = 4 ga11ons per mmute,
12 5
12 5
pressure being in pounds per square inch. The constant 12.5* is characteristic of this particular size and length of tubing and so can ht> called
the resistance of the coil of tubing.
To the right of this simple hydraulic circuit is shown a similar electric
circuit. A battery supplies the electric pressure that causes an electric
current to flow through a coil of copper wire indicated diagrammatically
as R. The meter used to measure the electric pressure in volts is called a
voltmeter. The meter used to measure the current in amperes is called an
ammeter. If taps are arranged on the battery so that different voltages
may be applied to the coil of wire, then a set of readingd of volts and corresponding amperes can be made. These readings would be comparable to
the pressure and flow readings of the hydraulic circuit. In the electric
circuit the voltmeter reading divided by the ammeter reading is always
8. 7 and this constant is called 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 current corresponding to 65 v
were desired, then
E
65
I= 8_7 = 8 _ = 7.5 amp,
7
E being in volts. This value of 8. 7 is a characteristic of the wire and
is called the resistance. It 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 current in amperes is equal to the pres8Ure in volts divided by the resistance in ohms.
This statement is known as Ohm's Law and is the basis for a large portion of electrical circuit theory. It may be expressed mathematically in
the three forms below:
E
E
R-E= RI.
- I'
l=R'
A word of caution should be given at this time, for although this is the
general rule of behavior of electrical circuits, there are many exceptions.
• This constant dependa also upon the viscosity of the fluid.
variable corresponding to viscosity does not occur.

In electricity the
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Many of these cases of unusual behavior are the basis of the operation of
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 connected following one
another so that any current flowing through one must flow through the
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 resistance of R1
and Rs connected as in Fig. 2-2 is
E
F10. 2-2.

Series Resistances.

The electrical pressure across R1 when
added to the electrical pressure across R2 will equal the total battery
pressure.
According to Ohm's Law the pressure or voltage across R1 is R 11 and
the voltage across R2 is RJ. Since the current is the same in both resistances, the voltage across the individual resistances will be proportional to
their resistances. Also, the proportion of the total voltage across R1 will
be R1/(R1
R2). This relationship is used many times in radio, and
such a combination of resistances to give a reduced voltage is known as a
potentiometer or vollage divider.
Examp1,e: 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 will
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 resistances in series is
Rto181 = 100,000 + 5,000 = 105,000 ohms.
By Ohm's Law, the current will be,
E
90
I = R=
= 0.00086 amp.
105I 000

+

The voltage across the 5,000-ohm resistance is,
R2
5,000
E = Ebattery Ri + R2 = 90 105,000 = 4.28

V.

Exercise 2-1. A vacuum-tubefilamenttakes0.9ampat6.3v. (a) What
{b) What additional resistance would be required if
the filament were to be supplied from a 12-v battery?
is the resistance?

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 resistance and what voltage must be used to
supply the necessary current?
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Exercise 2-3. How much resistance would be placed in series 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. Resistances in electric circuits may be connected in
parallel as shown in Fig. 2-3. When resistances are connected in this
manner it will be noted that the
R,
battery voltage is impressed across
each resistance just as if the other
resistance were not there. The cur-rent in each resistance is determined
by Ohm's Law as,

~+-en
_____

·1

L5:-J

Flo. 2-3.

E

Parallel Reeistanc:ea.

E

E

11 =R,' I2=R2 and Ia=R,·

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

E

E

E

= R1 + R2 + Ra

= E(_!_
+ .!. + .!_\.
R1 R2 RJ
The quantity 1/R is a constant called the conductance 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 r<'mincl<'r that the mho was the reciprocal of the
ohm. Since the sum of the currents is equal to the total current, then the
sum of the conductances in a parallel circuit is equal to the total conductance.
G1.ota1 = G1 + G2 + Ga + ...
The proportion of the total current which is flowing in any one resistor is
the conductance of that circuit element divided by the total conductance
of the circuits which are in parallel. Expresood mathematically, this is
11

I 1.ota1

G1

EG1

=

E(G1

+ G2 + Ga + · · ·)

= G1

+ G: + Ga + · · ·

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

R, = 20 ohms
Ra= 12 ohms

R2 = 25 ohms
8 ohms

R4 =

D.C. CIRCUITS
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Solution:

Gs= -,h = .040
Ge= i- = .125

G1 = -h = .050
Ga=
= .084
Total conductance is

n

Gcota1
Equivalent resistance is

= G1 + G2 + Ga + Ge = .299
Req

1
= _299
= 3.34 ohms.

Proportion of current flowing through the 8-ohm resistance is
G,
.125
4
lkbrD. = G1 +Gs+ Ga+ G, = .299 = .4lS = t.S%.
It is of interest to call attention to the special case where only two resistances are connected in parallel. This is so very common that it probably constitutes the majority of the problems in parallel circuits. In thie
special case,

Therefore,
R

_

eq -

R1R2 •
R2

R1

+

This equivalent resistance will act in every way just as the two resistances
in parallel, and so it is very common for engineers to refer to the equivalent
resistance of two resistances in parallel as the product of the resistances
divided by the sum of the resistances. It should be remembered, however,
that this particular formula applies only to the case of two resistances in
parallel.
Exercise 2-4. Two resistances, one of 50 ohms and one of 20 ohms,
are connected in parallel across a 100-v line. What is the total current
and the equivalent resistance?
Exercise 2-S. Two circuit elements are connected in parallel across a
240-v line. One has a conductance of .0063 mho and the other a conductance of .0172 mho. '\'\'oat current will be taken from the line? What
proportion of this current will flow through the clement having a conductance of .0172 mho?

48

D.C. CIRCUITS

[Chop. 2

Exercise 2-6. A 90-v battery supplies a total current of 0.134 a.mp to
two parallel resistance elements. If one of the resistance elements talccs
0.039 a.mp, what is the resistance of each clement?

Five resistances are connected in parallel.

Exercise 2-7.

It is desired

to know the total current and the proportion of this current going through

Ra when a potential of 24 vis applied. The resistances a.re: R1
R2 = 7 ohms, Ra = 22 ohms, R4 = 10 ohms, R, = 65 ohms.

= 4 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 i;hown in Fig. 2-4, determine the current in
the 7-ohm resistance.
R,= lOOHMS

Solution:

Gi = ..frr
Ga=

= 0.100

+ = 0.142

+

n

G4 =
= 0.083
Equivalent conductance is

R.= 12 OHMS
FIO. 2-4.

Resistances in Series and
Parallel.

Geo.= 0.100 + 0.142 + 0.083

= 0.325.

Equivalent resistance is

.
Req
Total resistance is

1

= 0.325 = 3·08•

R, = 3.08 + 3 = 6.08.

Total current is
E

45

I, = R, = 6.08 = 7AO.
Current in 7-ohm resistance is
Ga I

11-,,bm = Geq

i

=

0.142
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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Example: In the circuit shown in Fig. 2-5 determine the current in
the IO-ohm resistance.
15 OHMS

Solution: Equivalent resistance
of parallel circuit is

+

10 X 15
150
R«1. = 10 + 15 = 25 = 6 ohms.

110 Volts
FIG. 2-5. A Series-Parallel Circuit.

Total resistance of circuit is

R. = 5 + 6 =

11 ohms.

Total current is
I,

E

110

= R. = ll = 10 amp.

Yolts across parallel reaistances are

Ep

= lReq = IO

= 60

X 6

Current through 10-ohm resistance is

I lO-ohm

Ep

60

= Rio.ohm = 10 = 6 amp.

20 OHMS

100, +

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

80 OHMS

Volts-

FIG. 2--6.

Circuit for Exercise 2-8.

125 Volts

.--------+'-II--------~
Exerdse 2-9. Determine
the total curreat and the
current in the 25-ohm re~istance of the circuit shown
in Fig. 2-7.

25 OHMS

Fw. 2-7.

Circuit for Excrrisc 2-!J.
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220Volts

23OHMS
13 OHMS

63 OHMS

ai---vv,.,v,......-....,...-..,v,.NV'--C

Fro. 2-8.

Exercise Z-10. What is the difl'erence of potential across ab and across
be of the circuit shown in Fig. 2-8.

Circuit for Exerciae 2-10.

Determination of Resistance. Since copper wire is used so extensively
in radio circuits it is important to know the resistance 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
PROPERTIES OF CoPPER MAGNET WIRE

Size of
wire
(A.W.G.)

Diameter
(mils•)

0000
000

460.0
409.6
364.8
324.9
289.3
257.6
229.4
204.3
162.0
128.5
101.9
80.81
64.08
50.82
40.30
31.96
25.35
20.10
15.94
12.64
10.03
7.950
6.305
5.000
3.965
3.145

00

0

1
2
3
4
6
8
10
12
14
16
18
20
22
24
26
28
30
32

34
36
38
40

• I mil • 0.001 In.

Ohmsltr
1000 t
at 20° C.

Pounds
per
1000 ft

Diameter

.0490
.0618
.0779
.0983
.1239
. 1563
.1970
.2485
•3951
.6282

640.5
507.9
402.8
319.5
253.3
200.9
159.3
126.4
79.46
49.97
31.43
19.77
12.43
7.818
4.917
3.092
1.542
1.223
.7692
.4837
.3042
.1913
.1203
.0757
.0476
.0299

.9989

I

1.588
2.525
4.016
6.385
10.15
16.14
25.67
40.81
64.90
103.2
164.1
260.9
414.8
659.6
1049.0

t C meana single cotton covered.

Diameter

Diameter

in mils

in mils

in mils

468.
418.
375.
333.
297.
266.
237.
212.
170.
134.
107.
85.8
69.1
55.8
45.3
37.0
29.4
24.1
19.9
16.6
14.0
12.0
10.3
9.00
7.97
7.15

131.
104.
83.0
66.1
52.6
42.0
33.5
26.8
21.3
17.0
13.6
10.8
8.75
7.01
5.60
4.47
3.55

136.
109.
88.0
71.1
57.6
47.0
38.0
31.3
25.8
21.5
17.6
14.8
12.8
11.0

Ct

Et

ECi

9.60

8.47
7.55

l E mt"an~ rnnmrled,

t EC

mean• enameled with ainsle cotton coverinit.

Chap. 21

D.C. CIRCUITS

51

Occasionally materials other than copper are used, and if the resistance
:relative to that of copper is known, the resistance of wires of these other
materials may be found by multiplying the resistance of copper wire of
the same size by the relative resistance. A list of relative resistances is
given in Table 2-2.
TABLE 2-2
RESISTANCES OF METALS:

Pure metals

Iron ................. .
Zinc ................. .
Tungsten ............. .
Aluminum ............ .
Gold ................. .
Silver ................ .

RATIO OF RESISTANCE OF METAL TO RESISTANCE OF COPPt:R

Resistance
relative to
copper
5.80
3.43
3.20

1.55
1.40
.943

Resistance
relative to
copper

Alloys

Radiohm ............
Nichrome ...........
Advance ............
High brass ...........
Low brass ...........
Commercial bronze ...

.
.
.
.
.
.

77

65
28

4.8
3.8
2.4

The resistances here given are at normal or room temperature and are
satisfactory for most use. It is well to remember that in most cases the
resistance of metals increases with temperature and if the temperature is
very high or if very accurate 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 solutions of series and parallel circuits but are stated explicitly as follows:
(1) The current flowing into any junction of an electric circuit is equal
lo the current flowing out of that junction.
(2) The sum of the battery or generator voUages around any closed circuit
is equal to the sum of the voltage drops in resistances around the same circuit.

- lbdi -

Example: The use
a
2 OHMS
6 OHMS
c
of these laws is illuslab
lcb
trated by determining
+
+
_;;_10Volts
the current flow in the 12 Volts
IO OHMS
10-ohm resistance of
Fig. 2-9. The cure
d
rents are shown as Jab,
Fm. 2-9. Circuit Illustrating Use of Kirchhoff's Laws.
meaning that the current specified is the current flowing from a to b, I"' the current flowing
from c to b, and Iw the current from b to d.
Using Kirchhoff's first law at the point b,

=

lab+ Ia,= lw.
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Using Kirchhoff's second law around circuit eabd,

+ 101611 = 12.

2/ob

Using Kirchhoff's second law around the circuit fcbd,

61,o + 101611 = 10.
The above three equations have three unknown currents la,,, lco, and /-,,,,.
Since la,, =.1611 - Id>, the second equation may be written as,

+ 101611 = 12
1211)d - 2/"' = 12.

21611 - 21,o
or

Multiplying both sides by 3 and adding to the third equation of the set of
three above,
36/w - 6/"'
10/M
6/co
46/dl)

+

ll)d

= 36
= 10
= 46

= 1 amp.

Method of Superposition. Another method of obtaining the solution for
a circuit having several voltages is based on a principle often used in electrical theory. It states that the current in a wire ,·s the sum of the currenl8
produced by each voltage acting by itself and with the other oollages shorted out.
Exampk: In Fig. 2-9, lw can be obtained due to the 12-v battery
with the 10-v battery shorted.
The equivalent resistance of the 5-ohm and 10-ohm resistances in parallel
is (5 X 10)/15 = 3.33. This is in series with the 2-ohm resistance, so
that the total current is
12
I = _ = 2.25 amp.
5 33
One third of this current goes through the 10-ohm resistance, so the current
contributed by the 12-v battery is 2.25/3 = .75 amp. The current due
to the 10-v battery can be found by shorting out the 12-v battery. The
equivalent parallel resistance is
2Xl0
2 + 10

= 20
12 = 1.66 ohms.

This is in series with the 5-ohm resistance, so that the total current is
10

_
6 66

= 1.5 amp.

Only one sixth of this current will go through the 10-ohm resists.nee
Hence, the contribution of the 10-v battery is
15

6 = 0.25 amp.
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The total current is, then,
0.75

+ 0.25 = 1.0 amp.

The answer 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 Fig. 2-10 by using
both Kirchhoff's Laws and by the method of superposition.

E 1 = 120 volta
R, = IO ohms
Ra= 5 ohms
R, = 8 ohms

F10.

E,

R,
R,

= 60 volta
= 20ohms
= 7 ohms

Re= 2ohms

2-10. Circuit for Exerciee Z--11.

Exercise 2-12. A three-wire distribution system is supplied with two
125-v generators connected in S('ries as shown in Fig. 2-11. Determine
the voltage across
each load if the disl--400 Ft. "'I~
300 Ft.--f
tribution wire is all
No. 2 A.W.G. cop125 Volts
per wire.
11 = 40amp

lh

Power and En-

I,= 65 amp

The manner
la = 35 amp
of electron flow
I2
through conductors
was discussed in the
introduction of this ----600 Ft
•I
chapter. The agiF10. Z--11. Circuit for Exerciee Z--12.
tation or the increase in the random movement of the molecules owing to the fact that
they are being continuously hit or bumped into by the drifting electrons
was noted, and it was stated that this resulted in an increase in temperature. The passage of current through a conductor having resistance is
always associated with such a generation of heat. The relation between
the current, voltage, and resistance of the circuit and the conversion of
electric energy into heat is an important element in the study of electric
circuitl!.
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 pump will be doubled
if the presimre is doubled. It will also be doubled if the pressure remains

ergy.

+
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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 resistance may be said to be directly proportional to the product of the current.
and 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 wall is the rate at which
electric energy is being su.pplie,d when a current of one ampere is ftowi,ng at a
pressure of one voU.
Several additional equations for power may be derived from the above

-0-

-0-

-©--

AMMETER

VOLTMETER

GALVANOMETER

~
OHMS-.n.

FIXED

---11+

Term1nal m,y be
lndocatod by 1on1 line

BATTERY

1

~~
RESISTORS

VARIABLE

ADJUSTABLE

GROUND

f By Steps)

~
Henrys•h
Milli-henrys-mh
Micro-henrys ..Jlh

FIXED

~
~
INDUCTORS
VARIABLE

~

ADJUSTABLE

IRON CORE

CBy Steps)

-+-

~

FIXED

FIXED. SHIELDED

VARIABLE

VARIABLE. SHIELDED

~c

~IIC

~

.1

AIR CORE

IRON CORE

-H-

Micro-f1rad·pld.

Mkro-m1cro-far1d-,"J4fd

~

CONDENSERS

TRANSFORMERS

Frn. 2-12.

VARIABLE COUPLING CRYSTAL DETECTOR

Convcntionnl Circuit Symbols.
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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 and amperes. These equations
are:
(since E = IR)
P = E X I = IR X I = I2R.
P

=E

X I

=E

X

E

E2

R = I['

(since I=

J)

Since power is the rate at which energy is being transferred, the 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

r+

WIRES, JOINED

WIRES, CROSSED

JACK

KEY

LOUD SPEAKER

n

1Not Joined)

ANTENNA

LOOP ANTENNA

n n~

DIRECTLY HEATED
CATHODE-HEATER

INDIRECTLY
HEATED CATHODE

TELEPHONE
RECEIVER

1
GRID

0

PLATE

y

12 Element)

HIGH VACUUM
TUBE ENVELOPE

GAS-TUBE
ENVELOPE

PHOTO-ELECTRIC
CATHODE

TUBE, TRIODE

TUBE, TETRODE

TUBE, PENTODE

I 3 Element)

(4 Element)

(5 Element)

GAS PHOTO TUBE

TUBE, DIODE

f\o. 2-13.

Convcntionnl Circuit Symbols.
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energy equivalent to 1,000 watts, or one kilowatt continued over a period
of one hour. It is this unit which is the basis of most 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 the important ways in which the heating effect of the
electric current is used is the insertion into the circuit of a resistance unit
with small current-carrying capacity, so that when the current goes beyond
a certain predetermined amount the resistance is burned up and opens the
circuit. This resistance unit is called a fuse and is used to protect other
and 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 jumpers defeat the purpose of the fuses and permit operation
at overload with consequent damage to equipment.
Symbols and Abbreviations. Many kinds of equipment are used in
radio work and the circuits are often quite complicated. In order to simplify the appearance as much as possible a standard set of symbols is used
to indicate the circuit elements. In order that they be available in one
place they are assembled in Figs. 2-12 and 2-13. Below the symbol i'!
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 d~cimal parts of the basic unit.
Thus milli- placed before the name of a unit such as millivolt means that
one millivolt is one thousandth of a volt. A list of prefixes and the size
of the new unit in terms of the original unit was listed in Table 1-2. The
use of such units saves many troublesome decimals. It is necessary,
lurwever, to remember that the circui'.t laws are based on ohms, amperes, and
volts, and other units must be converted to these before circuit problems can l,e
solved.
Batteries. An important source of electric pressure for radio purposes
is the electric cell or battery of cells. Batteries are of two types. One of
these, known as the primary battery, uses up the original materials and is
thrown away after its useful life is accomplished. The common commercial form for this type is the dry battery or dry cell, which is used in portable
sets and elsewhere when small amounts of power are required over a short
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period. The other type, known as the ae,co,nda,ry or aurrage 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 as main
sources of power on portable transmitters and receivers where it is possible
to recharge the batteries conveniently, as in the case of sets that are located
in automobiles.
DRY 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

Zinc Cup

Paper PulD
IV~h'-lt~-Granulated Carbon
& Manganese Peroxide
NOTE, Poper pulp. eranulatod

cart,on, and manpnne peroxide

"'" saturated lrittl • solution of
1mmonlum chloride.

Carbon Electrode

FIG. 2-14. A Dry Cell.

rod located in the center of a zinc container that forms the negative electrode. The electrolyte, which is a dilute solution of ammonium chloride
(sal ammoniac), is mixed with some porous inert material to form a paste
which is placed on the inside of the zinc container. Between this paste
and the carbon rod located in the center is a porous mass of manganese
dioxide and. carbon granules. This material is called a depolarizer and its
function is to absorb the ammonia and hydrogen gas that is given off at
the positive electrode and tends to insulate the electrode. The top of the
cell is sealed by an insulating compound so that only the terminals connected
to the carbon rod and to 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 2½ inches in diameter and
6 inches tall, are supplird as individual cells. Where larger voltages are
desired and very small currents are sufficient, a number of small cells are
connected in series and mounted in a common container. Several terminals
will probably be brought out in order to supply different voltages. This
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unit is the well-known B battery used to supply voltage to the plates of
vacuum tubes.
STORAGE BATTERIES. The lead storage batler1J, which is the most common type, consists of a positive plate of lead peroxide and a negative plate
of porous or spongy lead in a dilute solution of sulphuric acid. The usual
construction of batteries of the portable type is known as the pasted-plate
construction. In this a lead and antimony alloy is used to make a grid of

F10. 2-15.

Grid of Storage Batwry Partly Filled with Activo Mawrial.

the type shown in Fig. 2-15. This grid is' filled in with a paste which,
after an electrochemical forming process, gives lead peroxide on the positive
plate. This lead peroxide is the active chemical material, while the grid
acts as physical support for 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 consists 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 and negative plates arc assembled
into groups. In Fig. 2-18, porous wood and fiber glass separators arc
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shown. The plates of the positive group arc nested between the negative
plates, being separated from them by the thin and porous separators made

Courtnu Elr:ctric Storaqc BaUcrJI Co.

Positive

Negative

F10. 2-16.

Storage-battery Plates.

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

Courk411 Eltttric Storauc Battu11 Co.

Negative
Fm. 2-17.

Positive
Storage-battery Plates, in Groups.

into the main jar as shown in Fig. 2-19. The sulphuric acid electrolyte
is introduced through the filling hole in the cover.
11

~

1

r111·!1
. . ·l
.

~

.•
I I ,~

Courk81J Elatri<" Sltlra!}(. Batt, ry Co.

Wood
Fm. 2-18.

Fiber glass
Storage-battery Separators.

This construction permits maximum surface area to be exposed to the
electrolyte with a minimum of distance between the positive and negative
plates, this distance being only the thickness of the separators. The scpa-
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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 mechanical and electrical isolation of the electrodes.
The chemical 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 discharged. This lead sulphate hM a tendency to harden,
crystallize, and expand if permitted to stand. For this reason it is important to keep lead batteries in a charged condition. A battery which remains in a discharged condition soon will have buckled plates and reduced
capacity, and will have to be discarded long before its nonnal life span.
inter-cell
connector - - Cover
Positive
stup

Positive
pl1te

Cont1iner

Ne&ative
stup

Pirtition

Sepu1tor

Nefative
plate

Courteau Elttlric Storage Butkr1J Co.

Fm. 2-19.

An Assembled Lead Storage Cell (cut away to show the construction).

INTERNAL RESISTANCE AND POLARIZATION. In both the dry cell and the
storage battery the source of energy is chemical, and the products of chemical reaction may tend to insulate the electrodes or may tend to cause chemical or ion concentrations that reduce the tenninal 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 current drain has been stopped.
Uaually the construction of the battery will permit these effects to be neutralized after a time. This entire process acts like, and is sometimes called,
the internal resistance of the battery. Polarization is much more pronounced 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 are u.niversally familiar. Apparently this attraction is
caused by some form of disturbance in the space surrounding the magnc>t.
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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.

F10. 2-20.

The Magnetic Field of a Bar Magnet.

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 tlux tlow from the north
to the south pole, and since the poles attract one enother we say with regard
to this arrangement that the lines
of magnetic flux tend to shorten
themselves, much as stretched
rubber bands might do. In Fig.
2-22 another arrangement 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 back to the south poles.
In this case they are squeezed Flo. 2-21. The Magnetic Field about Two
sidewise against each other, and
Unlike Poles.
since 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 carrying electric current have magnetic
effects. In Fig. 2-23 a wire is shown that is carrying electric current from
the right to the left. The north pole of a pocket compass located above
the wire will point away from the observer and indicates that the arrows
on the flux are in the same direction. This effect gives rise to a rule that i;i
commonly used to remember the magnetic effect of an electric current.
If the right hand is placed around the wire with the thumb pointing in the
direction of the c:urrent, 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 a cylindrical tube the magnetic effects of the various turns of wire aid each other and

Fm. 2-22.

The Magnetic Field about Two Like Poles.

produce a field very similar to that of a bar magnet, as is shown in Fig 224. The strength of the magnetic field depends upon the magnitude of the
current and the number of turns in
the coil. This relation has caused the
ampere-turn to be adopted as a common unit of magnetic pressure or mag-1
netomotive force. The ampere-tum
Frn. 2-23. The Direction of Mag- may be defined as the magnetic presnetic Flux: Is lndicat<-d by the Righthand Ruic:.
sure produced by a current of one ampere flowing in a loop of one tum.
Thus a current of 3 amperl's flowing 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. If an iron
rod, not previously magnetized, is placed in a coil
that is carrying current,
it is observed that the
strength of the magnetic
field is greatly increased. Fw. 2-24. The Magnetie Field about a Coil of Wire
This increase is due to the
Carrying Current.
unusual ability of iron to
act as a conductor of magnetic flux. The ratio of thl' flux produced in
iron to that produced in air under similar magnetic pressure varies, but will
range between several hundred and six or seven thousand for most commercial steel.
A simple illustration of the manner in which iron and steel are used to
control magnetic flux in electric equipment is the electric contactor switch

Chop. 21

D.C. CIRCUITS

63

shown in Fig. 2-25. Here an electric coil is placed on a U-shaped iron
assembly and an iron armature is hinged so that it normally will fall open
due to gravity. When the coil is energized with electric current, the flux
set up will cause the armature to be attracted and the contactor will be closed.
MAGNETIC CHARACTERISTICS OF IRON.

Since iron and steel are of such importance in the construction and operation
of electrical equipment it is of value to
study the properties of iron and of various
other types of magnetic materials having
iron as their base.
Scientific investigation has shown that
iron has the unusual characteristic of increasing the magnetic effect of an electromagnet because the iron molecule is itself
a tiny electromagnet. In soft iron, these
Courte,11 of Struthcra Dun11, Inc.
molecules are more or less free to assume a
FIO. 2-25. A Magnetic Relay.
random arrangement and so no external effect is noticed. When the iron is placed in a coil of wire carrying electric
current, the molecules tend to arrange themselves in line with the field and
thus their magnetic pressure or magnetomotive force is added to that of
the coil. When the current is stopped or when the iron bar is removed
from the coil, the molecules in the iron again tend to take on a random arrangement. This process is not complete, however, since a type of molecular friction causes a small amount of magnetic effect to remain. This remainder is known as residual magnetism. If the soft iron is replaced by
hardened carbon steel, then the alignment of molecules will not be as complete as in the case of the soft iron because of the vastly greater internal or
molecular friction. When the hardened steel is removed from the coil it will,
however, retain most of the magnetism and may be called a pennanent magnet. The internal friction or resistance to magnetic alignment is called hysteresis, and a curve showing the variation of magnetism or magnetic flux
density with magnetizing pressure or force is known as a hysteresis loop.
In Fig. 2-26 are shown several hysteresis loops that are typical of three
distinctly different kinds of use. The one on the left represents the kind of
steel used for motors, generators, and transformers. The one in the center
is representative of permanent magnets, while the one on the right is used
for coils and transformers in telephone circuits where the currents arc
very small. The hysteresis loop is determined by increasing the magnetizing force and measuring the magnetic flux until the maximum is reached
at a in the center loop of Fig. 2-26. The magnetizing force is then reduced
and the flux drops to b, after which the magnetizing force is reversed and
increased to 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.
It will be seen that more magnetizing force is required for the same magnetic effect when the flux is increasing than when it is decreasing. The
horizontal distance between the sides of the loop is then a measure of the
friction or hysteresis. The actual energy loss for each magnetic reversal is
proportional to the area of the loop. The residual magnetism is ob. The
reversed magnetizing force necessary to bring the flux back to zero is oc
and is called the coercive force. The average amount of flux produced by
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a magnetizing force that is reversing will be a curve drawn through the
points of the hysteresis loops as shown in Fig. 2-26a. Such a curve is called
a tna{JnetizaJ:ion curve and is important in determining the action of an iron
core in a transformer. Magnetization curves for several different magnetic materials are given in Fig. 2-27.
DYNAMO AND TRANSFORMER STEEL. Since the energy loss is proportional
to the area of the loop, it is desirable that the steels used for A.C. machines
have narrow hysteresis loops. It has been found that the electrical and
magnetic characteristics 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 construction is called a laminated type of magnetic structure and the material
for it is supplied in large sheets known commercially as electrical sheets.
PERMANENT MAGNET STEELS. How hardened carbon steel may form
permanent magnets has already been mentioned and explains the phenomenon of magnetizing the blades of pocket knives, hardened screwdrivers, and
other tools. It has been 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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F10. 2-27.

Typical Magnetisation Curves.

alloys including combinations of tungsten, chrome, and cobalt are also extensively used. They are chara~terized 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 small magnetizing force and to have
a very narrow hysteresis loop. This material is used in coils and transformers on telephone circuits where the currents are quite weak.
D.C. Generators. When a \\ire is moved across a magnetic field as
shown in Fig. 2-28, an electric pressure or electromotive force is set up between the two ends of the wire. This action is the basis for the generation
of nearly all electric power and so is very important. The 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 cutting flux.
Associated with this generating •action is another action, based upon the
fact that a force is produced on a wire located in a magnetic field and carrying electric current. If the current is flowing in the same direction as the
voltage that is being generated, the force exerted on the wire 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 permitted
to flow, this current will produce a force that opposes the motion.
This condition is required by the law of conservation of energy and

F111. 2-2S.

Relation Between (a) Magnetic Field, Motion, and Voltage; (h) Magnt"tic
Field, Current, and Force.

explains the change from mechanical to electrical energy in an electric
generator. It should be observed that the voltage being generated is not
influenced by the current flowing but is dependent only on the strength of
the magnetic field 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 field and of the current.
In Fig. 2-29 is sho\\'Il 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 and leaves at the south pole. A wire is wound around the ring as
indicated in the diagram, and each turn is connected to an insulated copper
bar in an assembly called the commutator. The commutat.or is composed
of a number of tapered copper bars separated from each other by mica
insulation, clamped together, and machined to form a smooth cylindrical
surface. Carbon blocks or brushes arc held in stationary supports and
make contact with the copper bars on the rotating commutator.
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\\'hen the armature is rotated the conductors on the outside surface cut
the flux under the poles and electric pressure is produced. The conductors
under the north pole produce a voltage out of the page. Each of these is
added to the other so that the difference of pressure between the brushes is
the sum of the voltages produced by all of the conductors on that side of
the armature. The voltages generated by the conductors under the south
pole are 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 into the
top brush for both windings.
A careful study of the diagram shows that the rotation will change the
relative position of the individual conductors on the surface of the arma-

s

N

Fw. 2-29.

An Elementary D.C. Generator.

turc but will not alter the voltage generated with respect to the brushes.
This, then, is a direct-current generator.
When the brushes are 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 machine,
dividing equally between the two sides of the machine. The current flows
in the same direction in the windings as the voltage generated, so the force
produced by the conductors is opposed to the motion of the conductors or
armature and tends to cause 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 the mechanical energy that
is converted to electrical energy in the generator.
D.C. Motor. If the generator discussed above is connected to a directcurrent power line and if the engine driving it is then disconnected, the
generator will start to slow down. Since the voltage is directly proportional to the speed of the generator, as soon as it slows down the voltage
produced in the windings is reduced 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 a 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 connected to the electric machine it slows down still more so that a larger
current can flow and produce more force tending to continue the rotation.
When an electric machine or dynamo is operating in this manner it is called
a

motcr.

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 a high-voltage generator is driven by a low-voltage motor,
which in turn is supplied from the storage battery. Since it is desirable to
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Two Commercial Dynamotors.

reduce weight as much as possible in portable equipment, it is customary to
combine the two machines on one magnetic frame.
The motor winding is composed of a few turns of large wire connected to
a commutator on one end. The generator winding consists of a large
number of turns of small wire mounted on the same iron core but connected
to a commutator on the other end of the machine. A motor-generator set
of this type is called a dynamotor.
In commercial machines a drum type of armature core is used and the
conductors arc placed in slots. Figure 2-30 shows dynamotors used for
portable radio power supply.
Electric Meters. The practical use of the circuit theories that have been
discussed depends to a great extent upon an ability to measure the magnitudes of the currents, the voltages, and the resistances of equipment in
actual operation. It is the student's ability to analyze and interpret
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 are based on a. design that was
developed by Arsene d'Arsonval 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 parts of the instrument are the permanent magnet M to which the soft iron pole pieces P are fastened. The soft
iron core C is held ·by nonmagnetic supports
that are bolted to the pole pieces. The magnetic assembly is an integral unit with a. uniform
air gap between the core and 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 jeweled bearingssothat
it is free to rotate
back and forth in
the air gap. The
coil itself is com- F,o. 2_31 _ A D'Arsonval
posedofmanytums
Meter.
of fine wire. The
hairsprings located a.t the top and bottom
hold the coil in the zero position when no
current is flowing in the coil. They also act
as insulated connections to the two ends of the
coil. The counterbalanced pointer indicates
Fro. 2-32. Tho Moving-coil
the movement of the coil on a calibrated scale.
Assembly.
When a. current flows in the coil, forces
are exerted that cause the coil to rotate in
the air gap. This rotation is limited by the tension in the hairsprings.
The movement of the pointer is proportional to the force exerted on the coil
and thus proportional to the current. The normal direct-current meter
is, therefore, a. current-measuring instrument. By means of auxiliary
circuits, however, it ma.y be ma.de to act as either a. voltmeter or ohmmeter.
AMMETER. Since only very small magnitudes of currents a.re necessary
to ca.use the meter to read, it is customary to use very low resistances to
carry the main portion of the current. The meter, being connected across
this low resistance or shunt, takes a small but fixed proportion of the main
current. By using shunts of varying resistances the same meter can be
used for a number of different current ranges.
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VOLTMETER. If a resistance is placed in series with the meter, the voltage of a circuit can be determined by measuring the current flowing through
the resistance. Additional voltage ranges may be obtained by simply
adding resistances in series.
OHMMETER. If a small battery is located in the meter case and a resistance is connected in series of sufficient magnitude 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 pointer on the meter will move d~wn the scale. These

Courte:111 IVc.do11 Electr~al I,utrurrunt Corp.

Fm. 2-33.

A Phantom View of an Assembled D'Arsonval Type of Meter.

reduced readings may be calibrated in terms of external resistance; such
a meter is called an ohmmeter.
Exampl,e: One of the common types of meters will give full-scale deflection with one milliampere flowing and with one volt impressed. This
meter would have an internal resistance of 1,000 ohms. Without other
resistance elements, it would be capable of acting as a 1-v voltmeter or a
1-ma ammeter.
Exampl,e: Added ammeter ranges. If a shunt of 111 ohms is connected
across the meter it will now read full scale with 10 ma. Also, if a shunt of
one ohm is connected across the meter it will act as an ammeter with one
ampere full scale.
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Example: Added voltage ranges. If a resistance of 9,000 ohms is connected in series with the meter the total resistance is 10,000 ohms and the
instrument will act as a 10-v voltmeter. If the series resistance were increased to 99,000 ohms, then it would be a 100-v voltmeter.
Example: Ohmmeter connections. If an additional resistance of 2,000
ohms is used and a battery voltage of 3 v, then with the external leads
shorted the meter will read full scale. If, however, a resistance of 3,000
ohm.~ is connected to the external leads, the meter will read only half scale
and that scale reading can be indicated as 3,000 ohms. Series and parallel
resistances are added to change the scale of readings. Instruments 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 that advantage
could be taken of information +
V.
250
covered in the previous material.
0----.-----0 - - -•
One of these is the matter of
250 Volts
rating of resistors and the im70 Milliamperes
portance of ratings to their prac_ _ _ 180 Volts
tical use. Many radio resistors
7 Milliamperes
of large magnitude so far as resistance is concerned will carry
only very small amounts of cur100 Volts
rent. In general, they are rated
7 Milliamperes
in the watts that they can disApprox. 20 Milliamperes
sipate without overheating.
2
Since power is E / R, and since
the voltage across a resistance is
usually known or can be measFIG. 2-34. A Voltage Divider.
ured, it is not difficult to determine whether or not the actual power will be below the safe operating rating of the manufacturer. Many of the circuit elements of radio receivers
can be of 1-watt rating or even below, but in other places considerable capacity is required.
Power ratings are particularly important on voltage dividers because
here, if anywhere in the set, excessive heating of resistors may be anticipated. A rather typical circuit for a voltage divider is shown in Fig. 2-34
and analyzed in the illustrative example. The power requirements for the
various t~bes are specified and the required resistances are determined.
Example: For purposes of circuit stability a continuous "bleeder"
current of about 20 ma is desirable and is assumed as 11 fl.owing through R 1•
The magnitude of the resistance and power rating of R1 is then determined.

100
R1 = E1 = .020
= 5,000 ohms.

11

P =EI= 100 X .02

= 2watts.
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It is then required to determine R2. 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
Ii = .020 + .07 = .027 amp;
E2 = 180 - 100 = 80 v;
E2
80
R2 =
= _
= 3,000 ohms;
027
12
P = El = 80 X .027 = 2.2 watts.
Finally, R3 is determined in a similar manner.
la
Ea

+ .07 = .034 amp;
- 180 = 70 v;
Ea
.70
= _034 = 2,000 ohms·
13
70 X .034 = 2.5 watts.

= .027

= 250

R, =
P =

Attention should be called to the fact that accurate calculations were not
made since standard resistances must be used.
Caution on Use of Voltmeter. Since many of the resistances used in a
radio set are of very large values, it must be realized that placing a voltmeter in parallel with them may appreciably change the voltage across
them. In many of the so-called universal meters the current required is
very small, being about 50 µa for full-scale deflection. On one of these a
scale of 500 will have a series resistance of IO megohms. A meter of this
type will probably give satisfactory results, but a meter that required IO ma
for full-scale deflection would cause erroneous results. If the resistance
of the voltmeter is known it is usually possible, by means of an analysis of
the circuit, to determine its effect.
Exampw. If a rrsistance is
R
to be determined by the use of
an ammeter and voltmeter and
it is known that the resistance
of the voltmeter is 100,000
ohms, readings might be ob'------< V ,___ _
tained with the connection of
Fig.
2-35 as follows: ammeter
Frn. 2-35. Determination of R<'sistance by
Ammeter and Voltm<"tcr.
reading, 1.4 ma; voltmeter reading, 100 v. The current in the
voltmeter is, by Ohm's Law, 1 ma. Since the current in the milliammeter
includes this current, the actual flow in the unknown resistance is 0.4 ma
and the resistance is
E
100
R = y = 0.4 = 250,000 ohms.
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Answers to Exercises
(a) 7 ohms; (b) 6.33 ohms.
105 ohms; 31.5 v.
218,000 ohms.
7 amp; 14.28 ohms.
5.64 amp; 73.2%.
2,308 ohms; 94 7 ohms.
13.29 amp; 8.2%,
6.25 amp; 4 amp.
12.5 amp; 3.125 amp.
Ea1, = 39.3 v; E,,. = 180.7 v.
Ea1, = 70.9 v.
E1 = 119.7 v; E2 = 118.6 v; E3 = 118.45 v.
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CHAPTER 3

A.C. Circuits
Alternating Current and Voltage. In Chapter 2 consideration was given
to electric circuits in which both the current and voltage were continuous.
Although D.C. circuits are very important in radio equipment, an equally
important and somewhat more complex system is that known as the alternating-current ~ystcm. 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 direction 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), from
20 to 10,000 times per second (for most voice and music waves in radio), or
up to millions of times 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; sinusoidal
variations of currents and voltages will therefore be the main topic of discussion 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 currents that surge back and forth in a manner known as
sine-wave variation, it is desirable to obtain as thorough an understanding
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 important 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 placP.d
on the end of the radius simply to mark it specifically as the end. Such a.
rotating line is sometimes called a radius vector. If the current in a wire
75
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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 and back to zero again in lf!f sec, then it is likewise known that the
magnitude of the rotating radius is 10 and that it must complete one rcvolu-

Fm. 3-1.

A Rotating Radi11S Vector May Be Uaed to Produce a Sine Wave.

tion in -h sec. This is shown in Fig. 3-2, which will be recognized as a
duplicate of Fig. 3-1 cxcr.pt that new scales arc introduced. Here the
rotating radius is labeled as 10 amp and it is rotating at a speed of 2,r X 60
radians per second in order to complete the circle of 21r radians in
sec.
The sine-wave section of the diagram is plotted in seconds along the horizontal axis; it could just as well be labeled in radians, remembering that

n

Fm. 3-2.

A Rotating Radius Vector and Sine Wave Show the Variation or Current
in a Conductor Carrying Alternating Current.

the 2,r radians are completed in -JTJ sec. The number 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 an 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 add alternating
currents in the same way that direct currents are added because they do
not always reach their maximum values at the same time in different
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branches of the circuit. To illustrate this difference, let it be assumed that
an A.C. circuit exists such that a current of 5 amp maximum is added to the
previous current of 10 amp maximum. The 5--amp current is also of 60
cycles but comes to its maximum 60° or 1r/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 instailtancous
current at each instant and the instantaneous summation of the two currents are also shown by means of the sine waves. It is seen that this addition of 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 parallelogram is completed using the original radius vectors as two sides, the
diagonal will be a new radius vector which will generate the wave of the
instantaneous sum of the currents.

Resultant Current
13.2 Amperes Max.
F10. 3-3.

Addition of Alternating Currents.

It is seen from the foregoing that either the sine wave or the rotating
radius vector may be used to represent an alternating-current quantity.
Sometimes one and sometimes the other is more convenient or more effective 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 radiusvector 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 magnitude
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 one
scale for voltages and a different scale for currents.

A.C. Circuit with Resistance. When a sinusoidal A.C. voltage is impressed on a circuit of resistance only, such as a lamp or a heater, the current
will be sinusoidal and the current maximum will occur at the instant of
maximum voltage. Thus it is observed that Ohm's Law holds true instantaneously in AC. 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 maximum and back again twice in
every cycle.

Fro. 3-4.

Current, Voltage, and Power in a Resistive Circuit.

Peak, Average, and R.M.S. Values of A.C. Waves. In the discussion
of alternating-current waves, so far, the magnitude was specified in terms
of the maximum or peak value of the wave. This is one way of stating
A.C. magnitudes. This method may be rather confusing or misleading,
however, in dealing with average power output since, in a resistance circuit
such as is shown above, it is only the peak power that is equal to the product
of the maximum current and maximum voltage:
PJ!W' = Emu 1mu•
The average power, or heating effect, is the important consideration in
many studies of A.C. circuits. In Fig. 3-4 the instantaneous power is
represented by a sine wave of double frequency. A horizontal line drawn
through the 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 area under the power wave is a
measure of the energy, so the average power is a straight line which has the
same area beneath it as the power wave.· This is seen to be the horizontal
line drawn at one half the peak power. Average power for a resistance
circuit may, therefore, be specified as,

p

aver.,~

= Emu Tm•~= Em~ X
2

vi

&a.!
v2'

_ 1_ r,::
Em•x
1mas
since 2 = V 2 X V 2. The values represr.ntl>d by
and ·v2 are values
of current and voltage that will give average power when multiplied to-

vi
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gether and are called, therefore, effedive values of current or voltage. It
will be observed that the cqrrent having 10 amp maximum would have an
effective value of
I effective

I max

10

= V2 = v'2 = 7.07

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 = I 2R in A.O. as well as
D.O., the I for A.O. will have to be such as to give the same average power
as the D.O. The instantaneous power is i 2R, where i is the instantaneous
TABLE 3-1
DETERMINATION OF AVERAGE AND R.M.S. VALUES
OF A SINE CURRENT HAVING 10 AMPERES MAXIMUM VALUE

Degrees

(amperes)

i

ii

10
20

60

1.74
3.42
5.00
6.43
7.66
8.66

3.03
11.79
25.00
41.35
58.67
75.00

70
80
90
100
110
120

9.40
9.86
10.00
9.86
9.40
8.66

88.36
97.22
100.00
97.22
88.36
75.00

130
140
150
160
170
180

7.66
6.43
5.00
3.42
1.74
0.00

58.67
41.35
25.00
11.79
3.03
0.00

30

40
50

Sum ........

114.34

900.8

Average .....

6.36

50.0

Equivalent direct current = V50.0 = 7.07 amp.

current, so if the values of i 2 arc averaged over a half period, the resulting
magnitude must be equal to I2. This average is given in Table 3-1 for the
10-amp maximum current referred to previously. It is found that the
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average of the i 2 is 50 and the square root is 7.07 amp. This conclusion confirms the previous analysis and indicates th~ reason for the use of the
abbreviation R.M.S. The effective values are used so extensively 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 are likewise calibrated in R.M.S. values unless otherwise
marked.
In a few applil'ations, in power supplies and rectifiers for example, the
average electron 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 maximum 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
change in current and the horizontal change represents the change in
time, the current change divided by the corresponding time change is by
definition the rate of change of the current. This ratio is also the slope or
steepness of the sine curve. In Fig. 3-5 is shown the same current of
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The Rate of Change of Current with Alternating CWT8nt.

10-amp maximum that has been stutli(id before. At the point a a tangent
is drawn and the slope can be determined by dividing the distance i' in
amperes by the distance t' in Sl.'conds. If this same procedure is followed
for a number of points on the current curve and the results plotted against
the corresponding timl.', a curvl.' 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 time 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° or 1r/2 radians. The maximum value
of the curve of the rate of change of current is 21rf times the maximum of
the current curve where/ is the frequency. This maximum location may be
explained by the fact that the rate of change when the current is going
through zero is represented by the terminus of the radius vector moving at
full velocity. Since its angular velodty is 21r/ radians or/ complete revolutions a second, its velocity or rate of change will be 21r/ times its length,
and the length is equal to the maximum value of the current. This relationship 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 variation in the atmosphere that varies sinusoidally with time. The
pendulum of a 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 oscillations in the tuned circuit of a radio set a.re sinusoidal
in character. It is seen, then, that electric oscillations are just one of
many "natural" sinusoidal variations. The manner in which these oscillations occur in electric circuits is the subject for study in the present chapter
on A.C. circuits.
Inductance. A coil of wire has a property called inductance that is one
of the foundations of all radio circuits. Inductance will be studied by

.____ t___
Frn. 3-6.

A Coil and a Bar Magnet.

first observing, as did the scientists of a hundred years ago, some simple
experiments. Suppose a wire is \\Ound on a cardboard tube as shown in
Fig. 3-6. The ends of the wire will be connected to a galvanometer or
sensitive meter. A permanent bar magnet will also be needed as part of
the equipment.
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When the bar magnet is suddenly shoved into the coil as shown in Fig.
3-7, the galvanometer pointer is observed to swing to the right, which
indicates that a voltage has been generated in the coil and a current forced
around the circuit. When the magnet is permitted to remain at rest in the
coil, as in ·Fig. 3-8, no current or
voltage is observed on the galvanometer. When the bar magnet is then suddenly pulled out
of the coil, as shown in Fig. 3-9.
the galvanometer pointer swings
to the left, which indicates that.
a voltage has again been generated. This time the direction
~•10 • 3-7. The Bar Magnet Being Inserted
of the current has been reversed,
in the Coil.
since the galvanometer is deflected in the opposite direction.
Lenz's Law. From these experiments several conclusions may be drawn.
First, relative motion between a coil and a magnetic field produces a
voltage. Also, the current reverses
when the relative motion is reversed. If the direction of current
flow in the coil was determined, it
would be found that it was in such e.
direction as to produce a force which
opposed the motion of the magnet.
This observation is of such extensive
use that it has the status of e.
Bar Magnet at Reet
Physical law, known as Lenz'a Law. Fro. 3-8. Thein the
Coil.
It may be stated in its more generalized form as follows: When a voUage ia induced in a coil a8 a re811lt
of any variation of the magnetic field with re8'pect to the co-il, the voltagj is in
auch a direction that the current
which results tends to prevent the
change which causes the voUage.
This same phenomenon was
observed in Chapter 2 when the
force on the generator conductor
was found to be in opposition
to the direction of the motion.
Reference will be me.de to this
Fm. 3-9. The Bar Magnet Being Withdrawn
law many t"1mes m
· th e fo11owmg
•
from tho Coil.
pages.
Magnitude of Induced Voltages. If the observations in connection with
Figs. 3-6 to 3-9 were carefully made it would be noted that the swing of
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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 flux.
If two coils had been used, one having half 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 induced in a coil, then, is proportional 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.
F10. 3-10. Tho Magnetic Field of & Coil
uh
h
Carrying Current.
'\, en t e 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 may

-...
C:

Cl)

...

::,
(.)

T i m e
(a)
F10. 3-11.

(&)

Current Rise in an Inductive Circuit.
in an Inductive Circuit.

Time

(bJ
(hl \'oltnl(e Distribution

be ohservl'd by inserting into the circuit an ammeter with very little inertia
which will respond almost instantaneously to the current flow. Such an
ammeter shows that the current does not suddenly jump to the value determined 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 turns, as indicated in
the drawing, the total time indicated would be less than .01 sec, 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 take place. If the IR drop is plotted against time it is
found that there is a definite difference between this drop and the impressed voltage. This difference is indicated by the shaded area in
Fig. 3-llb and is called the voUage of self-induction. It is labeled eL because e is the symbol for instantaneous voltage 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 a.s it is sometimes called,
is proportional to the rate at which the current is increasing. This relation
should have been expected because it was lea.med in the experiment with
the bar magnet that the voltage was proportional to the rate a.t which the
magnet was inserted in the coil. Since the flux is directly dependent upon
the current, it would be natural to expect, according to Lenz's Law, 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 the inductive reactance of coils carrying 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. The rate at which energy was put into the coil in Fig. 3-11 is given
by
P = Ei.
But since
then
and

eLi = P - i 2R.

Since i 2R is the power that is lost in heat in the coil resistance, it follows
that the remainder cf the powrr, rrpr<'scnt.rcl by e,.i, is not accounted for
and must be presumed to be stored in the magnetic field.
Experiments show that this energy is stored in the magnetic field in very
much the same way that kinetic energy is stored in a. heavy flywheel that is
rota.ting. A very common experiment used to verify this is shown in
1''ig. 3-12. A transformer with a. large amount of inductance is connected
a.cross 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 a moment and then go
out. The energy that caused the light to flash was supplied by the mag-
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netic field as it endeavored to maintain itself, by forcing a current around
the coil in the same direction that it has been flowing. The only pa.th
available for this current was through the lamp and it was, therefore,
caused to burn brightly for a moment.
It may be said that a magnetic field tends to oppose any change in its
condition by generating (due to its change) a voltage in the wires surrounding it that causes current (in a closed circuit) to
flow in a direction opposing
the change. This leads to
the definition of unit inductance:

-

A cail of wire has an inductance of one henry if a
current change of one ampere
per second .will cause a pressure of one voU to be set up in
the cail.

Fxo. 3-12.

l\1AGNITUDE OF INDUCT-

Energy le Stored in tho
Field of a Transformer.

Magn~tio

ANCE.
The magnitude of
the inductance of a coil is a physical characteristic of the coil and of the
magnetic circuit, just as the inertia of a flywheel is a physical characteristic of the size, shape, and material used in its construction. If
additional turns of wire are placed on the coil without appreciably
changing any of the other dimensions, it will be observed that the magnetic 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 change the inductance of a coil having a known
number of turns, a close approximation may be made by using the relationship that

L = KT 2
where K is a constant and T is the number of turns. If the number of
turns is doubled, the inductance 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 are desired, and where the frequency 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 flux of several
thousand times the amount that would flow in air. Therefore, inserting
an iron core may increase the inductance a thousand times. Since the
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amount 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 the flux may be maintained more nearly proportional to the current. This arrangement 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 at high frequencies, and ordinary iron
cannot be used. It is, therefore, unusual for ordinary iron cores to be used
above 10,000 cycles, but iron-dust cores are often used at higher frequencies.
Inductive Reactance. If an alternating current is flowing through a coil
of inductance L, the rcactance voltage may be studied with the aid of the
diagram in Fig. 3-13. Here the instantaneous current is represented by

F10. 3-13.

Current, Voltngo, nnd Power in an Inductive Circuit.

both sine wave and radius vector. From Fig. 3-5 it was found that the
rate of change of a sine wave of current was another sine wave 90° ahead of
the original current wave. When the henry was defined as the unit of
inductance, the magnitude of the instantaneous voltage of self-induction
was specified as the inductance of the coil in henries multiplied by the
rate of change of current in amperes per second. The magnitude of the
voltage of self-induction at any instant is obtained, therefore, by multiplying 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 21rflmax• The maximum voltage of self-inductance will, therefore, be
Eumnx) = 21rflma,f_,

and it will occur at the time the current 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 magnets that a voltage would be in-
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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 current that would oppose the change in
flux would be a current in the negative direction and the voltage of selfinductance eL is, therefore, negative. The instantaneous 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 21rflmu.L, at the time
the current is passing through zero from negative to positive. Since this
wave is just the opposite of the wave of the rate of change of current, it is
customary to write the equation for the voltage of self-inductance as equal
to the negative of the rate of change of current times the inductance.
EL(mu.)

= - (21rfI m,.,,)L

This equation is usually written
EL(mu.)

=-

21rfLimu.

and the quantity 21rfL is called the inductive reactance or many times just
the reactance. The usual symbol for this term is X or XL, 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
reactance voltage.
Exercise 3-1. What is the rate of change of current in a coil carrying
a maximum current of 100 ma at a frequency of 2,000 cycles? If the coil
has an inductance of 50 millihenries, what is the voltage of selfinduction?

Reactance Voltage. Although the voltage of self-induction is extremely
important in understanding the mechanism of the voltage-current relationships in an inductance coil, it is itself seldom used in circuit analysis.
Usually the designer is interested in how much current will fl.ow 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 resistance of the coil used in the present study is negligibly small and
if an A.C. voltage is impressed upon the coil, the alternating current fl.owing
will increase until the impressed voltage is neutralized by the voltage of
self-induction. Under these circumstances the voltage of self-induction
is equal at every instant to the impressed 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.
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Exercise 3-Z. What voltage having a frequency of 750 kc would be
required to force a maximum of 10 ma through an inductance of 0.80
millihenries?

~dius-vector Representation of Sine Waves. The study of the relationship between alternating current and voltage in an inductance coil
has centered so far around the sine waves that may be used to represent
them. Attention will now be directed to the simplicity with which the
radius vectors at the left of the diagram indicate these same relationships.
In the first place, it should be remembered that all diagrams 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 at a velocity
equal in revolutions per second to the A.C. frequency in cycles per second.
The current vector* marked lmu. represents the current wave and the
projection on the vertical axis represents the instantaneous value at time
t1. The vector Emu. represents the wave of voltage impressed and is 90°
ahead of the current. The voltage EL<max> represents the internal voltage
of self-induction which opposes or neutralizes the impressed voltage and
prevents a further increase in the magnitude of the current in the coil.
Power in an Inductance Coil. Another interesting and important observation can be made from a st.idy of Fig. 3-13. The power curve bas been
obtained by multiplying the instantaneous values of the current and voltage. It is seen that this curve also is a sine wave, but of double frequency,
and that the positive and negative loops are equal. The positive loops
indicate that the power source is putting energy into the coil and the negative loops mean that the coil is returning energy to the power source. In
other words, the power source is storing energy in the magnetic field during
the time that the current is increasing, and the energy of the magnetic
field is discharging back into the source during the time that the current
is decreasing. 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
millihenries is connected to a 120-v 60-cycle source. Determine the current flowing and draw the diagram of vectors.
First, determine the reactance. No mention is made to the contrary, so
it must be assumed that 120 v
is the effective value. The
E~ 120
rcactance of the coil is

I

v.,;,

I= 21.3 Amps.
Fm. 3--14.

Current and Voltal!c in an Inductive
Circuit.

XL= 2rrJL
= 2rr X 60 X 0.015
= 5.65 ohms.

• For the sake of brevity, all radius vectors will be referred to, hereafter, as vectors.
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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 = XLI
I =

or

E

1 = XL;

120

_ = 21.3 amp.
5 65

Note. It is seen that, as yet, no properties have been given to the reactance XL which specify that the current should lag 90° behind the voltage.
Characteristic of Reactance. The analyses of currents 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 reactance vertically upward on a diagram which has
the horizontal axis as the
reference. This arrangement is shown in Fig.
3-15. In part (a) is
shown the indication of
the inductance XL, 90°
ahead of the reference
I
Reference
line. In part (b) the cur(a)
rent I, which is the referCb)
ence, has been multiplied
by XL to obtain the IXL
Reference
which is the impressed
E
voltage and leads the
current by 90° as was
demonstrated in the
XL
study of Fig. 3-13. In
part (c) the quantity
1/XL is shown and it is
Cc)
(d)
lagging 90° behind the
Fro. 3-15. (a) Inductive Reactance. (b) Voltage in
reference. When the
an Inductive Circuit with Current as Reference. (c) Revoltage is multiplied by ciprocal of Inductive Rcactance. (d) Current in an
1/XL the current is ob- Inductive Circuit with Voltage as Reference.
tained, and it is known
from the circuit analysis that the current must lag 90° behind the voltage.
In part (d) of Fig. 3-15 the voltage is shown as the reference and the
current is obtained by multiplying E by 1/ XL.
The Effects of Frequency on Inductive Reactance. Since the reactance
is equal t-0 21r/L, it will increase in direct proportion to the frequency. If
appreciable current is to be passed at high frequencies the inductance must

r
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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, arc called "chokes"
because they choke off any high-frequency current.
Exercise 3-3. A 60-cyclc 120-v line is connected to a coil having an
inductance of 0.04 henries. What is the reactance and the current flow?
Draw a diagram of vectors showing the reactance, the voltage and the
current.
Exercise 3-4. How much current will pass through an inductance of
1.5 millihenries which is used as a choke coil at 600 kc if the impressed
voltage is 12?
Resistance and Inductance in Series. The effect of resistance on the
relation between alternating current and voltage has been studied, and it
was found that the voltage is equal to the product of the current and the
resistance as in the case of direct current. The current and voltage are
represented, therefore, as sine waves that are at every instant in the relation

e = iR,
as shown in Fig. 3-4. The two waves are said to be in phase, since they
pass through zero at the same time and reach a maximum at the same time.
In the case of the inductance coil, however, it was learned that the voltage causing the current is 90° ahead of the current. If a resistance is connected in series with an inductance coil, then the current flowing through
the resistance and through the coil will be the same at every instant. The
voltage required to maintain this current will be studied with the aid of the
combined vector and sine-wave diagram of Fig. 3-16. The current which
is used as a reference starts at zero· and varies sinusoidally as indicated in
the sine-wave diagram. This variation is indicated also in the vector
diagram by the vector I drawn horizontally with a magnitude equal to
lmu.. The· voltage across the resistance"R from a to bis in phase with I
and of a magnitude IR shown on the vector diagram. On the sine-wave
diagram the voltage variation is indicated by the dashed wave in phase
with the current. The voltage across the inductance from b to c is shown
on the wave diagram by the wave leading the current 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 reactance 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, also 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 wbve marked e. This wave leads the current
wave by an angle 9* which is indicated on the diagram. The sum of the
• 9 is the Greek letter theta and is commonly used

to indicate an angle.
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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 necessary 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

Fro. 3-16.

b

c

Alternating Current and Voltago with Resistance and Inductance in Series.

angle 8 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 phase relationships of
currents and voltages in circuits 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 determining the relation between the current· and voltages in A.C. circuits
indicates that a circuit
containing both resistL
R
ance and inductive X ------------ Z
reactance has certain
characteristics or conZ=vii1"+i2
stants that are indetan o=¾
pendent of the current
smo=f
flowing. The circuit
characteristic that is
0
R
used to multiply the
current in order to Fm. 3-17. Addition of Resistance and Reactance to Obtain
Impedance.
obtain the voltage is
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 and 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 and the impedance, since the

9Z
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impedance is a special kind of addition of the resistance and reactance.
This addition must be made at right angles and such an addition is shown
in Fig. 3-17. Here 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 reactance of the circuit is drawn vertically upward. The impedance is determined by completing the rectangle and drawing the diagonal from the
origin. The magnitude may be determined either by measurement or by
recognizing that Z is the hypotenuse of a right angle triangle and that,
therefore,
Z = v'R 2 + X 2•
The angle (J may be determined either by measurement with a protractor
or by the use of trigonometric tables from the relation that
tan

(J

= !.
R

The impedance is observed to have two characteristics by which it is specified. 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 determined from the magnitudes of the resistance and the reactance so that
it is quite common to specify an impedance by giving the magnitudes of
resistance and reactance. The above method of analysis is satisfactory
even though the only circuit resistance is the resistance of the winding of
the inductance coil itself.
In determining the current from a given voltage it is necessary to divide
the voltage by the impedance:

This 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
voltage as the voltage leads the current.
Example: Determine the voltage required to force a
current of 20 ma through an inductance coil having a resistance of 50 ohms and an inductance of 10 millibenrics.
The frequency is 2,000 cycles per second. What is the
angle
by which the voltage leads the current?
IO
N
First, determine the reactance.

II

X

~ = 40rr = 125+ ohms.
1,
Second, determine the impedance.
z = v' R2 + x 2 = v'50 2 + 1252 = v2,5oo + 15,625
= v'l8,125 = 134+ ohms.
X
125
tan (J = R =
= 2.5.

X

R=50
F10 3-18. Impedance Diagram.

= 2rrfL = 2rr

X 2,000 X

50

(J

= 68.2°.
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Third, determine the magnitude of the voltage.

= IZ = 0.020 X 134 = 2.68 v.

E

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°.
Note: Many students find that a carefully drawn diagram will give
results of engineering accuracy much more quickly and with less chance
for error than the mathematical calculations. 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 3-5. What 60-cycle voltage will be required to produce a
current of 20 amp through an inductance coil of 20 millihcnrics having a
resistance of 4 ohms? Determine the phase angle.
The Impedance of a Circuit of Several Elements. The sum of the voltages 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 instantaneously, just as was demonstrated in Fig. 3-16. All of these voltage
drops may be divided up into parts due to resistance and parts due to reactance. Since this is possible, the impedance of the entire circuit may be
obtained 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 reactances and from these obtaining the total or equivalent
impedance.
Example: Determine the current taken from a 60-cycle 220-v A.C. line
when coil A, 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 = 2'1fjL = 2'1f X 60 X 0.002 = 0.24'1f = .754 ohms.

Coil C:
Xe

= 2'1ffL

= 2'1f X 60 X 0.005 = 0.6071" = 1.88 ohms.

Second, determine total impedance.
Xiota1 = XA + Xe = 2.63 ohms.
Rtota1 =RA+ Rs+ Re= 0.3 + 1.2 + 0.7
2

2

2

= 2.2 ohms.

Z101.31 = vR + X = v2.2 + 2.63 2 = v'4.84 + 6.92

= Vll.76 = 3.43 ohms.
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Third, determine current and phase angle.
E
220
I = Z = 3.43 = 64.2 amp.
tan O = !
R
0

63
= 22.2
· = 1.19.

= 50.1°.

Exercise 3-6. A 10,00<k>hm 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 UO-v 60-cycle power
line. Coil A has a resistance
of 3 ohms and an inductance
of 15 millihenries. Coil B has
a resistance of 7 ohms and an
inductance of 5 millihenries.
The resistance C has a magnitude of 2 ohms. Determine
the current and equivalent
impedance.

Resistances and Inductances in Parallel. ,Vhen
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 flowing through each 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 that the currents may
not be in phase and that their vectors must be added at the proper difference of direction. This procedure was developed in the early part of the
chapter and 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 current flow. The impedance is then found by dividing the voltage by the total current.
Fxo. 3-19.

RA
Rs
Re
Impedance Diagram; Example pp. 93-94.

• A circuit constant called the admittance equal to the reciprocal of the impedance is
sometimes used for this purpose. The characteristics of this constant are so likely to
cause confusion that the constant is omitted frprp. this analysis. Very little loss i,;
experienced from this omission, o.s 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 flow, the phase angle
of the total current, and the equivalent ilppedance, if coil C of the preceding illustrative example is connected in parallel with coil A and resistance 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:

ZA+B

= v(RA + Rs) + XA 2 = Vl.5 + .754
2

2

2

= .../2.25 + .57 = V2B2 = 1.68 ohms.
tan 6A+B
6A+B

IA+s

i

i~:

E

110

= =
= 26.7°.

= 0.503,

= z = 1 68 =

65.5 amp,

which lag 26. 7° behind the voltage.
Second, determine the current in coil C.

Zc
tan 6c
6c

= vRc2 + Xc 2 = v0.7 2 + 1.882
= v0.49 + 3.54 = V4.03 = 2.01 ohms.

i

1

= = 0~ = 2.68.
= 69.6°.
E

110
2_01 = 54.7 amp,
which lag 69.6° behind the voltage.
Third, determine the total current by adding the individual currents.•

le

=

z=

I1A+a1=65.4 amperes at an angle of 26.7°
le
=54.6 amperes at an angle of 69.2°
11
= 112 amperes at an angle of 46°

l1
Fro. 3-20. Vector Diagram !or Parallel Circuit of Example Above.

• This can be done graphically as in Fig. 3-20 or by determining the portion of the
current in phase with the voltage and the portion 90° behind the voltage and adding
these portions to find the portions of total current in phase with and 90° behind the
voltage. The total current can then be determined from these by the use of righttriangle analysis.
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Begin by detennining the portion of currents in phase with the voltage.

= 65.4 cos 26.7° = 65.5 X .893
le cos Be= 54.1 cos 69.6° = 54.7 X .349
/<111 sw-> = 58.5 + 19.0 = 77.5 amp.

IA+a cos BA+ a

= 58.5 amp.

= 19.0 amp.

Next, determine the portion of the currents 90° behind the voltage.
IA+a sin BA+a = 65.4 sin 26.7°
le sin Be = 54.6 sin 69.6°

I (90" lac)

= 65.5 X .45 = 29.4 amp.
= 54.7

X 0.938

= 51.3 amp.

= 29.4 + 51.3 = 80. 7 amp.

From the two individual currents, determine the total current flow.
I'°""' =

vI c,.,..., + l
2
1111

2
1vo- 11ci

= v11.s + 80.1 = v~6..,.,006..,...,,...-+-6..,..,-51~0
= vl2,516 = 111.9amp.
tan Btota1 = Ic!IO• '""> = 80.7 = l.04
2

I <111 t>bue>

8.-1

2

77.5

= 46.2°

Fourth, determine the equivalent impedance.
E

Zeq=-

ltota1

110
=-111.9

= 0.984 ohms.
Req = Z cos 8 = .984 cos 46.2° = 0.984 X 0.692
Xeq

= 0.682 ohms.
= Z sin 8 = 0.984
= 0.711 ohms.

X=lOOHMS R=lO OHMS

X 0.722

Exercise J-8. Determine the
equivalent impedance of the circuit
shown in Fig. 3-21.

Exercise J-9. A resistance of
100 ohms is connected in parallel
x-200HMS R-5 OHMS
with a reactance coil having an
inductance of 25 millihenries and
FIG. 3-21. Circuit Diagram for Exercise 3-8. a resistance of 20 ohms.
What
total current will flow when 40 v at 1,000 cycles are impressed on the
circuit?
Exercise J-10. Three circuits are connected in parallel across a 120,000cycle 20-v source. Circuit A consists of a resistance of 2,000 ohms. Circuit B consists of a coil having 100 ohms resistance and an inductance of
5 millihenries. Circuit C consists of a coil having a l'{>Sistance of 50 ohms
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and an inductance of 1.2 millihenries, and of a resistance of 1,000 ohms.
"\-Vhat is the total current flowing and what is the equivalent impedance?
Power and Power Factor. In the early part of the chapter it was learned
that the average power for an alternating current and voltage, where the
impedance consisted of resistance only, was
Paveraco

= EI,

where E and I were the effective or RM.S. values. A little later it was
learned that the average power dissipated in an inductance coil of zero or
negligible resistance was zero. This fact was shown 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 the only power absorbed in an inductance coil would be
that which was converted into heat in the resistance of the winding. This
conclusion is verified by test; and so the power in a circuit, composed of
resistance and inductance, may be specified as
Paverap

= I 2R = (IR)I.

Since IR is the component of voltage which is in phase with the current,
it may be determined from the total voltage by multiplying by the cosine
of the angle of lag. Thus,
IR= E cos 8,
and, therefore,
Pavoraco

= (IR)I = IE cos 8.

The factor cos 8 is called the power Jactor, since it is the factor by which the
product of the current and voltage must be multiplied in order to obtain
the average power. The angle 8 between the current and voltage is often
called the power-Jaclor a11fJl.e.
The Electric Condenser. When two conducting plates are placed close
to but insulated from each other, they form what is known as a condenser.
An electric charge can be stored on these plates and will be retained as
long as the plates of the condenser arc 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 electrons
(or negative charge) is connected to the charged plate having a deficiency of
electrons (or positive charge), the repelling and attracting action 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 will, thus, cause heat
t-0 be developed. This heat energy was stored in the condenser as potential
energy owing to the repelling force of the charge. The pressure or potential due to this repelling force is proportional to the ehar~e. The actual
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magnitude is dependent upon a proportionality constant that is determined
by the size of the condenser plates, the distance between them, and the
insulating material. This constant is called the capacitance and is indicated by the symbol C. Expressed mathematically, the relation is
Q

= EC,

Q being measured in coulombs, E in volts, and C in farads.
The unit of capacitance is called the Jarad and may be defined as thaJ,

capacitance which will permit the storage of one coulomb of charge
tential of one voU.

al,

a

po-

Dielectric Constant. The above analysis was based entirely upon the
effect of the charges within the conductors and so is valid for conductors
in a high vacuum, an illustration
Top Plate
of which is the interelcctrode
capacitance of vacuum tubes.
0
Experimental studies show that
0
0
the same analysis is also valid for
conductors in air. When some
Bottom Plate
liquid or solid insulators are placed
between the plates of the condenF10. 3-22. Tellllion in Dielectric.
ser, however, it is found that the
capacitance is considerably increased; this increase permits additional
energy storage. The mechanism of this storage is indicated in Fig. 3-22.
The positive charge on the upper plate attracts the negative electrons in
the molecules of the dielectric. These electrons are bound so tightly t-0
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 plate combine to produce a strain in the molecules of the
TABLE 3-2
DIELECTRIC CONSTANTS OF INSULATING MATERIALS

Mcuerial

Dieleclric
ronstant

Air ..................................... 1
Glass .................................... 6--9
Porcelain ................................ 5-7
Stcatite ................................. 5--6
Mica .................................... 6--7
Polystyrene .............................. 2.6
Bakelite ................................. 5-15

dielectric similar to the strain in a spring which has been stretched. The
extent to which the effect of the repelling action of the charges in the
condenser plates can be neutralized by the strained condition of the dielectric 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 diekctric constant, which may be defined as the ratio of the

capacitance of a condenser with the diel,ectric being considered to the capacitance
of the same condenser if air or a vacuum were used as the insulating medium.

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
flat-plate condensers and the capacitance of these may be determined from
their dimensions by means of the formula

C= 2,248 Af 10-

16

f.

In this equation, A is the area in square inches of the dielectric under
stress, t is the thickness of the diefoctric, and K is the dielectric constant
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) and
the micromicrofarad (µµf) are the units used most extensively. These
units must, however, be converted to farads when substituting in equations
unless the equations arc converted so that the smaller units may be used
directly. The value of lµf = 10-a t, of lµµf = 10- 12 f.

F10. 3-23.

Current, Voltage, nnd Power inn Cnpncitivo Circuit.

Relation between Voltage and Current in a Condenser. Since the instantaneous charge on a given condenser is proportional to the voltage at
any instant, the charge will increase and decrease as the voltage 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 voltage. If the charge on the condenser is continually changing,
the conductor by which the connection to the condenser is made must
have a flow 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 that the rate of change of a
sine wave is another sine wave 90° ahead of the original wave in time phase,

100

A.C. CIRCUITS

[Chop. 3

so the current in the condenser circuit may be shown in Fig. 3-23 as a
sine wave "leading the wave of charge and 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 careful
study, however, will show that for the quarter cycle when the voltage is
going from positive maximum to zero, the power is negative in the condenser 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 negative in the inductive circuit. This is an important characteristic
of these circuit elements, because it permits periodic power transfer from
one element to the 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 was 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 2rr/ times the
maximum value of the original sine wave. The maximum rate of change
of Q is, therefore, 2rr/ times Qmax and this is likewise the maximum value
of the current. Stated mathematically, this relation is
I max

= 2r/ Qmax,

It is known that the charge is equal to the product of the voltage and
capacitance; thus
Qmax = CEmax,
Substituting this value in the above equation,
I max

= (2rr/C)Emax,

where 2r/C is a constant giving the relation between the current and the
voltage. Since the res.eta.nee of a capacitive circuit is that value by which
the current must be multiplied in order to obtain the voltage, the reactance
of a condenser may be specified as 1/(2rr/C). In mathematical form this
statement is
1
E = IXc = - - ,
2r/C
BO

1
Xe= 2rrfC

0

Since both the capacitance and frequency are in the denominator, it follows
that the impedance is decreased with increase of frequency and is de-
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creased also with an increase in capacitance. This is the opposite of the
reactance of an inductance, which increases both with an increase of frequency and of inductance. The voltage impressed across the condenser
was found to lag go0 behind the current and so it is customary to draw the
reactance as a line vertically downward indicating that if the current
radius vector is assumed as the reference being drawn 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 situation is obtained similar in many ways to
that existing in the case of a resistance in series with an inductance. The
voltage across the resistance is in phase with the current, while the voUage
across the condenser lags go0 behind the current. The total voltage, being
the sum of the two component voltages, also lags behind the current. This
angle of lag, or the angle by which the current leads the voltage, has a
tangent, the value of which is Xc/R.
Example: A condenser of 1 µf is connected in series with a 1,000-ohm
resistance across a 500-cycle 12-v line. Determine the current, the equivalent impedance, and the power-factor angle.
First, determine the reactance of the condenser.
1

1

Xe = 21rJC = 21r X 500 X

rn-e

1000

= --;- = 318.5 ohms.

Second, determine the equivalent
impedance.
z = v--=n=2-+"""'x=c-=-2 = v'l,000 2 +318.52
= V 1,000,000 + 101,500

=
=

VI,101,500
1,050 ohms.

tan 8= ~c = ~ : : = 0.318.

~
0

..,l!!l

a
>t..._
________.;:aw

F10.

8 = 11.18.

R=lOOOOHMS

:c

3-24. Vector Diagram, Capacitive
Circuit.

Third, determine the current.
E
12
I = Z = l,050 = 0.0114 amp = 11.4 ma.

This current 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 diagram.
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 individual 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 reactance of such a series circuit is the difference between the reactance 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 the resistance as reference, it is considered as positive and the capacitive reactance
is considered as negative. The power-factor angle 8 on this basis is considered positive where the voltage leads the current and negative where
the voltage lags behind the current. The methods of making the computations 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 henries, and a resistance of 6 ohms
are connected in series across a 110-v 60-cycle circuit. Detem1ine the
equivalent impedance, the current, the power-factor angle, and the voltage
across each circuit element.
First, determine the impedance Z.

·---u-J'~~
X,

XL+RL

1

106

= - 6,0001r = - 53.0 ohms.

R

X00u
u,
:::E

::c

...g

X,otal

ZL=3O.5 OHMS

0

...

II

1

= - 21rfC = - 21r X 60 X 50 X 10-•

XcoDaenaer

= 21rfL =

21r60 X .08 = 30.1 oh.ms

= - 53.0 + 30.1 = -

22.9 ohms of
capacitive reactance.

+ 6 = 11 ohms.
Z, = y'R + X = y'lP + 22.9

Rtota1 = 5
RL=S OHMS

2

X

2

2

= y121 + 525 = y646 = 25.4

ohms.

u,

:::E

Z1=25.4 OHMS

::c

tan 8 = -

0

in
"'
II

R=6OHMS

u
X

ZL=30.5 OHMS
F10. 3-25. Vector Diagram Rosietanco, Inductance, and
Capacitance in Serice.

8

=-

i

= -

2;i9 = -

2.08.

64.4°.

Second, determine the current.
E
110
= 25 .4 = 4.33 amp.

Iz

cos 8 = power factor

=

0.43.
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Third, determine the voltages across each circuit element.
Econdemer

= IXc = 4.33

Z00u = y'R + X
= 30.5 ohms
2

Ecou

= IZ

00

u

2

X 53.0

= 229 V.

= y'5 + 30.1: = y'25 + 906 = v931

= 4.33

2

X 30.5

= 132 V
E.-ce = 4.33 X 6

= 26 v.

Note: In Fig. 3-25, showing the graphical summation of impedances,
it will be noted that each impedance was determined individually. Many
engineers prefer to add the resistances and reactances 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 analytically as well as graphically, and in many cases it is done
in this manner.
Exercise J-12. A resistance of 20 ohms is connected in series with an
inductance of 100 microhenries and a capacitance of 0.05 µf across a 10-v
100-kc line. Determine the current and equivalent impedance.
Exercise J-IJ. An inductance coil having a resistance of 0.3 ohms and
an inductance of 1.5 microhenries is connected in series with a 2-ohm
resistor and a 10-µf condenser across a 5-v 40-kc line. Determine the difference in phase between the voltage across the coil and the voltage across
the resistance. What is the difference in phase between the voltage
across the coil and the impressed voltage?
Resistance, Inductance and Capacitance in Parallel. When parallel
circuits are encountered which involve capacitiv.e reactance in one circuit
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 algebraic sum of those parts that are 90° out of phase.
The equivalent impedance is determined, as in other parallel circuits, by
dividing the voltage by the current. The tangent 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-ohm resistance of the preceding
illustrative example are connected in series across the 110-v line and if the
coil is also connected across the line to make a parallel circuit, determine the
equivalent impedance, the current, and the power-factor angle.
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First, reactances may be taken from the preceding example.

= yR 2 + X 2 = y6 2 + 53 2 = y36 +
-X
53
tan Be= R = 6 = -8.83.
Ze

Be=

2,810

= y2,846 = 53.4 ohms.

-83.5°.

ZL =vR 2 + X 2 =,Y5 2 + 30.P +v25 + 906 =y931 = 30.5ohms.
3 1
tan BL = ~ = 6.02.
BL=

80.5°.

Second, determine parts of currents in phase with voltage and 90° out of
phase.
E
110
le = Zc = 53 _4 = 2.06 amp.
E

h = ZL

=

110
30.5

=

3.61 amp.

In-phase current:
I (In pbakJ

= I e cos Be + h cos BL = 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 amp.

Out-of-phase or quadrature current:
I<outolpbuel = Iesin Be+ h sin BL= 2.06 sin - 83.5° + 3.61 sin 80.5°.
= 2.06(-0.993) + 3.61 X 0.984 = -2.05 + 3.56
= 1.51 amp.

Ic•2.06 Amperes
Bc=-83.5°

Third, determine total current and power-factor
angle.
lw1&1

l 1•1.51 Amperes

t

= y0.827

+ 1.5P
= 1.72 amp.
2

= y.685 +

2.28 =V2.96

B
1.51
183
an 1 = 0.827= ·

B, = 61.3°.
IL• 3.61 Amperes
6l =80.5°
Fro. 3-20.

Fourth, determine the equivalent impedance.
110
z, = I.-E = --1.72
- = 64 ohms.
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Exercise 3-14. Determine the current drawn from a. 275-v 180-kc
source by a parallel circuit containing a condenser of 500 µµ.fin one branch
and a resistance of 250 ohms in series with an inductance of 1 millihenry in
the other branch. What is the maximum instantaneous power that is put
into (a) the condenser, (b) the inductive circuit, and (c) into the combined
circuit?
Exercise 3-15. ·Determine the current if a condenser of 50 µµf is connected in series with two parallel branches of Exercise 3-14 before being
connected to the line.
Exercise 3-16. Determine the current drawn from a 750-kc 10-v line
by the circuit shown in Fig. 3-27, when the values are as follows:
C1 = 0.001 µf
L2 = 100 microhenries
L3 = 80 microhenries
R1 = 100 ohms
R2 = 100 ohms
R3 = 50 ohms

Flo. 3-27.

Circuit DilllP'&m !or Exerci8o 3-16.

\\'hat is the voltage from a to b in the parallel circuit and what phase angle
does it make with the impressed voltage?
General Concepts of Resonance. The term resonance comes from the
characteristic of some objects which respond to or echo back sound. Usually these objects respond to sounds of certain pitches only and it is explained that they are "tuned" to those pitches. The 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 of the swing). The slight impulse
from an escapement wheel is all that is needed to keep this pendulum swinging back and forth indefinitely. The amplitude of the vibration or movement is much greater than could be given by a 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 half cycle and to return it on the next half
cycle. Since the condenser is storing energy when the inductance is returning energy, it is possible for the condenser and inductance to pass large
amounts of energy from one to the other with the outside 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
also 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 circuit the current is the same in both circuit elements. Since
the voltage across the inductance increases with frequency, and the voltage
across the condenser decreases with frequency, there must be some frequency 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 condition
was met in the illustrative example of series circuits having both inductance
and capacitance. Here the voltage across the condenser 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 will be approximately the same for
both series and parallel connections. In fact, in some of the more complicated 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 diagram of Fig. 3-25, it will be seen that the equivalent impedance is considerably 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 decrease.
This adjustment might be continued until the capacitive reactance would
be just equal to the inductive reactance. The circuit impedance would,
then, be the resistance only, which in this case is 11 ohms. Under the:,l'
conditions the circuit would be in resonance.

A series circuit is said to be in resonance when the inductive re.actance in
the circuit just neutralizes the capacitive readance so that the equivalent
impedance is due entirely to resistance. This condition may be obtained 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. In
any of the conditions above indicated, the resistance of the circuit is as•
sumed to remain constant and the circuit impedance would, therefore, always have a constant resistance component. This would mean that regardless of how the reactances 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 reactance would be located
above the axis, as indicated by one of the impedances labeled ZL. If the
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c-apacitive reactance were the larger, the impedance would be as indicated
by one of the Zc vectors. If they were equal, the impedance would become R. The manner in which the current in this circuit varies with frequency is shown in Fig. 3-28c. The current rises to a maximum at the
resonant frequency, as shown by the R curve, but it does not rise very high
nor is the peak very sharp. In Fig. 3-28b the same circuit is shown with
considerably less resistance.
It is observed that the current will rise to much greater magnitudes as
resonance is reached and also that a slight variation in reactance, due to
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F10. 3--28. Series Resonanco-Variablo Frequency.

change of frequency, will make a much greater proportional change in impedance so that curve R' is much steeper. The circuit with less resistance
gives much sharper tuning than the other circuit.
DEFINITION OF Q. In this connection it is well to consider the requirements of coils and condensers for obtaining sharp resonance curves. In
general, condensers have little resistance and low losses, so that they are
quite often assumed to have zero equivalent series resistance. 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 iii realized that the less loss in an oscillatory or reson:mt circuit, the less energy must be supplied and the more efficient it will
be. This has led to a figure of merit of reactances by which the quality
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This figure of merit is called the Q of the coil,

Thus, the higher the reactance in proportion to the effective resistance, the
better is the coil or condenser.• At high frequency the losses in the dielectric 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 _ 21rJL
- 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 serie.s
resonant circuit. If the Q of the circuit is high, the voltage will be many
times the impressed voltage.
EFFECT OF SOURCE IMPEDANCE. The above analysis of resonant circuits has assumed that the circuit was connected to a constant-potential
line. In radio circuits this is seldom true, as the source of the voltage may
itself have considerable impedance. 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 as 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 than the current in either
branch. Furthermore, if the current drawn by the condenser were increased by increasing the capacitance, 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 inductance, then the interchange of stored energy would be balanced and the circuit would be in
parallel resonance. The only current drawn from the main line would ht'
a small in-phase current to supply the losses. As has already been stated.
the condenser losses are negligible BO the main item of loss is in the coil
resistance. If the Q of the coil is high, this loss becomes BO small that the
equivalent resistance at resonance reaches very high values. This is 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. Although the 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 unfortunate that the same letter has been adopted for both, but the manner of u.-e
will indicate which meaning is intended in nearly all cases.
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early application of resonance to series circuits caused the tenn resonance
to be applied to a condition oi minimum impedance. It is, therefore, very
common to call the condition of maximum impedance by the name of antiresonance. Usually, a distinction is made between the unity power-factor
condition which was here specified as parallel resonance and the condition
of minimum current or maximum impedance whi<.'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 SOURCE IMPEDANCE. It has been learned that high source
impedance destroyed the frequency selectivity of the series resonant circuit. The frequency selectivity of the parallel or antiresona.nt circuit,
on the other hand, is increased by high source resistance. This difference
is found because the equivalent impedance of the antiresonant circuit
rises with the approach to resonant frequency so markedly that the
terminal voltage is much higher at resonance than at frequencies on either
side of resonance. Since vacuum tubes in general, and the screen-grid
type in particular, have high internal resistances, the parallel resonant
circuit is used extensively in radio circuits where 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 curve for the coil having a Q of 20, assuming that the power source has 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 ohms, plot a curve of terminal volts
against frequency whne 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 through the circuit as is possible
in order to obtain the maximum signal. It can be proved that this maxim um 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 impedances of the load and generator is one fonn of impedance matching.
In order to match impcdanees, 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 sourres.
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The use of parallel resonant circuits for impedance-matching purposes
is quite common. Such a circuit is shown in Fig. 3-29. The highimpedance circuit is the standard parallel resonant circuit while the lowimpedance circuit is tapped off the inductance. If this circuit is viewed
from the low-impedance connection, it is difficult to determine, as mentioned previously, whether it is a series or a parallel resonant circuit, although it is unquestionably
in resonance. This circuit
can be used either to step
High
up the impedance or to step
Impedance
it down.
Wave Meters. The resonant circuit has extensive
Fro. 3-29. Impedance Matching Using a Parallel
use as a wave or frequency
Resonant Circuit.
meter for approximate
measurements. The meter consists 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 maxip
mum indicates that the circuit is
in resonance and the frequency can
be determined from the adjustment
of the condenser.
low Impedance

Mutual Inductance. If an inductance coil such as has been
studied in Fig. 3-10 has a second
I
coil wound around it, as shown in
Fig. 3-30, and if an alternating
I
I
current flows in the first or primary
I
I
IS
I
coil, a voltage will be induced in
the secondary coil. This second- Fm. 3-30. A Mutual-inductanco-Air-rore
Transformer.
a.ry voltage is caused by the
flux of the primary coil, which is increasing and d(>rreasing sinusoidally
with time just as the current is varying. It was found that this varying
flux produced a voltage in the primary winding which by Lenz's Law tended
to send a current through the coil in such a direction as to oppose the change
of flux. Since the secondary coil is wound so very closely around the primary, most of the flux which threads through the primary also threads
through or links the secondary. The rate of change of this flux produces a
voltage in the secondary. Since the flux is directly proportional to the
current in the primary, the secondary voltage is directly proportional to
the rate of change of primary current.
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'\\Then two coils are in such a position that a change of current in one will
produce a change of flux linking the second, the two coils are said to have
mutual inductance. This mutual inductance is measured in the same
units as self-inductance. Thus, when a rate of change of one ampere per
second in the primary coil will produce one voU in the secondary coil, the two
coils are said to have one henry of mutual inductance.
When two coils are wound very closely together, as in the above i11ustration, they are said to be very closely coupled. When, however, the two
coils are located so that only a small part of the flux produced by the primary coil links the secondary, the coils are said to be loosely coupled.
Loose coupling is shown in Fig. 3-31, where the two coils are placed some
distance apart although still on the same axis.
Effect of the Secondary. When dealing with the single coil, it was found
that, neglecting resistance, the current in the coil increased until the voltage
of self-inductance neutralized the impressed voltage. When a second coil
is added, as shown in Fig. 3-30, it produces no effect on the primary as
long as it is open circuited. If, however, resistance or some other form
of load is connected across the secondary terminals, a current wi11 flow.
This current, by Lenz's Law, 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 magnetomotive force of the secondary
current and to bring the primary flux 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 neutralizes it will also be in phase with the voltage; power will thus
be fed into the primary and transferred to the secondary through the
medium of the common flux. Such an arrangement of closely coupled
coils is called a trans/ormer. If the flux is in air, 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 iron-core transformer.
Use and Characteristics of the Transformer. Since in most transformers, particularly those having iron cores, the coupling is very close,
for the preliminary discus.;iion it will be assumed that all of the flux
threads through or links both coils. If this condition exists, the rate of
change of flux for each turn is the same, regardless of whether the turn is
the primary or secondary. The induced voltage across the coil will, therefore, be proportional to the number of turns. This characteristic of a
transformer is used to increase or decrease the A.C. voltage. If it is desired to increase the voltage fed into the grid of a tube, a. transformer may
be used with many more turns on the secondary than on the primary.
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Or, if a high-impedance vacuum tube is being used to supply a loudspeaker where considerable current is required at low voltage, the transformer coil having the very large number of turns will be connected
to the vacuum tube 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 effects of the current in the transfonner
will now be made. It was learned earlier that the magnetic effects were
proportional b6th to the current and to the number of turns. This means
that the magnetic effect is proportional to the product of current and
turns, usually called ampere-turns. Since the ampere-turns must be
equal for neutralization, the currents in the primary and secondary will
be in an inverse ratio to the number of turns. Thus, if the primary has
three times as many turns as the secondary, it will require only one third
as many amperes to obtain the same number of ampere turns. It should
be remembered that this neutralization is not complete. A certain 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-induction 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 exciting current, the ampere turns on the primary
are just equal and opposite lo the ampere 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-amperes, of
primary and secondary are equal.
IRON-CORE TRANSFORMERS-POWER. 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 cases, these transformers are designed for a certain definite maximum voltage on the winding. This is because the ratio of exciting current
to flux increases very rapidly when the flux density goes beyond certain
limiting values, as is indicated in the magnetization curve of Fig. 2-27.
Here it is seen that the flux density rises very rapidly with increa...qe of
amp<'rc-tums until the density has reached about 80,000 lines per square
inch. Thereafter, it rises much less rapidly and if a high flux density is
required to neutralize the impressed voltage, extremely large exciting currents will result. If, for instance, a 110-v transformer were connected to a
220-v power line, the flux density in the core would have to be doubled in order to produce the necessary voltage of self-induction. If the transformer
were designed to operate at a maximum flux density of 65,000 lines per square
inch, the required density at 220 v would be 130,000, which is entirely beyond the limits of the diagram. In circumstances of this kind the exciting
current becomes so great that the PR losses will cause the transformer to
overheat and be damaged. It is very important, therefore, that power transformers should be operated at their correct voltage and frequency rating.
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IRON-CORE TRANSFORMERS-AUDIO. The preceding analysis 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 there is low flux density in the audio transformer and the secondary signal faithfully reproduces the primary signal.
If, however, the signal strength becomes excessive, the flux density reaches
the saturation point and the flux is no longer proportional to the primary
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 TRANSFORMERS. In most air-core transformers, the assumption that all of the flux links both windings is so far from true that results
based on this analysis are not valid. It continues to be true, however,
that the signal impressed on the primary causes a voltage and current to
be set up in the secondary. The current in the secondary also causes a
voltage to be produced in the primary which affects the primary current.
The mathematical
analysis of this type of
circuit is beyond the
scope of this text, but
the meaning of certain
terms, and a qualitative discussion of results, are given in the
following pages.

Coefficient of Coupling. In Fig. 3-31 it
is seen that only a
small part of the flux
F10. 3-31. Mutual lnductanc&-Looee Coupling.
from coil 1 threads
through, or links coil 2. If the total flux of coil 1 is designated as <J,1, *
and that part of the flux which links coil 2 as <J,12, then the ratio of "'12 to
<J,i is a measure of the magnetic mutuality of the two coils. This ratio is
also equal to the ratio of "'21 to "'2, when "'21 is the flux (caused by current
in coil 2) which links coil 1 and "'2 is the total flux in coil 2. This ratio is
called the coefficient of coupling of the two coils and may be expressed
mathematically as follows:

• <J, 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 1 is the product of cf,1 per ampere and the number
of turns in coil 1:
cf>1N1
Li=--·

11

Similarly, the self-inductance of coil 2 is the product of "'2 per ampere and
the number of turns in coil 2:
Li=

"'2Nz.
/z

The mutual inductance of coil 1 with respect to coil 2 is the product of cf,u
per ampere of current in coil 1 and the turns in coil 2:

M

=

cf>1zN2
/1

= k!1 N2.
/1

Similarly, the mutual inductance of coil 2 with respect to coil 1 is the
product of cf>21 per ampere of current in coil 2 and the turns of coil 1:

M =

cf>z1N1

/2

= kf1 N2.
/2

lf the two definitions for mutual inductances are multiplied together,

M2

=k

2

(~

/1

N2 X 'h,
/z

Ni)·

By rearranging terms and by substitution,

M 2 = k2

c~

_11

N1 X !h N2),
/2

M 2 = k2L1Lz.
Solving this equation for k, another relation is specified by which k may
be determined:
M
k

=

..;lr;Ei·

If 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 Li
plus the mutual inductance of coil 1 with respect to 2 and the mutual
inductance of coil 2 with r<'spcct to 1. This becomes
L,

= L1 + Lz + 2M.

If the two coils arc comwctcd so that the self- and mutual-inductance
fluxes are in opposition, thm

L', = L1

+ Lz -

21\f.
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If the second equation is subtracted from the first, then

4M = L, - L',,

M = L, - L',.
4

This relationship is the basis for an experimental determination of the
magnitude of mutual inductance.
Selectivity and Coupling. Although it is desirable to have a very high
value of coupling coefficient for power transformers, 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
at their normal frequencies without too much interference from the cur-

d

Frequency
Fm. 3-32.

Resonance Curvea !or 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 secondary are tuned to resonance at a desired frequency,
and if this signal of this frequency is connected to the primary, then a slight
current and voltage will appear in the secondary even though it is some distance away. If the secondary is moved closer, this voltage E 2 will increase
because more excitation is received from the primary coil to take care of
the losses in the secondary oscillatory circuit. This increase does not
continue indefinitely, however, for after reaching a 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 circuit are such that the primary circuit is no longer in
resonance at that frequency and the primary current is reduced so much
that the increased coupling reduces the secondary current and voltage.
If the frequency characteristics for these several conditions of mutualinductance coupling are obtained from test, 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 sensitive 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 tuned 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 narrow 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 to that shown in Fig. 3-32-d 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 currentmeasuring devices. To this extent they are similar to D.C. meters, but
the similarity is limited, because
the rapid oscillations of the current
do not permit the use of the
D'Arsonval type of meter. It is
necc~ry to arrange some mechanism which will give torque in
the same direction in spite of the
reversal of current. Four main
types of indicating meters arc used
for this purpose. They arc the
dynamomctcr, the iron-vane, the
rectifier, and the thermocouple
types of A.C. meters.
THE DYNAMOMETER TYPE.
In
the dynamomcter type of instrument, a pair of coils carrying the
Courtu11 of Wuton Elutrical lti,trumtnl Co.
alternating current to be measured
F10. 3-33. l)ynamomctcr Type or 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 carried 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 same direction and roughly proportional to the
square of the current. This meter
will operate satisfactorily on direct
current, but it is not as sensitive as
the usual D.C. instrument. It may
be used either as an ammeter or as
a voltmeter, but its greatest use is as
a wattmeter.
When it is used as a wattmeter, the
load current is fed through the main
field coils and the moving coil is
connected in series with a resistance across the line. Since power is
EI cos(} and since the field strength in
the meter at the time of maximum
voltage is I cos 8, the torque and hence
the reading will be directly proportional to the power.
The chief disadvantage of this type
of instrument is the cost of construec,,.,,.1.,11 of W eato11 Elewical In,trumtnl Co.
tion. Its use is limited, therefore, to
wattmeters and high-precision labora- F10. 3-34. Iron-vane Type or Meter.
tory meters.
THE IRON-VANE TYPE. The iron-vane type of instrument takes many
different forms. All have a soft-iron vane attached to a shaft mounted in
jeweled bearings. A spring provides the restoring torque and a pointer
indicates the deflection. The torque to operate the meter depends upon
the magnetic response of the soft-iron vane to the magnetic field set up
by a fixed coil. A meter of this type is shown in Fig. 3-34. The alternating current is flowing in the coil
and magnetizes both the stationary
and movable soft-iron plates. Since
the polarity of both plates is the
same, they will repel each other even
though that polarity is reversing
rapidly. No electrical connection is
necessary to the moving element.
\\'hen 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
Courlt•IJ o/ Wtaton Electrical lmdrumtnt Co.
fine wire are used in the coil construeF10. 3-35. Rectifier Type of Meter.
tion.
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RECTIFIER-TYPE METERS. It is possible to rectify alternating current
and use the standard type of D.C. meter. When this is to be done it is common practice to include a small rectifier in the case of the instrument. A
diagrammatic sketch of the circuit for such a meter is given in Fig. 3-35.
At the left of the diagram is an illustration of the copper oxide rectifier,
approximately to full scale. Meters of this type arc usually limited to a few
milliamperes, and so arc used 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 frequencies.
THERMOCOUPLE-TYPE METERS. This type of meter uses the thermocouple principle to supply a very
sensitive D.C. meter. A diagrammatic sketch is shown in Fig. 3-36.
The current to be measured flows
from A to B, heating up the resistA.
E
8
ance wire. The thermocouple has
Courl<•11 of Wt1ton Electrical ln•trummt Co, its hot junction at E and the cold
Fu,. 3-36. Thermocouple Type of Meter.
junctions at C and D. Since this
meter depends only on the heating
effect, it is particularly adapted to current measurements at high frequencies. 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

J:Q]
I

E ,..,,

F10. 3-37.

A.C. Bridge.

the above meters, they do not lend themselves easily to the measurement
of the inductance of coils or of the capacitance of condensers. The use of
an A.C. type of Wheatstone bridge will permit the measurement of these
quantities by direct comparison with known variable inductors and capacitors. Such a circuit is shown in Fig. 3-37. An A.C. voltage E is impressed across ab and is shown in the vector diagram at the right. The
current flowing through the resistance R2 and the unknown inductance is
Ix which lags behind the voltage. The voltage drop across R2 is shown
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as lxR2 and indicates that the point c has a phase and magnitude relationship as indicated. The impedance drop across the unknown inductance
is shown as the summation of lxRx and lxX. If R1 is equal to R2, then
the resistance and the inductance of the standard must be adjusted until
they are equal to the corresponding values of the unknown. When this
adjustment is completed, the point d is at the same voltage (both in magnitude 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 operating procedure. After the correct adjustment is
made, the value of the unknown can be determined by reading the calibrated values on the standard. Sometimes R1 is not equal to R2 and in this
case
X

= SR2.
R1

Resonance Testing Methods. Many times the easiest and most satisfactory method of determining inductance is to determine the capacity
required to produce resonance at a known frequency. The resonant condition may be determined with meters or by any other convenient method,
and if a. calibrated condenser is used, then the inductance can be determined
from the equation
1
L = (21rf)2C
0

Not,e: When using equations of this type it should be remembered that
the inductance is measured in henries and the capacity in farads.
A.C. Power Sources. The alternating currents which are most frequently met in radio a.re produced by oscillators which are combinations
of tuned circuits and vacuum tubes arranged to produce these alternating
currents and voltages. The study of the production of these waves is,
therefore, reserved to a. later chapter.
Voice and Music Waves. Voice and music waves are reproduced by
the microphone as waves of electric current and voltage. These waves are
extremely complicated and their calculation is beyond the tools developed
in this text. The general type of procedure can, however, be indicated,
a.nd this will give a better understanding of the requirements of audio
circuits and amplifiers.
Mathematicians have demonstrated that any complex wave may be reproduced 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), that is the limit of all frequencies necessary to make
up the complex sound waves. Usually audio circuits do not try to reproduce accurately below 30 cycles or above 10,000 or 12,000 cycles. In
solving circuits 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 itsrlf
and determine the response, and then to put all of the individual responsr~
together to get the final result.

Circuits Carrying Both Direct and Alternating Current. The above
procedure can be used by the student when he is dealing with circuits
carrying both direct current and alternating current at the same time. In
this case 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
current just as if the direct current were not there, and the results will be
added. An exception to this rule may have to be made when the D.C.
flow affects the circuit constants of the A.C. circuit, as is often the case
with tubes and occasionally with iron-core inductances. This general procedure is known as the principle of superposition and is used extensively in
radio circuit analysis.

Answers to Exercises
1-1. Maximum rate of change= 1,256 amp per second;
induced voltage EL = 62.8 v.

medium

1-2. Maximum voltage, 37.7; R.M.S. voltage, 26.63.
1-3. 15.06 ohms; 7.97 amp.
1-4. 2.12 ma.
1-5. 170.8 v leading I by 61.93°.
1-6. 4.92 ma lagging Eby 38.13°.
1-7. 7.76 amp; 14.17 ohms (circuit elements connected in series).
1-8. 8.67 ohms.

1-9. 0.50 amp.
1-10. 25.7 ma; 778 ohms.
1-11. 0.596 amp leading Eby 64.78°.
1-12. 0.271 amp; 36.9 ohms.
1-13. Angle between VR and VL
VL = 52.0°.

= 51.45°;

angle between Eapplled and

1-14. (a) 42.75 watts; (b) 79.4 watts; (c) 39.1 watts.
1-15. 17.9 ma.
1-16. 27.4 ma; 5.83 v lagging by 170.1°.
1-17. 0.0281 µ.f.
1-18. 281

µ.µ.f.

CHAPTER 4

Electronic Principles
Introduction. Of all the component parts used in modern systems of
radio communication, the electron tube is one of the most important.
:Many of the basic principles of radio were well understood for years before
they could be applied in practice, but their development and practical use
had to await the discovery and improvement of the vacuum tube.
Vacuum tubes are made in all sizes, from the tiny acorn tube to the giant
100-kw water-cooled tubes used in large 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 be
overemphasized.
Thermionic Emission. As explained in Chapter 2, metallic conductors
arc composed of atoms and molecules, with a great number of free eleclrons,
in continual random motion, which are not bound closely to particular
atoms. If the temperature of a conductor is raised sufficiently, some of
these free electrons will acquire enough kinetic energy to permit their
escape by penetrating the surface of the conductor. This process is known
as thermi()Tl,ic emission, and it is found that various metals differ widely
with respect to this property. In present-day tubes, the most commonly
used materials for the purpose are as follows:
TuNGSTE~. Emitters made of this metal are used principally in large
transmitting tubes, where heavy emission currents are required. Tungsten
emitters must be operated at 2,500°K (degrees Kelvin = degrees Centigrade+ 273), and they require relatively large amounts of power for heating. 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.
THORIATED TUNGSTEN. This material is tungsten containing a small
percentage of thorium oxide. After suitable heat treatment, it is found
that migtation of thorium atoms produces an activated layer on the filament surface, with the result that electrons are emitted at a much lower
temperature (1,900°K) than for pure tungsten. This type of cathode
has, therefore, a greater emission efficiency, but it is much more sensitive
121
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to overload than pure tungsten, as the thorium layer is stripped off or
evaporated when excessive emission currents are demanded.
OXIDE-COATED EMITTERS. 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 a.re employed
in vacuum tubes, the filamentary and the indirectly heated. The filamentary cathode consists of a wire filament, usually bent in the form of a
Vora W, and is heated by the passage of a current, either direct or alternating, through it. If alternating current is used for heating, as is most
frequently the case today, the different parts of the cathode are not at
constant potential, on account of the IR drop of this current. Since the
electron stream is determined by the potentials of the other tube elements
with respect to the cathode, as explained later, this may cause fluctuations
which result in the development of hum in the tube output. To reduce
these fluctuations as much as possible, it is common practice to connect
the return circuit from the other tube elements to a center tap on the transformer winding which supplies the filament-heating current. This point
is always at the average potential of the entire filament.
The indirectly heated cathode consists of a metallic sleeve coated with
emitting substance, and is heated by wires passing through channels in a
ceramic insulating core placed inside the sleeve. The 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 as a
unipotential cathode. Another advantage is that the heater wires are so
close together that the current in tl].em produces practically no magnetic
field, which otherwise wquld also affect the electron flow and thereby
contribute to the hum in the tube output.

Diodes. Thermionic tubes are conveniently classified according to the
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 a battery or other source
of potential between them, electrons emitted by the cathode will be attracted to the plate; on arriving there they deliver their electrical charges
to the plate structure, then migrate as free electrons within the metal and
through the battery back to the cathode, to replenish it$ supply. This
continual flow of electrons constitutes an electric current, passing through
the plate circuit of the tube. The magnitude of the current depends only
upon the number of electrons per srcond arriving at the plate, and this in
turn is a function of cathode temperature and plate potential.
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The circuit of Fig. 4-1 may be used to investigate these relations If
the heater current 11 is held constant at a value I1i, and the plate voltage E,,
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
current is increased to a
new value 112 , thereby
raising the cathode Cathode
temperature, the upper
Heater
curve of Fig.4-2 rl'Sults.
It will be noted that
the two curves almost
coincide at the smaller
plate voltages, and that
each becomes almost
horizontal in the upper
FJO. 4-1. Circuit for Obtaining Diode Characteristics.
region, but at different
values of plate current.
The leveling off of plate current is known as temperature saturation; it is
due to the fact that all the electrons which the cathode is able to emit
at this temperature are reaching the plate, and consequently the current
is at its maximum possible
11, > I,, value. The only effect of
further increase of plate voltage is to cause each electron
1,,
to arrive at the plate with
higher velocity, but as this
does not increase the number
of electrons per second, the
plate current is not changed.
If, however, the cathode temperature is raised, as in the
second curve, more electrons
are given off, and the maximum plate current is in0
creased.
Fw. 4-2. Limitation of Diode Current by
Temperature.
SPACE CHARGE. If in Fig.
4-1 the plate potential is
held constant at E,,1 and the heater current 11 is varied, the lower curve
of Fig. 4-3 is obtained. On increasing the plate voltage to a higher value
Eb<J., it is observed that the plate current is increased, but only at the higher
cathode temperatures (larger values of 11). Evidently temperature saturation is responsible for the agreement of the two curves in the lower
region. Both curves are nearly horizontal in the upp~r part, and this
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limitation of current is ca.used by the presence of a. space charge near the
cathode.
As electrons a.re given off by the cathode, they form a. cloud of negative
charges in the surroundI
ing space. These negative
Eb,> Eb, charges lower the potential
in that region, and thereby
produce a field which urges
the electrons back toward
the cathode. If there were
no plate, a.11 the electrons
emitted would eventually
return to the cathode. Even
with the plate a.t a positive
potential, only those electrons
emitted with suffi0
I,
cicnt velocity will have
Flo. 4-3. Limitation of Diode Current by Space
enough energy to penetrate
Charge.
the cloud, and their motion
will constitute the plate
current. If the plate 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 the useful working range of nearly all
vacuum tubes is precisely the lb
region in which space charge is
effective. The applications in
which emission is limited by
R
temperature saturation a.re very
rare.
PLATE RESISTANCE. Although
the relationship between plate
current and plate voltage is not
one of simple proportion and cannot be expressed in terms of
Ohm's Law, one may nevertheless
speak of the resistance of the inA
ternal plate circuit of the tube.
The ratio of plate potential to Flo. 4-4. D.C. and A.C. Plato Resistance.
plate current is known a.s the
D.C. plate resistance, and is shown in Fig. 4-4 a.s OA/AP. The concept
of D.C. plate resistance is useful in many cases where the current through
the tube is steady or constant, but a much more important quantity is the
A.O. plate resistance, or the ratio of change in plate voltage to change in
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plate current. In the neighborhood of point P of Fig. 4-4, the A.C.
plate resistance is given by QB/BR. For many diodes, the D.C. plate
resistance is approximately twice as great as the A.C. 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 current are increased.
RECTIFYING ACTION. If the plate of the diode is made negative with
respect to the cathode, the electrons will be driven back to the cathode and
no plate current will flow. Hence, if an alternating voltage is applied to
the plate, current will flow only in the positive half cycles, and it will consist 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
characteristic to obtain direct voltages and currents from an A.C. source.

Effect of Gas. If the envelope of the tube is not completely evacuated,
so that a small amount of gas remains 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 atoms,
and once free these electrons likewise are 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 is present so that a large number of collisions take place in the
space between cathode and plate.
A definite amount of energy is required to dislodge an electron from an
atom of any particular gas, and the voltage necessary to furnish this amount
of energy is called the ionization potential for that gas. Typical values are
listed below.
lonizalwn
potential (volu)
Argon .................................. 15.7
Gas

Neon ................................... 21.47
Helium ................................. 4.0
Mercury ................................ 10.38

The atom 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 traveling toward the
plate. It may, however, acquire considerable kinetic energy before completing its journey, and the impact of large numbers of such positively
charged particles can have a destructive action on the cathode surface,
particularly 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 mercury-vapor rectifiers considered in Chapter 5.
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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 rate at which electrons
can be given off without harm to the cathode structure, and without causing harmful increase of voltage drop within the tube.
Another limitation is the peak inverse voltage, or the maximum voltage
that can be impressed across the tube elements without causing failure,
either by electrical breakdown or by ionization of the gas within the tube.

Courtuu ll.C.A. Manufacturing Co.

F10. 4-5. Air-cooled Tube with
Radiating Fins.

FIG. 4-6.

Water-cooled Tube.

The third important limitation is plate dissipation. When an electron
arrives at the plate, its kinetic energy is transformed to heat and serves to
raise the temperature of the plate structure. If the temperature goes too
high the plate may melt, or electron emission from the plate may take place.
l\fany 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 amount of heat that can 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 maximum plate dissipation. With tubes containing
grid structures, the heating of each grid must also be taken into account.
In the case of transmitting tubes, the manufacturer furnishes information
giving the maximum allowable value of each of these limiting factors, and
in order to insure maximum tube life it is important to consider each of
them individually.

Triodes. A triode is a tube which contains a third element, the grid,
located between cathode and plate. The grid usually takes the form of a
helix or spiral of
wire, so that electrons may pass freely through it.
Since the grid is nearer to the cathode, the potential of the grid has a greater
effect in controlling electron flow than does the plate potential. If the grid
potential is negative with respect to the cathode, as is usually true, 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 space
charge surrounding the cathode, and hence will cause variation of the plate
current.

fine

Characteristic Curves of Triodes. The effects of grid and plate potentials on flow of plate current can be investigated by means of the circuit
of Fig. 4-7. In this setup, if the
plate potential Eb is held constant
and the grid potential varied, one of
the curves of Fig. 4-8 is obtained.
The other curves are found in the
same way, by using different values of Eb. Such a set of curves, showing the relationship between the
plate current and the grid potential
for constant values of plate voltage,
is known as the family of mutual
characteristics of the tube. By use

1--------fltll1-----'

of this family, interpolating between curves where necessary, it is
possible to find the plate current
F10. 4-7. Circuit for Obtaining Triode
Characteriatica.
corresponding to any combination
of grid and plate potentials.
It will be observed that each of the mutual-characteristic curves is quite
similar in form to the diode characteristic of Fig. 4-2, except that the
effect of temperature saturation is not apparent. The reason for the
absence of saturation is that in most modem tubes the cathode is capable
of furnishing many more electrons than are required for rated current.
As a result, a certain amount of variation in filament or heater voltage
1111
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can be tolerated without seriously impairing the tube performance, and
the 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. It will be shown later
that these properties arc important where the tube is to be used as an
16
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Mutual Characteristics
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OJ5 Triode.

amplifier, and where it is desirable to keep the distortion of the amplified
signal as small as possible.
Another way of presenting the same information is shown in Fig. 4-9.
Herc 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 pude 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 mutual characteristics. The effect of increasing the negative grid
potential is chiefly to shift the curves toward the right on the diagram,
without causing much change in form.
Tube Parameters or Characteristics. Three important ratios, obtainable from either set of curves, are helpful in analyzing tube performance.
These are the amplification factor, the mutual conductance, and the
16
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FIG. 4-9.

Plate Characteristics or 6J5 Triode.

internal plate resistance. They are called the tube parameters or characteristics.
The amplification factor, symbolized by the Greek letter p. (pronounced
mii), is defined as the ratio of plate-voltage change to grid-voltage change,
when plate current is maintained constant. It is a measure of the relative effectiveness of the grid as compared with the plate in controlling
flow of plate current. In Fig. 4-9, the plate currents at A and B are the
same and by the above definition
AB
p. = tlE.'
where t::..E, represents the difference between the grid potentials of the two
curves through A and B. In triodes, p. ranges in value from 2 to 100,
with most tubes included in the range 10 to 40. For any particular triode,
the amplification factor is almost constant for all operating conditions,
except at very low plate currents.
Mutual conductance, gm, is the ratio of plate-current change to gridvoltage change, when plate voltage is held constant. It is a measure of the
effectiveness of the grid in controlling plate current. In Fig. 4-9,

BC

Um= tlE,·
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Mutual conductance is stated in micromhos, and for most tubes it has a
value of a few thousand. It is not nearly so constant as the amplification
factor, its size depending ma.inly on the a.mount of plate current.
Internal plate resistance, rp, is given by the ratio of plate-voltage change
to plate-current change, grid voltage being held constant. It is measured
in ohms, and in Fig. 4-9,
AB
rp = Be·

In the case of triodes, rp 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 para.meters:
µ

=

TP'Jm•

It is thus sufficient to specify any pair of these quantities, since the third
may be computed from them.
Components of Currents and Voltages. In most tube applications the
plate current, grid voltage, and plate voltage are not constant but vary
with time between maximum and minimum values, as shown in Fig. 4-10,
( Maximum Varying
Component Value)

0

Time

FIG. 4-10.

Components of Plate Current.

which is reproduced from the I.R.E. Standards Report on Electronics.
It is helpful to consider that such a current or voltage is composed of a
D.C. or average component lb, together with an A.C. or varying component of peak value /pm or effective value IP. 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
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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 typical instance is given in Fig. 4-11, which shows a triode tube with
external resistance R in its plate circuit. E, is an alternating voltage, the
signal, which causes the instantaneous
grid potential to fluctuate up and
down about its average value E,.
The plate current ib will vary correspondingly, and it may be regarded
R
as having the components lb (D.C.)
and 111 (A.C.), as shown in Fig. 410. This current in flowing through
the load resistance R produces varying amounts of IR drop, and corresponding variations in plate potential
will take place. It should be noted
FIG. 4-11. Triode with Resistance
that the average or D.C. component
Load.
of plate potential Eb is less than the
B-supply voltage Ebb by the D.C. component of drop in the load resistor R.
The A.C. components 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 output components for any operating condition. This construction is shown in Fig. 4-12,
which consists of the plate
characteristics of the tube
in question and a superimposed load line. The load
I max
line is a graph of the equation
eb = Ebb - Rib,
which is evident from the
circuit of Fig. 4-11. Any
..__.....__._____....____."'-___,_ point on the line represents
Ebb
a possible combination of
Emu.
plate voltage and plate
F10. 4-12. The Load Linc.
current, and no other combinations are possible. It will be apparent from the equation, or by inspection of the circuit, that for io = 0, c0 = Ebb. The load line therefore intercepts the horizontal axis at this scaie value. Similarly, the vertical intercept occurs at
.
Ebb

__

___

lo=

1r•

The load line is most readily drawn by use of these two points.
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If the grid-bias voltage is E., the zero-signal or quiescent condition is
represented by the point P, which is the intersection of the load line with
the plate characteristic corresponding to E,. This point will be referred
to as the operating point, and when the signal voltage E. is applied, the
instantaneous relation between plate current and plate 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 EmJn and Emu, and the peak value of A.C. plate voltage will be

The average or D.C. component of plate potential is E 0 , and for a given
load line this is seen to depend on the choice of E,.
Steady and alternating components of plate current can be read from the
diagram in the same manner.
The operation of a tube with resistance load can also be represented
by a line drawn on the plot of mutual characteristics, but in this case the
line depends not only on the B-supply voltage and the load resistance, but
also on the tube cha::acteristics themselves. This line is known as the
dynamic mutual characteristic of a 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
shown in Fig. 4-13, and corresponds
rp
P
to the actual circuit of Fig. 4-11.
\,---,--1
With certain reasonable assumptions,
p
it may be shown the equivalent
circuit leads to the same values of curR rent and voltage in the load resistor
R as the A.C. components of these
quantities in the actual circuit.
The assumptions required are that
µ and rp remain constant throughout
F
the range of operation, or (stated in
FiG. 4_ 13 . Equivalent Circuit Corre- another way) that the curves of the
sponding to Fig. 4--11.
tube characteristics be straight,
parallel, and equally spaced. These
statement.c, may always be considered to hold for very small signals, but
when a large swing is to be handled their validity should be examined in
each case.
The voUage amplification of the circuit of Fig. 4-11 is defined as the ratio of
the A.C. plate voltage to the applied signal voltage on the grid. This vol~
age amplification will now be computed by use of the equivalent circuit.

Chap. 41

ELECTRONIC PRINCIPLES

133

Since r11 and R form a simple series circuit, the current is given by
- µE,
111
= r11 + R.
If the direction of current flow is reversed to agree with that flowing in
the actual tube, the negative sign is removed from the numerator; this is
commonly done to simplify the writing. The 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, respectiveiy.
The potential of P with respect to F is

E _ µE,R
11 - r + R'
11
and the voltage amplification, or ratio of E 11 to E,, is
A =E"=~·

E, r11 + R
It should be remembered that E,, and E, are opposite in phase. This
fact can also be noted in Fig. 4-12, and it becomes an important consideration 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. potential difference between
these two elements is considerable, being equal in magnitude to the sum
of the A.C. input and output voltages. On account of the electrostatic
capacitance between grid and plate, this potential difference produces a
current flow from the output circuit to the grid by condenser action, and
under certain load conditions such reaction or feedback causes the amplifier
to become unstable. The instability may be avoided by inserting an
electrostatic shield in the form of a screen grid between the plate and the
original grid, which in this arrangement is known as the control grid. A
tube of this type is known as a tetrode, or screen-grid tube.
To permit the flow of reasonable amounts of electron current, the screen
must be operated at a positive potential. For adequate shielding of the
control grid, however, the screen potential should have no A.C. component,
and this must be carefully considered in any circuit application.
The fact that the screen grid acts to shield the control grid from variations of plate potential implies also that the cathode is shielded from the
plate. As a consequence, electron emi..<>sion is affected only very slightly
by the plate potential; it is determined almost altogether by the controlgrid and screen-grid potentials. A portion of the electron stream passes
to the screen on account of its positive potential, and forms the screen
current; the remainder, usually a much larger part, flows to the plate.
In terms of tube characteristics, since a relatively large change of•plate
potential causes very little change in plate current1 the value of r11 , the
internal plate resistance, is much larger than for a triode. For the same
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reason, the amplification factor µ. is greater for a tetrode than for a triode.
The mutual conductance Um, however, is of about the same magnitude as
for a. triode, although it is somewhat reduced by reason of the fact that a
portion of the emission current is diverted to the screen.
For receiving-type tetrodes, r., is of the order of a megohm, and µ. has a
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,
plate current is nearly independent of plate voltage, as explained in the
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

0

screen
F10. 4-14.

Screen-grid Plate Characteristics.

one or more electrons from the plate structure. These a.re lalO'wn as
secondary electrons, and the process by which they a.re produced is called
secondary emission. The secondary electrons occur in the space betwe<>n
plate and screen, and if the plate potential is lower than that of the screen.
such electrons will be attracted to the screen and so contribute to the
screen current. To the same extent they cause a decrease in plate current,
and this is quite evident in the dip between A and C, Fig. 4-14. Below
A, the velocity of arrival at the plate is too low for liberation of secondary
f'lectrons. Above D, secondary electrons are emitted in large numbers.
but the plate potential is so much higher than the screen potential that
they all return 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 this velocity is large enough, it will overcome the opposing
field set up by the higher plate potential, and the plate will continue to lOS<'
electrons to the screen, as shown. Beyond point D, however, the electric
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field between plate and screen is so strong that all the secondary electrons
are returned to the plate, and the plate and screen currents -remain unaffected.
The amount of secondary emission under given conditions of electron
bombardment depends on the material of which the anode is constructed.
Carbon and graphite, although relatively good conductors, exhibit much
less of this effect than most metals, and tubes in which the anode surfaces
have been coated with graphite do not have such pronounced variations of
plate current in the region ABCD as do those with metal plate structures.
It is frequently desirable to obtain the positive voltage for the screen
grid from the B-supply source, and a convenient way of doing this is shown
in Fig. 4-15. The required screen voltage is usually less than the B
voltage available, and the magScreen
nitude of R, is selected so as to
Grid
produce the necessary amount
of drop, due to the flow of screen
current. Thus, if Ebb is 300 v
Rs
and the desired screen potential
is 100 v, the required drop is
200 v. If the screen current at
the working voltages is 0.5 ma, rv Es
this drop will require a dropping resistor of 400,000 ohms.
Without some provision for
keeping the screen potential
constant, however, the presence
of this screen dropping resistor
Flo. 4-15. Screen Supply for Tetrode.
would cause a serious loss of
output. This loss can be understood if it is remembered that increase of
control-grid potential is accompanied by increase in screen current, and
this increase in tum causes a fall in screen potential owing to the
greater drop in R,. This fall 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 possible 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,. To determine the proper size of C, a satisfactory rule is that its reactance should not be more than 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. plate
resistance. Suppose this resistance in the present case to be 100,000 ohms.
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Inspection of the circuit shows that the resistance shunting condenser C
consists of the internal screen resistance in parallel with R, (the source E,,.
is not included, since there is no A.C. potential across it). The effective
resistance across the condenser is therefore
100,000 X 400,000
100,000
400 ,000

+

= SO,OOO ohms.

By the above rule, the reacta.nce 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

1oe

C = 2,r X 50 X 16,000 = 0. 2 µf.

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 case the plate characteristic would have the form of
the dotted curve in Fig. 4-14.
This desirable result is a'llcomplished by the insertion of a third grid, the
suppressor, between plate and screen grid. The suppressor is usually made
with wider spacing than the other t)Vo grids, and it is connected directly to
the cathode, so that its potential is zero. It has very little effect on the
emission of secondary electrons from the plate, but it exerts a powerful
control upon them as soon as they are produced. Even at low plate potentials the electric field between plate and suppressor is in the proper direction to send electrons toward the plate, and for this reason the secondary
electrons return to the plate instead of going to other tube clements.
Tubes of the type just described arc known as pentodes. Figure 4-16
shows the plate characteristics of the 6J7, which is a typical voltage-amplifier pentode. The suppressor-grid connection in this case is brought out to
a separate pin in the base, so that is is available for special types of application, 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
that for a given B-supply voltage the pentode can furnish a much larger
A.C. output voltage than the tetrode.
The values of µ, rp, and g,,. for a pentodc are approximately the same as
those for a tetrode of corresponding type, and therefore the circuit applications of both tubes are similar. In any circuit involving high gain it is
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important to isolate the input leads from the output connections, either 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 providing 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 of the tube, while all the other
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FIG. 4-16. Plate Characteristics of 6J7 Pentode.

connections arc brought out at the base. The 6J7 referred to above has
this construction. A more recent design, of which the 6SJ7 is an example,
has all leads brought out at the base, with special internal shielding between
the control-grid prong and the other elements.
The performance of a pentode amplifier may be studied in the same way
as was done in the cn.se of a triode, either by use of the load line or by the
equivalent circuit. In the latter case, a simplification is possible on account of the large value of A.C. plate resistance of the pentode. In the
expression for voltage amplification (p. 133),
A -

Tp

µRL
RL'

+

it is frequently true that rp is so large in comparison with RL that the latter
may be ncgl<'ctC'd. By reason of the relationship between the tube constants, it is then possible to writ~:
µRL

A= -

r'P

= Ym

RL•

Variable-mu or Remote-cutoff Pentodes. In certain pentodes, such ns
the 6K7 and the 6SK7, the grid helix has a variable pitch, so that some of
the turns arc clos<'r together than others. The closely spac<:'d turns have
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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 considerably modified. As the conIb, 1111 trol grid is made more nega- 1 - - - 1 - - - ~ - - - 1 - - - - - - - . : i 12
tive, cutoff of the electron
Eb=200V
stream is approached much
Es= 100v
more gradually than if the
grid spacing were uniformly
close. Tubes of this type are
known as variable-mu, or re11Wte-cut-Off, or super-control
pentodes. A typical example
is the 6K7, and Fig. 4-li
3
shows a mutual-characteristic curve for this tube, in
comparison with a similar
curve for the 6J7. The more
-15
-10
ea-20
-5
volts
gradual approach to cutoff of
F10. 4-17. Mutual Characteristics o( 6J7 and 6K7,
the variable-mu type is Yery
Showing Sharp Cutoff and Remote Cutoff.
noticeable.
This property can be utilized to control the gain of the tube. For a pentode, the approximate expression for voltage amplification applies:

A= g,,.RL.
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 curre 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 is automatically reduced when a strong signal is
being received. This type of control, known as automatic volume conirol
or a.v.c., is incorporated in practically all modem receivers.
Beam Power Tubes. Instead of using a suppressor grid to control the
secondary emission from the plate, it is possible to obtain the same effe<'t
by shaping the tube elements in such a way as to control the space charge
near 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 t-0 the
cathode, and its potential is therefore zero. The field produced by this
combination of elements is such as to cause a concentration of electrons to
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occur near the plate, as indicated in the diagram, and thereby to produce a
region of minimum potential there. As long as the plate potential is higher
than the potential minimum due to electron concentration, secondary elec-
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GRID-----SCREEN---~

.........
~

...........

PLATE

Courtur/ R.C.A. Manu/aaunnq Co.
Fm. 4-18. Structure of a 6L6 Beam Power Tube.

trons will return to the plate, just as if a suppressor grid were present. The
1•haractcristic curves of this tube are shown in Fig. 4-19, and the sharp
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Frn. 4-19. Plate Characteriatics of 6L6 Beam Power Tube.

break on each of the curves is the point at which plate voltage and potential
minimum are equal.
Figure 4-18 also shows the accurate focusing of the electron beam, causing
it to pass between the turns of the screen grid. When this is done, the
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screen current is much reduced as compared with earlier tubes, and more
output power is available for a given amount of peak cathode emission.
Dual-purpose Tubes. For reasons of economy or convenience several
functions that would otherwise be accomplished by two or more tubes may
be handled by a single multipurpose tube. Such a tube may consist of the
elements of two or more tubes all mounted within a single envelope, each
unit acting independently of the others, or it may be a combination that
depends for its operation on interaction of some sort between the several
elements.
An example of the first class is the twin triode, such as the 6C8-G, which
contains all the elements of two entirely distinct triodes, except that a
single heater is used for both cathPlate
odes. It may be used in any circuit application calling for two
similar triodes. Another example
is the 3A8-GT, which contains a
<3 > Screen diode, a triode, and a pentode; but
-....,:-;..a...Oscillator in this case the cathode, which is
<2 > Anode of the filamentary type, is common to all three. An added feature making for flexibility is that
a filament tap is brought out, so
that the tube may be operated
at either 1.4 or 2.8 v for filaCathode
ment heating, by using the two
halves in parallel or series reF10. 4-20. Pentagrid Converter.
spectively.
The second class of multipurpose tubes can be illustrated by the 6A8,
called a pcntagrid converter. As seen in Fig. 4-20, it contains five grids,
which are referred to by number counting from cathode towards plate.
In a typical application, No. 1 grid and No. 2 grid serve as grid and anode
respectively of a triode oscillator. Grids No. 3 and No. 5 are tied together
and serve as a screen, shielding No. 2 and No. 4 from each other and from
the plate. Grid No. 4 receives the incoming signal, and its A.O. voltage
modulates the electron stream passing from the oscillator section to the
plate. The plate current is then a combination of the effects of the oscillator voltage and the signal voltage, but the only type of coupling between
the two sources is by the electron flow; electrically the two circuits arc
isolated by the shielding action of the two screen grids. Among other
tubes depending on electron coupling are the 6L7, the 6J8, and the 6K8.
which should be studied in the tube manuals.
Cathode-ray Tubes. The fact that electrons after leaving the cathode
can be focused into a narrow beam that can be deflected by electric or magnetic fields leads to the development of the cathode-ray tubes, used chiefly
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in oscillographic applications. Such a tube is shown in 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 focusing anode; A is anode
No. 2, or the accelerating
anode; B and C are two
scHtMATrc ARRANGEMENT oF
pairs of deflecting plates; S ELECTRODESrN A CATHODE-RAY
TUBE OF THE ELECTROSTATIC-DEFLECTION TYPE
is a screen deposited on the
Courlu11 of R.C.,I • .llanu/a<luririg Co.
inner surface of the glass
Frn. 4--21.
envelope, and composed of
a fluorescent substance that emits a luminous glow when bombarded
with electrons of high velocity.
In operation, electrons emitted by the cathode are accelerated by anodes
F and A, and by virtue of the apertures in 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 along the axis of the tube. The degree of
concentration or focusing is controlled chiefly by the potential of F, the
first anode. After passing through anode A, the electrons proceed at constant velocity to the screen, since there is no further accelerating field, and
·collide with screen S in 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 thereforPdeflected up and down as the voltage varies, and the luminous spot moves
correspondingly on the screen. The other pair of plates, C, 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 characteristics, and for many other purposes. Because the electrons have so
little mass, the beam will respond at much higher frequencies than any
other indicating device available, and the range of applications is practically
unlimited.
Figure 4--22 shows another type of cathode-ray tube, in which deflection
is produced by horizontal and vertical magnetic fields set up by currents
flowing in the deflecting coils X and Y. This type of deflection control is
better adapted to tubes using very high accelerating voltages, and is commonly used in television receivers.
Instead of focusing the electron beam by electrostatic means as describ<>d
above, it is possible to accomplish the same purpose by the use of a magnetic
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field directed along the tube axis. Such a field is easily produced by means
of a. coil surrounding the neck of the tube, approximately a.t the loco.ti-on of
F in Fig. 4-22. The anode F may then be omitted, and this simplification is again advantageous with tubes using very high accelerating potentials.
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 importance. For oscillographic
use, a screen giving a
5
bright green color is usuSCHEMATIC ARRANGEMENT or
ally employed, since this
ELECTRODES IN A CATHODE-RAY X Y
1 .
"1 bta" eel d
TUBE OF THE ELECTROMAGNETIC-DEFLECTION TYPE
co or lB ea.s, YO ID an
CourlUJJ of R.C.A. Manufacturing Co.
it has a. good visual qualFio. 4-22.
ity. For photographic use
a deep blue glow is more
useful, on account of its greater actinic power. By using a suitable mixture 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 a.way from a particular spot on the screen
the glow disappears, but not instantaneously. Various fluorescent substances exhibit different rates of decay of brightness after the excitation is
removed, and tubes are now available with either long-persistence or
short-persistence screens. Those with long persistence a.re useful for the
examination of extremely brief phenomena., a.s the glow remains long
enough for visual observation. For general oscillographic use, however,
a. screen with short persistence is to be preferred.
Electron-ray Tubes. The ability of a.n electron stream to produce
fluorescence is utilized in another class of tubes to indicate the presence
or the magnitude of a. voltage on one of the electrodes. These tubes are
referred to as electron-ray tubes, and typical examples a.re 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 angular width of this shadow depends on the potential of the 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 tube envelope, and by using the
triode a.s a. D.C. amplifier the device becomes quite sensitive a.s a.n indicator
of voltages applied to the grid. This type of tube is customarily used as a
tuning indicator on radio receivers, but it is also very useful a.s a null indicator in bridge measurements, and after calibrating the shadow angle it
may even be used as a. voltmeter. The 6G5 differs from the 6E5 in having
a remote cutoff, and 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 filaments?

2. Why is it common practice to connect the return circuits from the
other tube elements to the center tap of the filament transformer?
J. What limits the current flow in the lower regions of Fig. 4-1?
the upper regions of Fig. 4-3?

In

4. What three factors limit the output obtainable from a tube? What
effect 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 characteristics of the two tubes?
6. From the mutual-characteristic curve for Eb = 200 v on Fig. 4-8,
determine values of mutual conductance (gm) for various values of plate
current. Plot a curve of Um against I 11 •

7. Determine the A.C. plate resistance (r11) for the triode plate characteristics 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. 4-9,
determine r11 , µ, and Um for a quiescent operating condition of Ev = -8.0 v
and Ei, = 240 v. Compare the value obtained for µ, with the product of
g,,. and rv
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 Ew: 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 parallel 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 diagram and the tube constants determined in Problem 8, determine the voltage amplification again and compare it with the value obtained above.
11. Explain completely the shape of the tetrode plate characteristics,
shown in Fig. 4-14, for plate voltages less than that indicated by point D.
12. Determine the values of Ra 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 between the screen and cathode is 70,000 ohms.
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13. Trace the development of the multi-element high-vacuum tube from
the triode through the tetrode and to the pentode. Give the reasons for
and the effects of each added element.

14. From the mutual-characteristic curve for the 6J7 pentode, Fig. 4-17,
determine Um 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 tube
and the following values 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 g,,. against E, for the two tubes on the same sheet of graph
paper and compare them.
15. Determine the voltage amplification for the 6J7 tube operating
through a quiescent point of E6 = 240 v and E, = - 3.0 v for a load resist!l.nce of 50,000 ohms. Compare the voltage amplification obtained here
with that for the 6J5 tube of Problem 10.
16. In what different manners do the beam power tubes and the pentodes
achieve the same 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 cathode-ray tube, as shown in Fig. 4-23.

Fu,. 4-23.

CHAPTER 5

Rectified Power Supplies
One of the important uses of diodes has already been referred to in
Chapter 4-that of providing direct currents and voltages from an A.C.
source. The tube in such service is known as a redifier, and some of the
properties of rectifiers and associated filter circuits will be considered in
this chapter.
Half-wave Rectifier. The 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 its cathode, but none flows
when the plate is at a negative
m..------1-il
I
potential. If voltage drop within the tube is neglected, the
R
current will consist of unidirectional pulses having the form
of half sine waves, and the
Fm. 5-1. Half-wave Rectifier.
average current throughout the
cycle, or the D.C. component, will be l/1r or .319 of the peak value.
Since the peak anode current is limited for any particular tube by the
emitting power of the cathode, this relation determines the maximum load current that can be supplied.
The maximum voltage across the tube
occurs in the idle or nonconducting half
cycle, and its value is the same as the
peak or crest value of the transformer
t secondary voltage. This factor fixes the
F10. 5-2.
Output of Half-wave
maximum load voltage that can be supRoctificr.
plied by a given tube.
Full-wave Rectifier. The wave form of
the rectified load current can be improved by making use of both positive
and negative halves of the A.C. cycle, and 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

146

RECTIFIED POWER SUPPLIES

[Chop. 5

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 anode carry current, the other
being idle. The D.C. component of current is 2/r or .638 of the peak value.
Besides giving a better wave form
than the half-wave rectifier, the fullwave circuit has the advantage of
symmetrical action in the transformer. In the half-wave circuit, the
secondarycurrentalways flows in the

-

F1a. 5--3. Full-wave Rectifier.

F10. 5--4. Output of Full-wave Rectifier.

t

same direction around the transformer core, and thereby produces a D.C.
component of flux in the core. The A.C. flux set up by the primary current is superimposed on the D.C. flux, and to avoid oversaturation the
transformer must be made larger than would be necessary if no D.C. component occurred.
Voltage-doubler Rectifier.
It is possible to omit the transformer shown in Figs. 5-1 and
+
A.C.
5-3 and still obtain a D.C. volt0.C. Output age high enough to serve as
R
+
B supply by use of the voltagedoubler circuit of Fig. 5-5.
The heater is supplied directly
+
from the A.O. line through resistor R, which may include
heaters of other tubes in the
Flo. 5--5. Voltage.doubler Circuit.
set. When the upper A.C. terminal is positive, current flo,..,·s
through the left anode into condenser C2, charging it to peak line
voltage. In the next half cycle current flows in the other anode,
charging C1 to the same voltage. The two condensers are in series with
respect to the D.C. output terminals, and the sum of their voltages is a"llailable. When a load is connected to the output terminals, the load current
is drawn from the condensers, reducing their voltage between charging
intervals. The larger the condensers, the less the decrease in voltage, and
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therefore the better the voltage regulation. It is common practice to use
condensers 88 large 88 40 µf in this circuit.
With large condensers, the charging current attains high peak values
and flows for only a brief time. To avoid excessive emission currents, a
protective resistor may be
L
inserted at the point
marked X, which is in
series with each condenser
Input
C
from
88 it is being charged.
Load
Rectifier
Filter Circuits. The
output wave forms shown
(a)
in Figs. 5--2 and 5--4 are
entirely satisfactory for
many applications, such
88 the operation of relays, battery charging, Input
Load
and so forth, but they are from
Rectifier
not smooth and continuous enough to be useful
(b)
for B-voltage supply of
amplifiers and radio re- F10. 5-6. Choko-input Filter Circuits: (a) Singleceivers. Service of this
aection, (b) Two-eection.
sort requires that the supply voltage be practically pure D.C., with very little ripple superimposed
upon it.
Smoothing of the rectified A.C. voltage is accomplished by the use of
filter circuits composed of inductance and capacitance, or resistance and
capacitance. Figure 5-6
L
shows single-section and
two-section filters of the
choke-input type. The
Input
Load rectified current in flowfrom
Rectifier
ing through the inductance L encounters a high
rcactance at ripple freF10. 5--7. Condenser-input Filter.
quency, but very little resistance to the D.C. component, and 88 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, since its reactance at ripple
frequency is less than the load resistance. If the reduction in ripple is still
not sufficient, another section of filter may be added, 88 shown in Fig. 5-6b.
Another form of filter circuit is shown in Fig. 5--7. This is known 88
the condenser-input filter, since the condenser C, is supplied directly by the

-

-

-
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rectifier. In operation, the condenser C1 is charged t.o the peak voltage
available from the rectifier, and this charge is withdrawn gradually by the
load current. Fluctuations in current and voltage are smoothed out by
L and C1, as in the choke-input filter. No further current is supplied by
the rectifier until its voltage is
again higher than that remaining
on Ci. This operation is shown
in Fig. 5-8.
Rectifier
Jn companng
· the t wo types o f
Output Voltage
filters, it is seen that rectified
current flows continuously in
F10. 6-8. Operation or Condeneer-input
Filter.
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 current, the 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 current are commonly provided with filters 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. By
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 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 current through it is too small, and
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 reached,
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 L is
the inductance of the filter choke in henries. Thus, if a rectifier is to
furnish 400 ma at 2,000 v D.C., the apparent load resistance is
R

=

2
::'

= 5,000 ohms,

and the minimum size of filter choke will be

L =

t: =

4.2 henries.

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. resistance
has become 20,000 ohms, and the necessary inductance changes to

L

= ~~ = 16.7henrics.
'
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A choke 0£ this size or larger will provide satisfactory operation over
the entire range 0£ load currents. So-called "swinging" 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 condenser-input filters. In the case of the filter with choke input, the D.C.
output voltage is approximately equal to the average rectified voltage of
the supply. With condenser input, however, the D.C. voltage approximates the peak rectified voltage at light loads, and the amount of decrease
with load depends on the size of the first condenser, C1, More output
voltage is therefore available for the same A.C. 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 connection with the screen supply shown in 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 cathode-ray oscillographs, photocells, vacuumtube voltmeters, and so on.
Rectifier Tubes. Two broad classes of tubes are used in rectifier service,
the high-vacuum and the gas-filled. In the high-vacuum tube, emission
is controlled by space
Eb volts
charge, and increase of cur80 1-----+----+---,,te--t--rent through the tube is
accompanied by increase of
anode potential, that is to
say, voltage drop in the 60
tube. In the gas-filled tube,
ionization of the gas takes
40
place, and consequently the
voltage drop across the tube
can never greatly exceed the
20t------t-----+----+-ionization potential of the
83
gas. Most tubes of this
type use mercury vapor as
the gas, and for these the
200
400
tube drop is approximately
Fw. 5-9. Plate Characteristics or Rectifier
15 v, independent of the
Tube&.
current flowing. Figure 5--9
shows current-voltage characteristics of the 5T4, a high-vacuum rectifier,
and of the 83, a mercury-vapor rectifier, which have approximately the
same maximum ratings.
In rectifiers employing mercury-vapor tubes, it is important that the
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filament or c.athode be brought to full working temperature before the
plate voltage is 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
cathode surface.
Mercury-vapor tubes 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 and free from ripple, there may be some fluctuation
of voltage due to variations in the A.C. supply, or in the load itself, and for
some applications these
fluctuations cannot be
tolerated. Figure 5-10
shows one method of obtaining a stable value of
D.C. voltage, depending
Unregulated
Input
on the use of a glowRegulated discharge tube such as
Output
the VR150/30. This
Glow
tube has the property
Discharge
that its anode potential
Tube
remains practically conF10. &-10. Regulated Voltage Supply.
stant at 150 v over a
wide range of currents
up to 30 ma. The size of the resistor R is selected so as to provide the
necessary amount of drop due to the combination of load current and
current in the glow tube. Thus, if the supply voltage is 250, and the load
current is 20 ma at 150 v, one should allow 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 carrying a current of 40 ma. The required resistance is
100/.040 = 2,500 ohms. Fluctuation of the supply voltage will cause
more or less current to flow through the regulator tube, but will have practically no effect on load voltage or current.
Triode Regulators. A still better control can be obtained by mea.ns of
circuits similar to the one in Fig. 5-11. The load current flows through
the 2A3 tube, and control is obtained by altering the conductance
of this tube and thereby its voltage drop. This effect may be seen by
tracing through 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 plate current also. This rise
produces an increased drop in Rv 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.

2A3

Unregulated
Input

Regulated
Output

Frn. 5-11. Electronic Voltage Regulator.

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 an 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 tube in a half-wave rectifier circuit operating from a
transformer with secondary voltage of 300 (R.M.S.)?
Z. What is the maximum inverse voltage applied to the tube in a fullwave rectifier circuit operating from a transformer with a secondary voltage
of 300 (R.M.S.) from the center tap tQ.either of the outside leads?

J. Trace the operation of the voltage-doubler circuit through one
complete cycle.
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4. What are the relative advantages and disadvantages of choke- and
condenser-input filters?

5. Determine the minimum amount of inductance that the choke in a
choke-input filter should have if it is to operate with a single-phase fullwave 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 with a single-phase full-wave rectifier. The rectifier
supplies a load which may draw a current varying from a minimum of Oma
to a maximum of 50 ma at a D.C. voltage of 1,000. What is the maximum
amount of bleeder resistance that should be used at the output of the
filter?
7. What is the advantage of using a "swinging" choke in a choke-input
filter?
8. What danger is incurred if the plate supply on a mercury-vapor
rectifier tube is turned on before the cathode has reached its full operating
temperature?
9. Explain completely the operation of a typical triode 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 consists of a pressure wave in air, that is, a 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 temperature and barometric pressure of the air.
The pressure variations for ordinary sounds are only a very small 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 sound
so intense as to cause the sensation of pain in the ear requires only an
excess pressure equal to 1/10' of the average.
The frequency of the sound wave is perceived as the musical pitch of the
tone, and 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 satisfactory 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 farm of the sound depends upon the source which produced it,
and for most voices and musical instruments it is quite complex. Just
as in the case of electrical waves, the sound wave may be decomposed into a
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 the 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 deviation is classed as distortion. There are three
principal types of distortion, and these will be considered separately.
FREQUENCY DISTORTION. Every transmission system has a limited
range of frequencies over which it can operate, and the response of the
system within this range may be different at different frequencies. Two
153
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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 a range of
frequencies than does curve B,
besides covering a. wider range.
On the other hand, curve B
shows a. much larger response
in the middle range of frequena,
A
cies, and for this reason might
C:
8.
represent a. more desirable characteristic for certain applications. Variation of response
with frequency is referred to as
frequency distortion •
..._.f_-----Lo_g_f-------'-- It is frequently convenient
1
fz
to refer to the useful band widih
F10. 6-1. Frequency Distortion.
of a. system, and for a. characteristic such a.s A of Fig. 6-1,
this is usually taken a.s extending between the frequencies /1 and /i, at
which the response is .707 of the uniform response in the middle range.
It will be noted in the figure that the horizontal axis is
plotted in terms of the logalb
rithm of frequency. This
CJ I
logarithmic plot is used partly
I
to a.void the crowding which
I
I
would occur at low frequencies
I
~tr,
I
if a. uniform scale were used,
G
I
but also because our ability
----1---to distinguish frequencies of
1
I
I
I
sound shows a. logarithmic
characteristic, and a. truer picture of the performance of the
system is obtained by this type
of curve.
NONLINEAR DISTORTION. A
system or device is nonlinear
when the relation between input and output is given by a.
curved characteristic, as shown
in Fig. 6-2. As will be seen
Fm. 6-2. Nonlinear Distortion.
from the figure, the output corresponding to a pure sine wave of input will be distorted, and the result
will be the formation of new frequencies not originally present. In the case
illustrated, the new frequencies arc the harmonics in the output wave,
V)

&

t,

----r----t----------
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and they are therefore all multiples of the original frequency. However,
if the input signal contains more than one frequency, as is always the situation 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 PHASE DISTORTION. Signals in passing through a transmission
system always encounter a certain amount of delay, and if the delay time
is different for different frequencies, the result will be an alteration of wave
fonn. This is because harmonics in the output wave will appear at different phase angles with respect to the fundamental than they occupied in the
input wave, even though their amplitudes may be unaltered. Distortion
of this type is known as phase distortion. It is not of much importance in
sound transmission, since the relative phase of a harmonic makes practically no difference in the quality of a sound as perceived by the ear. In
other applications, such as oscillography and television, however, it takes
on considerable importance.
Microphones. A Ipicrophone is a device that transforms 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 mechanical motion is then utilized to
produce electrical effects. The chief
types are described below. In addition to these, available microphones
include the condenser type and
various directional types.
THE CARBON-GRAIN MICROPHONE.
Bridge
One of the earliest types of micro- support
phone, and the one still most commonly used, depends for its action on
Carbon
the fact that the electrical resistance
granules
between carbon granules in contact
with ea.ch other varies with the con~
tact pressure. Figure 6-3 show!! a
simplified sectional view of a single1111
button carbon microphone, such as
Fxo. 6-3. 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 granules, and as the diaphragm vibrates
in response to the sound waves striking it, the varying pressure on the
granules causes changes in the electrical resistance between the buttons.
The microphone circuit is shown in the same figure, and from this it is seen
that variation of microphone resistance will alter the current through.

156

TRANSMISSION OF SOUND

[Chop. 6

the transformer primary, and so will set up induced voltages in the
secondary.
By proper choice of diaphragm stiffness and mass, the moving system
can be made to resonate near the middle of the speech range of frequencies.
When this is done, the electrical output is large enough to operate a receiver
over a con!3iderable 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 response is greatly improved, but at the expense of sensitivity. Carbon microphones with this type of construction, and having two buttons, or carbon
cells, have been used extensively in broadcast practice.
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 piezoelectric effect refers to the fact that when pressure is applied on the crystal
in the proper direction, electrical potentials are produced between opposite
faces of the crystal. The sound-cell type of microphone contains an assemblage of small crystals of this type, so connected that their piezoelectric potentials are in series. The sound falls on the crystals and vibrates them directly. The electrical output is quite small, but the frequency 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 that 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 '8.nd the associated driving members.
THE ELECTRODYNAMIC MICROPHONE. Several types of microphone
depend for their action upon the induction of voltage in a conductor moving
in a magnetic field. The moving-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 obtain a nearly uniform response from 40 c.p.s. to 10,000 c.p.s. An incidental advantage is
that the output impedance of the microphone is low, and the microphone
cable is less sensitive to hum pickup than in the case of the crystal microphones.
RIBBON MICROPHONE. In this type the moving element is a very thin
and flexible aluminum ribbon, upon which the sound wavea act directly.
It vibrates in a transverse magnetic field, and generates an 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 raise the impedance to a level suitable for transmission 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 made to have excellent
frequency characteristics.
Reproducers. A reproducer is a device for converting electrical energy
into sound. As in the case of microphones, this transformation usually
involves an intermediate mechanical motion.
TELEPHONE RECEIVERS. 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. 6-4. Two small
coils are wound on soft iron pole pieces, which are attached to the poles of a
permanent magnet. The pole pieces attract the steel diaphragm with a
steady pull due to the permanent magnet, and with an alternating force
due to the voice currents flowing 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 the output, as will be
apparent when it is noted that the
diaphragm would be attracted twice
in each cycle if only the A.C. attraction were present.
The ordinary receiver used with
telephone instruments is wound for
about 70 ohms resistance, and it has
Flo. 6-4. Telephone Receiver.
a definite resonance peak near 1,000
c.p.s., for the sake of sensitivity. By winding with many turns of fine
wire, the sensitivity to weak currents can be greatly increased, and such receivers are very useful as indicators in A.C. bridges and for radio communication systems.
LouDSPEAKERS. The commonest type of loudspeaker is shown schematically in Fig. 6-5. The moving coil, situated in a 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 suspension, 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 electrical 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
baffle shown in the figure to prevent these two effects from canceling each
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other. The baffle will be effective at any frequency 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
100 c.p.s. the wave length is>.=
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 operation is essential for satisfactory telephone service, and many of the
problems of the industry arise from this
fact. A simplified circuit for obtaining
two-way operation is shown in Fig. tH>.
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 ca.ch 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 current in the line.
Frn. «Hi. Cone Type of Loudspeaker.
CoMMON-BA'ITERY crncurrs. The
obvious advantages of removing the
batteries from the subscribers' premises to the central office led to the development of the common-battery system, using one large storage battery to

F10.

6-6.

Local-battery Telephone Circuit.

supply microphone current to all subscribers' sets. This led to a new difficulty, however, in that the voice currents of all circuits in use flow through
the same battery, and because of its internal impede.nee there is a possibility 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 repeating coil.
This device, and its manner of use, are shown in Fig. 6-7. It will be
recognized as essentially a one-to-one transformer with primary and secondary windings split e.t 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

8

A

D

K

o·

Subscriber's
Set
C

c·
Fm. 6-7.

Common-battery Telephone Circuit.

common-battery telephone. Transformers T1 and Ti, usually called induction coils, and condensers C1 and C2, are connected in such a way that
the direct current from the battery flows through the microphones M1
and M2 but not through the receivers R1 and R2. The induction coils are
connected as auto-transf<rrmers, that is, the lower portion of the winding
serves as primary and also as part of the secondary to step up the A.C.
component of the microphone voltage.
Telephone systems require additional equipment for signaling the operator 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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seded by cable construction, either overhead or underground, for two principal reasons. In the first place, many more circuits can be accommodated-there is a. standard cable containing more than 2,100 pairs of wires,
and it is common practice to run 900 pairs in overhead cables on a. single
pole line; while a. pole line carrying 50 pairs of open-wire construction would
be a. monstrosity. The other reason for preferring cable is that it affords
much better protection against weather hazards and a.ga.inst electrical interference, both noise and cross talk.
THE DECIBEL. Losses in telephone lines and other equipment a.re stated
in terms of a logarithmic unit, the decibel. It is defined as follows:
loss in db = 10 log::,
where W1 is the input power and W2 is the output power. For an amplifier, the output power exceeds the input power, and the loss given by the
above expression becomes negative. Negative loss is referred to as 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
standard is referred to as zero level, and in telephone practice the power at
zero level is 1 milliwatt. For example, if the power output of an amplifier
is 4 watts, its power level expressed in decibels is
output

4
= 10 log .OOl
= 10 log 4,000 = 36 db.

The decibel is a. very important unit, and it is used extensively in all
branches of electrical communications. The fact that it is logarithmic in
nature makes if-possible to obtain over-all effects resulting from a combination of lines, amplifiers, and other equipment by simply adding or subtracting their re~pective gains or losses. It 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 LINES. The smallest conductor used in standard
open-wire telephone circuits is No. 12 B.& S. gauge, and a line of such construction will have a loss of approximately 0.06 db per mile. Cable circuits, on the other hand, make use of conductors not larger than No. 19,
and a typical cable circuit with wire of this size will show a loss of a.bout
1.0 db per mile. In this respect cable circuits are at a. disadvantage as
compared 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.
LoADING. Losses in transmission circuits can be decreased by the insertion of loading coils at intervals in the line. These coils add series inductance to the line and provide a more favorable ratio of inductive to capacitive 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 fact that
these loading coils, in conjunction with the capacitance of the intervening
sections of the line, constitute a so-called low-pass filter which will not
transmit frequencies above a certain cut-off Jrequency. This critical frequency is given very closely by the expression

1

J. = 1TVLCd'
where J. is the upper limit of frequency transmitted, L is the effective
inductance of each loading coil, C is the capacitance per mile of line, and
d is the distance in miles between loading coils.
·
Examination of this equation shows that as L is increased to improve
transmission, J. is decreased unless the loading interval d is lowered in
proportion. The loading interval has been standardized at 6,000 ft, and
a material reduction of this spacing would involve a prohibitive cost.
Because of greater emphasis on better speech quality, requiring transmission
of the higher frequencies, recent trends have been toward a reduction in
amount of loading on some circuits.
REPEATERS. In long-distance lines losses are so high that satisfactory
operation becomes impossible without the use of amplification. Amplifiers
for telephone service are known as repeaters, and they must of course
function in both directions along the line. Repeater stations are 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 as
5 miles. Because of the total number of stages of amplification in a longdistance transmission, the performance requirements of telephone repeaters 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 broadcast networks
are even more exacting.
One method for obtaining two-way repeater service is shown in Fig. 6-8.
Two amplifiers are employed, one for each direction of transmission. Feedback and oscilla.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 windings. 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 winding 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 artificial network.
This network is constructed to have impedance properties equal to those
E-W Amplifier

l1noW

Line E

W-E Amphfrer

Fm. 6-8.

Type 22 Telephone Repeater.

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 frequencies: 20, 50, 100, 1,000, 10,000, and
20,000 cycles per second.
·

2. Explain the difference between frequency distortion, nonlinear distortion, and delay or phase distortion.
J. Why are the curves in Fig. 6-1 plotted to a logarithmic scale?
4. Explain the operation of a carbon-grain microphone.
5. Why 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. 6-5.

7. Explain the operation of the circuit in Fig. 6-6.
8. A nonloaded telephone cable circuit using No. 19 conductors has an
effective impedance (nearly pure resistance) of 450 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 line.
9. Repeaters similar to Fig. 6-8 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 amplifier, if its load impedance is 5,000 ohms.

CHAPTER 7

Audio Amplifiers
Fundamentals of Amplifiers. In Chapter 6 it was shown how sound
energy can be converted into electrical energy by means of a 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
state by means of an audio amplifier or a repeater. Because energy cannot
be created it 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 audw 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. In general the amplification tends to
drop off for both the very high and very low frequencies and special precautions 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 the 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 amplification with very little power output. Such an amplifier could be used to
furnish signal voltage to the grid of a succeeding stage, since when properly
operated the grid circuit requires no appreciable power.
A power amplifier is designed primarily to supply a large amount of
power to a loudspeaker or other power-actuated device. In this application the actual voltage step-up is of secondary importance and is usually
sacrificed to improve the power-handling capacity of the stage.
165
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Classification of Amplifiers. Audio amplifiers are also classified according to the operating conditions under which the tube works. The classifications in general use are Class A, Class AB, and Class B. A Class A
amplifier is one in which the plate current flows continuously throughout
the cycle of alternating voltage applied to the grid. The grid bias and
alternating grid voltage are selected so that operation is confined to the
linear or straight-line portion of the grid-voltage-plate-current characteristic curve. The shape of the output voltage wave will be similar to the
input voltage wave on the grid of the tube.
A Class AB amplifier is one in which plate current flows for more than
half but less than 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 the grid does go positive for a fraction of the cycle.
These classifications are discussed more fully in the section on power
amplifiers and in Chapter 11.
Resistance-capacitance-coupled amplifier. It was seen in Chapter 4
that a voltage variation applied to the grid of a tube would produce a variation in its plate current. If this varying plate current is made to flow
through a resistor R, as in Fig. 7-la, a varying voltage es will be developed
across the resistor, similar in all respects to the original voltage e1, except
that it may be many times larger. This larger voltage could then be applied to the grid of a second tube and still further amplification obtained.
A practical circuit for connecting this second tube to the first is shown in
Fig. 7-ld. In order to see why each of the components Rp, C and R, is
necessary for satisfactory performance, the operation of other simpler
circuits will be considered.
Figure 7-lb represents the simplest form of coupling possible. The
batteries E,. Eb() and E. are necessary to maintain the correct operating
voltages on the tubes. It was seen in Chapter 4 that the plate and grid
voltages of a tube must be selected so that it operates on a linear or straightline portion of its characteristic (Eg-lv) curve. This selection is necessary
if the output voltage e2 is to be a faithful reproduction of the input voltage
e1• In practice it is usually desirable to supply power for heating the filaments of the tubes from a common battery or other source of supply. If
this were done in Fig. 7-lb by connecting together points a and c and points
b and d, it is evident that the battery voltages Eb() and E. would be shorted.
The arrangement in Fig. 7-lc gets around this difficulty by connecting
the negative of both filamen~ 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 negative voltage usually required. Therefore a large negative voltage must be put in series with the grid of the second tube by the battery E,.
This circuit is sometimes used in amplifiers built for amplifying D.C. voltages. It has the very serious disadvantage that 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 E0 were 90 v and the required grid voltage on the next

R , e,=-ipR

el

L,,
Ee

E1>1>

(a)

(b)

Ee
,,,,

11

_;_Ebb
(c)

(d)

FJO. 7-1.

Development of a Resistance-coupled Amplifier Circuit.

tube were -4½ v, the battery voltage E, would have to be -94½ v. I£ now
the voltage of E 0 were to drop 5 v (that is, to 85) due to aging of the battery
the voltage on the grid would increase from -4½ to -9½, while if the voltage E, had dropped 5 v the grid voltage would have changed from -4½
to +½. The result is that an amplifier coupled directly as in Fig. 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 are designed to overcome these and certain
other difficulties. To prevent the voltage E0 from being applied to the
grid of the next tube a condenser C, usually 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 currents are concerned. This condition of faxding 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 becomes inoperative. For this reason the grid-leak resistor R, is used and the correct bias voltage E. is applied in series with it.
It will be noticed that the same 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 signal voltage
and ensures that the correct bias voltage will be applied to the grid of the
tube.
Having arrived 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 components has two separate functions to perform: the first is to assist in
applying the correct D.C. or operating potentials to the tube and the second
is to provide the best conditions for the amplification of the alternating or
'P
signal voltage. Often
rP
the two functions call
-----• for widely different
_
P
I values and a comproRp
e 2 mise value must be
used.

_____ i

(b)

(a)

THE PLATE RESIS'l'OR. When a tub<! is

operating as a voltage
amplifier the only requirement on the plate
resistor R,, as far as the signal voltage is concerned is that the resistor be as large as possible.
From the equivalent circuit of a triode shown in
2
3 .!!e.
Chapter 4, and reproduced here, it will be recalled
(c)
'' that the tube acts like a generator having a voltage
equal to µe, in series with the plate resistance r,, of the tube. The way
in which the voltage ei across R,, varies as the size of R,, is increased
i,.q shown in Fig. 7-2c. R,, is shown as so many times r,,, and ll% 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 et is small, while if R,, is made very large compared with
r,,, then nearly all of the total generator voltage (µe,) will appear across
R,,, and et will be nearly equal to µe,, which is the maximum value it can
have. From this it appears that R,, should be made very large, say about
a hundred times as large as
But now consider the D.C. or operating voltage. The D.C. voltage E,, on
Fro. 7-2. Effect on Amplifi~11tion of Decreaaing the Re11istance
of the Plate Reaietor (R,.) in a
Triode Circuit.

r,,.
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the plate of the tube will be the battery voltage Ebb minus the D.C. voltage
drop in the resistor. If Rf' is made too 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 voltage E,,,,, 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 r,, is
generally chosen for a triode voltage amplifier, depending on whether rp is
high or low. For a power amplifier there are other considerations that
dictate the value of RP.
GRID-LEAK RESISTOR. In Fig. 7-ld not all of the signal voltage across RP
will be applied to the grid of the second tube. The reactance of the condenser C and the resistance Rg act together as a voltage divider and only
that part of the voltage across Rg will be impressed on the grid. Hence, as
far as the signal voltage is concerned, Rg should be as large as possible.
When the circuit is properly operated there is no flow of grid current and so
the resistor is not limited by the voltage-drop consideration as was the plate
resistor. However, if the grid-leak resistor is made too large the effect of
floating grid begins to appear, because any charge, either positive or negative, that collects on the grid cannot leak off fast enough. The actual size
of the resistor required varies with the tube and usually lies in the range 0.1
to 10.0 megohms. The proper value is generally specified by the manufacturer of the tube.
THE COUPLINO CONDENSER. The function of the coupling condenser is
to keep the large positive voltage E& off the grid and at the same time to
offer minimum impedance to the signal voltage. This requirement indicates a large value for the capacitance, but again if C is made too large any
charge that collects on the grid (and therefore charges this condenser) will
require too long a 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 increase the time required to discharge the condenser, or the time constant
of the circuit as it is generally called. 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/:.?.718) of the original charge. A typical value for a resistance-capacitance-coupled amplifier is .004 second, which could be obtained
with a 1-megohm grid leak and a .004-µf condenser or a 0.5-megohm leak
and a .008-µf condenser, or any other suitable combination.
Another practical consideration that enters into the selection of a coupling condenser is that it should have small leakage, that is, a high leakage
resistance of the or~er of hundreds or thousands of megohms. If the leakage resistance is small, an appreciable amount of direct current 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"° and put a positive D.C. potential on the grid. As an example,
if RP = 0.1 megohm, R; = 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 resistor.
Frequency Response of a Resistance-coupled Amplifier. AP. was pointed
out earlier, most applications of an audio amplifier require that it have fairly
flat or uniform response over a wide range of frequencies. In other words,
the amplifier must amplify all frequencies within this range approximately
the same amount. The resistance-coupled amplifier is particularly suited
to do this because its main impedances (the resistors) are independent of
frequency over the audio range. At medium and high frequencies the reactance of the coupling condenser is so small, compared with Rg, that it

(a)

ill~
~O~·---------Froqurncy

(C)

Fm. 7-3.

(d)

Equivalent Circuit for a Resistance-coupled Amplifier at: (a) low, (b) medium
and (c) high frequencies; and (d) the type of response obtained,

may be considered a short circuit as far as the signal frequency is concerned.
At very low frequencies, however, its reactance becomes large and some of
the signal voltage appears across it as well as across the grid-leak resistor
where it is wanted. For this reason the amplification will fall off at low
frequencies. At very high frequencies the reactances of the tube capacitances and wiring capacitances become low compared with the resistances
which they shunt (see Fig. 7-3), and so the amplification drops off. The
tube capacitances involved are the plate-to-cathode capacitance of the first
tube, which parallels llp, and the grid-to-cathode resistance of the second
tube, which parallels Rr 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 an amplifier.
Gain of an Audio Amplifier. The voltage gain of an amplifier stage is
given by the ratio of the signal voltage appearing across the grid of the
second tube to the signal voltage on the grid of the first tube. It is quite
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easily determined over most of the frequency range, for which the equivalent circuit of Fig. 7-3b will apply. It has already been shown in Chapter 4
that the voltage Ei, appearing across a resistor R in the plate circuit of a
triode (Fig. 4-11) is given by

= µ.E,R •

E

Tp

p

+R

In the case of Fig. 7-3b, the resistance R consists of R11 and R, in parallel.
That is,

R=

R11 R,.
R11 +R,

If the grid leak resistance R, is very much larger than the plate resistor RP,
as is often the case, the effect of R, in parallel with R11 will be small and R
will be approximately equal to R11 • In this case the voltage amplification
of the stage is the same as the voltage amplification of the tube, and is
given by

µ.R 11

e2

e1 = rp + R".
It will be seen that as the plate resistor is made very large compared with
rp the plate resistance of the tube, the actual amplification approaches µ.,
the amplification factor of the tube (see Fig. 7-2c). When R11 is 9 times r 11 ,
the amplification will be /rr of µ.
At low frequencies, where the exact circuit of Fig. 7-3a must be used,
it is a little more difficult to compute the gain. But if R, is still very much
larger than
the gain will be given approximately by

R,,

R,A
where

A=

µRP
Tp

+ Rr,'·

and is the gain in the medium-frequency range. This is because R, and
Xe act as a voltage divider across RP, and the fraction of the total voltage
that appears across R, is given by

R,
VR/

+ Xe

2

Xe is the reactance of the coupling condenser and is given by
1
Xe= 21rfC'
where f is the frequency (cycles per second) and C is the capacitance in
farads. At that frcqumcy which makes X, equal to R,, the amplification will
have dropped to 1/,v2 times A, its value for the medium frequencies. Since
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power is proportiom1l to the square of the voltage- {across a fixed resistance), this means that the power will have dropped to one half which corresponds to a drop of 3 db (see chart, Chapter 1). This is the l.ower halfpower frequency of this amplifier stage and is considered as being the lower
limit of frequency response where reasonable fidelity is required. Similarly the upper half-power frequency is that frequency at the upper end of
the range where gain has dropped to 1;v·2 times A due to the shunting effect of the tube and wiring capacities. It can be calculated by considering
the effect of these capacities in parallel with the plate and grid resistors.
The Pentode Amplifier. The circuit of a resistance-coupled pentode
amplifier is shown in Fig. 7-4. Except for the connections to the two new
grids to apply the proper
D.C. potentials to them,
the circuit is similar to that
of the triode. However,
there are important differences in its operation, as was
pointed out in Chapter 4.
Because of the screening
effect of the screen grid, the
plate voltage has little influence on the plate current.
This means that both the
plate resistance r11 and the
Flo. 7-4. Circuit or a Resi1tance-coupled Pent.ode 1-' of the tube will be very
Amplifier.
high. The plate resistance
is usually greater than a
megohm, so that instead of using a plate resistor R11 having several times
the value of r,, it is now necessary to use one that is very much smaller
than r,,, because its size is still limited by the D.C. voltage drop across it.
The gain of the stage will be still given by
.
C2
µR
Vl
otagegam = = -+R'
e1
rp
but now rp will be much larger than R (R is even smaller than Rp), so it is
possible to consider that (rp
R) is about the same as r11 and write

+

~ = .!!..R.
e1

Now

rp

i,, is equal to g,,., the mutual conductance or transconductance of the

tube, so for a pentocte t.he gain of a stage of amplification is given by
Voltage gain = ~ = gmR,
C1
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which is approximately equal to UmR11 if the grid-leak resistor is several
times larger than the plate resistor R11•
From this relation it is evident that the figure of merit or worth of a
pentode as a resistance-coupled amplifier is its transconductance rather
than its amplification factor. With the pentode as with the triode, the
D.C. voltage on the plate is the plate-supply voltage minus the voltage
drop in the plate resistor. However, with the triode the plate current that
flows is proportional to the plate voltage so that if this plate voltage should
be decreased owing to use of a larger plate resistor or lower plate-supply
voltage, the plate current will decrease and so reduce the voltage drop in
the plate resistor. In the case of the pentode there is no such compensating
effect because the plate 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 necessary to
reduce the plate current by decreasing the screen voltage. if this is not
done the plate voltage may be reduced to almost zero and the tube will
cease to function as an 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

C

Re

Input

Output

B+
Flo. 7-6. A Two-atago Rosistanco-coupled Amplifier Using Pentodcs.

more amplifier stages are connected in cascade. A typical circuit using
two pentodes is shown in Fig. 7-5. The resistors Hp and R, are the usual
plate and grid-leak resistors respectively, and the condensers C are the
coupling condensers. Resistors Ro are voltage-dropping resistors to
reduce the screen voltages below those used on the plates, and condensers
CO are the necessary screen-resistor by-pass condensers whose function
has already been discussed in Chapter 4. Resistors Re are cathode resistors whose function is to furnish the required grid bias. Because the
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plate current must flow through these 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 JR drop across these resistors.
Since the grids are operated at ground potential, the cathodes will be more
positive than the grids, or the grids will be negative with respect to the
cathode, by the voltage drop across the cathode resistors. The required
size of resistor is then given by

E•
R• = 1,/
where E, is the required grid bias and I 'II is the D.C. plate current flowing in
that particular tube. The condensers C, are cathode by-pass condensers
whose function is to by-pass the signal currents around the cathode resistors. This low-impedance path is necessary, for otherwise the audiofrequency variations in the plate current would produce an audio-frequency voltage which would be introduced directly into the grid circuit.
The resistor and condenser combination R,..C, constitutes what is known
as a filter or decoupling circuit. One of the precautions that must be taken
in constructing a multistage audio amplifier is to prevent the signal voltage
in the output stage from getting back to the input circuit. If this feedback
occurs the signal which is fed back will be in such a direction that it either
aids or opposes the original input signal. The first is called regenerative
and the second degenerative Jeedback. With regenerative feedback the
signal fed back from the output results in still more signal being fed into
the input and the signal strength may progressively increase until the
amplifier reaches an oscillating or tdnging condition. This phenomenon
is particularly troublesome with three-stage amplifiers or with two-stage
amplifiers having a high gain, for then the output signal is very large compared with the input signal and it requires only a very small percentage
of the 011tput signal to be fed back to produce the unwanted oscillation.
This feedback may occur in several ways, but in audio amplifiers the most
common cause is the coupling between stages due to the common highvoltage supply. If batteries are used they will have a low internal resistance when they are new and no feedback difficulties should be experienced.
However, as the batteries age their internal resistance increases greatly.
The alternating plate current of the last stage flows through this resistance
and tlle resulting alternating voltage is applied to the plate of the first tube
and hence directly onto the grid of the second tube. 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 plate current must fl.ow
through the output condenser of the filter and so will produce a voltage drop
across this condenser. The condenser is usually quite large, say 8 µ.f, so this
voltage drop will be very small except at the low frequencies where the con·
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denser res.eta.nee 1/(21r/C) becomes appreciable.* (For example, an 8-µf
condenser has a reacts.nee of only 20 ohms at 1,000 cycles, but this increases
to 400 ohms at 50 cycles.) For this reason the frequency of the oscillation
which occurs is generally qµite low and gives rise to the sound known as
motor-boati1l{J. This type of feedback can be eliminated by the filter circuit
C,R,(sometimes 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 the first tube. If the condenser reactance is small (that is, if the condenser 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. This 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 the output. Hum may originate
from stray electromagnetic or electrostatic pickup from A.C. power lines.
This type of pickup can be eliminated by adequate shielding. Shielded
tubes and grid leads a.re necessities for the first stages of a high-gain amplifier. A poorly filtered power supply is a common source of hum and for it
the 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 far 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 the filament the grid return may be made
to one side of the filament supply (usually the negative), but when alternating current is used to heat the filament the grid return should be ma.de
to the center tap of the filament transformer. If there is no center tap, a
small center-tapped resistor may be connected across the filament leads
and the grid return made to the center of this. Sometimes a small potentiometer is used and a screwdriver adjustment provided for setting to the
position resulting in least hum.
Tube noise may also be a source of trouble in an audio amplifier. It
• For purposes of quickly estimating the effect of a condenser it is well worth remembering that at 1,000 cycles a 1-µf condenser has a reactance of 160 ohms approximately.
From this it is possible to estimate without slide rule or pencil and paper the approximate
reactance of any other size of condenser at any audio frequency. For example, the
resctance of a 0.1-µ{ condenser at 50 cycles would be
1
1 000
160 X ] X
= 160 X 10 X 20 = 32,000 ohms,

50

while the reactance of an 8-µf condenser at 100 cycles would be
160 X ! X l,~ = 160 X 10 = 200 ohms.
8
100
8
In the radio-frequency range it is useful to remember that 1,000
160 ohms reactancc.

µµ{

at 1,000 kc has
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may arise from mechanical vibration of the tube parts, in which case it is
called microplwnic noise. Replacing the offending tube with a nonmicrophonic tube will usually cure this source of trouble. Another form of tube
noise appearing at very high amplifications is a hissing sound produced
by the so-called shot ejfe,ct. 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 similar
type of noise, which places an upper limit on the amplification that can be
obtained, is that known as thermal agitation. The electrons in any conductor or resistor are in constant motion back and forth, with an average
velocity that increases with the temperature of the material. This random
motion of charges produces fluctuating voltages in the conductor or resistor
and these arc amplified by the amplifier. The noise due to thermal agitation in the grid resistor of the first tube is of most imports.nee, bees.use it
receives the full amplification of the amplifier. The noise can be reduced
by using a lower value of resistance but this will also decrease the signal
gs.in and the signal-to-noise ratio will not be im_proved.

Over-all Gain and Frequency Response. The tots.I gain of an amplifier
consisting of severs.I stages is the product of the gs.ins of the individual
stages when these gs.ins are expressed as voltage ratios. 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 tots.I gs.in is the sum of the gs.ins of the
individual stages. From Fig. 1-13 of Chapter 1 it will be found that the
gain of the above amplifier would be 40 40 6 = 86 db. The over-all
frequency response of an amplifier is also the product of the frequency
response of the individual stages when this frequency response is expresse<..
as a voltage ratio, as in Fig. 7-3d. If the gain of an amplifier stage a'
10,000 cycles were only half of the gain at some reference frequency such as
1,000 cycles, then the gain at 10,000 cycles of two such stages in cascade
would be only ½X ½= ¼of the gain at the reference frequency. If the
frequency response were expressed in decibels a single stage of the above
amplifier would be dawn 6 db (see Fig. 1-13) at 10,000 cycles below the
gain at 1,000 cycles. Two·similarstagesin cascade would be dawn 6
6=
12 db at 10,000 cycles. It is apparent that if the over-all frequency response of an amplifier is to be reasonably good, the frequency response of s
single stage must be very good. It is possible to compensate an amplifier
to improve its frequency response and some methods of doing this will be
discussed under video amplifiers.

+ +

+

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 already been covered under resistanC€'coupled amplifiers, and the third, phase distortion, is not important in
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audio amplifiers. Nonlinear or amplitude distortion usually 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 conditions are used. Figure 7--6 shows possible ways
in which nonlinear distortion may be introduced into an amplifier.
In Fig. 7-6a are shown the correct operating conditions with the alternating grid voltage swinging over the linear or straight-line portion of the

Distortion Due to Operation
Over Non-linear portion of
Characteristic

(b)
Distortion Due to Grid
Becoming Positive in
1

-~C.!_~~E~cuit
-

tI

--

--

-

~-----1
I

rel

(d)

Fro. 7-6. Nonlinear Distortion Produced by Incorrect Operating Conditions. (a) Correct operating condition. (b) Grid bias too large. (c) Grid bias too 11II1all. (d) Correct grid
bias but grid driving voltage too high.

characteristic curve. The result is a plate-current wave form that is a
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 E,-111 curve and the resulting plate-current wave will
be flattened off on the lower peaks. This flattening results in the introduction of new frequencies (particularly second harmonic) in the output that
were not present in the inI>_ut.
In Fig. 7-6c is shown the effect of using too small a value of grid bias.
This insufficiency allows the instantaneous grid voltage to swing positive
over a fraction of a cycle. If the upper part of the characteristic curve is
straight {solid-line portion) no particular harm will result, but if it curves
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sharply and flattens off (dotted cw-ve) after passing into the positive gridvoltage region, the upper peaks of the plate-current wave will be cut off
and serious distortion will result.
This dotted cw-ve is the one that usually applies. It is obtained when
the grid circuit has a high resistance, as was the case in the resistancecoupled amplifier. AB 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 the electrons being emitted by the filament and grid current flows.
If the grid circuit has zero or very small resistance, this flow 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 cw-ve, 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 sometimes 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 bias but with too
large a signal voltage on the grid. In this case both the upper and lower
peaks are flattened off and the distortion may become quite bad.

.J

(A)

lb

~--E
C

Rp

Static Characteristic Curve
Constant Plate Voltage Eb= Ebb
(Rp=O)

~Ml
Ebb
,. "Dynamic Characteristic Curve
Plate Voltage ~~ ~-~Rp

Ea-Grid Volts

FIG. 7-7. Static and Dynamic Characteristic Curvea of a Vacuum Tube,

Dynamic Characteristics of a Vacuum-tube Circuit. From the above it
will be apparent that the selection of the correct operating voltages for a
tube is quite important if a large signal with low distortion is desired. To
determine the correct operating voltages it is necessary to consider the
action of a tube in a circuit. Figure 7-7 (curve A) shows a mutua.1-charac-

Chap. 71

AUDIO AMPLIFIERS

179

teristic curve for a tube relating grid voltage to plate current. (This
curve is similar to the curves of Fig. 4-8, Chapter 4.) However, this curve
cannot 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 that the
actual plate voltage decreases as the plate current increases owing to the
voltage drop in 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 plate resistor as well as on the characteristics of the tube. This dynamic characteristic can be obtained very
easily from the plate characteristics of the tube and the load line. Each
intersection of a plate-characteristic curve with the load line shows the
plate current that will fl.ow for a given grid voltage E, and for the actual
plate voltage on the tube. Therefore, if these corresponding values of plate
current and grid voltage are plotted on the diagram of Fig. 7-7, they will lie
along a line such as B. This line is the dynamic chracteristic 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 characteristic of Fig. 7-7 would also be less steep as indicated
by the dotted curve B.
The dynamic characteristic obtained in this way can be used to plot the
plate-current changes that will occur as the grid voltage is varied. This
plot is shown in Fig. 7-8. If the dynamic characteristic is curved, then nonlinear distortion will occur and new frequencies (chiefly second harmonic)
will be introduced into the output, as shown in Chapter 6. However, the
dynamic characteristic will be straighter than the static characteristic and
in general the higher the value of load resistance the straighter will be the
dynamic curve. The 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
the actual plate current, which has a greater amplitude for the top half of
the wave than for the lower half. The dotted line is a true sine wave for
which the two halves are equal. Also shown dotted is the second harmonic
wave, which when added to the dotted sine wave (fundamental) should give
the actual wave. The percentage of second harmonic will be given approximately by (a/b)lOO.
It is also possible to determine the second-harmonic percentage directly
from a set of plate-current-plate-voltage curves 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 a void
distortion the tube should be operated only over the straight-line portion of
its characteristic and the lower curvE'd portion of the dynamic curve should
be avoided. Because the grid should never be allowed to swing positive,
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this requirement locates the operating region between the point where the
curvature starts at the lower end of the curve and the point E. = 0 at the
upper end. The operating point P should then be midway 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 E. = 0 down
to the region where the plate characteristics become curved.

Dynamic
Characteristic
I

I

I
I

I

-----'1

·--- I

I

I

1

----------~

True Sine Wave-"'~..t!'- - Grid

F10. 7-8.

J __ 2l_
a-

Voltage

Distortion Introduced by a Nonlinoar Dynamic Characteristic.

Avoiding Nonlinear Distortion. To avoid excessive distortion in an
amplifier stage certain precautions must be observed.
(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 voltages, and where possible one of these should be used. It should be remembered that the voltage on the plate of the tube will be less than the supply
voltage by the voltage drop in the plate resistor or coupling transformer.
In the latter case the drop will be small, but in the former case 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 this 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 pcntodes the amount of distortion increases quite rapidly if the
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wrong load resistance is used. The correct value is usually specified by
the manufacturer and this recommendation should be followed 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 that the voltage drop across the plate resistor
should not be too great.
(3) Even with correct operating potentials and load resistance, serious
distortion will occur if the signal 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 potentiometer or volume
control in the grid circuit.
Transformer-coupled Amplifier. Another type of coupling commonly
used in audio-frequency amplifiers is transformer coupling. Although its
most general use is in coupling the output stage to the speaker or load, it
may also be used as interstage coupling. Here it has the advantages of
giving somewlut higher gain and eliminating the voltage drop that occurs
in the plate resistor when resistance coupling is used. It has the disadvantages of greater cost, increased space requirement, and the possibility
of a poorer frequency response. In a resistance-coupled amplifier all the
voltage gain is produced by the tubes and the maximum gain possible from
a stage is given by the amplification factor or µ of the tube in that stage.
As was shown in an earlier section, the actual amplification is always less
than µ. by the factor

R
R11 +R·
With a transformer-coupled stage, however, the maximum possible gain is
given by µ X n, where n is the step-up turns ratio of the transformer. For
reasons to be given, n is generally limited to about 3, but even so with
low-µ tubes this is an important factor and the early audio amplifiers were
mostly transformer coupled. However, the introduction of pentodes and
high-µ. triodes bas largely removed this advantage because it is now possible
to obtain easily amplifications of the order of 100 times with a single
resistance-coupled amplifier stage. For this reason transformer coupling is
used mainly in the power amplifier stage or stages where certain other
advantages make its use desirable.
Figure 7-9 shows a transformer-coupled amplifier, an approximate
equivalent circuit, and a typical curve of amplification against frequency.
The amplification is fairly uniform over _the medium-frequency range
from b to c but falls off at the low-frequency end (a to b) and again
at the high-frequency end (d to e). The amplification represented
by the fiat portion b to c is approximately µ. X n. For all low and
medium frequencies up to the point c, the voltage e, across the secondary
of the transformer is n times the voltage e11 across the primary. For a
given signal voltage e, 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.,, of the tube. It is very small when that reactance is
much less than r11 and inerea.ses as the reactance increases, approaching a

(a)

(b)

Frequency
{C)

Fm. 7-0. (a) Transformer-coupled Amplifier. (b) Approximate Equivalent Circuit
Showing Effect of Capacities. (c) Typical Frequency-responae Curve.

constant value µe, as the reactance of the transformer primary becomes very
large compared with r11 • This behavior 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
/
Fig.
7-2c
would apply.
:- 80
This is shown in Fig. 70
~ 60
10, where e, is plotted
~
against the ratio of the
fl 40
primary rea.ctance X, to
~
., 20
the
plate resistance rr
"'..,
The
rcacta.nce
of the pri~ 0
l
2
3
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5
6
7
8
9 lO mary winding depends
0
x¾P Ratio of Reactance of Transformer Primary
upon the frequency and
to the Plate Resistance of the Tube
is given by 2rrJL where L
Frn. 7-10. Voltage Cp across tho Primary Winding of a • h • d
f b
Transformer as a Function of tho Rcactanco of the Wind- 18 t e lil uctance O t e
ing.
winding, a constant, and
/ is the frequency. The
curve of Fig. 7-10 is therefore also a picture of how e11 varies with the frequency. At a frequency which makC's 2rr/L = r11 , e11 will be .707 times its
maximum value µe0 • Above this frequency the amplification changes very
little but below this frequency it falls off sharply.
It is still necessary to explain the hump at point d and the sharp 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 capacity between windings and between the individual
turns of each winding. These capacities can be represented approximately
by an equivalept 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 of 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
especially probable if the plate resistance r11 has a very low value.
Since the amplification of a transformer-coupled amplifier stage is given
approximately by µn, it would appear 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 increased to such an extent that the high-frequency response of the transformer will drop off badly. On the other hand, if the turns ratio is increased
by decreasing the number of primary turns, the primary reactance will be
decreased and the low-frequency response will suffer. Usually a transformer 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
C
value of plate resistance. The effect of
using tubes having ~
0.
plate resistances
E
higher and lower <
than this proper
value is shown in
Fig. 7-11.
Frequency
Curve (a) is for a
F10. 7-11. Effects of Different Plate Resistances on the
tube having about
Frequency Response of a Transformer-coupled Amplifier.
the correct value of
plate resistance. If the plate 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 the tube is much
higher than the proper value, the primary reactance of the transformer at
low frequencies will not be large compared with r11 , and so the low-frequency

i
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amplification will be reduced. At the high-frequency end the shunting effect
of the equivalent capacity will be greater and the high-frequency response
will also be reduced. Because tubes with large plate resistances also have
large amplification factors, the amplification in the middle-frequency
range, still being given by µn, may be quite high and the resulting curve
will be as shown in c. This explains why it is not feasible to use pentodes
or high-µ triodes with a transformer to obtain very large amplifications.
Ii for some reason it is desired to use a transformer with a tube having a
high plate resistance, 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 has the effect of
reducing the amplification in the medium-frequency range and the resulting frequency response will be about the same as would be obtained with a
tube having the correct plate resistance. The actual amplification that
mblned Output

1

-.:,1

Flattening Due to
Even Harmonic
Distortion

(a)
Fm. 7-12.

Cb>

(a) A Push-pull Amplifier. (b) Reduction or Even Harmonic Distortion by
Use or PUBh-pull Connection.

results will be proportional to the transconductance of the tube being used
and will be independent of its amplification factor.

Push-pull Circuits. To get greater ouput than can be obtained from a
single tube, two tubes are 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 voltage on the grid of tube 2 will be a negative maximum.
At this instant the plate current of tube 1 will be increasing and the plate
current of tube 2 will be decreasing. These currents will produce voltage;;
in the secondary of the transformer that are in the same direction, and so
twice the power output can be obtained. The circuit has the advantage
that distortion from the second and all even harmonics will be reduced,
because for these harmonics the currents will flow in opposite directions
through the transformer and so cancel out. Even harmonics give to the
lower half of a wave a shape different 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 shown in Fig. 7-12b. Because twice the output of a
single tube can be obtained with less distortion, it is possible to obtain more
than twice the output with the same distortion given by a single tube.
Push-pull operation also hW:1 the advantage that any A.C. hum voltage
from the power supply will produce currents in opposite directions in the
primary of the transformer and no hum voltage will appear across the
secondary. However, this advantage applies only to hum introduced in
this stage, since hum introduced in preceding stages will be amplified just
as is the signal voltage. The D.C. puzte currents to the tubes also flow in
opposite directions in the transformer primary winding so that large plate
currents may be used without danger of saturating the ·core.
Power Amplifiers. The final stage of an audio amplifier is usually a
power-amplifier stage, because loudspeakers, modulation transformers,
and most other devices which
the radio signal must drive
require power (that is, current as well as voltage) for
their operation. Class A amplifiers are used extensively
as power amplifiers and the
essential difference between
+
their operation as power
Class A1
amplifiers and their operation
as voltage amplifiers is in the
magnitude of the load resistGrid Bias
Class AB 1
ance and the plate voltage
used. For voltage amplification the load resistance is
Class AB 2
made as high as possible to obtain maximum voltage gain;
but when power output is the
chief consideration the load
Class B
resistance is reduced to a
value that gives most power
for a certain permissible value
of distortion. With power
amplifiers the highest posFw. 7-13. Audio Amplifier Clnssifications.
sible 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 Class B operation are used. The different amplifier classifications are shown in Fig. 7-13. In Class A1 operation the grid-voltage

186

AUDIO AMPLIFIERS

[Chop. 7

swing is generally confined to the linear portion of the curve and the plate
current 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 E, a larger swing of grid voltage can be obtained without the grid ever going positive; such operation is known as
Class AB1• In this case the negative peak of the grid-voltage swing carries
the operation off the curve and the plate current is zero for a fraction of a
cycle. This would produce excessive distortion with a single tube, but by
using two tubes connected in push-pull the current waves are 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 increased still further with the same grid
bias, a greater output can be obtained but the grid will be positive for a
small portion of the cycle. Such operation is called Class AB,. It requires
a driving voltage fed from a low-impedance source, or grid-circuit nonlinear
distortion of the type shown in Fig. 7-6 will result. Practically, this means
that because the grid circuit draws current it requires power from the preceding stage. For this reason the preceding stage should be a Class A1
amplifier feeding the grid circuit of the Class ABt stage through either a
one-to-one or a step-down transformer.
Even greater power output can be obtained from a tube by operating it
Class B, in which case the grid bias is increased almost to plate-current cutoff 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 radiofrequency power of a transmitter, a more detailed disc~on of it will be
given in Chapter 11.
Inverse Feedback. Distortion in an audio amplifier can be reduced and
the frequency response of the amplifier greatly improved by the use of
OUTPUT

INPUT
a

10 Volts
b

C

1 Volt

Amplifier

100 Volts

-9 r+
Volts

d

,•
,•
,•,.
Fto. 7-14.

Principlo of Inverse Feedback.

inverse feedback (also called negative or degenerative feedback). This
improvement in quality is obtained at the expense of the gain of the amplifier, but with modem high-µ tubes it is easy to obtain all the gain that may
be desired. In an inverse-feedback circuit some of the output voltage is
fed 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 distortion has occurred in the amplifier and the output contains new frequencies not originally present in the input, these new frequencies are now introduced into the input in a direction such as to tend to cancel those produced
in the amplifier itself. Again, if the amplifier produces frequency distortion so that some frequencies are amplified more than others, these overamplified frequencies produce a large signal in the input (due to the feedback). This large signal opposes the original 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 across 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 opposue direction to the original 1 v, it will now require 10 volts
(1
9 = 10) at the input terminals ab to keep 1 v at cd and so maintain
the 100 v output. The original gain of the amplifier without feedback was

+

output volts
input volts

= 100 = 100
1

·

The new gain with feedback added is
output
input

= 100 = lO.
10

The first effect of feedback has thus been to reduce the gain of the amplifier.
These results can be expressed mathematically by saying that the gain of
the amplifier with feedback is given by
.
A
Gam= 1 - PA'
where A is the amplification without feedback and P is the fraction of the
output voltage that is fed back. In the above example A = 100 and {J =
- 9/100 = -.09, so that
.
Gain

=1-

100
(100 X - .09)

100

= 1 + 9 = lO.

Now consider 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 ratio 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 require for the 1,000-cycle signal 10 vat ab to produce 100 vat 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 9½ v at ab to produce 100 v at the output, because it requires 9 v to overcome the feedback voltage and only ½v across cd to pro-
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duce 100 vat 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 output as 1,000-cycle output (that is 100% greater) in 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 can be overcome by
designing the original amplifier for very high gain.
PRACTICAL INVERSE-FEEDBACK CIRCUITS. Inverse feedback may be used
over one, two, or three stages. That is, the voltage may be fed back to the

F10. 7-15.

Two-stage Amplifier with Inv<>rse Feedback.

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 feedback 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 at any
frequency the voltage fed back would aid rather than oppose the origin.al
signal and oscillation would result. Figure 7-15 shows a typical two-stage
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 R 1 to
the cathode circuit of the first tube. The amount of feedback is set by
adjusting the sizes of R1 and R2 • If the voltage is picked off at a, any distortion introduced by the transformer is not compensated for by the feedback circuit. If the connection is made to point b, the 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 necessary 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 resistances and a condenser, the characteristics will remain constant over a
long period of time. For this reason inverse feedback is applied to A.C.
operated vacuum-tube voltmeters, D.C. amplifiers, and other equipment
that requires an amplifier of constant gain.
Video Amplifiers. For certain applications, 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
vid,'.O amplifiers, because they are used to amplify the picture signal in tele-

Tube Capacitances Shunting Resistors

(a)
F10. 7-16.

( b)

(a) Video Amplifier Showinit Tube Capa~itances. (b) Equivalent Circuit of
Video Amplifier Correct for High Frequencies.

vision as opposed to the sound signal which requires an audio amplifier. The
chief difference between a video amplifier and an ordinary amplifier is that
it must be designed to amplify the high frequencies as well as the medium
frequencies. It is not possible to build a transformer-coupled amplifier to
cover such a wide range, so some form of resistance coupling is generally
used. The amplification of an ordinary resistance-coupled amplifier drops
off at the high frequencies because of the shunting effect of the tube capacitances. This is shown in Fig. 7-16. It is seen that the plate-to-cathode
capacitance C11,c of tube 1, and the grid-to-cathode capacitance Cv,c of tube
2, are in parallel with the plate and grid resistors respectively. Besides these
there are the stray wiring capacitances to ground which are also in parallel
with the resistors. At low frequencies these capacitances have very little
effect because their reactance is so large compared with the resistances, but
at very high frequencies their reactances become very small and they act
like short circuits across the resistors. To reduce this effect as much as
possible, tubes are used which have small capacitances 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 extends the frequency range quite considerably. It can be further extended by use of a.
compensating inductance in series with the plate resistor. This is shown in
Fig. 7-17, along with the equivalent circuit accurate for high frequenciC'S.
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 second tube and ground. By suitable selection of the inductance, the resonant
frequency can be placed at the desired upper limit of the frequency range.
Because of the large resistance R"' in series with L, the resonance curve for
this L, C, and R circuit will be very broad, so that the impedance will be
high over a wide frequency range. This condition improves the entire high-

(a)
Flo. 7-17,

B+
(a) Video Amplifier Showing Compensating Inductance. (b) Equivalent Circuit
Accurate for High Frequenciee.

frequency response of the amplifier, and with careful selection of values it is
possible to obtain nearly uniform response up to 4 or 5 me.
Direct-current Amplifiers. Most amplifiers whose circuits are similar to
those described above have poor low-frequency response and will not amplify D.C. voltages at all. Since it is sometimes necessary to amplify D.C.
voltages, or A.O. voltages of very low frequency, changes must be made in
the circuit of the amplifier. Many special circuits have been developed
which can amplify direct voltages. Such amplifiers are known as directcurrent amplifiers. The most common type of D.C. amplifier is the dire.ctcoupled amplifier. Direct-coupled amplifiers a.re used in some oscilloscopes
to amplify voltages before applying them to the plates of the cathode-ray
tube and in vacuum-tube voltmeters to increase their sensitivity. Ope
type of direct-coupled amplifier, known as the Loftin-White amplifier, has
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 chapter that the drop in low-frequency
response in a resistance-capacitance-coupled amplifier is mainly caused by
the drop in voltage across the coupling condenser between stages. The
coupling condenser 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. voltages are
to be amplified this condenser must be removed entirely from the circuit.
However, if it is removed the plate voltage of the previous stage applies a
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high positive bias to the grid of the tube. To overcome this positive bias,
the negative bias on the grid must be greatly increased, so that a large
battery is required. The circuit in Fig. 7-18 shows an amplifier of this
type. The first stage is the same as used in resistance-capacitance-coupled
amplifiers, except that there is no condenser in the input lead to the grid
of the first tube. In the second stage, the bias battery Ee1 has to overcome
a positive voltage equal to the supply voltage of the previous stage minus

Tube 1

Input E

1-

-=illc~~___.____-___,___Eb_,_
Fm. 7-18.

_.__ _ _-___.

Ei,,

A D.C. Amplifier Circuit.

the D.C. voltage drop in the plate resistor of this stage, and also has to
supply the necessary negative bias for the tube. This circuit is an example
of a direct-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 a large bias battery in the second stage.
In order to reduce the number of batteries required, the circuit can be
changed as shown in Fig. 7-19. The plate resistor of the first tube and

Tube2

e

Input

b

Output

-=-1111-'-1-+-----1~ 1111111111111111111-,-!- - Fm. 7-19.

An Altcrnativo Method of Connection for a D.C. Amplifier.

one side of the filament, as well as the plate resistor of the second tube, are
connected 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 instead of b, there would be a negative
bias on this stage due to the plate current in the first tube flowing in the
resistor Rpt• This voltage is usually too large a negative bias 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 are not
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at the same potential, so that either separate filament supplies, or tubes
with indirectly heated cathodes, must be used.
Instead 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 direct-coupled amplifier. When A.C. voltages are to be
amplified, it is necessary to by-pass the various sections of the voltage
divider with low-reactance condensers. At the lowest frequency to be
amplified these condensers should have reactances that are low compared
with the resistances they by-pass.
If more than two stages are used in a 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 hard to maintain
Tube 1

Output
R11,

Input

a

b

c

d

Flo. 7-20. Loftin-White Direct-coupled Amplifier.

the correct grid bias on the last tube in the amplifier.
D.C. amplifiers seldom have more than two stages.

For this reason

Public-address Systems. One of the important uses for an audio
amplifier is the amplification of speech and music, either indoors or outdoors, 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 installation required for this application. A public-address system includes
all necessary amplifiers, microphones, volume controls, mixing systems,
loudspeakers, record turntables, and sometimes volume indicators and
monitoring systems. A block diagram of the main parts of a large publicaddress system is shown in Fig. 7-21. Not all of these elements are included in smaller public-address systems, which may consist of only one
microphone input, one phonograph input, and a simple volume-control
system followed by one amplifier to feed from one to three loudspeakers.
Only very large installations use volume indicators and monitoring amplifiers. In these large installations, such as in a. theater, each of the parts
shown in the diagram occupies a separate chassis. The usual small publicaddress system contains the amplifiers, the mixer, and the power supply
all on one chassis.
PREAMPLIFIERS. Most microphones now used have very low voltage
outputs so that considerable amplification must be used with them t-0

193

AUDIO AMPLIFIERS

Chap. 71

produce the power required by the loudspeakers. While any properly
designed amplifier with enough gain can be used, it is usual to employ a
preamplifier ahead of the main amplifier. A preamplifier is an amplifier 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 in 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 adequate shielding. A preamplifier is particularly susceptible to hum, so that care must be
taken to keep it away from power transformers, filter chokes, and filament

Preamplifier

Preamplifier

Turntable
F10. 7-21.

Volume
Indicator

Pow,.r
Amp111ier

Loudspeaker
Loudspeaker

Loudspeaker
Block Diagram of a Large Public-address System.

and power leads. A good way to reduce hum is to build the preamplifier
on a separate chassis, but with proper care it is possible to include it on the
chassis with the main amplifier.
Mixers, volume controls, 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 amplified enough by the preamplifier
so that it overrides any noise introduced in these circuits. Noise from
moving contacts in mixers and switching circuits is mainly caused by dirt,
so that regular cleaning is necessary to keep down their noise level. They
may be cleaned with carbon tetrachloride.
MIXERS AND VOLUME CONTROLS. When several microphones and phonograph turntables are used at one time, it is necessary to be able to control
the volumes from each of them separately, and to combine or mix their
outputs. This is accomplished by means of a mixing circuit or mixer.
While mixing circuits are ordinarily used to mix the outputs of several
sources to obtain the most natural balance between the various sounds,
sometimes they are used to change the natural levels to obtain special
effects. A mixing circuit is usually followed by a master volume control or
allenuator which changes the volume of all the signals after they have 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 inputs are applied to separate volume
controls (variable resistors) and the variable arms of the controls connected
together through the resistances ~ and R4. These resistances are necessary in the circuit since, if they were left out, turning one volume control
to zero volume would short-circuit the output of the other. They must
not be made too small, typical values being 0.25 to 0.5 megohms. The
variable resistors R1 and R3are usually
0.5 to 1.0 megohms. Resistance mixers of this type do not give completely
Input 1
independent controlr since changing
one control affects the volume of the
other slightly. In most applications,
R
R
however, the change is not noticeable,
3
4
lnpu
~.
as it is usually less than 6 db.
Another simple type of mixing
circuit is shown in Fig. 7-23, which
FIG. 7-22. Resistance Mixing Circuit.
is called an electronic mixer. In this
circuit the two inputs are 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 inputs. Figure 7-24 shows a slightly different type of
electronic mixing circuit which is often used in preference to that of Fig. 723, as it has a higher gain.
Broadcasting studios and theaters employ mixing circuits which contain
constant-impedance volume controls or attenuators. These constantInput 1

Output
Input 2

r
F10. 7-23.

Elcctronin 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 be seen by
considering a T-pad as follows. The three resistances are made variable
and are connected or ganged to a single control knob. R1 and Ri are ma.de
equal and vary together. As the control knob is turned, resistances R1
and R2 decrease and resistance R3 increases by the correct amount to
maintain the impedance looking into the pad at a constant value. But
as the knob is turned in this direction, the voltage drop across R1 and Rs

195

AUDIO AMPLIFIERS

Chap. 71

decreases and that a.cross Ra increases, so that more and more of the input
voltage appears at the output, which may be thought of as being in parallel with Ra if Rt is small. Thus a. T-pa.d will change the volume in the
circuit without changing the input impedance. The action of L- and
Input 1

!Output

..r
F10. 7-24.

Improved Electronic Mixing Circuit.

H-pa.ds may be analyzed similarly. T-pa.ds and H-pa.ds maintain constant impedance on both the input and output since they a.re symmetrical. The L-pa.d will maintain constant impedance in only one direction,
that is, on the side containing the series arm.

T-Pad

L-Pad
Fro. 7-25. Attenuators,

The way these pads can be connected in the circuit to form a mixer is
shown in Fig. 7-26. This 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 the volume of the total signal after mixing. Since changing the
setting of mixer 1 docs not vary the impedance at its output terminals,
there will be no change in the impedance connected 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 other. In the circuit shown, the outputs of the two
mixing pads are really connected in series. Other arrangements arc
possible in which the pads are connected in parallel. By using more pads
it is possible to mix as many circuits as desired, while always having
separate control on each circuit.
PUBLIC-ADDRESS AMPLIFIER CIRCUITS. The purpose of the main amplifier
is to amplify the output of the mixing circuit up to a level sufficient to
drive the loudspeakers to the desired volume. A wide variety of circuits
is employed in these amplifiers, the circuit used depending on a number of
Mixer *1
Master Volume Control

Mixer *2

Output

F10. 7-26. Complete Miz.ing System.

factors-such as power output required, type and number of input circuits,
the quality or fidelity required, portability, and cost. Public-address
amplifiers are usually rated in terms of their power output, which is the
amount of power delivered to the load, with no more than 5% to 10%
distortion. The power-output stage is ordinarily a Class A amplifier in
low-power high-fidelity amplifiers, Class AB 1 or A~ in medium-power
amplifiers, and Class B in the large amplifiers. Class AB amplifiers arc
very popular for public-address work because of their excellent power output at low cost. The remainder of the amplifier is designed to provide the
necessary amplification between the output of the mixing circuit and the
input to the power stage. Factors in the design of such amplifiers have
already been considered earlier in the chapter.
A circuit diagram of a typical public-address amplifier is shown in Fig. i27. This amplifier has an output of 12 to 15 watts undistorted, and is
provided with one microphone input and one phonograph input. A
resistance mixing circuit similar to that shown in Fig. 7-22 is used. The
preamplifier for the microphone is a 6J7 connected as a pentode resistancecapacitance-type amplifier. The grid bias for this stage is obtained from
a bias cell, a specially built battery for use only in grid circuits where no
grid current flows. The cells give a voltage of from 1 to I¼, and may be
connected in series to give higher voltages. They are often used to bias the

6L6
Loudspeaker

~
8ml.
8ml.

Flo. 7-27. A 15-watt Public-addret111 Syatem.
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first tube in a preamplifier because they eliminate the cathode biasing
resistor and by-pass condenser, giving decreased hum and distortion at
low cost.
The output of the mixer is amplified by a type 6J7 pentodc tube which is
operated as a triode by connecting the screen, suppr~r grid, and plate
together to form the triode plate. This stage is resistance-capacitance
coupled to the next stage, 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 are
designed to carry the D.C. plate current of the tube to which they are
connected, but often transformers are designed with relatively little iron
in the core so that if the D.C. plate current should flow in the primary
winding, saturation would take place, causing distortion. In the latter
case, the transformer is parallel fed, by using a resistor in the plate circuit
just as in a resistance-capacitance-coupled amplifier. A blocking condenser
is used to keep the direct current from flowing in the primary of the transformer. 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 objectionable. Sometimes, however, this resonance
is made to occur at a frequency which will increase the bass response of
the amplifier.
The power stage in the amplifier uses a pair of 6L6 tubes connected for
Class A1• The output transformer is provided with two output windings,
one to feed a loudspeaker and the other to feed a 500-ohm line. Output
transformers often use tapped output windings instead of separate windings, 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 power over a transmission line to a loudspeaker located a considerable distance
from the amplifier.
IMPEDANCE MATCHING. In connecting
Internal
Resistance
together
the various parts of the publicof Generator
address amplifier system that have been
described above, there are some precautions to be observed, one of which is
E= 10 Volts
impedance matching. When two pieces of
equipment are connected together, their
Frn. 7-28. Equivalent Circuit o!
a Generator Connected to a Load.
impedances are said to be matched when
the impedance of the load is adjusted to
the best value to absorb power from the source. Impedances are matched
for two reasons: (1) to obtain maximum power output; (2) to reduce distortion.
To sec why impedance matchin11: l!;ives maximum power output, consider
the circuit shown in Fig. 7-28, which consists of a generator (such as a
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battery, a power amplifier, or any device capable of supplying electrical
power) and a load resistance. All generators have some internal loss which
can be considered as an internal resistance. In the figure, R1 represents
the internal resistance of the generator, Rt the load resistance and Ethe
voltage of the generator. The problem is to determine what the size of
Rt 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 Rt, the current can be
calculated by Ohm's Law and the power in the resistor Rt determined.
Table 7-1 shows the results of some calculations for various values of Rt.
TABLE 7-1
Rs

(ohms)
0.1
0.5
1
4

100

Current
(amperes)

Voltage across Rs

9.07
6.67
5
2
.099

.907
3.33
5.00
8.00
9.99

Power in Rs
(watts)
8.20
22.2
25
16

.998

An examination of this table shows that the maximum power that it is
possible to take from the generator 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 what the voltage or
the internal resistance of the generator, the maximum power QUtput is
obtained when the load resistance equals the internal resistance of the
generator, that is, when their impedances are matched. However, it
should be noted that the voltage across the load resistance increases as the
load resistance is increased, and is not a maximum when the impedances
are matched. Hence if the maximum 110ltage 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 vacuum 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 line. The characteristic impedance of the line is the impedance
that 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 depending on the frequency. This variation produces distortion of the transmitted signal, which can be avoided by matching impedances. The
characteristic 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 cables, so
that if a long length of such a cable is used to connect a high-impedance
microphone to the grid of the preamplifier, the capacitance of the cable
which is in parallel with the high impedance of the microphone by-passes
the 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 microphone transformer or by an
amplifier at the microphone with a transformer output. The capacity of
the line has much less shunting effect on the low-impedance output of the
transformer, so that longer lines can be used without losing high-frequency
response. Microphone cables as well as transmission lines are designed to
have low characteristic impedances, since low-impedance lines pick up less
hum and noise than high-impedance lines.
OPERATION OF PUBLIC-ADDRESS SYSTEMS. In the operation of publicaddress systems it is often necessary to have the microphones and loudspeakers in the same room or auditorium. Such arrangements cause
considerable difficulty due to acoustic Jee.dback from the loudspeaker to the
microphone. Any noise in the room picked up by the microphone is
amplified and fed to the loudspeaker, which reproduces the noises louder
than before. This louder noise repeats the same cycle and thus the sound
builds up to the limit of the amplifier. The result is a howl at a frequency
for which the over-all system has most gain. Feedback can be avoided by
taking suitable precautions to limit the amount of sound from the loudspeaker 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 the amplifier
will sometimes help to stop acoustic feedback.
Where several loudspeakers are to be used, care must be taken to see
that the audience will not be able to hear the sound from two or more loudspeakers at different distances with about the same volume, otherwise
echoes will be heard which make hearing difficult. When only one microphone and one or two loudspeakers are employed, a good arrangement is
to put the loudspeakers above and slightly forward of the microphone.
This makes the sound from the loudspeakers reach the audience at about
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the same time as the direct sound from the speaker and thus avoids echoes.
Since the characteristics of rooms vary so widely it is difficult to lay down
specific rules for placing microphones and loudspeakers. Each particular
job requires special consideration, 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 larger 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 determines the operating class of an amplifier? Distinguish
between Class A, Class AB, and Class B operation.
4. Why aren't amplifier tubes hooked in cascade with the plate of one
tube connected directly to the grid of the next tube?

5. What is meant by the operating voUages of a tube?
6. What is the function of the grid-leak resistor? What is the time
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 increase in the plate resistor increase the amplification
of a triode amplifier? Why 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 at
low frequencies? Should the plate resistor be large or small compared to
the grid-leak resistor of the next tube?
9. What characteristic of a pentode determines its worth in a resistancecoupled voltage amplifier? How does the value of the load resistance
affect the voltage amplification?

10. Why is the condenser Cd placed in the circuit of Fig. 7-5? How is
the grid bias obtained in this circuit? What components prevent feedback
through the common plate supply?
11. If the gain in decibels of each stage of an amplifier is known, how
can the over-all gain be obtained? What is meant by the expression
"down 3 decibels at 5,000 cycles"?
12. Explain the various ways in which amplitude distortion may be
produced. How does the dynamic I p•Eg characteristic differ from the
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static characteristic? What is the l.oad line, and bow is it used in determining the dynamic characteristic?
13. Study Fig. 7-8 and devise an experimental method for testing for
the presence of second-harmonic 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 transformer-coupled amplifier. How does this response depend upon the plate
resistance of the tube?
15. Draw a diagram of a simple resistance-coupled triode amplifier
showing all of the necessary bias resistors and by-pass condensers for powerpack operation.
16. Draw a circuit diagram of a simple resistance-coupled pentode
amplifier showing all the necessary bias resistors and by-pass condensers
for power-pack operation.
11. 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.
Where in a radio would you use power amplification? Where voltage
amplification?
19. Arrange Class A1, AB1, AB2 and B amplifiers in the order of their
power output and again in the order of the distortion they produce.
Which 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 characteristic must a video amplifier have? Why
isn't transformer coupling used in video amplifiers?
23. What are the limiting factors to the high-frequency response of the
circuit in Fig. 7-16? How does the circuit of Fig. 7-17 extend the frequency response over that of Fig. 7-16?
24. Does an increase in the load resistance of a triode amplifier increase
or decrease the amplitude distortion? Docs this apply to pentode amplifiers? How would the voltage gain be affected in these two cases?

CHAPTER 8

Vacuum-tube Instruments
A large variety of instruments depending for their operation on electronic tubes has been developed for use in laboratory investigation and
measurements, not only for audio- 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. AB stated in Chapter 4, if a portion 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
the frequency needs to be adjustable over a wide range, but for any setting
of the control dial it should be accurately known, and it should be perfectly constant and stable; there should be very little or no Jrequmu:y drift.
Particularly in audio-frequency oscillators, it is important that the wave
form of output voltage be very good, with total harmonic content not more
than 1%. This high quality is necessary when distortion introduced by an
amplifier is to be determined, since there is no satisfactory method of separating such distortion from that introduced into the amplifier input from
the signal source.
In most cases, the magnitude of the output voltage should remain constant or nearly so over the entire frequency range of the oscillator, and this
voltage should be easily 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 case of oscillators used for bridge
measurements, frequency comparisons, receiver alignment, and so forth.
INDUCTANCE-CAPACITANCE (L-C) OSCILLATORS. 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• Plate output power is fed into the grid
circuit by way of the mutual inductance M between L0 and L,. In order
203
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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, 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 from the plate circuit is
more than enough to overcome the losses in the tank circuit and in the gridleak resistor R,. Roughly speaking, this requirement means that the grid
voltage produced by this
..---....-~fV\IV'--O+ coupling must be slightly
B supply in excess of 1/ p. times the
plate voltage.
In this circuit, grid-bias
voltage is produced by flow
of grid current through the
grid-leak resistor R,. This
current can flow in only one
direction, shown by the
arrow, and in passing
through R, it produces a
negative potential at the
Fiu. 8-1. ~C OacillatJor.
grid.
The condenser Ca serves
as a bl,ocking condenser, preventing a short-circuit of the D.C. plate potential
through L1,, but yet permitting the alternating plate current to flow through
LP. 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
R 1 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 8hunt or parallel plate feed, since the A.C. and D.C.
components of plate current flow in separate paths. It is also possible to
employ seriea plate feed, for example by connecting the B-supply voltage
between L, and LP and omitting Ca and R1.
The operation of any oscillator of this type may be analyzed by considering it as a Class C amplifier, with a portion of its output utilized to supply
the driving power which otherwise would come from a preceding stage or
driver.
RESISTANCE-CAPACITANCE (R-C) OSCILLATORS. An altogether different
type of oscillator which is steadily gaining prominence depends for it.s
operation on combinations of resistance and capacitance instead of inductance and capacitance. One advantage of the R-C type is that the frequency produced is not so much affected by the tube constants as is the
case with the L-C type, a condition which makes for better frequency
stability. Another advantage is that a. wider frequency range can be co,·ered on each band. For example, if C1 in Fig. S-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-yl():1, say 3:1. In
the R-C oscillator, for the same type of condenser, the frequency range for
a fixed value of resistance
will be 10:1, and therefore
fewer bands of frequency
will be needed to cover a
given total range. Still
another advantage is that B
1--+------A
it is somewhat easier to
obtain good wave form
with the R-C oscillator
than with the L-C type.
R2
A compact oscillator of
the R-C type is shown
schematically in Fig. 8-2.
The tube employed is a
20v.
5v.
80v.
standard voltage-amplifier
Frn. 8-2. R-C Oscillator.
pentode such as the 6K7,
but it is used in an unconventional manner. The operation of the circuit depends upon the relation between suppressor voltage and screen current, with control-grid and
plate potentials held constant.
This relation is a mutual char6
acteristic, similar to the one
between grid potential and
plate current discussed in
Chapter 4, but with opposite
I'--...
slope. The characteristic is
shown in Fig. 8-3, which shows
that a positive change in sup6K7
pressor potential produces a
Ep= 20v.
E1 ,=0v.
negative change in screen curE1 ,= 100v.
rent. Another way of stating
1
this fact is that the mutual
conductance, suppressor-to0
-10
-8
-6
-4
-2
0
screen, is negative.
Suppressor Volts
Referring again to Fig. 8-2,
FJO. 8-3. Mutual Characteristic of 6K7 Tube.
assume that a small increase
Supp1'88110r Voltage-Hereon Current.
of suppressor potential occurs.
This increase will cause a decrease in screen current, on account of the negative mutual conductance,
and the decrease of current is accompanied by an increase of screen voltage
because of the reduced drop in the screen load impedance. This increased

' I~~

"-

-----

--
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potential is fed back to the suppressor through C2, 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 fonn
or another. When the excess charges on the condensers start leaking off,
the same sequence of events takes place in reverse direction, and an oscillation is set up. If the resistances R1 and R2 are reduced until oscillations
can just barely be maintained, the wave forms 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= 1rvR'1RiC1C2'
where R'1 is the parallel combination of R1 and the A.C. screen resistance.
It is convenient to control the frequency by varying the condensers C1
and C2, which may be identical air condensers mounted on a single shaft.
If this is done, the frequency is inversely proportional to the capacitance of
either section, and the range from minimum to maximum condenser settings
will be in a ratio of more than 10:1.
Cathode-ray Oscillographs. The operation of the cathode-ray tube has
already been described in Chapter 4, and mention made of its most imR

Sweep
C

F10. 8--4.

Voltage

Cathode-ray Sweep Generator.

portant application as an oscillograph. A necessary auxiliary for t.his
instrument is some provision to produce a linear sweep across the screen of
the tube, so that vertical deflecting voltages may appear as a curve plotted
against time. This sweep must be recurrent at a rate which is an integral
submultiple of the frequency being observed, so that successive traces
coincide on the screen and give a stationary pattern. One method of obtaining 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 sqch as the 884. This tube
contains a definite amount of argon gas, and conduction occurs by ionization of the gas when the plate potential exceeds a critical value. The
critical plate potential depends upon the potential of the grid in the manner
shown in Fig. 8-5.
When the circuits of Fig. 8-4 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 and effectively short-circuits C. The plate potential falls
Ep

~

300

I~

""
-30
E1, volts

-20

~

~

-10

'

0

Flo. 8-6. Control Characteristic of Type 884 Gas Triodo.

abruptly to a value too low to sustain the current flow through the tube.
This lower value is the extinction potential of the gas, and is nearly equal
to the ionization potential as given in Chapter 4. The cycle then is repeated, and the variation of plate potential is as 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 utilized a good
approximation to a straight line is obtained. If this voltage is used to produce horizontal deflection on a cathode-ray screen, the spot will travel at
nearly uniform velocity during the interval a-b, then return almost instantaneously to its starting point, b-c, and repeat. The frequency with which
this cycle occurs may be controlled by adjusting R, C, or E,, as can be seen.
It is customary to vary R for the fine control, and to make C adjustable in
steps to give the necessary range in frequency. Rg is a protective resistance
to limit flow of grid current.
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The linearity of the sweep depends chiefly upon the ratio of B-supply
voltage to striking voltage of the tube, being better 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 desirable means or
frequency control.
The sweep frequency may be synchronized with the signal frequency on
the vertical plates, so that successive traces on the screen are exactly
coincident and the pattern
observed
is completely sta_____ 8-Supply Potential _______ _
tionary. This synchronizing is accomplished by applying a small voltage or
.,,,,..
the signal frequency to the
,,,,,..
terminals S, and through
b,,::_-:_ __
the transformer to the grid
of the 884. The sweep frequency is adjusted to be
slightly low, and then the
Deionization
positive swing of the A.C .
.___ _ _ _ _ _ _ _ _ _ _....;P..:.o.;.:te;..;.:nt:;.;;;ial
grid voltage determines the
Time
instant at which striking
Fijt. !Hl. Plate Potential of tho Sweep Generator potential is attained. The
Tube.
effect is indicated on the
third cycle of Fig. 8-6, and
the return trace is seen to occur slightly earlier than it would in the absence
of synchronizing voltage.
USE OF THE CATHODE-RAY OSCILLOGRAPH. The commonest application
of the cathode-ray oscillograph is the one already referred to, namely to
plot a voltage against time on a linear base. Ordinarily it is necessary t.c
amplify the voltage under observation, and the properties of the deflection
amplifier must be considered. Obviously its frequency range must include
that of the voltage being observed, but if the wave form as such is of importance, the amplifier must be capable of passing all the important harmonics, which ordinarily means that it must include frequencies up to ten
times the signal frequency. In many cases it is important that thi.;;
amplifier have no delay distortion, which is equivalent to saying that the
time delay should be uniform at all frequencies, or that the phase shift
should be proportional to frequency.
Another consideration is the type of circuit in which the voltage appears-whether balanced or unbalanced to ground. Some communication circuits have the two sides at equal and opposite potentials with respect to ground; others have one side of the circuit grounded, the opposite
side b<>ing "hot". The same distinction occurs in input amplifiers for
cathode-ray oscillographs, and if an oscillograph input amplifier having one

------------
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side grounded is applied to a balanced circuit, the effect will be to ground
one side of the circuit. This grounding may disturb the distribution of
voltage and current in the circuit and give an altogether erroneous picture of what is taking place. Care should always be taken to preserve the
balance of any circuit to ground, to avoid misleading results. Many of the

(a)
F10. 8-7.

(b)

(C)

Lissa,ioUB Figures, Equal Frequencies on Horizontal and Vertical Plates.

more complete cathode-ray oscillographs include provision for use with
either balanced or unbalanced circuits.
LISSAJOUS FIGURES. Another application of the oscilloscope is in the
comparison of frequencies. If voltages from two separate sources are impressed on the horizontal and vertical deflection plates respectively, the

C
D a-f

F10. 8-8. Lissajous Figure,
Frequency Ratio 3:1.

Fro. 8-9. Trapezoid Pattern
Showing Modulation.

pattern observed on the screen will be stationary only if one frequency
has a ratio to the other represented by the ratio of two integers. Figure
8-7 shows patterns obtained when the two frequencies are equal: (a) when
the two voltages are exactly in phase w.ith each other, (b) when the voltages
are 90° apart in phase, and (c) when some intermediate phase relation
exists. Figure 8-8 shows the appearance of the screen pattern if the frequency applied to the vertical plates is three times as great as that on the
horizontal plates. This ratio can easily be recognized by tracing out the
pattern and noting that three complete vertical cycles occur in one traverse
but only one horizontal cycle.
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If a modulated radio-frequency voltage is applied to the vertical plates,
while the modulating voltage (audio-frequency) is applied 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

m

= AB+CD.

The linearity of the modulation is indicated by the straightness or the lines
AC and BD, while if any phase shift occurs in the modulation process it
will be shown by the appearances or elliptical curves in place or the lines

ACandBD.
Vacuum-tube Voltmeters. It is essential that voltmeters £or use in
many communication circuits have a very high input impedance, so as
not to load the circuits appreciably, and essential also that their indications
be independent of frequency over a wide range. Both these requirements

-

Ebb

+

Flo, 8-10. Diode Vacuum-tube Voltmeter with D.C. Amplifier.

can be met more easily by vacuum-tube Voltmeters than by any other type
of instrument.
The vacuum-tube voltmeter may take many forms, but a very satisfactory type is shown in Fig. 8-10. * Essentially this consists of a diode
rectifier followed by a D.C. amplifier. Alternating voltage applied at the
input terminals produces a unidirectional current in the diode T 1 and in R1.
The voltage developed across R 1 by this current is pulsating, but the filter
• General Radio Experimenter, 9, 12, May, 1937.
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formed by~. C2 passes only its D.C. component to the grid of T 2, and the
resulting change of plate current is read on the meter I. The resistor R 3
provides a considerable amount of negative or inverse feedback (Chapter 8),
which causes the calibration of the instrument to be nearly independent of
tube characteristics. It is made adjustable to provide several ranges of
full-scale voltage. The other resistors are used to provide proper bias
voltage for the D.C. amplifier and to balance out the steady or zero-signal
component of plate current from the meter circuit.
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 therefore entirely
negligible in almost any application. The calibration is independent of
frequency over the entire audio range, and for all radio frequencies to 50
me per second.
For some purposes the vacuum-tube voltmeter just described does not
have sufficient sensitivity, for example the m.easurement of radio-frequency
voltages in the early stages of a radio receiver. The detecting efficiency of
a diode is low for inputs less than 1 v, and increased sensitivity therefore
requires preliminary amplification of the voltage to be measured. The
preliminary amplifier may consist of one or more stages of audio- or radiofrequency amplification, depending on the required sensitivity and frequency range.
Review Questions and Problems. 1. In the circuit of Fig. 8-1, the condenser C1 has a range from 30 to 450 µµ£. Neglecting any stray capacity,
determine'_the inductances Lg to provide a frequency range from 50 kc to
20 me, allowing 10% overlap in frequency from band to band.
2. In the circuit of Fig. 8-2, condensers
C1 and C2 both have ranges from 30 to 450
µµf. Determine resistances R'1 and R2 to
provide a frequency range from 40 cycles to
50 kc, allowing 10% 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 conductance from control grid to plate. Can
you account for the difference in magniF10. 8--11.
tude?
4. Determine the pattern produced on the cathode-ray screen if a 60cycle sine wave of voltage is supplied to plates A-A and a 120-cycle sine
wave of voltage is supplied to plates B-B of Fig. 8-11. Phase relation is
such that the positive peaks of the two voltage waves are simultaneous.

Ji

212

VACUUM-TUBE INSTRUMENTS

[Chop. 8

5. Repeat Problem 4, if the phase relation is such that the zero points
of the two voltage waves are simultaneous.

6. If Ra, R,, R6, Ra in Fig. 8-10 each have a value of 50,000 ohms, and
EblJ = 150 v, what value of plate current in T2 will produce zero current
in the indicating meter? Does change in the value of Ra affect this result?
If the tube is a 6J5, what grid bias is required? What should be the setting
of the tap on Rs to obtain this bias? If Ra is reduced to 25,000 ohms, what
should be the tap setting on Rs to return the meter current to zero?

CHAPTER 9

Electromagnetic Waves
Nature of Waves in Any Medium. Water waves, sound waves, radio
waves-apparently widely different phenomena-have certain characteristics in common.
Each type of wave provides a means for transferring energy. It is probable that nearly all energy is transmitted by means 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 easy to see that the energy required to do
the rocking was transmitted by means of waves. When speech is beard
across a room and energy from a radio station is received a thousand miles
away it is not difficult to believe that the energy was transmitted by means
of waves. However, when a man pushes on one end of a steel bar and the
other end pushes against an object he is moving with it, it is not so obvious
that the energy has been transmitted by wave motion. But if the vibrating
cone of a loudspeaker were alternately pushing and pulling at one end of the
bar, the wave motion which carried the vibration to the other end of the
bar would become more apparent. In this case, if the alternations were
rapid enough, it might be found that 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 required when the man pushes the bar, but it is so small
that its existence is not generally realized with this type of motion.
Figure 9-1 is a representation of wave motion. Figure 9-1 Part A might
represent a cross-section of a water wave at a particular instant. If the
wave is moving from left to right part 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 a 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 down, as shown
in B. Still later it occupies the position shown in C. While the motion
of the wave bas been continuously forward, the motion of a particle such
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as a has been up and down along a vertical line such 88 9. The maximum
distance either side of the line / g traversed by the particle is called the
amplitude of the wave. This is shown 88 the length h in pa.rt A and corresponds to the definition of the amplitude of a sine wave given in Chapter 3.
The distance between successive crests of the wave is called a wave l,ength
1 2 3 4 5 6 7 8 9 10 11

C

Direction of Motion of Wave
F10. 9-1.

Repreaentation of Wave Motion.

and is represented by the Greek letter >.. (lambda). Of course this is also
the distance between successive troughs or any two corresponding points
on successive waves.
The number of oscillations per second made by a particle such as a is
known 88 the frequency, and is designated by the letter J.• If the waves
• No confusion is to be expected as between the symbol / for frequency &nd the
abbreviation f for farad.
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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 board
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 upon the properties of the medium-in this case
upon the properties of water. If some other liquid such as oil or alcohol
were used, the velocity of the waves would be different. The ve"lacity of
propagation depends only upon the medium and is independent of the source
of the waves.
The frequency with which the particle a moves up and down along the
line 9 is also the frequency with which the waves are going past the line,
for each time a reaches a top peak in its journey up and down, 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
X=

T

>,. is usually expressed in meters, V in meters per second, and the frequency
f in number of cycles per second.
This can also be written as
V = >..J,

which states that the velocity with which the wave 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
oscillation would produce a wave 1 m long. The velocity of electromagnetic waves is 300,000,000 m per second and with them 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 transverse waves because the motion of the particle is at
right angles to the direction of motion of the wave. That is, the wave is

l ffil 1Hffllffil U.ll;[Wf
I

I

I 1111

F10. 9-2. Longitudinal Wavo Motion.

moving forward, left to right, and the particle is moving up and down.
With sound waves in air, on the other hand, the particle motion is back and
forth in the direction in which the wave is moving. Such a wave is called
a longitudinal wave. It is illustrated in Fig. 9-2. The density of the
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lines represents the pressure in that region. Pressure maxima and minima
correspond to the crests and troughs of the wave of Fig. 9-1. The wave of
pressure is moving from left to right and the arrows indicate the direction
in which the particles are moving. The particles move in both directions
from a pressure maximum in toward a pressure minimum. This particle
movement results in a pressure maximum being formed where a pressure
minimum existed a moment before; and in this manner the wave moves
on. The individual particles, however, only oscillate back and forth in a
manner similar to the up-and-down oscillation of the particle in the case
of transverse waves.
Phase in Wave Motion. In Fig. 9-1, if attention is concentrated upon
the motion of two particles, say a and c, 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 and the
particle c is half way between trough and crest but on the way up. In B, a
is on the way down and c is still on the way up. In C, a is half way down
and c has just reached the crest. The motions 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 time. The particle
c is said to lag a in phase. There is a phase difference between a and c and
this difference may be expressed as a fraction of a cycle. In this case c
lags a (or a leads c) by a quarter 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 importance when more than one wave is involved.
If two waves of the same frequency are moving together in the same direction they will combine to give a resulting wave which will be the sum of the

e,=e,+e. ,...-E,=2E,

--

(a)

Fio. 9-3.

e,=e,+e. 1E,="2E,

~

-

(b)

-

(C)

Addition or Sine Waves: (a) in phase, (b) .90" ph118e difference, (c) 1800 phaae
difference.

two waves. If the waves have the same phase, that is, if corresponding
particles on the two waves reach the crest at th& same instant, the amplitude of the resulting wave will be just double that of a single wave. This
is shown in Fig. 9-3a. However, if the waves have 90° phase differenet>
as shown in Fig. 9-3b, the amplitude of the resulting wave is only 1.-tH
(or V2) times that of a single wave. This figure can be proven by adding
the two waves together point by point. Figure 9-3c shows the special
case where the waves differ in phase by 180°. In this case, because the
particle motion due to one wave is exactly equal and opposite that due to
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the other at all points and all times, the amplitude of the resulting wave is
zero. That is, the waves have canceled each other. Complete cancellation
can occur only if the two waves are of equal amplitude. This case will
be of particular interest in the study of directional antenna arrays.
Although the amplitude of the resulting wave can be obtained as above
by plotting the waves and adding them point by point, it can be obtained
much more rapidly using a simple geometrical construction. This construction is shown in Fig. 9--4 for the three cases just discussed. The

Ea
Ea

E,=2Ea
F10. 9-4.

E1

Q

180°

E,~o

Ea

Vector Addition of Sine Wave11.

procedure is to lay off from an origin or point O 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 differences were 0°, 90°, and 180°. With
the lengths laid off the parallelogram is completed and the length of the
diagonal from O will be proportional to the amplitude of the 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
Fig. ~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 simultaneously at the same place, so they can be added together to show the
resultant just as were the waves of Fig. ~3. However, these waves arc
traveling in opposite directions so that it is not surprising to find a result
different from that obtained in Fig. ~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 Fig. ~3. The reflected wave is also shown
at these same instants. 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 resultant of the two
waves is shown by the dashed wave in parts A to I. Figure ~5J shows
all the resultant waves of parts A to I plotted on top of one another, that 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 occurs
at one quarter of a wave length from the boundary, again at three quarters

218

ELECTROMAGNETIC WAVES

[Chop. 9

of a wave length and every odd quarter wave length from the end. Such
points are called rwdes. It will also be noticed that the resultant reaches
its largest values at the boundary and at points distant from the boundary

F10. 9-5.

Reflection or a Wave at a Boundary, Showing Addition or Initial and Reflected
Wavce to Give Standing Wavea.

by multiples of one half wave length. These points of maximum amplitude 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 a complete cycle. It will
be seen that although particles are 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 wave is called a stationary wave or standing wave 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 far 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 fixed solidly to a wall or other support and the near end of the rope is jerked vigorously, a wave will be seen to travel down the rope, FIG. 9-6. Resultant
Waves of Fig. ~5 Over a
be reflected at the boundary, and return to the send- Complete Cycle.
ing end. The next step is to send a continuous wave
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 ncdes will be at the end and half-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
at this point-that is, it must be a nodal point.
An understanding of the ideas of wave motion, that is, traveling waves
and standing waves, is of great il.SSistance 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 between 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 an electric field
about them 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 away 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 magnetic field H surrounding them, as shown. The density of these lines is
proportional to the magnetic field strength and their direction indicates the
direction of the magnetic field. The lines of magnetic field strength H
are everywhere at right angles 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 to the directions of voltage and
current shown in Fig. 9-7a. If the generator tenninals were reversed 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. genera.tor were
replaced by an A.C. generator so that voltage and current on the wires
were alternating, the electric and magnetic fields would also be alternating;

I

t-

v~

I

(a)
FIU. 9-7.

(b)
El<'~trit• and Magnetic Fields about a Pair of Parallel Wires.

that is, their positive and negative directions would change with the reversal of voltage and current. Moreover, at the instant that the voltage
and current were zero the electric and magnetic fields would also be zero,
so that with A.C. operation the electric and magnetic fields are continually
being built up and then collapsed back again to zero.
.
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(a) Transmission of sound waves along
a sound tube

( b) Pressure distribution in tube at
instant shown in (a)

F10. !Hl. Transmission of Sound Waves along a Tube, Showing the Inatantanroll!
Pressure Distribution.

Sound Waves and Electromagnetic Waves. It will be interesting and
instructive to compare the transmission of sound waves in a speaking tube
with electromagnetic waves along a pair of parallel wires. In Fig. 9-8
the sound tube is shown with an oscillating piston or diaphragm at the
sending end Sand a flexible diaphragm at the receiving end R. When the
piston is moved back and forth quite slowly, the pressure is the same all
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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 case. However, as the piston is speeded up to a higher
frequency, the time for an oscillation becomes sma.ll and the time interval
required for the pressure produced at S to reach the diaphragm at R becomes important. When the piston is vibrating fast enough it will be
possible to have it back at position 2 by the time R has reached position 3.
In this case R would be lagging S by one half cycle or 180°. R and S are
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 Fig. 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-Sb
shows the pressure which would exist along the tube at the instant that S
and R are in their most forward positions. It is evident that Jor this
frequency the tube is just two wave lengths long.
It is important to note the differences that exist between the slow and
rapid operation of the driving piston. When the frequency of oscillation
was low so that the corresponding wave length X = VIf was very large
compared with the length of the tube, the pressure in the tube was everywhere the same and the direction of motion of the air particles was the
same in all parts of the tube. However, when the frequency was increased
so that the wave length was reduced to the same order of magnitude as
the length of the tube, these conditions changed. The pressure was different in different parts of the tube and the particle velocity was forward in
some places and backward in others. Quite similar effects will be observed with electric waves.
Figure 9-9 illustrates the transmission of electric energy along a pair of
parallel wires, or a transmission line as it is generally called in communication work. As in the case of sound in a tube, as long as the alternations of
the generator are slow so that X = V If is large compared with the length
of the line, the voltage will be practically the same all along the line (resistance drop considered negligible) and the current will be in the same
direction along the line; that is, left to right on the top wire and right to
left on the bottom, or vice versa. This situation is just the familiar 60cycle case, because the wave length at a frequency of 60 cycles per second is
x = 3oo,:,ooo = 5,000,000 m = 3,100 miles,
and this is long compared with any transmission line that might be used.
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However, when the frequency is increased to very high values such as
are used in radio work, the corresponding wave length becomes small and
even short transmission lines may be several wave 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 lengtha
long. The instantaneous direction of current is shown in Fig. 9-9a and
the instantaneous voltage distribution is shown in Fig. 9-9b. The similarity to particle velocity and pressure in the sound tube will be evident.
No longer is the voltage between the wires constant along the line, for as
a voltage maximum leaves the generator and starts on its journey down the
Direction of Current
Direction of Voltage

t

R

-

( a)

, ,. _ _ This wave moving
in th,s direction
with a velocity of
300,000,000 meters
per second.

Cb)
Flo. 9-9. Voltage and Current on a Transmission Line at the Instant of Maximum Generator Voltage.

line the generator voltage changes and goes through two complete alternations (in the case shown) before the first voltage maximum reaches the
load at the end of the line. Similarly, the direction of current from the
generator changes four times (two complete cycles) while a particular
current crest is traveling down the line.
The idea of current leaving one terminal of the generator, going around
the circuit and returning to the other terminal now becomes rather awkward, and it is better to think of it as positive current leaving one tenninal
and negative current leaving the other, and these two current mates
traveling down the line together. Of course, when the alternator voltage
and current reverse, the terminals from which the positive and negative
currents leave will reverse and the currents along the line 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 a.long the line. As was
seen earlier, corresponding to these voltages and currents a.re electric and
magnetic fields that surround the wires and travel down the line with their
respective voltage and current mates. Actually, then, the energy is
conveyed from generator to load by these fields through the space surrounding the wires, and the wires themselves merely guide the energy to its
destination. This guidance corresponds to the acoustic case, where the
sound tube serves merely as 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 magnetic fields, but for the transmission of electromagnetic waves in space where there are no wires, consideration of the
electric and magnetic fields is necessary.
Standing Waves. If the end of the sound tube of Fig. 9-8 is closed by a
solid plate instead of the flexible diaphragm, the pressure wave is reflected
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Flo. 9-10, (a) Standing Waves of Pressure and Particle Velocity in a Closed-end Tube,
or Voltage and Current on an Open-ended Line, (b) Alternative Representation, Not Considering Phnse Differences between 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 in Fig. 9-5 and Fig. 9-6. Because the end of the pipe is solidly closed,
the pressure can build up to a maximum and there is a. pressure loop at the
end and a. pressure node one quarter of a. wave length from the end as in
Fig. 9-6. The particle velocity, however, must be zero at the end because
the solid plate is immovable, and the layer of air next the plate must also
have zero velocity. The distribution of particle velocity is therefore as
shown in Fig. 9-10, with a node at the end and at half wave length from
the end. Fig. 9-lOb is an alternative representation of Fig. 9-lOa.. The
only difference between two adjacent crests such as Band C is that they
have 180° phase difference, the one being negative when the other is
positive and 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 instruments would be as shown in
Fig. 9-lOb.
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If the transmission line of Fig. 9-9 is open at the end instead of being
terminated in a resistance, standing waves of voltage 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 can go to a maximum, so that the
voltage and current distribution are as indicated 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 circuit) and the current can go to a maximum. For this case the
voltage and current distributions shown in Fig. 9-10 are interchanged.
Waves in Three Dimensions. If either the sound tube of Fig. 9-8 or
the transmission line of Fig. 9-9 is left open at the end, a. certain a.mount of

F10. 9--11. Radiation from tho Open End of a Tran.smi88ion Lino or Sound Tube.

the energy escapes or is radiated from the end. This energy spreads out
in all directions in space in the manner shown in Fig. 9-11. Because the
same amount of energy is spreading out through surfaces of ever-increasing
size, the energy that flows through a given area decreases as the distance
from the open end increases. This statement means that the pressure or
electric-field strength, as the case may be, decreases with increasing distance. It is found that both pressure and electric-field strength are
inversely proportional tor, the distance from the source. For the electromagnetic wave,
K
E=-,

r
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where K is a. constant that depends upon the amount of energy radiated
per second.
Because a radio wave released into space becomes weaker as the distance
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 increased by opening the end
out into a horn. The effect
of this enlargement is to set
a larger volume of air into
motion and so increase the Flo. 9-12. Use or a Horn to Increaae Radiation
from the End of a Sound Tube.
a.mount of energy radiated.
Of course this extra radiated energy is furnished by the driving piston; the effect of the horn
is to increase the back pressure on the piston and so ma.kc it do more work.

.)

(a)

~ ~ e - :-:!-~r
(b)

(C)

a I 11111

I 1111 I

11111~

(d)
(e)
Fm. 0-13. End or a TranamiMion Line Opened Out to ln<"rea88 Radiation: (a) Line
before opening out; (b) opened-out line showing l"Urrent distribution; (c) corresponding magnetic field; (d) voltage distribution; (c) corresponding electric field.

In this respect the horn is like a transformer or impedance-matching device
because it matches the low "impedance" of the air to the relatively high
impedance of the driving mechanism.
The end of the transmission line can be "opened out" in a somewhat
similar 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 cross
section of the corresponding electric field are shown in Fig. 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
generator. Here again, the antenna acts as an impedance-matching device
to couple or match the generator to "space."
Dimensions of an Antenna. For efficient radiation an antenna should
have dimensions at least of the order of a quarter of a wave length. The
reason for this can best be seen in Fig. 9-13b. Upon examining the
currents in the turned-back or radiating portions of the line it will be found
that they are in the same direction; likewise, the corresponding magnetic
and electric fields in space will be in the same direction and will reinforce
each other to produce
relatively strong fields.
This reinforcement in
turn means a large
amount of energy radiated. The longer the antenna, 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
Fm. 9-14. Antenna Longer than One Wave Length, length SO that the total
Showing Canceling Current Loope.
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. 9-14). These
reverse currents c~nge the directions in which maximum energy is radiat~d
so that the antenna becomes a directional antenna (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 end, the electromagnetic wave is reflected and sent back up the line
so that there is no net flow 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 radiated into space instead of being
reflected back, and energy is taken from the generator. As far as tht'
generator is concerned, 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
absorb the same amount of power as the antenna is called the radiation
resistance of the antenna. The power absorbed by a resistor is l 2R;
the power absorbed, and therefore radiated, by an antenna is l 2Ra, where Ra
is the radiation resistance of the antenna and I is the current Bowing in
at the feed point.
Mechanism of Radiation. So far, nothing has been said as to how the
electromagnetic waves manage to leave the wires and travel on in free
space where there are no
wires and therefore no currents and no charges. The
mechanism of radiation is
complicated and any simple
picture can but suggest the
Cb)
manner in which it occurs.
(a)
Figure 9-15a indicates the
electric-field distribution
about an antenna at the
instant that the voltage between the two halves of the
antenna is a maximum. As
(c)
Cd)
the voltage goes to zero
the charges upon which
the lines of electric force
end flow towards the center
(the antenna current) and
the lines contract or collapse back to zero. However, it takes a certain
length of time for them
(e)
(f)
to travel outward and
Fm. 9--15. Electric-field Distribution about an
back in again (they move Antenna at Successive Instants over a Complete
with the speed of light); Electrical Cycle.
if, therefore, the voltage
alternations on the antenna are very rapid, the voltage may have reached
zero and be building up in the opposite direction before some of the outermost lines have collapsed. 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 and results in
loops of electric force or electric strain 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 magnetic force also moving
outward with the speed of light. These lines of magnetic force form circles

W)
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about the antenna, the circles increasing in diameter as the field moves
outward.
When electromagnetic waves are guided along wires, there exists both
a moving electric 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 electric field.
It was Clerk Maxwell who pointed out that the intermediate step of charges
and currents is not necessary and that a changing e"lectric fiel.d is equivaknl
to a current, which he called displacement current, and so can produce a
magnetic field directly. In a similar way a moving or changing magnetic
field generates an electric field.
In this manner the propagation of electromagnetic fields in regions where
there are no conductors is explained.
Direction of the Electric and Magnetic Fields. From the above it will be
evident that the direction of the electric field at any point remote from an
antenna is at right angles to a line from the antenna to the point and lies
in the plane through the antenna and the point. This arrangement is shown
in Fig. 9-16, where the plane through the antenna and the point is the
plane of the paper. The direction of the magnetic field is perpendicular to
this plane and therefore
Magnetic Field, H
perpendicular to the elec( perpendicular to paper)
tric field. The strengths
rd
Dire~:~a~~f
, E of both the electric and
magnetic fields decrease
with distance, being inversely proportional to
r, the distance from the
HalfWave - - - - - - - - - - - - A
antenna. Also the fie1d
Antenna
is stronger at points
along lines perpendicuF10. ~16. Direction or tho Electric Field about an
Antenna,
hr to the antenna {such
as along the line 0.-1)
than in other directions making a smaller angle with the antenna (such
as along OP). This relation is expressed by saying that the field strength
is proportional to sin 8 where 8 is the angle between the antenna and the
direction of radiation. When 8 is zero, that is, when the point considered
is directly above the antenna, the field strength is zero. The above relation is true for very short antennas, considerably less than a half wave
long. Longer antennas become directional and may radiate much more st
certain angles than at others.

(:~~;>

10

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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antenna would be a receiviTl{J antenna (Fig. 9-17). As the electromagnetic
waves radiated from a distant transmitting antenna speed by, the electric
field induces a voltage in the
receiving antenna. This volt- Moving with the velocity of light
age alternates in direction at
0
•
the same frequency as the
• •
0
•
voltage in the transmitting an0
•••
tenna. It is also possible to
consider that it is the lines of
0
•
magnetic force moving past
the antenna which generate a
voltage in it. Either point of
• •
•
view is acceptable and both
•
0
lead to the same answer.
However, in calculating the
Electric Field
Electric Field
Up
Down
voltage actually induced in
the antenna, the voltage
Fm. 9-17. Reception of an Electromagnetic
Wave by a Receiving Antenna.
should be considered as the
result of the electric field or
the magnetic field, but not both, since these are but two different ways
of viewing the same phenomenon.
Review Questions and Problems. 1. In connection with wave motion,
define the following: frequency, wave length, velocity of the wave, phase
difference, nodes and loops, transverse and longitudinal waves.

2. Calculate the wave length (a) of a 1,000-cycle sound wave; (b) of a
1,000-cycle radio wave.
Answer: (a) 34.4 cm, (b) 300 km.
J. What are the differences between a standing wave and a traveling
wave? Explain fully.
4. Show how the voltage (as measured by a voltmeter) varies along a
line having zero resistance carrying (a) a traveling wave; (b) a standing
wave.

5. Find the resultant of two waves, each of amplitude A, which differ
in phase by 60°, by (a) plotting and adding instantaneous values, (b) vector
addition. Repeat for phase differences of 90°, 120°, 180°, 270°.
6. Figure 9-5 shows a wave reflected at a boundary without chaTl{Je of
phase. This could be a voltage wave reflected from the open end of a line
or a current wave reflected from the 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 end of a line.
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7. What is meant by the radiation resistance of an antenna?
8. Would one expect to receive much signal on a horizontal antenna
when the transmitting 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 rapidly transmitting information from one point to another. The two principal means for "instantaneous" communication are
by wire and radio. Radio is the only practical means for communicating
with such moving conveyances as boats, 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 transmissions are to be received at a great many points, as in broadcasting to the
general public. The reason for this is that the medium of transmission is
present everywhere and such a physical connection as a wire circuit between the two points of communication is unnecessary.
Radiotelegraphy. The information to be transmitted may take the form
of a message sent in dots and dashes. This method is called radio tel.egraphy. The transmission is instantaneous.
Radiotelephony. The human voice, music, and other sounds may be
transmitted by radio. This method is called radiotelephony. Transmission
by radiotelephony is instantaneous.
Radio Facsimile. It is also possible to transmit the contents of pages
containing written matter and pictures. The page of material is placed in
the transmitting device and a page of blank paper is placed in the receiving
device. By means of electrical impulses transmitted by radio, a reproduction or facsimile of the original page is obtained at the receiving point.
Transmission of information by this means is called facsimile.
Television. The fourth principal means of transmitting information by
radio is. called television. This is the process of transmitting continuous
instantaneous visual pictures of events occurring at a distance. Motion
pictures may also be transmitted. In addition to viewing the action, the
observer also may hear what is going on at the pickup point through transmissions over a radiotelephony channel that accompanies the visual transmissions.
This chapter will be concerned principally with the fundamentals of radiotelegraph and radiotelephone systems.
231
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Audio-frequency Electromagnetic Wave Radiation. It was shown in the
previous chapter that electric waves could be started out in all directions
by causing current to flow back and forth in a wire called an antenna. If
means are· provided at a distant point for detecting these electromagnetic
waves the system can be used for communication.
The system which would first occur to an experimenter would be to connect the output of a microphone and an audio-frequency amplifier directly
to an antenna and radiate waves at the audio frequency corresponding to
the original sound and music. However, there are reasons why audiofrequency electromagnetic waves cannot be used directly for communication without wire connections. It was shown in the previous chapter that
the antenna should have a length which is an appreciable part of the wave
length. The audio-frequency band extends approximately from 30 to
20,000 cycles, dependent on the listeners' ears. The highest audio frequency ordinarily considered in communication work is 10,000 cycles; the
wave length corresponding to this frequency is 30,000 m or 187 miles. The
lowest usable audio frequency is about 50 cycles; this corresponds to a wave
length of 6,000,000 m or 3,720 miles. It bas not been practical to build
antennas much over 1,000 ft high. From the discussion in Chapter 9
on the dimensional requirements for an efficient antenna, it is seen that any
practical height will be a small fraction of the height required for efficient
radiation at these frequencies. Therefore the so-called audio frequencies
cannot be transmitted with an efficiency high enough to be useful for distant
communication.
At audio frequencies, even were it possible to erect an efficient antenna
for the transmission of audio-frequency electromagnetic waves, there
would still be other limitations. It is seen that a communication system
employing audio-frequency electromagnetic radiation directly is impractical.
Modulation. It 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 radiation be used for communication?
It is obvious that a high-frequency radiation which is transmitted continuously can contain no information. However, if the transmission is
turned on and off by a key to form the dots and dashes of the telegraph code,
information can 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 modulation.
If the amplitude of the transmitted power can be varied continuously in
accordance with the complicated variations characteristic of speech or
music, then it is possible to transmit the more complicated information involved in such signals. The impressing of a variation in amplitudc,
whether it is the on-or-off variation of the telegraph signal or the continuous
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and complicated variation of sound, is called amplitude modulation. The
wave upon which the modulation takes place is called the carrier.
Common Use of the Transmission Medium. If only one transmitter and
one receiver were in existence the problem of radio would be very simple.
However, the whole world must use the same medium and thousands of
radio transmitters are operating simultaneously. A given receiver must be
able 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
sensitive to the frequency or frequencies involved in the desired signal and
insensitive to waves at other frequencies.
The useful radio spectrum at present is approximately from 10,000 cycles
up to 10,000 me (1,000,000 cycles = 1,000 kilocycles = 1 megacycle, abbreviated 1 me).
Each radio transmitting station requires a certain segment of the radio
spectrum. Assume that a radio signal is being transmitted on 1,000 kc.
In order to transmit intelligence, the radio signal must be modulated. The
effect of modulation cause." the signal to have components on either side
of its original frequency, as will be explained later in the chapter. The
segment required in the radio spectrum for the transmission of a message
on a given carrier frequency is called a channel. The center frequency of a
channel is the carrier frequency.
The transmitters of the world operate on various channels in the radio
spectrum. There are not enough channels so that each transmitter may
have exclusive use of one. For certain services, a given channel can be
shared, within a short distance of the order of 100 miles; for other services
there can be only one transmitter on the channel in the entire world. The
radio channels of 1,230 kc, 1,240 kc, 1,340 kc, 1,400 kc, 1,450 kc and 1,490 kc
have been set aside on the North American continent for the use of lowpowered transmitters designed to render broadcast service to a single city
and 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 perfonns a useful service to its own community. On the other hand, international code transmitters and international broadcast 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, the propagation characteristics of
radio channels at different frequencies vary greatly. Fortunately, the
entire radio spectrum is useful for one type of service or another. It
would have been unfortunate indeed if it had been found that only a small
segment of the presently known radio spectrum had the optimum characteristic for all services.
There is a shortage of radio channels and they must be used very carefully and wisely. There are many uses for radio transmission besides those
that are in common use today. However, there are 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 each
country. The channels most suited for international transmission have
been carefully divided up among the nations of the world so that each transmitter 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
Communications 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
channels are carefully allocated so that each transmitting 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 North American Regional Broadcasting
Agreement. The parties to this agreement arc Canada, Mexico, Cuba,
Haiti, the Dominican Republic, Newfoundland, and the United States of
America. These countries are so close together that if they did not agree
on certain divisions of the domestic broadcasting channels and certain uniform 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 and proper regulation in each
country, thousands of radio transmitters throughout the world can use the
comparatively few channels of the radio spectrum in the same medium of
transmission.
Radio Communication System. The three principal parts of a communication system are the transmiUing station, the medium, and the receii•ing
station. A block diagram of
Transmitting
Receiving
a
communication system is
Antenna
Antenna
shown in Fig. 10-1. The
transmitting station is composed of a transmitter that
gcnerafos and modulates the
-=:=-=:=radio-frequency power and an
FIG. 10-1. Radio Communication System.
antenna. that produces the
electromagnetic radiation.
The medium conducts the electromagnetic radiation 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 intelligence that is contained in the transmission.
Radiotelephone Communication System. The transmitter and the
receiver of a radiotelephone communication system is shown in Fig. 10-2

r~----------------------~
I

f--L------------------- --~I
Radio frequency section

II

Antenna

I . - - - - . - - - - ~ - - - . ..------.11
I

I
I

Crystal

F
d.
11
Crystal
irst ra 10 Second radio
oscillator
amplifier
amplifier I I
---......____
II

r.-------------- ---, 1

1Microphone r-::--::--1._r-........--, 1I
I
Audio
11
I
amplifier
Modulator I I
I
.__...____. .___ __, I I
Audio frequency section ___
L ____ Transmitter ______________ J

L___
F10.

Termin_ation
unit

Radio frequency
Transmission line
.
Transmitter output

~

Jl

10-2. Radiotelephone Transmitting Station.

and Fig. 10-3. The various components of the transmitter 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 generates energy at the carrier-wave frequency
and amplifies it to the output power of the transmitter. The audiofrequency 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 stages of radiofrequency amplification, labeled first radio amplifier and second radio amplifier. This section of the transmitter produces continuous-wave radiofrequency power. Modulation by the audio frequency takes place in the
modulated amplifier. In order to obtain the audio-frequency power necessary 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 and
this therefore must be amplified. The energy is further amplified by the
modulator. Even though it is an audio-frequency amplifier, the modulator
is so named because it supplies the necessary power for modulation in the
modulated amplifier.
The output of the modulated amplifier is a modulated radio-frequency
wave. The modulated radio-frequency energy is used to excite the antenna
to produce an electromagnetic radiation. The modulated radio-frequency
energy is carried to the site of the transmitting antenna by a radio-frequency
transmission line. This is often several hundred feet long. The termination unit couples the transmission line to the antenna.
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The medium conducts the radiation from the transmitting antenna out
into space.

Medium. Electromagnetic radiation is conducted out through space at
the speed of light. The behavior of electromagnetic waves, or radio waves
as they are commonly called, is well known. However, little is actually
known about the me,dium that carries them from the transmitting antenna
to the receiver. The me,dium, 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
flow in the receiving antennas. Referring to Fig. 10-3, it is seen that the
first important component of a receiver is the aelective circuit. If no selective circuit were used the receiver would respond to a number of transmissions at once, causing interference with the desired signal. The selective circuit is tuned to allow only the desired signal to pass into the receiver.
The radio-frequency signal is demodulated or detected in the detector so as to
Antenna

Selective
circuit

Radio freq•

uency ampli·
tier

Detector

Audio

amplifier

F1a. 10-3. Radio Receiver.

obtain, in the form of audio-frequency currents, the intelligence transmitted
by the radio-frequency signal. In order to increase the sensitivity of the
receiver, thereby extending 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 practice 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 earphones is used on the output of the detector. If it is desired to listen to a
loudspeaker rather than earphones, then the weak audio frequency from
the detector is amplified to the proper level to operate the loudspeaker.
This audio-frequency amplification is shown in Fig. 10-3. In most receivers, andio-frequency amplification is provided even for earphone reception.
There a.re two principal types of receiver, the radio-frequency receiver
(RF receiver) and the superheterodyne. The one shown in Fig. lo-3 is
a RF receiver and employs straight detection.
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Superheterodyne Receiver. The superheterodyne type of receiver is
more sensitive and tunes sharper than does the radio-frequency receiver.
The block diagram 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
adjustedao 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-!requency 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
First
detector

Local
oscillator

Tuned radio
frequency
amplifier

First
detector

Local
oscillator

455 KC
Intermediate
frequency
amplifier

Second
detector

Earphones

(a) Simple superheterodyne receiver

Intermediate
frequency
amplifier

Second
detector

Audio
amplifier

( b J Refined superheterodyne receiver

Fm. lo-4. Supcrhotcrodyno Rocoivor11.

Fig. 10-4b. Another important reason for adding the radio-frequency
amplifier is discussed in Chapter 13. In order to increase the audio-frequency output of the receiver an audio amplifier is added after the second
detector.
The superheterodyne type of receiver is used almost to the exclusion of
the radio-frequency receiver.
Radiotelegraphy. How a radio-frequency signal can be modulated has
already been explained. The carrier may be modulated in such a way as
to produce combinations of dots and dashes forming a code. This form of
communication is called radiotelegraphy. There are two types of radiotelegraph. These are continuous-wave (CW) and interrupted continuouswave (!CW).
Continuous-wave (CW) Radiotelegraphy. The carrier wave itself may
be interrupted in such a fashion as to form dots and dashes which constitute
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code transmissions. Figure 1~5 shows graphically what happens to the
wave. A telegraph key may be used to start and stop the carrier waYe
indirectly. Referring to Fig. 1~5, 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 transmitting
two impulses or radioDOT
DASH
frequency groups that
1,000,000 per second-JlrTime may be interpreted by
a. receiving system as
being a dot and dash.
-~/10~3/10
- Assume that the carrier frequency in use is
Time in Seconds
1,000 kc. The impulses
Fxo. 10-5. Continuous-wave (CW) Telegraph. (The
received
will be at
waves are sine waves. They are shown as straight linea
1,000 kc. This frofor convenience only.)
quency is much a.hove
the audible range. A continuous-wave (CW) receiver has incorporated in it
a radio-frequency oscillator. Adjusting the oscillator 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, that is, 1,001 - 1,000 = 1 kc.
The 1-kc or 1,000-cycle component may be used to actuate a. pair of earphones or a. loudspeaker to produce an audible tone. It is seen that the
transmission of the dotsa.nd dashes on 1,000 kc produces impulses that will
actuate earphones or a. loudspeaker to produce audible tones of 1,000 cyclrs.
Interrupted Continuous-wave (ICW) Radiotelegraphy. Besides CW, the
other principal method used for radiotelegraphy is intermpted continuous-

M

j_

~VWMNW-Time

-~Time
(bl Audio frequency wave

( a I Radio frequency wave

( c I Modulated radio frequency wave

Flo. 10-6.

Modulation of a Radio-frequency Wave.

wave (ICW). In this method the carrier is modulated at a. fixed 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 in
Fig. 10-6a. The audio-frequency wave shown in Fig. 10-6b is low in fre-
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quency compared to the radio-frequency wave shown in Fig. lo-6a. An
audio-frequency wave (such as that shown in Fig. lo-6b) can be combined
with a radio-frequency wave (such as that shown in Fig. lo-6a) in such a
way that the audio-frequency wave varies the magnitude of the radiofrequency wave exactly in accordance with its own wave form. The result
of this operation is an amplittuJe..modulaied wave and is shown graphically
in Fig. lo-6c. The heavy lines in Fig. lo-6c form what is called the modulation envelope, which is
a replica of the modulat- E
ing audio-frequency
wave. If a more complicated signal were used, the modulation envelope
would still follow it in
detail.
FIG. 10-7. Envelope or Modulated Radio-frequency
In radiotelephony the
Signal over Short Period or Time.
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. HHi. Figure 10-7 shows graphically what the envelope of a radiotelephone modulated wave might look like over a period of short duration.

Side Frequencies. Analysis of the electrical circuits is always on the
basis of simple sine waves. It is apparent that the modulated wave shown
in Fig. lo-6 is not such a simple sine wave. It may be shown both by
mathematics and experiment that this wave really contains three frequencies. These are
lo (called the carrier wave),
lo - l1 {called the lower side frequency),
lo+ l1 (called the upper side frequency),
where 11 is the signal or modulation frequency. As an example, if lo is
1,000 kc and /1 is 1,000 cycles, then the resultant waves will have frequencies of 999 kc, the lower side frequency;
Carrier
1,000 kc, the carrier wave, and 1,001
kc, the upper side frequency.
lower
Wiler
Side-frequency
Side-frequency
Figure 10-8 shows a so-called spectrum analysis of such a wave.
999
1000
1001
frequency in kilo-cycles
SIDE BANDS. If the modulating sigFio. l0-8. Side Frequencies in Modunal contains several frequency compolation.
nents, each component will produce an
upper and lower side frequency. The
group of lower side frequencies is called the lower side band, and the group
of upper side frequencies the u-pper side band. The width of each band is
equal to the highest frequency component of the signal to be transmitted.
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Therefore the total width of the segment occupied in the spectrum by an
amplitude-modulated wave is twice the highest frequency in the signal.
Receiver Selectivity. In order to receive satisfactorily a modulated
wave, it is necessary that the receiver be able to accept the band of frequencies that is transmitted. It is also
Response
necessary that the receiver reject signals
on other frequencies. The dotted lines in
Fig. 10-9 show an ideal response characterr----- ----7
istic for a receiver. The carrier wave of the
received signal is 1,400 kc and the highest
modulation 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 cannot be obtained.
Figure 10-lOa shows the response curve
of a typical tuned radio-frequency receiver.
Figure 10-lOb shows the response curve of a
typical superheterodyne receiver. Assume
that the transmitter carrier is on 1,400 kc
1395
1400
1405
Frequency in kilo-cycles
and that the highest modulation frequency
Flo. 10--9. Ideal Selectivity Reis 5,000 cycles. The desired frequency reapoDBe 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 of 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 curve, as shown in Fig.
10-lOb, however, comes the
( a l RF receiver
(bl Superheterodyne
closest. It will therefore receive
(C) Ideal
the desired signal and still not .,
"'0C
respond, to any great extent, C.
to signals on other frequencies. a:"'.,
On the other hand, the response
curve of the radio-frequency
receiver, as shown in Fig. 10lOa, shows an appreciable re1550 1500 1450 1400 1350 1300 1250
Frequency in kilo-cycles
sponse even at 1550 kc and
at 1250 kc. Such a radio-fre- Fxo. 10--10. Selectivity Response Curves of
quency receiver would be subReceivers.
ject to a great deal of interference from other stations between 1,250 and 1,550 kc. Relatively, th<'
superheterodyne 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?
Z. What are the four principal types of radio communication?

J. Why is it that audio-frequency electromagnetic wave radiation
cannot be used for communication?

4. What is modulation?

5. Name the three principal parts of a communication system and
briefly tell what each does.
6. (a) Describe an amplitude-modulated radio transmitter.
the function of each part.

(b) Tell

1. What is known about the medium of transmission for radio communication?
8. What function docs a receiver perform?
9. (a) Name the principal parts of a receiver.
docs.

(b) Describe what each

10. Name the two ~eneral types of receivers and describe how they
function.
11. What is the difference between continuous-wave (CW) and interrupted continuous-wave (ICW) radiotelegraphy?

12. What are side frequencies?

IJ. What are side bands?
14. Why is selectivity important in receivers?

CHAPTER 11

Radio-frequency Amplifiers and Detectors
Radio-frequency Amplifiers. Radio-frequency amplifiers are used in
both transmitters and receivers for the purpose of amplifying a radiofrequency voltage or power.
Fundamentally, vacuum-tube amplifiers operate in the same way regardless 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 the proper load impedance. The circuit
diagram of a conventional resistance-coupled audio-frequency amplifier is
shown in Fig. 11-la. The bias for vacuum tube Tis obtained through the
resistor R. The signal input voltage is impressed across Ras well as across
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 to work into. Assume that R and R1 are pure
resistances. Over a wide frequency range the vacuum tube T functions
as an amplifier.
An amplifier such as that shown in Fig. 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 amplifier 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 that a parallel circuit, consisting of an inductance and a capacity, has a relatively high impede.nee at the antiresonant frequency. It was also sho"'.n that the parallel-circuit impedance
rapidly decreased on either side of the antiresonant 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 inductance L and the capacity Ca form a parallel antiresonant circuit. By
proper selection of L and Ca, the impedance across points a and b may be
• In the radio trade, radio-/requ;mcy amplifiers, chokes, and so forth are commonly
called simply radw amplifiers, chokes, and so forth. When there is no likelihood of
confusion, thill practice will be followed in this book. So also for audi-O-frcq1umcy and
audw.
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made large for any given radio frequency. The amplifier will therefore
function properly at the resonant frequency. Because 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 load
resistance R1 of Fig. 11-la.
The use of a parallel resonant circuit as a load impedance for a vacuum
tube is important in
transmitters. The resistor R, of Fig. 11-la
wastes plate-supply
Input
power. In itself this is
unimportant in radiofrequency amplifiers
used in receivers, be- 11~---~11 +
cause of the low power.
Plate Voltage
(a) Resistance coupled amplifier
The relatively high
powers involved in
radio-frequency amplifiersused in transmitters
require that efficiency
Ci
be carefully considered.
The parallel-resonant~ circuit load impedance
avoids the loss of power.
Input
Another important consideration is that the
plate voltage must be
raised to compensate for
the drop in the resistor
+
Plate Voltage
R1. In Fig. 11-lb the
(bl Resonant circuit coupled amplifier
plate current flows
F10. 11-1. Resistance- and Resonant-circuit-coupled
through the inductance
Amplifiers.
L. The resistance of
the inductance to
direct current is negligibly small compared with that of R1 in Fig_
11-la.
The selectivity of the parallel resonant circuit is somewhat important
in transmitters but not to the extent that it is in receivers.
The inductance or radio-frequency choke marked RFC in the circuit
diagram of Fig. 11-lb is an air-core inductance presenting a high impedance
at radio 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-lb, are therefore extensively used in transmitters for
feeding bias voltage to a radio-frequency amplifier vacuum tube.
The principal difference between a Class A resistance-coupled audio
Hmplifier circuit and a radio amplifier circuit is that parallel resonant
circuits are used in the latter for coupling. In addition, bias voltages are
usually fed through radio-frequency chokes. However, resistances are
sometimes used in low-powered radio amplifiers.
Resonant-drcuit Coupling for Radio Amplifiers. In audio-frequency
amplifiers, the coupling devices are usually transformers, resistances, or
impedances. Parallel-resonant-circuit coupling is usually used in radio
amplifiers.
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 important 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 ll-2a shows a parallel resonant circuit consisting of a capacity
C in parallel with inductance L which is in series with resistance R.
ANTIRESONANT FREQUENCY. The impedance Z looking into terminals
X-X is a pure resistance at antiresonance. The circuit shown in Fig. 11-2a
has the approximate constants for resonance at 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 example, the
IO-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 a specific carrier frequency,
s!.lch as 1,000 kc. In radiotelephony, however, the amplifier must also
properly amplify the side bands.
Referring to Fig. 11-2a, assume that the circuit is resonant under three
conditions, namely R equals 0, 10 ohms, and 100 ohms. It is also assumed
that there is no appreciable resistance in the condenser C, which is true
in a well-constructed condenser up to the ultrahigh frequencies; and that
L is a pure inductance and has no resistance, 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. 11-2a appears as a pure resistance
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at 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. Curve B shows Z when the resistance is 10 ohms. If
x-----the highest moduL
50 Microlation audio frelmpedancehenries
Z
quency is 10,000
cycles, the band of
R
frequencies to be
(a) Parallel resonant circuit
transmitted is from
990 to 1,010 kc.
Curve B shows that
Curve A- R equals zero
the impedance
B- R equals 10 ohms
C-R equals 100 ohms
varies somewhat
over this range. A
1 2 . 0 0 0 - - - - - - - - -...........-....-------...
radio amplifier can
z
work satisfactorily
with this difference
10,000 t - - - + - - - - - - - t + - , , k + + - - - - - - - - - t
if simple precautions are taken.
Curve C of Fig. l 12b is a plot of Z
when R is equal to
100 ohms. Over the
band of frequencies
from 990 to 1,0lOkc
the impedance is
substantially equal
at all frequencies.
However, it is to be
noted that the impedance Z is much
C
0 .__......__ _ _ _ _ ____.__._.....__ _ _ _ _ __.
lower than that
900 Frequency in KC
1000
1100 usually required for
990 1010
( b) Frequency, impedance characteristic of parallel circuit
the plate load of a
vacuum tu be. If an
F10. 11-2. Impedance of Parallel Circuit.
attempt is made t.o
make the impedance characteristic too flat, the impedance at antiresonance is then too low to operate as a coupling device for a vacuum tube.
HARMONIC SUPPRESSION. Vacuum tubes generate harmonics that produce undesirable radiations when coupled to an antenna if precautions
arc 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 harmonic frequencies may result. The curves of Fig. 11-2b extend only up to 1,100 kc.
However, it can be seen that if they were extended to 2,000 kc the value
would be very low. The harmonics are reduced because the amplifier
would be working into a 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 width to the lowest band frequency and not on
the band width 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 .----.-------.-----,.----.----.----,

8,0001----+-------+-----+----+-----i

4>

.

6,000 1----+------t-------t,tt----+----+-----i

u

C

"C

8.
_g 4,000 >----+-----------------t

2,000 1----+-------+----+it+---+----+-----i

0 ...__...__ _ _ __..._ _....__...__ _...__5000 10,000
50
100
500
1000 2000
Frequency in Cycles
F10. ll-3. Parallel Resonant Circuit at Audio Frequencies.
cal Constants Equivalent to (B) of Fig. 11-2.

Electri-

20 kc, is 2.02% of the lowest frequency, 990 kc, of the band. This ra~io
corresponds to an audio-frequency band of 990 to 1,010 cycles. The
electrical equivalent of Fig. 11-2a 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/radian (per cent) of band width. The impedance Z of such a circuit
is plotted in Fig. 11-3. It is seen from Fig. 11-3 that the resonant circuit
presents a high impedance only in the neighborhood of 1,000 cycles and
that over the rest of the audio band, from 50 to 10,000 cycles, the impedance
is very low. This impedance curve causes a great difference in amplification at frequencies other than 1,000 cycles. Resonant circuits therefore
cannot be used as coupling devices in audio amplifiers, whereas they may
be used and are desirable in equipment designed to handle an equal band of
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frequencies after it has been transferred to a higher place in the radiofrequency spectrum.

Radio-frequency Amplifier Circuit. The fundamentals of all classes of
radio 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 resonant 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, as in
.-4=::---.---,r-1~N
radio receivers.
I~
Output
The signal input voltage e, to be
J?:nu~,
,__,..
M
amplified is impressed on the grid
Vol1 e-e.
through terminals I-1. The bias
voltage E, reaches the grid through
the radio-frequency choke RFC.
RFC prevents the radio-frequency
input signal voltage from being
F10. 11-4. Simple Triode Radio Amplifier.
shorted through the bias supply.
The radio-frequency by-pass condenser C2 is of such a value that points a-a are at the same radiofrequency potential without shorting the plate 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 C1
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 across the output terminals.
Output terminal M is· effectively connected to the other end of the
resonant circuit through capacity C2. Whatever radio-frequency voltage
develops acroS!: PQ also appears across the output terminals NM.
There are actually many different ways for coupling the signal input
voltage into an amplifier and for coupling the output of the amplifier to
the load. There are also many methods for connecting the bias voltage
to the grid, and there arc 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 radio amplifier. Four different methods are shown in Fig. 11-5. L and C in Fig.
11-5a represent the output circuit of a radio amplifier. The radio-frequency input voltage is impressed upon the grid of the tube through the
radio-frequmcy blocking condenser C1• .Radio-frequency choke RFC
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prevents the bias supply from shorting the radio-frequency voltage between
the grid and filament. The blocking condenser C1 prevents the plate
voltage of the preceding amplifier from being impressed on the grid.
C and L, represent the input tuning circuit to the radio amplifier in
Fig. 11-5b. The resistor R is the cathode bias resistor. Condenser C1 is
a radio-frequency by-pass around the cathode resistor, therefore effectively
placing the input voltage directly across the grid and cathode. In Fig. 11-5c
the condenser C and the inductance L represent the output circuit of a
preceding amplifier. L induces a radio-frequency voltage into L 1. Condenser C1 by-passes the radio-frequency voltage directly to the cathode,
thereby impressing the voltage from L 1 across the grid and cathode. The
circuit shown in Fig.
11-5d may be used
where it is desirable to
use a separate bias supply and still be able to
ground one end of the
tuning condenser. As
may be seen from the
diagram, condenser C
is grounded at one end.
The condenser C1 is
large enough so that it
is a short circuit for
(d)
radio frequency. It
prevents the bias volt- (c)
age from being shorted.
F10. 11-5. Typos or Radio-amplifier Input Circuits.
The bias voltage is fed
to the grid of the tube through inductance L1. Radio amplifier input circuits may take many different forms. The four shown in Fig. 11-5
are typical.
Single-ended Radio Amplifier Output Circuits. There arc many diff<>rent types of output circuits that may be used with radio amplifiers. The
general fundamentals of most of these are illustrated in Fig. 11-6. In
Fig. 11-6a, Land C comprise the tuned output circuit. The plate supply
is fed to the plate of the tu be through inductance L. C2 is a radio-frequency
by-pass condenser effectively connecting one end of the output circuit to
the filament. Condenser C1 allows the passage of the output radio frequency but stops the plate voltage from being impressed upon the output
terminals. The plate supply is said to be series fed because the plate voltage is fed in series through the tuning inductance L to the plate.
Figure 11-6b illustrates 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 diagram, the plate voltage and the output circuit
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are, in effect, in parallel. The radio-frequency choke RFC prevents the
radio energy from passing into the plate supply and the condenser C1 prevents the D C. plate voltage from passing into the tuning circuit. Inductances Land Lt form a radio-frequency transformer. The output of
the amplifier is inductively fed from L to Li.
A somewhat different type of output circuit is shown in Fig. 11-6c.
In this circuit tuning is accomplished by the variable capacity C. Inductances L 1 and Lt 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. 11-6d.

c,

L

B =f-,

~-{~,.

jL,O:mput

~

(b)

c,

-~~+
(c)

-

B

+

(d)

F10. 11-6.

Typee of Singl&-ended Radio-amplifier Output Circuita.

Inductance L and condensers C and C2 form the output tuning circuit.
In this circuit the output of the amplifier is obtained from across condenser C2. This type of circuit helps to reduce harmonics.
Output circuits such as those shown in Figs. 11-6a, b, dare used extensively in transmitters. The output circuit shown in Fig. 11-6c is extensively used in receivers. Variations of Fig. 11-6a are also used in receivers.
Grid-bias Voltage Supplies. Grid-bias voltage may be supplied to an
amplifier 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, Land Li represent the input and output circuits respectively of the amplifier.
Figure ll-7a shows a 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-cycle A.C. source
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because the bias voltage can readily be supplied by other means. Socalled cathode biasing is shown in Fig. ll-7b. The resistor R is in series
with the cathode of the tube. The plate current drawn by the tube
returns to the cathode through the resistor R and therefore there is a
D.C. voltage drop across the resistance. The polarity of this voltage is
positive at the cathode end and negative at the other end. By connecting
the grid return lead as shown in Fig. ll-7b, the grid is biased negative in
relation to the cathode. The voltage a.cross resistor R is equal to the
plate current multiplied by the resistance. By using the proper value of
resistance, the proper bias voltage is obtained for the amplifier.
Figure 11-7c shows cathode biasing except that the grid return is made

L~tl
Battery "'='" -

+

( a ) Battery Bias

L(fl+___ L1
L
-

B

9-

+

( b) Cathode Bias
( c) Adjustable Cathode Bias

~

~'Lf•1+
( d) Plate Supply Voltage
Divider Bias

( e) Rectified Power
Supply Bias
F10. 11-7. Grid-bias Voltage Supplies.

(f) Grid Leak Bias

to the arm of a potentiometer 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
plate supply. The voltage divider is composed of resistance R1 in series
with a potentiometer R. The flow of current through the voltage divid<>r
is such that negative bias is supplied to the grid of the tube.
Biasing such as is shown in Fig. ll-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 variation of that in Fig. ll-7b and has a limited use in experimental
and test equipment. The use of biasing as shown in Fig. 11-7d is principally limited to low-powered amplifiers such as those in receivers. How•
ever, it is not in such general use as is the biasing shown in Fig. ll-7b.
Figure ll-7e shows a method of biasing that is extensively used in
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In this method a separate rectifier is used to supply the

Grid-leak biasing is shown in Fig. 11-7f. This type of biasing is used
extensively in transmitter radio amplifiers, particularly in code tran&mitters. When the radio-frequency grid input voltage exceeds the bias
voltage, an amplifier draws grid current. As shown in Fig. 11-7f, the
grid current returns to the filament through the radio-frequency choke RFC
and the resistor R. The flow of current through R produces a voltage drop
across R and this drop biases the grid of the tube. Grid-leak bias has 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 through R.
W.ithout 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 the 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 a safe value in
the event that the signal input voltage to the grid of the tube is removed.
Voltage and Power Amplification. The terms voltage amplification and
power amplification have the same meaning in radio amplifiers that they
have in audio amplifiers, as explained in Chapter 7.

Radio Amplifier Classifications. Radio-frequency vacuum-tube amplifiers divide into three classes dependent on the method of operation.
These are Class A, Class B, and Class C.
CLASS A AMPLIFIER.• A Class A amplifier is an amplifier in which the
grid bias and aUernating grid voltages are such that plate current in a spe.c:."fic
tuhe flows at all times.

Class A radio amplifiers are usually used for voltage amplification.
Their efficiency and power output are low.

CLASS B AMPLIFIER,• A Class B amplifier is an amplifip in which the
grid bias is approximately equal to the r;utojf value, so that the plate current
is approximately zero when no exciting grid voltage is applied, and 80 that
plate current in a specific tuhe flows for approximately one half of each. cycle
when an aUernating 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 greater than the cutoff value, so that the plate current
in each tuhe is zero when 1W alternating grid volta9e is applied, and so that
p!:iie current in a specijfo tube flows for appreciably less than one half of each
cycle when an aUernating grid voUage is applied.
• The definition in italic11 is from the Standards on Electroni<'s by the Institute of
Hadio Engineers.
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Class 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.
Radio amplifiers operate much the same as do audio amplifiers. One
principal difference is that 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.
Class C amplification may be used for some radio amplification applications but not for audio amplification. Class C produces the highest plate
efficiency and the highest power output. This efficiency is important
where large amounts of radio-frequency power are involved, as in radio
transmitters.
CLASS B AUDIO AMPLIFIER. Class B audio-frequency vacuum-tube
amplifiers operate in a manner similar to Class B radio amplifiers. They
are frequently associated with radio-frequency equipment as mooul.ators.
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
Class A radio amplifiers are high voltage amplification, faithful reproduction 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 platesupply power used by radio amplifiers in receivers is small and therefore
power efficiency is 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 eliminated the use of Class A radio amplifiers in transmitters.
The radio amplifier shown in Fig. 11-4 could operate as a Class A radio
amplifier if the input and output impedances were of the right value and
if the bias voltage, the plate voltage, and the signal input to the grid were
proper.
Figure 11-8 shows the relation b~tween 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 curve of a vacuum tube with a load and
is a plot of the plate current 111 as the grid voltage E, 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 vacuum tube
will be a faithful reproduction of whatever signal input voltage is impressed
on the grid circuit of the vacuum tube.
The bias voltage E, 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

Plate Current

Ip

-Time

-Bias

Fru. 11-8. Grid-voltage-Plat&-currcnt Relations in CIWIS A Amplification
of a 100% Modulated Radio-frequen~y Wavo.
Proper Operatfon.
(Tho waves are sine waves. They are
shown as straight lines for convenience only.)

waves. In Fig. 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 radio-frequency current ip to flow in the plate circuit
during a corresponding time interval of e1 to /1, The time interval f to g
indicates 100% modulation of the carrier wave by an audio frequency.
A modulated wave impressed on the grid circuit causes a current to flow
in the plate circuit of the tube during the corresponding time interval
/1 to g1. The modulated radio signal voltage input to the grid is faithfully
reproduced in the output of the tube because the operation has 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 amplifie~
is low. For the same reasons 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 the carrier. Bothe. 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
E,,. must not exceed the portion of the characteristic curve between c and d.
In order to provide for 100% modulation it is necessary to reduce the carrier 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 ha.If. 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 OPERATION. Improper operation of a Class A radio amplifier
results if operation on the characteristic curve takes place below point c
or above point d in Fig. 11-8.
If operation extends below point c, part of the operation takes place on

-Bias c

FIG. 11-9.
Grid-voltage-Plate-current Relation in ClB88
A Radio Amplification. Improper Operation, Becaueo Bi88
Voltage is too High.
Time

a curved portion of the characteristic curve and therefore faithful reproduction is not obtained. Figure 11-9 illustrates this type of improper operation. The bias voltage E, 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 f to g. 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 necessary on the grid to obtain the desired output. Class A amplifiers are used
to obtain high voltage
amplification, and
Plate Current
therefore high-impedance input and output
circuits are used.
Owing to the highimpedance input circuit, grid current cannot be allowed to flow
in a Class A amplifier.
FIG. 11-10. Grid-voltag&-- Improper operation of
Pia te-curren t Relation in a Class A radio am1 Class A Amplification of a
I 100% Modulated Radio-fre- plifier, where grid cur1 quency Wave. Improper rent is drawn over
I Operation. Because Bias Volt- part of the operation,
I age E ia too Small.
is shown in Fig. 11I
10. The bias voltage
E, is exceeded by the
peak grid signal voltTime
age input e,,, during
part of the time, and
therefore the grid draws current when it is positive during the portion
of time when e,,, exceeds E,. Operation over the characteristic curve
between c and d is linear, and therefore the input voltage is faithfully
reproduced over that portion of the curve. Over the portion of the curve
from d to e 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.
The D.C. 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 during modulation
and the D.C. plate ammeter will change indication. If 100% modulation
is not exceeded and the input modulated wave is sinusoidal, 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. plate ammeter during modulation.
PLATE DISSIPATION LIMIT. A given tube will dissipate only a certain
amount of power in heat without being damaged. Class A radio amplifier
tubes in receivers can have a plate dissipation which is large compared to
the small amount of plate input power required, so there is usually 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 safe
plate dissipation of the tube is not exceeded. Referring to Fig. 11-8, the
bias voltage E. 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% modulated power output of the amplifier is limited then because 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 capacity 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 fee,d, back 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 triode as a radio amplifier. It is possible to
counteract the energy feedback from the plate to the grid. This process
is called neutralization. In Fig. 11-lla C-w represents the interelement
plate-to-grid capacity. Energy from the output of the tube is fed from
plate to grid through C-w, This feedback usually causes oscillation. The
feedback through Cw may be neutralized; how this 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 made 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 through the
capacity Cpg• The voltage from M to O is opposite in polarity or 180°
out of phase with the voltage across MN. The voltage across MO causes
a current to flow through the neutralizing condenser C,. to the grid. If
capacity C,. is made equal to the plate-to-grid capacity C-w, then the same
voltage is fed to the grid through C,. as is fed through Cw. Inasmuch as
the resultant voltages on the grid are equal and of opposite phase, they
cancel out at the grid of the tube, thus preventing oscillation.
Neutralization may be accomplished in a great many manners. Figures
11-llb and 11-llc show two practical forms of plate neutralization.
C,. in both cases is the neutralizing condenser. In practice the neutralizing
condenser is made variable and of a capacity in excess of the plate-to-grid
capacity. The reason for this higher capacity is that stray capacities
between wiring and pieces of equipment in the circuit will require a neutral-

258

RADIO-FREQUENCY CIRCUITS

[Chop. 11

izing capacity higher than the plate-to-grid capacity. The type of neutralization shown in Figs.11-llb and 11-llc is called plate neutralizatwn
because energy is fed from the plate circuit back to the grid.
Grid neutralization may also be employed. This type of neutralization
is illustrated in Fig. 11-lld. The operation is identical with plate neutralization 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 transmitters. C1111 represents the plate-to-grid capacity
of the tube. Condenser C and inductance L represent the neutralizing
circuit. Inductance L, of the proper value, i's connected from plate to grid.
In practice, a condenser C is inserted in series with inductance L so that
the plate voltage is not impressed on the grid of the tube. The current fed

~
Cn~
(a) Neutralization

i-----11----1 B

.
+
( b) Plate Neutralization
( c) Plate Neutralization

c~
( e) Direct Plate to Grid

Neutralization
( d) Grid Neutralization
FIG. 11-11.

Types of Neutralization for Radio Amplifiers.

from the plate to the grid through inductance L is out of phase with the
current fed through Cpg. If L is of the proper value then the resultant
voltages on the grid will be equal and out of phase. The voltage fed
back through C11g is neutralized on the grid by the voltage fed through
inductance L.
Another type of neutralization is illustrated in Fig. 11-16. In push-pull
the neutralization is usually what is called cross neutralization. The two
condensers in Fig. 11-16 labeled Cn are the neutralization condensers. .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 amplifiers. The principal advantages are large voltage or power amplifi<:".ation
per stage, and freedom from the need for neutralization. The elements
in a pentode are the filament or cathode, control grid, screen grid, sup-
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pressor grid, and plate. The suppressor grid is located in the tube between
the plate 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 diagram of a pentode radio-frequency amplifier.
In the vacuum tube T, G 3 is the suppressor grid. There is an interelement capacity between the plate and the suppressor grid. AB may be
seen from the diagram, because of the radio-frequency by-pass condenser
Ca, this capacity is virtually across the output inductance La and thus
forms part of the output circuit. There also is an interelement capacity
between the suppressor grid Ga and the control grid G1. This capacity is
virtually across the grid input circuit and therefore becomes part of the
input tuning circuit. The two capacities are independent of each other
owing to the fact that the suppressor grid is connected to the cathode of
the tube. The capacity from the plate to the control grid G1 is, for all
practical purposes, not present. As a practical matter, there is a slight
capacity present between the plate and the control grid through the meshes
of the suppressor grid and the screen grid. The grid-to-plate capacity of
a typical pentodc 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 grid reduces
the plate-to-grid capacity to a value so small that it cannot feed enough
energy back from the plate to the grid circuit to cause oscillation. The
suppressor grid, accordingly, eliminates the need for neutralization.
Capacitive or inductive coupling between the plate and grid circuits of a
radio amplifier, if of sufficient value, will cause oscillation. Referring to
Fig. 11-12, if the output circuit coils La and L, are placed in inductive
relation to the input circuit comprised by L 1 and Li, there will be a feedback
causing oscillation. Oscillation could also be caused by running the leads
from the grid and plate too close to each other. Other circuit components
of the input and output circuits, if placed in proximity to each other,
may cause enough feedback to make the vacuum tube oscillate.
Shielding. Shielding is resorted to in order to prevent oscillation from
taking place as a result of these cau,;es. The pentode 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
a.re made with a metal envelope instead of glass. These tubes arc selfshielded and usually require no further shielding. The input and output
coupling circuits also should be shielded. Usually the tuning inductances
arc fully shielded and limited shielding is sometimes employed around the
variable tuning condensers. Small by-pass condensers are 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 the 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 the individual components
are quite well shielded from each other, and therefore from components
of other stages of the amplifier.
In triode amplifiers it is not so important as in other types to keep the
various elements 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 sometimes shielded. Shielding the tuning inductances is usually sufficient in
receivers and low-powered transmitters. In high-powered transmitters,
in addition to shielding the individual tuning circuit inductances, each
amplifier stage is often shielded completely.
Typical Pentode Radio Amplifier. Figure 11-12 is a circuit diagram of a
typical pentode radio-frequency amplifier. The fundamentals of the

i'Jtutput

L.

n

L,

,,,:j

RFC

+

Plate Supply
Voltage (B)
F10. 11-12.

Diagram of Pent.ode Radio-frequency Amplifier

circuit are the same whether the amplifier is used in a receiver or in a transmitter. An indirectly heated cathode is shown in Fig. 11-12. This type
of cathode is common practice where pentodes are 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 Li and C1. The signal input voltage impressed on L1 is induced into
Li. Li and Li comprise a radio-frequency transformer. L. and
induc-tively couple into the plate circuit through the transformer formed by L1
and L 3• This sequence constitutes the output resonant circuit of the amplifier. The plate of the vacuum tube receives its current through RFC and
L3. RFC is a radio-frequency choke and along with by-pass condenser C,
stops the radio-frequency energy from passing through to the source of the
plate voltage. The need for this blocking will be discussed in detail in a
later paragraph of this chapter. The screen grid 02 receives its voltage
through r<>sistor R2• Screen grids usually operate at a voltage a little bit
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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 voltage on the screen grid 0 2 •
Condenser C2 is a radio-frequency by-pass from the screen grid to the
cathode circuit. R2 and C: fonn a fiUe:r to keep the radio-frequency from
passing through to the plate supply. Resistor R1, connected between the
ground and the cathode, is called a cathode resistor. The current drawn
from the plate supply by the plate and the screen grid 02 passes through
resistor R1 to the cathode, causing a voltage drop in R1, The voltage
across R1 has the polarity Rhown in the diagram of Fig. 11-12. The control
grid 01 is connected to the negative end of R1 through inductance ~Owing to the polarity of the voltage drop in resistor R1 the control grid is
negative in respect to the cathode. By proper selection of resistor value,
the bias on the control grid may be set at the proper operating value.
Condenser C is a by-pass condenser and serves two purposes. It is virtually a short circuit for radio frequency and therefore the input resonant circuit is effectively connected across the cathode and control grid.
Condenser C also effectively by-passes the radio frequency around the
resistor R1.
Figure 11-12 is schematic of a practical circuit hookup of a radio amplifier. Many circuit variations are possible. There is no one circuit which
is more fundamental than any one of a number of others. The class of the
amplifier, the service that it is to perform (for example, whether it is used
in radiotelegraphy or radiotelephony), and the power that the radio amplifier is to handle govern, to a marked degree, the specific circuit that is used
and the values of the component parts.
Screen-grid Voltage Supplies. In some applications the voltage to the
screen grid of a tetrode or pentode is the same as the plate voltage, and in

B

(8)

FIO. 11-13.

Scroen-grid Volt.age Supplies.

such applications the screen grid is connected to the positive terminal of the
B or plate supply. Usually, however, the screen grid operates at a voltage
lower than the plate voltage. There are two principal means for obtaining
the lower voltage from the plate supply. The two methods are shown in
Fig. 11-13. L indicates the output circuit of the vacuum tube. A resistor
R is shown in series with the screen grid 02 in Fig. 11-13a. The screen
grid draws current and therefore there is a voltage drop across the resistor
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R. The net voltage on the screen grid is the plate-supply voltage minus the
voltage across the resistor. The second principal method of obtaining the
lower screen grid voltage is shown in Fig. 11-13b. A potentiometer or
voltage divider is connected across the plate supply. A tap at the proper
voltage is taken off the voltage divider to supply voltage to the screen
grid G2.
Tetrode Radio Amplifiers. Tetrode or screen-grid tubes contain a
filament or cathode, control grid, screen grid, and plate. 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. In 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 paragraph mention was made of fiUering circuits in the plate and screen-grid
leads from the plate-supply sources. The necessity for isolating various
circuit components from each other has also been discussed. The importance of isolating cascaded amplifiers from each other was pointed out.
A series of amplifier stages is usually operated from the same plate and
bias supplies. If two cascaded stages of amplification are properly shielded
it is still possible for feedback to occur through the plate or grid power
supplies if precautions are not taken. A common way to prevent feedback
through the power supplies is to use filters. Referring to Fig. 11-12, the
radio-frequency choke RFC and the condenser Ca fonn a filter which
prevents the radio-frequency energy in the plate-circuit output from feeding into the plate supply, where it in tum could feed into the plate circuit
of the preceding tube and from there to the grid circuit of the vacuum
tube T. In some cases, this feedback could be enough to cause oscillation.
The radio-frequency choke RFC is a high inductance presenting a high
impedance to the radio frequency. The condenser C3 presents a very low
impedance to the radio frequency and therefore by-passes the radio frequency 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 into the plate power supply. In some cases a resistance may
be substituted for the radio-frequency choke RFC. Resistance R2 and
condenser C2 form 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 are arbitrary. Type 1
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is the same as the filter composed of choke RFC and C3 in Fig. 11-12.
Type 3 is the same as the filter composed of R2 and C2 in Fig. 11-12.
Type 2 and type 4 are the same as types 1 and 3 except that an additional
condenser Ca has
been added. The
C B
C B
C B
C B
condenser Ca adds
o-j
0--4
to the filtering action. In most cases
R
R
L
there is a large capacity across the
c.
output of the D.C.
A
A
A
A
supply circuit and
Type 3
Type4
Type 2
Type 1
therefore the con- A-In each case goes to pQWer supply
denser Ca is Ul!- B- In each case goes to circuit that is to be filtered
0-tn each e1se goes to the cathode or ground return of the filament
necessary.
In transmitters,
F10. 11-14. D.C. Power-supply Filters.
there is another
reason why radio-frequency supply circuit filters are important. Mercury-vapor rectifying tubes are in general use for changing 60-cycle
alternating current into direct current for use as plate and bias power
supplies. Radio frequency affects the operation of mercury-vapor rectifying 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 a fraction of a watt up to several hundred kilowatts. The amount of power required is determined by the service of the
communication system. It would be desirable to have 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 the
transmitted carrier power is 1,000 watts, it is uneconomical to operate with
tubes that can produce an output power of 5,000 watts. The larger the
tubes are, the more expensive they are. The large tubes also require
more power to light the filament.
It is impractical for the tube manufacturers to produce a single tube
with the proper power output for each and every use. Neither is it practical to build tubes larger than a certain size; therefore, if the use demands
a power higher than the capability of the largest tube, it becomes necessary
to use two or more tubes in the output amplifier.
By using combinations of two or more tubes in transmitter amplifiers,
it has been found feasible to standardize in some degree on the power
capability of vacuum tubes. A multitude of different power outputs is
obtained by proper combination of a limited number of vacuum tubes of
various power ratings. When two or more tubes are used in an amplifier,
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they may be operated either in parallel or in push-pull. Tubes so operated
must be similar.
p ARALLEL OPERATION OF VACUUM TUBES. Any number of vacuum
tubes may have their elements connected in parallel. The power output
capability of the combination is equal to the sum of the power output
capabilities of the individual tubes. Figure 11-15 (a) shows three vacuum
tubes with the filaments connected in parallel, the grids connected in
parallel, and the plates connected in parallel.
Wben tubes are 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 different from the main or
desired oscillations. They take power away from the intended output
and sometimes cause undesirable heating of the tube elements and erratic
operation. This tendency may be present even in a single tube. HowPlate

Grid

Input
Filaments

(a)
Bias
Tube #1

Frn. 11-15.

Bias
Tube 112

Bias
Tube#3

Parallel Operation of VacuUID Tubes.

ever, it is not nearly as serious as it is when two or more tubes are connected
in parallel. Parasitic oscillation interferes with the normal operation of
the tube. The circulating currents from parasitic oscillations can readily
become so high that the parasitic current flowing through the grid return
in the glass seal of the tube will heat the conductor to the extent that it
will damage the tube. Parasitic oscillations may be prevented by inserting
a simple circuit in series with the plate of each tube. Figure 11-15b shows
the scheme of parasitic chokes associated with three vacuum tubes operated
in parallel. The inductances L are small, usually something on the order
of about 15 turns on a diameter on the order of an inch or two. The
inductance presents a very high impedance to the parasitic frequency
because the parasitic frequency is usually very high. The inducts.n<'c.
however, is small enough so that it has no effect at the operating frequency.
The resistance R is usually of the order of 50 ohms and is placed in parallel
with the inductance L. This circuit serves to damp out the parasitic
oscillations. The values for L and R given above would be suitable for
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use in the medium frequencies, such as 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
characteristics. It is sometimes necessary to allow for this fact in the
circuit of an amplifier using vacuum tubes in parallel. Usually this allowance takes the form of 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.
Pusn-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

Lil,_

Signal~

Input.,__.::,

R

Flo. 11-16.

Push-pull Triode Radio-frequency Amplifier.

of tubes has several advantages o"Ver parallel operation. Cross neutralization of a push-pull amplifier does not complicate the circuits as much as
does neutralization of a single-ended amplifier.
Two tubes in push-pull operation will give a slightly higher power output
than will the same two tubes operating in parallel. Another advantage
push-pull has is that theoretically the even harmonics produced by the
vacuum tubes are canceled out. In practice this cancellation amounts to
a marked reduction in the amplitude of the even harmonics provided
circuits are carefully balanced. A circuit diagram of a push-pull triode
radio-frequency amplifier is shown in Fig. 11-16. Lz and Ci comprise the
resonant input circuit. The signal input voltage in L1 is transformed to Lz,
where it is impressed upon the grids of the vacuum tubes. The tuning
condenser Ci is a double-section condenser. Each section is a condenser
by itself and the two sections are connected in series so that the midtap
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 the same. The output circuit is comprised of inductances
L. and La and condenser C& and is similar to the input circuit. Condenser
c. 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 La. In this type of
plate-supply circuit there is a tendency for parasitic oscillations to form.
A resistor R is placed a.cross the radio-frequency choke RFC to damp out
these parasitic oscillations. The two condensers labeled C,. are the neutralizing condensers and are connected for cross neutralization.
The radio-frequency amplifier shown is typical in transmitters. The
transformer T, is used to light the filaments of the tubes. The plate current returns to the filaments through the midtap of the filament trans-

L

Output

+

+

Plate

Plate
(a)

Supply
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Types of Push-pull Radio-amplifier Output Circuits.

former. It is not feasible to return the plate current through a filament
midtap resistance because the resistance would need to have a very high
current-carrying capacity and would necessarily be unduly large. It 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 return through midtap resistors. In some
low-power transmitter amplifiers the midtap-resistor return is used.
OUTPUT CIRCUITS, PUSH-PULL RADIO AMPLIFIER. One type of push-pull
radio amplifier output circuit is shown in Fig. 11-16. Two other push-pull
radio amplifier output circuits are shown in 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 plate supply is parallel. The plate voltage is fed
to the plates of the tubes through the radio-frequency chokes RFC. The
blocking condensers C2 and Ca prevent the plate-supply voltage from being
impressed upon the tuning inductance. In Fig. ll-17a the output of the
amplifier is obtained from taps on the tuning inductance L. In the circuit
shown in Fig. 11-17b, the output is obtained across the condensers C-1 and
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C6. The circuit shown in Fig. ll-17b is preferred in amplifiers used in the
fine.I stage of a. transmitter because the condensers C4 and C6 a.id in reducing
harmonics. The condensers c. and C6 have a lower impede.nee at the
harmonics and therefore partially shunt the harmonics around the output
terminals. The hookup shown in Fig. ll-17a is more applicable to interstage radio amplifiers.
Class B Radio-frequency Amplifier. Class B radio-frequency amplifiers
are mainly used in transmitters for the purpose of amplifying a modulated
signal. The main characteristics of Class B radio amplifiers are faithful
reproduction together with higher plate efficiency and greater power output
than 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 flow of plate cur11,
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11-18. Grid-voltage-Plate-current Relation in Clnsa B Amplification
of a Modulated Radio-frequency Wave. Proper Operation.

rent. Referring to Fig. ll-18a, for proper operation a Class B radio
amplifier is biased to point a. During the time interval e to J, unmodulated
radio-frequency signal voltage is impressed on the grid of the tube. Owing
to the operation at the cutoff point, the negative half of each cycle of the
signal voltage impressed on the grid produces no current in the plate circuit. The result is that half-cycle pulses of plate current are made to flow
as shown in time interval e1 to J1. These half-cycle pulses are impressed
on the resonant output tuning circuit. A resonant circuit has the property
that if part of a cycle at a given frequency is impressed upon it, the pulse
excites the resonant circuit and produces a full sine wave. This fact
makes it possible to operate radio amplifiers at the cutoff point singlecnded. Figure 11-18b represents the instantaneous tank current circulating in the output resonant circuit. Time interval e2 to !2 corresponds to
time interval e1 tof1 and represents the full-sine-wave current flowing in the
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tank circuit produced by the half-sine-wave pulses received from the plate
circuit of the vacuum tube.
Class B radio amplifiers may be operated over a portion of the characteristic curve extending up to where the top slopes off. The operating portion of the characteristic curve as shown in Fig. ll-18a is from a up to
where the curvature starts at point c. To amplify faithfully a 100% modulated radio signal, the signal input voltage without modulation must be half
of ac or up to point b. During the time interval f tog the carrier is 100%
modulated by an audio frequency. AP, may be seen from Fig. ll-18a, the
part of the signal input voltage to the left of the operating axis has no effect
on the instantaneous plate current ip. During modulation the pulses of
radio-frequency current in the plate circuit have an envelope (represented

I

I

1•-•1 (bl
I

(a)

Fm. 11-19. Grid-voltage--Plate-current Relation in Claes B
Radio Frequency Amplification. Improper Operation. Bi&11 Too
High.

in the time interval /1 to g1) that corresponds with the modulation fn"quency. The half-cycle pulses of plate current excite the resonant output
circuit, producing full sine waves of radio frequency to produce a modulation envelope as shown in Fig. ll-18b between '2 and g2 •
EFFICIENCY. The efficiency of Class B radio amplifiers for the carrier
only without modulation is much higher than that of Class A radio amplifiers. Class B radio amplifiers operate over a greater portion of the characteristic curve than do Class A radio amplifiers and therefore a given tube
will give a much greater output. AP, may be seen from Fig. ll-18a, the
signal input voltage at 100% modulation exceeds the bias voltage and therefore 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 amplifier than is required for a Class A radio amplifier where the
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input impedance is high. A carrier efficiency as high as 35% is obtainable
from Class B radio amplifiers.
Figure 11-19 shows the effect produced when the bias of a Class B amplifier is too high. During modulation the signal input voltage between
points a and b is such that there is complete cutoff of the plate current and
therefore the envelope of the radio-frequency pulses in the plate circuit is
not a sine wave. Part of the full envelope has been cut off between
points c and d. Figure 11-19b shows the current in the tuned circuit;
the diagram shows that the envelope of the modulated wave is not a
sine wave.
The single-ended amplifier circuits shown so far and the push-pull radio
amplifier shown in Fig. 11-16 may be operated as Class B radio amplifiers
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 as 50% to 70% for maximum output. They are therePlate Current

Ip

-Bias

Audio Signal Input

Fw. I I· :!O.
<:rid-voltag!' ·
Platl'-current Relation in Cla~M
n Amplification of Audio Frequency.

fore used whenever a large amount of audio power is required. Many
radiotelephone transmitters are modulated in the output amplifier. The
amount of audio power required for 100% modulation is half of the plate
power input to the amplifier. As an illustration, a 10,000-watt transmitter
operating at an efficiency of 80% has a plate input power of 12,500 watts.
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The audio power required for 100% modulation is 6,250 watts. Audio
powers of this magnitude are difficult and expensive to obtain from Class A
audio amplifiers. High-efficiency Class B audio amplifiers are therefore
used in transmitters to produce the audio 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 Class B audio amplification. The bias voltage E 0 fixes the
operation point at the cutoff point of the characteristic curve. The voltage
e0 is an audio signal voltage impressed on the grid of the tube. This voltage causes half-cycle pulses of plate current to flow, as shown by i,,. As
Plate Current Tube l

Ip

-Bias Tube 1

+ Bias Tube 2

Bias Tube 1+
Bias Tube 2-

Characteristic of
Tube 2

Fr,;. 11-21. Grid-mltng~Plntc-eurrent Rebtion in Pu•h-pull Clns.s B Audio Amplification.

explained earlier in the chapter, resonant circuits cannot be used for audio
amplifier coupling. Class B audio amplifiers use a transformer for the output coupling. Half-cycle sine-wave pulses impressed on a transformer produce a distorted output wave and not a full sine wave as does a resonant
circuit. It is necessary, therefore, to operate Class B audio amplifiers in
push-pull so that, in effect, the first tube will produce a haif 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 represents graphically the operation of two tubes in a
Class B audio amplifier. The characteristic curve of tube 1 is shown in
the upper portion of the diagram. The characteristic 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 voltage 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 flowing when there is no
signal input voltage. During the half cycle of e, labeled A the grid of
tube 2 is made more negative and therefore the plate current of tube 2 remains at zero. In tube 1, during the half cycle A, the total grid voltage
(the sum of E., the bias voltage, and e,, the signal input voltage on the
grid) becomes more positive and operation takes place over the portion of
the characteristic curve of tube 1 from a to b. A half-cycle pulse of plate
current i11 1 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 operates over the portion of the characteristic
curve of tube 2 from c to d. This causes a half-cycle pulse of plate current

ln~lil
t
. +
_xix.: + Plate

- Bias

~

Supply
Filament Transformer

F10. 11-22. Circuit Diagram of a Push-pull CIIIIIS B Audio Amplifier.

l.,,2 to flow. 1111 supplied by tube 1 and 1112 supplied by tube 2 form a fullwave reproduction of the input signal voltage to the grids of the tubes.
CLASS B AUDIO AMPLIFIER CIRCUIT DIAGRAM. A simple circuit diagram
of a push-pull Class B audio amplifier is shown in Fig. 11-22. The signal
input voltage is impressed on the grids of the tubes through the input
audio-frequency transformer T 1• The output power is obtained from the
plates of the tubes through the audio-frequency transformer T2.
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 applied. Without an input signal no current is
drawn from the bias supply. However, as soon as the input signal becomes
high enough so that the total voltage on the grid is positive, current is
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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 biasvoltage supply be good.
Pulses of current are drawn from the plate supply by the plates of the
vacuum tubes. The amount of current drawn from the plate supply varies
from zero to the total plate current at the crest of the output audio-frequency wave. This range of current is comparatively large. As in the
grid circuit, it is necessary to maintain the plate-voltage supply at a nearly
constant voltage. It is therefore necessary to have a plate supply with
good regulation for supplying power to a Class B audio amplifier. To
operate properly, Class B audio-frequency amplifiers require very careful
design in order to assure that all the rigid requirements for proper operation be met.
POWER AMPLIFICATION. Class B audio amplifiers using triode tubes have
a relatively low power amplification. Pentode tubes produce a higher
power amplification. However, they have other disadvantages. This
problem will be discussed in a later paragraph. The low power-amplification gain of a class B audio amplifier using triode tubes is more than offset
by the high power output and high output efficiency for applications where
a large a.mount of audio power is required.
Class C Radio Amplifiers. The chief characteristics of Class C radiofrequency amplifiers are that they have the highest output power and
output efficiency of all
Plate Current Pulses ip classes of radio amplifiers, but they have
- Bias
power amplification
less than Class B radio
amplifiers and can run~me plify only unmodulated waves. Class C
I
radio amplifiers, be-Full-wave current in cause of th eir high
I
output circu_it
efficiency, are used in
Time
the output amplifien:i
Fm. 11-23. Grid-voltage-Plo.te-current Relation in Clll88 C of radiotelegraph
Radio Amplifico.tion.
transmitters and in
the modulated stages of radiotelephone transmitters when using plate or
grid modulation.
Figure 11-23 shows the grid-voltage-plate-current relation in Class C
amplification. A high bias volt.age is used so that the tube is operating
beyond the cutoff point. Usually the bias voltage is about twice the voltage required for cutoff. Referring to Fig. 11-23, e, represents the radiofrequency signal voltage impressed on the grid of the tube. Pulses of
plate current i" are produced in the plate circuit of the tube. In discussing

l
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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. 1123 that the plate pulses i 11 are less than a full half cycle. These pulses,
however, being impressed on the resonant output tuning circuit of the amplifier, produce a full-sine-wave reproduction of the radio-frequency signal
voltage impressed on the grid of the tube. 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 Class B radio amplifier. 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 output modulation is discussed in Chapter 12. The radio-frequency amplifier
circuits shown previously in this chapter may be used for Class C radio
amplification by proper selection of component parts and voltages.
0

Pentode 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 voltage amplification is desired. Pentode tubes, capable 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 the undesirable property of high distortion.
In services where voice transmission only is required, the high distortion is
not objectionable and therefore they are coming into wide use for these
services. Pentode tubes are coming into extensive use in transmitters in
stages previous to the modulated amplifier. Research work is constantly
improving pentode tubes and new ways are being devised to use them so
that their usefulness steadily increases.
Pentode Audio Amplifier, Class B. Because of their high power amplification, pentodes are being used more and more in Class B audio amplifiers
for services where distortion is not particularly important. They arc
extensively used for output audio amplifiers in inexpensive receiving sets.
They are also extensively used in the output amplifiers of public-address
systems. They are also becoming more widely used in voice radiotelephone
transmitters.
Pentodes have extremely high plate resistance. Fortunately, their
characteristics are such that a low-impedance load may still be US(..>d when
the tube is employed as a power amplifier.

.

Detection or Demodulation. The process of modulating a radiofrequency carrier to transmit intelligence is described in Chapter 10. The
envelope of the modulated wave varies at an audio-frequency rate. An
audio-frE>quency wave drrived from the modulation cnvt>lope may be used to
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actuate earphones or a loudspeaker, producing an audible sound to the
listener. The process for obtaining the signal from the modulated wave
is called detection or demodulation.
There are many different types of detectors. However, fundamentally,
they all operate in the same way. The operation of ·a detector or demodulator is accomplished in three steps. These are rectification, jiltering, and
separation of the audio-frequency component.
RECTIFICATION. A radio-frequency signal is shown in Fig. 11-24b.
During the time interval f to g the carrier wave is unmodulated. During
the time interval g to h the carrier wave is amplitude-modulated by an audio
frequency. As described in Chapter 4, if an A.C. wave is impressed upon
a rectifier, the positive halves of each cycle will pass through and the negative halves will be cut off. Figure ll-24a shows a radio-frequency input,
a rectifier, and an output in series. If the radio-frequency signal shown in
Fig. 11-24b is impressed on the input, then the output will be as shown in
Rectifier
RF~tput

(a)

EFIG. 11-24.

( C) Half Cycle RF Pulses

Rectification or Radio-frequency Signal.

Fig. ll-24c. The signal in the output will be half-cycle pulses of radio
frequency. The envelope of the half-cycle pulses will be identical with the
envelope of the input signal shown in Fig. ll-24b. Rectification of the
radio-frequency signal is the first step in detection.
_FILTERING OF THE RECTIFIED SIGNAL. The second step in detection is to
filter the rectified radio-frequency wave so as to obtain current that varies
at an audio frequency in accordance with the radio-frequency signal input.
Condenser C and resistor R, as shown in Fig. 11-25a, constitute such a
filter. The rectified radio-frequency input signal to the filter is shown in
Fig. ll-25b. This signal is the same as the signal shown in Fig. 11-2-lc.
As was shown in Fig. 11-24, if the output of the rectifier is a resistance, then
the voltage across the output resistance Risa series of half-wave pulses at
a radio-frequency rate. The addition of a conden:,er C, as shown in Fig.
11-25a, smooths out or filters the pulses, thereby producing a varying Yoltage across R. The current will vary in accordance with the envelope of the
input signal. At the time when the first part of the first half-wave signal
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. 11-25b. 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, the voltage across R would normally decrease 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 voltage across R. The result is a direct current
flowing through R, thereby producing a D.C. voltage across R. The positive half-wave radio-frequency pulses have produced a D.C. voltage across
R. Referring to Fig. 11-25b, during the time interval/ to g the input
signal is unmodulated and therefore a -constant D.C. voltage is produced
across R, as shown by e1 of Fig. 11-25c. During the time interval g to h
of Fig. 11-25b, the input signal is modulated. This causes the output
voltage across R to vary in accordance with the modulation. The current
variation from g to h, as shown in Fig. ll-25c, is the same as that of the

c,
f

,,:-

g

h

1

Ta l~HHH~H~~H~~~

Time

c,1'-d
( b) Rectified RF Input Signal

f

(c) Resultant Voltage Across R

g

h

( d ~

Frequency Output

F10. 11-25.

Filtering of Radio-frequency Wave to Obtain Audio Frequency.

envelope of the modulated wave as shown between g and h of Fig. 11-25b.
The voltage across R is a varying voltage during the time interval g to h.
SEPARATION OF AUDIO-FREQUENCY COMPONENT. Audio frequency is required for the operation of earphones or a loudspeaker in order that sound
waves may be produced that can be heard by the human ear. It is therefore desirable to obtain an audio frequency that is in accordance with the
envelope of the varying voltage shown in Fig. 11-25c. Condenser C1
shown in Fig. 11-25a is an audio-frequency by-pass condenser. C1 allows
alternating current to flow through it but it does not allow direct current
to pass. The result at the output terminals will be an audio frequency,
as shown by Fig. 11-25d. The audio frequency is in accordance with the
modulation envelope of the original radio-frequency signal wave, as shown
in Fig. 11-24b.
In the three steps of detection, namely rectification, filtering, and separation of the audio-frequency component, an audio frequency has been obtained that conforms with the envelope of the modulated radio-frequency
signal input.
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Types of Rectifiers. Any device that conducts electricity in only one
direction il;l a rectifier. There are three principal classes of rectifiers used
in detectors. These are crystals, diode vacuum tubes, and trwde vacuum

tubes.
CRYSTAL DETECTORS. 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 detector requirements that
are admirably filled 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 Li and
condenser C, is tuned to the carrier frequency. The incoming modulated
signal is rectified by the crystal X. Condenser C2 and resistor R comprise
the filtering circuit. Condenser Ca separates the audio-frequency component from the varying voltage across R. Figure 11-26 shows the signal in
the various stages of detection. The individual steps were discussed in
detail when considering Fig. 11-24 and 11-25.
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Simple Crystal Detector.

For all practical purposes, the D.C. resistance of the earphones could be
substituted for resistor R and the condenser Ca eliminated. In a simple
receiver such as this, the earphones can handle the D.C. component of the
output of the filter. With this modification 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 as well as disadvantages,
in comparison with vacuum-tube rectifiers. A detector circuit using a
crystal rectifier is simple because there arc only two leads from a very
small instrument. In comparison with crystals, vacuum tubes have the
disadvantage that the filaments must be heated 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 interelement
capacity of a vacuum-tube detector and the spacing of the elements is
important. A crystal rectifier, on the other hand, has an extremely low
capacity between terminals and the detecting clement is a point. There-
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fore crystal rectifiers have a decided advantage in the extremely high frequencies.
A piece of crystal is usually imbedded 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 face, 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 sensitive 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
and the wire is securely held in place by some sort of sealing compound.
This sealed position makes a stable and reliable rectifier and therefore
greatly extends the usefulness of the crystal.
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DIODE DETECTORS. The principal characteristics of diode detectors arc
faithful reproduction and low sensitivity. In a diode detector, the rectifier
is a diode or a two-element vacuum tube containing a filament or cathode
and a plate. This type of tube is a unilateral 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 resonant circuit by inductance L. The tuned circuit,
consisting of inductance L 1 and condenser Ci, is tuned to resonance. The
radio-frequency input signal wave form is shown directly below the input
circuit. During the time interval J to g, the carrier wave is unmodulated.
During the time interval g to h, the carrier is modulated by an audio frequency. Rectification of the input signal occurs in the diode ·vacuum
tube T. Directly below T is the wave form of the half-wave radio-frequency pulses formed 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 J to g, when the carrier is unmodulated, the voltage across R is a con-

278

RADIO-FREQUENCY CIRCUITS

[Chop. It

i:itant D.C. voltage. 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 input signal voltage.
Condenser C 3 is an audio-frequency blocking condenser separating the
audio frequency from the D.C. component of the voltage across R. The
wave form of the audio frequency is shown directly below Ca. During the
time interval / to g, 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 must work into a high load resistance and therefore
resistor R will have a value on the order of ½to 1 megohm. If the condenser C2 is made too large, it will not only filter out the half-wave radiofrequency pulses but it will also filter out the audio modulation of the voltage across R. The higher the modulation frequency, the smaller the value
of C2 may be. C2may have a value on the order of 150 to 200 µµf. 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 1,600 kc. At
higher frequencies, C2 could be made smaller.
Figure 11-28 shows the rectification characteristics of a diode vacuum
tube. The static relation between input voltage and output current is
shown by the line diode plate-current characteristic. The voltage e, represents the radio-frequency signal input voltage to the diode. During the
time interval/ to g the carrier is unmodulated. During the time interval
g to h the carrier is modulated by an audio frequency. It can be seen
from the diagram that the negative half-wave cycles of radio frequency
are cut off while the positive ones are allowed to pass through the tube.
This separation produces
Diode Plate Current
the half-wave radio-frePlate
Characteristic
quency pulses labeled i,.
Current
The dotted curve marked
h
d is the average of the
radio-frequency half-wave
_ __.jl4---+----~il:d:fil[Ilj!:6.I.J&:1UJ:fi_·rime pulses. The envelope of
d is in accordance with
the envelope of the modulated input signal.
In
other words, the curve d
is the same as the varying
+
voltage shown in Fig. 1127.
Flo. 11-28. Diode Rectification.
Figure 11-28 represents
the first two steps of a complete detecting system. The current 4 represents the result of rectification and d represents the result of filtering.

I
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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 circuits. The methods of detection divide into two general classes. These
are plate-circuit detection and grid-circuit detection. There are two types
of plate-circuit detectors, the linear plate detector and the square-law plate
detector. Grid-circuit detection and square-law plate detection possess
undesirable characteristics and are little used. Linear plate detectors
and diode detectors, because of their fidelity of reproduction, are extensively used. In linear plate detection, the triode vacuum tube also acts
as an amplifier and therefore produces some gain in signal.
Plate Current

Ip

Characteristic
Curve

-Grid Bias I
f
I

rfJ·
- Bias+

F10. 11-29.

-

+

Plate Supply

Triode Rectification.

LINEAR PLATE DETECTION. Figure 11-29 shows a triode vacuum tube
connected as an amplifier with a pure resistance output R. The grid of
the tube is biased to the cutoff point by the negative bias voltage. A radiofrequency signal impressed .on the grid of the tube will produce half-cycle
pulses of radio frequency through resistance R. The envelope of the halfcycle pulses in R will be the same as the envelope of the positive half of
the signal input voltage envelope. This 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. Because the vacuum 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. The
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 Li. and condenser C. The input circuit is tuned to resonance.
The signal input wave form is shown directly below the input circuit. The
vacuum tube T perform6 the rectification. The half-cycle radio-frequency
pulses are shown below the vacuum tube. The output load circuit of the
vacuum tube is composed of the resistance R shunted by the condenser C1•
R and C1 form the filter for the detector action. Directly below C, and R
is shown the varying voltage. Separation of the audio frequency is
attained by the condenser C2. The resultant audio frequency is shown
directly below.
Referring a.gain to Fig. 11-29, the linear portion of the characteristic
curve must be used or else there is distortion, aa waa explained in discussing
Class B radio amplifiers. The curvature in the characteristic at point a
L,
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F10. 11-30. Linear 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 DETECTION. Square-law plate detection has been
used in the pa.st because of a. lack of good radio-frequency amplifiers in spite
of its great distortion. With modem tubes the signal input voltages may
easily be built up by radio 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 characteristic 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 on the grid of the tube. This
causes a plate current i 11 to flow in the plate circuit. As may be seen
from Fig. 11-31, the curvature of the characteristic ca.uses a. distortion of
the output current i11 • The dotted curve d indicates the average current
of the radio-frequency waves. This current varies approximately in
accordance with the modulation envelope of the input signal. Owing
to the curvature in the characteristic, distortion is introduced and therefore
the envelope of d is not a. true reproduction of the envelope of the input
signal. The output signal pulses i 11 may be put through a. filter, producing
a varying current as shown by d. The audio-frequency component 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.
GRID-cmcUIT DETECTION. In the triode detectors described so far,
the 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
F10. 11-31.

Square-law Plate Detection.

nation of the diagram in Fig. 11-32 will show that the input circuit composed of inductance Li and condenser C1, the filter circuit composed of
resistor Rand condenser C, and the grid and filament of the 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. 11-32, whereas

Flo. 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
causing a varying current to flow through R. The D.C. component of
the current through R is such that the voltage across 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 audiofrequency component of the varying voltage across R is impressed across
the grid and filament of the vacuum tube through inductance Li. The
mdio-frequency inductance Li is small enough so that at audio frequencies
it has negligible impedance. The audio-frequency component across the
grid and filament is amplified by the vacuum tube, producing an audio
frequency that is transformed from the plate circuit to the output terminals
through the audio-frequency transformer T,. Part of the radio-frequency
signal voltage appearing across the tuned input circuit is impressed upon
the grid of the tube through resistor R and condenser C. This is also
amplified by the vacuum tube. The by-pass condenser Cs 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 signal for a given radio-frequency signal voltage input,
good fidelity for small input voltages, and increasing distortion as the
input voltage is increased.
Grid-circuit detectors have been replaced, to a great extent, by diode
and linear plate detectors-for the same reason that square-law plate
detectors have been replaced, namely 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.
Heterodyne 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
no audio frequency at the output
terminals of the detector. There
+
is
therefore no audio-frequency
(al Incoming CW Signal, fs.1000 KC
current present to actuate a loudspeaker or a pair of earphones.
An incoming continuous-wave
(b)•
signal J. at 1,000 kc is shov,rn in
Fig. 11-33a. The signal wave
IOOIKC
from a local oscillator in the receiver is shown in Fig. ll-33b.
•
wth
The
local oscillator frequency J,.
--is 1,001 kc. The frequency J,. is
- - - --( c) Resultant RF Signal Modulated at the
coupled into the input circuit to
Frequency Difference of fs and 1.
the heterodyne detector. The
F10. 11-33.
Heterodyne Detection.
two frequencies, J. the incoming
signal, and/A the local oscillator signal, combine to form a modulated wave
such as that shown in Fig. 11-33c. The modulation envelope varies at.
a rate that conforms with the difference in frequency between J, and JA,
that is, 1,000 cycles. Figure 11-33c shows a resultant radio-frequency
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signal modulated at the frequency difference between /, and / 11 • The
resultant radio-frequency signal may be passed through a detector to give
a 1,000-cycle audio frequency that may 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 as a code transmitter. Referring to Fig. 11-34,
during the time interval from/ to g the key is open at the transmitter and
no signal is being transmitted. During this interval the local oscillator
in the receiver is producing a signal in the input of the receiver / 11 • 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
f
I
h
interval from g to h the key at
I
f,
the transmitter has been closed
1
1ommmum~mu
and a continuous-wave signal is
emitted. This wave/, combines (a)
with / 11 in the receiver input
circuit to produce a signal modulated at an audio frequency
that is the difference between (b)
/, and / 11 • By detector action,
an audio frequency is produced
in the output terminals of the
detector during the time inter- (c)
Audio Frequency
Output
val g to h. At h the key is
again opened and therefore only Fto. ll-34. Detection of Keyed Transmitted
the signal / 11 is on the input of
Continuous Wavo.
the detector. There is therefore no audio-frequency signal in the output of the detector. By properly keying the transmitter in code groups of dots and dashes it is possible to transmit code signals.
Detection of Interrupted Continuous-wave Signals. Interrupted continuous-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 interrupted continuous-wave signal. Straight
detection and not heterodyne detection is required for interrupted continuous-wave signals because the incoming wave is modulated. It should
be remembered that a continuous-wave carrier amplitude modulated by
speech or music audio frequencies is detected by straight detection and
not heterodyne detection, because the signal input to the detector is a
modulated wave. Only in the case of continuous-wave code transmission
is a heterodyne detector required.

l
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Review Questions and Problems. 1. What is the principal difference
between audio-frequency and radio-frequency amplifiers?

2. Why do tuned circuits reduce harmonics?
J. Why is it that resonant-circuit coupling cannot be used for audio
amplifiers?
4. Describe three methods of supplying grid-bias voltage to a radio
amplifier.

5. Name the three classes of radio amplifiers and describe briefly their
characteristics.
6. Why is the operation of a Class B audio amplifier similar to that of
a Class B radio amplifier?
7. (a) How is a single-ended radio amplifier neutralized?
a push-pull radio amplifier neutralized?

(b) How is

8. What a.re the advantages of pentode radio amplifiers?
9. In cascaded radio amplifiers, why is it desirable to filter the supply
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 to 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. What is detection or demodulation?

15. Na.me the three steps of detection and explain.
16. Na.me three types of detectors and explain their characteristics.
17. How a.re continuous-wave telegraph signals received?

CHAPTER 12

Amplitude-modulation Radio Transmitters
The part of a radio communication system called the radio transmitter
produces radio-frequency energy for the purpose of exciting an antenna,
causing electromagnetic radiation. Fundamentally, an amplitude-modulated radio transmitter consists of means for generating radio-frequency
energy and means for controlling or modulating the radio-frequency energy
by means of audio frequencies.
A transmitter divides into two principal sections. These are the radio! requency section and the audio-frequency section. A block diagram of an
amplitude-modulation radio transmitter is shown in Fig. 12-1. The
audio- and radio-frequency sections are individually blocked out by dotted
lines.
Radio-frequency ·section. The frequency of a transmitter must be controlled very carefully so that transmission will occur only on the assigned
channel. If the transmitting frequency is allowed to vary, the result may
be interference with services on other channels. Vacuum-tube oscillators,
such as those described in Chapter 8, may be used in transmitters. Crystal
oscillators, however, are almost universally used for maintaining transmitters 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 radiofrequency energy produced by the crystal oscillator up to the output power
of the transmitter. The number of radio amplifier stages necessary is
dependent mainly on the transmitter output power. It is customary,
however, to have at least one stage of radio amplification between the
crystal oscillator and the modulated amplifier. Such an amplifier is called
a buffer amplifier.
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 frequency properly, the crystal oscillator is usually isolo.ted from the reaction
that takes place in the modulated amplifier by a buffer amplifier whose
function will be explained later. The particular transmitter shown iu
Fig. 12-1 has two radio amplifiers between the crystal oscillator and the
285
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modulated amplifier. In some low-powered transmitters no buffer amplifiers are used. This practice is followed where high-precision frequency
control is not necessary and where fidelity of transmission is not important.
The intermediate power amplifier, preceding the modulated amplifier,
must supply enough power for the input to the Class C modulated amplifier.
The last radio amplifier shown in Fig. 12-1 is labeled modulated power amplifier. Modulation takes place in this amplifier and it is also the output
amplifier that supplies the radio-frequency power to the output terminals
of the transmitter. The intermediate amplifiers between the crystal

filament
Supply

Fm. 12-1.

Bias
Supply

Plate Power
Supply

Block Diagram of Crystal-controlled Amplitude-modulated Transmitter lhigh-level modulation).

oscillator and the modulated power amplifier may be either Class A,
Class B, or Class C. The amplifier preceding the modulated amplifier
is usually a Class C amplifier.
Audio-frequency Section. Two components are shown in the audiofrequency section box of Fig. 12-1. These arc the audio amplifier and the
modtilatm. The modulator supplies the audio-frequency power to amplitude-modulate the radio-frequency power amplifier. An audio-frequency
amplifier is usually provided in a transmitter ahead of the modulator so
that the audio-frequency input power to the transmitter need not be higher
than approximately the power required to feed a program over a telephone
line. Three other important components of a transmitter are the filament,
bias, and plate power supplies. These three are shown as blocks in
Fig. 12-1.
Transmitters are classified according to whether they are high-level,
modulated or low-level modulated. The transmitter shown in Fig. 12-1 is a
high-level modulated transmitter because modulation takes place in the
output amplifier at the highest level. Some transmitters are modulated
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in one of the radio amplifiers preceding to the output amplifier. These are
called low-level modulated transmitters. The amplifiers after modulation
must be linear, and therefore they are either Class B radio amplifiers or
one of several types of so-called "high-efficiency" linear amplifiers.
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 amplifier
is raised to the transmitter output power by the fourth linear radio amplir - - - - - - - - - - - - - - - - - - - - - - - - - - - - --,
I
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F1a. 12-2. Block Diagram of Crystal-controlled Amplitude-modulated Transmitter
(low-level modulation).

fl.er. In some transmitters there may be two or more linear amplifiers
after the modulated amplifier, but modulation is usually accomplished
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 efficiency of an amplifier, this efficiency is the radio-frequency carrier output
power of the transmitter divided by the total power input to the transmitter, multiplied by 100 to express 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 modulated 50 kw radiotelephone transmitter, with a 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 carrier at the output of the
transmitter, the power input to the plate of the last amplifier would accordingly be 150 kw. This difference alone accounts for 60% of the total power
input to the transmitter. Transmitters such as this are still in use. However, they are rapidly being supplanted by transmitters with much higher
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efficiency. The two types of transmitters with high over-all efficiency
are the l,ow...level high-efficiency limar amplifier transmitter and high-level
modulated transmitter.
Low-LEVEL IDGH-EFFICIENCY LINEAR AMPLIFIER TRANSMITI'ERS. 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 low-level modulated transmitter. The efficiency of a Doherty amplifier under unmodulated carrier
conditions is 60%--05%. 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 incre.ases 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%.
HIGH-LEVEL MODULATED TRANSMITTER. In a high-level modulated
transmitter, modulation takes place in the output amplifier. This amplifier
is therefore a Class C radio amplifier and operates at a high efficiency.
Such an amplifier may operate at an efficiency of 80%. For a transmitter
carrier power of 50 kw, the input power to the plate of the last amplifier
would be 62.5 kw. The total over-all efficiency of a typical 50-kw highlevel modulated transmitter is slightly better than the high-efficiency linear
amplifier transmitter. As may be seen from these figures, the high-level
modulated transmitter has the greatest efficiency. This efficiency has
been made possible by the development of the 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 audiofrequency power is required. Large amounts of audio-frequency power
have been made available for modulators by the development of the highly
efficient Class B audio amplifier.
The transmitter proper ends at the terminals marked transmitter output
in Fig. 12-1. Transmitting antennas are usually placed at a distance of
several hundred feet from the tmnsmitter. The radio-frequency energy
output of the transmitter is conducted from the transmitter to the antenna
by a radio-frequency transmission line. The energy is connected from the
transmission line to the antenna by means of a termination unit. Radiofrequency transmission lines and termination units are discussed in Chapter 16.
Crystal Oscillators. It was shown in Chaptc-r 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 case there is an intermediate
transfer to mechanical energy.
Certain crystalline substances also possess the property of converting
energy from electrical to mechanical form and vice versa. When surh a
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crystal is mechanically stressed, an electric field appears between its faces.
Conversely when a voltage is applied to electrodes on two parallel faces of
the crystal a mechanical displacement occurs. This behavior is called the
piezo-electric 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 that frequency. Such a
quartz crystal may be substituted for the input circuit to a vacuum tube,
thus producing an 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 the crystal is maintained
constant by a heat control, usually within a range of about 1° F or less.
Crystal

1000 KC
R

Plate Supply

+

Fio. 12-3. Simple Crystal-control Circui~Triode Tube.

The precision of heat control necessary is determined by the type of crystal
and the type of service the transmitter is to perform.
A simple crystal control circuit is shown in Fig. 12-3. In Fig. 12-3,
assume that the crystal has 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 the plate circuits are
both effectively tuned to the same frequency and therefore the feedback
through the plate-to-grid rapacity Cn causes oscillation. Inasmuch as
the crystal vibrates at a natural frequency of 1,000 kc, the output radiofrequency power will also be at 1,000 kc. Crystal oscillator circuits may
take many different forms. However, Fig. 12-3 is typical of a crystal
triode 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 voltage 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 oscillator tube must be limited. The power
output, using triode tubes, 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 between the control grid G1 and the ground. Across the crystal are placed
a radio-frequency choke RFC and the resistor R in series. This circuit
supplies part of the bias voltage for the tube. The cathode resistor R,
also supplies part of the bias voltage. G2 is the screen grid. The output
circuit of the vacuum tube is composed of condenser (J4 and inductance L.
The plate-to-grid capacity of a tetrode tube is very small and in some cases
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 (J 6 in Fig. 12-4.
PENTODE-TUBE CRYSTAL OSCILLATOR CIRCUIT. Figure 12-4 would show
the diagram of a crystal control circuit using a pentode tube if a suppressor

R

Plate
Supply

+

Fm. 12-4. Crystal-eontrollfld Circuit-Tetrode Tube.

grid were added between the screen grid G2 and the plate and if it were
connected to the cathode. Tetrode and pentode crystal control circuits
function much the same except that the extra capacity 06, as shown in
Fig. 12-4, is more often required with pentode than it is with tetrode tubes.
There are a great many different crystal oscillator circuits. A circuit is
shown in Fig. 12-13 in which the crystal is connected between 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 <J 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 oscillator 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 feedback qualities, as described in Chapter 11, pentodes are
ideal tubes for use as buffer amplifiers. They also have the added advantage of greater amplification.
Modulated Amplifiers. There are many different methods for accomplishing amplitude modulation. The methods divide into two general
classifications, grid modulation and plat,e modulation. An amplifier using
plate modulation is much more efficient than one using regular grid modulation and therefore this type is used to a greater extent.
PLATE-MODULATED AMPLIFIER. The schematic of a plate-modulated radio
amplifier is shown in Fig. 12-5. Radio amplifier tube T is operated as a.
Class C radio amplifier. The output efficiency of a. Class 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 RFC1. Modulation takes place
by varying the plate supply voltage. At 100% modulation the variation
is between zero and 2E. The vacuum tubes T2 and T3 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 T12 and condenser C,. Condenser C, prevents the D.C. supply voltage from being impressed on the secondary of the
transformer T 12 • 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. This variation
varies the output power of the modulated amplifier, thus producing a
modulated wave.
The variation of power output with variation in plate voltage is shown in
Fig. 12-6. Figure 12-6a shows the radio-frequency output of a. radiofrequency amplifier. During the time interval from J to g the carrier
power only is being supplied, and therefore the cycles of radio-frequency
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voltage are all the same. During this time interval there is no input to the
modulator and therefore no audio-frequency voltage is produced in the output of the modulator. The audio-frequency voltage output of the modulator is shown in Fig. 12-6b. The plate-voltage supply to the modulated
amplifier is shown in Fig. 12-6c. The D.C. plate-voltage supply er, is
constant during the time interval f to g. During the time interval g to h
the audio-frequency voltage e0 , as produced by the modulator, is shown in
Fig. 12-6b. The audio-frequency voltage adds and subtracts from the
D.C. plate voltage and a varying voltage results. This resultant is shown

Au~11
lnp~

B,as

a,

+,_~--.----"---•Plate Supply+

....

Voltage E

MODULATOR

L-----------------------~
F10.

12-5.

Plate Modulation.

in Fig. 12-6c for the time interval between g and h. The varying plate
voltage causes the output power of the modulated amplifier t-0 vary.
Figure 12-6a during time interval g to h shows the variation in the voltage
across the radio-frequency output circuit L3, C3 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 rate of the audio-frequency voltage
output of the modulator. Referring to Fig. 12-6, at 100% modulation e.,
the audio-frequency voltage, is equal to eb, the D.C. plate voltage. The
varying plate voltage, as shown in Fig. 12-6c, varies between zero and
twice eb. The radio-frequency output voltage shown in Fig. 12-6a also
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varies between zero and twice eRF, the voltage under no modulation. Inasmuch as power varies as the square of the voltage, the poo.k output power of
the amplifier at 100% modulation will be four times the carrier power.
It is therefore necessary that the tube or tubes used in a modulnted amplifier
be able to put out a peak power four times th!l.t of the unmodulated carrier.
GRID-MODULATED AMPLIFIER. In grid modulation the function is performed in the grid circuit of the tube. A grid-modulated amplifier operates
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Plate Modulation: Variation of Power Output with
Variation in Plate Voltage.

at an efficiency that is below 35% and usually about 25%. It is usually
only used in low-power stages. The fundamental circuit of a gridmodulated 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 limited 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 with the grid-bias supply lead.
The audio-frequency voltage E0 appearing across the secondary of the
transformer T, is effectively placed in series with the D.C. voltage of the
bias supply. Therefore the audio frequency varies the total bias voltage
on the grid of the tube.
The grid-voltage-plate-current relation in a grid-modulated amplifier is
shown in Fig. 12-8. The grid-bias voltage E, is at least twice that required for cutoff and therefore the amplifier is biased as a Class C amplifier.
As explained before, however, the efficiency is low. During the unmodulated carrier condition, as shown during the time interval/ to g, the

294

AMPLITUDE-MODULATION TRANSMITTERS [Chop. 12

radio-frequency grid voltage input e0 causes part-cycle pulses of plate
current i11 • During time interval g to h, the bias voltage is varied by an
audio-frequency voltage impressed in series with the bias-voltage supply.

(:output

Fm. 12-7.

Grid-modulation Circuit.

This variation causes the radio-frequency voltage input to the grid of the
tube to vary in accordance with the audio-frequency voltage as shown
over time interval g to h. This variation in tum causes part-cycle pulses
of plate current to flow, which have an envelope in accordance with the
Characteristic Curve
f
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Grid-voltagfr-Platc-curront Relation in Grid Modulation.

audio frequency. As explained in Chapter 11, the plate current pulses i,
produce full sine waves of radio frequency in the output circuit of the
amplifier. This effect is shown in Fig. 12-8b.
MoouLATION OF SCREEN-GRID TUBES.
Screen-grid tubes of the
pentode type may be used as plate-modulated radio-frequency 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 modulate the screen-grid voltage also. The screen grid G2
is connected to the plate-supply circuit through its dropping resistor R 2•
The plate-supply voltage is obtained through the secondary of the modulator output audio transformer T and therefore the screen grid and the
plate voltage are modulated simultaneously. In this type of modulation

Bias

Flo. 12--9.

+

Suppressor-Grid
Voltage

Modulation o! Screen-grid Tube.

the audio-frequency power required for 100% modulation is 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.
SUPPRESSOR-GRID MODULATION. A screen-grid tube of the pentode type
may be modulated in the suppressor-grid circuit. The circuit diagram of
such a modulated amplifier is shown in Fig. 12-10. The amplifier hookup
is a conventional pentode amplifier hookup except that the secondary
of the modulator output transformer T, is inserted in series with the lead
to the suppressor grid G 3 • The suppressor-grid-modulated amplifier
operates under conditions similar to those for grid-bias modulation, and
therefore the plate efficiency of suppressor-grid modulation is low.
Modulators. It has previously been explained that amplifiers after the
modulated stage must be linear. They must, therefore, either be Class B
radio amplifiers operating at a low efficiency or linear radio amplifiers
such as the Doherty amplifier operating at a relatively high efficiency.
The use of the Class B radio amplifier is rapidly being restricted because
of its low efficiency. The Doherty type of amplifier employs a more complicated radio-frequency circuit and requires a plate voltage approximately
50% higher than a high-level modulated amplifier requires. The high
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level, however, 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 100% modulation, must supply
an audio-frequency power that is 50% of the plate input power to thr
modulated amplifier. The D.C. plate-supply input power to a 5,000-watt

Plate

Supply
F10.

12-10.

+

Suppressor-grid Modulation.

modulated amplifier operating at 80% efficiency is 6,250 watts. For
100% modulation the modulator must supply an audio power of 3,125
watts.
Regulation of Plate Power Supply for Class B Radio Amplifiers. Figure 12-lla shows a vacuum tube T operating as a linear Class B radio amplifier. L is a filter choke in the plate-supply rectifier fiiter. Condenser C
is a filter condenser of the plate-supply rectifier filter. Figure 12-llb
shows the current drawn by the plate of the tube. During time interval
f to g the carrier is unmodulated and therefore the plate current has an
amplitude of i&1, During the time interval g to h the carrier wave is
modulated with an audio frequency. The plate current is a VaJ)ing
current during this time interval. During the positive half cycles of
modulation the plate current is i1YJ. and during the negative peaks of modulation the plate current is i&,. During modulation there is a large varistion in plate current. At the same time the plate voltage must remain
constant. The filter condenser C is constantly being charged by the
volta11:e output of the rectifier. During the positive half cycles of modulation the plate of the vacuum tube draws additional current. During this
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period the condenser C discharges, furnishing the additional current for
the positive peaks of modulation. The filter 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
T
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F10. 12-11. Claes B Radio Amplifier Plate-aupply 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
vacuum tube is made more negative and therefore the flow of plate current
is reduced. During this time interval the condenser C regains the charge
it lost during the positive half cycle of modulation. The condenser C and
the inductance L act as 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 inductance L and the
condenser C do double duty because they are also serving to iron out the
A.C. pulses from the rectifier tubes.
The term regulation was explained in Chapter 5. This is a measure of
the variation of the voltage output from the rectifier filter between no load
and full load. As current is drawn from the filter of a rectifier, the output
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voltage is reduced owing to the D.C. resistance of the filter chokes and
also owing to the D.C. resistance of the power transformer. In Class B
linear amplifiers, the current drawn from the rectifier is substantially
constant and therefore the plate-supply regulation need not be very exact.
However, for reasons of efficiency, the filter chokes and the plate powersupply transformer are built with rather low resistance to avoid losses due
to heating in the windings.
Regulation of Plate Power Supply for Class B Audio Amplifiers. Figure 12-12 shows the characteristic curves of two tubes used as a Class Bau-
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Fm. 12-12. Regulation or Plate Supply for Clasa B Audio Amplifier.

dio amplifier. ,AP, explained in Chapter 11, the tubes are biased at approximately the cutoff point. With no input to the Class B audio amplifier.
the plate current drawn by the amplifier is approximately zero. In
Fig. 12-12, during the time interval'/ tog, there is no audio-frequency input to the grids and therefore during the corresponding period the plate current i,, is small. During the time interval g to h an audio-frequency input
has been impressed upon the grids of the tubes. During the positive half
cycle of audio-frequency input, tube 1 draws plate current I,,1. During
the other half cycle of audio-frequency input, tube 2 draws plate current
i 112. The plate current drawn by the two tubes when amplifying audio
frequency varies over a large range. The plate-supply voltage to the
amplifiers must remain constant for linear reproduction. Therefore it is
necessary to employ a plate supply with good regulation. This'require-
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ment means that tI-.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 filter. Also, the audio-frequency output transformer
of the amplifier must have a relatively low D.C. resistance. The plate
current passes through the primacy 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 Amplifiers. In modulating a Class C amplifier, the plate voltage is varied and
therefore the plate current varies. This variation is added to the one
caused by the Class B modulator and therefore plate-supply regulation
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 supply. Such
applications arc linear Class A radio amplifiers and linear Class A audio
amplifiers where the signal input voltage does not exceed the bias
voltage. When an amplifier 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 amplifier in a
radiotelephone transmitter and some of the amplifiers in an unmodulated
radiotelegraph transmitter are examples. The factors that affect regulation in plate supplies also arc applicable to bias supplies.
Schematic Circuit of a Transmitter. The schematic circuit diagram of a
1,000-watt high-level modulation radiotelephone transmitter is shown in
Fig. 12-13. The diagram is complete except that it does not show the
primary power circuits nor the control circuits such as overload relays.
These circuits have been omitted for clarity. Primary power circuits and
overload relays will be discussed 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-/requency
section, second audio bias-supply rectifier, ww-power plate-supply rectifier,
modulated bias rectifier, and high-voltage plate-supply rectifier. The radiofrequency 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 modulation.
The four rectifiers produce the bias supplies and the plate-voltage supplies
for the various amplifiers. The various sections of the transmitter will 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 amplification arc labeled the buffer amplifier, the
intermediate power amplifier, and the power amplifier.
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OscILLATOR. The first part of the radio-frequency section of a transmitter 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 constant 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 tempe~
tures that may be encountered. The selected temperature is usually on
the order of 140° F. A thermostat S1 is connected in series with t.he
resistor R. As the chamber temperature reduces, the thermostat contacts
close, thus allowing current to pass through the heater R. As soon as the
temperature in the chamber has increased to the proper point the thermostat contacts again open, stopping the flow of current through R. The
thermostat S1 therefore functions to maintain a constant temperature
inside the crystal heat chamber. The condenser C is placed across the
contacts of the thermostat to avoid sparking and arcs. Sparking and
arcs injure the thermostat contacts and must therefore be avoided.
In Fig.12-13, the crystal oscillator tube VTiis a pentode. 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 R6. The source of the voltage across R6 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 Ri. The frequency of a crystal is affected, to a certain degree, by a
capacity across it. The variable condenser Ci is connected across the
crystal for the purpose of making minor frequency adjustments. It is,
therefore, not necessary to grind the crystal to exactly the proper thickness,
inasmuch as Ci provides a certain amount of adjustment. The output
circuit of the oscillator is composed of condenser Cs and inductance Li.
The plate voltage is obtained through the radio-frequency choke RFC1.
The entire oscillator is contained in a shield so that the operation of the
oscillator will be as independent as possible. It is also to be noted that
the power-supply circuits are all carefully filtered. C,, C1 and Ra form the
filter for the screen grid. C6 and R, form the filter for the suppressor grid.
Ce and RFCi 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 primary power supply to the various filament
transformers is not shown. These arc Ti, T2, T3, T,, Te, Tg, T 11, Tr:..
Tu, T16, T,s, T, 8, and T19. The ammeter Ai in series with the c.athode
resistor R2 measures the plate current, the screen-grid current, and the
suppressor-grid current of VTi. The radio-frequency voltage output of tht>
oscillator is fed to the grid of the buffer amplifier through the condenser c._
BUFFER AMPLIFIER. The buffer amplifier functions to prevent reaction
on the crystal oscillator from the succeeding radio amplifiers. The vacuum
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tube VT2 is a pentode. The self-neutralizing qualities of the pentode tube
prevent anything that happens in the amplifiers subsequent to the buffer
amplifier from reacting back on the oscillator through the tube itself.
The resistor R1 functions to damp out any high-frequency parasitic oscillations. The control-grid bias for the buffer amplifier is obtained from
the voltage drop across the grid-leak resistor Ra. An ammeter A2 is connected between ground and the midtap of the secondary of the filament
transformer. Thia ammeter measures the current drawn by the plate,
suppressor grid, and screen grid of VT2 • The output circuit composed of
Cu and Li is the same type as the one employed in the output of the
oscillator. The output of the buffer amplifier is impressed upon the grid
of the intermediate. power amplifier through condenser Ca. It is to be
noted throughout the transmitter diagram that grounds are frequently
shown. The output circuit of the buffer amplifier is connected between
plate and ground through the radio-frequency by-pass condenser C12. This
voltage is then effectively impressed across the grid and filament of VT 3•
INTERMEDIATE POWER AMPLIFIER. Vacuum tube VT 3 functions as the
second radio amplifier. Ra is a parasitic-damping resistor. The bias for
VT a is supplied by the cathode resistor Rio and the grid leak R9. When
the radio-frequency power becomes appreciable it is necessary to keep it
out of the grid leak. The radio-frequency choke RFC 3 performs this
function. The resistance R9 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 voltage on the grid of VT 3• There
is a considerable amount of distriouted capadty 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 additional factor would reduce the voltage from grid to plate if the radiofrequency choke RFC 3 were not used. The distributed capacity also
would cause radio-frequency currents to circulate in the resistor. Such
currents sometimes cause the grid leak to burn out. It is therefore usual
practice to employ a radio-frequency choke in series with the grid leak when
the radio-frequency power becomes appreciable.
The plate voltage for VTa is parallel fed through RFC 4• The radiofrequency output of the intermediate amplifier is fed to the output circuit
composed of C1a and La through the radio-frequency blocking condenser
Cn. When the radio-frequency power in a circuit becomes appreciable it
is usually customary to provide a meter for measuring the current at some
place in the circuit. Radio-frequency ammeter A3 in series with C1 8
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 L 3 and L 4 to the grids of the
power amplifier. The midtap of L. is grounded. The grids in the power
amplifier are then fed equal radio-frequency input voltages.
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PoWER AMPLIFIER. The output power amplifier of the transmitter
employs two tubes VT• and VT 6 in a push-pull circuit. The power amplifier is plate modulated and therefore the transmitter is high-'level modtdated.
The operation of the amplifier is Class C. The control-bias voltage is
obtained from a combination of grid-leak bias and cathode bias. Ru and
R12 are the grid-leak resistors and Ru and Ru are the cathode resistors.
The ammeters A4 and A 6 measure the direct current flowing through the
grid leaks; Ae and A7 in series with each cathode resistor measure the
plate current drawn 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 circuit is
used for suppressing parasitic oscillations. Resistor RI(, and inductance
L5 provide the parasitic-suppression circuit. If a plain resistance is used,
large enough to stop the parasitic oscillations, there will be excessive heating 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 amplifiers, however,
a small inductance such as 4 or Lo is placed across the resistor. The small
inductance has a high impedance at the parasitic frequencies. They are
therefore damped out by the resistance such as RI(, or Rio ncross the inductance. The D.C. resistance of the choke, however, is very low and therefore
the grid current flows principally through the inductance and not through
the resistor. Excessive heating in the resistor by the grid current is thus
avoided. The output circuit of the power amplifier is balanced to ground
by the use of a double-section condenser composed of C23 and C19. Plate
voltage is supplied through the radio-frequency choke RF~ and through
the output inductance ~- The amplifier is cross neutralized by the condensers C2, and Cu. The condensers C20 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 VT&
is effectively at ground potential so far as radio frequency is concerned. It
is to be noted that similar filament by-pass condensers are provided on the
other amplifiers. In low-powered radio-frequency tubes it is not necessary to use the midtap filament by-pass condensers. Referring to C3 of
Fig. 12-13, it may be seen that a single filament by-pass condenser has
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 ~ and L,.
The proper adjustment of inductances~ and Lio and condenser C31 makes
it possible for the transmitter output power to be fed into a wide range of
load resistances.
The power amplifier of the transmitter is, of necessity, Class C because
it is plate modulated. Class C amplifiers are less critical in operation thsn
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are other classes. Their amplification per stage is a. little lower than other
classes. However, the plate-circuit efficiency is higher. Therefore the
buffer amplifier and the intermediate power amplifier a.re also operated as
Class C amplifiers.
Audio-frequency Amplifier. There are three stages of amplification in
the audio-frequency section of the transmitter. Enough audio amplification 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 amplification employ pentode tubes and the third or modulator stage employs
tricde tubes. All three stages of audio amplification a.re in push-pull.
The audio-frequency input voltage is impressed upon the grids of the first
audio amplifier through the transformer Tio, By the proper selection of
the load resistors R22 and R2a, the frequency-response characteristic of the
transformer Tio may be made uniform over the audio-frequency band.
Ria and R21 form the cathode resistor. The grid return is made between
Ria and R21 and therefore the control grid bias voltage is the voltage appearing across R2s only. The resistors Ru, Ru, Ru, Rn, Ras, and R39 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 VTn and VT12 is obtained from the voltage dividers R2a and
R29. It is to be noted that the voltage divider is across the plate supply
to the first audio amplifier. The interstage coupling between the first
and second amplifiers is resistance coupling. RMJ and Ra1 are the plate
resistors. C4 , and C,. are the blocking condensers. R32 and R33 are the
grid resistors for the second audio amplifier tubes VTu and VTu. Separate bias adjustments are provided for each of the tubes in the second audio
amplifier. The second audio amplifier must supply enough input power for
the Class B final audio amplifier. It is therefore necessary to adjust the
second audio amplifier for optimum performance by separate adjustment
of the bias voltage on each of the tubes. The ammeters A10 and Au measure
the plate current drawn by each tube.
T 14 is the interstage transformer between the second and third audio
amplifiers. It has a double secondary so that each section may feed the
grid of one of the tubes in the modulator. Ru and Ra& are the load resistors
on the secondaries of the transformer Tu. Because optimum operating
conditions are required in a Class B audio amplifier, separate bias adjustments are provided for the grid of each tube. The plate current to each
tube is indicated by the ammeters Au and Au. The output transformer of
the modulator is T11; the plate voltage is fed to the plates through a. midtap
on its primary. If the radio-frequency Class C power amplifier is operating
at an efficiency of 80% for a 1,0()()..wa.tt carrier, then the power drawn by
the plates of the power amplifier is 1,250 watts. The audio-frequency
power output of the modulator required for 100% modulation is 625 watts.
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The plate voltage to the radio-frequency power amplifier is obtained from
the high-voltage plate supply rectifier through the audio-frequency inductance L11 and the radio-frequency choke RFC1. The plate-supply voltage
is prevented from shorting to ground through the secondary of transfom1er
T11 by the condenser C, 6• The condenser C46 is large and therefore has a
very small reactance at audio frequencies. The resistor R,o is also comparatively small. The audio-frequency output voltage in the secondary of TH
is therefore effectively impressed between ground and point Y of the diagram in Fig. 12-13. The audio-frequency choke L11, called the modulation
choke, prevents the audio frequency from shorting through the highvoltage plate-supply rectifier. The audio-frequency output of the modulator therefore varies the plate supply voltage and hence causes modulation
in the plate circuit of the radio-frequency power amplifier.
Resistors R 36 and Ra1 are in series between the plate and ground of 'VT1~
Likewise, Ras and R 39 are in series between the plate and ground of VT 16•
The audio-frequency output of the plates of the modulator tubes is across
these two pairs of resistors. The two pairs of resistors act as voltage dividers so that a small portion of the audio-frequency output voltage can be fed
to the grids of the first audio amplifier through the two circuits indicated
by Z. The audio-frequency voltage across R37 is impressed across the grid
resistor R24 of the first audio amplifier. Likewise, the audio-frequency
voltage across resistor Ru is impressed across the resistor Ru, The feedback voltages across R26 and Ru are out of phase with the input voltages to
the grids across the resistors R,2 and Ru. This feedback cancels out distortions that are introduced by the amplifiers and it also cancels out acertain amount of internal noise 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 R3 8 from the plate-supply voltage to the tubes of the modulator. This
D.C. voltage is also impressed acros.s the resistors Ri, and Ru. This
voltage is positive in respect to the grids of the first audio amplifier. It is
therefore nccrssary to make the bias voltage across R2& equal to the sum of
the normal bias voltage required plus the voltage drop across ~, or Ru.
The feedback D.C. voltage is, however, very small because R37 and R3 8
are a very small portion of the plate-voltage dividers of the modulator
tubes.
The audio-frequency current in the secondary of the transformer T11
passes through condenser C, 6 and resistor R 40 • There is, therefore, an
audio-frequency voltage across the resistor R,o, The audio frequency app<'aring across R,o is used to monitor the output of the transmitter. Any
distortion that may appear in the radio-frequency amplifier is reflected in
the modulator circuit through the transformer secondary to T 11 and is
detected in the monitor output. Likewise, distortion that is due to the
radio-frequency power amplifier is reflected to a certain degree into the feed-
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back circuit through the transformer T 17 and therefore it is partially nullified 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 separately adjustable by means of the
potentiometers R 11 and R1 8• These are across the output of the rectifier
filter circuit. Filter reactors Lu, La and condensers C32, C33 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 voltage.
Low-power Plate-supply Rectifier. This rectifier supplies the suppressor-grid, screen-grid and plate voltages for all amplifiers except the
radio-frequency power amplifier and the modulator. The various voltages
required for the different grids and plates are obtained from the voltage
divider R19• The full-wave rectifier employs two half-wave rectifier tubes
VT1 and VTs. T 0 is the filament transformer and T1 the high-voltage
transformer. The filter is composed of C3,, Cu, Lu, and Lu. Voltmeter
V2 measures the output voltage of the low-power plate-supply rectifier.
Cu 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 modulator tubes. Two half-wave rectifier tubes VT9
and VT10 are employed. The filament transformer is Tg and the plate
voltage transformer Ts. The main filter is composed of C37, L15, and Lio.
Separate bias adjustment for each tube in the modulator is provided by the
voltage dividers R20 and R21. Additional filtering is provided by the condensers Cas and C39.
High-voltage Plate-supply Rectifier. This rectifier supplies plate
voltage for the radio-frequency power amplifier and the modulator. It is a
bridge rectifier employing the four half-wave rectifier tubes VTn, VT1s,
VT19, and VT20. Tis and T19 are the filament transformers. T20 is the highvoltage plate transformer. The filter is composed of Lis, L19, C,o, 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
seven separate resistors. Five of the resistors, R1, R-i, R3, R&, and R1, are
potentiometers 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 a.t the proper point on a. voltage divider so that the potentiometer
for any given voltage supply will provide the necessary operating adjustment.
In practice, similar voltage dividers a.re sometimes used in such places as
R6, R11, R18, Riv, R20, and ~1 of Fig. 12-13.
For clarity in understanding the circuit diagram of a. radiotelephone
transmitter, certain pieces of equipment and certain circuits are not shown

R1
Plate Supply
F10. 12-14.

R1

+

Plate Supply
Plate-aupply Voltage Divider.

in Fig. 12-13. These are such items a.s overload relays, switches, timedelay relays, interlock switches, primary power circuits to the primaries of
filament and plate transformers, and so on.
Figure 12-15 shows the filament ground-lead circuit of a vacuum tube
through an inductance L. The plate current of the tube flows through L.
The inductance L is a. coil in an
T
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 primary power-supply circuit
to the high-voltage plate transformer,
thus shutting off the plate supply
Flo. 12-15. Overload Relay.
to the vacuum tube T of Fig. 12-15.
Thi,s circuit provides a means for protecting a vacuum tube against overload 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. 8 1 is the main switch that controls power to the entire transmitter. The primary fuses for the entire
transmitter a.re indicated by F1.
The main primary power-supply switch 8, is usually left closed so that
the crystal heat circuit may have power at all times. It is usually undesirable to let the crystal heat chamber cool off if or when the transmitter is
shut down. The next switch in the sequence of the transmitter primarysupply circuit is ~- This controls power to the rest of the transmitter.
The filament transformer and the bias-voltage rectifier transformer are
connected on the output of~- 83 controls the power to the primaries of the
plate-supply rectifier transformers. With 83 open and ~ closed the filaments of the tubes in the transmitter can be warmed up to operating temperature before the plate voltage is applied. 8 3, upon being closed, supplies 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 Sa 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 operating
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, an
interlock switch is provided on each door. The interlock switch contacui
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
Filament
Transformers

=

Bias Supply
Transformer

Overload
Relay Contacts
\ ,..._-1-,,.,r _

Primary
Power Mains

_.__I--'" ~

Interlock
Switches

L._J

Ill

S1
F1
S2
S3
,/----v---_._----1
1------J
High Voltage
Fi
Time Delay
Plate Supply
Relay
Fuses
Rectifier Transformer
F10.

12-16. Tranamittcr Control Circuit.

Most transmitters are provided with automatic start, so that only
one switch such 88 S:i need be closed in order to start the transmitter.
In such a procedure Sa would be normally closed. Upon closing Si the
filaments and bi88 supplies would receive power but not the high-voltage
plate-supply rectifier transformer because the contacts in a time-delay
relay would be open. These would be in series with S3• The closing of S2
would energize a coil in the time-delay relay. After a predetermined time
the contacts would close, thus closing the power circuit to the high-voltage
rectifiers.
In small transmitters, S:i, 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 operate power-control relays called contactors. Contactors are similar to the overload relay described in connection with Fig.
12-15 except that they sometimes have more than one set of contacts,
depending on how many circuits must be opened and closed. The coil to
operate the contactor 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 circuit diagram of the R.C.A. 1,000-watt broadcast transmitter type 1-K.
The regular circuit diagram of the type 1-K is too complicated for instruction 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. Various
components of the transmitter arc identified and a reference given to the

Courtcs11 of R.C.,I. Manufacturing Co., Inc.

Frn. 12-17. Front View 0£ 1,000-wntt Droadcnst Radiotelephone Transmitter, R.C.A. Typo 1-K.

similar piece of equipment as it would be used in the transmitter circuit
diagram shown in Fig. 12-13.
The complete schematic diagram of the type 1-K transmitter is shown
in Fig. 12-20. The description of this diagram will not be given. However, a study of the circuit diagram in Fig. 12-20 compared with the circuit
diagram in Fig. 12-13 will yield information pertinent to the over-all
circuit diagram of a transmitter. It should be kept in mind that the circuit
diagram of Fig. 12-13 is similar to that of Fig. 12-20 but that it is not a
simplification of the circuit diagram of the 1-K transmitter. Many of the
circuits have been omitted, particularly 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 R.C.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
are both used for 10-kw output. For 5-kw operation only one of the tubes
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12-18. Rear View of 1,000-watt Radiotelephone R.C.A. Typo 1-K.

KEY TO COMPONENTS
Correspondi11{1 Equipment
·umber and Description
in Fig. 12-13
l. Crystal holder and heat chamber ........................ Crystal heat chamber
?. Crystal oscillator and shield ............................. Oscillator
l. Spare crystal holder ................................... .
l. Buffer amplifier tube ................................... VT2
5. Intermediate power amplifier tube ....................... VT3
5. Radio-frequency power amplifier tubes .................... VT, and VT,
7. First audio amplifier shield ............................ ..
~- Second audio amplifier tubes ............................ VTu and VTu
9. :\lodulntor tubes ....................................... VTu and VT1e
9A. :\fodulator output transformer ........................... Tn
9B. Modulation reactor ................................... . L17
9C. Audio by-pass condenser ............................... . Cu
0. Second audio bias rectifier tube .......................... VT6
1. Intermediate plate-supply rectifier tubes .................. VT 7 and VTa
1 A. Intermediate plate-supply high voltage transformer ........ T 7
lll. Intermediate plate-supply filter reactors ................. . L 13 and L 14
2. Modulator bias rectifier tubes ........................... VT, and VT10
3. High-voltage plate-supply rectifier tubes .................. VT17, VT18, VTu, and VT20
3A. High-voltage plate-supply transformer .................... T, 0
3B. High-voltage plate-supply filter reactors .................. Lu and L,.
3C. High-voltage plate-supply filter condensers ............... . C,o and C41
4. Filament transformers .................................. Such as T,, T1', Ti•, Tu and Tu
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Fm. 12-10.

Ineide View or o-kw BroadcRat Radiotelephono TrnnHmittor, R.C.A. Typo 5-E.
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is used. It is to be noted that the tubes are inserted in radiator fins.
Directly below each tube is an air blower that forces air up around the tube.
The heat dissipation of tubes of
this 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
and therefore a high audio 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 highvoltage filter condensers may be
seen in the lower right-hand corner
of the third rack from the left.
The right-hand panel contains the
control circuits, the voltage adjustments, and the overload relays.
250-watt Transmitter. A frontview picture of a 250-watt broadcast transmitter is shown in
Fig. 12-21. This is a high-level
plate-modulated transmitter employing a crystal oscillator and two
stages of radio amplification.
There are also two stages of audiofrequency amplification. A rear
c~,..11 of R.C.A. Manufacturing Co,, Inc.
view of the transmitter is shown in
FIO. 12-21. Front View of 250-watt
Fig. 12-22, in which various com- Broadcnst Radiotelephone Transmitter,
R.C.A. Type 250K.
ponents are identified.
Inverse Feedback in Transmitters. Inverse feedback for -audio amplifiers was described in Chapter 7. One method of applying inverse feedback to a transmitter was explained in connection with Fig. 12-13.
Inverse feedback may be applied to a transmitter in a different way.
Referring to Fig. 12-23, the inductance k picks up radio-frequency energy
from the output circuit inductance L of the transmitter. This energy
is fed through a detector to obtain 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 first audio amplifier and,
therefore, the benefits of inverse feedback are derived.
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Courl<81/ of R.C.,l. .llanufaclunng Co., Inc.

Fm. 12-22. Rcnr View of 250-wntt Brondcn!t Radiotelephone Transmitter, R.C.A.
Type 250K: (1) crystal holder and bent chamber; (2) crystal oscillator; (3) buffer amplifier
tube; (·l) radio-frequency power amplifier tubes; (5) first audio amplifier; (6) modulator
tubes; (6A) modulator output audio transformer; (7) plate voltage-supply rectifier tubes;
(7A) plate-supply rectifier high-voltage transformer; (7n) platc-eupply filter reactor;
(7c) pinto-supply filter condensers; (8) bin! rectifier tube.
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Transmitter
Output
1st Audio Frequency Stage
Audio~III----.~----------------'

F10. 12-23. Inverse Feedback Applied to a Modulated Transmitter.

Distortion introduced by the transmitter is reduced, the frequency
response of the transmitter is improved, and the noises introduced by the
transmitter are reduced.
Review Questions and Problems. I. What function does a radio transmitter perform in a communication system?

2. (a) What are the two principal sections of an amplitude-modulation
radio transmitter? (b) Describe in general the components of each section
and how they function.
3. Why are buffer amplifiers used?

4. What are the two tyl)f'.s of modulated transmitters and why arc they
so named?
5. What 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 modulators? Explain why.
7. (a) What is power-supply regulation? (b) Why is good regulation
necessary in Class B audio amplifiers and in Class C modulated amplifiers?

8. How may inverse feedback be applied to a transmitter?

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.
Selectivity is concerned with the receiver's ability to reject undesired
signals. Fi<klity is a measure of a receiver's ability to reproduce faithfully
audio-frequency currents that are in accordance with the modulation
envelope of the received signal.
Sensitivity. The sensitivity of a receiver is determined by the amount
of radio amplification preceding the detector. The 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 transoceanic 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 limit to the amount of sensitivity that can be employed in a receiver. Sta.tic is a. limitation, and there is no point in building
a receiver that will respond to signals lower than the static level. Manmade noise is also a limitation; however, steps may be taken to reduce this.
Man-made interference may be minimized by filters on the electrical
apparatus ca.using the interference. Commercial receiving installations,
however, are often located in the country away from power lines and other
electrical apparatus.
Another important source of noise is the random motion of electrons
in the first stage of the amplifier, both in the grid circuit and 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. The narrower the band width, the less static and man-made
noise the receiver accepts. Therefore, owing to the narrower band width,
code receivers may employ a greater sensitivity. With a given transmitting power the range of the station is greater for radiotelegraphy than
it is for radiotelephony.
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In commercial communication installations, high-gain antennas are
usually used. High-gain receiving antennas are directional and a greater
signal input voltage is therefore impressed upon the receiver input by a
transmitter in the proper direction from the antenna. Such antennas
effectively increase the sensitivity of a receiving system.
Selectivity. The greater the selectivity of a receiver the more it \\ill
discriminate against undesired signals on channels adjacent to the one
that the desired station is on. If the sensitivity of a receiver is increased
by the addition of radio amplifiers the selectivity is automatically improved.
The selectivity of the individual tuned coupling circuits between radio
amplifiers functions to improve the over-all selectivity. This latter is
greater than that produced by an individual tuned coupling circuit.
If the selectivity is made too great, then the receiver will not respond
uniformly to the band 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 later.
Fidelity. A great many factors in a receiving set have a bearing on the
fidelity of reproduction. In the paragraph on selectivity, mention was
made of manipulating the successive tuning circuits so as to obtain a uniform response over a band of frequencies. If a uniform response is not
obtained, then the higher frequencies will be attenuated 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 modulation frequency is 10,000 cycles. The desired band width is from 990 to
1,010 kc. The response is not uniform over this band and therefore the
higher modulation frequencies are discriminated against. In a receiver
with multiple tuned circuits the successive circuits may be tuned slightly
off the carrier frequency. Figure 13-lb shows a plot of the response of
two tuned circuits A and B, slightly detuned from the carrier 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 the desired band
from 990 to 1,010 kc.
Radio-frequency transformers are usually used for interstage coupling
in receivers. Examples are 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 produce a response
such as that shown in Fig. 13-lc. In this method of obtaining a fl.at
response the circuits are not staggered but are actually tuned to resonance
and the effect is obtained by varying the coupling between 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. It therefore requires a higher signal
strength to give interference-free reception.
The detector in a receiver is very important. It is often the source of
poor quality. Pains must therefore be taken to see that the detector is
linear.
The audio system of a receiver is composed of an audio amplifier and
a pair of earphones or a loudspeaker. The audio amplifier must be able

1000
990
1010

1000

1000

990

Frequency in KC
( a I Tuned circuit response

Frequency in KC
( b) Two successive tuned circuits
slightly detuned

Fm. 13-1.

1010

Frequency in KC
(c) Resultant response of (b)

Multiple-circuit Selectivity.

to reproduce faithfully all of the audio-frequency components of the
modulation envelope of the received signal. The earphones or loudspeaker 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 an antenna,
an input tuning circuit, a detector, and a pair of earphones. 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 signals.
A simple crystal receiver is shown in Fig. 13-2. The signal from the
antenna is transformed to the tuning circuit by the radio-frequency transformer composed of inductances Land~- ~ and C comprise the tuned
circuit. X is the crystal rectifier. Condenser 01 and the resistance 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 amplification is employed between the antenna. and the detector. There is a tuning

~ Earphones
FIG. 13-2. Simple Crystal Receiver.

circuit on the input to the first radio amplifier, a tuning circuit between ea.ch
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 are 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 loudspeaker or a pair of earphones.

RF Amplifier

Detector

Audio
Am lifier

Flo. 13-3. Block Diagram 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 produce 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 superheterodyne 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 diagram of a multistage tuned radio-frequency receiver is shown in Fig. 13-4. Three radio
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amplifiers are shown ahead of the detector. The additional radio amplification increases the sensitivity and the selectivity of the receiver.
Threshold Sensitivity of a Receiver. Mention has been made of the
increased selectivity resulting from the additional tuned circuits employed
with radio amplifiers. A single tuning network may be built with selecChop. 13]

RF Amplifier
No. 1

F10.

13-4.

RF Amplifier
No. 2

RF Amplifier
No. 3

Detector

Audio
Amplifier

Audio
Output

Block Diagram or Multistage Tuned Radio.frequency Receiver.

tivity equivalent to that possessed by several radio amplifiers. This network could be inserted between 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. The selectivity characteristic is the same as
that obtained by the combined selectivities of the coupling circuits in a
Antenna
Selective
Circuit
F10.

13-5.

Detector

Audio
Amplifier

Output

Receiver with '' Lumped" Selectivity.

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 arc
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 that 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 threshoul 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
threshold, 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. Radio amplification ahead 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. Superheterodyne reception is accomplished by converting the frequency of the incoming signal to a second
frequency called the intermediate frequency. The radio amplification takes
place at the intermediate frequency. The signal at the intermediate
frequency is then detected to obtain the audio frequencies. Assume that
two radio-frequency signals of frequency / 1 and /, are brought together
in the input to the vacuum-tube detector. Two new signals are formed.
One is the sum of / 1and /2 and the other is the difference between /1 and/:.
Assume that / 1is 1,000 kc and /2 is 1,455 kc. The resultant new signals
will have frequencies of 2,455 kc and 455 kc. If /1 were amplitude-modulated, then its side bands would be converted over to the new signa.l of
455 kc. The new modulated 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 superhel.erodyne reception.
The block diagram of a simple superheterodyne receiver is shown in
Fig. 13-6. It is assumed that the incoming signal has a frequency of

Input Tuned
CtrCutl

First
Detector

Intermediate
Ampltfier
455 KC

Second
Delector

Aud10
Amphfier

Heterodyne
Osc,llator
1455 KC

Fm. 13-6. Block Diagram of a Simple Superheterodyne.

1,000 kc. The input circuit is tuned to this frequency. A local heterodyne
oscillator is adjusted to the frequency of 1,455 kc and is coupled into the
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 intermediate-/requency amplifier. The output of the intermediate
amplifier is impressed upon the grid of the second detector, where detection
takes place; thereby audio frequencies are obtained that are in accordance
with the modulation envelope of the incoming 1,000-kc signal. The audio
frequencies are 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 circuit
and the heterodyne oscillator are variable and simultaneous on one dial.
The 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 frequencies are also used, but 455 kc is common in broadcast receivers. Since
the intermediate 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 gain at a fixed frequency than it is when the
amplifier must tune over a range of frequencies. The superheterodyne
therefore has the advantage over a tuned radio-frequency receiver in that
the radio-frequency amplification may be obtained at a fixed frequency.
The heterodyne action in itself increases the selectivity, another advantage that the superheterodyne 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 stations is 1% of the carrier frequency of the desired 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 2.2%
of the frequency of the desired signal. The superheterodyne action has
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 the numerical ratio
between the undesired and desired signals increases. The superheterodyne
action, therefore, contributes materially to the selectivity of the receiver.
The superheterodyne circuit has one disadvantage, namely that the
heterodyne oscillator is in reality a low-powered transmitter. Referring
to Fig. 13-6, 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 kc. If another receiver in the vicinity is tuned to receive a signal on
1,455 kc there will be interference. In order to prevent this, prese1.ection
radio amplification is employed. One or more radio-frequency amplifiers
are placed between the antenna and the first detector. One stage of preselection 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, the radio-frequency section of the
receiver should be carefully shielded.
Automatic Volume Control. The received intensity of a signal from a
transmitting station at a distance may vary over wide limits. Variations
due to sky-wave transmission are explained in Chapter 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 various frequencies vary greatly in
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intensity. Receiving sets incorporate automatic volume control circuits that
make it possible to obtain substantially the same audio-frequency output
from a receiver 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
amplification of the radio amplifiers. This circuit includes the radiofrequency 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 extensively 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
explained in Chapter 11,
when a radio-frequency
signal input voltage is
impressed upon the diode
R
+
detector, a D.C. voltage
is produced across the
Audre Output
output resistor R. As
C,
Ithe radio-frequency sig+
nal voltage is increased,
DC voltage used for automatic
the D.C. voltage across
volume control
R is increased.
The
Flo. 13-7. Automatic Volume Control.
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 across R increases, thereby reducing the amplification 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.
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
receiving 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 loudspeaker. The noise received when an
incoming signal is not present in a receiver 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 circuit. The output circuit of the diode detector is
composed of C1 and R. C3 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 C, and C5. Ta functions as an audiofrequency 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
R2. R 2 supplies plate voltage to the vacuum tube T2. The vacuum tube
T 2 and its associated circuits produce the squelch action. The plate
current drawn by T2 determines the bias voltage on the audio-amplifier
C,
~d10

lnp:]

R, Output

B
F10.

B

13-8. Squelch Circuit.

Ta. When there is a radio-frequency signal input voltage to the diode
detector, there is a D.C. voltage 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 across R and
thereby furnishes a steady D.C. bias voltage for T 2 • The circuit constants
are so adjusted that when there is a radio-frequency input to the diode
detector, the bias voltage on T 2 will be beyond the cutoff point, thus
stopping the flow of plate current to T 2. Therefore there is no voltage
drop across R2• The bias voltage on the audio amplifier T 3 will only be
the voltage across section b of the voltage divider. This voltage is adjusted so that T 3 will function as an audio-frequency amplifier.
When 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. T2 therefore draws a large plate
current through resistor R2 and thereby causes a large D.C. voltage to
appear across R2. This additional voltage biases the audio amplifier T 3
beyond cutoff, thus preventing T3 from amplifying any audio frequency
that may be impressed on its grid. Therefore T 3 can 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 tuning 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 transmitter; 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 intermediatefrequency amplification, a combination second detector and audio-frequency
amplifier, an automatic volume control, and one stage of audio-frequency
amplification. The primary power supply for the receiver is obtained
from a 6-v automobile battery. All vacuum-tube filaments are heated
by the 6-v battery supply. Inductance Lio and condenser Cn form a filter
to prevent noises originating in the electrical 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 tube. The
output voltage of the rectifier is filtered by the inductance L16, the resistor
Ru, and the condensers C30 and Cai. The loudspeaker used is electrodynamic and current must therefore be supplied to the field coil. This
current is supplied from the battery. The field coil of the speaker is
indicated by L 11• The audio-frequency output transformer is Ti and the
plate voltage to the audio-frequency amplifier is supplied through the
primary of this transformer.
The circuit of the preselection radio-frequency amplifier will be recognized as one of those shown in Chapter 11. A single 6A8 vacuum tube
functions as the first detector and oscillator. The oscillator circuit, composed of C10, Cu, 012, L., and L6 is connected to two grids of the first
detector tube. This circuit produces the local oscillation which in turn
produces the intermediate frequency of 260 kc. The signal input voltage
from the radio-frequency amplifier is impressed upon one of the grids of
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
intermediate frequency to be formed. The 6K7 tube is the intermediate.
frequency amplifier. The tuning between the first detector-oscillator and
the intermediate-frequency amplifier, and between the intermediatefrequency amplifier and the second detector, is fixed at the intermediat~
frequency of 260 kc. The 6Q7G second detector tube contains a diode
rectifier and a triode tube in the same envelope. The diode elements
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 Re. Re is the manual
volume control of the receiver. Re 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. Automaticvolumc-control voltage is fed from the diode through the resistor R, to
the grids of the previous tubes. Variation in signal input to the diode
detector produces a change in the D.C. voltage across the diode circuit
resistors R9 and R 8• 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 explained
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 the loudspeaker
through the matching transformer T2.
Review Questions and Problems. 1. What function does a radio
receiver perform?
2. What are the three main receiving-set factors? Explain 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 superheterodyne receiver
and what function does each perform?

S. Why is a superheterodyne receiver more selective than a radiofrequency receiver?
6. What are the limiting factors in radio-receiver sensitivity?

7. (a) Why is an automatic volume control used in a receiver?
plain how it functions.
8. Why is a squelch circuit used in receivers?
9. Explain the superheterodyne action.

(b) fa:-

CHAPTER 14

Frequency Modulation
General Principles. A station whose radio wave does not change in any
respect cannot be used to send signals 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 discussed. 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
modulation (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 instance. If some
means 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 the 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 code transmission may be used
as an illustration of how this frequency variation might be effected. Code
signals consist of dots and dashes in groups to make up letters and words.
One way to send these dots and dashes is to press a switch or key which
will start the transmitter or "put it on the air" for the time necessary
to make a dot or a dash and leave 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 letters and words of
the message. An alternative system is to keep the transmitter on the air
all of the time but use an extra circuit which may be switched into operation when the key is open and cut out again when the key is closed. This
extra circuit is so arranged as to cause the transmitter 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 circuit is connected. Signals may be transmitted which seem
(at the 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
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only change being a shift of frequency in step with the keying used to make
the Morse characters. The operation depends upon changes of frequency
to convey the information, although this system usually is not called a
frequency-modulation system and has been practically obsolete for some
time.
Such a system will not work to transmit voice or music because it is an
"all or none" arrangement. However, if a scheme is used which \\;II
increase the frequency slightly when a positive voltage is applied and decrease the frequency when a negative voltage is applied (or vice versa)
this difficulty will be overcome. Moreover, the variations have to be
perfectly smooth, with the frequency change following instantly the slightest change of voltage 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 wave form which by
its character tells the listener whom or what he is hearing. If a voltage
produced by sound striking a microphone and subsequently amplified is
applied to the system just suggested, the frequency of the transmitter
will increase whenever the complex audio voltage is positive and the
frequency will decrease whenever the complex audio voltage is negative.
It is assumed that the system will operate fast enough so that any audio
frequency within the useful range will be followed without lagging. This
process will alternately increase and decrease the frequency of the wave
from the station. Increasing the frequency means that there will be more
cycles in a given period of time and decreasing it means that fewer cycles
will appear; this variation is shown in the diagram of Fig. 14-1. The
process of frequency modulation treats the radio wave something like an
accordion, squeezing it in and out according to the needs of the speech
or music being transmitted. The corresponding picture for an amplitudemodulated wave is shown in Fig. 14-2 for comparison.
The height or amplitude of the amplitude-modulated (A.:M.) wave
changes according to the loudness of the sound in the microphone, the
greatest permissible variation being shown in the diagram. This is called
100% modulation, which occurs when the wave is pressed down to zero
during one half cycle of the audio frequency and reaches double the
unmodulated amplitude during the other half cycle. It may be shown
(with a measuring instrument or by mathematics) that the power in the
wave increases during modulation-as much as 50% in case of 100%
modulation. The amplitude of the frequency-modulation wave, on the
other hand, remains the same all of the time and the total power supplied
by the transmitter also remains the same, instead of incrc.asing "\\;th
incrcn.scd modulation as it docs in the amplitude-modulation wave.
The modulation percentage in the amplitude-modulation system is
limited to 100%, because any further increase would shut the station off
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the air momentarily, and cause other technical troubles. In the frequencymodulation system there is a different limitation to the amount of moclulation which may be applied. An increase in modulation simply means that
the station occupies more of the assigned radio frequencies. If this process
goes too far, the station being considered will interfere with other stations
by trespassing upon their frequency range, and so the frequency swing is
limited by law (for frequency-modulation broadcasting 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. The modulation percentage in frequency-
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modulation broadcasting is defined as the percentage of this 75 kc that
the frequency actually swings through at any given time.
This frequency swing or JrcquenciJ deviation depends upon the loudness
of the sound. in the microphone. It is convenient here to define another
term, the modulation index, which is the frequency deviation divided by
the audio frequency. For example, if the maximum frequency deviation
from the unmodulated frequency is 75 kc and the audio frequency transmitted is 15,000 cycles (15 kc), then the modulation index 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 broadcast at full
modulation, the modulation index would be 75/1.5 = 50, ten times as
great as before. For an audio frequency of 150 cycles (0.15 kc) the modulation index would be 500, and so on. The modulation index is large for
low audio frequencies and small for high audio frequencies of the same
intensity.
The modulation index also varies with the loudness of the 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 decreased to one half of this intensity the deviation would be half as much
us 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 heard from the receiver.
To sum up: for any given audio frequency the modulation 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 time.
A suitable network may be connected in the audio-frequency channel
to make the voltage of the high audio frequencies somewhat greater 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 are true sine waves. As a simple example, the
blunt-topped wave shown in Fig. 14-3a is made up of a pure sine wave
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 indicates the peak amplitude of each component and the horizontal
Wave with Third Harmonic
,

. -.

Frequency
Spectrum

Resultant
Third Harmonic

3f0

f0
(a)
F10. 14-3.

Cb)
Distorted Wave and Componenta.

distance their separation in terms of frequency. The amplitude of the
third harmonic shown is one fifth of the height of the fundamental and the
distance between them is 2Jo, where Jo represents the frequency of the
fundamental or lowest-frequency wave.
In a frequency-modulation system the wave is alternately squeezed and
stretched (as 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 analyzing a frequency-modulated waYe
into pure sine waves and plotting the amplitudes of these sine waves on
a frequency-spectrum diagram. The center line, marked J" indicates the
carrier frequency, and the height of the line indicates tho amplitude of
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the carrier under certain conditions. The other vertical lines indicate
frequencies which are called side 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 examples above show
that when the modulation index is large the audio frequency is low and
vice versa. The side bands are spaced out from the carrier frequency at
distances which are proportional to the audio frequency; that is, each of
the side bands set up by a 100-cycle note will be separated from its neighbors by 100 cycles, the side bands of a 1,000-cycle note will each be separated by 1,000 cycles, and so forth. At the time when there are a 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 becomes farther from that of the carrier.
The result is that the station may stay within a certain assigned frequency

I

I
I

. _. / I
(b)

Spectrum of Frequency Modulated Wave
Flu. 14-4.

Distorted Wave and Frequency-modulation Spectrum.

band and the side bands do not cause interference outside of the stat.ion
channel.
Wide-band Frequency Modulation, an Outgrowth of the Search for
Static Eliminators. Noise in the output of a radio set may be broadly
defined as any sound appearing which was not present at 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---cven from the random motion
of electrons in circuit components within the set itself. These disturbances are like radio signals in character, appear at all radio frequencies,
and cannot be tuned out.
To overcome the effects of noise, some means must be used to enable
the receiver to separate the desired signal from the noise. Some of the
methods intended to effect this are the use of high power in the transmitter,
increase of modulation, selective circuits at the receiver, and directional
antenna systems. Each of these methods has certain drawbacks. Beside
the above methods, which are effective under certain conditions, many
inventions which do not work have been proposed for reducing noise.
In an amplitude-modulation system 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 signal
is as small as 1% of the desired signal. With the frequency-modulation
system, on the other hand, the addition 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 modulation, when two signals are added and the modulation index of the desired
signal is fairly large while the undesired signal (either noise or radio transmISSion) is less than half the amplitude of the desired signal, the modulation
of the sum is determined almost completely by the larger or desired signal.
In fact, no appreciable disturbing effect will be noticed in the output of
the receiver under these circumstances. This is a great 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 to accommodate frequency-modulation stations is among the
ultrahigh frequencies. The band assigned to commercial frequencymodulation stations is from 43 to 50 me.
The fact that the range of signals at these frequencies is about one to
three times 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 communication or emergency work tht>
same frequency may be used by stations much closer together or by a whole
group of stations; in some such cases the blanketing effect of a strong
carrier might be undesirable, if it concealed the fact that the weakrr
station was on the air.
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If two amplitude-modulation stations operate with carrier frequencies
which are very nearly the same a:tid signals from both stations appear in a
radio receiver, a squeal or heterodyne is set up. This squeal often prevents
the reception of a desired signal and may be caused by an interfering station
a thousand miles or more away, whose signal strength is very small compared 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 blanketing effect of the stronger of the two signals.
In broadcasting entertainment 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 audio 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 than the power required
with no modulation, and reaches peaks of power which are four times the
unmodulated value. This radio-frequency power must be supplied by
changes in the efficiency of the linear radio-frequency amplifiers or by the
audio-frequency high-level modulator stage. With large stations this
situation may lead to great engineering difficulties. In frequency-modulation systems, on the contrary, the modulator may be a receiving-type
tube and the output stage, operating efficiently as a Class C amplifier,
delivers the same amount of power to the antenna at all times. Changes
in the modulation simply change the distribution of the power between
the carrier and the various side bands.
Because of the noise-reducing properties, high fidelity, and limited interfering 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 transmissions may have several services multiplexed, or sent simultaneously
on the same carrier-such as 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 may
use amplitude modulation and the sound frequency modulation.
Frequency-modulation Systems for Communication Services. The
primary purpose of communication or mes.sage services is to convey information; tone quality and similar factors are of minor importance. For
example, a restricted audio-frequency 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 stations in a given limited area. The deviation ratio may 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 eithm; side of the carrier frequency or a
channel width of 30 kilocycles. As a matter of fact, experiments have
shown that near the limit of the useful range of frequency-modulation
signals for emergency 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
Frequency-Modulated
Wave ( Low Radio frequency
and Low mi)
CrystalControlled
Oscillator

Frequency-Modulated
Wave ( High Radio Frequency
and High m 1 l
Frequency
Converter

Second
Group of
Doublers

Power
Amplifier

CrystalControlled
Oscillator

Microphone

FIG. 14-5.

Block Diagram of Armstrong Frequency-modulation Transmitter System.

limiter circuit (to be described later) needs a certain minimum voltage to
operate properly. When no carrier is being received the frequencymodulation receiv.er is open to any random noise or static from the air
and its high gain and broad amplifiers make it more troublesome in this
respect than a comparable amplitude-modulation receiver. For eommunication work, 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
sound from coming out of the audio channel when no carrier is applied
to the receiver.
Frequency-modulated Transmitters. The operation of many of the
circuits in a frequency-modulated transmitter is identical with the corresponding circuit in an amplitude-modulated transmitter. There are,
however, certain circuits which are unique to the frequency-modulation
system and these will be described in some detail.
Two methods of obtaining frequency-modulated signals are in present
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use: (1) the Armstrong system, and (2) the reactance-tube 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 oscillator whose frequency is held at a constant
value by means of a quartz crystal at about 200 kc. This constant-frequency wave is sent through two channels; one channel consists of a radiofrequency amplifier which builds up the amplitude of the wave, and the
other channel includes a ph~shifting network and a balanced modulator.
The balanced modulator is similar in most respects to the standard modulated stage used in amplitude-modulation transmitters, whose output can
be analyzed into a carrier and a pair of side bands for each audio-frequency
component in the signal from the microphone. However, in this case the
carrier 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 balanced modulator are added to the original carrier
after a 90° phase shift frequency modulation may be produced. The deviation ratio is small and must be multiplied to reach a useful amount.
The output of the combining network is fed into a series of frequencydoubling stages. These consist of Class C radio-frequency amplifiers whose
plate circuit is tuned to double the frequency of the grid circuit; the radio
frequency applied to the grid is thus multiplied by two and the deviation
ratio is also multiplied by two.
In frequency-modulation transmitters for broadcasting service it is
found that a continuation of this multiplying process does not give a sufficiently large deviation before the 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 superheterodyne receiver, is supplied with a fixed frequency
from another crystal-controlled
oscillator.
Frequency
Power
The output of the converter
Oscillator
Multiplier
Amplifier
is passed through more doubler
stages to increase the deviation
Frequency
Discnm·
Crystal
and carrier frequency stili furinator
Converter
Oscilla!Dr
ther until the correct carrier frequency is obtained. All of these
operations may be carried out
Audio
using receiver-type tubes. The Amplifier
output, with high carrier fre- F10. 14-6. Renctnnce-tube or Crosby System
Frequency-modulation Tranamitter.
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 to the modulator must be
passed through a network which makes the audio amplitude and hence the
modulation index inversely proportional to the audio frequency.
The reactancc-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, il:l connected in parallel with the tank
circuit of the oscillator. The reactance tube is supplied with the usual
plate voltage and cathode-bias voltage as shown in Fig. 14-7. In addition,

.___.__ _ _ _ _ _ _ __._B+ T,
Fm. 14-7. Circuit Diagram

or Oscillator and Reactance Tube.

its plate is supplied with alternating voltage from. the tank circuit of the
oscillator through condenser C&. By means of a suitable circuit, as shown,
this tube is caused to act like a reactance (coil or condenser) and its reactance is varied in accordance with the audio frequency. The frequency of
the oscillator is also changed because of the changing reactance connected
across its tank circuit, and. a frequency-modulated signal appears in its
output.
This carrier with frequency modulation is passed through a number of
frequency doublers or multiplier stages to increase the carrier frequency and
deviation ratio. Finally, power amplifiers step up the power and feed the
signal into the antenna.
Some means must be provided to keep the transmitter upon its assigned
carrier frequency. A self-excited oscillator, such as 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 transmitter
with a standard, 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 is a superhctcrodyne, conventional in many respects but with certain 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.
In entertainment receivers, the audio-frequency channel and especially
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the loudspeaker should be of the highest quality to take advantage of the
high fidelity possible in frequency-modulation systems. This high quality
may require the use of special loudspeakers for the high audio frequencies
in addition to the usual speaker for low and medium frequencies.
The pre-emphasis at the transmitter to increase modulation at the higher
audio frequencies must be corrected with a de-emphasis circuit in the reAntenna

R.F
Amplifier

Converter

1-F
Amplifier

llmiter

Oscillator

Speaker
F10. 14-8.

Block Diagram of Typical Frequency-modulatioll Receiver.

ceiver to restore the correct balance of tone. This circuit may consist of
a resistor and condenser in series whose time constant is a.bout 100 microseconds (such as a 100,000-ohm resistor and a 0.001 µ.f condenser).
A block diagram of a typical frequency-modulation receiver is shown in
Fig.14-8.

o...._____,.._____..______.._______.
l
Fro. 14-9.
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1000
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Circuit of Limiter Stage and Curve Showing Limiter Action.

The 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 relatively low signal voltage.
The circuit operates like a Class C amplifier, and even though large signals
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are applied to the input of the set, the output of the limiter remains practically constant. Hence amplitude modulation arising from any cause is
wiped off the signal; the limiter does not interfere with the frequency modulation because its action does not affect the instantaneous frequency of the
wave.
The circuit diagram of a typical frequency-modulation detector (or
discriminator) is shown in Fig. 14-10. When a signal is applied which is

Frn. 11-10. Frequency-modulation Detector or Discriminator.

exactly the same frequency as that to which the secondary of the intermediate-frequency transformer is tuned the voltage a.cross each diode is the
same and no audio-frequency voltage appears. If the applied frequency is
varying about this same frequency, an audio-frequency voltage appears at the audio terminals
V
~20
and is amplified with the audioC
,,,/
~10
l&J
frequency amplifier of the set.
1/.,.
A typical curve showing the
-100-80 -60 -40 20 40 60 80 100
- ,...Kilocycles~ ~ off Ca rier
relation of the applied frequency
/
20
to the resulting audio voltage is
/
30
that of Fig. 14-11.
Another method of converting
Frn. 14-11. Frequency Variation Plotted
frequency-modulation signals is to
against Audio-frequency Output in a Di&l h •
criminator.
app Y t e mcoming signal to a circuit tuned to a slightly different
frequency from that of the signal, as shown in Fig. 14-12. A higher frequency will cause an increase in the current in the tuned circuit and a lower
frequency will cause a corresponding decrease in current. This current
change converts the variation in frequency into a variation in the amplitude
of a current, which may then be passed on to a standard amplitude-modulation type of detector. This effect explains the fact that frequencymodulation 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 circuit diagram of a typical frequency-modulation receiver (which
also includes an amplitude-modulation receiver) is shown in Fig. 14-13.

--kc__.
Deviation

"---Intermediate Frequency
FrequencyFw. 14-12.

Off-resonanco Tuning to Convert Frequency-modulation Signale into Amplitude-modulation Signals.

Review Questions and Problems. 1. Point out the main differences
between a frcquency-mooulation and an amplitude-modulation radio
system.

2. What are 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. '\\'hat is the frequency-band width for frequency-modulation transmission at present?

S. Compare the variations of output power when modulation level is
changed in a frequency-modulation system and then in an amplitudemodulation system.
6. What is the ratio of band width to mid-frequency in the intermediatefrequency amplifiers of a frequency-modulation system as compared with
an amplitude-modulation system?
1. Why is it not practical to have frequency-modulation stations in the
regular 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. What advantages would the frequency-modulation system offer in
mobile service?

CHAPTER 15

Radio Wave Propagation
General Nature of Propagation. When a radio wave leaves an antenna
it spreads out in all directions as indicated in Fig. 15-1. Part of the radiated energy travels along near the ground and is guide,d around the surface
of the earth much as electromagnetic waves are guided by wires. This
portion of the radiation is ca.lied the ground wave or surface wave. The remainder of the energy is ca.lied the sky wave or space wave. It is radiated
upward into space and would be lost completely were it not for reflecting

Fm. lo--1. Ground-wave and Sky-wave Radiations.

layers 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 radiation back towards the earth and so produce a signal at distant

points.
Polarization. If the signal radiated by a vertical antenna is received a
short distance away it will be found that the received signal is a maximum
when the receiving antenna is vertical and zero when the receiving antenna
is horizontal. This is because the electric field is in the vertical direction
at this point. The radiation from the antenna is said to be vertict:zlly
polarized. In a direction at some vertical angle 8 to the sending antenna
(see Fig. 9-16) the receiving antenna must lie in the direction shown by E
for maximum signal pickup. It is then not vertical but it will still be in the
vertical plane through the antenna 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 said to be vertically polarized, or more correctly,
plane polarized in the vertical plane. Similarly the radiation from a hori341
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zontal antenna is said to be Jwrizontally polarized and there will be no direct
pickup of such a signal on a vertical antenna.
The Ground Wave. The part of the radiated energy that travels along
near the ground, that is, the ground wave, induces voltages and currents
in the ground that subtract energy from the wave. If the ground were a
perfect conductor, these ground currents could flow without any losses and
the wave would not be affected. However, the ground does have resistance,
or a finite conductivity, so that energy is required to make these ground
currents flow and this energy is absorbed from the wave. The result is
that the ground wave is thus attenuated or decreased in strength even more
than by the distance factor 1/r which is due to the spreading out of the wave
through larger surfaces as it recedes from the antenna. The amount. by
which the wave is attenuated due to an imperfectly conducting ground is
important in determining how far the wave will travel before the signal becomes too weak to be of any use.
The attenuation 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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FIG. 15-2. Effect or Froqucncy and Ground Conductivity upon the Strength or tbt
Ground-wave Signal. Solid lines: fairly good conductivity (100 X 10-16 e.m.u.). DashN
lines: poor conductivity (20 X 10-a c.m.u.).

frequency wave is attenuated much more than a low-frequency wave o,er
the same ground.
Figure 15-2 illustrates the manner in which the ground-wave signal depends upon frequency and upon the conductivity of the ground. The
curves show the field strength in millivolts per meter against distanc.e from
the transmitter. The expression millivolts per meter (or microvolts per
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meter) refers to the voltage that would be induced in a wire 1 m 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 satisfactory 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
time when static is weak, a signal of 10 µv per meter may be entirely adequate.
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 extent upon the nature of the terrain. Flat
prairie country usually shows a high value of conductivity while mountainous 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 polarized 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 wasted energy as far as radio communication is
concerned if it continued on its path and did not return to earth. Fortunately, under certain circumstances it is reflected from the ionosphere,
or Kennelly-Heaviside layer as it used to be called. The reflected wave may
return to earth at distances from the antenna much greater than can be
reached by the ground wave, and this reflected wave makes extreme longdistance 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 are lost,
but more often the waves are bent in their paths so much that they return
to earth at distant points. The heights of the layers and the degree
of ionization (that is, the number of ions and electrons in a given volume)
determine how far radio waves will go, and what frequencies give the best
transmission. The ionized layers are found usually at heights between 50
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 one or more electrons out of a molecule of the gas, leaving
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a positive charge on the molecule. The positively charged molecule is no
longer a true molecule, but is an wn, and can be attracted or repelled by
electric forces. Electrons can be knocked out of a molecule not only by
£a.st moving particles like electrons, but also by certain types of radiation
such as ultraviolet rays and cosmic rays. In the high atmosphere, where
the pressure is low, conditions a.re excellent for ionization to take place.
The sun constantly gives off ultraviolet rays, and when these reach the
upper atmosphere they ca.use a large proportion of the air particles to become ionized. Cosmic rays a.re believed to ca.use some ionization also.

F10. 15-3. Refraction or tho Sky Wave by an Ionized Layer.

Since the a.toms, ions, and electrons in a gas a.re in constant motion, frequent 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 recombinatwn 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 a.re only a few particles present, as high
in the upper atmosphere, collisions will not occur very frequently, so that
the air particles remain ionized for long periods. In the lower parts of the
earth's atmosphere, collisions take place so often that 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 ultra.violet rays from the
sun are largely absorbed by the upper parts of the atmosphere. As a result
there is very little ionization below about 30 miles. Above 250 miles there
are so few air particles present to be ionized that the density of ionization
is again very low. However, at intermediate heights there is considerable
ionization. The region between 30 and 250 miles above the earth is thus
the region where the ionosphere exists, and this region therefore has the
most influence on the propagation of the sky waves.
Sky wav<>s 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 the earth's atmosphere
ionize at different pressures, that is, at different heights above the surface of
the earth, and because there are other ionizing agents (cosmic rays, for
example), which penetrate to different depths. The number of layers, their
heights above the earth, and the amount"they bend the sky wave all vary
from day to day, from month to month, and from year to year. There are
two principal layers, called the E layer and the Flayer. 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. The designations F1 and F2 are
given to the two parts of the layer which exist in the daytime, the F1 layer
being the lower one. The F, F1, and F2 layers are 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 further. The heights at which the various
layers exist is shown in Table I.
TABLE 15-1
Name of layer

Hcighl of layer, milu
55to 85
F (night only). . . . . . . . . . . . . . . . . . . . . 110 to 250
Fi (daytime only)... . . . . . . . . . . . . . . . 85 to 155
F, (summer day)................... 155 to 220
F, (winter day)....................
90 to 185
D................................ 30 to 55

E............... .. . . . . . . ... . . .. . .

Effect of the Ionosphere on the Sky Wave. The way in which radio
waves arc bent by the ionized layers in the ionosphere may be seen with the
a.id 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
a.long 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 JllOre and more as it gets into
regions of higher and higher ion density. The 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 returns to earth as shown.
The actual path of the wave in the ionized layer is a curve, as shown,
and it is said to be caused by refraction of the wave. This is similar to the
refraction of light that takes place in a prism. Since it is usually simpler
and more convenient to think of the wave as being reflected, rather than
refracted, the path can be assumed to be the straight lines AD and DB as
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indicated in the figure. This assumption is made in measurements or 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 traveling over the path AD-DB to reach the receiver is compared with the time
taken by the ground wave along the direct path AB. From this information, and knowing the distance AB, it is possible to calculate the height
of D above the earth. This height is called the virtual height of the ionosphere, since it is not the true height. In order to measure the true height
of the layer it would be necessary to know the shape of the curved path.
In measuring virtual heights the points A and B are usually placed very
close together so that the wave is sent nearly vertically upward.
If the frequency of the transmitted wave in Fig. 15-3 is increased sufficiently 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

Fm. 15--4.

Path of Sky Wave Which Penetrates an Ionized Layer.

waves of higher frequency arc bent less easily in the ionosphere than waves
of low frequency. The path is bent away from 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 a.nd is again bent
away from this region to a region of low density. As a result, the 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 reflected 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 faye.r,
and on the angle at which the wave first strikes the layer. In the example
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of Fig. 15-4, 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 the 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

/

F10. lo-5. Effects on Transmission Due to the Angle at Which the Sky Wave Is Transmitted.

layer, its path begins to bend as before. The amount which the wave is
bent is now 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 waves of this same frequency
would penetrate the layer at steeper angles. Waves sent out at all angles
less than that of the wave AFB shown in Fig. 15-5, on the same frequency,
will be bent back to earth. Thus there will 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 nearer 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 E to D in which it is impossible to receive signals for the transmitter, even though points farther away are able to receive. This area of
no signal is known as the skip area, or sl..-ip 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 can be
reflected from the earth, since the earth also is partially conducting. This
reflected wave from the earth will then strike the ionosphere and be reflected once more, returning to earth at a great distance from the transmitter. This type of path is known as two-hop transmission as compared
with the one-hop transmission in Fig. 15-3 and 15-5.
Critical Frequencies. It was mentioned in connection with Fig. 15-3
that it is possible to measure the virtual heights of the layers in the ionosphere by sending signals vertically upward and measuring the time taken
by the signals to return. Since the speed that radio waves travel is known
(186,000 miles per second), it is easy to calculate the distance the wave has
traveled. Because the time taken is extremely short, a few thousandths of
a second, the signal that is sent up must be a very short pulse in order that
the ground wave signal and the reflected signal may be separated. An
oscilloscope is used to observe the two signals for measuring the time
difference. If such measurements of virtual height of a layer are made at
successively increasing frequencies it will be found (as mentioned earlier)
that a frequency will be reached for which the waves are no longer reflected
back to earth from this layer. The highest frequency for which wave.a
sent vertically upward are returned by a layer is called the critical frequency
B

F10. ltH>. TranamiBSion by Means of Ionosphere Reflection, Showing Angle 6.

for the layer at the time and place the measurements are made. The
critical frequency for a particular layer is not the highest frequency that
can be used for communication using that layer. AB 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 path
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of the wave makes with the layer depends upon the height of the layer and
the distance between the points (see Fig. llH>). For a given layer height
BC there will be a particular angle 8 corresponding to ea.ch distance AD
between transmitting and 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

,
'max. =

,.

COS

8

where f, is the critical frequency at the point of reflection and 8 is the angle
between the ray and the vertical. This maximum frequency that can be
used for transmission between two points is called the maximum usable
frequency.
As the distance between transmitting and receiving points is increased
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 8
corresponding to this limiting distance is about 74° for the Flayer. For
this case the maximum usable frequency will be
1
cos 74° = 3•61•

and this will be the 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 are 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 higher 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 behavior 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 transmission over large distances. When a radio wave passes through
an ionized region, it causes the electrons to vibrate. The vibrating electrons collide with neighboring molecules and ions and give up some or all
of their energy. This energy is used up in heating the air and is thus
wasted. The amount of energy that will be taken from a radio wave and
wasted 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 and air molecules
in the layer. Since ultraviolet rays from the sun cause ionization to be
present at lower levels in the daytime than at night, and since there are
more air particles at the low altitudes, the absorption of energy will be
much greater during the daytime than 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 frequency of a wave is from this resonance frequency, the 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 ionosphere go through regular variations which affect the propagation of radio
waves. These variations can be predicted with fair accuracy. They are
36

!

1:
I~

32

1.
3~obk~ ~-5t

i§

,!:;

(J)

I

.28

'::ES-

1:

_524
~20

I

16

~k\11

I/.,.

2150p

-

E

·;.

-r:!: 8
r-r<O

4

-~
----

'I/'
I

r-

1/

--=

I

2

~.,

r- (

:
0

r,/

r/J /
I! f/1

i---

4

i--

I

2000km
I

"-1'.

k/11 "-.,"I\

I

V

I

"'
:--;::::....._
-, ._r-§ 12 ,....,_

:::)

0

,..

i hIv,....

l

<O

)

I

g
i

/

JI/

I

,.:::,,;·

vi.--

I

I

I'~

1' \~

lMki

---.1

1000km

'- I

I

I I

500km
0km

"\:~

l'I\.
r}
I

\~

I\. \ ~~
I\. "':,..
I'-...
....

I'~

!

',

"!=::::._

I
I

.....

-

:

6
8
10 12 14 16 18
Local Time at Place of Reflection

20

22

0

Flo. 16-7. Graph of Maximum Usable Fn>qucncy.

of three principal types, called diurnal variations, seasonal variations, and
sunspot-cycle (11-year) variations. 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 F2 layer, the heights of the layers show
only moderate fluctuations. Therefore the variations in the ionosphere
are mostly exhibited as changes in absorption 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 critical 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 layer are lowest during a minimum
in sunspot activity.
The regular changes in the ionosphere can be predicted fairly accurately.
The diurnal and seasonal variations follow regular patterns, so that when
allowance is made for the changes brought about by the 11-year sunspot
cycle, predictions are readily made. The Bureau of Standards publishes
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each month ionosphere data including predicted maximum usable frequencies for the ensuing month. Figure 15-7 shows a sample graph
similar to those published. The graphs show the predicted maximum
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 lay out ahead of time a schedule of the best
frequencies (from among those they have available) to use for communicating over particular distances at various times of the day. These predictions of maximum usable frequency are based upon measurements of
virtual heights and critical frequencies made regularly by the Bureau of
Standards in Washington. These measurements arc also published in
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graph fonn (see Fig. 15-8) along with predictions of maximum usable
frequency.
Fading. Fading of radio waves is the name given to undesirable changes
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 at various angles above the
surface.of the earth. One signal follows the path ABC and is the ground
wave from the transmitter. Another wave follows a path such as AEG,
being reflected 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.

Flu. 15-0.

Fading Duo to lnterforence between Waves Which Have Traveled Different
Distances.

the path ADC, since it penetrates the E layer but is reflected by the F
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. Depending
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. The difference in path will depend
greatly on the height of the F layer in this case, BO that small changes in its
height may change the two signals from the in-phase condition to the outof-phase condition. This change of phase causes large variations in the
received signal strength; that is, the signal Jades.
In the above illustration it was shown that fading at point C is the result
of interference between the ground wave and a sky wave. Fading can
also occur as a result of interference between two sky waves, as for example
e.t the point G. Here the received signal is the result of two sky waves
which have traveled different paths BO that changes in either or both layers
can cause fading. One signal arrives at G by one hop and the other by
two hoJ)S.
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All modulated signals consist of a band of frequencies, not just one frequency, 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 fa.de at any given time, so that, for example, one part of a side band
fa.des independently of another part, giving a peculiar fonn of distortion
in the audio signal, which is known as se1£ctive Jading.
Fa.ding in a received signal may ta.Ice place very slowly or it may take
place quite rapidly, since the ionosphere varies from a number of causes,
some slow and some rapid. It was pointed out above that conditions in the
ionosphere go through regular variations from day to day, season to season
and year to year. Variations in signals due to these variations a.re not
usually thought of as fa.ding because they take place so slowly. However,
in addition to these regular changes in the ionosphere, other more or less
irregular changes take place and ca.use severe fa.ding.
One of the most startling of the irregular variations in the ionosphere is
that known as a radio f ade<nd. A radio fadeout is the result of a sudden
burst of ionizing radiation from the sun which causes the ionization in the D
layer to increase suddenly, which in turn greatly increases the absorption
of sky waves of all 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 a.bout ten minutes
to an hour or more.
Another and important irregular change in the ionosphere is known as an
ionosphere stonn. During such a storm the ionosphere becomes quite
unstable in its effects on radio waves, causing signals on frequencies above
about 1.5 me to drop in level and fade badly. A type of fading known as
ftuller Jading takes place, especially at night. The effect of these storms
is usually to weaken the sky wave on the broadcast band at night, but
sometimes it is increased in strength. Ionosphere storms may last from
one or two days on the high frequencies to several weeks on the low frequencies. Radio communication is very erratic during these storms.
Reduction of Fading. There are several ways in which fading can be
reduced so that usable signals can be received. The most common means
employed is automatic volume control (a.v.c.) in the receiver, described in
Chapter 13. In this system, the strength of the carrier of the signal being
received is used to control the volume of the receiver so that the output is
held reasonably constant in spite of variations in the signal strength. Automatic volume control is not a complete solution to the problem of fading,
since the signals often drop so much that they are below the noise and no
amount of amplification in the receiver will make the signal usable. Automatic 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 diversity reception.
It has been found that fa.ding does not usually occur at two different places
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at exactly the same time. Hence, 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 that if the signals
from all of them are combined there will nearly always be some signal present. 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 to give a large signal. Another type of diversity system
makes use of the fact that signals received on vertically and horizontally
polarized antennas usually do not fade at the same time.
Telegraph transmitters sometimes employ frequency diversity systems,
which are based on the fact that signals spaced even as little as 500 to 1,000
cycles apart fade independently (selective fa.ding). This is done by using
500- or 1,000-cycle modulation on the carrier, and keying this modulated
carrier. The modulation on the carrier produces a side band on ea.ch side
of the carrier frequency; each side band may be considered to be another
carrier, which conveys the same signal when keyed. Since fading ia usually
selective as regards frequency, such a telegraph signal is less affected by
fa.ding than a single unmodulated keyed carrier.
Static and Man-made Noise. The output of a receiver which is tuned to
a relatively weak signal usually contains some noise in addition to the desired signal. This noise may come from any one of several different
sources, natural and man-ma.de. Noise in a receiver is usually the limiting
factor in determining the lowest signal strength that can be used for communication or broadcasting purposes.
STATIC. Noise picked up by the antenna is referred to as static or atmo&pherics when it is due to natural causes. Static is caused by natural electrical disturbances, principally thunderstorms, and its energy is found
distributed throughout most of the frequency range used in radio. The
energy in static decreases as the frequency is increased, so that most static
is found at low frequencies. Sta.tic is relatively unimportant at ultrahigh
frequencies. Since static is really a radio signal produced by nature, it is
propagated the same way radio waves are, and is reflected by the ionosphere
under suitable conditions. Static impulses may therefore travel great distances under the right conditions, and cause interference in a receiver at a
great distance from its origin. A large part of the static heard at any particular 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, the sky wave propagates
with less attenuation, so that the static noise level is usually greater than
in the daytime. In the short-wave region, the noise level due to static is
much less than it is at lower frequencies; the higher the frequency, the less

Chop. 151

RADIO WAVE PROPAGATION

355

the static. Short-wave static can travel great distances in the daytime
with very little attenuation, so the static heard 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-made interference, some noise is
still picked up by the antenna. It is believed that this noise comes 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 distant static has no effect. Normally there is no static interference in this
range except during local thunderstorms.
MAN-MADE NOISE. Man-made noise is generated by most electrical
applicances and electrically-operated devices. Ignition systems, diathermy
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 the 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 consist of separate and distinct pulses Qf very high
amplitude and are produced by separated electrical sparks such as occur in
ignition systems, A.C. power leaks, switch and key clioks, 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 resembles the hiss type of noise in that the separate pulses overlap.
Noise-reducing systems. There are 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 noisereducing 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 electrical filter placed 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 two 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 static and hiss types of noise, increased selectivity at the receiver will usually reduce the interference.
This reduction is possible because the noise energy is spread out over a
considerable frequency band, so that the wider the band the receiver a~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 definite direction a. highly directive receiving array will reduce the interference
with reception.
Owing to their special characteristics, impulse types of noise require
different treatment. Impulse noises are pulses of extremely short duration
separated by much longer time intervals. The energy in each pulse, and
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 interfere 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 principle that a high-amplitude noise pulse causes transient disturbances in the
loudspeaker or earphones that last much longer than the pulse itself, so
that by limiting the amplitude of the pulse, the transients are reduced.
Circuits used for audio limiting include triodes operated with extremely low
plate voltage (of the order of 8 to 10 v), pentodes with low screen voltage
(30 to 40), and biased diodes shunted across the output so that any noise
or signal 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 radiotelephone reception on
account of the distortion they produce by the limiting process.
Superheterodyne receivers often have noise-reducing systems placed at
the second detector, which operate on the principle that since the noise
pulses in impulse types of noise last for such a short time, no appreciable
loss of intelligibility of the signal occurs if the receiver is made inoperative
during the pulse. Two types of circuits are used, both employing diodes
for their 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 that when the noise pulse occurs, the circuit of the
audio amplifier is opened and nothing is heard.
A third type of noise-reducing system employs a fast-acting automaticvolume-control system in the intermediate-frequency amplifier to redure
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 us«!
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
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high-Q resonant circuits and therefore can be used in place of the usual
coils and condensers in the intermediate-frequency amplifier of a superheterodyne receiver to increase the selectivity. Special circuits have been
devised which allow the selectivity to be varied. Some circuits also allow
interfering stations on nearby frequencies to be tuned out.
ffitrahigh-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. Moreover, at these frequencies groundwave propagation is not possible even with vertically polarized waves, for
at very high frequencies both vertically and horizontally polarized waves
traveling 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 that transmission and reception at these frequencies depends
upon straight-line propagation from the transmitter to the receiver. For
best results, both transmitting and receiving antennas should be located as
high as possible above the surface of the earth. The height of the antennas
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 effects (to be discussed later), the waves travel in straight
lines from transmitter to receiver. Figure 15-10 shows direct-ray trans-

F10. 15-10. Direct,.ray Propagation at the Ultrahigh Frequencies.

mission from an antenna at A having a height h1 above the earth to a receiving antenna of height ~ located at B. As the receiving antenna is moved
further away from A, a point 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 ~- 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 distance of propagation has been increased from AC to AD. When this same
height h 3 is used for a receiving antenna located at F no direct-path signal
will be received.
DIRECT AND REFLECTED RAYS. When the distance between the transmitter and receiver is in line of sight, the received 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 reflected by the surface of the earth and shown as ABC in the figure.
These two waves add together a.t the receiving point C and will reinforce or
cancel ea.ch other depending upon whether they arrive in phase or out of
phase. This addition of waves in phase and out of phase was shown in
Fig. 9-3. The reflected wave will be reversed in phase upon reflection.
This is because the incident wave induces currents in the ground which
set up a. new wave (the reflected wave) which has the direction of its electric
field reversed from what it was in the original wave. That is, the reflect~
wave is 180° out of phase with the initial wave. This phase reversal
always occurs when horizontally polarized waves are reflected from the
A
Transmitting
Antenna
C
Receiving
Antenna

Earth
Flo. 16-11. Reception of Direct and Reflected Waves at Ultrahigh Frequencies.

ground but occurs for vertically polarized waves only at the very high
frequencies.
Whether the two waves from the transmitting antenna at A arrive at C
in phase 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 phase 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 that of the direct
ray, it takes one half of a. cycle longer to travel from A to C and so arriYes
in phase. 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. The signals will arrive out of phase when the path difference is
any even number of half wave lengths. Whether cancellation or reinforcement occurs at C, then, depends upon the heights of the antennas
and their distance a.part. These should be picked, if possible, so that the
path difference between the two rays is an odd half wave length and reinforcement 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 refradion.
It is possible for waves, 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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v.ith the wave length of the wave. If the obstacle is very large in terms
of wave lengths, the bending will be small. This case embraces light waves,
where the wave length is so small that nearly all objects are very large
compared with it and little diffraction occurs. In the case of sound, however, 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 waves
bend around them. At very high radio frequencies the wave length becomes 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 several miles beyond the 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 vapor in the air. This refraction tends to bend the waves
back to earth and has an effect in the lower atmosphere somewhat similar
to the effect of the ionosphere in the upper atmosphere. The increase in
distance of transmission obtained as the result of refraction can be allowed
for by considering that the earth is flatter than it really is, that is, by
~ming its radius to be increased by about 20% to 35%. Signals received by reason of refraction are not as stable as those for direct-ray
transmission, because 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
• be used for communication up to disattenuated very little and it may
tances of 1,000 miles or more. The signals are very stable and show no
diurnal or seasonal variations. At greater distances the sky wave becomes
of more importance than the ground wave. The sky wave is fairly reliable
but there arc slight fluctuations due to variations in the ionosphere. The
absorption of the sky wave is less at night than in the daytime, but at
the very low frequencies the absorption is low even in the daytime. Skywave transmission at these frequencies is good for distances from 500 miles
up to 8,000 miles. At the upper end of this band, that is, near the broadcast band, the daytime absorption of the sky wave becomes large and the
sky wave is useful only at night.
BROADCAST 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 at the lower frequencies, depending also upon the power
of the transmitter. Sky-wave reception is not possible in the daytime
owing to high absorption of the sky wave by the D and E layers, but at
night the sky wave gives reception at distanct>,a from 100 to 3,000 miles.
At night there is generally an area where the sky wave and ground 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
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fading caused by variations in the ionosphere. The absorption of the
sky wave in the broadcast band increases with frequency up to 1,400 kc.
At this frequency the absorption is a maximum. The absorption decreases with decreasing frequency below 1,400 kc and decreases with
increasing frequency above 1400 kc.
HIGH FREQUENCIES (1,600 KC TO 30 Mc). The attenuation of the
ground wave 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 wave must be employed,
and since it makes use of the ionosphere for its propagation, communication 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
with increasing frequency, so that the higher the frequency the more efficient the transmission. It is therefore desirable to use a frequency as
near as possible to the maximum usable frequency (defined above). However, if a frequency too near the maximum usable frequency is employed,
the irregular changes in the condition of the ionosphere make communication uncertain. Therefore there is a range of frequencies, from about
50% 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 fow
hundred miles) using the sky wave, the frequency must be below t.he
critical frequency for the layer used since the sky wave strikes the ionosphere at almost vertical incidence.
ULTRAHIGH FREQUENCIES (30 MC TO 300 MC) AND MICROWAVES (ABOVE
300 MC). There is no ground-wave propagation on frequencies above
about 30 me, and there is usually no reflection from the ionosphere, so
that communication is possible only if the transmitting and receiving
antennas are raised sufficiently above the surface of the earth to allow use
of a direct wave. The reflected wave from the surface of the earth combines with the direct wave to give a strong or weak signal depending on
the distance from the transmitting antenna. These signals will be quite
stable however, with very little static interference. For distances beyond
the line of sight, diffraction and refraction must be relied on to produce
signals. The refracted signal is variable because 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
transmission over long distances at frequencies up to 60 me. Since the
sporadic E layer is patchy, transmission is possible only between certain
localities and for short times.
In the microwave region the direct wave must be used and communication is not possible much below the line of sight. Since there is practically
no static 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 increasing the signal strength.
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. What factors determine whether a radio wave is reflected by or
penetrates an ionized layer?
J. What is meant by virtual height? Critical frequency?
usable frequency for a given layer?

Maximum

4. Why is energy absorbed from a wave passing through an ionized
layer? How does the amount of attenuation vary between day and
night conditions?
5. What causes fa.ding of signals from broadcasting stations at night?
Why is fading not present in the daytime on the broadcast band?
6. What causes selective fading?

Flutter fading?

Radio fade-out?

1. How does the energy in static vary with frequency?

8. What causes fading on ultrahigh frequencies?
9. What factors must be considered by a communication company in
deciding which frequency to use for communication between two fixed
stations?

CHAPTER 16

Radio Antennas
Functions of an Antenna System. An antenna system usually serves a
twofold purpose. Its chief function is to radiate efficiently the energy
furnished by the transmitter. Its second function may be to direct this
energy into directions where it is wanted and 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
structure.
Practical antennas fall into one of two classes, elevated antennas or
grounded antennas. An elevated antenna is operated some distance above
the ground. It may be either 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 below this. At the lower frequencies, a wave
length becomes very long and the necessary size of antenna for efficient
radiation becomes quite large. Because of the difficulties of elevating
large structures above the
,
ground, grounded antennas are
\
I
used at these frequencies.
1
Grounded antennas are also
\
Voltage \
used at high frequencies in (Sine wave) \
certain particular applications
,
such as airplane antennas
where the airplane itself becomes the ground.
The Elevated Half-wave
Antenna. When an elevated
antenna is used it is generally
made a half wave length long.
The antenna is then of a res- FIO. 16-1. Voltago and Current Distribution on
an Elevated Half-wavo 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 voltage distributions are similar to those obtained at the end of an open-cir-

'
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cuited transmission line. These are 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 antenna, one end being positive and the other negative at any given instant.
The current distribution is very nearly sinuacndal,, 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 wave is also sinusoidal with a node at 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. 9-5. The voltage loop is generally
shown crossing over at the nodal point to indicate the 180° phase difference between the top and bottom halves.
Because the voltage between the two halves of the antenna 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
antenna or by coupling into the
antenna by means of a. radiofrequency transformer.
The half-wave antenna. operated in this manner is similar in many respects to a parallel
resonant circuit (Fig. 16-2) in
which a large circulating current
Ca)
can be built up with but a small
current in the feed line. As with
the resonant circuit, if the antenna is detuned slightly the
circulating current, or in this
I_,""_"--=;I..
case the standing-wave current
on the antenna, will drop
sharply. The antenna will be
detuned if it is shorter or longer
Cb)
Fm. 10-2.
The Half-wave Antenna Com- than is required for resonance at
pared with a Parallel Resonant Circuit.
the frequency being used. If it
is too short, that is, if it resonates
at a higher frequency, it can be tuned by adding inductance at the center exactly 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 right angles to its axis
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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 radiation
characteristic is a method of representing graphically the relative field
strength in different directions. The distance from the center of the
antenna to the curve, along any particular line, represents the relative
field strength in that 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 axis of the antenna and the characteristic shown is merely a
cross section of the solid
figure, which would represent the three-dimensional
characteristic. This solid
Antenna
figure could be obtained
by rotating the character- FIG. 16-3. Radiation Characteristic or a Half-wave
Antenna.
istic of Fig. 16-3 about
the axis of the antenna. It is a doughnut shape with practically no hole
and with the antenna sticking vertically through the middle.
The characteristic has 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 this antenna. This is because the antenna radiates
uniformly in all directions perpendicular to its axis.
If this same antenna were operated in the horizontal position, the same
radiation characteristic would apply, except that it would be turned over
'\\ith the antenna. The characteristic of Fig. 16-3 would then be the
horizontal characteristic. The vertical characteristic looking along 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 because at 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 antenna of this length and elevating it above the ground are
evident. Fortunately, under these circumstances it is possible to use an
antenna only a quarter wave long (or even shorter if inductance loading is
used) and operate it with 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 has 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 distribuElectrostatic
Field
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Flo. 16-4. A Quarter-wave Vertical Antenna at tho Surface o( tho Earth. (a) Antenna
and its imagt', showing current distribution. (b) Electrostatic field about tho antenna.
ahowing how tho image antenna can be uaecl to account for the effect o( the ground.

tion above the ground is exactly similar to that obtained about one half of a
half we.ve antenna in free space (far away from the ground). Therefore, in
considering the operation of a grounded antenna it is merely necessary to
replace the ground by the image of the antenna and then determine the
p
fields of this complete antenna as if it were in free
space, that is, remote from
the ground.
This behavior can also be
understood by considering
A~tual
Antenna a
the current in the antenna.
Ground Plane
~ /'--wave Reflected from the Ground Here The strength of the electric
Image a~'-...._
field at a point in space
~
Reflected Wave Appears to come
(not too close to the anl
from this Point
Flo. 16--5. Vertical Antenna at the Earth'• Sur- tenna) due t,o any 'JX)rlwn of
face Showing How the Image Can Bo Used to the antenna is proportional to
Account for tho Reflected Wave,
the current flowing in that
portion. The total electric field at the point is the sum of all the electric
fields produced at that point by the various portions. (This addition mu~t
be a vector 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 currents in each of the small lengths a must 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 as if this reflected
energy were coming from another antenna which is the mirror image of
the actual antenna. (A mirror image is the type 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 acts like a circuit
tuned to the frequency being used. Essentially this condition means 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 antenna current 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 antenna 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 necessary to load
the antenna with series inductance to tune it to the frequency being used.
Losses and Efficiency. It has already been seen that because an antenna
radiates energy it acts like a resistance at the end of the line feeding it.
This resistance, because it is a result of the energy or power radiated, is
called radiation resistance. However, there are also some other resistances
in the circuit. The antenna will be constructed of wires or rods or steel
girders, depending upon its size, and these will have resistance. If the
antenna is loaded with an inductance coil this coil will also have a resistance, which may amount to several ohms. These resistances arc generally
called ohmic or loss resistances to differentiate them from the radiation
resistance of the antenna. The antenna current must fl.ow through these
ohmic resistances and so there is a power loss. In addition 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 an antenna with a high radiation resistance,
since the radiation resistance gives a measure of power radiated or the
useful power. The radiation resistance of a half-wave antenna is about
73 ohms. If it is properly constructed its loss resistance may 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 the efficiency will be high.
For a loss resistance of 2 ohms, the efficiency in this case would be given by
Efficienc

y

=

~utput X 100
mput

=

output
X 100
output + losses

73

= 73 + 2 X 100 = 97%.
For an elevated antenna the only other losses likely to occur are losses in
supporting insulators and absorption 1,osses due to currents induced in
other conducting structures near the antenna. These can be kept small

F10. 16-6.

Rn.dial Type of Ground Systom Usc<l for Grounded Antenna.s.

by placing the insulators at low-voltage points and by keeping the antenna
away from nearby conductors.
In the case of grounded antennas the losses may be considerably greater
than this. The ground that is taking the place of one half of the antenna,
and which was assumed to be a perfect conductor for this purpose, actually
has resistance that rnay be quite high. Referring to Fig. 16-4, it will be
seen that the current flowing 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 surfaC"c
or penetrating to considerable depths depending upon whether the waYc
length is short or long. These ground currents flowing through thf' 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.
Ai; 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 radiated
power. The losses increase as the square of the current (P = J 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 increases the dielectric
losses.
Ground Systems. To reduce the losses in the ground which occur with a
grounded antenna, a ground system is used quite genetally, especially with
broadcast station antennas. The ground system is often constructed as
indicated in Fig. 16--6. Wires of about a half wave length are stretched
radially outward from the ground connection. The usual angular separation is 3° so that there are 120 of them. To save wire, alternate radials
are often 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. The dielectric loss at the base
can be reduced by placing a screen under the antenna which is also connected to the ground system.
Radio-frequency Transmission Lines. RESONANT LINES. It is generally not possible to locate the transmitter right at the input to the antenna
and some means is required for conveying the radio-frequency energy
from the output of the transmitter to the antenna. Some form of radiofrequency transmission line is therefore used. One type of transmission
line, known as a resonant line, has already been mentioned (Chapter 9).
Two examples of such a line feeding a half-wave antenna are shown in
Fig. 16-7. The standing waves of voltage and current existing on the
antenna continue back along the line to the generator. In order not to complicate the diagrams, only the current distributions are shown. The voltage
distributions arc similar except that the voltage nodes occur at the current
loops and the voltage loops occur at the current nodes. Figure 16-7a
shows the antenna being fed by a transmission line that is approximately 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 a half-wave line), the transmitter feeds the line at a point
of current maximum. This point is also a point of voltage minimum, and
since impedance is given by the quotient voltage divided by current, it
is also called a. point of minimum impedance or a low-impedance point.
In Fig. 16-7b the same antenna is fed by a line which is three quarters
of a wave length long, and in this case the transmitter feeds the line at a.
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current minimum and voltage maximum. This point is, of course, a highimpedance point, and a different method of coupling the transmitter to the
line is required, as will be described later. If the line were a quarter wave
long, or any odd number of quarter wave lengths long, the input to the
line would be at a high-impedance point. This condition exists as long
as the line feeds the antenna at a current loop or low-impedance point.
Also, for this case when the line is any integral number of half wave lengths
long, the input to the line is at a low-impedance point. When the lines

l

~

V

_J

l""I
Transmitter Output
(a)
F10. 10-7. Resonant Line Feed to Half-wave Antenna. (a) Line haa low input impedance when it is an integral number of half wave lengths Long. (b) Line has high input impedance when it is an 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 Nonresonant Lines. The lines of Fig. 16-7
are called resonant lines because, like the antenna itself, they have
standing waves 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 current exist on a line
when there is a refieded wave as well as the initial wave. A wave is completely reflected at the end of a line if the line is open-circuited or shortcircuited. This is so because no energy can be dissipated or 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 resistance at least some of the
energy will be absorbed by the resistance. If the resistance is very large
(nearly an open circuit) only a small amount of energy will be absorbed
and most of it will be reflected. If the resistance is very Rmall (nearly 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 of resistance which will absorb
all the energy in the initial wave. This particular value of resistance is
called the chara,cl,eristic resistance or characteristic impedance of the line.
Its value depends upon the characteristics of the line, in particular upon
the inductance and capacity per unit length of the line. The symbol
representing it is Zo and its value for a line is given by
Zo=~,

where L and C are the inductance and capacity per unit length of the line.
For an open-wire line of the type usually used to feed half-wave antennas,
the value of the characteristic impedance is about 500 ohms. That is, if
such a line were terminated by a 500-ohm 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, and since this is small compared with
500 ohms, most of the energy will be reflected back instead of being
absorbed by the antenna system and 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),
because some energy is absorbed and 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-ohm resistance of the antenna into 500 ohms, that is, to match 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 traveliTl{J wave 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 resonant length.
In this case its input impedance would be independent of its length.
Losses on Lines. The losses on a nonresonant 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
a.re 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 larger 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
occurs at the end of the line, as it does on resonant lines, the only energy
radiated by the antenna is the difference 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 both of them to make their difference appreciable. As an example, suppose ½of the initial current wave is absorbed
(that is, radiated by the antenna) and ! of it is reflected back down the
line. The initial and reflected waves will add in phase at certain points
to produce a standing wave equal to} (or¼+!) of the amplitude of the
initial wave. Since the current effective in producing radiation is only
t of the initial current wave, the standing-wave current (at a current loop)
will be 9 times the current required to transmit the same power if the line
were nonresonant. Since the losses are proportional 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 transmitting 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 section. This
makes use of the standing waves which exist on a resonant line feeding
the antenna (sec 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.
The end nearest the antenna has a
current loop and is a low-impedance
point, while the open end has a current node and is a high-impedance
¼ point. Somewhere in between these
Quarter Wave
low- and high-impedance points there
Matching Stub
is a point where the impedance is
Non-resonant Transmission Line
just 500 ohms. This point is shown
Fw. 16--8. Use of a Quarter-wave Match- as point a in Fig. 16-8. If a 500ing Section to Matrh a High-impedanro ohrn line is attached at this point,
(500--0hm) Lino to a Low-impedance (73it will then be terminated in its
ohm) Antenna.
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 nonrcsonant or untuncd line. This is because
the quarter-wave section has matched the line to the antenna.

1

Parallel-wire and Concentric Lines. The two types of transmission lines
most commonly used for conveying power to antennas arc the parallel-wire
line already mentioned and the concentric or coaxial line. Most amateur installations use parallel-wire lines because of their relative case 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 inner 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
C'lc>ctric 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 ¼-inch diameter for a power of a few watts up to 3 or 4 inches for a 50-kw 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
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Flo. 16-9. Concentric Transmission Linc Showing Electric 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. It can be calcula.ted from dimensions of. the conductors by use of the formula

Zo

= 138 log10 -ba,

where b is the inside diameter of the outer conductor and a is the outside
diameter of the inner conductor. For the optimum ratio 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 log,o -,
a
where in this case b is 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 6-inch spacing the characteristic impedance is about 570 ohms.
Another difference between these two types of lines is that the parallelwire line is a balanced line while the concentric line is unbalanced to ground.
With a balanced line the two conductors have the same capacity and inductance per unit length and also the same physical relation to the ground.
With the concentric or unbalanced line the outer conductor is at ground
potential and the voltage on the inner conductor is then a voltage with
respect to ground. Balanced lines arc required for properly feeding elcvatecl half-wave antennas and oth<'r similar types that arc balanc<'cl to

374

RADIO ANTENNAS

[Chop. 16

ground. Concentric lines, on the other hand, are particularly suited to
feeding 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 antennas with balanced lines and elevated antennas ";th
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 the
antenna. (If there is no transmission line the coupling network is used to
couple the transmitter output directly to the antenna.) Coupling networks 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
matching so that the maximum possible amount of power is transferred
from the transmitter to the antenna.
There are many different types of coupling networks, some of which are
shown in Figures 16-10 to 16-15. However, thetwofunctionsoftuningand
Coupling Network
impedance matching
r-------:;i _____ can be explained with

e Ii I
,l(

Generator

I1
Load
E
~ .
L________J ...______.

reference to the simpie coupling network
shown in Fig. 16-10.
TUNING. In order to

obtain large currents in
an antenna or any other
Load.
circuit having rcactancc it is necessary to tune the circuit to reBOnance. In Chapter 3 it was
seen that this can be accomplished by adding either inductance or capacitance to the circuit until the inductive reactance is just equal to the capacitive 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 tune the
genera.tor and load circuits. Of course it might happen that either or
both of these circuits would require added inductance instead of capacit.y
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 reaetance of
these coils large enough so that the circuits (without the condensers) are
inductive, and so can be tuned by means of the condensers. Variable condensers are preferred to variable inductances in all low-power applications
because they arc easier to construct and adjust, but with high-power transmitters the opposite is sometimes true. In that case the condensers would
be fixed and the inductances made variable.
Fro. 1&-10. Typical Series-tuned Coupling Network for
{',onnecting a Low-impedance Generator to a Low-impedance
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If only one of the circuits being coupled together requires to be tuned
(the other already being resonant), then a variable element will be required
only in the untuned side. However, if both circuits are detuned and the
coupling between them is loose, a variable element will be required in both
input and output sides of the coupling unit. Coupling is said to be loose
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 and 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 o( coupling in order to
transfer 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 tuning procedure is simpler. In this case the coupling between circuits is made
loose and each circuit is then tuned to resonance independently of the other.
The coupling is then increased until maximum current flows in the 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 one is necessary.
IMPEDANCE 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
transfer the maximum possible amount of power from one circuit to the
other. In this case the coupling is incrP,ased until the resistance coupled
into the generator circuit by the coupling is just equal to the resistance of
the generator circuit alone. It has been previously shown (Chapter 7)
that this is the condition for maximum power transfer.
Coupling between two circuits can be varied in ways other than varying
the mutual position of two coils. If the coils arc fixed or wound on the
same form the coupling may be varied up 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 load are small so that large
currents arc required for a given amount of power, the large current flowing
through the primary will produce a large amount of magnetic flux 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 are
in series with the generator or load, is satisfactory in this case. However,
when high resistance eirenits arc to be connected together, only small
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currents will flow, and it would require a very large number of turns to
produce sufficient magnetic flux to induce the required voltage in the secondary. In this case the parallel connection of Fig. 16-11 is used. The
coil and condenser arc in parallel with the generator or load. Herc a relatively small current
Coupling Network
(but correspondingly
largcvoltage) from the
high-impedance genLoad
Generator
erator will produce a
large circulating curIL ________ JI
rent in the primary
F10. 16-11.
A Parallel-tuned Network for Coupling a
parallel resonant cirHigh-impedance Generator to a High-impedance Load.
cuit. This large current produces sufficient magnetic flux to induce the required voltage in
the secondary. If both generator and load circuits arc high-impedance
circuits (that is, high-voltage-low-current circuits) the parallel connection
is used on both sides of the coupling network. If one is a high-impedance
circuit and the other is a low-impedance circuit, the parallel connection
will be used on the high side and the series connection on the low side.
TYPICAL COUPLING NETWORKS. Some typical coupling networks used
to couple the transmitter to the transmission line and the transmission line
to the antenna arc shown
in Figs. 16-12 to 16-15.
Figure 16-12 shows
methodsof couplingfrom
the final stage of the
Cb)
Ca)
transmitter to a resonant
F10. 16-12. Coupling a Transmitter to n Reeonant
line. The plate circuit Line. (n) Series feed for coupling at n low-impedanre
point. (h) Parallel !eod for coupling at a high-impedance
of a tube is a high- point.
impedance circuit and
parallel tuning is used on that side. On the secondary side series tuning is used, as in Fig. 16-7a, when the resonant line is being f('d at a lowimpedance point. If the line is being fed at a high-impedance point
(Fig. 16-7b), the parallel circuit of Fig. 16-12b is used.
When a nonresonant
~
f - - parallel-wire transmis~
t - - sion line is being usro,
the input impedance
(a)
Cb)
will be a pure rcsisFm. 16-13. Coupling a Transmitter to a Nonrcsonant tance (usually about
Lino. (a) Inductive coupling. (h) Direct coupling.
500 ohms) and its value
will be independent of len¢,h. The coupling circuits of Fig. 16-13 are
suitable for this. In Fig. 16-13a the condenser is omitted on the line
side and the small amount of inductive r<'actimce introduced by the second-
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ary coupling coil is tuned out on the primary side. Close coupling is necessary to accomplish this tuning. In Fig. 16-13b the same result is obtained by direct coupling to the primary coil. The amount of the coupling
is varied by moving the taps on the coil. Loose coupling requires only a
few turns between taps; close coupling is obtained with a larger number of
turns. The fixed condensers are nec~ry to isolate the line from the high
D.C. voltages present in the plate circuit of a transmitting tube.
Figure 16-14 shows a method of coupling a transmitter to a concentric or
unbalanced transmission
.----...----. 1
line. Such a line has a low
iFaraday Shield
impedance and so series feed
I
is used. A Faraday shield
is often used in this case. A
I
I
Faraday shield is a shield
1
which prevents electrostatic
......__ ___,,I _________
coupling between the coils
while allowing magnetic
F10. 16--14. Coupling a Transmitter to an
Unbalanced Linc.
coupling.
COUPLING THE TRANSMISSION LINE TO THE ANTENNA. Several methods
of coupling a transmission lipe to an antenna are shown in Fig. 16-15.
Figure 16-15a shows a series-feed connection to a vertical grounded
antenna. H the antenna is shorter than a quarter wave length it will have
a capacitive reactance and this can 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 as 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, and the impedance match
is obtained by adjusting the coupling between the coils. In Fig. 16-15c
is shown a shunt-feed arrangement sometimes used with broadcast antennas. 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 half-wave antenna in which the voltage and therefore the
impedance between halves is low at the center and increases to a maximum
at the ends.)
Connections to elevat<'<i antennas are shown in Fig. 16-15d to 16-15g.
The center-feed conn<'ction (Fig. 16-15d) makes the feed line a resonant
line (with standing waws) b<>cause of the impedance mismatch between
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the 500-ohm line and 73-ohm antenna. However, tuning can be accomplished 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 preferred, since the impedance of the antenna and line can be matched and
standing waves on the line eliminated or at least reduced. The matching
GROUNDED
ANTENNAS

ELEVATED
ANTENNAS
Insulator
( d ) Center- feed
( Resonant line)

l r '-'

~ t a matche<.

(a) Series feed

( Low-impedance line)

(N~n- resonant line)

---'Al".___ _

IFJI (fl (

Parallel feed
Non• resonant line)

( b) Parallel feed

(High-impedance line)

1
D

F

(g) Direct feed

(Single Wire Non•
resonant line)

..1.~~~~~~~~~~a~f_!'ave
Lengths
,,

,,

_ _ _....,.,,,.>1!

------i

Sliding
Short Bar

LJ

( h l Shorted Stub
( Non - resonant line)

(cl Shunt feed
F10.

16-15.

Methods of Coupling the Transmission Line to the Antenna.

comes about in the same way as it does for the shunt feed arrangement of
Fig. 16-15c. The impedance between two points on opposite sides of the
center of the antenna increases 88 the distance between the points is increased. By tapping the transmission line to the antenna at points where
the impedance is equal to that of the transmission line an impedance match
is obtained. However, because of the loop that then exists at the end of the
line some inductive reactance is present along with the resistance, so that
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a slight detuning rE'sults and there will be some standing wave on the line.
Figure 16-15f illustraks a parallPl type of feed similar to that in Fig. 1615b. It is possible to obtain both an impedance 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 standing 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 distance 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 against undesired signals coming from dire<,:tions other than
that in which reception is desired.
The gain of a directional array is the ratio of the signal strength in the
desired direction using the directional antenna system to the signal strength
obtained using a nondirectional antenna. 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 necessary
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 half-wave antenna
radiates uniformly 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 goes 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
and this expression is usually shortened to pattern.
The horizontal pattern is the directional pattern 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 and vertical patterns are shown in Fig. 1616 for vertical and horizontal antennas. Figure 16-16a shows the horizontal pattern of a
vertical antenna, and
since the radiation is
uniform in all horizontal directions this
(b)
(a)
pattern is simply a
circle. Figure 16-16b
shows the vertical pattern of a vertical antenna. Figure 16-16c
shows the horizontal
pattern of a horizontal
(e)
(d)
(C)
antenna
far away from
F10. 16-16. Radiation Patterns or a Single Half-wave
Antenna. (a) Horizontal pattern of a vertical antenna. the earth and is, of
(b) Vertical pattom of a vertical antenna. (c) Horizontal
pattern of a horizontal nntenna. (d) Vertical pattern of a course, exactly the
horizontal antenna (looking along tho line of the antenna). same as Fig. 16-16b.
(e) Vertical pattern of a horizontal antenna (looking along The vertical pattern of
a line perpendicular to the axis of the antenna).
a horizontal antenna
looking along the line of the antenna is shown in Fig. 16-16d. This is the
same as Fig. 16-16a. The vertical pattern of the same horizontal antenna
looking along a perpendicular to the axis of the antenna is shown in Fig. 1616e. 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 wa,·e
length apart and fed in-phase with equal currents. The expression inphase means that the currents in the two antennas reach their maxima
(in the same direction) at the same instant. Figure 16-17a shows the
horizontal pattern which would be obtained for this array. It is the socalled "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 simultaneously 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 that 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

e
p
Antenna #1~

a=)

D=½ cos IJ

Antenna 112"/

(b)

(a)

Radiation from Radiation from Radiation from

J"""'""' ,, '"~"j ~ I':'~""' .,
\ 7 II! •

Radiation from
An~tenna#2

..... Be o•

Radiation from
Res~ltant
Antenna "2
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(c)

=

Resultant 0
Angle B 180°

=

(d)

/

esultant
Angle
B

Radiation from
Antenna f'1

(e)

Fro. 16-17. Horizontal Radiation Pattern for Two Vertical Antennas Spaced One Hal!
Wave Length and Fed In-phase. (a) Radiation pattern. (b), (c), (d), and (e) Method or
obtaining pattern.

than 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 half
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 point B
will then be 180° out of phase and they will cancel each other. Their
resultant, as shown by the vector addition in Fig. 16-17d, is zero.
For waves traveling toward some other point P along a line which makes
an angle O with the line of the 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

O

where >. is a wave length. In this case the phase of the current in antenna
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No. 1 will change by an angle B which is less than 180° while the radiation
from No. 2 is traveling the distance D. The angle B will be given by

D

D

B = 180 X "A/ 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. 16-17a will be
obtained. It is a maximum along OA, zero along OB, and varies from the
maximum to zero as the angle 8 changes from 90° to 0°.
As an example, the radiation a.long an angle 8 = 50° will be computed.
The distance D for this angle is
D=

"A

"A

2 cos60°=:;r

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 V2 times that of a single vector. Therefore the
B
radiation in a direction
making an angle 8 =
50° is V2/2 times the
maximum radiation
along OA.
Antennas Fed with
Currents Having 180°

(a)

-rfl
_LlJ'

Ot=

( bl

(C)

•
•
•
•
•
(d)

Ce)

FIG. 16-18. Radiation Patterns for Commonly Used Antenna Arrays. (a) Two antennas spaced one half wave
length and with 180° phn.so differonco. (bl Same with 90°
phase difference. (c) Two antennas spac.ed one quartor
wave length and Cod with 90° phase difference. (d) Broadside array (currcnt8 in-phase). (e) End-fire array (current8 180° out-of-phase).

Phase Difference.
When the same two
vertical antennas as
above are fed with currents which have 180°
phase difference the resulting radiation pattern is another "figure
eight," this time with
the zero radiation di-·
rection perpendicular
to the line of the antennas. This pattem
isshowninFig.16-ISa.
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 ea.ch 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 together towards Bare now

The Array

•

•

The Group

The Pattern

8

Pattern of the Group

CD
The Unit

Pattern of the Unit

Fxo. 16-19. Horizontal Pattern or Two Horizontal Antennas Spaced Ono Hal( Wave, and
Fed In-phase-Obtained by Multiplication or Patterns.

in-phase and so produce a large resulting signal in this direction. The
radiation in other directions can be computed in a manner similar to that
of the in-phase case of Fig. 16-17.
Other Phases. When the two antennas are fed with equal currents
having other phase differences the directions of zero radiation will be
different and different patterns will result. The pattern for a phase difference of 90° is shown in Fig. 16-18b.
Other Spacings. A variety of different patterns can be obtained by
changing the spacing between the antennas. An example of particular

384

RADIO ANTENNAS

[Chap. 16

interest is the cardioid pattern obtained with a spacing of one quarter wave
length and a phase difference of 90°. This pattern, shown in Fig. 16-18c,
is sometimes known as a unidirectional pattern because most of the energy
is transmitted in one direction.

Line of Antennas. When more gain or sharper directivity than can be
obtained with two antennas is desired, a line of antennas is often used.
A line of antennas spaced one-half wave length and fed in-phase is known
as a broadside array because the energy is radiated broadside to the line of
the array. This is evidently so because the radiation from all the antennas
would add in phase along the perpendicular to the line. A typical pattern
is shown in Fig. 16-l&l. If the same array were used with alternate
antennas fed 180° out of phase, the resulting pattern would be as shown in
Fig. 16-18c and the array would be known as an end-fire array.
Horizontal Patterns of Horizontal Antennas. The patterns of Figs. 16-17
and 16-18 are horizontal patterns of vertical antennas or vertical patterns of horizontal antennas. (The effect of the ground on these patterns will be considered later.) The horizontal pattern of two horizontalantennasspaced
Resulting
one half wave length
Pattern
and fed in-phase can
I
I
be obtained as in Fig.
I
I
I
~
I
16-17, but there will
t+--->I
2
I
I
Group
be one difference. The
•
•
Pattern
individual vertical antennas radiate equally
in all the directions con__Q_ Unit sidered, that is, their
Pattern
individual patternsare
circles. Thehorizontal
antennas will each
have a. (horizontal)
pattern as shown in
Fig.
16-16c. This latX
ter pattern is called
the pattern of the unit,
Unit
Resulting
Group
while the pattern of
Pattern
Pattern
Pattern
Fig.
16-17, which is
F1a. 1:;....20. Patter:i of a Colinc:ir Array (Half Wavee
ln-phase)-Obtaincd hy Multiplication of Group and
due to a combination
Unit Patterns.
of antennas (each radiating uniformly), is known as the pattern of the group. The directional
characteristic of an array of (similar) antennas, whether they radiate uniformly 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.

8
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where the horizontal pattern of two horizontal antennas 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 antenna
arrays.
Colinear Array. A colinear array consists of half wave elements in a line
parallel to the axis of the clement. The elements are fed in-phase. Since
the centers of the antennas are one half wave apart the group pattern
would be that of two (nondirectional) units spaced one half wave length
and fed in-phase, that is, similar to Fig. 16--17a. The pattern of the unit
is, of course, Fig. 16--16c. Multiplied together as in Fig. 16--20, they give
the resulting pattern of a colinear array.
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 mediump
high frequencies it can be considered as such for the purpose
of determining its effect on
the radiation characteristics of
antennas. Figure 16--21 shows Ground
a vertical antenna elevated
/
one half wave length above
I //
the ground. As far as the
i/
Image
effect at some point P is conI
cerned, the wave reflected from
(a)
the ground appears to come
from an image antenna located
one half wave length beneath
p
the surface. This image antenna is in-phase with the
actual antenna and the two
antennas constitute a directional array. Figure 16--21b
shows a horizontal antenna
elevated one quarter wave
length (say) above the earth.
(b)
Again the image appears an
Fm. 16-21. Imago Antenna Due to a (Per(er.tly)
equal distance below the sur- Reflecting Ground. (a) Vertical antennBS (rewithout phaso reversal). (b) Horizontal
face, but this time its current flection
antennas (phase reversal on reflection).
is 180° out of phase with the
current in the actual antenna. This opposite phase occurs because in this
case the wave is horizontally polarized and the wave reflect<'d from the
ground is reversed in phase upon reflection.

tr
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The effect of the presence of the ground may be determined by considering the antenna and its image as a directional array and using the
principle of multiplication of patterns to obtain the vertical radiation
characteristic. This procedure is illustrat.ed in Fig. 16-22, where the
vertical radiation pattern of a horizontal antenna located a quarter
wave length above the
2 ,,
...,
ground is determined,
_j_J___ ',
I ,,,I as shown. Of course,
\
only the upper half of
F10. 16-22. Vertical Radiation Patt.em or a Hori10ntal the resulting pattern
Antenna One Quarter Wave Length above the Ground,
Determined by Considering the Antenna and Its Imago.
will apply. The patterns for vertical or
horizontal antennas at any other heights above the ground can be determined in a. similar manner. The patterns for a horizontal antenna
located at heights
>./4, >,./2, 3>./4, and >.,
above the ground are
:0w#Q/##m
shown in Fig. 16-23. Height above ground=¼

Tf:l
___

Loop Antennas.

Height above ground=

½

An antenna that has
useful directional
characteristics is the ~
loop antenna shown
in Fig. 16-24. The
¼
dimensions of this an- Height above ground= 3 A
4
tenna are usually
F10. 16-23. Vertical rRadiation Patterns or a Horizontal
small compared with
Antenna at Vanous·Heighta above a (Perfoct) Ground.
a wave length, 80 that
the currents are in phase all around the loop (as shown). The two vertical
sides of such a. loop are then equivalent to two vertical antennas having a
spacing that is a fraction of a wave length and having currents in opposite phase (one current is up when
the other is down). The resulting horizontal patI tern is a "figure eight" with the zero line perpendicl 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 80 that their pattern
is also a "figure eight" (this time vertical) having
F10. 16-24. Loop
Antenna.
its zero line perpendicular to the plane of the
loop. This sharp null or zero-signal line makes the
loop very useful in the direction-finding applications discussed in the section on radio beacons. later in this chanter.
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Radio Beacons. By me.king use of the directional properties of antennas, systems of radio beacons for aircraft have been developed and a.re
now used extensively for marking the courses for aircraft to fly. The
type of bee.con used in the United States operates in the following manner:
when a plane is flying on its proper course as marked out by the beacon, a
continuous tone signal from the beacon is heard in a receiver, but if the
plane gets off course two tone signals will be heard, the code letter N (- .)
and the code letter A (. - ), one being louder than the other, depending on
whether the plane is off course to one side or the other of the beam. By
turning the plane to make the two code signals blend together into a continuous tone, the pilot gets back on the beam from the bee.con.
The principle on which the beacons operate may be seen with the aid of
Fig. 16-25. Four antennas are used, with the radio-frequency power being
A

8~~
/

I

/

E

-

I
N

I
/

I

N

I

-/

D

C
A

F10. lo-25.

A R11<lio Beacon Showing Directional Patterna of tho Pail'II of Antennns, and
Directions o( Equal Signals.

fed to them in pairs so that they really consist of two directional antenna
systrms with their patterns crossed. The antennas are arranged on the
cornrrs of a square, the diagonally opposite antennas forming pairs. A
switching arrangement is used to feed the power to one pair of antennas,
the N antennas, at one moment, and 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 antennas, a directional pattern shown by the solid line in the
figure is produced. This is just the "figure eight" pattern of Fig. 16-1&.
When power is fed to the N antennas, the "figure eight" pattern shown by
the dashed 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. The 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 (space), and then this sequence
repeats. This 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. When the plane is
off the course line BC (or DE), either the A signal or the N signal will be
louder than the othP,r, 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 signals are actually heard over a small zone, instead of the
mere line shown, because the ear is unable to detect extremely small differences of volume. The on-course zone usually is a sector, a degree or two
wide, so that it becomes narrower as the plane approaches the beacon.
The courses defined by these zones will lie along lines at right angles to each
other, that is along the lines BC and DE. In order to change these coul'S('s
so that they pass over air routes which are not located 90° apart, the
directional patterns of the antennas 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 different 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 each 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 and 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 loud build-up before the signal disappears.

Chap. 161

RADIO ANTENNAS

389

Radio beacons are subject to what is known as night error. Radio
beacons usually operate on the low frequencies, so that, just as in the
broadcast band, a sky wave is present at night. R3flections from the
ionosphere can cause an apparent change in the directional pattern of the
beacon antennas, so that the direction of the on-course signal 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 may be appreciable with crossed-loop antennas.
Direction Finders and Radio Compasses. Radio beacons keep an airplane flying on a predetermined course, but tell the pilot very little about
his actual position. When the plane's actual position must be known, and
for plotting courses when not flying on a beam, radio direction finders and
radio compasses are used. Direction finders are also used by vessels for
navigating, particularly near harbors and dangerous locations. Radio
direction finders and radio compasses make use of directional antennas at
the receiver, instead of at the transmitter as in beacons. By using a directional receiving antenna which can be rotated, the direction from which a
signal is coming can be determined quite accurately.
Most direction finders use loop antennas. as these are much smaller than
other types of directional antennas. When used for receiving, the pattern
of a loop antenna is a "figure eight," as it is in transmitting. When the
plane 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 cancel and no signal will be heard.
The same is true for waves that 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. Therefore the two
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 usual to use a
condenser at the terminals to tul!e the loop to resonance.
If a loop antenna is mounted so that it can be rotated about 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 ha.ck directions of the loop. This uncertainty 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. To determine the sense of
the reading of the loop (that is, which of the two possible directions is the
correct one), aense antennas arc sometimes used. A sense antenna is 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, to determine the sense, a switch is closed and
the loop is turned until the direction of loudest signal is found. A pointer
on the loop then shows the true direction of the station.
Loop antennas are subject to certain errors, most of which can be a.voided
by proper construction a.nd calibration. If a. loop antenna is not balanced
with respect to the ground, unequal stray currents will flow in the side.s 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 eliminated by using a loop that is shielded
electrostatically and carefully balanced with respect to ground. Some.
times small compensating condensers are used to eliminate a.ny residual unbalance. The presence of wires, large meta.I objects, and conductors in the neighborhood of a. loop can ca.use errors in the bearing
indications.
There will be some horizontally polarized waves present m signals that
h&.ve been reflected from the ionosphere, a.s the plane of polarization may
be rotated on this path. These waves a.re coming downward instead of traveling horizontally a.s do the ground waves.
The horizontal component of the wave induces voltages in
the horizontal arms of the loop, thus affecting the null position and giving incorrect bearings a.t night. This nighl
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. sma.11 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
Frn. 16-26. that of a. loop as far a.s vertically polarized waves are conAdcock An- cerned. Horizontally polarized waves, such as those prestenna.
ent in downcoming sky waves from the ionosphere, induce
voltages in the horizontal parts of the antenna in such a. way that they
cancel and do not produce any signal. Small Adcock antennas give very
low signals since they arc equivalent to a loop antenna. with only one tum.
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Adcock antennas 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 way 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 has 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 important 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. 1. (a) Sketch the voltage and current
distributions on an elevated half-wave antenna and on a quarter-wave
grounded antenna. (b} Sketch the vertical and horizontal radiation
characteristics of these antennas (in the vertical position).
2. Why should an antenna be tuned1
What is meant by wading an antenna?

How can this be accomplished?

3. Why can the effect of the ground be simulated by an image antenna?
4. What are the power losses which can occur in an antenna 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 arc less efficient than nonresonant lines of the same length?
6. Define characteristic resistance of a transmission line.
1. Explain the use of quarter-wave matching sections.
8. Number 12 wire has a diameter of .081 inches. Compute the characteristic impedance of line having two such wires spaced (a) 6 inches
apart; (b) 3 inches apart.
Answer: (a) 600 ohms, (b) 520 ohms.

9. The plate circuit of a vacuum tube is to be connected to a 500-ohm
transmission line. Show a coupling network suitable 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 can be kept on course by means of radio
beacons.
11. How do direction finders operate? What is a radio compass? A
homing device?
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Amplifiers (Cont):
A
pentode radio, class B and C, 273
Abbreviations, use of, 56
pentode radio, typical, 260f.
Absolute value, defined, 2
power, 185f., 302f.
Accuracy, mathematical, of measurepreamplifiers, 192f.
ments, 6
public-address, circuits, 196f.
Acoustic feedback, 200
push-pull radio, output circuits, 266f.
Adcock antenna, 390f.
radio, class B, regulation of plate power
Addition, use of, 2, 11
supply for, 2961T.
Admittance, 94fn.
radio, class C, 272f.
Air-core transformers, 113
radio, classification, 252f.
Algebra:
radio, modulated class C, regulation of
some laws of, 1 lf.
plate power supply for, 299
symbols of, use of, lOf.
radio, resonant-circuit coupling for,
Algebraic expression, defined, lOf.
245ff.
Alnico magnet, 65
radio-frequency, 243ff.
Alternating current:
radio-frequency, class A, 253ff.
adding, 76f.
radio-frequency, class B, 2671!.
currents carrying direct and, 120
resistance-capacitance-coupled, 166f.
defined, 75
resistance-coupled, 170
Alternating-current bridges, 118f.
tetrode radio, 262
Alternating-current circuits, 75ff., 77f.
transformer-coupled, 18lff.
Alternating-current meters, 116ff.
video, 189f.
Alternating-current power sources, 119
Alternating-current waves, values of, 78ff. Amplitude-modulated wave, 238f.
Amplitude modulation, 232f.
Alternation, frequency of, 75
Amplitude of the wave, defined, 214
Ammeter, use of, 44, 69
Antennas:
Ampere, the, defined, 42
Adcock, 390f.
Ampere-tum, as unit of magnetomotive
coupling transmission line to, 377ff.
force, defined, 62
dimensions of, 226f.
Amplification, voltage and power, 252
directional, 379
Amplification factor, 129
function of, 363
Amplifier circuit, radio-frequency, 248f.
grounded, 365ff.
Amplifiers:
horizontal, horizontal patterns of, 38-lf.
audio, 166ff.
line of, 384
audio, class B, 269ff.
loop, 386
audio, class B, regulation of plate power
other heights, 367
supply for, 298f.
receiving, 228f.
audio, gain of an, 170ff.
sense, 390
audio, multistage, l 73ff.
single half-wave, directivity of, 379f.
audio, nonlinear distortion in, 176f.
vertical, spaced one half wave length,
audio, pentode, class H, 273
380ft'.
audio, resonant-circuit coupling for
247f,
I
Antinodes, defined, 218
Antiresonant frequency, 245f.
audio-frequency, 303ff.
Armature core, drum type, 68
buffer, 285, 291, 300f.
Armstrong system, frequency modulation,
classification of, 166
335f.
direct-current, 190ff.
Attenuator, 193
fundamentals of, 165
Audio amplifiers:
intermediate power, 301
cln."-~ B, 269ff., 298f.
modulated, 291ff.
gain of an, 170ff.
pentodc, 172f.
nonlinear distortion in, l 76f.
pentode radio, clWll! A, 258f.
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Audio-frequency amplifier, 303ff.
Audio-frequency component, separation
of, 275
Audio-frequency section, 286f.
Audio transformers, 113
Automatic volume control, 138, 32lf., 353f.
Average values, A.C. waves, 78f.

B
Bands, side, 239f., 331
Band width, of system, 154
Bar magnet, magnetic field of, 61
Base, numerical, defined, 8
Batteries, types of, 56ff.
Beacons, radio, 387f.
Beam power tubes, 138f.
Bias cell, 196
Bias supplies, regulation of, 299
Binomial squares, factors of, 15f.
Braces, mathematical use of, 3
Brackets, mathematical use of, 3
Bridges, alternating-current, 118f.
Broadca.st frequencies, 359f.
Buffer amplifiers, 285, 291, 300£.

C
Capacitance:
resistance, inductance and, in parallel,
103ff.
resistance, inductance and, in series,
1011T.
resistance and, in series, 101
Capacitive reactance, lOOIT.
Carbon-grain microphone, 155f.
Carrier frequency, 233
Cathode biasing, 251
Cathode bombardment, 125
Cathode-ray osci!lographs, 2061T., 208f.
Cathode-ray tubes, 140ff.
Cathode resistor, 261
Cathodes, physical construction of, 122
Channel:
·
allocation of, 234
defined, 233
Characteristic, the, finding, 32f.
Choke-input filter, 147
Circuits:
alternating-current, 751T.
direct-current, 411T.
parallel, 46
series, 45
series-parallel, 48
Clearing fractions, 18f.
Coefficients, numerical, use of, 11
Coercive force, defined, 64
Colinear array, 385
Common-battery circuits, 15Sf.
Common denominator, defined, 4
Common factor, finding, 14f.
Common fraction, defined, 5

Communication services, frequency-modulation systems for, 333f.
Communication systems:
radio, 231, 234ff.
radiotelephone, 235
Commutator, explanation of, 66
Compasses, radio, 389f.
Concentric lines, 372C.
Condenser:
capacity of, 99
electric, 97f.
relation between voltage and current in,
99f.
Condenser-input filter, 147f.
Conductance, defined,46
Conductor:
defined, 41
iron as a, 62
Cone of silence, 388
Constant, dielectric, defined, 98f.
Contactor switch, electric, 62f.
ContinuoU&-wave (CW) radiotelegraphy,
237f.
Continuous waves, heterodyne detection
of, 282f.
Continuous-wave signal&, detection of
interrupted, 283
Control grid, 133
Cosine curve, constructing, 27
Cosine of an angle, defined, 21
Coulomb, the, defined, 42
Counter voltage, 3ec Self-induction
Coupling:
coefficient of, of coils, 11311.
networks, 37411.
resonant-circuit, for audio amplific.•"',
247f.
resonant-circuit, for radio amplifiens,
245ft'.
selectivity and, 115f.
Critical frequenl'ies, 348f.
Crosby system, frequenl"y modulation, 336
Cross neutralization, 258
Cross talk, 158f.
Crystal deteotors, 276f.
Crystal microphone, 156
Crystal oscillators, 288ft'.
Current:
components of, in tubes, 130
rate of change, in sine wave, 80f.
relation between voltage and, in condenser, 99f.

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 feedback, 174
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Deionization potentinl, 207
Delay distortion, 155
Demodulation, 273£.
Denominator, defined, 4
Detection, 273£.
Deviation ratio,· 329
Dielectric constant, defined, 98£.
Diffraction, 358£.
Digits, use of, 1
Diode detectors, 277ff.
Diodes, 122ff.
Direct current, circuits carrying alternating and, 120
Direct-current amplifiers, lOOff.
Direct-current circuits, 41ff.
Direct-current generators, 65ff.
Direct-current meters, theory and construction or, 68ff.
Direct-current motor, principle of, 67£.
Direct-current supply circuits, filtering to
radio amplifiers, 262£.
Directional antenna, 226
Directional antenna systems, 379
Direction finders, 389£.
Direct rays, 357£.
Dissimilar terms, defined, 10£.
Distortion, 113, 153ff., 176£., 180£.
Diversity reception, 353£.
Dividend, defined, 5
Division, use of, 3, 11
Divisor, defined, 4
Driver, 198
Dry cell battery, construction of, 57£.
Dual purpose tubes, 140
Dynamic characteristic, of tube, 131
Dynamometer type of meter, 116f.
Dynamotors, principle of, 68

E
Effective values, see Root menn squnre
Efficiency of antenna, 367ff.
Electrical quantities, 42f
Electrical sheets, 65
Electric current, magnetic effect of, Glf.
Electric fields, direction of, 228f.
Electrodynamic microphone, 156
Electromagnetic waves, 213ff., 2Hl£.,
220ff.
Electromagnetism, 60ft'.
Electromotive force, defined, 65
Electronic mixer, 194
Electronic principles, 121ff.
Electron-ray tubes, l-12f.
Electron theory, of electricity, 41
Elevated half-wave antenna, 363f.
Emitter:<, 1211T.
E<1uutions:
algcbruit·, 161T.
quadratic, l0f.

Equivnlent circuit, 132£.
Error, relative, finding, 6
Exciting current, 112
Exponents:
rules of operation with, 9
use of, in scientific notation, 7f.

F
Factoring, defined, 14
Factors, defined, 10
Fading, 352ff.

Farad, defined, 98
Feedback, 174,186,200
Fidelity, 316£.
Filter circuits, 147ft'.
Fins, heat-radiating, 126
Fluid theory, of electricity, 41
Flutter fading, 353
Flux, symbol for, 113
Formulas, sec Equations
Fractions, use of, 3ff., 18£.
Frequencies:
alternation, 75, 76
antiresonant, 245£.
broadcast, 359£.
high, 360
low, 359
sound wave, 153
ultrahigh, 360
waves, 214
Frequency, effects of, on inductive reactance, 89f.
Frequency deviation, 329
Frequency distortion, 153f.
Frequency-modulated transmitters, 3341T.
Frequency-modulated wave, 330
Frequency modulation, 327ff.
Frequency-modulation receivers, 336ff.
Frequency response, 176
Full-wave rectifier, 145f.
Fuses, use of, 56

G
Gas, effects of, on tube, 125
Generators, direct-current, principle of,
65ft'.
Graphs and curves, use of, 28f.
Grid-bias voltage supplies, 250£.
Grid-circuit detection, 28lf.
Grid-leak biasing, 252
Grid-leak resistor, 169
Grid-modulated amplifier, 293£.
Grid neutralization, 258
Grounded antenna, 365ff.
Ground systems, 369
Ground wave, the, 342f.

H
Half-wave antenna:
radiation characteristics of, 364f.
single, directivity of, 379£.
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Half-wave rectifier, 145
Harmonic suppression, 246£.
Heat, generation of, 53
Heterodyne detection of continuous waves,

282f.
High frequencies, 360
High-voltage plate-supply rectifier, 305ff.
Homing device, 391
Horizontal antennas, horizontal patterns
or, 384£.
Horseshoe magnet, magnetic field of, 60
Hum, 175f.
Hysteresis, defined, 63
Hysteresis loops, 63£.

I
Impedance, 91ff., 93£.
Impedance lines, 370f.
Impedance matching, 109£., 198£., 375f.
Improper fraction, defined, 4
Index, defined,37, 38
Induced voltages, magnitude of, 821f.
Inductance:
defined, Slf.
magnitude of, 85f.
mutual, llOf.
resistance, capacitance and, in parallel,
103ff.
resistance, capacitance and, in series,
lOlff.
resistances and, in parallel, 94ff.
resistance and, in series, OOf.
unit, defined, 85
Inductance-capacitance (L-C) oscillators,
203f.
Inductance coil, power in, 88f.
Inductive reactance, 86f., 89£.
Input circuits, radio amplifier, 248f.
Insulators, defined, 42
Integers, defined, 2
Intermediate power amplifier, 301
Internal resistance, of battery, 60
Interpolation, solving by, 23£.
Interrupted continuous-wave (ICW) radiotelegraphy, 238
Interrupted continuous-wave signals, detection of, 283
Inverse feedback, 186ff., 311, 313
Inverse-feedback circuits, 188f.
Ionization, defined, 125
Ionization potential, 125
Ionosphere:
absorption in, 349£.
regular variations In, 350f.
the, 343ff.
I.R.E., Standards on Electronics, 130
252fn.
Iron:
as a conductor, 62
magnetic characteristics of, 63

Iron-core transformers, 111, 1121.
Iron-vane type of meter, 117

J
Joule, defined, 55

K
Kilowatt-hour, defined, 55f.
Kirchhoff's laws, 51

L
Lenz'sLaw:
application of, 84, 110, 111
statement of, 82
Linear plate detection, 279£.
Lissajous figures, 209f.
Loading, 161
Load line, 13lf.
Logarithms, use of, 29ft'.
Longitudinal waves, 215f.
Loop antennas, 386
Loops,defined,218

Losses:
antenna, 367ff.
on lines, 37lf.
Loudspeakers, 157f.
Low frequencies, 359
Low-power plate-supply rectifier, 305

M
Magnetic field:
described, 61
direction or, 228f.
energy stored in, 84ff.
strength of, 62
Magnetic flux:
direction of, rule for finding, 6lf.
lines of, 61
Magnetic structure, laminated type of,
64f.
Magnetism, 60f.
Magnetization curve, 64
Magnetomotive force, ampere-tum as
unit of, 62
Magnets:
alnico, 65
bar, 61
horseshoe, 60
permanent, 63
Magnitude of induced voltages, 82ff.,
85£.
Man-made noise, 355
Mantissa, defined, 32
Matching sections, quarter-wave, 372
Mathematics, need for, 1
Medium, 236
Members, of equations, defined, 17
Meters:
alternating-current, 116ft".
direct-current, 68ff.
dyno.mometer type, 116f.
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Meters (Cont):
iron-vane type, 117
rectifier-type, 118
thermocouple-type, 118
wave, 110
Mho, defined, 46
Microphones, 155ff.
Microphonic noise, 175£.
Microwaves, 360£.
Mixers, 193ff.
Modulated amplifiers, 29lff.
Modulation:
frequency, 327ff.
index, 329£.
screen-grid tubes, 294£.
Modulator, 270
Modulator bias rectifier, 305
Motorboating, 175
Motors, direct-current, principle or, 67£.
Moving-coil microphone, 156
Multiplication, use or, 3, 11
Multistage audio amplifiers, 1731T.
Multistage radio-frequency receiver, 318£.
Music waves, 119£.
Mutual characteristics, of tube, 127
Mutual conductance, 129
Mutual inductance, 110£.
N
Negative numbers, use of, 2
Xetworks, coupling, 374ff.
Neutralization, 257£.
Night error, 389, 390
Nodes, defined, 218
Noise, static and man-made, 331£.,

354£.
Xoisc-reducing systems, 355ff.
~onlinear distortion:
avoiding, 154£., 180£.
in audio amplifiers, 176£.
Nonresonant lines, 370
Numerator, defined, 4

0
Ohm, the, defined, 42
Ohmmeter, principle of, 70
Ohm's Law, applic.ations of, 17£., 431'£.,
54£., 77£., 199
Operating conditions, tubes, limitations
in, 126
Operating point:
of load line, 132
selection of, 179£.
Oscillators, 203ff., 288ff., 300
Oscillographs, cathode-ray, 206fT., 208£.
Output circuits:
push-pull radio amplifier, 266f.
single-ended radio amplifier, 249£.
Output tube complements, transmitter,
2631T.

Over-all gain, 176
Over-all transmitter efficiency, 287£.
Oxide-coated emitters, 122

p

Parallel:
resistance, inductance and capacitance
in, 1031T.
resistances and inductances in, 94ff.
Parallel circuits, 46
Parallel operation of vacuum tubes, 264f.
Parallel resonance, 108£.
Parallel-wire lines, 372£
Parasitic oscillations, defined, 264
Parentheses, mathematical use of, 3, 13
Patterns:
horizontal, of horizontal antennas, 384£.
or antenna system, 380
vertical radiation, effect of ground on,

385£.
Peak emission current, 126
Peak inverse voltage, 126
Peak values, A.C. waves, 78
Pcntodc audio amplifier, class B, 273
Pentode radio amplifier:
class A, 258£.
Class B and C, 273
typical, 260£.
Pentodes, 136ff.
Pentodc-tube crystal oscillator circuit, 290
Percentage of error, finding, 6
Permalloy, magnetic characteristics or, 65
Permanent magnet, 63
Phase, in wave motion, 216£.
Phase angle, 9lff.
Phase distortion, 155
Pi, symbol, use of, 18
Piezo-electric effect, of crystals, 156
Plate characteristics, 128£., 134£.
Plate dissipation, 126£.
Plate dissipation limit, 257
Plate neutralization, 258
Plate power supply, regulation of:
for class B audio amplifiers, 298£.
for class B radio amplifiers, 296ff.
for modulated class C radio amplifiers,
299
Plate resistance, 124£., 129
Plate resistor, 168£.
Polarization, 60, 341£.
Polynomials, defined, 11
Positive numbers, use of, 2
Potentiometer, use of, 45
Power amplification, 272
Power amplifiers, 185£., 302£.
Power, electric, generation of, 65
Power and energy, derivation of, 53£.
Power factor, defined, 97
Power-factor anp:lc, 97

INDEX
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Power ratings, on voltage dividers, importance of, 71
Powers of ten, table of, 7
Power sources, alternating-current, 119
Power supplies, regulated, 150
Power transformers, 112
Preamplifiers, 192f.
Pre-emphasis, 330, 337
Prefixes, use of, to designate numbers,
9
Primary battery, use of, 56
Proper fraction, defined, 4
Propagation:
nature of, 341ft'.
ultrahigh-frequency, 357ff.
Public-address amplifier circuits, 196f.
Public-address systems, 192ff., 200f.
Push-pull circuits, 184f.
Push-pull operations, 265f.
Push-pull radio amplifier, output circuits,
266f.
Pythagoras' theorem, 22
Q
Q, definition of, 107!.
Quadratic equations, solving, 19f.
Quarter-wave matching sections, 372

R
Radian, defined, 28
Radiation:
audio-frequency electro magnetic wave,
232
mechanism of, 227f.
Radiation resistance, 226f.
Radical sign, use of, 19
Radio amplifier input circuits, 248f.
Radio amplifiers:
class B, regulation of plate power supply
for, 296ff.
class C, 272f.
modulated class C, regulation of plate
power supply for, 299
Radio beacons, 387f.
Radio communication system, 234f.
Radio facsimile, 231
Radio fadeout, 353
Radio-frequency amplifier circuit, 248
Radio-frequency amplifiers, 243ff., 267ff.
Radio-frequency section, 285£., 299ff.
Radio-frequency transmission lines, 369f.
Radiotelegraphy, 231, 237£.
Radiotelephone communication system,
235
Radiotelephony, 231
Radius vector, defined, 75
Reactance:
capacitive, lOOff.
characteristics of, 89
inductive, 86f., 89f.

Reactance-tube system, frequency mod~
lation, 336
Reactance voltage, 87f.
Receiver circuit, superheterodyne, 324£.
Receivers:
amplitude-modulation radio, 315ff.
frequency-modulation, 336ff.
multistage radio-frequency, 318f.
simple, 317f.
BUperheterodyne, 237, 320f.
threshold sensitivity of a, 319
tuned radio-frequency, 318
Receiver selectivity, 240
Receiving antenna, 228f.
Rectification, 274
Rectified signal, filtering of, 274£.
Rectifier:
full-wave, 145f.
half-wave, 145
high-voltage plate-supply, 305fl'.
low-power plate-supply, 305
modulator bias, 305
second audio bias-supply, 305
tubes, 149f.
types of, 276ff.
voltage-doubler, 146f.
Rectifier-type meters, 118
Rectifying action, 125
Reflected rays, 357f.
Reflected waves, 217ff.
Refraction, 358f.
Regenerative feedback, 174
Regulators, triode, 150£.
Remote-cutoff pentodes, 137£.
Repeaters, 161£.
Repeating coil, 159
Reproducers, 157f.
Resistance:
alternating-current circuit with, 77f.
capacitance and, in series, 101
defined,44
determination of, 50£., 71
inductance and, in parallel, 94ff.
inductance and, in series, 90£.
inductance, capacitance and, in parallei
103ff.
inductance, capacitance and, in serie,;,
l0lfl'.
radiation, 226f.
Resistance-capacitance-coupled amplifier.
166f.
Resistance-capacitance oscillators, 204(.
Resistance-coupled amplifier, frequenr.•·
response of, 170
Resistance mixer, 194
Resistor:
cathode, 261
grid-leak, 169
plate, 168f.
rating of, 71£.

INDEX
R<-sonance:
g<-n<-ral concepts of, 105f.
parallel, 108f.
Resonance testing methods, 119
Resonant-circuit coupling:
for audio amplifiers, 247£.
for radio amplifiers, 245ff.
Resonant circuits, series, 106ff.
'.Resonant frequency, 106
Resonant Jines, 369£.
;1ibbon microphone, 156f.
Hight triangle, defined, 21
R.M.S., see Root mean square
Hoot mean square, values, A.C. 11·11ves,
78ff.
Rounding off numbers, 7

s
Schematic circuit of a transmitter, 299
Scientific notation, writing numbers in,
7f.
Screen-grid tube, 133, 294f.
Screen-grid voltage supplies, 261£.
Secondary battery, use of, 57
Secondary coil, effect of, mutual indul'tance, 111
Secondary emission, 134
Sc<!ond audio bias-supply rectifier, 305
Selective fading, 353
Selectivity, 115£., 240, 316, 318
Self-induction, voltage of, 84
Sense antennas, 390
Sensitivity, 315f., 319£.
Series:
resistance and capacitance in, 101
resistance and inductance in, 90£.
resistance, inductance and capacitance
in, lOlfl'.
Series circuits, 45
Series-parallel circuits, 48
Series resonant circuits, 106ff.
Shielding, 259£.
Side bands, 239£., 331
Side frequencies, 239£.
Signals:
continuous-wave, detection of
interrupted, 283
transmission of, 23Jff.
Significant figures, use of, 6f.
Signs, algebraic, rule of, 12
Similar terms, defined, !Of.
Simple receiver, 317£.
Sine curve, constructing, 27
Sine of an angle, defined, 21, 75
Sine waves:
in nature, 81
radius-vector representation of, 88
rnte of change of current in. 80£.
n·prcsentation of, 75f.
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Single-ended radio amplifier output drcuits, 249f.
Sinusoidal waves, see Sine waves
Skip distance, 347
Sky wave, the, 343
Slide rule, basis of, 38
Solid jumpers, use of, 56
Sound, nature of, 153
Sound waves, electromagnetic waves and,
220ft'.
Source impede.nee, effect of, 108
Space charge, 123£.
Special products, defined, 14
Square-law plate detection, 280f.
Squares, binomial, factors of, 15f.
Squelch circuit, 322ft'.
Standing waves, 217ff.
Static, 354!.
Steels:
dynamo and transformer, magnetic
characteristics of, 64f.
hardened carbon magnetic characteristics of, 63, 65
permanent magnet, magnetic characteristics of, 65
Storage battery, construction of, 58f.
Subtraction, use of, 2f.
Super-control pentodes, 137f.
Superheterodyne receiver, 237, 320!.
Superheterodyne receiver circuit, 324f.
Superposition:
method of, 52f.
principle of, 120
Supply circuits, D.C. filtering to radio
amplifiers, 262f.
Suppressor, 136
Suppressor-grid modulation, 295f.
Swinging chokes, 149
Symbols:
.
algebraic, lOf.
of operation, use of, 3
use of, 56

T
Tangent of an angle, defined, 21
Telephone circuits, 158f.
Telephone Jines, 159ft'.
Telephone receivers, 157
Television, 231
Temperature saturation, 123
Terms, algebraic, defined, 10
Tetrode radio amplifiers, 262
Tetrodes, 133£.
Thermal agitation, 176
Thermionic emission, defined, 121
Thermocouple-type meters, 118
Theta, symbol, use of, 26
Thoriated tungsten, 121£.
Thrt'flhold scnHitivity of a receiver.
819
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Transformer, use and characteristics of,
lllff.
Transformer-coupled amplifier, 18lff.
Transmission lines:
coupling, to antenna, 377ff.
radio-frequency, 369f.
Transmission medium, common use of,
233f.
Transmitter output tube complements,

263ff.
Transmitters:
amplitude-modulation, 285ff.
frequency-modulated, 33411.
principle of, 235f.
Transmitter, BChematic circuit of, 290
250-watt, 311
Transverse waves, 21M.
Trigonometric functions, values fur, solving, 22, 27
Trigonometry, use of, 20ff.
Triode detectors, 279ff.
Triode regulators, 150f.
Triodes:
characteristic curves of, 127f.
defined, 127
Tube noise, I 75f.
Tube parameters, 129f.
Tubes:
beam power, 138f.
cathode-ray, 140ff.
dual-purpose, 140
electron-ray, 142f.
rectifier, 149f.
Tuned radio-frequency receiver, 318
Tungsten emitters, 121
Tuning, 374f.

u
mtrahJgh frequencies, 360
Ultrahigh-frequency propagation, 357ff.
Unipotential cathode, 122
Unit inductance, defined, 85
Unknown quantities, use of symbols to
designate, 10

V
Vacuum-tube circuit, dynamic characteristics of, 178ft'.
Vacuum-tube instruments, 203ff.
Vacuum tubes, parallel operation of, 264f.
Vacuum-tube voltmeters, 210f.
Variable-mu pentodes, 137f.
Variable quantities, use of symbols to
express, 10
Vector addition, 26f.
Vector sum, finding, 26f.

Velocity microphones, 157
Velocity of the wave, defined, 213
Vertical antennas, spaced one half wa\'e
length, 380ff.
Video amplifiers, 189f.
Voice waves, 119f.
Volt, the, defined, 42f.
Voltage:
alternating, defined, 75
components of, in tubes, 130
generation of, 66f.
relation between current and, in condenser, 99f.
Voltage divider:
use of, 45
power ratings on, 71
Voltage-doubler rectifier, 146!.
Voltage eupplies:
grid-bias, 250f.
screen grid, 26lf.
Voltmeter:
caution on use of, 72
principle of, 70
use of, 44
vacuum-tube, 210f.
Volume controls, 19311., 32lf., 353f.

w
Watt, defined, 54
Watt-second, defined, 55
Wave form of sound, 153
Wave length, defined, 214
Wave motion, phase in, 216f.
Wave meters, 110
Waves:
amplitude-modulated, 238f.
continuous, heterodyne detection of

282f.
electromagnetic, 213ff., 219f.
frequency-modulated, 330
ground, 342f.
in three dimensions, 224f.
longitudinal, 215f.
microwaves, 360f.
music and voice, 119f.
nature of, 213ff.
reflected, 217ff.
sky, 343
sound and electromagnetic, compared,

220ff.
standing, 217ff.
transverse, 215f.
Wide-band frequency modulation, 331f.
Wires, el8<'tromagnetic waves on, 219f.
Writing numbers, rule for, in scientific
notation, 8

