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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 func-
tioning 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.

W. L. EvERrITT
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CHAPTER 1

Mathematics of Radio

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

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

Understanding radio is 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
used makes our system better than most other systems man has tried.
Thus the number 1,492 means 1 thousand + 4 hundreds 4+ 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 size—
large or small—of numbers that can be written in this way; distances
between the stars in the sky are examples of the possible range in one
direction.

The digit 0 (zero) is a number like the rest and plays an important part
in the system. For example, in the number five hundred and two, no
tens 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



2 MATHEMATICS OF RADIO [Chap. 1

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

Positive 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 balances which people sometimes try to
overdraw, that is, to get below zero. Positive numbers are those which
extend on one side of zero; they are greater than zero. Negative numbers
are those on the other side of zero; they are less than zero. A diagram,
Tig. 1-1, will help to make this clear. Distances along a line are marked

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

N N Y O

Fig. 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 0, are called positive; distances measured
to the left are negative. Thus, + 1, + 2, 4+ 3, + 4, + 5, 4 6, and so on,
are 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, cach 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 opera-
tions 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 basic 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
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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.

Multiplication 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 times
1 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 opera-
tion, 12 multiplied by 5, gives 60. Division by zero (0) is not possible
because there is no number which, when multiplied by zero, will give any
number except zero itsclf.

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 arc
used. Among these are:

Tor addition: the plus sign (+). 21 + 12 = 33.

Tor subtraction: the minus sign (—). 18 — 8 = 10.

FFor multiplication: the multiplication sign (X), sometimes the dot (-);
sometimes the quantities to be multiplied are simply written side by side.
5X6=2300r56=230; 4Xa=4a.

Tor division: the division sign =+ , the bar
98+ 7 =4,% =4 28/7T =4

Sometimes, to avoid confusion, a complicated expression must be en-
closed in parentheses (), brackets [], or braces { }. For example, consider
15X 5 — 2. Does it mean 75 — 2 or 15 X 3? By using parentheses
confusion is avoided: (15X 5) —2=75—-2=173, 15 X (5 — 2) =
15 X 3 = 45. When we usc parcntheses in a multiplication we can omit
the X sign: 15(5 — 2) mecans the same as 15 X (5 — 2), (5)(6) mcans the
same as 5 X 6 or 5-6.

,or the mark /. Thus

Exercise 1-1. Perform the indicated operations.

1. 18+6+4= 7.35+ 7= 12 3X3X8 _
2.37 —5 = 8. 42/6 = T2X3 X4

— 9. 7/0 =
4, 25-5+15—-3 = '20+5
5. 5X9X2= ll.m= 4. 4 +3)2 +5) =
6. 3X0X7= (Note: Add first.) 15. 84+ 03 + 1) =

Fractions. As long as the objects to be counted are whole units, like
tubes in a radio set, the natural numbers will do for counting; but if the
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problem is to divide one apple pie among three boys, the pie must be cut
into slices. These slices will be 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
tmproper fraction. Thus, 3, %, §, 31 are proper fractions; $, §, &%, 201 are
improper fractions, The latter are frequently reduced to the sum of an
integer and a proper fraction: $§=24+3=1}; L =8+45=
2y = 394 + 3 = 24,

The four fundamental operations may be applied to fractions as well as

to integers, but some care is necessary. TFor example, to add £ and £ they
must, be reduced to a common denominator, thus:

3, 2 3X5 2X7 _15+14 29

TS T TxXs T Tx5 T T8 T35

The same process is needed in subtracting fractions; to subtract 4 from f,
proceed as follows:

7 4 _7TX9 4X8 63-—-32_ 31
8§ 9 8X9 8x9 T2 72
Fractions may be written in several forms which mean the same thing;
thus 1 is the same as %, since upon dividing the numerator and denominator
of the latter by 2 the original 1 is obtained.

Multiplication of fractions may be done without reducing to a common

denominator; for example, § times § becomes
3.5 3X5_15

1787 1xs 32
Division of fractions is easy if one rule is used: invert the divisor (frac-

tion divided into another) and then multiply. Thus, dividing § by $,
3.5 3,8 3X8 2¢ 6

— —— DTS - —_——_ — = —— = - = 1
17871X5 x50 "5 *
Exercise 1-2. Perform the indicated operations.

1'%_}_2: 5°£—§= 9.%x§><';=
2-§+§= 6-2—;’—%= 10.2—1%=
3'%+71+é= 70X = THE ghg i

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

If the numerator and denominator of ¢ be multiplied by 25, the fraction
becomes 275, which also equals % + 13- This may be written 0.25, by
extending the idea of place values discussed on p. 1.  Any common frac-
tion may be converted to a decimal fraction by dividing the numerator by
the denominator. Tor example, 7 = 0.875; {1 = 0.171875; 3 = 0333 - - -,
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 4 0.125 = 1.000 0.21 X 0.3 = 0.063
0.625 — 0.0625 = 0.5625 1.5+ 05 = 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 multi-
plied 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  or  12)172.8
12 12

52 52

8 8
48 48
48 48

Exercise 1-3.

1. Change to decimal fractions: %, §, %, 37, 3%, 3, 3.

2. Prepare a table of decimal equivalents of fractions of an inch in
az-inch steps; that is, 4, +. +, 1%, and so on.

3. Add: 0.125, 0.791, 0.345, 1.403, 7.142.

4. 0.784 — 0.038 = 5. 3.142 X 7.553 = 6. 1.173 = 142 <
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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 “Maxi-
mum 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 39, of the full-scale read-
ing. 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 1
truc value — 163 ~ 81 = 00123.
Multiplying the last figure by 100 to convert it to percentage gives a
percentage of error which is about 1{%. 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

or about 139, 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 measure-
ment. In the expression 7,930 miles for the earth’s diameter, only the
figures 7,93 are significant; in 7,927, all figures are significant. When we
are paying attention to significant figures, zeros following the last of the
other digits do not count unless it is so stated. For example, the following
numbers have two significant 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

* Volts is abbreviated ».
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60,100, the last two zeros would not count as significant figures unless the
fact was expressly so stated. Measurements and calculations in radio
seldom-are carried to more than three significant figures.

Now if two numbers which represent quantities obtained by measure-
ment, 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 accu-
racy 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.

Exercise 1-4. State the number of significant figures in the following.

1. 24,000. 5. 0.0000543. 9. 0.0809007500.
2. 5,280. 6. 0.00000006. 10. 0.142857.

3. 186,230. 7. 0.08735.

4, 3.141597. 8. 50,000.21.

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, 102 means ten taken twice or 10 X
10 = 100; 10 means ten taken three times or 10 X 10 X 10 = 1,000; the
(2) and the (3) are called exponents. A table showing powers of ten and their
exponents follows.

TABLE 1-1
Large Numbers Small Numbers
10t = 10 10=1 10t = 0.1
102 = 100 10~2 = 0.01
10 = 1,000 10— = 0.001
104 = 10,000 10—* = 0.0001
105 = 100,000 10-% = 0.00001

10® = 1,000,000 10—¢ = 0.000001



8 : MATHEMATICS OF RADIO (Chap. 1

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 10%, 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 10%. Likewise, 2,500,000 is 2.5 times 1,000,000. From the table
1,000,000 = 10%. So 2,500,000 is written 2.5 X 106, which avoids writing
a lot of zeros.

To write 0.0025 in a similar way, remember that 0.0025 is 2.5 times 0.001.
From the table 0.001 = 102, Therefore 0.0025 is written 2.5 X 10-3 in
scientific notation. For 0.0000025 the system works even better to reduce
the number of zeros. This number is 2.5 times 0.000001; from the table
0.000001 = 10-%; therefore 0.0000025 = 2.5 X 10-%, 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 0 (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
102 = 256; 1.86 X 10° = 186,000; 7.853 X 10— = 0.007853; 2.4 X 10-%
= 0.000024.

Exercise 1-5. Express in scientific notation.

1. 605,000,000,000,000,000,000,000.

The age of the earth, estimated as about 694,000,000,000 days.
One light-year, about 5,870,000,000,000 miles.

The distance from earth to the sun, about 93,000,000 miles.
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% miles.
2. The mass of the earth, about 6.6 X 102! tons.
3. Diameter of red corpuscle in blood, about 3 X 10-% inch.
4. 6.4 X 1072 5. 1.20 X 10°. 6. 6.28 X 106,

ARER SR
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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 10% is to
be multiplied by 3 X 102 First multiply 2.2 by 3, which gives 6.6. For
the 10's, consider that 10* = 1,000 and 102 = 100. 1,000 X 100 =
100,000 = 10° (from the table). But 10° equals 103 Rewriting the
solution gives

(2.2 X 109 (3 X 102) = (2.2 X 3)(10° X 102)
6.6 X 10243 = 6.6 X 10.°

RULES OF OPERATION WITH EXPONENTS. Ior any given base, such as 10,
the following rules apply:

To multiply, add exponents: 104 X 102 = 104+2 = 106,

To divide, subtract exponents: 10* <+ 10* = 1042 = 102

Exercise 1-7. Perform the indicated operations.

1. (1.86 X 10%)(3.6 X 10?) =

2. (9.3 X 107) =+ (1.86 X 10%) =

3. If a true value is 4.3225 X 105, what is the relative error in using the
value 4.33 X 10°?

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

mega- kilo- | unit | centi-  milli-

| by by | by by
Vo |

milli- micro-
| micro-| micro-
|

Multiply the known

micro-
number of — O30

| by | by by by
to obtain the unknown ! l Vol 1 l l

number of 1 [ l ;

{ 1
MeZA-. o o ooveet e 1 1 1078 | 10°% | 1078 | 10® | 10712 | 1071 | JO~18
kilo-. ... 1000 | 1 10 | 1075 | 1078 | 10 | 107 10
unit.. ... 108 | 10° |1 1072 | 10=3 | 107¢ | 107 101
centi-.................. | 108 106 | 102 ! 1 107t | 10-¢ | 1077 | 10710
milli- .. .. 108 10¢ 103 10 1 10-* | 107¢ | 107°
micro-. .. .............. 1012 100 | 108 | 10¢ 100 | 1 | 107 | 1078
millimicro- ... ......... [ 10 1012 10° 17 108 100 | 1 103
micromicro-. .. ........ | 10t | 10% 1012 100 | 100 ‘ 100 | 108 1

]

]

For example, a kilocycle is one thousand cycles; a megacycle is a million
cycles; a microfarad is one millionth of a farad; a millihenry is ore thou-
sandth 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 this
point multiplied by the standard unit gives the desired unit. For example,
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to convert millihenries into microhenries, find milli- at the top of the table,
go down this column to the linec marked micro-, and find 10%. 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 = 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 sym-
bols? Tirst, symbols must be as bricf as possible; second, their meaning
must be generally agreed upon by those who use them. One choice is to
use the initial letter of a word, like R for resistance, C for capacitance, w for
width, P for pressure. Sometimes symbols for certain things have been
used so long they are accepted 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 z, y, z (last few letters of the alplabet), which usually
mean quantities unknown or variable; a, b, ¢ (first letters of alphabet) often
stand for known or unvarying quantities. Mathematics packs much mean-
ing into one symbol to make the symbol useful where words or numbers
would not 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 10z, ¢ 4 ¢, mz + b. Note that 10x means 10 times z; this is a product
and the 10 and the = are the two factors. Factors of a product are the
numbers which, when multiplied together, form the product. In algebra
numbers and letters or combinations of letters written together without
signs of operation are to be multiplied; ry means z 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 z is written alone, the co-
efficient 1 is understood; = means 1 times z. A term is any expression like
10z, t, mz, b, 5r, and so forth. Similar terms are those with the same letter
or letters, such as 10z and mz. 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,

3z +4z = 3+ 4)x = Tz; 3a —2a =3 — 2)a=1la =a.

Exercise 1-8. Combine the following terms.

1. 10m 4 8m + 6m = .36 —le=

2. 40y — 300 = 6. 9.5r — 7.2z =

3. 90g¢ 4 50q — 40q = 7. 19k — 1.73k =

4. 1b + b = 8 11h412h — h =

Some Laws of Algebra. In addition terms may be combined or grouped
in any order. That is, a +b =b + @ and a+b+c=(@+b +c=
a + (b +c). If dissimilar terms occur, they may be combined in groups
of similar terms; for example, 50a 4 98b + 5a + 3b + a = (50 + 5 + 1)a
+ (98 + 3)b = 56a + 101b.

Multiplication and division are carried out with the coefficients of similar

terms, like 7 X 2a = 14a; 3 X 10w = 5w; 1%: = (7575 2(6%—@ = 2z;
18z
e 3 (a number only).

Exercise 1-9. Perform the indicated operations.

1.4a+6b+5a+ T +a= , 200 _

2. 6.2¢ + 8.9d 4 7.8¢ + 10.2d = T4

3. 18 X of = 8. 3-28T -

S 9. 454 + 1.5d =
6. 2.5 X 62 = ’ 2 -

Just as 10 X 10 = 10%,a X @ = a%,anda X a X a = a®. Similar terms
with the same exponents may be combined; that is, 3a® + 4a* = 7a%
Expressions containing several terms are called polynomials, for example
32® + 422 — 5z + 2, which is a polynomial in descending powers of z.
Polynomials may be added by combining similar terms as follows:

3z + 422 — 5z + 2
— 22— 2248 —1
2+ 32+3x+ 1

Exercise 1-10.

1. Add 2a® — 3ab + 4b? to 6a — 2ab — 4b2

2. Add 2% — 4z + 10 to 2 — 6z — 2z

3. Add r2 4+ 3rs — 5s?, 2r2 4 7s?, and — 5r? — rs — 582
4. Subtract — 2a? — 8a + 14 from a? — 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

2X10°+5X 100 +6 X 10 + 5
DS es o I ap el o6 0 an |
7X10°4+8 X 10249 X 10 +6

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

223 4+ 522 462+ 5
S+ 322 +3x+ 1

72 4+ 822+ 9x + 6

Now any other number, such as 2 or 3, may be put in place of z and the
result will still be correct. The z stands for any number.
The same rules for exponents apply as stated earlier for the base 10;

2

that is, a? X a® = a?*? = a5; a—3=a—1; (@%)? = a? X a? X a% = a%;
a

a' Xat =a=+VaXxXVa a=Va

RuLe oF staNs.  In multiplying or dividing, if the terms have like signs
the result is positive (has plus sign); if the terms have unlike signs the
result is negative (minus sign).

(+@) X (+b) =+ab  (+a) = (+b) =+3
(—)X (=B =+a (-a+(=b=+F
(+)X (=B =-ab (+a&+(=b=-

(—OX (B =—ab (—a)+(+b) =~

Qe S

Ezxample.

(+3a%) X (= 2a%%) = (+ 3)(— 2)(a®)(a®) (0)(¥*)(c) = — 6a%bic.

Exercise 1-11. Perform the indicated operations.

1. (222)(3z%) = 7. (— 3a%)? =

2. h'(— 1) = 8. — (3a%)? =

3. (— 5d)* = 9. e(8¢%)(— %e%) =

4. (BE)(— 3E®)(— 2E?) = 10. (— 2nd)(— 3n)(— 4d?) =
5. — (2 = 11. (— z%%)3 =

6. 5y(— 3z%) = 12, (2dcd)? =
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Removal of parentheses (and of other signs of grouping) from expressions
is easy if certain rules are followed. These signs of grouping are often
used to indicate multiplication of terms, and in the course of soiving a
problem it may be necessary that they be removed systematically. There-
fore:

(1) Apply the rule of signs (above).
Ezample:

Also,

2(a +b — ¢) = 2a + 2b — 2c.
— 3a(a? — 3a + 3) = — 3a® + 9a® — 15a.

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

Ezample:
(@+b) =1a+b) =a+b

—(x—-2=—-1x—2y) =—2x+ 2.

(3) Perform indicated multiplications or divisions first; then addition
or subtraction.
Example:

Also,

5 —3(a+ 2b) =5 — 3a — 6b.
This does not equal 2(a 4 2b).

(4) Remove signs of grouping one sct at a time, starting with the inner-
most set.

Ezxample:
— 3cla + 2b(b — ¢)] = — 3cla + 2b* — 2bc] = — 3ac — 6b%c + 6be®.

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

1. 426+ 3) — 7 =

2. 4n — 4(n + 8) =

3. —3(5d —4) +12 =

4, 4a(2a + b — ¢) + Tac =
5.6s—3r+s+8t)+ @ —s+3t) =

6. — 8 —3)+(—=3d+4 =

7. 6n2 — B3n +2) + 2n(n — 5) =

8. 5[2n — 6(n +2)] —3n + 8 =

9. 3a[6 + 2(a — 3)] + 10a* =

10. s{s — 2(3 — 5s) + 7} — 2s* =

11. 2z — 3[2z — 3(z — 5)] =

12. 4y +2yBy — 6 —y) + 6] =

13. 8 — [7 — 2(3r — §)] =

14. 922 + 3z + 2[2z — Bz{x — 1) — 10] — (22 4 T2) =
15. 192 — 3[z — 3(z — 2{4y + 3} — 2y) + 3] — y* =
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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
special 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

3zt — 9% + 12z2
it is possible to divide out a 3, an 22, or a 3z2. The latter, being the largest,
is usually the factor desired; thus,

3zt — 92% + 122% = 3(z* — 323 + 4x?)
= r¥(3z* — 9r 4+ 12)
= 3z%(z® — 3z + 4).

Exercise 1-13. TFactor the following.

1. 72y — 142z = 4. 8ry* — 16xy + 122 =
2. 5a% — 25ab? = 5. a®? — 3ab? 4 4a%h — 12ab =
3. 2712 4 27rh = 6. 24m?n — 6mn? + 36m2n? — 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
z— 5
22 4+ 6z
— 10z — 30
222 — 4z — 30
or
(2r 4+ 6)(x — 5) = 222 — 42 — 30
T 11

A BC 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 bi-
nomials; (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.

1. (n+3)(n+2) = 5. (22 — H)(2? — 12) =

2. (@=35)(a+2) = 6. (th + 7)(th — 12) =
3. p—Np—-5 = 7. Bz + )3z — 3) =

4. (a4 b)(a + 2b) = 8. (2 — 11y (2 + 5y?) =
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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 9z% + 18z + 5, two bi-
nomials are needed having their first terms factors of 9z%, having their
second terms factors of 5, and having 18z as the sum of the product of the
two outer terms plus the product of the two inner terms of the trial fac-
tors (A)(D) 4+ (B)(C). The correct factors are found by trying out differ-
ent combinations until the right ones are obtained. Several possible
combinations may be set down, but only one meets the third requirement.

Trial factors

Second term ‘ Conclusion
| -
I~
|

First attempt........ ... ] (r +5)(9x + 1) z + 45z = 46z | No good.
Second attempt......... | (x4+ DOz +5) | bdr+9xr =14z No good.
Third attempt.......... 3z + 1)(3x + 5) | 15z + 3z = 18z Correct.

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

Exercise 1-15. Factor the following.

1. n24+5n+6 = 5. z2 4+ 3zy + 2y% =
2.z —6z+ 5 = 6. 15a* 4+ 22a + 8 =
3.a2 -9+ 20 = 7. 24+ 7z + 52 =

4, 6n24+n—2= 8. a! — 6a?? — 55b* =

Certain binomials occur often as equal factors of squares. These are
of the type (a 4 b) or (@ — b). The square of either of these consists of

‘<—a+b‘j ‘<————a——>ﬁ
te-b

D a—b b >
} T 4
axXb b’ | o 7 /axb Fhed o
's 7,5 v
o N\ T
o T-}- \>g a ©
a? X| o0 © (a—b)® X |
m .LL m I,

Fic. 1-2. Illustrating Binomial Squares by Areas.

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,

(@ + b)2 = (a + b)(a + b) = a® + 2ab + b7,
(@ — b)? = (a — b)a —b) = a® — 2ab + b2
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This process is sometimes used with numbers as a short-cut method to
find their squares. For instance,
(23)? = (20 + 3)* = (20)* + 2(20)(3) + 32
= 400 + 120 + 9 = 529;
(20)? = (30 — 1)2 = (30)2 — 2(30)(1) + 1
= 900 — 60 + 1 = 841.
Using the formulas for these squares is easier than multiplying out the us-
ual way. Diagrams illustrating the binomial squares are shown in Fig. 1-2.

Exercise 1-16. Perform the following operations.

1. (x+3) = 5 (2r — 3)z = 9. (5r2 4 s?)2 =
2. (x — 5)? = 6. (3a + 5)2 = 10. (a® + 12)2 =
3. (z + 6y)2 = 7. (a — 3b)? = 1. (h — 12 =

4. (@ — )t = 8 Bkt - 1) = 12, (3a + 3b)? =

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,

a*+ 6a+9=(a+3)?
42 — 120 + 9 = (2z — 3)2

Note: Be sure that the middle term is twice the product of the square

roots of the first and last terms.

Exercise 1-17. Factor the following expressions.
1. 22 — 122 4 36 = 2. 16z? — 40ry + 25y% =
3. 25a% 4 120a%? 4 144b* =

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

(a + b)(a — b) = a® — b2
Factoring the difference of two squares is done by taking the square root
of each square and making the factors the sum and difference of these roots.
4n* — 36 = (2n 4+ 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 4+ 1) X (30 — 1) = 900 — 1 = 899.

Exercise 1-18. DPerform the operations indicated.

. +y)(x—y) = 5. — 81v? + 25u? =
2. (10 — a)(10 + a) = 6. 12¢3 — 3c =

3. (4a + 3b)(4a — 3b) = 7. 63 X 57 =

4. 3672 — s = 8. 75 X 45 =

Solving Equations. It is very fortunate that the behavior of the equip-
ment and devices used in radio is rather uniform; that is, if a circuit be-
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haves in a certain fashion at one time it will behave the same way at some
other time. This uniformity permits the writing of equations or formulas
to 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 nccessary to get some practice
in working with equations.

As usual, there are definitions and rules. The two parts of the equation
separated by the cquality sign are usually called the members; either left-
hand 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 laws 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 X\ (read lambda) is given as 600; how may f be found?
Solution: TFirst multiply by f on both sides of the equal sign,
= 300,f000f’
and then divide both members of the equation by A:
A 1.
f;\ = (300,000) ~

but;= land'f= 1, so

/ 300,000
f=
Substitute the value of X = 600 in this equation and obtain
300,000 _
=500 = 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

1— = 7‘ = R, or R = T'
Again, let both sides be divided by R, and obtain

E IR E

]—c = —E = I, or I = R'

* Division by 0 is not possible.
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Still another change may be made; suppose both sides of the equation are
multiplied by I; then
EI = (I)(IR) = I*R.

Just above, it is shown that I = TE; ; substituting this value for I in the last

equation makes it
E E?
Z = =] =3
E R=R I’'R = EI.
The rule for the last operation is that things equal to the same thing are

equal to each other.

Exercise 1-19.

1. Given R = 20, [ = 5, find E.

2. Given E = 246, R = 600, find I.

3. Given E = 1,1 =2 X 1072, find R.
4. Given E = 115, 1 = 2.8, find I’R.

Sometimes it is not possible to evaluate an equation exactly because
some factors in it are not exact; for example, a formula containing
= = 3.1416 (approximately), such as

XL = 27I’fL or ‘\'c 1

= 2nfC
In this case, the number used for = should have the same number of sig-
nificant figures as the rest of the data; 6.28 is often used for 2.

Exercise 1-20. Pcrform the following calculations, using the appropri-
ate formula above.

1. Given f = 60, L = 1, find X,.

2. Givenf = 1.5 X 105, L = 5.5 X 10-¢, find X,.

3. Given f = 500, C = 2 X 107, find X.

4, Given f = 3.105 X 10%, C = 0.85 X 10-8, find X_.

5. Given X = X, — XN¢, f =105, L = 1.4 X 104 C = 1.8 X 10-19
find X.

Clearing fractions is often necessary in solving equations. Consider

the equation
1
1, 1

BT

R =

The first step is to place the denominator over its own common denomi-

nator:
1

TR+ Iy
Rk,

R
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Finally, the denominator is inverted and multiplied by the numerator,
which in this case is 1:
Rle

_ RiRs o _ RiRy
B=p iV =F+r

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

1. Given R, = 175, R. = 362, find R.
2. Work out a formula for Ry, given R and R..

Quadratic Equations. An equation of the type
ax?+bzx+c=0

is called a quadratic equation. The coefficients a, b, ¢ are any numbers,
positive or negative, and z is a variable whose value is to be found. Special
cquations of this type have already been considered on pp. 14-15, but
sometimes it is difficult to find the necessary factors. To solve the quadratic
equation, that is, to find a formula which will always give the correct value
of z, first divide the entire equation by a, the coefficient of 27, to give

b c
2 —_ R
T +a:c+a—0.

Now subtract the termg from both sides of the equation:

. . b c
r* + 2F= ~ 3
From the discussion on p. 15, it will be seen that the third term in a perfect
square is the cocfficient of z divided by 2 and then squared. Performing
this operation, and adding this term to both sides of the equation, we get
b b? b? c
2 = = e — =
* +a$+4a2 40 a
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 right-
hand 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 (+/) on the right. So

b b? — 4ac
Tt 5= =N qa o

— b 4+ Vb2 — dac —b — Vb? — dac
T = — = and 7= .
2a 2a

or

The process used to work out this formula is known as “completing the
square.” Now an cxample of its use will be given.
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Consider the equation
4z° + 120 +9 = 0.

This is a quadr.tic form, with a = 4, b = 12, and ¢ = 9. Putting these
figures in the formula.

— 12 = V(12) — 1(H)(9)

2
_—I2=VIiH—14 12 3
- 8 S8 2

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

2274 5 — 12 = 0,

it is seen that ¢ = 2, b = 5, ¢ = — 12. Substituting these values in the
formula
Lo b= Vi —24)(—12) _ — 5= V25 + 96
2(2) 4
With the plus sign,
_—5411_6_3
I SR S
With the minus sign,
I el S | B
4 4 ’

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

| | 7
| x=—4 l r=1} =3 ‘
I 2(-4)2+ 5(=hH—12=0 | 20 +5(3) —12=0
2(16) —20 —12=0 200+ -12=0
32-32=0 12 - 12 =
0=0 0=

Exercise 1-22. Solve the following quadratie equations.

1. 224+ 2x -3 =0 6. hr =11z +2=0

2.2 =8+ 156=0 7. 122+ 25y +12 =0
3. 22 -9 —-22=0 8. r’ + 19 = 20z

4. 222 -9z +4=0 0. 2 4 2r = 48

5. 0622 —5x+1=0 10. 224 2ax — 3a2 =0

Trigonometry. Trigonometry is that branch of mathematics which
deals with the properties of triangles. Actually, the ideas of trigonometry
have been extended to solve many problems in radio, as will be seen later.
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A right triangle is a triangle in which one of the angles is a right angle
or 90° like the triangle in Fig. 1-3. For convenience, the angles are
marked with the capital letters 4, B,

C (with C at the right angle) and the
side opposite cach angle is marked  hypotenuse ¢

a = side opposite

with the corresponding small letter . angle A
a, b, c 93/ c
In geometry it is shown that the b — side adjacent to
sum of the angles in any triangle is angle A
1800; that is, A + B + C = 180°. Fic. 1-3. Right Triangle with Parts
But since C = 90°, A 4+ B = 180° — LRSS

C = 180° — 90° = 90°.  Therefore
A and B each must be less than 90° (acufe angles) and the following re-
lations must be true:

A+B=090° A=90°—-B; 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 tri-
angles, ABC and AB'C’, arc simi-
B"  lar, that is, their angles arc equal
and their sides are proportional
B to onc another. Therefore, it may
be said that
BC  B'CY
A0~ A0 @ constant.
No matter what the size of triangle
c C° AB’C’,aslong as the shape is the
Fic. 1-4. Triangles ABC and AB'(" are  Same as that of the triangle ABC
Similar. this ratio will be true. If the an-
gles 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:

A

sine of A — length of side opposite angle 4 —sind = (_l;
length of hypotenuse c
cosine of 4 = length of side ﬂ.(ljﬂcs’nt toangle 4 _ cos A — Q;
length of hypotenuse c
o) GR A = - length of side opposite angle 4 —tan A = &

length of side adjacent to angle A b
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The abbreviations sin, cos, and tan are commonly used in place of the
corresponding complete names sine, cosine and tangent. Other ratios may
be formed but arc not needed here. It is important to remember that
these ratios depend only upon the angle in the right triangle and not
upon the size of the triangle; the ratios are numbers.

It may be shown that in any right 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,

a® + b = ¢
From which,
a=Ver— b and b=Vc— a2

Values for the ratios or trigonometric functions may be worked out for
certain angles quite easily. Consider a triangle with three equal sides,
each 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
each angle must be 60°, as shown in Fig. 1-5. A line drawn from the top
of the triangle to the center of the lower side will divide the lower side (or
base) into two portions, each } unit long, and will divide the triangle into
two portions, cach of which is a right triangle. Taking one portion of the

B
60°
: 0
1 1 c a
60° 60° 60°  90°
1 1 1 A b C
2 2
(a) (b) (c)

Fig. 1-5. Equilateral Triangle and 30°-G0° Triangle.

triangle (Fig. 1-5¢) 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

V3

a=\/cz_1,2=\/12—(%)2=\/1—%=\/§=_2=0~87-

From the definition,

sind=%=98"_ g7 = V3 _ gneoe.
c 1 2
From the definition,
cosd = - = 1 + 1 = 0.50 = ¢os 60°.
c 2
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Likewise,
V3 o1

—g=——-4—= Q= = ©
tanA—b 5~ 3 = 1.73 = tan 60°.

| ]

From the fact that angle A = 60° it is found that sin 60° = 0.87, cos 60° =
0.50, and tan 60° = 1.73.

The same triangle may be used to get the values for the trigonometric
ratios or functions for 30°. The side b is opposite angle B and the side a is
adjacent to angle B; angle B is 30°. I'rom the definition,

sin B = sin 30° = g = 0.50;

also,

cos B = cos 30° = (El = 0.87;
and

tan B = tan30° = g = 0.58.

Exercise 1—23.

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

2. The smaller acute angle in the right triangle of sides 3 inches and 4
inches is about 37°. 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: sin (90° — A) =
cos A?

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

To use the table, proceed as follows.

(1) To find 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 calcu-
late cos 16.5° it is necessary to subtract the proportional part of the
difference from the value of cos 16° because the cosines decrease as the
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angle increases. This operation is called inferpolation, and is performed
as follows:

' (a)  cos 16° = 0.9613 (d) cos 16° = 0.9613
(b)  cos17° = 09563  (c) 0.5 X 0.0050 = 0.0025
(¢) Difference = 0.0050 () 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) tan 36° = 0.7265 (d) tan 35° = 0.7002
(b) tan35° = 0.7002  (c) 0.66 X 0.0263 = 0.0175
(¢) Difference = 0.0263 6 tan 35.66 = 0.7177

(5) Find angle A if sin A = 0.6626. From the table it is seen that 4
lies between 41° and 42°.

(a) sin 42° = 0.6691 (d) sin A = 0.6626
(b)  sin41° = 0.6561 (e)  sin41° = 0.6561
(¢) Difference = 0.0130 (f) Difference = 0.0065

(g) Since A isbetween 41°and 42°, 4 = 41° + WV X 1°,

0.0130
(h) A =41° + 0.5° = 41.5° or 41° + 30" = 41°30'.

Exercise 1I-24. Find the following functions and angles from the table.

1. sin 45° 7. cos 88.6°
2. cos 45° 8. sin 79.25°
3. tan 45° 9. Angle 4, if sin A = 0.9135
4. sin 90° 10. Angle A, if tan 4 = 0.2035
5. cos 15.5° 11. Angle 4, if cos 4 = 0.9310
6. tan 75° 12. Angle A, if sin A = 0.9995

These functions of trigonometry are used to solve many problems in
radio work. Tirst, however, an illustration based on the action of me-
chanical 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 propor-
tional to the lengths of the sides of the triangle ABD or BCD. Half the
force on the stone will be supplied by each half of the rubber band. For
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TABLE 1-3
Sines, CosINES, AND TANGENTS
T

Sine Cosine | Tangent I Sine Cosine Tangent

Degrees opvp.) adj. ) (OZ’Z") | Degrees opp.) adj. ) (0_7"71-)

hyp. hup. I adj. " hyp.] | \hyp. adj.
1

0 .0000 1.0000 .0000 45 7071 7071 1.0000

1 0175 0998 | 0175 || 46 7193 6947 1.0355
2 0349 0994 .0349 | | 47 7314 .6820 1.0721
3 .0523 9986 0524 || 48 7431 .6691 1.1106
4 L0698 9976 0699 || 49 7547 .6561 1.1504
5 .0872 .9962 .0875 “ 50 7660 .6428 1.1918
6 .1045 0945 | (1051 ‘ 51 7771 .6293 1.2349
7 1219 | 9925 ‘ 1228 | 52 7880 6157 1.2799
8 1392 19903 .1405 53 .7986 .6018 1.3270
9 1564 9877 L1584 54 .8090 0878 1.3764
10 .1736 9848 1763 I' 55 .8192 5736 1.4281
11 .1908 0816 1044 56 .8290 .5592 1.4326
12 .2079 9781 2126 57 .8387 5146 1.5399
13 2250 0744 2309 || 58 | .8480 .5299 1.6003
14 2419 9703 .2493 59 8572 .5150 1.6643
15 .2588 9659 2679 ‘ 60 .8660 .5000 1.7321
16 2756 9613 .2867 61 8746 4848 1.8040
17 .2024 0563 I 3057 || 62 .8829 4695 1.8307
18 .3090 L9511 .3249 63 .8910 4540 1.9626
19 3256 [ 0455 I S43 || 64 .8988 | 4384 2.0503
20 .3420 I 9397 .3640 65 .9063 4226 2.1445
21 .3584 9336 | 3839 || 66 9135 ‘ 4067 2.2460
22 3746 0272 4040 67 9205 .3907 2.3559
23 .3907 19205 4245 || 68 9272 3746 2.4751
24 .4067 9135 4452 69 9336 3581 2.6051
25 4226 9063 4663 I 70 9397 .3420 2.7475
26 4384 .8988 4877 71 J0455 .3256 2.9042
27 4540 ’ .8910 ‘ 5005 || 72 .9§11 .3090 3.0777
28 4695 .8829 5317 73 L9563 2924 3.2709
29 4818 .8746 l 5543 || 74 ‘ 9613 2756 3.4871
30 .5000 .8660 5774 75 9659 2588 3.7321
31 5150 .8572 | .6009 || 76 .9703 .2419 4.0108
32 .5299 8480 | .6249 77 0744 .2250 4.2315
33 .5446 .8387 6494 78 9781 .2079 4.7046
34 5592 .8290 6745 g| 79 9816 .1908 5.1446
35 .5736 .8192 .7002 :| 80 9848 1736 5.6713
gg 5878 .8090 7265 81 9877 . 156% f75 3138
.6018 7986 7536 82 .9903 139 1154

38 .6157 7880 7813 83 | 19925 1219 8.1443
39 .6293 7771 .8098 i 84 ‘ 9945 .1045 9.5141
40 .6428 7660 .8391 8 | .9962 .0872 11.4301
41 6561 | 7547 8693 || 86 9976 .0698 14.3007
42 6691 | 7431 .9004 87 ' .9986 .0523 19.0811
43 .6820 J 7314 l 9325 | 88 .9994 .0349 28.G363
44 6947 7193 | 19657 | 89 l .9998 0175 57.2900
45 l 7071 ’ 7071 i 1.0000 ; 90 | 1.0000 0000 | ...
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example, if the rubber band is stretched so that cach half or cach side
exerts a force of 1 unit (which may be called Fg) in line with itself,

Fg=Force Exerted
by Rubber Band

(a) (b)

Fi1g. 1-6. Slingshot and Forece Diagram.
what is the foree exerted on the stone (represented as Fg)? From the
triangle, cos 45° = %g or % ¢ = d cos 45°. Since cach side of the band

supplies half the force on the stone, then
2 Fg = Fr X cos45° =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
Z—cosa R=Zcos?¥ Z-—m
YA
x X_sno X = Zsin 6 z- X
Z sin 6
6 _ X
R > Z=+VRFX2 tanf =3

Fia. 1-7. Impedance Tri- X
angle with Parts Marked. The symbol 8 is the Greek letter theta.

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

Suppose it is stated that R = 8 and X = 6, which are to be combined
to give Z = 10. Certainly these cannot be added by arithmetic because
this would make the sum 8 4+ 6 = 14. Quantities which have a definite
direction as well as size, such as R, X, Z, are called vecfors 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 dircction of each) and draw a line
from the beginning of R to the end of X. This will be Z, the vector
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sum of R and X, and its length is Z = VR? + X2 = V8 + 6 =10, as
required.

It is customary to set vectors in boldface type. In writing, a short bar,
as 7, over the vector distinguishes it from nonvector expressions, as T.

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 con-
tinue 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

F1a. 1-8. Construction for Sine Curve.

But AB = 1 (unity in length) and so sin § = CB. If the radius were
drawn in another position (AB’), the line from B’ to the diameter at ©F
will again be sin = C’B’, and so on, no matter what the angle 6 happens
to be. If the entire cirele 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 are joined by a smooth curve.
Other information may be obtained from such a diagram. Foliowing
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. Many similar rules have been worked out.

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

In Fig. 1-8, cos 8 = AC. If the radius were again rotated, and the
lengths AC, AC’, and so forth, plotted vertically above the degree marks
on DE, a cosine curve would be obtained. The two curves may be com-
pared; the shape is exactly the same, but when the sine curve is zero the
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 eurve
with the values of cosines in Table 1-3.  Could the relation sin (90° — 4)
= cos 4 be used to plot a curve of cosines?

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 27 times with-

P  6=1radian out overlapping (r = 3.1416, ap-

/N X. =573° proximately). That is, 2 radii

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,

Fic. 1-9. Measure of Angle in Radians. wrapped around the circle, will be

the curved edge of a piece of pic,

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 cir-

cumference or 360°.  To convert degrees to radians, divide the number of

degrees by 57.3; to convert radians to degrees, multiply the number of
radians by 57.3.

Exercise 1-28.

1. Convert the following angles to radians: 45°, 60°, 90°, 180°, 120°,
135°, 22.5°, 200°, 3,000°.
7w 3r 7 Tr 207

2. Convert the following angles to degrees: 3L G 3o 0.987.

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, 80

and many other things. This infor-
mation may be listed in the form of
tables or shown on graphs. A graph
of the average daily temperature in =~ o 70
some locality is shown in Fig. 1-10, 2
which is plotted from Table 1-4. é
@
TABLE 1-4 Teot
Temperalure,
Date degrees
May 1 51
May 2 58 -
May 3 68 0 7
May 4 55 Date
May 5 69 Fic. 1-10. Chart of Daily Temperature

May 6 74 for May.



Chap. 11 MATHEMATICS OF RADIO 29

The gradual rise in temperature at this time of ycar and the drop of tem-
perature on May 4 are easily seen on the graph.

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

=
3]
I

/
/
/
/

—
o
I

— s —— s ——

\Install New Capacity

=4
o
T

Output, Millions of Kilowatt Hours

o) | 1 1 !
1920 1930 1940 1950 1960
Year

Fia. 1-11. OQutput of 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. 10° = 1000
Consider again the table showing powers of 102 = 100

10 and their cquivalents in place notation. It 10t = 10

is scen that 10° = 1 and 10! = 10. A number 100 = 1

between 1 and 10 must be represented by 10 107! = 0.1

raised to some power between 0 and 1. Tables 102 = 0.01

have been prepared to show what this power 103 = 0.001

is, and Table 1-5 is this kind of a table for the etc.

base 10. l
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TABLE 1-5
LOGARITIIMS
N o | | 2] 3 : s | s | 6| 7] s 9
' ' ‘ |
10 0000 | 0043 | 0086 { 0128 | 0170 | 0212 { 0253 | 0204 | 0334 | 0374
11 0414 | 0453 | 0492 | 0531 | 0569 | 0607 | 0645 | 0682 | 0719 | 0755
12 0792 | 0828 | 08G4 | 0899 | 0934 | 0969 | 1004 | 1038 | 1072 | 1106
13 1139 | 1173 | 1206 | 1239 | 1271 | 1303 | 1335 | 1367 | 1399 | 1430
14 1461 | 1492 | 1523 | 1553 | 1584 | 1614 | 1644 | 1673 | 1703 | 1732
15 1761 | 1790 | 1818 | 1847 | 1875 | 1903 | 1931 | 1959 | 1987 | 2014
16 2041 | 2068 | 2095 | 2122 | 2148 | 2175 | 2201 | 2227 | 2253 | 2279
17 2304 ' 2330 | 2355 2380 | 2405 | 2430 | 2455 | 2480 | 2504 | 2529
18 2553 | 2577 | 2601 | 2625 | 2648 | 2672 | 2695 | 2718 | 2742 | 2765
19 2788 | 2810 | 2833 | 2856 | 2878 | 2900 | 2023 | 2045 | 2967 | 2989
1

20 3010 | 3032 | 3054 | 3075 | 3096 | 3118 | 3130 | 3160 | 3181 | 3201
21 3222 I 3243 | 3263 | 3284 | 3304 | 3324 | 3345 l 3365 | 3385 ’ 3404
22 3424 | 3144 | 3464 | 3483 | 3502 | 3522 | 3541 | 3560 | 3579 | 3508
23 3617 | 3636 | 3655 | 3674 | 3692 | 3711 | 3729 | 3747 | 3766 | 3784
24 3802 | 3820 | 3838 | 3856 | 3874 | 3302 | 3009 | 3027 | 3945 | 3962
25 3979 | 3997 | 4014 | 4031 | 4048 | 2065 4082 | 4099 | 1116 4133
26 4150 ' 4166 | 4183 | 4200 | 4216 | 4232 | 4240 | 4205 | 4281 i 4298
27 4314 | 4330 | 4346 | 4362 | 4378 | 4393 | 4409 | 4425 | 4440 | 4456
28 4472 | 4487 | 4502 | 4518 | 4533 | 4548 4564 | 4579 | 4304 | 4609
29 4624 | 4639 | 4654 | 4669 | 4683 | 4698 4713 | 4728 | 4742 | 4757
30 4771 | 4786 | 4800 | 4814 | 4829 | 4843 | 4857 | 4871 | 4886 | 4900
31 4914 | 4928 | 4042 | 4055 | 4960 | 4983 | 4997 | 5011 | 5024 | 5038
32 5051 | 5065 | 5079 | 5092 | 5105 | 5119 | 5132 | 5145 | 5150 | 5172
33 5185 | 5198 | 5211 | 5224 | 5237 | 5250 l 5203 | 5276 | 5280 | 5302
34 5315 | 5328 | 5340 | 5353 | 5366 | 5378 | 5301 | 5403 | 5416 | 54928
35 5441 | 5153 | 5465 | 5478 | 5400 | 5502 | 5514 | 5527 | 5539 | 3551
36 5563 | 5575 ! 5587 | 5599 | 5611 | 5623 | 5635 | 5647 | 658 | 5670
37 5682 | 5694 | 5705 | 5717 | 5729 | 5740 l 5750 | 5763 | 5775 ' 5786
38 5798 | 5809 | 5821 | 5832 | 5843 | 5855 | 5806 | 5877 5888 | 5899
39 5911 | 5922 | 5933 | 5944 | 5955 | 5966 | 5977 | 5988 | 5999 | 6010
40 6021 | 6031 | 6042 | 6053 | 6064 | 6075 | 6085 ' 6096 | 6107 | 6117
41 6128 | 6138 | 6149 | 6160 | 6170 | 6180 | 6191 | 6201 | 6212 | 6222
42 6232 | (243 | 6253 | 6263 | 6274 | 6284 | 6294 6304 | 6314 | 6325
43 6335 | 6345 | 6355 | 6365 | 6375 | 6385 ‘ 6395 | 6405 | 6415 | 6425
44 6435 | 6444 | 6454 | 6464 | 6474 | 6484 | 6493 | 6503 | 6513 | 6522
45 6532 | 6542 | 6551 | 6561 | 6571 | 6580 | 6500 | 6599 | 6609 | 6618
46 6628 | 6637 | 6646 | 6656 | 6665 | 6675 | 6684 | 6603 | 6702 | 6712
47 6721 | 6730 | 6739 | 6749 | 6758 | 6767 | 6776 | 6785 | 6794 | 6803
48 6812 | 6821 | 6830 | 6830 | 6848 | 6857 | 6866 | 6875 | 6884 | 6893
49 6902 | 6911 | 6920 | 6928 | 6937 | 6946 | 6955 | 6964 | 6972 | 6981
50 6990 | 6998 | 7007 | 7016 | 7024 | 7033 | 7042 | 7050 | 7059 | 7067
51 7076 | 7084 | 7003 | 7101 | 7110 | 7118 | 7126 | 7135 | 7143 | 7152
52 7160 | 7168 | 7177 | 7185 | 7193 | 7202 | 7210 | 7218 | 7226 | 7235
53 7243 | 7251 | 7259 | 7267 | 7275 | 7281 | 7202 | 7300 | 7308 | 7316
54 7324 | 7332 | 7340 | 7348 | 7356 | 7364 | 7372 | 7380 | 7388 | 7396
N 0 1 2 | 3 4+ | s | 6 7 8 9
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TABLE 1-5 (Continued)
LOGARITIIMS

N 0 1 | 2 3 'l 4 | s 6 7 8 | o
55 7404 | 7412 | 7410 | 7427 | 7435 | 7443 | 7451 | 7459 | 7466 | 7474
56 7482 | 7400 | 7497 | 7505 | 7513 | 7520 | 7528 | 7536 | 7543 | 7551
57 7550 | 7566 | 7574 | 7582 | 7580 | 7507 | 7604 | 7612 | 7619 | 7627
58 7631 | 7642 | 7649 | 7657 | 7664 | 7672 | 7679 | 7686 | 7604 | 7701
59 7700 | 7716 | 7723 | 7731 | 7738 | 7745 | 7752 | 7760 ‘ 7767 | 7774
60 7782 | 7789 | 7796 | 7803 | 7810 | 7818 | 7825 | 7832 | 7839 | 7846
61 7853 | 7860 | 7868 | 7875 | 7882 | 7889 | 7896 | 7903 | 7910 | 7917
62 7024 | 7931 | 7938 | 7945 | 7952 | 7950 | 7966 | 7973 | 7980 | 7987
63 7903 | 8000 | 8007 | 8014 | 8021 | 8028 | 8035 | 8041 | 8048 | 8055
64 3062 | 8069 | 8075 | 8082 | 8080 | 8096 | 8102 | 8109 | 8116 | 8122
65 3120 | 8136 | 8142 | 8149 | 8156 | 8162 | 8169 | 8176 | 8182 | 8189
66 8105 | 8202 | 8200 | 8215 | 8222 | 8228 | 8235 | 8241 | 8248 | 8254
67 8961 | 8267 | 8274 | 8280 | 8287 | 8203 | 8299 | 8306 | 8312 | 8319
68 9395 | 8331 | 8338 | 8344 | 8351 | 8357 | 8363 | 8370 | 8376 | 8382
69 8388 | 8395 ‘ 8401 | 8107 | 8414 | 8420 | 8426 | 8432 | 8439 | 8445
70 8451 | 8457 | 8463 | 8170 | 8476 | 8482 | 8488 | 8494 | 8500 | 8506
71 8513 | 8519 | 8525 | 8531 | 8537 | 8543 | 8549 | 8555 | 8561 | 8567
72 8573 | 8570 | 8385 | 8501 | 8507 | 8603 | 8009 | 8615 | 8621 | BG27
73 8633 | 8639 l 9645 | 8651 | 8657 | 8663 | 8669 | 8675 | 8681 | 8686
74 8692 | 8608 | 8704 | 8710 | 8716 | 8722 | 8727 | 8733 | 8739 | 8745
75 8751 | 8756 | 8762 | 8768 | 8774 | 8779 | 8785 | 8791 | 8797 | 8802
76 8808 | 8814 | 8820 | 8325 | 8831 | 8837 | 8842 | 8848 | 8854 ‘ 8859
77 8365 | 8871 | 8876 | 8882 | 8887 | 8893 | 8899 | 8904 | 8910 | 8915
78 3921 | 8927 | 8932 | 8938 | 8943 | 8949 | 8954 | 8960 | 8965 | 8971
79 8076 | 8982 | 8987 | 8993 | 8998 | 9004 | 9009 | 9015 | 9020 | 9025
80 0031 | 9036 | 9042 | 9047 | 9053 | 9058 | 9063 | 9069 | 9074 | 9079
81 9085 | 9090 | 9096 | 9101 | 9106 | 9112 | 9117 | 9122 | 9128 | 9133
82 0138 | 9143 | 0149 | 9154 | 9159 | 9165 | 9170 | 9175 | 9180 | 9186
83 0101 | 0196 | 9201 | 9206 | 9212 | 9217 | 9222 | 9227 | 9232 | 9238
84 0243 | 9248 | 9253 | 9258 | 9263 | 9269 | 9274 | 9279 | 0284 | 9289
85 0204 | 9200 | 9304 | 9309 | 9315 | 9320 | 9325 | 9330 | 9335 | 9340
86 0315 | 9350 | 9355 | 9360 | 9365 | 9370 | 9375 | 9380 | 9385 | 9390
87 9395 | 9400 | 9405 | 9410 | 9415 | 9420 | 9425 | 9430 | 9435 | 9440
88 0445 | 9450 | 9455 | 9460 | 0465 | 0469 | 9474 | 9479 | 9484 | 9489
89 0494 | 9499 | 9504 | 9500 | 9513 | 9518 | 9523 | 9528 | 9533 | 9538
90 0542 | 0547 | 9552 | 9557 | 9562 | 9566 | 9571 | 9576 | 9581 | 9586
91 0590 | 9595 | 9600 | 9605 | 9600 | 9614 | 9619 | 9624 | 9628 | 9633
92 0638 | 9643 | 9647 | 0652 | 9657 | 9661 | 9666 | 9671 | 9675 | 9680
93 0685 | 9689 | 9604 | 9699 | 9703 | 9708 | 9713 | 9717 | 9722 | 9727
94 o731 | 9736 | 9741 | 9745 | 9750 | 9754 | 9759 | 9763 | 9768 | 9773
95 o777 | 9782 | 9786 | 9791 | 9795 | 9800 | 9805 | 9809 | 9814 | 9818
96 0823 | 9827 | 9832 | 0836 | 9841 | 9845 | 9850 | 9854 | 9859 | 9863
97 0863 | 9872 | 0877 | 9881 | 9886 | 9890 | 9894 | 9899 | 9903 | 9908
08 9912 | 0917 | 9921 | 0926 | 9930 | 9934 | 9939 | 9943 | 9948 | 9952
99 9956 | 0061 | 0965 | 9969 | 9974 | 9978 | 9983 | 9987 | 9991 | 9996
N 0 1| 2 3 4 5 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 109399 in which the exponent lics between
O0and 1. Also it is possible to write 3 as 10971,  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 basc at all.  The logarithms of the numbers
from 1 to 10 are the following (logarithm is abbreviated “log”):

log 1 =0.0000 log4=06021 log7 = 0.8451
log2=03010 log5=06990 log 8 = 0.9031
log3 = 04771  log 6 = 0.7782  log 9 = 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 = 2.3010
log 2,000 = 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-hand 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 has 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 ncgative characteristic is written as a positive one, with 10 sub-
tracted from the entire log.

Example: Tind log 4,570 in the table.

(a) Find 45 in the left-hand 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.

(¢) The complete logarithm is 3 4 0.6599 = 3.6599.

Ezample: Tind log 0.00121.

(a) Find 12 in the left-hand column, go across this line to the column
headed 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.
(¢) log 0.00121 = — 3 4 .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, 8,330, 92.8, 0.00026.

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

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

(b) Move the decimal point to the right as many places as the char-
acteristic when the latter is positive and to the left when it is negative.

Ezample: TFind antilog 2.5877.

(a) Find 0.5877 in line 38 and column 7; consider this as 3.87.

(b) Move the decimal point 2 places to the right, which gives 387, the
required antilog.

Example: TFind antilog 7.3243—10.

(a) TFind 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 eannot be found in the table, take the value nearest to
it; or interpolate as follows:

Ezample: Find antilog 0.4208.

log 2.64 = 0.4216 log 2.64 = 0.4216
log 2.63 = 0.4200 given log = 0.4208
Difference = 0.0016 Difference = 0.0008

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

Exercise 1-30.

1. Check the following: (a) antilog 1.8169 = 65.6; (b) antilog
7.9325—10 = 0.00856; (c) antilog 11811 = 30,300; (d) antilog3.5711
= 3725; () antilog 8.8766—10 = 0.07527.

2. Find the antilogs of the following: (a) 2.9274; (b) 9.9533—10;
(¢) 3.5441; (d) 0.6196; (¢) 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 mulliply,
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 = 2.6803
log 89 = 1.9494

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

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

log 479 = 12.6803 — 10
log 890 = 2.9494
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 1-31. Perform the operations indicated, using logs.

1. 3 X7 5. 87.5 =+ 37.7

2. 746 X 0.567 6. 0.685 = 9.75

3. 5.55 X 637. 7. 3.14 + 272

4. 0.0495 X 0.0267 8. 0.0385 + 0.00146

Logs are very useful in finding higher powers and roots of numbers.
Suppose that 245 is needed. This could be found exactly by multiplying
24 X 24 X 24 X 24 X 24, but logs make 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 casy: for example, 205 = 2t = /2,
log 2 = 0.3010
multiply by 0.5
log 2°5 = 0.1505
antilog 0.1505 = 1.414
This is actually the process of extracting a square root, because
205 3¢ 205 — 90.5+0.5 — Ol
Logarithins 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.
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Fia. 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 are 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 everyonc knows, it is harder to make another person
hear what is being said in a noisy location (such as ecity traffic) than in a
quict place. The reason is that the increase of sound necessary to give the
impression of a change in sound :ntensity 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 car, the commmunication engineers simplify discussion
of this action and malke it casier to set control dials to correct values.

The unit of sound level used is called the decibel (abbreviated db) and is
defined by the cquation

db = 10 log %,

World Radio Histo
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where db is the number of decibels, Py is the larger amount of power, and P
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 /P = 2;
log 2 = 0.3010, and therefore the number of decibels is 10 X 0.3010 = 3.
This may be scen 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 corre-
sponding 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 log-
arithmic. For some purposes it is more convenient to use simply a scale
which is divided into parts proportional to the logarithms of numbers, such
as Fig. 1-14. It is scen 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
tndex) 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, - cte. The smallest divisions here represent numbers
twice as large as those in the portion of the scale marked 1 to 2. From 4 to
the right-hand end of the scale the major divisions are also by 10’s (410,
420, 430 - - -) but the smallest division represents only 5; that is, 405, 415,
425, - - with 10’s divisions between. In Fig. 1-15 is a scale with the
following points marked: A 365, B 327, C 263, D 1,745, E 1,317, F 305,
G 207, H 1,078, T 435, J 427.

Fra. 1-15.  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 right-
hand index, respectively) may be multiplied or divided by any power of
10; that is, the left-hand index may represent 1.0, 100, 10%, 0.001, and all
other points on the scale will have the same multiplier. This property and
other properties of logarithins 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 zy, 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 oppo-
site 2 on D, 2 on C will be opposite 4 on D, 3 opposite 6, and so on. But
4is 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 calcula-
tions much easier.

Division may be performed with equal ease. T'or 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 decinal 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 caleulation (made mentally) with 200 X 20
shows that the answer should be somewhere near 4,000, and actually is
4,680.

Common fractions are ecasily converted to decimal fractions on these
scales, by dividing the nunierator 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. Tor example, opposite 2 on D find 0.301 on 1., opposite 3 on
D find 0.477 on L, and so forth.

Exercise 1-35. 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. Divide: 87.5 + 37.7, 0.685 + 8.93, 1,029 + 9.70, 0.00377 = 5.29.
3. Solve the proportion: 2 :3 = r : 7.83.

. . 4 11 3 17 193
4. Convert to deeimal fractions: 5 16 39 518 1’0—95

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

Answers to Exercises

I-1. (1) 28; (2) 32; (3) 26; (4) 32; (5) 90; (6) 0; (7) 5; (8) 7
(9) this opcmtlon not pos51ble, (10) 2 (11) 5; (1") 5; (13) 0; (14) 49;
(15) 32.

1-2. () L% 1 ()45 O G ©485 (D& ) &%
9 &%; (10) 1§; (11) 43; (1") %3%

1-3. (1) 0.75, 0.625, 0.5623, 0.265625, 0.9, 0.666 ---, 0.764 - -
(2) sce machinist’s or olh(rlun(lbooh; (3) 9.806; (1) 0.746; (5) 23.731526;
(6) 0.826.

I-4. (D2, @3; G5 D7, (3)3; 6)1; (N4 ®7; 97
(10) 6.

1-5. (1) 6.05 X 10%; (2) 6.94 X 101; (3)5.87 X 102, (4)9.3 X 107;
(5) 2 X 1077; (6) 3 X 10-%,

1-6. (1) 860,000; (2) 6,600,000,000,000,000,000,000; (3) 0.00003;
{(4) 0.064; (5) 1,200,000,000; (6) 0.00000628.

1-7. (1) 6.7 X 107; (2) 5 X 103 (3) 0.00174.

1-8. (1) 24m; (2) 10v; (3) 100q; (4) b; (5) le; (6) 2.3z; (7) 17.27F;
(8) 22h.

1-9. (1) 10a + 13b; (2) 7.8c + 19.1d + 6.2c; (3) 36f; (1) 16x;
(3) 92y; (6) 15z; (7) 5a; (8) .92r; (9) 3; (10) 2a + 2r + Y-

1-10. (1) 8¢* — 5ab; (2) —a* — 10xr +12; (3) —2r + 2rs — 3s%;
(4) 3a? + 4a — 10.

I-11. (1) 627; (2) —17; (3) —1254%; (4) 30E%; (5) —8%; (6) —152%2;
(7) 9a%2; (8) —9a’2; (9) —-Gc”, (10) —24n2d%; (11) —2by'3; (12) 43O,

1-12. (1) 8b+5; (2) —32; (3) —15d + 24; (4) 8¢? + 4ab + 3ac;
G) —r 4+ 2s; (6) —lld + 7, (1) Snt — 13n — 2; (8) —23n — 52; (9)
16a% (10) 952+ s; (11) 5z — 45; (12) 82 + 6y; (13) 14r — 17; (14)
—322 4 10z — 20; (15) 16z — 90y — 3° — 54.

1-13. (1) Tz(y — 22); (2) bab(a — 5b); (3) 2ar(r + h); (4) 42(212 —
4y + 3); (5) ablab — 3b + 4a? — 12); (6) 6m(dmn — n? + 6mn? — Tme).
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I-14. (1) n2+5n+6; (2) a®2—3a—10; 3) p*—9p +20; 4)
a? + 3ab + 2b%; (5) xt — 16x® + 48; (6) *h* — 5th — 84; (V) 922 — 62
— 3; (8) x* — 62%2 — Byt

-15. (1) (n+3)(n+2); (2 @—=5=—1); @) (a—4)(a—5);
(4) @n—1DEr+2); BG) @+ 2 +y); 6) Ga+2)(5a+4); (7)
(2 4+ 52)(1 + x); (8) (a® — 11b%)(a® + 5b%).

1-16. (1) 224+ 624 9; (2) 22 — 10x + 25; (3) z* + 12zy + 364%;
(4) a® — 2ac + ¢2; (5) 4r*— 12r + 9; (6) 9a® + 30a + 25; (7) a®* — 6ab +
9b%; (8) Okt — 6k* 4 1; (9) 25rf 4 10/%* + s%; (10) a® + 24a® + 144;
(11) k2 — Lh + &5; (12) $a® 4 %ab + (0%

1-17. (1) (z — 6)2; (2) (4z — 5y)%; (3) (5a* - 12b%)°

1-18. (1) 22 — 3?; (2) 100 — a?; (3) 16a* — 9b%; (4) (6r + s)(6r —
8); (B) (=9 + 5w + 5u); (6) 3¢(2c — 1)(2c +1); (7) (60 + 3)
(60 — 3) = 3,600 — 9 = 3,591; (8) (60 + 15)(60 — 15) = 3,375.

I1-19. (1) 100; (2) 0.41; (3) 50; (4) 322.
1-20. (1) 377; (2) 51.9; (3) 159; (4) 6.03; (5) O.
1-21. (1) 118; (2) (RR.)/(R: — R).

1-22. ) z=-3, +1; (2 z=+43, +5; 3) z= +11,—-2; (4)
r=4,% G z=5343 ®zr=21% My=—-1 4% ®z=19, 1
9)z = —8, +6; (10) z = —3a, +a.

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

1-24. (1) 0.7071; (2) 0.7071; (3) 1.0000; (4) 1.0000; (5) 0.9636;
(6) 3.7321; (7) 0.0215; (8) 0.9824; (9) 66°; (10) 11.5°; (11) 21.5°; (12)
88.25°.

1-25. (1) 37° (2) R = 7.07, X = 7.07.
1-27. Yes.

1-28. (1) 0.785, 1.047, 1.571, 3.142, 2.094, 2.356, 0.398, 3.491, 52.36;
(2) 60°, 135°, 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) 816; (b) 0.898; (c) 3,500; (d) 4.16; (c) 4.14 X 104

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 10-4; (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 vibra-
tions 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 clectric 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 clectric 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. Asmore 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 compli-
cated. At the present time so many different cxperiments 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 clectric
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 opcrator.
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 aloag a
wire. These negatively charged particles are called electrons and arc so
extremely small that they flow through the spaces between the atoms of
the conductor.

In most metals a few electrons in the outer portion of the atom are very
loosely bound to the nucleus of the atom. As a result large numbers of
these electrons are free to drift about in the interatomic space. Metals

of this type are called conductors. If the electrons are attracted by con-
41
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necting the conductor to a battery they will accelerate owing to the foree
of attraction but the speed attained by any individual electron will be
relatively small because it will bump into one of the many atoms be-
fore it has gone very far and bounce off in another direction. The energy
which the clectron 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 clectrons are so closely bound to the
molccule that a very high clectric pressure is required to tear them away.
Substances of this type are called ¢nsulators and are used in clectric cir-
cuits to keep the electron flow restricted to paths desired by the designer.

Although it is interesting to know that electrons float about inside metal
conductors, a complete understanding is not essential to a workable knowl-
edge of electric circuits. Oceasional 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 cleetrical phenomena in-
telligently, it is necessary to define some electrical quantities and specify
the units in which these quantities are measured.  Four of these quantitics
and the units in which they are measured are given below. Other defini-
tions will be added as the need arises.

THE covroMB. The unit of clectrical charge or the quantity of excess
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 108) free
electrons on a single charged body. This is a large unit and is seldom used
in clementary radio calculation. It is iinportant, however, as a basis for
other units.

Tue ampere. The unit of electric flow is called the ampere. If one
coulomb of charge passes a given point on a wire in one second, then one
ampere is said to flow. In other words, the ampere is a special name given
to a coulomb per second. It is specified by international agrecment 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 he
obtained anywhere, while the counting of the clectrons would be difficult.
The conventional direction of eurrent is opposite to the direction of elee-
tron flow.

THE ouM. 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
mereury of uniform cross section, of a length of 106.3 ¢m, and having a
mass of 14.45 g. The magnitude of the cross section so specified is essen-
tially a square millimeter.

Tue vort. 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 begin-
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ning student. Some idea of the size of the coulomb may be gained from
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 casily visualized by referring to a
100-watt electric light which takes about one ampere of current. The
favorite comparison for the volt is that an ordinary dry cell has 1.5v. The
normal pressure for domestic electric service is 120 v. The resistance of
an clectric toaster or flat iron is about 25 ohms. These statements may
assist the novice in visualizing these quantitics.

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

Resistance

Motor Voltmeter
-—-{ Battery
Ammeter
(b) (c)
. i .
Pressure | Flow Pressure Ell::t:lrg Elg c:vrlc Volts
. \ —_— Hress { [s} _
(Ib/in?) I (gal./min.) ] Flow I(volts) (amperes) Amperes
|
R | S ) P e
20 | 1.6 12.5 8.0 | 092 | 87
35 | 28 | 12.5 12.0 | 1.38 | 8.7
75 6.0 12,5 16.8 | 1.93 | 8.7
100 ‘ 8.0 12.5 22,4 2.57 8.7
150 12.0 12.5 47.0 5.40 8.7

|

F1¢. 2-1.  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 and 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 are taken of the
pressure gauge and flow meter at cach pump speed, a set of data will be
obtained as shown in the table in Fig. 2-1b. It is important to observe
that at cach pump speed the pressure divided by the flow gives the same

* 0il is used instead of water because it is a liquid of high viscosity and will obey the
Ohm’s Law 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.

Ezample: 'What is the flow at 50 b per square inch pressure?
According to the relation stated above,

pressure _ 50
125 = 125

pressure being in pounds per square inch. The constant 12.5*% is charac-
teristic of this particular size and length of tubing and so can be called
the resistance of the coil of tubing.

To the right of this simple hydraulic circuit is shown a similar electric
circuit. A battery supplies the electric pressure that causes an electric
current to flow through a coil of copper wire indicated diagrammatically
as B. 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 readings of volts and corre-
sponding 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

fow = = 4 gallons per minute,

E 65
I=g=877=7.5amp,

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 pressure tn volts divided by the resist-
ance tn ohms.

This statement is known as Ohm’s Law and is the basis for a large por-
tion of electrical circuit theory. It may be expressed mathematically in
the three forms below:

E E
I_R’ R——I-, E = RI.
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 depends also upon the viscosity of the fluid. In electricity the
variable corresponding to viscosity does not occur.
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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 Ry Rz
resistances are said to be connected in series.
The combined or equivalent resistance of R, 4+ —
and R connected as in Fig. 2-2 is !
E
me] = Ifl + RZ-

F1c. 2-2. Series Resistances.
The electrical pressure across R, when

added to the electrical pressure across R, will cqual the total battery
pressure.

According to Ohm’s Law the pressure or voltage across Ry is Ry and
the voltage across R, is R:I. Since the current is the same in both resist-
ances, the voltage across the individual resistances will be proportional to
their resistances. Also, the proportion of the total voltage across E, will
be Ri/(Ri + R;). 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 voltage divider.

Ezample: 1f 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

Rt = 100,000 + 5,000 = 105,000 ohins.
By Ohm’s Law, the current will be,
E 90

I = I_Z = m = 0.00086 amp.
The voltage across the 5,000-ohm resistance is,
R R, 5000
I = Lbuttery Rl + 1{2 = 90 105’000 = 428 v.

Exercise 2-1. A vacuum-tube filament takes 0.9 amp at 6.3v. (a) What
is the resistance? (b) What additional resistance would be required if
the filament were to be supplied from a 12-v battery?

Exercise 2-2. 'The heaters of five vacuum tubes are to be supplied in
scries. 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. Tow much resistance would be placed in scries 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 electrie 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

Re battery voltage is impressed across
Ry cach resistance just as if the other
—A/N resistance were not there. The cur-
E'—I? Rs rent in each resistance is determined
T‘ by Ohm'’s Law as,
H ﬂ §
Fic. 2-3. Parallel Resistances. Jin = %, I, = ;—;2 and I; = %

The total current in the cireuit is the sum of the currents in the individual
resistances, so
Imm[ = Il + 12 + 13

E FE | E
“"RTRTR
1 1 1

=5+t e
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 he a reminder 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 con-
ductance.

Gotm =G+ G +G:+ ...

The proportion of the total current whith 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.  Iixpressed mathematically, this is

i EG, _ Gy

Ezample: 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 Ry = 25 ohms

R; = 12 ohmns Ry 8 ohms
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Solution:
G, =
G, =
Total conductance is
Giotar = G1 + Go + Gy + Gy = 299

Equivalent resistance is

= .040
= 125

ey
|
=

1
Req = 505 = 3.31 ohms.
Proportion of current flowing through the 8-ohm resistance is
ZS—ohm _ G4 o ]25

= T4 =220 118 = 41.80],.
Uiy G+ G +0+G 299 8 1.8%

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

E | E
Lgnm=5L+1,= R +7€:
_p(l o Y gt R
N E(Rl + Rz) = PThR, )
-_ £
IRy
Rl + Ifz
Therefore,
_ _RiR,
ch - Ii;l—_*-—h_’;.

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 produet 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 2-5. Two circuit elements are connceted in parallel across a
240-v line. One has a conductance of .0063 mho and the other a con-
ductance of .0172 mho. What current will he taken from the line? What
proportion of this ecurrent will flow through the element having a con-
ductance of .0172 mho?



48 D.C. CIRCUITS [Chap. 2

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

Exercise 2-7. TFive resistances are connected in parallel. It is desired
to know the total current and the proportion of this current going through
R; when a potential of 24 v is applied. The resistances are: R; = 4 ohms,
Ry = 7 ohms, R; = 22 ohms, R, = 10 ohms, k5 = 65 ohms.

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

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

he 7-ohm resistance.
DA the 7 sistance

/—avvvw—\ Solution:
R,= 3 OHMS R;= 7 OHMS
AN \_'\AWMWT_—/ G: = 75 = 0.100

Gs = 1 =0142
R.= 12 OHMS Gi=+7
Equivalent conductance is

il
—T 45 Volts

I
!
()

]

e
o
[000]
«w

Frg. 2-4. Resistances in Series and

Parallel. Geq = 0.100 + 0.142 4 0.083 = 0.325.

Equivalent resistance is

1
Ra = 0395 = 3.08,

Total resistance is
R, = 3.08 + 3 = 6.08.
Total current is

Current in 7-ohm resistance is

G 0.142

Itopm = G—oqlt = 0325 X 7.40 = 3.23 amp.

An alternate method of obtaining the eurrent 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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Ezample: In the circuit shown in Fig. 2-5 determine the current in

15 OHMS

the 10-ohm resistance.

Solution: FEquivalent resistance
of parallel circuit is

Ry = 0 X15_150 _ ¢ hms. = 110 Voits

F16. 2-5. A Series-Parallel Circuit.
Total resistance of circuit is

R; = 5+ 6 = 11 ohms.

Total current is

I, = % = 10 amp.

&=

Volts across parallel resistances are
E, = IRy =10 X 6 = 60

Current through 10-ohm resistance is

Igorm = IT.E.::;; = Els—‘g = 6 amp.
20 OHMS
16 OHMS
m Exercise 2-8. Determine
f the total current and the
100 + 80 OHMS current in the 5-ohm resistor
Volts -[ VWV of the circuit of Fig. 2-6.

Fig. 2-6. Circuit for Exercise 2-8.

125 Volts

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

Fi1G. 2-7. Circuit for Exercise 2-9.
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50
220 Volts
I
jl
23 OHMS
AAAAA
13 OHMS b 630HMS
a AAA- — AV
20 OHMS 85 OHMS
AAAN —AMANA—

Fi1a. 2-8. Circuit for Exercise 2-10.

Determination of Resistance.

c

[Chap. 2

Exercise 2-10. What is the differ-
ence of potential across ab and across
be of the circuit shown in Fig, 2-8.

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
ProprERTIES OF CorPER MAGNET WIRE
Size of Ohms per ’ Pounds | Dlamcter Diameter | Diameter
wire Diameter 1000 ft per E EC§
(A W.G) (mils*) at 20° C. 1000 ft ' in mllq in mils in mils
0000 460.0 .0490 640.5 468.
000 409.6 .0618 507.9 418.
00 364.8 0779 | 402.8 375.
0 324.9 .0983 | 319.5 l 333.
1 289.3 1239 | 253.3 297.
2 257.6 1563 | 200.9 266.
3 2294 1970 | 1593 | 237,
4 204.3 .2485 126.4 212.
6 162.0 .3951 79.46 170.
8 128.5 .6282 49.97 134. 131. 136.
10 101.9 .9989 31.43 107. 104. 109.
12 80.81 1.588 19.77 85.8 83.0 88.0
14 64.08 2.525 12.43 69.1 66.1 71.1
16 50.82 4.016 7.818 55.8 52.6 57.6
18 40.30 6.385 4.917 45.3 42.0 47.0
20 31.96 10.15 3.092 37.0 33.5 38.0
22 25.35 16.14 1.542 29.4 26.8 31.3
24 20.10 25.67 1.223 24.1 21.3 25.8
26 15.94 40.81 7692 19.9 17.0 21.5
28 12.64 64.90 4837 16.6 13.6 17.6
'30 10.03 103.2 .3042 14.0 10.8 14.8
32 7.950 164.1 1913 12.0 8.75 12.8
34 6.305 260.9 .1203 10.3 7.01 11.0
36 5.000 414.8 .0757 9.00 5.60 9.60
38 3.965 659.6 .0476 7.97 4.47 8.47
40 3.145 | 1049.0 .0299 7.15 3.55 7.55

*1 mil = 0.001 in.
¥ C means single cotton covered.

1 E means enameled.
§ EC means enameled with single cotton covering.
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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: RATIO OF REsISTANCE OF METAL TO RESISTANCE OF CorPER

Resistance |  Resistance
Pure metals relative to || Alloys relative to
‘ copper ‘ copper
\
TIron.................. 5.80 Radiohm............. 77
ZinC........c.co0iininnn 3.43 || Nichrome. . . ‘ 65
Tungsten. .. ........... 3.20 Advance. . .. o 28
Aluminum............. 1.55 [l High brass............]| 4.8
Gold.................. ' 1.40 I Low brass............ 38
Silver................. 943 24

Commercial bronze. . ..
l Il

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
implicd in the solutions of series and parallel circuits but are stated ex-
plicitly as follows:

(1) The current flowing into any junction of an electric circust ts equal
to the current flowing out of that junction.

(2) The sum of the battery or generator voltages around any closed circuit
is equal to the sum of the voltage drops in resistances around the same circuit.

Ezample: The use ) 2 OHMS 5 6 CHM3 .
of these laws is illus- b4 ‘/\LV\__” _]_
trated by determining + Iap Ieb |+
the current flow in the 12Volts = Ibd l 4 OHMS = 10 Vokts
10-ohm resistance of T
Fig. 2-9. The cur- . d §
rents are shown as Iab, Fig. 2-9. Circuit lllustrating Use of Kirchhoff's Laws.

meaning that the cur-
rent specified is the current flowing from a to b, I the current flowing
from ¢ to b, and I, the current from b to d.

Using Kirchhoff’s first law at the point b,

Iy + Iy = Ing.
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Using Kirchhoff’s second law around ecircuit eabd,
20 + 4 = 12
Using Kirchhofi’s second law around the circuit febd,
61, + 41,, = 10.
The above three equations have three unknown currents I, I, and I,
Since I, = Iy — I, the second equation may be written as
2L,y — 21, + 41, = 12

or
6Ibd - 215,, = 12.

Multiplying both sides by 3 and adding to the third equation of the set of

three above, 181,; — 61, = 36
: 41y + 61, = 10
22144 = 46
_46 23 _
he =55 =11 = &

Method of Superposition. Another method of obtaining the solution for
a circuit having several voltages is based on a principle often used in elec-
trical theory. It states that the current in a wire is the sum of the currents
produced by each voltage acting by itself and with the other voltages shorted out.

Ezample: In Fig. 2-9, the portion of I, caused by the 12-volt battery
can be obtained by shorting out the 10-volt battery.

The equivalent resistance of the 6-ohm and 4-ohm resistances in parallel
is (6 X 4)/10 = 2.4. This is in series with the 2-ohm resistance, so
that the total current is I 12 _ 30

T 44 11
Six tenths of this current goes through the 4-ohm resistance, so the current
contributed by the 12-v battery is
30 6 18
TRAS TV

The portion of the current in I, caused by the 10-volt battery can be

obtained by shorting out the 12-volt battery. The equivalent parallel

= 1{% amp.

resistance is 2X4 8 _ .
6 6 ¥
This is in series with the 6-ohm resistance, so that the total current is
j_10_30_15
22 11

Only one third of this current will go through the 4-ohm resistance. Hence,
the contribution of the 10-v battery is
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The total current is, then,
17+ %5 =31 =2/ amps.

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.

R, a R,
AN VW
FE, = 120 volts E, = 60 volts
Elt__ R éRo R, = 10 ohms R = 20 ohms
‘W R; = 5 ohms Ry = 7 ohms
i- E, Rs = 8 ohms Rs = 2 ohms
AAAAS T AAAA

Re b Rs

Fig. 2-10. Cireuit for Exercise 2-11.

Exercise 2-12. A three-wire distribution system is supplied with two
125-v generators connected in series as shown in Fig. 2-11. Determine
the voltage across
each load if the dis- pe—400 Ft—>——300 Ft—>]

tribution wire is all

No. 2 A.W.G. cop- o

per wire. 125 Volts “1 “3 I, = 40 amp
Power and En- /— I, = 65 amp

ergy. The manner + I; = 35 amp

of electron flow 125 Volts MZ’

through conductors
was discussed in the
introduction of this [~—————600 Ft.—————>
chapter. The agi- F1a. 2-11. Circuit for Exercise 2-12.
tation or the in-
crease 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 tempera-
ture. 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
circuits.

Referring again to the hydraulic eircuit 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 pressure is doubled. It will also be doubled if the pressure remains
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constant and the flow is doubled. A similar variation in power exists in
the case of the eleetric circuit. The power converted into heat in a resist-
ance may be said to be directly proportional to the product of the current
and the voltage. Expressed mathematically, this is,
P=EXI,

P being expressed in watts, E in volts, and I in amperes. This statement
may then be used as a definition of a watt. The watt is the rate at which
electric energy is being supplied when a current of one ampere s flowing at a
pressure of one volt.

Several additional equations for power may be derived from the above

—— O~ —O—

4 Terminal may be

indicated by long line

AMMETER VOLTMETER GALVANOMETER BATTERY

e e~ |

RS L RESISTORS =
FIXED VARIABLE ADJUSTABLE GROUND
{ By Steps)

Henrys-h
Milli-henrys - mh INDUCTORS
Micro~henrys <ub
FIXED VARIABLE ADJUSTABLE IRON CORE
{By Steps)
|1 l_l | L~ L=
I U A1 A
HERAa A CONDENSERS
FIXED FIXED, SHIELDED VARIABLE VARIABLE. SHIELDED

E T 35 L

TRANSFORMERS
AR CORE IRON CORE VARIABLE COUPLING CRYSTAL DETECTOR

F:za. 2-12. Conventional 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:

P=EXI=IRXI=IR. (since E=IR)

E E? . E
P—EXI—EX—R—-R—- (mnceI—R)

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
cnergy 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

el =) B

WIRES, JOINED WIRES, CROSSED JACK KEY
{Not Joined)
ANTENNA LOOP ANTENNA LOUD SPEAKER TSEE'E;',(E:E
ﬂ ﬁ ﬁ ------
!
DIRECTLY HEATED INDIRECY. Y GRID PLATE

CATHODE-HEATER HEATED CATHODE

O O V¥

TUBE, DIODE HIGH VACUUM GAS-TUBE PHOTO-ELECTRIC
(2 Element) TUBE ENVELOPE ENVELOPE CATHODE

%
TUBE, TRIODE TUBE, TETRODE TUBE, PENTODE
(3 Element) (4 Element) (5 Element) GAS PHOTO TUBE

Fi1c. 2-13. Conventional 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.

Ezample: 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 =FEI =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 eircuit 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 sim-
plify 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 is
given the name of the clement 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 decimal 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 ss necessary,
however, to remember that the circuit laws are based on ohms, amperes, and
volls, and other units must be converted to these before circuit problems can be
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 commer-
cial 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 secondary or storage baitery, 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 cenL. A diagram of the construction of a dry cell is shown in
Fig. 2-14. The positive clectrode of the dry cell is a fairly large carbon

Positive Binding + —

Post————3 ©3_Negative Binding Post
NN

+—Cardboard Cover

SN

—Z2inc Cup

v4—Paper Pulp

4 ——Granulated Carbon
& Manganese Peroxide

NN

NOTE, Paper pulp. granulated
carbon, and manganese peroxide
are saturated with a Solution of
ammonium chioride.

?\Carbon Electrode

Fic. 2-14. A Dry Cell.

rod located in the center of a zinc container that forms the negative elec-
trode. The clectrolyte, 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 ard its
function is to absorb the ammonia and hydrogen gas that is given off at
the positive clectrode and tends to insulate the electrode. The top of the
cell is sealed by an insulating compound so that only the terminals connected
t0 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 2} inches in diameter and
6 inches tall, are supplied 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 battery, which is the most com-
mon 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

Courtesy Electric Storage Battery Co.

F1a. 2-15. Grid of Storage Battery Partly Filled with Active Material.

the type shown in Fig. 2-15. This grid is filled in with a paste which,
after an clectrochemical forming process, gives lead peroxide en the positive
plate. This lead peroxide is the active chemical material, while the grid
acts as physical support for the ckemical and as electrical conductor for the
current that is developed by chemical action. A similar grid is used for
the negative plate but a different paste is used, which after forming con-
sists 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 are
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shown. The plates of the positive group are nested between the negative
plates, being separated from them by the thin and porous separators made

14

e
k{;g-ﬁ ‘

€38 couse

Courtesy Electric Storage Battery Co.

Positive Negative

Fia. 2-16. Storage-battery Plates.

of cither 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 sealed

JEERGEEERANRRERARED

Courtesy Electric Storage Baltery Co.
Negative Positive

Fic. 2-17. 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.

Courtesy Electric Storage Battery Co.
Wood Fiber glass
Fia. 2-18. Storage-battery Separators.

This construction permits maximum surface area to be exposed to the

clectrolyte with a minimum of distance between the positive and negative
plates, this distance being only the thickness of the separators. The sepa-
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rators are sufficiently porous that they offer little hindrance to the flow of
lons which are the carriers of electric charge, but they do maintain me-
chanical and eclectrical 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 has a tendency to harden,
crystallize, and expand if permitted to stand. For this reason it is impor-
tant to keep lead batteries in a charged condition. A battery which re-
mains in a discharged condition soon will have buckled plates and reduced
capacity, and will have to be discarded long before its normal life span.
Vent plug

Inter-cell Post

connector

Negative
strap

Cover

Positive

strap Partition

Positive 7 i+ e Separator
plate " |

Negative
Container

Courtesy Electric Storage Battery Co.
Fia. 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 chemi-
cal reaction may tend to insulate the electrodes or may tend to cause chem-
ical or ion concentrations that reduce the terminal 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.
Usually the construction of the battery will permit these effects to be neu-
tralized after a time. This entire process acts like, and is sometimes called,
the internal resistance of the battery. Polarization is much more pro-
nounced in the dry cell than in the storage battery.

Electromagnetism. A phenomenon which is closely associated with
electricity is magnetism. The horseshoe magnet and its ability to pick up
iron and steel objects are universally familiar. Apparently this attraction is
caused by some form of disturbance in the space surrounding the magnet.
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This disturbance is described as a magnetic field and is indicated by lines
connecting the north and south poles, as shown in Fig. 2-20. The magnet
shown here is not bent as is the horseshoe magnet, so is called a bar magnet.

F1G6. 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 tow from the north
to the south pole, and since the poles attract one another 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 T
bar magnets is shown, wherein NI B
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 casc they are squeezed Fra. 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
cffects. 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 is
commonly used to remember the magnetic effect of an electric current.
If the right hand s placed around the wire with the thumb poiniing in the
direction of the current, then the fingers will indicate the direction of magnetic
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Aluz. If the wire which is carrying electric current is wound around a cylin-
drical tube the magnetic effects of thevarious turns of wire aid each other and

—

N

Fia. 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 2-
24. '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
A@ /)j//u ; ampere-turn to be adopted as a com-
_‘_rw \:‘JQ mon unit of magnetic pressure or mag-
o netomotive force. The ampere-turn
netio T 1s Indeatod 'y e Togss. M2y be defined as the magnetic pres-
hand Rule. sure produced by a current of one am-
pere flowing in a loop of one turn.
Thus a current of 3 amperes 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 mag- K/':b
netized, is placed in a coil ] ( ( ( ( ( ( ( S
that is carrying current,
it is observed that the >
strength of the magnetic
field is greatly increased. | - The Magnetic 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 the 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 com-
mercial steel.

A simple illustration of the manner in which iron and steel are used to
control magnetic flux in clectric equipment is the electric contactor switch

\
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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 apen
due to gravity. When the coil is energized with electric current, the flux
set up will cause the armature to be at-
tracted and the contactor will be closed.

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

Scientific investigation has shown that
iron has the unusual characteristic of in-
creasing the magnetic effect of an electro-
magnet because the iron molecule is itsclf :
a tiny electromagnet. In soft iron, these Courtesy of Struthers Dunn, Inc.
molecules are more or less free to assumea Fia. 2-25. A Magnetic Relay.
random arrangement and so no external cf-
fect is noticed. When the iron is placed in a coil of wire carrying electric
current, the molecules tend to arrange themsclves 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 ar-
rangement. This process is not complcte, however, since a type of molecu-
lar friction causes a small amount of magnetic effect to remain. This re-
mainder is known as residual magnetism. If the soft iron is replaced by
hardened carbon stecl, then the alignment of molecules will not be as com-
plete as in the case of the soft iron beeause 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 permanent mag-
net. The internal friction or resistance to magnetic alignment is called hys-
teresis, 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 scveral 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, gencrators, 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 are
very small. The hysteresis loop is determined by increasing the magnetiz-
ing 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 ¢ 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 mag-
netic 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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Fi1c. 2-26, Typical Hysteresis Loops.

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 magnetization curve and is important in determining the action of an iron
core in a transformer. Magnetization curves for several different mag-
netic 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 con-
struction is called a laminated type of magnetic structure and the material
for it is supplied in large sheets known commerecially as electrical sheets.

PERMANENT MAGNET STEELS. How hardened carbon stecl may form
permanent magnets has alrcady been mentioned and explains the phenome-
non 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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Fig. 2-27. Typical Magnetization Curves.

alloys including combinations of tungsten, chrome, and cobalt are also ex-
tensively used. They are characterized 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 trans-
formers on telephone circuits where the currents are quite weak.

D.C. Generators. When a wire is moved across a magnetic field as
shown in Fig. 2-28, an electric pressure or electromotive foree is set up be-
tween 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 oi pres-
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sure set up is dependent upon the strength of the field, the length of the
wire that is in the field, and upon the velocity of the wire across the field.
Since the strength of the magnetic field is represented by the density of the
lines, the voltage can then be said to be proportional to the rate of cut-
ting flux.

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 carry-
ing eleetric current.  If the eurrent is flowing in the same direction as the
voltage that is being generated, the foree 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 producc a force that opposes the motion.
This condition is required by the law of conservation of energy and

Fro. 2-28.  Relation Between (a) Magnetic Ficld, Motion, and Voltage; (b) Magnetic
Field, Current, and Force.

explains the change from mechanieal to clectrical 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 gencrator, but does depend upon
the magnitude of the field and of the current.

In Fig. 2-29 is shown an elementary form of direct-current generator.
A cylindrical iron ring is mounted on bearings so that it can rotate between
the two magnetic poles. The flux enters the ring on the side of the north
pole and leaves at the south pole. A wire is wound around the ring as
indicated in the diagram, and cach turn is connected to an insulated copper
bar in an assembly called the commutator. The commutator 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 are held in stationary supports and
make contact with the copper bars on the rotating commutator.
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When the armature is rotated the conductors on the outside surface cut
the flux under the poles and electric pressure is produced. The conductors
under the north pole produce a voltage out of the page. KEach of these is
added to the other so that the difference of pressurc 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 differenec 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-

—_

F1a. 2-29. An Elementary D.C. Generator.

ture 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 cireuit, 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 direct-
current power line and if the engine driving it is then disconnected, the
generator will start to slow down. Since the voltage is directly propor-
tional 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 dircetion as the motion, and so the
machine continues to run. If a load of some type, such as a pump, is con-
nected to the electric machine it slows down still more so that a larger
current can flow and produce more force tending to continue the rotation.
When an cleetric machine or dynamo is operating in this manner it is called
a molor.

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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Fic. 2-30. 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 are 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 magni-
tudes 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 Arséne d’Arsonval in 1881 and so are called D’ Arsonval-type
mceters. 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 perma-
nent magnet M to which the soft iron pole pieces P are fastencd. The soft
iron core C is held by nonmagnetic supports
that are bolted to the pole pieces. The mag- M
netic 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 jew-
eled bearings sothat

it is free to rotate p % P
\

back and forth in
the air gap. The
coil itself is com- £ 53 4 Dirseaval
posed of many turns Meter.
of fine wire. The
hairsprings located at 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. The 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 may be made to act as either a voltmeter or ohm-
meter.

AMMETER. Since only very small magnitudes of currents are necessary
to cause the meter to 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.

SR NI e
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Vout™mETER. If a resistance is placed in series with the meter, the volt-
age of a circuit can be determined by measuring the current flowing through
the resistance. Additional voltage ranges may be obtained by simply
adding resistances in series.

OumMMETER. If a small battery is located in the meter case and a re-
sistance is connected in scries 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 down the scale. These

e
~.

Courtesy Weston Electrical Instrument Corp.

Fra. 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.

Ezxample: One of the common types of meters will give full-scale de-
flection 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.

Example: Added ammeter ranges. If a shunt of 111 ohms is conneeted
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 con-
nected in scries with the meter the total resistance is 10,000 ohms and fhe
instrument will act as a 10-v voltmeter. If the series resistance were in-
creased to 99,000 ohms, then it would be a 100-v voltmeter.

Ezxample: 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
ohms 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 arc extensively used in testing radio equipment.

Practical Circuit Problems. Several practical aspects of direet-current
circuits have been reserved until the last of the chapter so that advantage
could be. tgken of' mformat%on +250 V.
covered in the previous material. o

—o0 -
One of these is the matter of 250 Volts
R, l13

Yo

rating of resistors and the im- 70 Milliamperes

portance of ratings to their prac-

tical use. Many radio resistors ;8,8.?{.0“5 )

of large magnitude so far as re- Hhamperes
sistance is concerned will carry R2 llz

only very small amounts of cur- 100 Volts

rent. Ingeneral, they are rated — 7 Milliamperes

in the watts that they can dis-

sipate  without overheating. Rl% lll Approx. 20 Milliamperes
Since power is E2/R, and since

the voltage across a resistance is i?

usually known or ean be meas- Fic. 2-34. A Voltage Divider.

ured, it is not difficult to deter-

mine whether or not the actual power will be below the safe operating rat-
ing of the manufacturer. Many of the circuit clements of radio receivers
can be of 1-watt rating or even below, but in other places considerable ca-~
pacity is required.

Power ratings are particularly important on voltage dividers because
here, if anywhere in the set, excessive heating of resistors may be antici-
pated. A rather typical circuit for a voltage divider is shown in Fig. 2-34
and analyzed in the illustrative example. The power requirements for the
various tubes 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 I, flowing through ;.
The magnitude of the resistance and power rating of R, is then determined.

E, 100

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

I, = .020 4 .007 = .027 amp;

E; = 180 — 100 = 80 v; °
_E _ 8 ..
R, = T,= 027 = 3,000 ohms;

P = EI = 80 X .027 = 2.2 watts.
Finally, R; is determined in a similar manner.

I; = 027 + 007 = .034 amp;
E; = 250 — 180 = 70 v;

_ B _ 70 _ :
R; = T, - 034 = 2,000 ohms;

P =70 X .034 = 2.5 watts.

Attention should be called to the fact that accurate caleulations 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 volt-
meter 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 wa for full-scale deflection. On one of these a
scale of 500 will have a series resistance of 10 megohms. A meter of this
type will probably give satisfactory results, but a meter that required 10 ma
for full-seale 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.

Ezample. If a resistance is

() A R. n ____ tobe 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-

‘@L tained with the connection of

Fiu. 2-35. Determination of Resistance by Fig. ‘2—35 as follows: ammeter

Ammeter and Voltmeter. reading, 1.4 ma; voltmeter read-

ing, 100 v. The current in the

voltmeter is, by Ohm’s Law, 1 ma. Since the current in the milliammeter

includes this current, the actual flow in the unknown resistance is 0.4 ma
and the resistance is

E 100
-I— = m = 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; 73.29.
2,308 ohms; 947 ohms.
13.29 amp; 8.29.
6.25 amp; 4 amp.
12.5 amp; 3.125 amp.
E, =393 v; E,, = 180.7 v.
E; =709 v.
E,=1197v; E; = 1186 v; E; = 11845 v.
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CHAPTER 3
A.C. Circuits

Alternating Current and Voltage. In Chapter 2 consideration was given
to electrie circuits in which both the current and voltage were continuous.
Altoough D.C. circuits are very important in radio equipment, an equally
important and somewhat more complex system is that known as the alter-
nating-current system. An alternating current or voltage is defined as a
current or voltage in which the direction changes periodically. In other
words, the current flow or electron drift is first in one direction in the circuit
and then in the other, this reversal oceurring 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 arc almost entirely of sinusoidal character; sinusoidal
variations of currents and voltages will therefore be the main topic of dis-
cussion in this chapter. Theirregular 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 pos:ible.

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

rotating line is sometimes called a radius vector. 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 4% sec, then it is likewise known that the
magnitude of the rotating radius is 10 and that it must complete one revolu-

r
N ! 360°
\0 0 a7 T 27

2
Radians

Fie. 3-1. A Rotating Radius Vector May Be Used to Produce a Sine Wave.

tion in #5 sec. This is shown in Fig. 3-2, which will be recognized as a
duplicate of Fig. 3—1 except that new scales are introduced. Here the
rotating radius is labeled as 10 amp and it is rotating at a speed of 2r X 60
radians per second in order to complete the circle of 2 radians in g5 scc.
The sine-wave section of the diagram is plotted in seconds along the hori-
zontal axis; it could just as well be labeled in radians, remembering that

0 A1 2] 3 /1
240 240 240 /60
Seconds

Fia. 3-2. A Rotating Radius Vector and Sine Wave Show the Variation of Current
in a Conductor Carrying Alternating Current.

the 27 radians are completed in #; 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 «/3 radians after the 10-amp
current. In Fig. 3-3 the radius vector for each current is shown, with the
5-amp radius lagging 60° behind the 10-amp radius. The instantaneous
current at each instant and the instantaneous summation of the two cur-
rents are also shown by means of the sine waves. It is seen that this addi-
tion 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 paral-
lelogram 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.

5 Amperes
Max. Current

10 Amperes
Max. Current

Resultant Current
13.2 Amperes Max.

Fia. 3-3. Addition of Alternating Currents.

It is seen from the foregoing that either the sinc 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 effec-
tive in showing the characteristics that are to be studied. Hereafter the
method will be used which seems to be most effective, and only occasionally
will both representations be used on the same problem. Both the radius-
vector and wave type of diagrams may be used for A.C. voltages as well as
for currents. Both types are particularly useful in showing the 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 im-
pressed 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 in-
stantaneously in A.C. as well as in D.C. circuits. The diagram in Fig. 3-4
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shows this situation. In addition, a curve showing the instantaneous
product of current and voltage is given. This product is the instantaneous
power and is seen to vary from zero to maximum and back again twice in
every cycle. '

Instantaneous
Power
P m
E _ Average .
(\(max') Power
i

/%ax ) \

\_/ / Instantaneous

Current
instantaneous
Voltage

Fie. 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:

Ppeak = Enax I'nax.

The average power, or heating effect, is the important consideration in
many studies of A.C. circuits. In Fig. 3-4 the instantancous 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,

Emax [m Ernax I'nax
P average — ) 2 = \/5 X \/% y

_ _ E Trnax
since 2 = V2 X V2. The values represented by 72—5 and ‘\‘/% are values

of current and voltage that will give average power when multiplied to-

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

Imax _ 10
Ieﬂectlve = "_\75 = _\/2

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?R in A.C. as well as
D.C., the I for A.C. will have to be such as to give the same average power
as the D.C. The instantaneous power is ¢2R, where 7 is the instantaneous

= 7.07 amp.

TABLE 3-1

DETERMINATION OF AVERAGE AND R.M.S. VaLuEs
OF A SINE CurrextT Having 10 AMPEREs Maxi-
MUM VALUE

‘ i
Degrees | (amperes) 2

10 1.74 3.03

20 3.42 11.79

30 l 5.00 25.00

40 6.43 41.35

50 7.66 58.67

60 8.66 75.00

70 , 9.40 88.36

80 9.86 97.22

90 10.00 100.00
100 | 9.86 97.22
110 9.40 88.36
120 8.66 75.00
130 7.66 58.67
140 6.43 41.35
150 5.00 25.00
160 3.42 11.79
170 1.74 , 3.03
180 0.00 | 0.00

Sum........ 114.34 | 9008

Average. . ... 6.36 50.07

Equivalent direct current = v'50.0 = 7.07 amp.

current, so if the values of 72 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 72 is 50 and the square root is 7.07 amp. This conclusion con-
firms the previous analysis and indicates the reason for the use of the
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 applications, in power supplies and rectifiers for example, the
average eleetron 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 eurrent 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. Tn Fig. 3-5 is shown the same current of

¥ 3 -
s|°pe =T,=T23 " 4000
=1300 Amps. per Second L 3200
104 \aLU” L2400
1 P v i S
] i -1600 g
5] | i i 2
g 1/ (80 &
a I 8
E 0o t=1 1 3 1 g g
1 240 120 240 60/ | —~800 E
-5 <
] -—1600 &
o
—10 ] - — 2400 ©?
- — 3200
Slope L
- -~ 4000

Fi1c. 3-5. The Rate of Change of Current with Alternating Current.

10-amp maximum that has been studicd before. At the point @ a tangent
is drawn and the slope can be determined by dividing the distance ¢’ in
amperes by the distance ¢’ in seconds. If this same procedure is followed
for a number of points on the current curve and the results plotted against
the corresponding time, a curve will be obtained for the slope. This
curve will be a sine wave displaced by 90°. This displacement is another
of the significant characteristics of the sine curve. It will be observed
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that the maximum value is at the 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 /2 radians. The maximum value
of the curve of the rate of change of current is 2xf times the maximum of
the current curve where f 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 velocity is 2zf radians or f complete revolu-
tions a second, its velocity or rate of change will be 2xf times its length,
and the length is equal to the maximum value of the current. This rela-
tionship is very important, as it is the basis for the determination of the
reactance of A.C. circuits.

Sine Waves in Nature. The fact that the sine wave has a rate of change
which is another sine wave displaced by 90° is one of the chief reasons why
it is found so extensively in natural phenomena. When a pebble is dropped
in still water, the ripples are sine waves. A tuning fork gives out a sound
or variation in the atmosphere that varies sinusoidally with time. The
pendulum of a clock is shifting encrgy 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 sct are sinusoidal
in character. It is seen, then, that clectric oscillations are just one of
many “natural” sinusoidal variations. The manner in which these oscilla-
tions oceur in electric cireuits 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

S N
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Fic. 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 wound 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

Fig. 3-7. The Bar Magnet Being Inserted
in the Coil.

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

Lenz’s Law. From these experiments several conclusions may be drawn.

First, relative motion between a coil
voltage. Also, the current reverses
when the relative motion is re-
versed. If the direction of current
ow in the coil was determined, it
would be found that it was in such a
direction as to produce a force which
opposed the motion of the magnet.
This observation is of such extensive
use that it has the status of a
physical law, known as Lenz’s Law.
It may be stated in its more gen-

and a magnetic field produces a

HICES

Fic. 3-8. The Bar Magnet at Rest
in the Colil.

\:fj

eralized form as follows:  When a voltage is induced in a coul as a result
of any variation of the magnetic field with respect to the cotl, the vollage is in

F16. 3-9. The Bar Magnet Being Withdrawn
from the Coil.

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

This same phenomenon was
observed in Chapter 2 when the
foree on the generator conductor
was found to be in opposition
to the direction of the motion.
Reference will be made to this
law many times in the following

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 in-
duced in a coil, then, is propor-
tional to the rale 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
Fia. 3-10. The Magnetic Field of a Coil bz}ttery, an a’?“““"?"’ 2 BB,

Carrying Current. When the switch is closed, current

flows and a magnetic field is set up

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

mi<

Current

Time Time
(a) (b)

F1a. 3-11. (a) Current Rise in an Inductive Circuit. (b) Voltage Distribution
in an Inductive Circuit.

be observed by inserting into the circuit an ammeter with very little inertia
which will respond almost instantancously to the current flow. Such an
ammeter shows that the current does not suddenly jump to the value de-
termined by the resistance but riscs at a very definite rate and gradually
approaches the final value determined by the resistance. This behavior
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is shown in Tig. 3-11a. 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 gencrators this time might be as much as several seconds.
In any casc 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 im-
pressed voltage. This difference is indicated by the shaded area in
Fig. 3-11b and is called the voltage of self-induction. It is labeled e, be-
cause 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 sclf-induction, or the counter voltage as it is sometimes called,
is proportional to the rate at which the current is increasing. This relation
should have been expected because it was learned in the experiment with
the bar magnet that the voltage was proportional to the rate at 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 cnergy relations in a coil and its associated magnetic
field. The rate at which encrgy was put into the coil in Fig. 3-11 is given

by

P =Ei.
But since
E =1iR + ¢,
then
P =R 4+ e,) = et + °R
and

el =P — R

Since 2R is the power that is lost in heat in the coil resistance, it follows
that the remainder of the power, represented by e.7, 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
rotating. A very common experiment used to verify this is shown in
Fig. 3-12. A transformer with a large amount of inductance is connected
across a battery and a light is connected in parallel with it. The light
should be of somewhat higher voltage than the battery so that it will not
light or will glow only slightly when the switch is closed. When the switch
is opened, however, the light will flash up bright for a moment and then go
out. The encrgy 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 path
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 sur-
rounding it that causes cur-
rent (in a closed eircuit) to
flow in a direction opposing
the change. This leads to
the definition of unit induct-
ance:

A cotl of wire has an in-

=

A AA-A-A-A-A~A-A-Aac)

—— i

. v——‘/
ductance of one henry i a  —
current change of one ampere —
per second will cause a pres-
sure of one volt to be set up in
the coil. Fic. 3-12. Encrgy Is Stored in the Magnetic
MAGNITUDE OF INDUCT- Field of a Transformer.

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 charac-
teristic 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 mag-
netic field will be increased in proportion to the increased number of
turns. The magnetic field also reacts on the increased number of turns.
The induced voltage will, therefore, be due to an increased magnetic
ficld 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 rela-
tionship that

L =KT?

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 fre-
quency is not too great, it is customary to place the coil on an iron core.
In Chapter 2 it was learned that iron would pass magnetic 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 main-
tained 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, thercefore, 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 reactance voltage may be studied with the aid of the
diagram in Fig. 3-13. 1lere the instantancous current is represented by

Voltage of
Self Induction\
EMax. e //’ \\
// \
/ P
IMax. % / |
/
/
/ —
O, /\ t—™
/
/
/
/
/e \
EL max. - Power Applied =

Voltage

Fic. 3-13. Current, Voltage, and 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 instantancous voltage of self-induction
was specified as the inductance of the coil in henrics multiplied by the
rate of change of current in amperes per seccond. The magnitude of the
voltage of self-induction at any instant is obtained, therefore, by multiply-
ing the inductance by the rate of change of current. In the analysis of
the rate of change of current in Fig. 3-5, the maximum rate of change
was 27fl .. The maximum voltage of sclf-inductance will, therefore, be

EL(mnx) = 27rf[mn.xL

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 dircction 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 self-
inductance e, is, therefore, negative. The instantancous value of the
voltage of self-induction is shown in Fig. 3-13 as ¢, and is represented by
a sine wave having its negative maximum, cqual to 2xf/neL, 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(mnx) = - (27rf1max)L

This equation is usually written

EL(max) = - ~7"fLImux

and the quantity 2xfL is called the inductive reactance or many times just
the reactance. The usual symbol for this term is X or X, 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 self-
induction?

Reactance Voltage. Although the voltage of self-induction is extremely
important in understanding the mechanisin of the voltage-current rela-
tionships in an inductance coil, it is itself seldom used in circuit analysis.
Usually the designer is interested in how much current will flow when a
certain voltage is impressed on the circuit, and the emphasis is therefore
upon the impressed voltage and not upon the internal opposing voitage.
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 flowing
will increase until the impressed voltage is neutralized by the voltage of
self-induction. Under these circumstances the voltage of seclf-induction
is equal at every instant to the impressed voltage, so that the impressed
voltage wave ¢ may be drawn on the diagram of Fig. 3-13 as cqual and
opposite to the ¢, wave. The assumption that the resistance is negligibly
small may scem somewhat idealistic to the beginning student, but many
of the most effective methods of measurement at high frequency are based
on this assiumption,
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Exercise 3-2. What voltage having a frequency of 750 ke would be
required to force a maximum of 10 ma through an inductance of 0.80

millihenries?

Radius-vector Representation of Sine Waves. The study of the rela-
tionship 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 I, represents the current wave and the
projcction on the vertical axis represents the instantaneous value at time
ti. The vector E,, represents the wave of voltage impressed and is 90°
ahead of the current. The voltage Epmax Tepresents the internal voltage
of self-induction which opposes or ncutralizes 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 observa-
tion can be made from a study of Fig. 3-13. The power curve has been
obtained by multiplying the instantaneous values of the current and volt-
age. 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 nega-
tive 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 cur-
rent 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

-

EL E=120 Volts 1 the effective value. The
reactance of the coil is
1=21.3 Amps. Xz = 2nfL

= 2 60 X 0.015
F1a. 3-14. Current and Voltage in an Inductive W o8 2
Circuit. = 5.65 ohms.

* For the sake of brevity, all radius vectors will be referred to, hereafter, as vectors.
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Sccond, 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
E = X,I or I—E’
120
I = 565 21.3 amp

Note. It is seen that, as yet, no properties have been given to the reae-
tance X, 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 arrange- AIX, =E
ment is shown in TFig. X,
3-15. In part (a) is
shown the indication of
the inductance X, 90°
ahcad of the reference
line. In part (b) the cur- Reference ———I>
rent I, which is the refer- (a) (b)
ence, has been multiplied
by XL to obtain the 1X, Reference
which is the impressed
voltage and leads the
current by 90° as was
demonstrated in the
study of Fig. 3-13. In

. E__
part (c¢) the quantity XL—I
1/X; is shown and it is
lagging 90° behind the (©) (d)

reference. Whenthe Fic. 3-15. (a) Inductive Reactance. (b) Voltage in
| 0 ltivlicd 1 an Inductive Circuit with Current as Reference. (¢) Re-
voltage 1s multiplicd by  ciprocal of Inductive Reactance. (d) Current in an

1/X; the current is ob- Inductive Circuit with Voltage as Reference.

my

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/X;.

The Effects of Frequency on Inductive Reactance. Since the reactance
is cqual to 2xfL, it will increase in direct proportion to the frequency. If
appreciable current is to be passed at high frequencies the inductance must
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be kept quite low; otherwise the reactance would be so high as to block
out the current. This blocking is somctimes desirable, and inductances
used for this purpose, usually of quite high values, are ealled “chokes’”
because they choke off any high-frequency current.

Exercise 3-3. A 60-cycle 120-v line is connected to a coil having an
inductance of 0.04 henries. What is the reactance and the eurrent 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 ke 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 = 1R,
as shown in Fig. 3-4. The two waves are said to be ¢n 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 volt-
age causing the current is 90° ahead of the current. If a resistance is con-
nected in series with an inductance coil, then the current 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
Imax.  The voltage across the resistance R from a to b is in phase with 7
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 ¢ 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 $0° 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 ¢ is the instantaneous sum of the voltages across R and across L,
and is shown by the solid wave marked e. This wave leads the current
wave by an angle 6* which is indicated on the diagram. The sum of the

* 0 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 I X and IR and the diagonal is the maximum value
of the voltage, while the angle between this diagonal and the current is the

Fig. 3-16. Alternating Current and Voltage with Resistance and Inductance in Series.

angle # 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 deseribed above for de-

termining the relation between the current and voltages in A.C. circuits
indicates that a circuit

containing both resist-

ance and inductive Xf———————————= z L R

reactance has certain : — T — A=

characteristics or con- |

stants that are inde- : Z=1 Rz-:xz

pendent of the current I tan 6=

flowing. The -circuit 0 { sin 0=-’Z(—

characteristic that is 0 ' !

used to multiply the R

current in order to Fi1c. 3-17. Addition of Resistance and Reactance to Qbtain
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 I 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
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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 ecircuit
is drawn horizontally to the right and a line X, of length equal to the re-
actance of the circuit is drawn vertically upward. The impedance is de-
termined 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=VERk*+ X2

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

X
tan 8 = Tﬁ

The impedance is observed to have two characteristics by which it is speci-
fied. The first is the magnitude and the second is the angle by which the
current lags behind the voltage. Both of these characteristics can be de-
termined from the magnitudes of the resistance and the reactance so 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 ecircuit 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:

E
I - 7—?'
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.

Ezample: Determine the voltage required to force a
current of 20 ma through an inductance coil having a re-
sistance of 50 ohms and an inductance of 10 millihenries.
The frequency is 2,000 cycles per second. What is the
angle by which the voltage leads the current?

[Te]
'ﬁ First, determine the reactance.
|
> ;o _ 10 _ 3
X = 2xfL = 27 X 2,000 X ——1,000 = 407 = 125+ ohms.

Second, determine the impedance.
Z = VR + X* = V507 + 1252 = V2,500 + 15,625
= V18,125 = 134+ ohms.

R=50 tan0=-)—t=1—25=2.5.

R 50
Figc 3-18. Im- o
pedance Diagram. 68 = 68.2°,
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Third, determine the magnitude of the voltage.
E =1IZ = 0.020 X 134 = 2.68 v.

An A.C. voltage of 2.68 is necessary to foree 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 engincering aceuracy much more quickly and with less chance
for error than the mathematical caleulations. 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 millihenrics having a
resistance of 4 ohms? Determine the phase angle.

The Impedance of a Circuit of Several Elements. The sum of the volt-
ages in a series eircuit is not necessarily limited to two elements but may
be of any number. In circuits of this type the voltages are added instan-
tancously, 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 re-
actance. 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.

Ezample: 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:

X4 27 X 60 X 0.002 = 0.247r = .754 ohms.

2xfL

Coil C:

X, = 2xfL = 27 X 60 X 0.005 = 0.60r = 1.88 ohms.

. Second, determine total impedance.

Xiotas = Xa + Xc = 2.63 ohms.
Rtoml = RA + RB + Rc = 0.3 + 1.2 4+ 0.7 =22 ohms.

Zum = VRI+ X! = V227 + 2.63! = V484 4 6.92
= V11.76 = 3.43 ohms.
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Third, determine current and phase angle.

E 22
I —Z = 3—45 = 642amp.
X 263
tanO—E =55 = 1.19.
6 = 50.1°.

Exercise 3-6. A 10,000-ohm resistance is in series with an inductance
coil having a resistance of 2,000 ohms and an inductanee of 10 millihenries.
This circuit is connected across a 75-v line having a frequency of 150 ke.

Determine the current and the

— W0 —"\N\—AN—T5—— phasc angle.

Ra La Re Re Le Exercise 3-7. Two coils

and a resistance are connected
across a 110-v 60-cycle power
line. Coil A has a resistance

of 3 ohms and an inductance
/4 of 15 millihenries. Coil B has
Xe Q\\go oi§ a, resistance of 7 ()hx.n§ and an
xS 5 inductance of 5 millihenries.
2,=0810 o g The resistance C has a magni-
OHMS~ AN N tude of 2 ohms. Dectermine
XA‘ Rg=1.2 OAMS the current and ecquivalent

/\6 =50.1° impedance.

Ra Rg Re

Resistances and Induc-
F1c.3-19. Impedance Diagram; Example pp. 93-94. tances in Parallel. When

A.C. circuits are connected
in parallel the same general type of solution is used as was used for
resistances in parallel. That is, the current 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 differ-
ence of direction. This procedure was developed in the carly 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 caleulation
may be done by, first, assuming a pressure of 1 v across the cireuit and
determining the total current flow. The impedance is then found by divid-
ing the voltage by the total current.

* 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 from this analysis. Very little loss is
experienced from this omission, ag all usual cireuit problems can be solved by the methods
here presented.
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Ezample: It is desired to know the total current flow, the phase angle
of the total current, and the equivalent impedance, if coil C of the pre-
ceding illustrative example is connected in parallel with coil 4 and resist-
ance B in serics 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:

Zavs = V(B4 + Rp)* + X42 = V1.5 + 7542
= 1225 + .57 = V2.82 = 1.68 ohms.

X T
tan 0,45 = E = 17?)3 = 0.503.

0A+B = 26.70.
E 110 o
Tiop = 7168 " 65.5 amp,

which lag 26.7° behind the voltage.
| Second, determine the current in coil C.
| Ze = VR + Xt = V0.7 + 1.882
= V0.9 + 3.5¢ = V4.03 = 2.01 ohms.

X 188
00 = 69.60.
E_ 110
Io =, = 5y = 547 amp,

which lag 69.6° behind the voltage.
Third, determine the total current by adding the individual currents.*

I(a+8)=565.4 amperes at an angle of 26.7°

g =54.6 amperes at an angle of 69.2°
X I = 112 amperes at an angle of 46°
A
X e
Ra
Re I(A+B)
Reg

L,
Fic. 3-20. Vector Diagram for 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 phasc with and 90° behind the
voltage. The total current can then be determined from these by the use of right-

triangle analysis.
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Begin by determining the portion of currents in phase with the voltage.
Iiipcosf, 5= 65.4cos 26.7° = 65.5 X .893 = 58.5 amp.
I cos 0 = 54.7 cos 69.6° = 54.7 X .349 = 19.0 amp.
Lo phasey = 58.5 + 19.0 = 77.5 amp.
Next, determine the portion of the currents 90° behind the voltage.
Tiypsin 0415 = 65.4 sin 26.7° = 65.5 X .45 = 29.4 amp.
I¢sin 6 = 54.6 sin 69.6° = 54.7 X 0.938 = 51.3 amp.
Tigpe 1agy = 29.4 + 51.3 = 80.7 amp.
From the two individual currents, determine the total current flow.
Toora = \/12(1; E +—12(_00°—laz;
= V/77.5t + 80.7° = V6,006 + 6,510
= V12,516 = 111.9 amp.
Hipr, . GO

tan Oy = Tan vy 775 1.04
8',(,‘“1 = 46.20
Fourth, determine the equivalent impedance.
E 110
74 = T = 1119

= 0.984 ohms.

Ry = Z cos § = .984 cos 46.2° = 0.984 X 0.692
= 0.682 ohms.

Xeq = Zsin 6 = 0.984 X 0.722
= 0.711 ohms.

X=100HMS R=10 OHMS Exercise 3-8. Determine the
LA AN/ equivalent impedance of the circuit
shown in Fig. 3-21.

Exercise 3-9. A resistance of

"y AAA 19() ohms is connect?d in pamllel
X=200HMS R=5 OHMS with a reactance coil having an
inductanee of 25 millihenries and
a resistance of 20 ohms. What
total current will flow w'en 40 v at 1,000 cycles are impressed on the
circuit?

F1e. 3-21. Circuit Diagram for Exercise 3-8.

Exercise 3-10. Three circuits are connected in parallel across a 120,000-
cycle 20-v source.  Circuit A consists of a resistance of 2,000 ohms. Cir-
cuit B consists of a coil having 100 ohins resistance and an inductance of
5 millihenries.  Circuit € consists of a coil having a resistance of 50 ohms
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and an inductance of 1.2 millihenries, and of a resistance of 1,000 ohms.
What is the total current flowing and what is the equivalent impedance?

Power and Power Factor. In the carly 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

Paverage = EI;

where E and I were the effective or R.ALS. 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

Pavernge =I'R = (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 §,
and, therefore,
Paverage = (IR)I = IE cos 6.

The factor cos 6 is called the power factor, since it is the factor by whieh the
vroduct 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-factor angle.

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 are insulated from each other.  One of
the most fundamental of all clectrical concepts is the repelling aetion 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
clectrons (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 foreed
through the conductor against the resistive drop and will, thus, cause heat
to be developed. This heat energy was stored in the condenser as potential
energy owing to the repelling force of the charge. The pressure or poten-
tial due to this repelling force is proportional to the charge. 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 indi-
cated by the symbol C. Expressed mathematically, the relation is

Q = EC,

Q being measured in coulombs, E in volts, and € in farads.

The unit of capacitance is called the farad and may be defined as that
capacitance which will permit the storage of one coulomb of charge at a po-
tential of one volt.

Dielectric Constant. The above analysis was based entirely upon the
effect of the charges within the conductors and so is valid for conductors

in a high vacuum, an illustration

Top Plate of which is the interclectrode
[+ + + + + + +] capacitance of vacuum tubes.

0 @ & OO & & @ O] . . -
0 & Dielectric © O| Experimental studies show that
0 ® ® & & © % Ol the same analysis is also valid for
= - - - - -1 conductors in air. When some
Bottom Plate liquid or solid insulators are placed
Fig. 3-22. Tension in Dielectric. between the plates of the conden-

ser, however, it is found that the
capacitance is considerably increased; this increase permits additional
encrgy storage. 'The mechanism of this storage is indicated in IFig. 3-22.
The positive charge on the upper plate attracts the negative electrons in
the molecules of the dieleetric. These eleetrons are bound so tightly to
the molecule that they cannot flow as do the electrons in metals; but the
foree 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 CoxsTANTS OF INSULATING MATERIALS

Dielectric

Malterial constant
Air. 1
Glass. ... 6-9
Porcelain................................ 5-7
Steatite. . ......... .. ... ... ... 56
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 cffect of the repelling action of the charges in the
condenser plates can be neutralized by the strained condition of the di-
clectric is dependent upon the physical characteristics of the diclectric.
An index of this ability of a dielectric to change the capacity of a condenser
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is known as the dielectric constant, which may be dcfined as the ratio of the
capacttance of a condenser with the diclectric being considered to the capacitunce
of the same condenser if air or a vacuum were used as the insulating medium.
A list of the dicleetric 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 ‘itlf 1016 £,

In this equation, A is the area in square inches of the dielectric under
stress, ¢ is the thickness of the diclectrie, and K is the diclectric 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 (pf) and
the micromicrofarad (uuf) are the units used most extensively. These
units must, however, be converted to farads when substituting in equaticns
unless the equations are converted so that the smaller units may be used
directly. The value of 1uf = 10-%f, of 1uuf = 10-12f.

E _

<O
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Fic. 3-23. Current, Voltage, and Power in a Capacitive Circuit.

Relation between Voltage and Current in a Condenser. Since the in-
stantancous 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,
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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 <.
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 ecareful
study, however, will show that for the quarter ecyele when the voltage is
going from positive maximum to zero, the power is negative in the con-
denser circuit while it is positive in the circuit containing the inductance
coil. In the following quarter cycle it is positive in the condenser circuit
and 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 27f times the
maximum value of the original sine wave. The maximum rate of change
of Q is, therefore, 2xf times Quay and this is likewise the maximum value
of the current. Stated mathematically, this relation is

Imax = 27rf 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,
Iz = (Zch)Ema!)

where 27fC is a constant giving the relation between the current and the
voltage. Since the reactance 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/(2xfC). In mathematical form this
statement is

1
E=1X,= 5fC’
SO
1
Xe = 27rfC.

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 fre-
queney and of inductance. The voltage impressed across the condenser
was found to lag 90° 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 scries with a condenser, a situation is obtained similar in many ways to
that existing in the case of a resistance in scries with an inductance. The
voltage across the resistance is in phase with the current, while the veltage
across the condenser lags 90° 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 X./R.

Ezxample: A condenser of 1 uf is connected in series with a 1,000-ohin
resistance across a 500-cycle 12-v line. Determine the current, the equiva-
lent impedance, and the power-factor angle.

First, determine the reactance of the condenser.

1 1 1000

- 27rfC = 27 X 500 X 10-¢ - = 318.5 chms.

Xc

Second, determine the equivalent X¢ R

impedance. __‘ |——’\/\/\/\/—

Z = VR 4+ X2 = V'1,000% + 318.5?
= 11,000,000 + 101,500

_ \/,1_1(_)17.5% g R = 1000 OHMS
r; ) g 6=17.7°
= 1,050 ohms. o ?§1050
X. 3185 [ O
tan 8= -Eq =3 10—(5() = 0.318. >
’ Fig. 3-24. Vector Diagram, Capacitive
0 = 17.7° Circuit.
Third, determine the current.
E 12
I = Z = 1050 = 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-ke
source by a condenser of 0.001 uf 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. WWhen resistance,
inductance, and capacitance are connected in series, the total voltage is,
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as before, the instantaneous or vector sum of the voltages across the indi-
vidual elements of the circuit. When an analysis is made of these voltages,
it is observed that the voltage across the condenser is directly opposed
to the voltage across the inductance. The voltage across the combination
may be less than the voltage across cither clement by itsclf. The re-
actance of such a scries circuit is the difference between the reactance of
the inductance coil and the reactance of the condenser. Since these two
reactances tend to ncutralize 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 resist-
ance as reference, it is considered as positive and the capacitive reactance
is considered as negative. The power-factor angle 8 on this basis is con-
sidered positive where the voltage leads the current and negative where
the voltage lags behind the current. The methods of making the com-
putations are the same as for the resistance and inductance in series and
the addition of impedances may be made graphieally or algebraically.

Ezample: A condenser of 50 uf, 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. Determine the
equivalent impedance, the current, the power-factor angle, and the voltage
across each circuit clement.

First, determine the impedance Z.

X - __ 1
,__”__,W condenser = T 2nfC T 21 X 60 X 50 X 10-6
108
X X +R R =— " =_5
¢ XtRy 6,007 53.0 ohms.
Xeon = 2nfL = 2760 X .08 = 30.1 ohms
Xiotm = — 53.0 + 30.1 = — 22.9 ohms of

capacitive reactance.
Ryptar = 5+ 6 = 11 ohms.

R, =5 OHMS Z, =R+ X =+/11% 4+ 22.9?
=4/121 + 525 =/646 = 25.4

ohms.

Z,=30.5 OHMS

X, =30.1 OHMS

6=164.4°

L 2,=25.4 OHMS
= t X 22.9
é tan0——R——-li——2.08.
lf!i R=6 OHMS 0 — — 64.4°
>
2,=30.5 OHMS Second, determine the current.
E 110
IS =_—_— =4 :
Fi1c. 3-25. Vector Diagram-— Z 25.4 33 amp

Resistance, Inductance, and
Capacitance in Series. cos § = power factor = 0.43.
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Third, determine the voltages across each circuit element.
Eongenser = IX¢e = 4.33 X 53.0 = 229 v.
Zeow =V R* + X? =4/52 + 30.1° =4/25 + 906 = /931

= 30.5 ohms
Ecoll = IZpon = 4.33 X 30.5
= 132 v
Ereslstance =433 X6
= 26 v.

Note: 1In Yig. 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 3-12. A resistance of 20 ohms is conneeted in series with an
inductance of 100 microhenries and a capacitance of 0.05 uf across a 10-v
100-ke line. Determine the current and equivalent impedance.

Exercise 3-13. 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-uf condenscr across a 5-v 40-ke line. Determine the dif-
ference 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 capacitive reactance in one circuit
and inductive reactance in the other, each circuit is solved by itself and
cach 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.

Ezample: 1f 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 eircuit, determine the
equivalent impedance, the current, and the power-factor angle.
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First, reactances may be taken from the preceding example.

Zo= VR + X?= V6 + 53 = vV 36 + 2,810 = V2,846 = 53.4 ohms.
— 0% 53

tan 8 = — —-5 = — 8.83.
00 = - 83.50.
Z, = VR F X2 = V5 +30.1 + V25 + 906 = V931 = 30.5 ohms.
30.1

tan 8, = ~— = 6.02.
5
6, = 80.5°

Second, determine parts of currents in phase with voltage and 90° out of
phase.

E 110

I = =~ S T34 2.06 amp.
E 110

I, = Z, =305 " 3.61 amp.

In-phase current:

I (nphasey = Lc cos 8¢ + I, cos 6, = 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:
XL+RL I(outofphuse) = IC Sill 90 + IL sin GL
= 2.06 sin — 83.5° 4+ 3.61 sin 80.5°
= 2.06 (— 0.993) + 3.61 X 0.984
= — 2.05 4 3.56
= 1.51 amp.
Xc R
Third, determine total current and power-factor

angle.
1.=2.06 Amperes

fc=—83.5° - . R
¢ I = V0.8277 + 1.512 = V685 + 2.28 = V'2.96
E = 1.72 amp.
6,=61.3° e
N
1,=151 Amperes tan 6, = 0827 = 1.83
6, = 61.3°

Fourth, determine the equivalent impedance.

1,=3.61 Amperes
9L=80.5° E 110
Z, = I =1m= 64 ohms.

Fic. 3-26.
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Exercise 3-14. Determine the current drawn from a 275-v 180-ke
source by a parallel circuit containing a condenser of 500 puf in one branch
and a resistance of 250 ohms in series with an inductance of 1 millihenry in
the other branch.  What is the maximum instantancous power that is put
into (a) the condenser, (b) the induetive circuit, and (c¢) into the combined
circuit?

Exercise 3-15. Determine the current if a condenser of 50 puf is con-
neeted in series with two parallel branches of Exereise 3-14 before being
connected to the line.

Exercise 3—-16. Dectermine the current drawn from a 750-ke 10-v line
by the circuit shown in Fig. 3-27, when the values are as follows:

C, = 0.001 uf

L, = 100 microhenries

L3 = 80 microhenries

R, = 100 ohms Ls

R, = 100 ohms

Rs = 50 ohms Fic. 3-27. Circuit Diagram for Exercise 3-186.

What 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 ccho back sound. Usu-
ally these objects respond to sounds of certain pitches only and it is ex-
plained that they are “tuncd” 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 swing-
ing back and forth indefinitely. The amplitude of the vibration or move-
ment is much greater than could be given by a single impulse from the
escapement wheel but the regular impulse from the escapement is suTficient
to replace the losses of energy in the friction and air resistance of the
pendulum.

A similar phenomenon may be produced in clectric circuits which have
both inductance and capacitance. Both of these circuit elements were
found to storc encrgy for one half eycle and to return it on the nexi half
cycle. Since the condenser is storing energy when the inductance is re-
turning energy, it is possible for the condenser and inductance to pass large
amoupts 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 encrgy absorbed by the condenser is just equal to the encrgy which is
being discharged by the inductance. Satisfactory operation is enhanced
also when the produet of the currents in and voltages across the condenscr
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 inereases with frequency, and the voltage
across the condenser decereases with frequency, there must be some fre-
quency at which the two voltages are equal and at which the energy of
the condenser is equal to the energy of the inductance.  This is called the
resonant frequency.  The voltage across the inductance as well as that across
the condenser may be several times the voltage of the line.  This condition
was met in the illustrative example of series circuits having both inductance
and capacitance. Ilere 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
cach 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 compli-
cated circuits, it is difficult to tell whether a resonant circuit is connected in
scries or parallel.  In the elementary treatment, however, circuits will be
analyzed as cither series or parallel resonant eircuits.

Series Resonant Circuits. If reference is made to the impedance dia-
gram of Fig. 3-25, it will be scen that the equivalent impedance is consid-
erably less than the impedance of either the condenser or the coil by itself.
Furthermore, if a variable condenser were used and if the capacitance of the
variable condenser were increascd, 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 these
conditions the circuit would be in resonance.

A series circuit vs said to be in resonance when the inductive reactance in
the circuit just meutralizes the capacitive reactance so that the equivalent
impedance s 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. TIn
any of the conditions above indicated, the resistance of the circuit is as-
sumed to remain constant and the circuit impedance would, therefore, al-
ways have a constant resistance component. This would mean that re-
gardless 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 Z;. If the
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capacitive reactance were the larger, the impedance would be as indicated
by one of the Z¢ vectors. If they were equal, the impedance would be-
come E. The manner in which the current in this circuit varies with fre-
queney is shown in Fig. 3-28c. The current rises to a maximum at the
resonant frequency, as shown by the 2 curve, but it does not rise very high
nor is the peak very sharp. In Fig. 3-28b the same cireuit is shown with
congsiderably 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

m m’
Rr
ZL ZL'
€
D
5
ZL ZL' © R
R R” -
Frequency
(c)
7 zZ'
ZC ZC'
n n’
(a) (b)

Fia. 3-28. Series Resonance—Variable Frequency.

change of frequency, will make a much greater proportional change in im-
pedance so that curve R’ is much steeper.  The cireuit with less resistance
gives much sharper tuning than the other circuit.

DErinITION OF Q. In this connection it is well to consider the require-
ments 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 serics 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 cireuit. From the
pendulum analogy, it is realized that the less loss in an oscillatory or reso-
nant circuit, the less energy must be supplied and the more efficient 14 will
be.  This has led to a figure of merit of reactances by which the quality
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of a coil may be measured. This figure of merit is called the Q of the coil,
and is defined as

X
Q=17

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 di-
electric of the coils and the rapid increase of resistance due to skin effect
of the wire causcs the resistance to increase about as fast as the reactance
of the coil so the figure of merit

2L
Q=%

remains fairly constant over large changes in frequency. With a high Q
it is possible to use the series circuit as a voltage multiplier. In many
circuits, a voltage is needed to control the grid of a tube, and this voltage
can be taken from the terminals of the condenser or inductance in a series
resonant circuit. If the @ of the circuit is high, the voltage will be many
times the impressed voltage.

EFFECT OF soUuRcE IMPEDANCE. The above analysis of resonant ecir-
cuits 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 in-
creased 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 inter-
change of stored energy would be balanced and the circuit would be in
parallel resonance. The only current drawn from the main line would be
a small in-phase current to supply the losses. As has already been stated,
the condenser losses are negligible so the main item of loss is in the coil
resistance. If the Q of the coil is high, this loss becomes so small that the
equivalent resistance at resonance reaches very high values. This is a
very intercsting circuit, because in this case a reduction in the resistance of
the coil makes a large increase in the equivalent circuit resistance. Al-
though 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 use
will indicate which meaning is intended in nearly all cases.
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early application of resonance to series circuits caused the term resonance
to be applied to a condition of minimum impedance. It is, therefore, very
common to ecall the condition of maximum impedance by the name of anti-
resonance. 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 which 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 cir-
cuit. The frequency selectivity of the parallel or antiresonant cireuit,
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 neecessary to give
resonance at 300 ke when the inductance is 10 microhenries. (b) Plot a
resonance curve of current against frequency if the @ 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 @ of 20, assum-
ing 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 ke if the coil has an inductance of 1 millihenry. (b) If
the @ 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 where the generated signal is 125 v.  (c¢) Plot a similar
curve for a vacuum tube having a plate resistance of 50,000 ohms.

Impedance Matching. In most radio circuits, the power involved is
small and so power efficiency is of comparatively little importance. It is,
however, important to pass as much power through the circuit as is possible
in order to obtain the maximum signal. It can be proved that this maxi-
mum power transfer occurs when the impedance of the load is equal in
magnitude to the impedance of the power source and has a reactance equal
and opposite to that of the power source. This equalization of the im-
pedances of the load and generator is one form of impedance matching.
In order to match impedances, the series resonant circuit should be used
for power sources of low impedance and the parallel or antiresonant circuit
should be used for high-impedance sources.
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The use of parallel resonant circuits for impedance-matching purposes
is quite common. Such a circuit is shown in Fig. 3-29. The high-
impedance circuit is the standard parallel resonant circuit while the low-
impedance circuit is tapped off the inductance. If this circuit is viewed
from the low-impedanee connection, it is difficult to determine, as men-
tioned previously, whether it is a series or a parallel resonant circuit, al-
though it is unquestionably
in resonance. This circuit
can be used cither to step
High _,1 up the impedance or to step
impedance /] it down.

3

g Low lmgedance Wave Meters. The reso-
Y nant circuit has extensive

Fi¢. 3-29. Impedance Matching Using a Parallel use as a wave or frequoncy
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 maxi- P
mum indicates that the circuit is
in resonance and the frequency can T~

of the condenser.

be determined from theadjustment (( e

studied in Fig. 3-10 has a second

]
Mutual Inductance. If an in- ,tl LI
ductance coil such as has been <l ," ll' ‘1'

coil wound around it, as shown in '\_,/,
Fig. 3-30, and if an alternating |\__/'

. q {
current flows in the first or primary | |
coil, a voltage will be induced in IS !

the secondary coil. This second- Fic. 3-30. A Mutual-inductance—Air-core

. Transformer.
ary voltage is caused by the
flux of the primary coil, which is increasing and decreasing sinusoidally
with time just as the current is varying. It was found 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 sccondary coil is wound so very closely around the pri-
mary, 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 sccondary. Since the flux is directly proportional to the
current in the primary, the sccondary voltage is directly proportional to
the rate of change of primary current.
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‘When 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 volt 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 illus-
tration, 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 pri-
mary 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 sccond 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 will 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 eclectromotive 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 transformer. 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 trans-
formers, particularly those having iron cores, the coupling is very close,
for the preliminary discussion 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, there-
fore, 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 de-
sired 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 loud-
speaker where considerable current is required at low voltage, the trans-
former coil having the very large number of turns will be connected
to the vacuum 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 transformer
will now be made. It was learned earlier that the magnetic effects were
proportional both 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-indue-
tion with which to ncutralize 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 to 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 maxi-
mum voltage on the winding. This is because the ratio of exciting current
to flux increases very rapidly when the flux density goes beyond certain
limiting values, as is indicated in the magnetization curve of Fig. 2-27.
Iere it is seen that the flux density rises very rapidly with increase of
ampere-turns 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 cur-
rents will result.  If, for instance, a 110-v transformer were connected to a
220-v power line, the flux density in the core would have to be doubled in or-
der 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 be-
yond the limits of the diagram. In circumstances of this kind the exciting
current becomes so great that the I°R losses will cause the transformer to
overheat and be damaged. It is very important, therefore, that power trans-
formers 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 voliage,
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 trans-
former 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 assump-
tion 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 sccondary. 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 =TT ~~
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Coefficient of Coup-
ling. In Fig. 3-31it
is seen that only a
small part of the flux Fig. 3-31. Mutual Inductance—Loose Coupling.
from coil 1 threads
through, or links coil 2. If the total flux of coil 1 is designated as ¢,*
and that part of the flux which links coil 2 as ¢, then the ratio of ¢ to
¢1 is a measure of the magnetic mutuality of the two coils. This ratio is
also equal to the ratio of ¢u1 to ¢, when ¢y is the flux (caused by current
in coil 2) which links coil 1 and ¢. 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:

¢z P
A
(1 b2

* ¢ is the Greek letter phi and is the symbol usually used for flux.
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It follows that

o2 = ks and b = ko
The self-inductance of coil 1 is the product of ¢; per ampere and the number
of turns in coil 1:

_ &Ny
L, = I

Similarly, the self-inductance of coil 2 is the product of ¢, per ampere and
the number of turns in coil 2:

N.
L2 = ¢212 2.

The mutual inductance of coil 1 with respect to coil 2 is the product of ¢12
per ampere of current in coil 1 and the turns in coil 2:
¢12N2

1

- =1 &
M = —kllNz.

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

_ ¢alNy . $1
M ==, = k]2 N..

If the two definitions for mutual inductances are multiplied together,
Ll )
2 — P2f 12 &5 .
M=k (11 N X 12N‘)
By rearranging terms and by substitution,
b1 2
2= 2 I LS
M=k (11 Nix P Ng),
1‘12 = kleLz.

Solving this equation for k, another relation is specified by which &k may
be determined:

M
k B ———=-20
V' L\L,
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; and L,

plus the mutual inductance of coil 1 with respect to 2 and the mutual
inductance of coil 2 with respect to 1. This becomes

L, =L+ L, + 2M.

If the two coils are connccted so that the self- and mutual-inductance
fluxes are in opposition, then

L'=I,+ L, — 2M.
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If the second equation is subtracted from the first, then

4M = L; - L’,,

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-

N o
AMA— | R2
E; L, L2 Cz E,
—»—IZ
§
5
(&}

Frequency

Fi1a. 3-32. Resonance Curves for Tuned Circuits with Different
Amounts of Mutual Coupling.

rents in the mutual-inductance circuit clement. 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 dis-
tance away. If the sccondary is moved closer, this voltage E; 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 mutual-
inductance 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 ecurrent-
measuring 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
necessary to arrange some mech-
anism which will give torque in
the same direction in spite of the
reversal of current. Four main
types of indicating meters are used
for this purpose. They are the
dynamometer, the iron-vane, the
rectifier, and the thermocouple
types of A.C. meters.

THE DYNAMOMETER TYPE. In
the dynamometer type of instru-
ment, a pair of coils carrying the
alternating current to be measured

F1a. 3-33. Dynamometer Type of Meter. produces a magnetic field. These

coils are the heavy coils shown in
Fig. 3-33. The same current or a portion of it is carried down to the
movable coil through the springs. In this type of instrument the

Courtesy of Weston Electrical Instrument Co.
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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 resist-
ance across the line. Since power is
ETI 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 propor-
tional to the power.

The chief disadvantage of this type
of instrument is the cost of construc-
tion. ItS use is hmlted, therefore, to Courtesy of Weston Electrical Instrument Co.
wattmeters and high-precision labora- Fic. 3-34. Irongvane Type of 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 alter-

nating current is flowing in the coil
and magnetizes both the stationary

and movable soft-iron plates. Since
ac. the polarity of both plates is the
MA. same, they will repel cach other even
though that polarity is reversing
rapidly. No electrical connection is

necessary to the moving element.
When it is desired to use such a meter
as an ammeter, a few turns of large
A.C, o . ¥
VOLTS wire are used for the coil. When
used for a voltmeter, many turns of
Courtesy of Weston Electrical Instrument Co. fine wire are used in the coil construc-

Fi1a. 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 com-
mon 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 are usually limited to a few
milliamperes, and so are 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 thermo-
couple principle to supply a very
sensitive D.C. meter. A diagram-
matic sketch is shown in Fig. 3-36.
The current to be measured flows
from A to B, heating up the resist-
ance wire. The thermocouple has

Courtesy of Weston Elcctrical Instrument Co. its hot junction at F and the cold

Fia. 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 fre-

quencies. 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

Fig. 3-37. A.C. Bridge.

the above meters, they do not lend themselves casily 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 capaci-
tors. Such a circuit is shown in Fig. 3-37. An A.C. voltage E is im-
pressed across ab and is shown in the vector diagram at the right. The
current flowing through the resistance R; and the unknown inductance is
Iy which lags behind the voltage. The voltage drop across R, is shown
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as Iy+R, and indicates that the point ¢ has a phase and magnitude rela-
tionship asindicated. The impedance drop across the unknown inductance
is shown as the summation of IyRy and IxX. If R, is equal to R,, then
the resistance and the inductance of the standard must be adjusted until
they are cqual to the corresponding values of the unknown. When this
adjustment is completed, the point d is at the same voltage (both in magni-
tude and phase) as point ¢, 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 corrcet adjustment is
made, the value of the unknown can be determined by reading the cali-
brated values on the standard. Sometimes R; is not equal to R» and in this
case

- gt
X—SR1

Resonance Testing Methods. Many times the easiest and most satis-
factory method of determining inductance is to determine the capacity
required to produce resonance at a known frequency. The resonant con-
dition 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
~ @a)C

Note: When using equations of this type it should be remembered that
the inductance is measured in henries and the capacity in farads.

L

A.C. Power Sources. The alternating currents which are most fre-
quently met in radio are produced by oscillators which are combinations
of tuned circuits and vacuum 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 deveioped
in this text. The general type of procedure can, however, be indicated,
and this will give a better understanding of the requirements of audio
circuits and amplifiers.

Mathematicians have demonstrated that any complex wave may be re-
produced by a combination of simple sine waves of different frequencies.
Since the ear will respond to sounds ranging in frequency from 20 to 20,000
(in the extreme range), that is the limit of all frequencies necessary to make
up the complex sound waves. Usually audio circuits do not try to repro-
duce accurately below 30 cycles or above 10,000 or 12,000 cycles. In
solving 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 itself
and determine the response, and then to put all of the individual responses
together to get the final result.

Circuits Carrying Both Direct and Alternating 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 pro-
cedure is known as the principle of superposition and is used extensively in
radio circuit analysis.

Answers to Exercises

I-1. Maximum rate of change = 1,256 amp per second; medium
induced voltage E;, = 62.8 v.

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 E by 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.
I1-10. 25.7 ma; 778 ohms.
1-11. 0.596 amp leading E by 64.78°.
1-12. 0.271 amp; 36.9 ohms.

1-13. Angle between V and V., = 51.45°; angle between E,ppuea and
V. = 52.0°

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 uf.

1-18. 281 puf.



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
are composed of atoms and molecules, with a great number of free electrons,
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 kncwn
as thermionic 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:

TunesTEN. 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 Centi-
grade 4+ 273), and they require relatively large amounts of power for heat-
ing. The operating temperature is close to the melting point of tungsten,
and consequently the heating voltage must be closely regulated. Within
this limitation, however, tungsten emitters are rugged and long-lived, and
capable of withstanding considerable overloads.

THORIATED TUNGSTEN. This material is tungsten containing a small
percentage of thorium oxide. After suitable heat treatment, it is found
that migration of thorium atoms produces an activated layer on the fila-
ment surface, with the result that electrons are emitted 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 arc employed
in vacuum tubes, the filamentary and the indirectly heated. The fila-
mentary cathode consists of a wire filament, usually bent in the form of a
V or a W, and is heated by the passage of a current, either dircct or alter-
nating, 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 /R drop of this current. Since the
electron stream is determined by the potentials of the other tube clements
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 trans-
former 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 slecve. The advantage of this
construction is that the entirc 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 them produces practically no magnetic
field, which otherwise would 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 clements. 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 at-

tracted 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 its 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 second 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 uscd to investigate these relations. If
the heater current I, is held constant at a value I, and the plate volrage 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 Plate
new value I, thereby
raising the cathode Cathodes
temperature, the upper
curveof Iig.4-2 results.
It will be noted that
the two curves almost
coincide at the smaller
plate voltages, and that il
each becomes almost E,
horizontal in the upper
region, but at different Fic. 4-1. Circuit for Obtaining Diode Characteristics.
values of plate current.
The leveling off of plate current is known as temperature saluration; it 13
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

Heater

+
|
|
|

Iy I, >1;, value. The only effect of
further increase of plate volt-
I, age 1s to cause each electron

' 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 tem-
perature is raised, as in the
second curve, more electrons
are given off, and the maxi-
0 Eyp mum plate current is in-
F16. 4-2. Limitation of Diode Current by creased. . .
Temperature. Space cHARGE. If in Fig.
4-1 the plate potential is
held constant at E, and the heater current I, is varied, the lower curve
of Fig. 4-3 is obtained. On increasing the plate voltage to a higher value
E,, it is observed that the plate current is increased, but only at the higher
cathode temperatures (larger values of I;). Evidently temperature satu-
ration is responsible for the agreement of the two curves in the lower
region. Both curves arc nearly horizontal in the upper part, and this
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limitation of current is caused by the presence of a space charge near the

cathode.

As electrons are given off by the cathode, they form a cloud of negative

Iy

0

FiG. 4-3.
Charge.

current.

Iy

By, > Ep,

Ep

1

Limitation of Diode Current by Space

charges in the surround-
ing space. These negative
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, all the electrons
emitted would eventually
return to the cathode. Even
with the plate at a positive
potential, only those elec-
trons emitted with suffi-
cient velocity will have
enough energy to penetrate
the cloud, and their motion
will constitute the plate

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 use-

ful working range of nearly all
vacuum tubes is precisely the
region in which space charge is
effective. The applications in
which emission is limited by
temperature saturation are very
rare.

PLATE RESISTANCE. Although
the relationship between plate
current and plate voltage is not
one of simple proportion and can-
not be expressed in terms of
Ohm’s Law, one may nevertheless
speak of the resistance of the in-
ternal plate circuit of the tube.
The ratio of plate potential to
plate current is known as the

I,
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Fig. 44. D.C. and A.C. Plate Resistance.

D.C. plate resistance, and is shown in Fig. 4-4 as 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.C. 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.

1t 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. Ience, if an alternating voltage is applied to
the plate, current will flow only in the positive half cycles, and it wiil con-
sist of a succession of pulses, always in the same direction. The tube
therefore functions as a rectifier, in that an alternating voltage applied to
the tube produces a unidircctional 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 ether gas molecules, and liberate more electrons.
This process is known as {onization, 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 {onization potential for that gas. Typical values are
listed below.

Tonization
Gas potential (volts)
Argon. ... ... 15.7
Neon..... ... 21.47
Helium..... ... .. ... ... ... . .. ... .... 4.0
Mercury........coiiiiiiii i 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.
1t 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 com-
pleting 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 mer-
cury-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 caus-
ing 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.

o B SR WA BRI MBI W BRI A WO M T

Courtesy R.C.A. Manufacturing Co.

F1g. 4-5. Air-cooled Tube with Fia. 4-6. Water-cooled Tube.
Radiating Fins.

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 clectron emission from the plate may take place.
Many high-power transmitting tubes have heat-radiating fins attached to
the anode for the purpose of transferring heat generated at the plate as
quickly as possible to the surrounding air; others are designed to permit
water circulation arounu 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 mazimum 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 fine wire, so that electrons may pass frecly 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, clectrons
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.

Characteristic Curves of Triodes. The effects of grid and plate poten-
tials on flow of plate current can be investigated by means of the circuit
of Fig. 4-7. In this setup, ii the
plate potential E, 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 val-
ues of E,. Such a set of curves, show-
ing 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

l l of this family, interpolating be-
Mlﬁ 1 |l|[ tween curves where necessary, it is
Fic. 4-7. Circuit for Obtaining Triode possible tO. find the’ plate ?urr?nt

Characteristics. corresponding to any combination
of grid and plate potentials.

Tt 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 modern tubes the cathode is capable
of furnishing many more clectrons than are required for rated current.
As a result, a certain amount of variation in filament or heater voltage
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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 are important where the tube is to be used as an

16
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Frs. 4-8. Mutual Characteristics of 6J5 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.
Here the grid potential is held constant for each curve, and the plate
potential is permitted to vary. This set of curves is known as the family
of plate characteristics, and for many purposes it is more useful than the
mutual characteristics. The curves of this family resemble in shape those
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of the 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, obtain-

able from either set of curves, are helpful in analyzing tube performance.
These are the amplification factor, the mutual conductance, and the
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internal plate resistance. They are called the tube parameters or charac-
teristics.

The amplification factor, symbolized by the Greek letter u (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 rela-
tive 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

where AE, represents the difference between the grid potentials of the two
curves through A and B. In triodes, g 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, ¢,, is the ratio of plate-current change to grid-
voltage 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

Im = AEG
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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 mainly on the amount of plate current.

Internal plate resistance, 7, 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,

r = A8,
» BC
In the case of triodes, r, ranges in value between 2,000 and 100,000 ohms.

From the above definitions, it can be seen that the following relationship

exists between the three parameters:

= Tp0m-
Tt 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,
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Fig. 4-10. Components of Plate Current.

which is reproduced from the LR.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 I,, together with an A.C. or varying com-
ponent of peak value I, or effective value I,. 1In 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 I, may change when a signal is applicd.

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
stgnal, which causes the instantaneous
grid potential to fluctuate up and
down about its average value E..
The plate current i, will vary corre-
spondingly, and it may be regarded
as having the components I, (D.C.)
and I, (A.C.), as shown in Fig. 4-
10. This current in flowing through
the load resistance R produces vary-
ing amounts of IR drop, and corre-
sponding variations in plate potential
will take place. It should be noted ) ) i
that the average or D.C. component Fio. 4711 Triode with Resistarce
of plate potential E, is less than the
B-supply voltage E,, 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 construc-
tion is shown in Fig. 4-12,

Eu which consists of the plate

R : characteristics of the tube

Iy in question and a superim-

A posed load line. The load

Toax |-~ -— - —= line is a graph of the equa-

Il-—-/-- - 11___P tion _

Lo/ o ,___B ey = Ey — I,

min. ] | | which is evident from the

! | : 9 circuit of Fig. 4-11. Any

! | | e point on the line represents

0 Emn. Ep Emax E,, 2 possible combination of

plate voltage and plate
current, and no other com-
binations are possible. It will be apparent from the equation, or by inspec-
tion of the circuit, that for i, = 0, ¢, = Ey. The load line therefore inter-
cepts the horizontal axis at this scale value. Similarly, the vertical in-
tercept occurs at

Fi1G. 4-12. The Load Line.

By
R
The load line is most readily drawn by use of these two points.

1
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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 Epn and Eqay, and the peak value of A.C. plate voltage will be

Emax — Emln'

Epm = 5

The average or D.C. component of plate potential is E,, 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 characteristics 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
to the actual circuit of Fig. 4-11.
With certain reasonable assumptions,
it may be shown the equivalent
circuit leads to the same values of cur-
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
u and 7, remain constant throughout
F the range of operation, or (stated in

Fic. 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

statements 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 voltage 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 volt-
age amplification will now be computed by use of the equivalent circuit.

o
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Since r, and R form a simple serics circuit, the current is given by
_ I'LE:

r, + 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, respectively.
The potential of P with respect to F is

vE.R

T, + R’

and the voltage amplification, or ratio of E, to E,, is

I,

E, =

_ Eﬂ _ pl
AR TRTE

Tt 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 con-
sideration in amplifiers employing feedback, as will be shown in Chapter 7.

Tetrodes. It has been noted that the A.C. grid and plate potentials
are opposite in phase. As a result, the A.C. 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 shiclding 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 varia-
tions of plate potential implies also that the cathode is shiclded from the
plate. As a consequence, electron emission is affected only very slightly
by the plate potential; it is determined almost altogether by the control-
grid 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 current, the value of r,, the
internal plate resistance, is much larger than for a triode. For the same
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reason, the amplification factor u is greater for a tetrode than for a triode.
The mutual conductance g,, 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, 7, is of the order of a megohm, and p 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 clectron strikes the plate with sufficient velocity, it will dislodge

i

——
-

0 Escreen €

F1G. 4-14. Screen-grid Plate Characteristics.

one or more electrons from the plate structure. These are known as
secondary electrons, and the process by which they are produced is called
secondary emission. The secondary electrons oceur in the space between
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
clectrons. Above D, sccondary 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 lose
electrons to the screen, as shown. Beyond point D, however, the electric
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fiecld between plate and sereen is so strong that all the secondary electrons
are returned to the plate, and the plate and screen currents remain un-
affected.

The amount of sccondary 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 mag-
nitude of R, is selected so as to
produce the necessary amount
of drop, due to the flow of screen
current. Thus, if E,, is 300 v
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, 6 Es
this drop will require a drop-
ping resistor of 400,000 ohms.
Without some provision for

il .I I [
keeping the screen potential I'Iﬁ 1
constant, however, the presence Ec Eon
of this screen dropping resistor Fis. 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 turn 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 re-
actance 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 B, (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

By the above rule, the reactance of ¢ 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

= 80,000 chms.

108

€= xmx 16,000

= 0.2uf.

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 accomplished by the insertion of a third grid, the
suppressor, between plate and sereen grid. The suppressor is usually made
with wider spacing than the other two grids, and it is connected directly to
the cathode, so that its potential is zero. It has very little cffeet on the
emission of secondary clectrons from the plate, but it exerts a powerful
control upon them as soon as they are produced. Even at low plate poten-
tials the clectric field between plate and suppressor is in the proper dircc-
tion to send clectrons toward the plate, and for this reason the secondary
electrons return to the plate instead of going to other tube elements.

Tubes of the type just described are known as pentodes. Figure 4-16
shows the plate characteristics of the 6J7, which is a typical voltage-ampli-
fier 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 applica-
tion, but in many pentodes the suppressor grid is connccted 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 p, 7, and g,, for a pentode are approximately the same as
those for a tetrode of corresponding type, and therefore the circuit applica-
tions 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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F1a. 4-16. Plate Characteristics of 6J7 Pentode.

connections are brought out at the base. The 6J7 referred to above has
this eonstruction. A more recent design, of which the 63J7 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 case of a triode, either by use of the load line or by the
equivalent circuit. In the latter case, a simplification is possible on ac-
count of the large value of A.C. plate resistance of the pentode. In the
expression for voltage amplification (p. 133),

_ uly
5 Ty + IgL’

it is frequently true that r, is so large in comparison with R, that the latter
may be neglected. By reason of the relationship between the tube con-
stants, it is then possible to write:

_ BB _

- Tp Im RL-

Variable-mu or Remote-cutoff Pentodes. In certain pentodes, such as

the 6K7 and the 6SK7, the grid helix has a variable pitch, so that some of
the turns are closer together than others, The closely spaced turns have
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a greater control over electron flow from the cathode than those with greater
scparation, and as a result the mutual characteristies of the tube are consid-
erably modified. As the con-
‘L ibma trol grid is made more nega-
T 1T 1'% tive, cutoff of the electron
stream is approached much
more gradually than if the
grid spacing were uniformly
close. Tubes of this type are
known as variable-mu, or re-
mote-cutoff, or super-control
pentodes. A typical example
is the 6K7, and Fig. 4-17
shows a mutual-characteris-
tic curve for this tube, in
comparison with a similar
€g—20 —~15 curve for the 6J7. The more
volts gradual approach to cutoff of
Fig. 4-17. Mutual Characteristies of 6J7 and 6K7, (S SERs 5783 15 a7
Showing Sharp Cutoff and Remote Cutoff. noticeable.

This property can be util-
ized to control the gain of the tube. For a pentode, the approximate ex-
pression 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 scen from the curve if it
is recalled that mutual conductance is equal numerically to the slope of the
mutual characteristic. It becomes possible then to control the gain of such
an amplifier by simple adjustment of the D.C. grid bias voltage. In radio
reccivers, 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 control
or a.v.c., is incorporated in practically all modern receivers.

Beam Power Tubes. Instead of using a suppressor grid to control the
sccondary emission from the plate, it is possible to obtain the same effect
by shaping the tube clements 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 to the
cathode, and its potential is therefore zero. The field produced by this
combination of clements is such as to cause a concentration of electrons to



Chap. 4] ELECTRONIC PRINCIPLES 139

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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Courtesy R.C.A. Manufacturing Co.
Fia. 4-18. Structure of a 6L6 Beam Power Tube.

trons will return to the plate, just as if a suppressor grid were present.  The
characteristic curves of this tube are shown in Fig. 4-19, and the sharp
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Fig. 4-19. Plate Characteristics 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 eleetron 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 cath-

odes. It may be used in any cir-

cuit application calling for two

similar triodes. Another example

(5) is the 3A8-GT, which contains a
————— Screen  Jjode, a triode, and a pentode; but
“““ Oscillator in this case the eathode, which is
————— (2) Anode  of the filamentary type, is com-
mon to all three. An added fea-
ture 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 fila-
ment heating, by using the two
Fia. 4-20. Pentagrid Converter. halves in parallel or series re-

spectively.

The second class of multipurpose tubes can be illustrated by the 6AS,
called a pentagrid 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 reccives the incoming signal, and its A.C. 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 oscil-
lator voltage and the signal voltage, but the only type of coupling between
the two sources is by the electron flow; electrically the two circuits are
isolated by the shielding action of the two screen grids. Among other
tubes depending on electron coupling are the 617, the 6J8, and the 6KS,
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 mag-
netic fields leads to the development of the cathode-ray tubes, used chiefly

__Plate

Cathode
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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; ( 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 fo-
cusing anode; A is anode
No. 2, or the accelerating

an?de; B anq C are two SCHEMATIC ARRANGEMENT OF
pairs of deficting plates; 5 SECROGH AN o

is a screen deposited on the Courtesy of R.C.A. Manufacturing Co.
inner surface of the glass Fra. 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 anades
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 A4, the electrons proceed at con-
stant 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 therefare
deflected 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 charac-
teristics, and for many other purposes. Becausc 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 com-
monly used in television receivers.

Instead of focusing the electron beam by electrostatic means as described
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 at the location of
F in Fig. 4-22. The anode F may then be omitted, and this simplifica-
tion is again advantageous with tubes using very high accelerating po-
tentials.

A variety of fluorescent materials is available for the formation of the
screen S. The color of the glow varies with the material, and this may be
a matter of some impor-
tance. For oscillographic
use, a screen giving a
bright green color is usu-

¢ ally employed, since this

ClecTonts WA GO LY e color s casily obtained and

Courtesy of R.C.A. Manufacturing Co. it has a gOOd visual qual-

Fig. 4-92, ity. For photographic use

a deep blue glow is more

useful, on account of its greater actinic power. By using a suitable mix-

ture_of phosphors, a glow approaching white in color may be obtained,

and this is preferred for television screens, since the pictures present a more
pleasing appearance.

When the electron beam moves away from a particular spot on the screen
the glow disappears, but not instantaneously. Various fluorescent sub-
stances exhibit 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 are useful for the
examination of extremely brief phenomena, as 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 an 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 are the 65 and the
6G5.  These tubes have a fluorescent sereen bombarded by electrons from
the cathode, and a control electrode deflects the electrons to produce a
wedge-shaped shadow in the general glow covering the screen. The angu-
lar 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 as a D.C. amplifier the device becomes quite sensitive as an indicator
of voltages applicd to the grid. This type of tube is customarily used as a
tuning indicator on radio receivers, but it is also very useful as a null in-
dicator in bridge measurements, and after calibrating the shadow angle it
may even be used as a voltmeter. The 6G5 differs from the 6155 in having
a remote cutoff, and it can therefore handle a wider range of signal strength

K
SCHEMATIC ARRANGEMENT OF g%
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Review Questions and Problems. 1. What are the relative advantages
and disadvantages of tungsten, thoriated tungsten, and oxide-coated fila-
ments?

2. Why is it common practice to connect the return circuits from the
other tube clements to the center tap of the filament transformer?

3. What limits the current flow in the lower regions of Fig. 4-1? In
the upper regions of Fig. 4-3?

4. What three factors limit the output obtainable from a tube? What
cffect does cach one of these have?

5. What is the fundamental structural difference between a diode and a
triode? In what manner does this difference affect the operating charac-
teristics of the two tubes?

6. From the mutual-characteristic curve for E, = 200 v on Fig. 4-8,
determine values of mutual conductance (g,) for various values of plafe
current. Plot a curve of g, against I,.

7. Determine the A.C. plate resistance (r,) for the triode plate char-
acteristics shown in Fig. 4-8, for a grid voltage of —10.0 and for two values
of plate current.

8. From the family of plate characteristics for the 6J5 triode, Fig. 4-9,
determine 7,, u, and g¢,, for a quicscent operating condition of E, = —8.0 v
and E, = 240 v. Compare the value obtained for u with the product of
Jm and 7,

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 E,,: 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 dia-
gram and the tube constants determined in Problem 8, determine the volt-
age 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 I, 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,

R i
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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 g,, 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 E, = 240 v and E, = — 3.0 v for a load resis-
tance 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 deflectior
plates of a cathode-ray tube, as shown in Fig. 4-23.

Fie. 4-23.




CHAPTER 5

Rectified Power Supplies

One of the important uses of diodes has alrecady 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 rectificr, 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 . I
potential. If voltage drop with- ¢ 1 ==

in the tube is neglected, the ac. R
current will consist of unidirec-
tional pulses having the form
of half sine waves, and the Fig. 5-1. Half-wave Rectifier.
average current throughout the
cycle, or the D.C. component, will be 1/x 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 rela-
i tion determines the maximum load cur-
rent that ean 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
secondary voltage. This factor fixes the

Fro. 5-2. Output of Half-wave maximum load voltage that can be sup-
Rectifier. 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. 54.

The tube has two separate anodes and one cathode. Typical tubes are the
145
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5T4 and 573. The transformer secondary is provided with a eenter tap.
On tracing through the circuit it is seen that in cach 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/x or .638 of the peak value.

Besides giving a better wave form
than the half-wave rectifier, the full-
wave circuit has the advantage of
symmetrical action in the trans-
former. Inthe half-wave cireuit, the
secondary currentalways flows inthe

Fia. 5-3. Tull-wave Rectifier. Fig. 5-4. Output of Full-wave Rectifier.

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 cur-
rent 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. com-
ponent occurred.
Voltage-doubler Rectifier.
- - _ It is possible to omit the trans-

AC - T—Cl former shown in Figs. 5-1 and
o ]C:/\_ _ 5-3 and still obtain a D.C. volt-
b~ 2525 ) D.C.Output 2ge high enough to serve as
o+ B supply by use of the voltage-
1 ) _ doubler circuit of Fig. 5-5.

FT Cz The heater is supplied directly
\ from the A.C. line through re-
sistor R, which may include
heaters of other tubes in the
set. When the upper A.C. ter-
minal is positive, current flows
through the left anode into condenser C, charging it to peak line
voltage. In the next half cycle current flows in the other anode,
charging C, 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 avail-
able. 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

Fia. 5-5. Voltage-doubler Circuit.
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therefore the better the voltage regulation. It is common practice to use
condensers as large as 40 uf 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

inserted at the poir}t . W
marked X, which is in s ==
series with each condenser Input
as it is being charged. from C Load
q e e Rectifier
Filter Circuits. The
output wave forms shown .
in Figs. 5-2 and 5-4 are (@)

entirely satisfactory for
many applications, such
as the operation of re-
lays, battery charging,

and so forth, but they are m Load
. Rectifier

not smooth and continu-

ous enough to be useful & - -

for B-voltage supply of (b)

amplifiers and radio re- gy 5-6.  Choke-input Filter Circuits: (a) Single-

ceivers. Service of this section, (b) Two-section,

sort requires that the sup-
ply 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

M 7 ITTTTIN—— two-section filters of the
In—pt;( choke-input type. The
from ——c, o — Load rectified current in flow-
Rectifier ~ ing through the induct-
ance L encounters a high

C reactance at ripple fre-
F1c. 5-7. Condenser-input Filter. quency, but very litile re-
sistance to the D.C. com-

ponent, and as a result the fluctuations are greatly reduced. The condenser
C in parallel with the load helps still more in this direction by absorbing
most of the remaining fluctuations in current, since its reactance at ripple
frequency is less than the load resistance. If the reduction in ripple is still
not sufficient, another seetion of filter may be added, as shown in Fig. 5-6b.
Another form of filter cireuit is shown in Fig. 5-7. 'This is known as
the condenser-input filter, since the condenser C\ is supplied directly by the



148 RECTIFIED POWER SUPPLIES [Chap. 5

rectifier. In operation, the condenser C, is charged to the peak voltage
available from the rectifier, and this charge is withdrawn gradually by the
load current. Fluctuations in current and voltage are smoothed out by
L and C,, as in the choke-input filter. No further current is supplied by
the rectifier until its voltage is
Voltage again higher than that remaining

Across C, . q q
on C;. This operation is shown

in Iig. 5-8.
Rectifier In comparing the two types of
L) filters, it is seen that rectified
Fig. 5-8. Operation of Condenser-input current ﬂf)“'s continuously in
Tilter. the choke-input filter, whereas it
flows for only a brief part of
each cycle in the condenser-input circuit. Ior the same D.C. load cur-
rent, 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 fil-
ters 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 scen that if the load current is increased,
the voltage across C; 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

2,000

Rk = ~10 - 5,000 ohms,

Charging
Interval

and the minimum size of filter choke will be

5,000 .
L = 1,200 ~ 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

_ 20,000

& 1,200

= 16.7 henries.
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A choke of this size or larger will provide satisfactory operation over
the entire range of load currents. So-called “swinging” chokes, having
large inductance at low current and considerably smaller inductance at
maximum current, arc available for such service, at appreciable saving in
weight and cost.

Still another comparison may be made between choke-input and con-
denser-input filters.  In the case of the filter with choke input, the D.C.
output voltage is approximately equal to the average rectified voltage of
the supply. With condenser input, however, the D.C. voltage approxi-
mates the peak rectified voltage at light loads, and the amount of decrease
with load depends on the size of the first condenser, C;. 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 amplificrs are of the condenser-input type.

Filter circuits of resistance and capacitance were referred to above. A
typical example of this type of filter has already been discussed in connec-
tion with the screen supply shown in Fig. 4-15, and for use with rectifiers
the R-C filter is very practical and cconomical wherever the current drain
is small, as in the case of cathode-ray oscillographs, photocells, vacuum-
tube voltmeters, and so on.

Rectifier Tubes. Two broad classes of tubes are used in rectifier serviee,
the high-vacuum and the gas-filled. In the high-vacuum tube, emission
is controlled by space
charge, and increase of cur-
rent through the tube is
accompanied by increase of
anode potential, that is to
say, voltage drop in the
tube. Inthc gas-filled tube,
ionization of the gas takes
place, and consequently the
voltage drop across the tube
can never greatly exceed the
lonization potential of the
gas. Most tubes of this
type use mercury vapor as

Eb volts [
80+

60

40

20—

the gas, and for these the 0 200 400 600 I, ma
tube dI‘Op Is approximately Fig. 5-9. Plate Characteristics of Rectifier
15 v, independent of the Tubes.

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 cathode be brought to full working temperature before the
plate voltage is applied. If this is not done, clectron 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. TFigure 5-10

shows one method of ob-

taining a stable value of

Unregulated ° D.C. voltage, depending

Input on the use of a glow-

discharge tube such as

° Glow  Output the VR150/30. This

Deraree tube -has the proper.ty

_ Tube that its anode potential

: o remains practically con-

Fic. 5-10. 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. TFluctuation of the supply voltage will cause

more or less current to flow through the regulator tube, but will have prac-
tically no effect on load voltage or current.

Regulated

Triode Regulators. A still better control can be obtained by means of
circuits similar to the one in Fig. 5~11. The load current flows through
the 2A3 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 R, 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 twube,
which results in restoring the voltage at the output terminals to its original
value.

“+e

Regulated
Output

Unregulated
Input

VR75/30

¢

*-—

Fig. 5-11. Electronic Voltage Regulator.

Regulator circuits of this type arc 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 sccondary voltage of 300 (R.M.S.)?

2. What is the maximum inverse voltage applied to the tube in a full-
wave rectifier cireuit operating from a transformer with a secondary voltage
of 300 (R.M.S.) from the center tap to cither of the outside leads?

3. Trace the operation of the voltage-doubler circuit through one
complete cycle.
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4. What arc the relative advantages and disadvantages of choke- 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 full-
wave rectifier and is to supply a minimum current of 50 ma at 400 v D.C.

6. A 5-henry choke is available for the construction of a choke-input
filter to be used with a single-phase full-wave rectifier. The rectifier
supplies a load which may draw a current varying from a minimum of 0 ma
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 lts Electrical
Transmission

Nature of Sound. The physical cffect 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 squarc 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 1/10° 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 1/104 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 satis-
factory to cover the range from 50 to 10,000 c.p.s., and in special cases a
still more restricted band will be adequate.

The wave form 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 ecach of the harmonic components present in the
sound wave may be evaluated separately, and the total response wili 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. KEvery 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,

B besides covering a wider range.

On the other hand, curve B

shows a much larger respense

A in the middle range of frequen-

cics, and for this reason might

/ represent a more desirable char-

acteristic for certain applica-

tions. Variation of response

with frequency is referred to as
frequency distortion.

It is frequently convenient
to refer to the useful band width

Fic. 6-1. Frequency Distortion. of a system, and for a char-

acteristic such as 4 of Fig. 6-1,

this is usually taken as extending between the frequencies f, and f,, at
which the response is .707 of the uniform response in the middle range.

It will be noted in the fig-
ure that the horizontal axis is
plotted in terms of the loga-
rithm of frequency. This
logarithmic plot is used partly
to avoid the crowding which
would occur at low frequencies
if a uniform scale were used,
but also because our ability
to distinguish frequencies of
sound shows a logarithmic
characteristic, and a truer pic-
ture of the performance of the
system is obtained by this type
of curve.

NONLINEAR DISTORTION. A
system or device is nonlinear
when the relation between in-
put and output is given by a
curved characteristic, as shown
n Fig. 6-2. As will be scen Fi6. 6-2. Nonlinear Distortion.
from the figure, the output cor-
responding 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 are the harmonics in the output wave,

Response
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N

f, Log f
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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 situ-
ation in practice, the output will also contain frequencies equal to the sums
and differences of the input frequencies, and of integral ‘multiples of these
frequencies.

DELAY OR PHASE DISTORTION. Signals in passing through a transmission
svstem 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
form. This is because harmonies in the output wave will appear at differ-
ent phase angles with respect to the f undamental 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
scund transmission, since the relative phase of a harmonic makes prac-
tically no difference in the quality of a sound as perceived by the car.  In
other applications, such as oscillography and television, however, it takes
on considerable importance.

Microphones. A microphone is a deviee that transforms sound energy
into clectrical energy. In most types of microphone, the sound pressure
acts upon a thin plate or diaphragm,
setting it into vibration, and this me-  Carbon
chanical motion is then utilized to disks ~__
produce clectrical effects. The chief
types are deseribed below. In addi-
tion to these, available microphones
include the condenser type and
various directional types.

THE CARBON-GRAIN MICROPHONE.  Bridge —
One of the carliest types of micro- support
phone, and the one still most com-
monly used, depends for its action on
the fact that the electrical resistance
between carbon granules in contact
with each other varies with the con-
tact pressure. Figure 6-3 shows a \ __gl“%::
simplified sectional view of a single- llll‘——,
button carbon microphone, such as Fia. 6-3. Carbon Microphone.
is used in tclephone scts. A small
brass eup contains two polished carbon disks, onc 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 diaphragin vibrates
in response to the sound waves striking it, the varying pressure on the
granules causes changes in the eleetrical resistance between the buttons.
The microphone circuit is shown in the same figure, and from this it is scen
that variation of microphone resistance will alter the current through

Carbon Diaphragm

granules
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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 considerable length of line without requiring amplification. The
frequency response is then not very uniform, although it is entirely adequate
for speech reproduction.

By using a very light diaphragm, tightly stretched, the frequency re-
sponse is greatly improved, but at the expense of sensitivity. Carbon mi-
crophones 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 prezo-electric effect
possessed by certain crystals, in this case Rochelle salt. The term piezo-
electric effect refers to the fact that when pressure is applied on the crystal
in the proper direction, electrical potentials are produced between opposite
faces of the crystal. The sound-cell type of microphone contains an as-
semblage of small crystals of this type, so connected that their piezo-
electric potentials are in series. The sound falls on the crystals and vi-
brates them directly. The electrical output is quite small, but the fre-
quency range and uniformity of response are excellent.

In another type of crystal microphone, a metal diaphragm is coupled
mechanically to a crystal of Rochelle salt in such a way that vibration of
the diaphragm causes a twisting of the erystal, and thereby the generation
of a voltage at the terminals. This type has much greater output than the
sound cell, but the frequency response is somewhat limited by the inertia
and stiffness of the diaphragm and the 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-cosl 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 uni-
form response from 40 c.p.s. to 10,000 ¢.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 micro-
phones.

RiBBON MICROPHONE. In this type the moving element is a very thin
and flexible aluminum ribbon, upon which the sound waves act directly.
It vibrates in a transverse magnetic field, and generates an clectromotive
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 trans-
mission over a line. Most ribbon microphones respond to air particle
velocity in the sound wave, rather than to sound pressure, and they are
referred to as velocity microphones. They can be 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~t. 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-
manent magnet is necessary to avoid
distortion in the output, as will be ,
apparent when it is noted that the — 1
diaphragm would be attracted twice
in each cycle if only the A.C. attrac-
tion were present.

The ordinary receiver used with
telephone instruments is wound for
about 70 ohms resistance, and it has Fic. 6-4. Telephone Receiver.

a definite resonance peak near 1,000

c.p.s., for the sake of semsitivity. By winding with many turns of fine
wire, the sensitivity to weak currents can be greatly increased, and such re-
ceivers are very useful as indicators in A.C. bridges and for radio communi-
cation systems.

LoupsPEAKERs. The commonest type of loudspeaker is shown schemati-
cally in Fig. 6-5. The moving coil, situated in a powerful radial magnetic
ficld, 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 elec-
trical input into sound energy radiated from the surface of the cone.

The radiation from the rear surface of the cone is opposite in phase as
compared with that from the front surface, and it is the function of the
baffle shown in the figure to prevent these two effects from canceling each

Magnet
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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 A =
1,100/100 = 11 ft (see Chapter 9), and
the distance from front to back of cone
should not be less than 5.5 feet.

Telephone Circuits. Two-way oper-
ation is essential for satisfactory tele-
phone service, and many of the
problems of the industry arise from this
fact. A simplified circuit for obtaining
two-way opcration is shown in Fig. 6-6.
This is called a local-battery system
because a separate battery is required
at each end of the line, and in such a

Z telephone system each subscriber must
have a battery on his premises. The
operation of the circuit is self-evident,

) ) and it is scen that speaking into cither

Moving Coil microphone will set up voice currents

in both receivers. The transformers
isolate the direct eurrent required for
Cone Suspension the operation of the microphone, and
Y also improve the efficiency by stepping

up the voltage and reducing the cur-
rent in the line.

COMMON-BATTERY CIRCUITS. The
obvious advantages of removing the
batteries from the subscribers’ premises to the central office led to the de-
velopment of the common-battery system, using one large storage battery to

R, R,
NI NS T

| [

F1a. 6-6. Local-battery Telephone Circuit.

\

Fic. 6-5. Cone Type of Loudspeaker.

supply microphone current to all subscribers’ sets. This led to a new diffi-
culty, however, in that the voice currents of all circuits in use flow through
the same battery, and because of its internal impedance there is a possi-
bility that some of these currents will find their way into other circuits.
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This effect is known as cross talk, and it is avoided by use of a transformer
called the 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 second-
ary windings split at the battery. Other repeating coils, connecting
other pairs of subscribers, may be tied in at the points BC, B'(C”, and
when so connected will offer extremely high impedance to flow of voice
current from ene 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

A D

Subscriber’s
Set

Subscriber's
Set

B' c
A’ DV
Fig. 6-7. Common-battery Telephone Circuit.

common-battery telephone. Transformers Ty and T, usually called in-
duction coils, and condensers C; and C, are connected in such a way that
the direct current from the battery flows through the microphones M,
and M, but not through the receivers R, and R.. The induction coils are
connected as aulo-transformers, 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 epera- '

tor and subscribers and for switching connections between subscribers.
Their discussion is beyond the scope of this book.

Telephone Lines. The transmission lines used in telephony are of two
kinds, open-wire and cable. The open-wire lines are gradually being super-
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seded by cable construction, either overhead or underground, for two prin-
cipal reasons. In the first place, many more circuits can be accommo-
dated—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 3 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 against electrical inter-
ference, both noise and cross talk.

THE DECIBEL. Losses in telephone lines and other equipment are stated
in terms of a logarithmic unit, the decibel. It is defined as follows:

loss in db = 10 log ]&,

S W,

where W is the input power and 1, is the output power. For an ampli-
fier, 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

W,

gain in db = 101log W
1

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 amplificr
is 4 watts, its power level expressed in decibels is

output = 10 log ﬁ = 10 log 4,000 = 36 db.

The decibel is a very important unit, and it is used extensively in all
branches of clectrical communications. The fact that it is logarithmic in
nature makes it possible to obtain over-all effects resulting from a combina-
tion of lines, amplifiers, and other ~quipment by simply adding or subtract-
ing their respective gains or losses. It is also true that the sensitivity
of the ecar 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 1IN TELEPHONE LINES. The smallest conductor used in standard
open-wire telephone circuits is No. 12 B.& S. gauge, and a line of such con-
struction will have a loss of approximately 0.06 db per mile. Cable cir-
cuits, on the other 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 about
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.

LoapiNg. Losses in transmission circuits can be decreased by the in-
sertion of loading coils at intervals in the line. These coils add series induc-
tance to the line and provide a more favorable ratio of inductive to capaci-
tive effect, particularly with cables. The result is that for a given power
level the voltage is raised and the current lowered, just as the voltage is
raised on a power-transmission line by usc of transformers. Lower current
results in smaller resistance losses and higher cfficiency.

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 cui-off frequency. This critical fre-
quency is given very closely by the expression

1

=V LCd
where f, is the upper limit of frequency transmitted, L is the effective
inductance of cach 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, f, 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 reduciion in
amount of loading on some circuits.

RepPEATERS. 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, exeept in the newer wide-band
transmission systems, for some of which repeater spacing is as little as
5miles. Because of the total number of stages of amplification in a long-
distance transmission, the performance requirements of telephone re-
peaters are very severe. Any distortion is cumulative, and if present in
appreciable amount would soon result in unintelligible speech. The
demands of high-quality program transmission for broadeast networks
are even more exacting.

One method for obtaining two-way repeater service is shown in Fig. 6-8.
Two amplifiers arc employed, one for each direction of transmission. Feed-
back and oscillation 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

. fe
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enters the west-east amplificr by way of the center taps on the main wind-
ings. The remainder of the power is dissipated in other parts of the circuit
and has no further effect. The amplified power is fed into the third wind-
ing of the other hybrid coil, and divides there into two equal portions, one
passing out on the line to the cast, the other into the artificial network.
This network is constructed to have impedance properties equal to those

E-W Amplifier

W-E Amplifier

Fig. 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 ecast-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 sccond.

2. Explain the difference between frequency distortion, nonlinear dis-
tortion, and delay or phase distortion.

3. Why are the curves in Fig. 6-1 plotted to a logarithmic scale?
4. Kxplain 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 ampli-
fier, 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 clectrical 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 audio amplifier is one suitable for amplifying signal voltages whose
frequencies lie within the audible range. If the amplification is uniform
for all frequencies within this band the amplifier is said to be flat over the
range of frequencies considered. In general the amplification tends to
drop off for both the very high and very low frequencies and special pre-
cautions must be taken in the design of the amplifier to prevent this. A
modern broadeast 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 amplifica-
tion 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 amplificr is designed primarily to supply a large amount of
power to a loudspeaker or other power-actuated deviee. In this applica-
tion 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 accord-
ing to the operating conditions under which the tube works. The classifi-
cations 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 sclected so that operation is confined to the
linear or straight-line portion of the grid-voltage-plate-current character-
istic 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 A,) 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 AB») 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 varia-
tion in its plate current. If this varying plate current is made to flow
through a resistor R, as in Fig. 7-1a, a varying voltage e, will be devecloped
across the resistor, similar in all respects to the original voltage e, except
that it may be many times larger. This larger voltage could then be ap-
plied 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. 7-1d. In order to see why each of the components E,, C and R, is
necessary for satisfactory performance, the operation of other simpler
circuits will be considered.

Figure 7-1b represents the simplest form of coupling possible. The
batteries E;, Ey and E, arc nccessary to maintain the correct operating
voltages on the tubes. It was scen in Chapter 4 that the plate and grid
voltages of a tube must be selected so that it operates on a linear or straight-
line portion of its characteristic (E,-I,) curve. This sclection is necessary
if the output voltage ¢ is to be a faithful reproduction of the input voltage
er. In practice it is usually desirable to supply power for heating the fila-
ments of the tubes from a common battery or other source of supply. If
this were done in Fig. 7-1b by connccting together points a and ¢ and points
b and d, it is evident that the battery voltages E,, and E, would be shorted.

The arrangement in Fig. 7-1c¢ gets around this difficulty by connecting
the negative of both filaments to the negative of the B battery. However,
this arrangement places the B battery between the grid and filament of the
second tube and so puts a large positive voltage on the grid instead of the
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small negative voltage usually required. Therefore a large negative volt-
age 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. volt-
ages. It has the very serious disadvantage that the small D.C. voltage on
the sccond 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 pereentage change in the voltage on the grid.  For example,
if the plate voltage E, were 90 v and the required grid voltage on the next

(d)

Fia. 7-1. Devclopment of a Resistance-coupled Amplifier Circuit.

tube were —41 v, the battery voltage E, would have to be —941 v, If now
the voltage of E, were to drop 5 v (that is, to 85) due to aging of the battery
the voltage on the grid would increase from —41 to —91, while if the volt-
age E; had dropped 5 v the grid voltage would have changed from —41
to +3. The result is that an amplifier coupled dircctly as in Fig. 7-1¢
tends to be unstable and its operation may be affected too much by changes
in supply voltages.

The connections of Fig. 7-1d are designed to overcome these and certain
other difficulties. To prevent the voltage E, from being applied to the
grid of the next tube a condenser €, 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 cur-
rents are concerned.  This condition of floating grid must not be permitted
beeause 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 re-
sistor R, is used and the correct bias voltage I, 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. 7-1d as one that will be suitable as
an amplifier, the next problem is to determine what values should be used
for the resistors and condensers. It is evident that each of these com-
ponents has two separate 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

% the two functions call

""" 'f for widely different

values and a compro-

l mise value must be
used.

Mll_ _____ THE PLATE RESIST-
(a) (b) or. When a tube is

o e om Roeitanes OPerating as a voltago

of the Plate Resistor (k,) in a amplifier the only re-
—————————— Triode Circuit. quirement on the plate
resistor R, as far as the signal voltage is con-
cerned is that the resistor be as large as possible.
From the equivalent circuit of a triode shown in
12 37 Chapter 4, and reproduced here, it will be recalled

(c) % that the tube acts like a generator having a voltage
cqual to ue, in series with the plate resistance 1, of the tube. The way
in which the voltage e; across R, varies as the size of R, is increased
is shown in Fig. 7-2c. R, is shown as so many times 75, and e is
shown as a fraction of pe,, When the resistance of R, is very small
nearly all of the voltage drop occurs across the resistance of the plate r,
and the voltage e, is small, while if R, is made very large compared with
7,, then nearly all of the total generator voltage (ue,) will appear across
R,, and e will be nearly equal to ue,, 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 rp.

Rut now consider the D.C. er operating voltage.  The D.C. voltage E, on

Xp

Relative Amplification
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the plate of the tube will be the battery voltage E,, minus the D.C. voltage
drop in the resistor. If B, 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 volt-
age 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 R, would have to be used and a compromise value of 1 to 10 times 7, is
generally chosen for a triode voltage amplifier, depending on whether 7, is
high or low. For a power amplifier there arc other considerations that
dictate the value of R,.

GrID-LEAK RESISTOR. In Fig. 7-1d not all of the signal voltage across R,
will be applied to the grid of the second tube. The reactance of the con-
denser C and the resistance R, act together as a voltage divider and only
that part of the voltage across R, will be impressed on the grid. Hence, as
far as the signal voltage is concerned, R, 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 nega-
tive, 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 manu-
facturer of the tube.

Tue courLiNG 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 indi-
cates a large value for the capacitance, but again if C is made too large any
charge that colleets on the grid (and therefore charges this condenser) will
require too long a time to leak off through the grid-leak resistor. It is
cvident that this effect depends upon both the size of the condenser and
the size of the grid-leak resistor, since increasing either of them will in-
creasc the time required to discharge the condenser, or the time constant
of the circuit as it is gencrally 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 1/2.718) of the original charge. A typical value for a resist-
ance-capacitance-coupled amplifier is .004 second, which could be obtained
with a I-megohm grid leak and a .004-uf condenser or a 0.5-megohm leak
and a .008-uf condenser, or any other suitable combination.

Another practical consideration that enters into the selection of a coup-
ling condenser is that it should have small leakage, that is, a high leakage
resistance of the order of hundreds or thousands of megohms. If the leak-
age resistance is small, an appreciable amount of direct current will flow
through it. Then the plate resistor R, 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 B, = 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 re-
sistor.

Frequency Response of a Resistance-coupled Amplifier. As was pointed
out carlier, 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 re-
actance of the coupling condenser is so small, compared with R,, that it

(a) Ny (b)
So
T10
fah 8
1 X
€ T 24
“ o0
frequency
(c) (d)

Fic. 7-3. IEquivalent 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 capaci-
tances and wiring capacitances become low compared with the resistances
which they shunt (see Fig. 7-3), and so the amplifieation drops off. The
tube capacitances involved are the plate-to-cathode capacitance of the first
tube, which parallels ,, and the grid-to-cathode resistance of the second
tube, which parallels R,. This is shown in Fig. 7-3 which also shows the
equivalent circuits at low and high frequencies and the frequeney-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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casily determined over most of the frequency range, for which the equiva-
lent cireuit of Fig. 7-3b will apply. It has already been shown in Chapter 4
that the voltage E, appearing across a resistor £ in the plate circuit of a
triode (Fig. 4-11) is given by

rER

r, + R

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

E, =

N ([
b= R, + &,

If the grid leak resistance R, is very much larger than the plate resistor &,
as is often the case, the effect of I2, in parallel with R, will be small and B
will be approximately equal to 2,. In this case the voltage amplifieation
of the stage is the same as the voltage amplification of the tube, and is
given by
Cy _ ,UR,, .

?1 - Tp + If—p
It will be seen that as the plate resistor is made very large compared with
7, the plate resistance of the tube, the actual amplification approaches p,
the amplification factor of the tube (see Yig. 7-2¢).  When 2, is 9 times 7,
the amplification will be % of u.

At low frequencies, where the exaet eircuit 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 R, the gain will be given approximately by

R
VE? + Xc&

where
pR,
T, + Ity
and is the gain in the medium-frequency range. This is because B, and
X act as a voltage divider across £2,, and the fraction of the total voltage

that appears across I, is given by
R,

X, is the reactance of the coupling condenser and is given by
L
2xfC’

where f is the frequency (cycles per second) and C is the capacitance in
farads. At that frequency which makes X, equal to R,, the amplification will
have dropped to 1/4/2 times 4, its value for the medium frequencies. Since

Xe
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power is proportional to the square of the voltage (across a fixed resist-
ance), this means that the power will have dropped to one half which corre-
sponds to a drop of 3 db (sec chart, Chapter 1). This is the lower half-
power frequency of this amplifier stage and is considered as being the lower
limit of frequency response where reasonable fidelity is required. Simi-
larly the upper half-power frequency is that frequency at the upper end of
the range where gain has dropped to 1/v'2 times A due to the shunting cf-
fect 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 differ-
ences in its operation, as was
pointed out in Chapter 4.
Because of the screening
effect of the screen grid, the
plate voltage has little influ-
ence on the plate current.
This means that both the
plate resistance r, and the
Fig. 7-4. Circuit of a Resistance-coupled Pentode M i of the tube will be gy
Amplifier. high. The plate resistance
is usually greater than a
megohm, so that instead of using a plate resistor B, 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
o Q €2 MR
Voltage gain = oy 1

but now r, will be much larger than R (R is even smaller than R,), so it is

possible to consider that (r, 4 R) is about the same as r, and write

Now f is equal to ¢,,, the mutual eonductance or transconductance of the
4
tube, so for a pentode the gain of a stage of amplification is given by

Voltage gain = :—2 = gult,
1
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which is approximately cqual to g,02, if the grid-leak resistor is several
times larger than the plate resistor 12,.

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 wvoltage 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

Input

\

—

B+

F16. 7-5. A Two-stage Resistance-coupled Amplifier Using Pentodes.

more amplifier stages are connected in cascade. A typical circuit using
two pentodes is shown in Fig. 7-5. The resistors R, and R, are the usual
plate and grid-leak resistors respectively, and the condensers C' are the
coupling condensers. Resistors K, are voltage-dropping resistors to
reduce the screen voltages below those used on the plates, and condensers
Cp are the necessary screen-resistor by-pass condensers whose function
has already been discussed in Chapter 4. Resistors Ro are cathode re-
sistors 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 IR 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

R, =

o

b

where E, is the required grid bias and I, 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 re-
sistors. This low-impedance path is necessary, for otherwisc the audio-
frequency variations in the plate current would produce an audio-fre-
quency voltage which would be introduced directly into the grid eircuit.
The resistor and condenser combination R-Cy 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 cireuit. 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 degencrative feedback. 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 singing condition. This phenomenon
is particularly troublesome with threc-stage amplifiers or with two-stage
amplifiers having a high gain, for then the output signal is very large com-
pared with the input signal and it requires only a very small percentage.
of the output 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 high-
voltage supply. If batteries are used they will have a low internal resist-
ance 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 the 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, asout-
lined in Chapter 5. In this case the alternating plate current must flow
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 uf, so this
voltage drop will be very small except at the low frequencies where the con-
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denser reactance 1/(27fC) becomes appreciable.* (For example, an 8-uf
condenser has a reactance of only 20 ohims at 1,000 cycles, but this increases
to 400 ohms at 50 cycles.) For this reason the frequency of the osciliation
which occurs is generally quite low and gives rise to the sound known as
motor-boating. This type of feedback can be climinated by the filter circuit
CrIer (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 cireuit
of the first tube. If the condenser reactance is small (that is, if the con-
denser is large) and the resistor is large, this voltage will be only a small
fraction of the original voltage appearing across the power supply.

Hum and Tube Noise. When several stages of amplification are used
difficulty is often experienced with hum and other noise which is present
with no signal applied to the input. 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 clectrostatie pickup from A.C. power lines.
This type of pickup can be eliminated by adequate shielding. Shiclded
tubes and grid leads are necessities for the first stages of a high-gain ainpli-
fier. 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 alter-
nating current is used to heat the filament the grid return should be made
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 potenti-
ometer 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 remem-
bering that at 1,000 cycles a 1-uf condenser has a reaciance 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
reactance of a 0.1-uf condenser at 50 cycles would be

160 Xl1 X ]_,r?(())i) = 160 X 10 X 20 = 32,000 ohms,
while the reactance of an 8-uf condenser at 100 eycles would be

1 1,000 _ 160 _

In the radio-frequency range it is useful to remember that 1.000 uuf at 1.000 ke has
160 ohms reactance.



176 AUDIO AMPLIFIERS [Chap. 7

may arise from mechanical vibration of the tube parts, in which case it is
called microphonic noise. Replacing the offending tube with a nonmicro-
phonic 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 effect. This effect is due to the random motion of
electrons in the tubes, in particular the first tube of the amplifier, because
any noise occurring there is amplified by all the other stages. A 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 con-
ductor 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 are amplified by the amplifier. The noise due to thermal agita-
tion in the grid resistor of the first tube is of most importance, because it
receives the full amplification of the amplifier. The noise can be reduced
by using a lower value of resistance but this will also decrease the signal
gain and the signal-to-noise ratio will not be improved.

Over-all Gain and Frequency Response. The total gan of an amplifier
consisting of several stages is the product of the gains of the individual
stages when these gains are cxpressed 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 total gain is the sum of the gains of the
individual stages. From Fig. 1-13 of Chapter 1 it will be found that the
gain of the above amplifier would be 40 4 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 expressed
as a voltage ratio, as in Fig. 7-3d. If the gain of an amplifier stage at
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 3 X 3 = 1 of the gain at the reference frequency. If the
frequency response were expressed in decibels a single stage of the above
amplifier would be down 6 db (see Iig. 1-13) at 10,000 cycles below the
gain at 1,000 cycles. Two similar stages in cascade would be down 6 + 6 =
12 db at 10,000 cycles. It is apparent that if the over-all frequency re-
sponse of an amplifier is to be reasonably good, the frequency response of a
single stage must be very good. It is possible to compensate 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 resistance-
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 amplitier 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 arc 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 alter-
nating grid voltage swinging over the linear or straight-line portion of the
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Fic. 7-6. Nonlinear Distortion Produced by Incorrect Operating Conditions.  (a) Cor-
rect operating condition. (b) Grid bias too large. (c) Grid bias too small. (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,-I, curve and the resulting plate-current wave will
be flattened off on the lo“ er peaks. This flattening results in the introduc-
tion of new frequencies (particularly second harmonic) in the output that
were not present in the input.

In Fig. 7-6¢ 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 eurve is
straight (solid-line portion) no particular harm will result, but if it eurves
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sharply and flattens off (dotted curve) after passing into the positive grid-
voltage region, the upper peaks of the plate-current wave will be cut, off
and serious distortion will result.

This dotted curve is the one that usually applies. It is obtained when
the grid circuit has a high resistance, as was the case in the resistance-
coupled amplifier. As long as the grid is negative it attracts no clectrons
and no grid current flows.  However, when the grid goes positive it attracts
some ot 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 cffect on the grid voltage; but if this grid current has to flow
through a high resistance (as would generally be the case), a large voltage
drop occurs across the resistance and this drop reduces the grid voltage.
This voltage reduction in turn reduces the plate current which would flow
for positive grid voltages, and changes the characteristic curve, as shown by
the dotted portion. If special low-impedance grid circuits are used it is
possible to operate in the positive grid region without serious distortion and
it is sometimes desirable to do this because of the larger power outputs
obtainable.  Such operation is indicated by use of the subsecript 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 flattencd off and the distortion may become quite bad.

{A)
Static Characteristic Curve

Constant Plate Voltage E,=E,,
(Rp=0)

(B)
/# Dynamic Characteristic Curve
Plate Voltage E,=E,yIpRp

Eg~Grid Voits |0

Piate Current

F1a. 7-7. Static and Dynamic Characteristic Curves 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 ¢n a circuit. Figure 7-7 (curve 4) shows a mutual-charac-
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teristic curve for a tube relating grid voltage to plate current. (This
curve is similar to the curves of Fig. 4-8, Chapter 4.) Ilowever, 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 charac-
teristics of the tube. This dynamic characteristic can be obtained very
casily 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 flow 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 lic
along a line such as B. This line is the dynamie chracteristic curve for the
value of load resistor used to construct the load line in IVig. 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, thea non-
linear 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 sccond 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 approxi-
nately by (a/b)100.

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 avoid
distortion the tube should be operated only over the straight-line portion of
its characteristic and the lower curved 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
" b Second
Characteristic™~ | Harmonic

o e e
=L S W

Actual Current

Wave
___________ i
True Sine Wave—“~—r"— — _Z;_
0 Grid Voltage :

Plate Current

Fic. 7-8. Distortion Introduced by a Nonlinear 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 volt-
ages, and where possible one of these should be used. It should be remem-
bered 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 Joad 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 pentodes 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 oceur 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 somewhat higher gain and eliminating the voltage drop that occurs
in the plate resistor when resistance coupling is used. It has the dis-
advantages of greater cost, increased space requirement, and the possibility
of a poorer frequency response. In a resistance-coupled amplifier all the
voltage gain is produced by the tubes and the maximum gain possible from
a stage is given by the amplification factor or p of the tube in that stage.
As was shown in an earlier section, the actual amplification is always less

than p by the factor
R

R, + R

With a transformer-coupled stage, however, the maximum possible gain is
given by u 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-u tubes this is an important factor and the early audio amplifiers were
mostly transformer coupled. However, the introduction of pentodes and
high- g triodes has 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 ¢ 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 flat portion b to ¢ is approximately u X n. For all low and
medium frequencies up to the point ¢, the voltage e, across the secondary
of the transformer is n times the voltage e, across the primary. For a
given signal voltage e, on the grid of the tube the voltage e, 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 r, and increases as the reactance increases, approaching a
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Fra. 7-9. (a) Transformer-coupled Amplifier. (b) Approximate Equivalent Circuit
Showing Effect of Capacities. (c¢) Typical Frequency-response Curve.

constant value pe, as the reactance of the transformer primary becomes very
large compared with r,. This behavior is similar to the way the output
voltage of a resistance-coupled amplifier increases as the load resistor is

increased and a ecurve

%100 similar to the curve of
5?80 . | VYig. 7-2c would apply.
s ' This is shown in Fig. 7—
& 60 T 10, where ¢, is plotted
'§' w0l | L | oagainst the ratio of the
K , primary reactance X, to
® 20| T I ] the plate resistance 7,
:2} 0 , f | The reactance of the pri-
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. mar ‘indi
*p/, Ratio of Reactance of Transformer Primary y winding depends
to the Plate Resistance of the Tube upon the frequency and

he P Winding of is given by 2nfL where L
Fi¢. 7-10. Voltage ep across the Primary Windingof a . .
Transformer as a Function of the Reactance of the Wind- 18 the inductance of the

ing. winding, a constant, and
S is the frequency. The
curve of Fig. 7-10 is thercfore also a picture of how e, varies with the fre-
quency. At a frequency which makes 2nfL = r,, e, will be .707 times its
maximum value ue,. 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 capacitics can be represented approximately
by an equivalent capacity shunted across the secondary winding (Fig. 7-9b).
At low frequencies this capacity has negligible effect beeause 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 frequeney 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 7, has a very low value.

Since the amplification of a transformer-coupled amplifier stage is given
approximately by wn, 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 in-
creased to such an extent that the high-frequency response of the trans-
former 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 trans-
former ratio of 1:3 is about the greatest that can be used.

A transformer is

generally designed to © Plate Resistance
be used with a tube too High\ (b) Plate Resistance
having a certain too Low

value of plate resist-
ance. The effect of
using tubes having
plate resistances
higher and lower

Amplification

Plate Resistance/

than this proper Correct
value is shown in @
Fig. 7-11. Frequency

Curve (a) is for a Fic. 7-11. Effects of Different Plate Resistances on the
tube havmg 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 r,, and so the low-frequency
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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 pn, may be quite high and the resulting curve
will be as shown in ¢. This explains why it is not feasible to use pentodes
or high-u triodes with a transformer to obtain very large amplifications.
If 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 result-
ing frequency response will be about the same as would be obtained with a
tube having the correct plate resistance. The actual amplification that

Output of Tube #1 Combined Output
/ Output of Tube #2 [\
o B /\

Flattemng Due to
Even Harmonic
Distortion

Is,

Input

(b)

Fi1c. 7-12. (a) A Push-pull Amplifier. (b) Reduction of Even Harmonic Distortion by
Use of Push-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 voltages
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 harmonies 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 has the advantage that any A.C. hum voltaze
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 applics 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. plate 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, cur-
rent as well as voltage) for
their operation. Class A am-
plifiers are used extensively
as power amplifiers and the |
:ise.ntial difff.rence between - Grid Voltage O  +

eir operation as power
ampliﬁef; and their operation Class Ay
as voltage amplifiers is in the <F -
magnitude of the load resist- Grid Bias—"] Class AB,
ance and the plate voltage |
used. For voltage amplifica- d
tion the load resistance is
made as high as possible to ob- |
tain maximum voltage gain; C
but when power output is the
chief consideration the load
resistance is reduced to a
value that gives most power <
for a certain permissible value
of distortion. With power
amplifiers the highest pos- Fig. 7-13. Audio Amplifier Classifications.
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 voitage,
Class AB and Class B operation are used. The different amplifier classi-
fications are shown in Fig. 7-13. In Class A, operation the grid-voltage

© Plate Current

T
1

DD Class AB,

|

I

——]

\
/b Class B
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swing is generally confined to the lincar 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 ob-
tained without the grid ever going positive; such operation is known as
Class AB,. 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 pre-
ceding stage.  For this reason the preceding stage should be a Class A,
amplifier feeding the grid circuit of the Class AB; 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 cut-
off so that plate current flows only for the positive half of the grid-voltage
swing. Because this type of operation is used chiefly to modulate the radio-
frequency power of a transmitter, a more detailed discussion 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

INPUT OUTPUT
a c
e

10 Volts 1 Volt Amplifier | 100 Volts
—— —
b volts| @

Fi16. 7-14. Principle 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 ampli-
fier, but with modern high-u tubes it is casy to obtain all the gain that may
be desired. In an inverse-feedback circuit some of the output voltage is
fed back to ove of the preceding stages in a direction such that the voltage
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fed back opposes the original signal voltage at that point. If some dis-
tortion has occurred in the amplifier and the output contains new frequen-
cies not originally present in the input, these new frequencies are now intro-
duced into the input in a direction such as to tend to cancel those produced
in the amplifier itself. Again, if the amplifier produces frequency distor-
tion so that some frequencies are amplified more than others, these over-
amplified frequencies produce a large signal in the input (due to the feed-
back). 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 opposite 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 ¢d and so maintain
the 100 v output. The original gain of the amplifier without feedback was

output volts _ 100 _

‘input volts 1 100.

The new gain with feedback added is

output _ 100 _ 10.

input 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
Gain = T— 81
where A4 is the amplification without feedback and g is the fraction of the
output voltage that is fed back. In the above example A = 100 and g =

— 9/100 = —.09, so that

10 _ 100
1— (100X —.09) 1+9

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 re-
quire for the 1,000-cycle signal 10 v at ab to produce 100 v at the output.
(As before, 9 v of this will be used in overcoming the feedback voltage and
the other volt will appear across cd.) However, for the 3,000-cycle signal
it requires only 9% v at ab to produce 100 v at the output, because it re-
quires 9 v to overcome the feedback voltage and only % v across cd to pro-

Gain = = 10.
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duce 100 v at the output. Thus it is found that with feedback the amplifier
gain for 1,000 cycles is 100/10 = 10, but for 3,000 cycles it is 100/9.5 =
10.5 approximately. If a 10-v 1,000-cycle signal is applied at ab the output
will be 10 X 10 = 100 v, but if a 10-v 3,000-cycle signal is applied at ab
the output will be 10 X 10.5 = 105 v. With feedback, then, for the same
input signal the ratio of the output voltages at 3,000 cycles and 1,000 cycles
will be 105/100 = 1.05. Instead of having twice as much 3,000-cycle out-
put as 1,000-cycle output (that is 1009, greater) in comparison with the
case without feedback, with feedback the 3,000-cycle output is only 59,
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

&S

—ﬂ—- %
e
= { v

Fig. 7-15. Two-stage Amplifier with Inverse Feedback.

same stage, to a preceding siage, or to the stage before the preceding stage.
One- and two-stage feedback is fairly easy to apply, but three-stage feed-
back is more difficult because of the possibility of phase shift or delay in the
amplifier. If this phase shift amounted to nearly a half cycle at any
frequency the voltage fed back would aid rather than oppose the original
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 ¢ and resistor R, to
the cathode circuit of the first tube. The amount of feedback is set by
adjusting the sizes of R, and R,. If the voltage is picked off at @, any dis-
tortion introduced by the transformer is not compensated for by the feed-
back 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 neces-
sary to make the connection to point a.

The big advantage of inverse feedback in an amplifier is that it makes the
gain and frequency response of the amplifier almost independent of changes
that may occur in tube characteristics due to variations in supply voltages,
aging of the tubes, and so on. The gain and frequency response depend
mainly on the feedback circuit, and because this is composed only of re-
sistances and 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
video amplifiers, because they are used to amplify the picture signal in tele-

(Tube Capacitances Shunting Resistors

(a) (b)

Fia. 7-16. (a) Video Amplifier Showing Tube Capacitances. (b) Equivalent Cireuit 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 capaci-
tances. This is shown in Fig. 7-16. It is scen that the plate-to-cathode
capacitance C,x of tube 1, and the grid-to-cathode capacitance C x 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 frequencics these capacitances have very little
effect because their reactance is so large compared with the resistanees, but
at very high frequencics 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 fre-
quency range quite considerably. It can be further extended by use of a
compensating inductance in serics with the plate resistor. This is shown in
Fig. 7-17, along with the equivalent circuit accurate for high frequencics.
The effect of the inductance is to form a parallel resonant cireuit with the
capacitance and so to produce a high impedance between the grid of the sce-
ond 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-

1 \C=Cp+C
(a) B+ (b) (C=CatCa)

Fig. 7-17. (a) Video Amplifier Showing Compensating Inductance. (b) Equivalent Circuit
Accurate for High Frequencies.

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 amplificrs whose circuits are similar to
those described above have poor low-frequency response and will not am-
plify D.C. voltages at all.  Since it is sometimes neccessary to amplify D.C.
voltages, or A.C. voltages of very low frequency, changes must be made in
the circuit of the amplifier. Many special circuits have been developed
which can amplify direct voltages. Such amplifiers are known as direct-
current amplifiers. The most common type of D.C. amplifier is the direct-
coupled amplifier. Direet-coupled amplifiers are 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. One
type of direct-coupled amplifier, known as the Loftin-White amplifier, has
been used in radio sets as an A.C. 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 jf 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 Eq has to overcome
a positive voltage equal to the supply voltage of the previous stage minus

Tube 1 Tube 2

-7

Fig. 7-18. 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 sccond 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

Tube 1 Tube 2

L —e

Input Rp2  Output

=i

Fic. 7-19. An Alternative 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 ¢.  If the filament of the tube in the second
stage were connected to point ¢ 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 R,1.  This voltage is usually too large a negative bias for the sccond
tube, so that part of it is bucked out by moving the filament lead fo 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 scparate 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

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

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

Public-address Systems. One of the important uses for an audio
amplifier is the amplification of speech and musie, either indoors or out-
doors, so that the sound may be heard over a large area. A public address
system (more bricfly p. a. system) is the name given to the complete in-
stallation 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 public-
address system is shown in Fig. 7-21. Not all of thesc elements are in-
cluded 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 ampli-
fiers. In these large installations, such as in a theater, each of the parts
shown in the diagram occupies a separate chassis. The usual small public-
address system contains the amplifiers, the mixer, and the power supply
all on one chassis.

PREAMPLIFIERS. Mest microphones now used have very low voltage
outputs so that considerable amplification must be used with them to
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produce the power required by the loudspeakers. While any properly
designed amplifier with enough 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
nreamplifier can be kept low by using good-quality components in the
circuit, by making careful joints and connections, and by adequate shield-
ing. A preamplifier is particularly susceptible to hum, so that care must be
taken to keep it away from power transformers, filter chokes, and filament

Microphone

Volume
Indicator

Microphone
- . Main Power _—Q Kol (s
Preamplifier —— Mixer ’ — -1 e
Amplifie Amplif
AL LA —{ | Loudspeaker

Turntable Monitor —q Loudspeaker

Fic. 7-21. Block Diagram of a Large Public-address System.

Preamplifier

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 phono-
graph 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 miz their
outputs. This is accomplished by means of a mizing circuit or mizer.
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
attenuator 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 mizer, is shown
in Fig. 7-22. 1In this circuit the inputs are applied to separate volume
controls (variable resistors) and the variable arms of the controls connected
together through the resistances R. and R;. These resistances are neces-
sary 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 By and R;are usually
0.5to 1.0 megohms. Resistance mix-~
Input 1 ers of this type do not give completely
independent control, since changing
one control affects the volume of the
other slightly. In most applications,
however, the change is not noticeable,
as it is usually less than 6 db.

- Another simple type of mixing
L = circuit is shown in Fig. 7-23, which
Fie. 7-22. Resistance Mixing Circuit. 18 called an electronic mizer. 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 eleetronic 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 I'ig. 7-
23, as it has a higher gain.

Broadcasting studios and theaters employ mixing circuits which contain

constani-impedance volume controls or attenuators. These constant-

Input 2

Input 1 $
= —
— s % % Output
Input 2 ‘E_I N .
C———l _L_

Fig. 7-23. Electronic Mixer.

impedance volume controls are 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. R, and R. are made
equal and vary together. As the control knob is turned, resistances R,
and R, decrease and resistance R; 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 R, and R,
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decreases and that across 23 increases, so that more and more of the input
voltage appears at the output, which may be thought of as being in paral-
el with R if Rpis small. Thus a T-pad will change the volume in the
circuit without changing the input impedance. The action of L- and

Input 1

Output

Input 2

]

F16. 7-24. Improved Electronic Mixing Circuit.

II-pads may be analyzed similarly. 7T-pads and I7-pads maintain con-
stant impedance on both the input and output since they are symmet-
rical. The L-pad will maintain constant impedance in only one direction,
that is, on the side containing the series arm.

Rl R2 Rl Rz
~
R3 Rs
T-Pad R pag”
R,

R,

L-Pad
Fia. 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 F-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 does 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 are
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
scparate control on cach 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

Input 1 %2 Master Volume Control

Output

Input 2

Fie. 7-26. Complete Mixing System.

factors—such as power output required, type and number of input circuits,
the quality or fidelity required, portability, and cost. Public-address
amplifiers arc usually rated in terms of their power output, which is the
amount of power delivered to the load, with no more than 5%, to 109,
distortion. The power-output stage is ordinarily a Class A amplifier in
low-power high-fidelity amplifiers, Class AB; or AB, in medium-power
amplifiers, and Class B in the large amplifiers. Class AB amplifiers are
very popular for public-address work because of their excellent power out-
put at low cost. The remainder of the amplifier is designed to provide the
necessary 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. 7-
27. 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 resistance-
capacitance-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 1}, and may be
connected in series to give higher voltages. They are often used to bias the
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Fi1a. 7-27. A 15-watt Public-address System.
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first tube in a preamplifier because they climinate 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 pentode tube which is
operated as a triode by connecting the screen, suppressor 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
connceeted, 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 trans-
former. 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 amplificr.

The power stage in the amplifier uses a pair of 6L6 tubes connected for
Class A;.  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 wind-
ings, and provision is made for supplying several loudspeakers, as well as
the 500-ohm output. The 500-ohm output is used to feed power into a line
such as a telephone line, or to feed power over a transmission line to a loud-
speaker located a considerable distance
from the amplifier.

Internal IMPEDANCE MATCHING. In connecting
oieésrfg:’actzr =0 Cilio R, together the various parts of the public-

address amplifier system that have been

described above, there are some precau-

E=10 Volts tions to be observed, one of which is

impedance matching. When two pieces of

Fic. 7-28. Equivalent Cireuit of equipment are connccted together, their

a Generator Connected to o Load. impedances are said to be matched when

the impedance of the logd is adjusted to

the best value to absorb power from the source. Impedances are matched

for two reasons: (1) tc obtain maximum power output; (2) to reduce dis-
tortion.

To see why impedance matching gives maximum power output, consider
the circuit shown in Tig. 7-28, which consists of n generator (such as a
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battery, a power amplificr, 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, R, represents
the internal resistance of the generator, R, the load resistance and E the
voltage of the generator. The problem is to determine what the size of
Ry 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 R, the current can be
calculated by Ohm’s Law and the power in the resistor R, determined.
Table 7-1 shows the results of some calculations for various values of R,.

TABLE 7-1

R, Current | Power in RR.
(ohms) , (amperes) Voltage across I, (watts)

0.1 9.07 907 | 8.20

0.5 l 6.67 3.33 I 22.2

1 5 5.00 25

4 | 2 | 8.00 \ 16
100 .099 9.99 .998

An examination of this table shows that the maximum power that it is
possible to take from the gencrator 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 output is
obtained when the load resistance cquals 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
ioad resistance is increased, and is not a maximum when the impedances
arc matched. Hence if the maximum woltage 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 impedunce
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 depend-
ing on the frequency. This variation produces distortion of the trans-
mitted 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 public-
address systems it is often necessary to have the microphones and loud-
speakers in the same room or auditorium. Such arrangements cause
considerable difficulty due to acoustic feedback 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 eycle 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 loud-
speaker that can be picked up by the microphone. Methods for doing this
include the use of direetional 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 loud-
speakers at different distances with about the same volume, otherwise
echoes will be heard which make hearing difficult. When only one micro-
phone and one or two loudspeakers are employed, a good 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 cchoces.

Since the characteristics of rooms vary so widely it is difficult to lay down
specific rules for placing microphones and loudspeakers. Kach 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. I. The encrgy 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? TIssuch 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 voltages 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 usc 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? Ilow 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? noe

9. What characteristic of a pentode determines its worth in a resistance-
coupled voltage amplifier? How does the value of the load resistance
affect the voltage amplification?

10. Why is the condenser Cy placed in the eircuit 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,-E, characteristic differ from the
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static characteristic? What is the load line, and how is it used in deter-
mining 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 trans-
former-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 power-
pack operation,

16. Draw a circuit diagram of a simple resistance-coupled pentode
amplificr showing all the necessary bias resistors and by-pass condensers
for power-pack operation.

17. Draw a circuit diagram of a push-pull amplifier. Iow 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 A;, AB;, AB; 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? Ixplain 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. 7-167 Iow does the circuit of Fig. 7-17 extend the fre-
quency response over that of I'ig. 7-16?

24. Does an increase in the load resistance of a triode amplifier increase
or decrease the amplitude distortion? Does this apply to pentode am-
plifiers? 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 elec-
tronic 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 iniportant of these are oscillators of various
types, cathode-ray oscillographs, and vacuum-tube voltmeters.

Oscillators.  As stated in Chapter 4, if a portion of the amplified output
of a vacuum tube is fed back into the input circuit in the proper phase,
self-sustained oscillations will be produced. These oscillations oceur 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 per-
fectly constant and stable; there should be very little or no frequency 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 19;,. This high quality is necessary when distortion introduced by an
amplifier is to be determined, since there is no satisfactory method of sepa-
rating such distortion from that introduced into the amplifier input from
the signal source. ’

In most cases, the magnitude of the output voltage should remain con-
stant or nearly so over the entire frequency range of the oscillator, and this
voltage should be 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) osciLnaTors. 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, and C;. Plate output power is fed into the grid
circuit by way of the mutual inductance A between L, 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 Cy 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 grid-
leak resistor R,. Roughly speaking, this requirement means that the grid
voltage produced by this
R, ; .

AAMAA—o + coupling must be slightly

C, B supply in excess of 1/u times the

_| _T__ plate voltage.
A = In this circuit, grid-bias
;/_1 1 Re voltage is produced by flow
C, of grid current through the

grid-leak resistor R,. This

M [ -=L- current can flow in only one
Lo direction, shown by the
l arrow, and in passing
| through R, it produces a

negative potential at the
Fig. 8-1. L-( Oscillator. grid.

The condenser C; serves
as a blocking condenser, preventing a short-circuit of the D.C. plate potential
through L,, but yet permitting the alternating plate current to flow through
L,. Resistor R, isolates the B supply from the A.C. plate potential, and
the output voltage of the oscillator may be obtained across 1. Resistor
R, may be replaced by a radio- or audio-frequency choke, according to the
frequency range of the oscillator, and this substitution will cause an increase
in the strength of oscillations by raising the D.C. plate potential.

This circuit employs shunt or parallel plate feed, since the A.C. and D.C.
components of plate current flow in separate paths. It is also possible to
employ series plate feed, for example by connecting the B-supply voltage
between L, and L, and omitting Cs and R,.

The operation of any oscillator of this type may be analyzed by consider-
ing 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 its
operation on combinations of resistance and capacitance instead of induct-
ance and capacitance. One advantage of the R-C type is that the fre-
quency produced is not so much affected by the tube constants as is the
case with the L-C type, a condition which makes for better frequency
stability. Another advantage is that a wider frequency range can be cov-
ered on each band. For example, if C; in Fig. 8-1is 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 proportion4/10:1, 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
it is somewhat easier to
obtain good wave form
with the R-C oscillator
than with the L-C type.

A compact oscillator of
the R-C type is shown
schematically in Fig. 8-2.
The tube employed is a
standard voltage-amplifier
pentode such as the 6K7,
but it is used in an uncon-
ventional manner.

Re

5v.

=
20v.

|
80v.
R-C Oscillator.

The operation of the circuit depends upon the rela-

tion between suppressor voltage and screen current, with control-grid and

N §

w E=3 (8]
Screen Current, Milliamperes

N

[

PR S K S — 1L
|
—
6K7
| Ep=20v. |
Eg=0w. )
Eg,= 100 v.
! I}
—10 —8 -6 -4 —2 0
Suppressor Volts
Fia. 8-3. Mutual Characteristic of 6K7 Tube.

Suppressor Voltage-Screen Current.

plate potentials held constant.
This relation is & mutual ehar-
acteristic, similar to the one
between grid potential and
plate current discussed in
Chapter 4, but with opposite
slope. The characteristic is
shown in Fig. 8-3, which shows
that a posilive change in sup-
pressor potential produces a
negative change in screen cur-
rent. Another way of stating
this fact is that the mutual
conductance, suppressor-to-
screen, is negative.

Referring again to Fig. 82,
assume that a small increase
of suppressor potential occurs.
This increase will cause a de-

crease in screen current, on account of the negative mutual conductanece,
and the decrease of current is accompanied by an increase of sereen voltage

because of the reduced drop in the screen load impedance.

This increased
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potential is fed back to the suppressor through C,, and reinforces the
original change. The action is therefore cumulative and proceeds in the
same direction until limited by change of tube characteristics in one form
or another. When the excess charges on the condensers start leaking off,
the same sequence of events takes place in reverse direction, and an oscil-
lation is set up. If the resistances R; and R, 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
f K 15/111320102’
where R’; is the parallel combination of R; and the A.C. screen resistance.

It is convenient to control the frequency by varying the condensers C,
and C,, 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 im-

Sweep
Voltage
A o
1l —
|1}
Ebb

Fic. 8-4. Cathode-ray Sweep Generator.

portant application as an oscillograph. A necessary auxiliary for this
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 ob-
taining a suitable voltage for this purpose is shown in Fig. 8-4.
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The tube used in this circuit is a gas triode such as the 884. This tube
contains a definite amount of argon gas, and conduction occurs by ioniza-
tion 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. 84 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
T l g 300
| ; ‘
I N L | S
| ' ‘
i
| | ;
— F——t——t——200 £
I 1 z
| q{ ‘E
I B N | &
I 8
[=
S
—— T*- # —1——1100 &
Jl ' h
—-30 -2C -10 0
Eg, volts

F1a. 8-5. Control Characteristic of Type 884 Cas Triode.

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 re-
peated, and the variation of plate potential is as shown in Fig. 8-6.

It will be scen 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 pro-
duce horizontal deflection on a cathode-ray screen, the spot will travel at
nearly uniform velocity during the interval a-b, then return almost instan-
tancously to its starting point, b-¢, 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. R, 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 thercfore have an effect on linearity, as well as on the
amplitude of sweep voltage; hence this variation is not a desirable means of
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

8 - Supply Potential o_bserved is Cf)mpletcly st.a-
e ket tionary. This synchroniz-
T ing is accomplished by ap-
- plying a small voltage of

e the signal frequency to the

y < - terminals S, and through

e, itk tatat Shikiog the transformer to the grid
I of the 884. The sweep fre-
E quency is adjusted to be
]
I

Plate Potential
\

slightly low, and then the

Deionization  Positive swing of the A.C.

" Potential  grid voltage determines the

Time instant at which striking

Fig. 8-6. Plate Potential of the Sweep Generator pOt’entia‘l 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 lincar base. Ordinarily it is necessary to
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 im-
portance, the amplifier must be capable of passing all the important har-
monics, which ordinarily means that it must inelude frequencies up to ten
times the signal frequency. In many cases it is important that this
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 ap-~
pears—whether balanced or unbalanced to ground. Some communica-
tion cireuits have the two sides at cqual and opposite potentials with re-
spect to ground; others have one side of the eircuit grounded, the opposite
side being “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 cireuit, the effeet 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 erroncous pic-
ture 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)

Fig. 8~7. Lissajous Figures, Equal Frequencies on IHorizontal and Vertical Plates.

more complete cathode-ray oscillographs include provision for use with
either balanced or unbalanced circuits.

Li1ssaJous FIGURES. Another application of the oscilloscope is in the
comparison of frequencies. If voltages from two separate sources are im-
pressed on the horizontal and vertical deflection plates respectively, the

F1g. 8-8. Lissajous Figure, Fra. 8-9. Trapezoid Pattern
Frequency Ratio 3:1. Showing Modulation.

pattern observed on the sercen 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 with each other, (b) when the voltages
arc 90° apart in phase, and (c¢) when some intermediate phase relation
exists. Figure 8-8 shows the appearance of the screen pattern if the fre-
quency 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 eycles oceur in one traverse
| but only one horizontal cycle.

I
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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:

o AB - CD
AB 4+ CD
The lincarity of the modulation is indicated by the straightness of the lines
AC and BD, while if any phase shift occurs in the modulation process it
will be shown by the appearances of elliptical curves in place of the lines
AC and BD.

Vacuum-tube Voltmeters. It is essential that voltmeters for 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

C, R,

- Ebb +
F1a. 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 satisfac-
tory type is shown in Fig. 8-10.* LIlssentially 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 and in R;.
The voltage developed across R; by this current is pulsating, but the filter

* General Radio Experimenter, 9, 12, May, 1937.
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formed by R., C; passes only its D.C. component, to the grid of Ty, and the
resulting change of plate current is read on the meter I. The resistor R;
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 Ry, 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
mc per second.

For some purposes the vacuum-tube voltmeter just described does not
have sufficient sensitivity, for example the measurement 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 radio-
frequency amplification, depending on the required sensitivity and fre-
quency range.

Review Questions and Problems. I. In the circuit of Fig. 8-1, the con-
denser C; has a range from 30 to 450 uuf. Neglecting any stray capacity,
determine the inductances L, to provide a frequency range from 50 ke to
20 mc, allowing 109, overlap in frequency from band to band.

2. In the circuit of Iig. 8-2, condensers
C: and C; both have ranges from 30 to 450
wpuf.  Determine resistances R’; and R; to
provide a frequency range from 40 cycles to
50 ke, allowing 109, overlap in frequency
from band to band.

3. Find the mutual conductance from
suppressor to screen for the 6K7 tube,

making use of the curve in Fig. 8-3. 200000
Compare with the ordinary mutual con- IMNI
ductance from control grid to plate. Can

you account for the difference in magni-
tude?

4. Determine the pattern produced on the cathode-ray screen if a 60-
cycle sine wave of voltage is supplied to plates A-A4 and a 120-cycle sine
wave of voltage is supplied to plates B-B of Iig. 8-11. Phase relation is
such that the positive peaks of the two voltage waves are simultancous.

Fia. 8-11.
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5. Repeat Problem 4, if the phase relation is such that the zero points
of the two voltage waves are simultancous.

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

Each type of wave provides a means for transferring energy. It is prob-
able 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 sce that the encrgy required to do
the rocking was transmitted by means of waves. When speech is heard
across a room and energy from a radio station is reccived a thousand miles
away it is not difficult to belicve 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 beeause of the time taken for the wave to travel down the har.
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 scen that the crest of the wave which was at
position 1 in A has moved over to position 2in 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 has been continuously forward, the motion of a particle such

213
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as a has been up and down along a vertical line such as 9. The maximum
distance either side of the line fg traversed by the particle is called the
amplitude of the wave. This is shown as the length % in part A and corre-
sponds 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 length

1 2 3 45 6 7 8 9 1011
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™\ /b

Af ] / Ei‘ R
/ il

N/

Direction of Motion of Wave

Fic. 9-1. Representation of Wave Motion.

and is represented by the Greek letter N (lambda). Of course this is also
the distance between successive troughs or any two corresponding points
on successive waves.

The number of oscillations per sccond made by a particle such as a is
known as the frequency, and is designated by the letter f.* If the waves

* No confusion is to be expected as between the symbol f for frequency and the
abbreviation f for farad.



Chap. 91 ELECTROMAGNETIC WAVES 215

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 velocity of
propagation depends only upon the medium and is independent of the source
of the waves.

The frequency with which the particle @ 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 journcy up and down, the erest
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

N =

\!<

\ 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 =1,

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 electro-
magnetic 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
arc 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
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Fig. 9-2. Longitudinal Wave 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 Iig. 9-2. The density of the



216 ELECTROMAGNETIC WAVES [Chap. 9

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 arc moving. The particles move in both directions
from a pressure maximum in toward a pressurec 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 ecase
of transverse waves.

Phase in Wave Motion. In Fig. 9-1, if attention is concentrated upon
the motion of two particles, say a and ¢, it will be noticed that ¢ does exactly
what a does but at a later time. In A, the particle a is at the crest and the
particle ¢ 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 ¢ has just reached the crest. The motions could be followed through a
complete cycle and it would be found that the movement of ¢ was similar
to that of @ but coming after it by a constant interval of time. The particle
¢ is said to lag a in phase. There is a phase difference between a and ¢ and
this difference may be expressed as a fraction of a eycle. In this case ¢
lags a (or a leads ¢) 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, ¢ 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 direc-
tion they will combine to give a resulting wave which will be the sum of the

ey=e, +e, _E,=2E, e;=e,;+e, /E;"—'VEEl e;=¢e+e, E,=0
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F1a. 9-3. Addition of Sine Waves: (a) in phase, (b) 90° phase difference, (¢) 180° phase
difference.

two waves. If the waves have the same phase, that is, if corresponding
particles on the two waves reach the crest at the same instant, the ampli-
tude 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 difference
as shown in Tig. 9-3b, the amplitude of the resulting wave is only 1.414
(or V'2) times that of a single wave. This figurc can be proven by adding
the two waves together point by peint. Figure 9-3¢c 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 cqual 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 obtaired
much more rapidly using a simple geometrical construction. This con-
struction is shown in Fig. 9-t for the three cases just discussed. The

&
E| f
<. 180°
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E,  E;=2F E T E, Es=0 E,

Fig. 9-4. Vector Addition of Sine Waves.

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. 9-5, where the incident wave traveling from left to right is shown by
the solid curve and the reflected wave traveling from right to left is
shown by the dotted curve. This gives rise to two waves existing simul-
tancously at the same place, so they can be added together to show the
resultant just as were the waves of Fig. 9-3. However, these waves are
traveling in opposite dircctions so that it is not surprising to find a result
different from that obtained in Fig. 9-3. Parts A to I of Fig. 9-5 show the
original wave at successive instants of time. It is traveling forward, left
to right, as was the wave of Fig. 9-3.  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 1. Tigure 9-5J 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
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of a wave length and every odd quarter wave length from the end. Such

points are called nodes.

It will also be noticed that the resultant reaches

its largest values at the boundary and at points distant from the boundary
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Fig. 9-5. Reflection of a Wave at a Boundary, Showing Addition of Initial and Reflected
Waves to Give Standing Waves.

by multiples of one half wave length. These points of maximum ampli-
tude are called loops or antinodes.

Figure 9-6 shows a more detailed picture of the resultant wave for the
successive instants of time A through I over 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 sup-
port and the near end of the rope is jerked vigor-
ously, a wave will be seen to travel down the rope, me. ?-Fﬁ; 91};581_‘““'3
be reflected at the boundary, and return to the send- C;Zf,?efe C;,%ie_ ver e
ing end. The next stepis tosend 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 nodes 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 assistance in the study of antennas and
their feeder systems.

Electromagnetic Waves on Wires. When a pair of parallel wires is used
to connect a battery or generator to a load there will be a voltage V be-
tween the wires and a current I flowing through them as shown in Fig. 9-7a.
Because of the voltage between the wires there will be 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 clectric field is strong near and between the wires and
becomes weaker the further away from the wires one goes. Tt will be noticed
that the lines terminate on the wires at right angles to their surfaces.

Because of the current I flowinggthrough the wires there will be a mag-
netic 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 terminals 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. generator 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;

Lines of ~

I Electric \ /
— Force E

v \l’/ Load

e

1 Lines of
Magnetic
Force H
(a) (b)

Fis. 9-7. Electric and Magnetic Fields about a Pair of Parallel Wires.

that is, their positive and negative dircetions would change with the re-
versal of voltage and current.  Moreover, at the instant that the voltage
and current were zero the electric and magnetic fields would also be zero,
so that with A.C. operation the clectric and magnetic fields are continually
being built up and then collapsed back again to zero.
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F1c. 9-8. Transmission of Sound Waves along a Tube, Showing the Instantaneous
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 S and a flexible diaphragm at the receiving end £. 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 arc then in phase. Actually there is a small time
interval between {he 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 small and the time interval
required for the pressure produced at S to reach the diaphragm at R be-
comes important. When the piston is vibrating fast enough it will be
possible to have it back at position 2 by 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 I to move it to position 3. In this
case R and S would move in and out together, but B 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 9-8b
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 for 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 N = V/f was very large
compared with the length of the tube, the pressure in the tube was every-
where 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 differ-
ent in different parts of the tube and the particle velocity was forward in
some places and backward in others. Quite similar effects will be ob-
served 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 communica-
tion work. As in the case of sound in a tube, as long as the alternations of
the generator are slow so that A = V/f is large compared with the length
of the line, the voltage will be practically the same all along the line (re-
sistance 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 60-
cycle case, beeause the wave length at a frequency of 60 cycles per second is

= 30-()-19(—;)(;)’000 = 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 lengthslong. Figure 9-9
shows the case for which the frequency has been increased until the wave
length is just one half the length of the line or the line is two wave lengths
long. The instantaneous direction of current is shown in Fig. 9-9a and
the instantaneous voltage distribution is shown in F ig. 9-9b. The simi-
larity 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
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/\ /_,_ This wave moving
in this direction
with a velocity of
\_/ \/ 300,000,000 meters
per second.

(b)

Voltage

Fia. 9-9. Voltage and Current on a Transmission Line at the Instant of Maximum Gen-
erator Voltage.

line the gencrator voltage changes and goes through two complete alterna-
tions (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 awk-
ward, and it is better to think of it as positive current leaving one terminal
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



Chap. 91 ELECTROMAGNETIC WAVES 223

been considered in terms of voltages and currents along the line. As was
scen earlier, corresponding to these voltages and currents are 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 surround-
ing 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 onc considers voltages and
currents or electric and magnetic fields, but for the transmission of electro-
magnetic waves in space where there are no wires, consideration of the
clectric 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

Particle Velocity. Pressure
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Fig. 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 Consid-
ering Phase 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 Tig. 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 2s 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. 9-10b is an alternative representation of Fig. 9-10a. The
only difference between two adjacent crests such as B and C is that they
have 180° phase difference, the one being ncgative 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. 9-10b.
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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 cither the sound tube of Fig. 9-8 or
the transmission line of Fig. 9-9 is left open at the end, a certain amount of

Fre. 9-11. Radiation from the Open End of a Transmission Line or Sound Tube.

the cnergy 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 decrcases as the distance
from the open end increases. This statement means that the pressure or
electric-field strength, as the case may be, decrcases with increasing dis-
tance. It is found that both pressure and clectric-ficld strength are
inversely proportional to r, the distance from the source. For the electro-
magnetic wave,
E = I\':
T
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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 fromn
the source. In the case of
the sound tube, radiation
from the end can be in- i
creased 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 Fic. 9-12. Use of a Horn to Increase Radiation
amount of energy radiated. from the End of a Sound Tube.

Of course this extra radi-
ated energy is furnished by the driving piston; the cffect of the horn
is to increase the back pressure on the piston and so make it do more work.
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Fi¢. 9-13. End of a Transmission Line Opened Out to Increase Radiation: (a) Line
before opening out; (b) opened-out line showing current distribution; (¢) corresponding mag-
netic field; (d) voltage distribution; (¢) correspending 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 “opencd 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. 9-13¢; 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
gencrator. Ilere 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 ficlds 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 cnergy radi-

ated. The longer the an-

Currents in tenna, up to one wave

— o~ e Reverse Direction length, the more of this

- current there will be in

Y the radiating portion and

the stronger will be the

T fields. When each of the

turned-back portions is

longer than one half wave

F1g. 9-14. Antenna Longer than One Wave Length, length so that the total

Showing Canceling Current Loops. antenna length is greater

than a wave length,

there will be included on the antenna portions of other current loops in

which current is flowing in the reverse direction (Iig. 9-14). These

reverse currents change the directions in which maximum energy is radiated

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 clectromagnetic 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 the
generator is concerned, then, the antenna is like a resistor absorbing power
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at the end of tne 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 I%R;
the power absorbed, and therefore radiated, by an antenna is 12R,, where R,
is the radiation resistance of the antenna and I is the current flowirg 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 cur-
rents and no charges. The |
mechanism of radiation is
complicated and any simple I
picture can but suggest the
manner in which it oceurs. (a) (b)

Figure 9-15a indicates the
clectric-field distribution
about an antenna at the
instant that the voltage be-
tween the two halves of the
antenna is a maximum. As  (¢) (d)
the voltage goes to zero
the charges upon which

the lines of clectric foree
end flow towards the center
(the antenna current) and
the lines contract or col- [
lapse back to zero. How-
e
(e) ()

ever, it takes a certain

length of time for them

to travel outward and F1i. 9-15.  Electric-field Distribution about an
back in again (th(‘y move  Antenna at Successive Instants over a Complete
with the speed of light); [Flectrical 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 outer-
most 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 sct of lines expanding outward with the increasing
voltage on the second half cycle. This process continues and results in
loops of electric foree or clectric 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
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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 clectric field.
It was Clerk Maxwell who pointed out that the intermediate step of charges
and currents is not necessary and that a changing clectric field is cquivalent
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 electrice ficld.

In this manner the propagation of electromagnetic fields in regions where
there are no conductors is explained.

Direction of the Electric and Magnetic Fields. Irom the above it will be
evident that the dircetion of the clectrie fickl 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 plance through the antenna and the point is the
plane of the paper. The direction of the magnetic field is perpendicular to
this plane and thercfore
perpendicular to the elee-

o o tric field. The strengths
Direction of Electric Field, E .

( parallel to paper) of both the eleetric and
magnetic ficlds decrease
with distance, being in-
versely proportional to

r, the distance from the

Hall Wave T A antenna.  Also the field

is stronger at points

F1c. 9-16. Direction of the Electric Field about an along lines perpendicu-

Antenna., lar to the antenna (such

as along the line 0A)

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 6 where 6 is the angle between the antenna and the

direction of radiation. When 6 is zero, that is, when the point considered

is directly above the antenna, the field strength is zero. The above re-

lation is true for very short antennas, considerably less than a half wave

long. Longer antennas become directional and may radiate much more at
certain angles than at others.

Magnetic Field, H
( perpendicular to paper)

Right Angle—

The Receiving Antenna. If the gencrator or transmitter at the end of
the transmission line in T'ig. 9-13 were replaced with a receiving set, the
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antenna would be a recezving antenna (Fig. 9-17).  As the electromagnetic
waves radiated from a distant transmitting antenna speed by, the electrie
field induces a voltage in the ) ] ) )

receiving antenna. This volt- Movmg with the Ye"??'tX Of_l'ght

age alternates in direction at L o “ ol Il |

the same frequency as the ‘ FA o

Byl ©

voltage in the transmitting an- N o

tenna. It is also possible to * "k,

consider that it is the lines of n [°] °

magnetic force moving past OE},° ‘ °L°:°f 2
the antenna which generate a (e . ®| |Receiving
voltage in it. Either point of o °,m ot

| e

o Il

view is acceptable and both | l Ik

lead to the same answer, ey b

However, in caleulating the Electric Field  Electric Fleld

voltage actually induced in Up Down

the antenna, the VOItag(‘ Fia. 9-17.  Reception of an Eleetromagnetic
should be considered as the Wave by a Receiving Antenna.

result of the clectrie 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: frequeney, 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 em, (b) 300 km.

3. 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, cach of amplitude A, which differ
in phase by 60°, by (a) plotting and adding instantancous 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 change 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
dircetions 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 an-
other. 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 vehicies.

When a body of water, such as the Atlantic Ocean, is located between
stationary points of communication, radio often proves to be the best
system. Radio is also the most logical system to use where the transmis-
sions are 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 be-
tween 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 fcleg-
raphy. 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 instantancous.

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 reprodue-
tion or facstmile 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 felevision. This is the process of transmitting continuous
instantancous 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 trans-
missions over a radiotelephony channel that accompanies the visual trans-
missions.

This chapter will be concerned principally with the fundamentals of radio-
telegraph 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 dircetions
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 con-
nect 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 audio-
frequency electromagnetic waves cannot be used direetly for communica-
tion 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 ecxtends approximately from 30 to
20,000 cycles, dependent on the listeners’ cars. The highest audio fre-
queney 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 frequeney is about 50 eycles; this corresponds to a wave
length of 6,000,000 m or 3,720 miles. It has not been praectical to build
antennas much over 1,000 ft high. Irom the discussion in Chapter 9
on the dimensional requirements for an efficient antenna, it is secen 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 clectromagnetic radiation directly is im-
practical.

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 radia-
tion be used for communication?

It is obvious that a high-frequency radiation which is transmitted con-
tinuously 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 recciver or detecting system is provided.
The operation of the key in turning the signal on and off is called modula-
tion.

If the amplitude of the transmitted power can be varied continuously in
accordance with the complicated variations characteristic of speech or
musie, then it is possible to transmit the more complicated information in-
volved in such signals. The impressing of a variation in amplitude,
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 simultancously. 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 megacyecle, ab-
breviated 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 ke.
In order to transmit intelligence, the radio signal must be modulated. The
effect of modulation causes the signal to have components on cither 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 cach 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 ke, 1,240 ke, 1,340 ke, 1,400 ke, 1,450 ke and 1,490 ke
have bheen set aside on the North American continent for the use of low-
powered transmitters designed to render broadeast 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 per-
forms a useful service to its own community. On the other hand, inter-
national 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. TFortunately, the
entire radio spectrum is useful for one type of serviece 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 charac-
teristic for all services.

There is a shortage of radio channels and they must be used very care-
fully and wisely. There are many uses for radio transmission besides those
that 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 speetrum from
550 to 1,600 ke has been set aside for domestic radio broadecasting in each
country. The channels most suited for international transmission have
been carefully divided up among the nations of the world so that each trans-
mitter 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
Agrecement. The parties to this agreement are 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 uni-
form methods for using them there would be a great deal of interference
between the broadeast 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 com-
munication system are the transmitting station, the medium, and the receiving
station. A block diagram of

Transmitting Receiving a communication system is
Antenna Antenna . .

shown in Fig. 10-1. The

T/V/V e lransmatting statton 18 com-

Transmitter | <— Medium —» Receiver posed of a transmitter that

generates and modulates the

= = radio-frequency power and an
Fia. 10-1. Radio Communication System. antenna that produces the
clectromagnetic radiation.

The medium conducts the electromagnetic radiation out into space. A
recetving 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

a1
} { Radio frequency section : : Antenna
!
| ) ) 1
! Crystal Crystat First radio| }Second radio.LI — ——J Termination
\ ‘ oscillator | | amplfier | | amplifier : I unit
|
O ——— 1| \ gt ooy
______________ [I—— adio frequency
: ercrophone ] -= | Transmission line
1 i I .
: | O___I arﬁlgj)ﬂlf?er H Modu|at<1| |' ) ‘Transmitter output
|
| . : !
! OB i edicne e DN |
L Transmitter _:

Fig. 10-2. Radiotelephone Transmitting Station.

and Tig. 10-3. The various components of the transmitter and reccivel
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 audio-
frequency section is concerned with modulation of the radio signal. The
radio-frequency section of the transmitter is shown in a dotted box. This
consists of a crystal, crystal oscillator, and two successive stages of radio-
frequency amplification, labeled first radio amplifier and second radio ampli-
fier. This section of the transmitter produces continuous-wave radio-
frequency power. Modulation by the audio frequency takes place in the
modulated amplifier. In order to obtain the audio-frequency power neces-
sary for proper modulation from a microphone it is necessary to insert
audio-frequency amplification between the microphone and the modulated
amplifier. Microphones produce a very weak audio-frequency energy 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 termina-
tion 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 medium that carries them from the transmitting antenna
to the receiver. The medium, 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 scen that the
first important component of a receiver is the selective circuit. If no selec-
tive circuit were used the receiver would respond to a number of trans-
missions at once, causing interference with the desired signal. The selee-
tive 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 tc

Antenna

: Radio freq- K
T Selective . Audio Loudspeaker or
circuit uenczearmph | CEESE = amplifier > earphones

1

Fi16. 10-3. Radio Receiver.

obtain, in the formn of audio-frequency currents, the intelligence transmitted
by the radio-frequency signal. In order to increase the sensitivity of the
receiver, thereby cxtending 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 car-
phones 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 amplifieation is shown in Fig. 10-3. In most re-
ceivers, andio-frequency amplification is provided even for earphone re-
ception.

There are two principal types of recciver, the radio-frequency receiver
(RF receiver) and the superheterodyne. The one shown in Fig. 10-3 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. 104a. The incoming signal is impressed upon the first detector.
Assume that the incoming signal is at 1,000 ke. The local oscillator is
adjusted so that it produces a signal at a frequency such as 1,455 ke. These
two signals mix in the first detector, producing a new signal at 455 ke,
called the intermediate frequency. The intermediate-frequency signal is
amplified in an intermediate-frequency 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

YL 455 KC
Intermediate

; First Second Earphones
Incoming signal M frequency t _<3 arp
1000 KC detector P T detector
- l
Local
1455 KC oscillator (a) Simple superheterodyne receiver

ETuned radio

. Intermediate .
First Second Audio
frequency — frequency [— 5 —qq
amplifier detector amplifier detector amphfier
I Loud-
—= I speaker
Local (b) Refined superheterodyne receiver
oscillator

Fia. 10-4. Superheterodyne Receivers.

Fig. 104b. Another important reason for adding the radio-frequency
amplifier is discussed in Chapter 13. In order to increase the audio-fre-
quency output of the receiver an audio amplifier is added after the secand
detector.

The superheterodyne type of receiver is used almost to the exclusion of
the radio-frequency receiver.

Radiotelegraphy. Ilow 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 radio-
telegraph. These are continuous-wave (CW) and interrupted continuous-
wave (ICW).

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 10-5 shows graphically what happens to the
wave. A telegraph key may be used to start and stop the carrier wave
indirectly. Referring to Fig. 10-5, as an example, the telegraph key can
be depressed for a fraction of a second, left open for a fraction of a second,
and then closed for three times as long as the first time, thus transmitting

two impulses or radio-

oot DASH frequency groups that
1,000,000 per Second—>| b may be interpreted by

Mh _Time @ receiving system as
VVV being a dot and dash.
1/10 110 3/10— ‘ Ass‘umc that.the car-

rier frequency in use Is
Time in Seconds 4 Y

1,000 ke. The impulses

Fia. 10—5.. Continuous-wave (CW) Telegraph. (The received  will be at
waves are sine waves. They are shown as straight lines e

for convenience only.) 1,000 ke. This fre-

quency is much above

the audible range. A continuous-wave (CW) receiver has incorporated in it
a radio-frequency oscillator. Adjusting the oscillator to 1,001 ke produces
two additional waves in the receiver, one the sum of 1,000 and 1,001 ke and
the other the difference of the two waves, that is, 1,001 — 1,000 = 1 ke.
The 1-ke or 1,000-cycle component may be used to actuate a pair of ear-
phones or a loudspeaker to produce an audible tone. It is seen that the
transmission of the dots and dashes on 1,000 ke produces impulses that will
actuate earphones or a loudspeaker to produce audible tones of 1,000 cycles.
Interrupted Continuous-wave (ICW) Radiotelegraphy. Besides CW, the
other principal method used for radiotelegraphy is interrupted continuous-

T:me
Time —————X—"—"—

(b) Audio frequency wave
(a) Radio frequency wave

Time

(¢) Modulated radio frequency wave

Fra. 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
carphones 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 {re-
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quency compared to the radio-frequency wave shown in Fig. 10-6a. An
audio-frequency wave (such as that shown in Fig. 10-6b) can be combined
with a radio-frequency wave (such as that shown in Fig. 10-6a) in such a
way that the audio-frequency wave varies the magnitude of the radio-
frequency wave exactly in accordance with its own wave form. The result
of this operation is an amplitude-modulated wave and is shown graphicaliy
in Fig. 10-6¢c. The heavy lines in Fig. 10-6¢ form what is called the modu-
lation envelope, which is

a replica of the modulat- E

ing audio-frequency \/\!\P/\\/\J’\IJ\"‘ML
wave., If a more compli-

cated signal werec used, |

the modulation envelope J\'\[\'\/\'U\‘\J’/V\[\'\[\
would still follow it in

detail. A Fic. 10-7. Envelope of Modulated Radio-frequency
In radiotelephony the Signal over Short Period of 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. 10-6. TFig-
ure 10-7 shows graphically what the envelope of a radiotelephone modu-
lated 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. 10-6 is not such a simple sinc wave. It may be shown both by
mathematics and experiment that this wave really contains three frequen-
cies. These are

fo (called the carrier wave),
fo — f1 (called the lower side frequency),
fo + f1 (called the upper side frequency),

where f, is the signal or modulation frequency. As an example, if f; is
1,000 ke and f; is 1,000 cycles, then the resultant waves will have frequen-
cies of 999 ke, the lower side frequency;

Carrer 1,000 ke, the carrier wave, and 1,001
Toner Upper ke, the upper side frequency.
Side-frequency Side-frequency Figure 10-8 shows a so-called spec-

trum analysis of such a wave.
Frequency in kilo-cycles Sipe Banps. If the modulating sig-
Fro. 10-8. Side Frequencies in Modu- nal contains several frequency compo-
lation. 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 upper side band. The width of each band is
equal to the highest frequency component of the signal to be transmitted.

999 1000 1001
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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 reccive satisfactorily a modulated
wave, it is necessary that the receiver be able to accept the band of fre-
quencies that is transmitted. It is also
necessary that the receiver reject signals

on other frequencies. The dotted lines in

- Fig. 10-9 show an ideal response character-
: istic for a receiver. The carrier wave of the
i received signal is 1,400 ke and the highest
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