


Super-control pentode amplifier 

Power amplifier pentode 

H-F power triode 

General-purpose triode 

High-mu triode 

Power amplifier triode 

Power amplifier pentode 

Beam power amplifier 

Beam power amplifier 

Sharp cut-off pentode amplifier 

Super-control pentode amplifier 

Twin-triode amplifier 

Duplex-diode, high-mu triode 

Beam power amplifier 

PURPOSE 

Full-wave rectifier 

Full-wave rectifier 

Full-wave rectifier 

Full-wave rectifier 

Rectifier-doubler 

Half-wave rectifier 

Rectifier-detector 

Rectifier-detector 

AVERAGE CHARACTERISTICS 

AMPLIFIER S. DETECTOR S, 

FILAMENT 

CATHODE 
TYPE 

Filament 

Filament 

Heater 

Heater 

Heater 

Filament 

Heater 

Heater 

Heater 

Heater 

Heater 

Heater 

Heater 

Heater 

RECTIFYING TUBES 

Volts 

5.0 

5.0 

5.0 

6.3 

25 

117 

6.3 

8.3 

FILAMENT 

Amp 

3.0 

2.0 

2.0 

0.6 

0.3 

0.04 

0.3 

0.3 

Volts 

1.4 

2.8 
1.4 

6.3 

8.3 

6.3 

2.5 

6.3 

8.3 

35 

8.3 

6.3 

6.3 

6.3 

25.0 

Amp 

0.05 

0.05 
0.1 

0.15 

0.3 

0.3 

2.5 

0.4 

0.9 

0.15 

0.3 

0.3 

0.6 

0.3 

0.3 

TYPICAL OPERATING 
CONDITIONS 

Peak Inverse 
Volta, Max 

1550 

1400 

1400 

1250 

700 

330 

420 

420 

D-C Out-
put, Ma 

225 

175 

125 

70 

75 per plate 

90 

9 per plate 

8 per plate 

-RECEIVING TUBES 

OSCILLATORS, ETC. 

PLATE 
PLATE 

TRANS-
CONDUCT- A UPI./ Fl- POWER LOAD 

RESIST 

Volts Ma 

SCREEN 
VOLTS 

GR/D 
VOLTS RESISTANCE, 

Onma 
ANCE, 
M ICRO- 
MHOS 

CATION 
FACTOR 

OUTPUT, 
W ATTS jcZ uSE. 

90 3.5 67.5 0 0.5 megohm 900 

90 6.1 67.5 -7 0.1 megohm 1425 0.235 8000 

300 25 -27 5.5 : 

250 9 -8 7,700 2600 20 

250 0.9 -2 66,000 1500 100 

250 60 -45 800 5250 4.2 3.5 2500 

250 32 250 -18 68,000 2300 3.4 7600 

250 72 250 -14 22,500 6000 6.5 2500 

110 40 110 -7.5 13,000 5800 1.5 2500 

250 3.0 100 -3 1650 .... 

250 9.2 100 -3 0.8 megohm 2000 .... 

250 t 
9 -8 7,700 2600 20 .... 

100 0.4 -1 0.11 megohm 900 100 .... 

110 49 110 -7.5 10,000 8200 2.2 2000 

t Valufa for each unit. :As oscillator. 

CONVERTER TUBES 

TUBE 
FILAMENT PLATE SCREEN CONTROL 

GRID 

P LATE 
n n ST 

C ONY ER-
SION CON-
DUCTANCE, 

TYPE 

Volts Amp Volts Ma Volts Ma 

V OLTS m AE0NoCHE,m8 M ICRO-
MHOS 

1115 * 1.4 0.05 45 0.7 45 1.9 0 0.6 235 

1C7-G 2.0 0.12 135 1.3 67.5 2.5 -3 0.6 300 

6BA7 • 8.3 0.3 100 3.6 100 10.2 -1 0.5 900 

6BE6 * 6.3 0.3 100 2.8 100 7.3 -1.5 0.5 455 

6D8-G 6.3 0.15 135 1.5 87.5 1.7 -3 0.6 325 

6K8 6.3 0.3 l(5)8 1 e:: 100 6.0 - 3 0.6 350 

6SA7 8.3 0.3 100 3.3 100 8.5 0 0.5 425 

12BE6 * 12.8 0.15 100 2.8 100 7.3 -1.5 0.5 455 

*Miniature type. t Mixer plate. : Oscillator plate. 



RELATION BETWEEN W AVELENGTH (METERS), FREQUENCY (KILOCYCLES), 
AND THE PRODUCT OF INDUCTANCE (MICROHENRIES) AND CAPACITY (MICRO-

FARADS). Note. LC = 25,303/f2 in Ke, ph, and Nif 
TimoNomEntic FUNCTIONS 

Meters f, Kc LXC 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 
260 
270 
280 
290 
300 
310 
320 
330 
340 
350 
360 
370 
380 
390 
400 
410 
420 
430 
440 

Meters f, Kc LXC Meters f,Kc LXC 

300,000 0.0000003 450 667 0.0570 740 405 0.1541 
150,000 0.0000011 460 652 0.0596 745 403 0.1562 
100,000 0.0000018 470 639 0.0622 750 400 0.1583 
75,000 0.0000045 480 625 0.0649 755 397 0.1604 
60,000 0.0000057 490 612 0.0676 760 395 0.1626 
50,000 0.0000101 500 600 0.0704 765 392 0.1647 
42,900 0.0000138 505 594 0.0718 770 390 0.1669 
37,500 0.0000180 510 588 0.0732 775 387 0.1690 
33,333 0.0000228 515 583 0.0747 780 385 0.1712 
30,000 0.0000282 520 577 0.0761 785 382 0.1734 
15,000 0.0001129 525 572 0.0776 790 380 0.1756 
10,000 0.0002530 530 566 0.0791 795 377 0.1779 
7,500 0.0004500 535 561 0.0806 800 375 0.1801 
6,000 0.0007040 540 556 0.0821 805 373 0.1824 
5,000 0.0010140 545 551 0.0836 810 370 0.1847 
4,290 0.0013780 550 546 0.0852 815 368 0.1870 
3,750 0.0018010 555 541 0.0867 820 366 0.1893 
3,333 0.0022800 560 536 0.0883 825 364 0.1916 
3,000 0.00282 565 531 0.0899 830 361 0.1939 
2,727 0.00341 570 527 0.0915 835 359 0.1962 
2,500 0.00405 575 522 0.0931 840 357 0.1986 
2,308 0.00476 580 517 0.0947 845 355 0.201 
2,143 0.00552 585 513 0.0963 850 353 0.203 
2,000 0.00633 590 509 0.0980 855 351 0.206 
1,875 0.00721 595 504 0.0996 860 349 0.208 
1,764 0.00813 600 500 0.1013 865 347 0.211 
1,667 0.00912 605 496 0.1030 870 345 0.213 
1,579 0.01015 610 492 0.1047 875 343 0.216 
1,500 0.01126 615 488 0.1065 .880 341 0.218 
1,429 0.01241 620 484 0.1082 885 339 0.220 
1,364 0.01362 625 480 0.1100 890 337 0.223 
1,304 0.01489 630 476 0.1117 895 335 0.225 
1,250 0.01621 635 472 0.1135 900 333 0.228 
1,200 0.01759 640 469 0.1153 905 331 0.231 
1,154 0.01903 645 465 0.1171 910 330 0.233 
1,111 0.0205 650 462 0.1189 915 328 0.236 
1,071 0.0221 655 458 0.1208 920 326 0.238 
1,034 0.0237 660 455 0.1226 925 324 0.241 
1,000 0.0253 665 451 0.1245 930 323 0.243 
968 0.0270 670 448 0.1264 935 321 0.246 
938 0.0288 675 444 0.1283 940 319 0.249 
909 0.0306 680 441 0.1302 945 317 0.251 
883 0.0325 685 438 0.1321 950 316 0.254 
857 0.0345 690 435 0.1340 955 314 0.257 
834 0.0365 695 432 0.1360 960 313 0.259 
811 0.0385 700 429 0.1379 965 311 0.262 
790 0.0406 705 426 0.1399 970 309 0.265 
769 0.0428 710 423 0.1419 975 308 0.268 
750 0.0450 715 420 0.1439 980 306 0.270 
732 0.0473 720 417 0.1459 985 205 0:273 
715 0.0496 725 414 0.1479 990 303 0.276 
698 0.0520 730 411 0.1500 995 302 0.279 
682 0.0545 735 408 0.1521 1000 300 0.282 

Ame a Sin a Cosa Tana Angle a Sin a Cosa Tana 

0 .000 1.000 .000 
1 .017 1.000 .017 46 .719 .695 1.04 

2 .035 .999 .035 47 .731 .682 1.07 

3 .052 .999 .052 48 .743 .669 1.11 
4 .070 .998 .070 49 .755 .656 1.15 

5 .087 .996 .088 50 .766 .643 1.19 

6 .105 .995 .105 51 .777 .629 1.23 

7 .122 .993 .123 52 .788 .616 1.28 

8 .139 .990 .141 53 .799 .602 1.33 

9 .156 .988 .158 54 .809 .588 1.38 
10 .174 .985 .176 55 .819 .574 1.43 

11 .191 .982 >.194 56 .829 .559 1.48 
12 .208 .978 .213 57 .839 .545 1.54 
13 .225 .974 .231 58 .848 .530 1.60 
14 .242 .970 .249 59 .857 .515 1.66 
15 .259 .966 .268 60 .866 .500 1.73 
16 .276 .961 .287 61 .875 .485 1.80 

17 .292 .956 .306 62 .883 .469 1.88 
18 .309 .951 .325 63 .891 .454 1.96 

19 .326 .946 .344 64 .899 .438 2.05 
20 .342 .940 .364 65 .906 .423 2.14 

21 .358 .934 .384 66 .914 .407 2.25 

22 .375 .927 .404 67 .920 .391 2.36 
23 .391 .920 .424 68 .927 .375 2.48 
24 .407 .914 .445 69 .934 .358 2.61 
25 .423 .906 .466 70 .940 .342 2.75 
26 .438 .899 .488 71 .946 .326 2.90 
27 .454 .891 .510 72 .951 .309 3.08 
28 .469 .883 .532 73 .956 .292 3.27 
29 .485 .875 .554 74 .961 .276 3.49 
30 .500 .866 .577 75 .966 .259 3.73 

31 .515 .857 .601 76 .970 .242 4.01 
32 .530 .848 .625 77 .974 .225 4.33 
33 .545 .839 .649 78 .978 .208 4.70 
34 .559 .829 .675 79 .982 .191 5.14 
35 .574 .819 .700 80 .985 .174 5.67 
36 .588 .809 .727 81 .988 .156 6.31 
37 .602 .799 .754 82 .990 .139 7.12 
38 .616 .788 .781 83 .993 .122 8.14 
39 .629 .777 .810 84 .995 .105 9.51 
40 .643 .766 .839 85 .996 .087 11.43 

41 .656 .755 .869 86 .998 .070 14.30 
42 .669 .743 .900 87 .999 .052 19.08 
43 .682 .731 .933 88 .999 .035 28.64 
44 .695 .719 .966 89 1.000 .017 57.29 
45 .707 .707 1.000 90 1.000 .000 Infinity 

Reprinted by permission from Timb'e, Basic Electricity for Communications. 
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Preface 

Seven years is a relatively long time in a field that advances as 
rapidly as radio, for in that time much that was undreamed of 
can be conceived, developed, and brought into wide production 
and use. Seven years have now elapsed since the Fifth Edition of 
Principles of Radio was prepared; and, as always, some that is 
new now was barely thought of in 1945 and, as always, emphasis 
has shifted so that some things in wide use in the 1940's are now 
considered a bit out of date. 

This edition represents a complete overhaul, Professor Richard-
son preparing the first draft of the new text and the senior author 
developing the final manuscript. The same viewpoint has been 
retained that made the earlier editions useful to those who must 
learn radio without help of a teacher—the text must be as clear 
as it is possible to make technical matter. It must also be prac-
tical, so that the reader not only learns principles but gets a sense 
of values to be found in practice as well. 
The illustrations and problems are all new or revised, and only 

a direct comparison with the Fifth Edition will show the great 
many additions, deletions, and other changes in text. Much new 
material has been added, and all the older material has been re-
written, rearranged, or deleted. 
Throughout this job of making a new book, the authors had 

the benefit of a thorough reading of the manuscript by Dr. J. E. 
Schmidt who, although not a radio man at all, has a very great 
interest in radio technique and at the same time a high degree of 
ability with the English language. His criticism has helped keep 
the text easy to understand. 

KEITH HENNEY 

V 
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1 • Fundamentals 

It is essential for anyone studying radio engineering to know 
something about electronics, for radio apparatus of today is built 
almost entirely around the electron tube. Consequently, a ques-
tion of fundamental importance is: what is the electron? 

1.1. Electrons. Since the earliest days man has tried to find 
out what his universe is made of; to find out the smallest possible 
unit of which matter is made. He first discovered that there are 
very few different substances, less than 100, now called elements. 
He discovered that all known substances can be made out of these 
comparatively few elemental atoms, which differ from one an-
other in chemical, physical, and electrical characteristics. 
But it was a long time before man discovered that the atoms 

were made up entirely of a few still more basic units of matter. 
It is now known that the nucleus contains neutrons, which are 
uncharged electrically, and protons, which carry positive electric 
charges. Nearly the entire weight of the atom is made up of 
protons and neutrons. Around the nucleus move a number of 
electrons which are electrically negative in charge. 
The entire art and science of electronics is built up around the 

basic fact that the electrons of atoms are electrically charged and 
that they can be moved about from place to place in accordance 
with man's wishes. Every time an electron moves it constitutes 
an electric current, and, therefore, it is the movements of elec-
trons that make up all there is to electronics. 
Atoms of the 90-odd elements (hydrogen, oxygen, iron, sulfur, 

gold, etc.) differ from one another only in the number of electrons 
and the make-up of the nucleus. 

1.2. Atoms. Atoms are inconceivably small in comparison 
with every-day objects. Oil falling on a wet street tends to 
spread out until the oil film may be only half a ten-millionth of an 
inch thick. Yet the atoms of which the oil is made must be 

1 



2 Fundamentals [Ch. 1 

smaller than this, for there is no way to spread the film so that it 
is less than one atom thick. 
Radio men are, in general, concerned with two kinds of sub-

stances: (1) conductors, such as metals; and (2) insulators, such 
as glass or mica. In the metals, the atoms are rather closely 
packed together. The electrons of these atoms revolve in elliptical 
orbits about the nucleus. The electrons in the outermost orbits 
are not so tightly held to the nucleus and can be detached from it. 
In fact, the atoms of a metal are continually exchanging electrons, 
so that it is possible for an individual electron to travel from atom 
to atom, from one end of a wire to the other, if proper conditions 
exist. In insulators, on the other hand, the electrons are held 
very closely to their parent atoms and are separated from these 
atoms with great difficulty. 

1.3. Electrical charges. An atom, or a molecule—which is 
a group of atoms—carrying equal amounts of positive and nega-
tive electricity is said to be in equilibrium and tends to stay in 
this condition. It is possible, however, to make the molecule or 
atom lose or gain one or more electrons, and then it is said to be 
charged or ionized. If a charged particle, such as an atom or a 
molecule, has too few electrons, it has too little negative elec-
tricity to balance its positive charge and will pick up enough 
electrons to get back into equilibrium at the first opportunity. 
A body lacking electrons is said to be positively charged. On 
the other hand, if it has too many electrons it is negatively 
charged and will tend to lose electrons when it gets a chance. 
A charged body in a liquid or gas is called an ion. 
Two electrical charges which are alike, that is, two positive 

or two negative charges, repel each other; two unlike charges, a 
positive and a negative, attract each other. The force tending 
to make the charges move toward or away from each other de-
pends upon the amount of charge and varies inversely with the 
square of the distance between the charges.* It also depends on 
the nature of the substance separating the charges. Within the 

*The mathematical expression for this force is known as Coulomb's law: 

qlq2 
P = — 

kd2 

where F is the force in dynes, qi and q2 are the respective charges in stat-
coulombs, k is the dielectric constant, and d is the distance in centimeters 
between the particles. For air k = 1. The dielectric constant of other 



Sec. 1.4] Electrons in Motion 3 

atom itself, where the distances are exceedingly small, the attrac-
tive force holding the atom and its component charges together 
may be very great. 

If one could collect and place a kilogram of electrons at each 
of the poles of the earth (8000 miles apart), the two groups of 
electrons would repel each other with a force of about 200 million 
million tons. 

1.4. Electrons in motion. The electric current. Electrons, 
together with their positive counterparts, the protons, and the 
neutrons which exist in the nucleus, are the basic building blocks 
of the atoms. Everything is made up of these elementary blocks. 
The electron is essentially an electrical charge which we arbitrar-
ily call negative. It will be attracted to any positively charged 
body, and when it moves it carries its negative charge with it. If 
sufficient electrons move from one place to another, a definite 
"flow" of electricity takes place. 
Note that the word "flow" does not indicate that electricity is 

something like water. For many years this was the belief, and 
so the word "flow" has come to be used for the transport of 
charges from one place to another. We say that an electric cur-
rent flows. Actually, electric energy can be made to move from 
one place to another with no real transfer of electrons (charges) 
between these places. Radio communication is an example of 
such a transfer of energy. An electric current, whether passing 
through a wire or through the vacuum of an electron tube, is 
merely a movement of electric charges. 

In a piece of copper wire at room temperature the electrons 
of the individual atoms are moving about rather slowly and hap-
hazardly. As long as the wire is not attached to a source of elec-
trical charge, the electrons have no preference as to the direction 
in which they move, and in the wire there is no tendency for the 
electrons to move from one end to the other. If, however, the 
two ends of the wire are attached to the terminals of a battery, 
then the electrons will move along the wire, each representing an 
elemental quantity of electricity. This quantity is so small that 
engineers are generally concerned with the motion of electrons 
only when large numbers of them move from one place to another. 
It has been estimated that all the inhabitants of the earth, count-

insulators is greater than 1. Coulomb's law may also be stated in other 
systems of units. 



4 Fundamentals [Ch. 1 

ing day and night at the highest rate of speed possible, would 
need two years to count the number of electrons which pass 
through an ordinary electric light bulb in a second. 

1.5. Units. Just as a carpenter orders a board so many feet 
long, if he is in this country, or so many meters long, if he is in 
France, the electrical man must have units for the quantities he 
uses. The amount of electrical charge each electron represents 
is now well established; it is exceedingly small. The practical 
unit of charge is known as the coulomb.* There are 6.28 million 
million million electrons in 1 coulomb of electricity. If this num-
ber of electrons moves through an electric lamp each second, 1 
ampere of current will flow; and if this lamp is operated from 
ordinary house-wiring circuits, 115 watts of power will be used. 

Here, then, are two units: the coulomb representing a quantity 
of electricity, and the ampere representing the rate of flow of this 
quantity. The coulomb corresponds to the gallon in fluid meas-
ure, and the ampere to gallons per minute. A current of 1 ampere 
means a rate of flow of 1 coulomb of electricity per second. 
The current flowing through a radio receiver tube is of the 

order of a few thousandths of an ampere. A small-town power 
plant may have thousands of amperes flowing from its generators. 
Approximate currents flowing through some common devices are 
shown in Table 1. 

TABLE 1 
APPROXIMATE 
CURRENT, 

APPARATUS Amperes 

50-watt lamp 0.5 
250-watt lamp 2.5 
1-hp motor 10.0 
Electric iron 5.0 
Filament of a battery-type radio tube 0.05 
Plate circuit of electron tube 0.005 

A meter to measure the flow of electricity is called an ammeter. 
1.6. Engineers' shorthand. Engineers have a simple short-

hand method of working with large numbers. For example, the 

* Note that the unit of charge is given here as a coulomb, whereas it 
was given as a stat-coulomb in the statement of Coulomb's law on p. 2. 
This is an outgrowth of the various unit systems. The coulomb is the more 
widely used unit in general practice. A coulomb is 3 X 109 larger than the 
stat-coulomb. 
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number 6.28 million million million is expressed as 6.28 X 1018. 
This many electrons flowing past a given point per second con-
stitute the electric current known as 1 ampere. As we shall have 
occasion to use this shorthand system many times in this book, 
the reader is encouraged to master it as soon as possible. The 
table below will be helpful. 

1 10° = one 

10 = 101 = ten 

100 = 102 = hundred 

1000 = 103 = thousand, etc. 

1 = 10° = one 

0.1 = 10-1 = = one-tenth 

0.01 = 10-2 = rh = one-hundredth 

0.001 = 10-3 = r010-5 = one-thousandth, etc. 

The small number above the figure 10 is called the exponent. 
Numbers less than 1 always have negative exponents. Thus 
three-thousandths may be expressed in these several ways: 

3 3 
0.003 --- 3 X 10-3 = — = — 

1000 103 

When numbers are multiplied, their exponents are added; when 
numbers are divided, the exponents are subtracted. Thus 100 
multiplied by four-tenths may be done in shorthand as follows: 

100 X 0.4 = 102 X 4 X 10-1 

= 4 X 101 

= 4 X 10 

= 40 

Similarly, let us divide 3000 by 150: 

3000 4- 150 = (3 X 103) 4- (1.5 X 102) 

3 
= 1.5 X 103 X 10-2 

= 2 X 10 

= 20 
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The rules are few and simple: 
1. To multiply, add exponents. 
2. To divide, subtract exponents. 
3. When any number crosses the division line, change the sign 

of the exponent. 

Example 1. Multiply 20,000 by 1200 and divide the result by 6000. 

20,000 = 2 X 104 

1200 = 12 X 102 

6000 = 6 X 103 

20,000 X 1200 2 X 104 X 12 X 102 

6000 6 X 103 

2 X 12 X 104 X 102 X 10-3 

6 

2.41 103 

= 4000 

Problem 1. How many electrons flow past a given point per second 
when the current in amperes is 10? 1000? 0.5? 0.0004? 
Problem 2. How many coulombs per second flow past a given point for 

the currents of Prob. 1? 

Problem 3. How many amperes of current flow when 4.396 X 1013 elec-
trons per second flow past a point? 

Problem 4. If light travels 300 million meters per second, and a "light 
year" is the distance light travels in a year, how many meters does a light 
year represent? 

Problem 5. An electron weighs 9.11 X 10-31 kilogram and carries a 
charge of 1.60 X 10-13 coulomb. How much charge would a kilogram of 
electrons carry? 

In connection with such shorthand methods Table 2 of prefixes 
commonly used will be important. 

TABLE 2 

PREFIX SYMBOL MEANING SHORTHAND 

micro µ one-millionth 10-6 
milli III one-thousandth 10-8 

centi e one-hundredth 10-2 
deci d one-tenth 10-1 
deka dk ten 10 
hekto h one hundred 102 

kilo k or K one thousand 103 
mega M one million 106 
megamega MM one million million 1012 



Sec. 1.7] Curve Plotting 

Thus a thousandth of an ampere is known as a milliampere, a 
million ohms is called a megohm, etc.; or, expressed in numbers, 
1 ma = 10 -3 or 0.001 amp; 1 megohm = 1,000,000 ohms. 

Example 2. How many milliamperes are there in 2 amp? Since 1 ma 
is equal to one-thousandth ampere, 1 amp is equal to 1000 ma. Thus, 1 
amp = 1000 ma = 103 ma. Therefore 2 amp is equal to 2 X 103 ma or 

2000 ma. 
How many amperes are in 2 ma? Here one must remember that there 

are fewer amperes in 1 ma than there are milliamperes in 1 amp because 
the ampere is the larger unit. Thus, 1 ma = 0.001 amp = 10 — 3 amp. 
Therefore 2 ma = 2 X 10 -3 amp. 
Problem 6. How many watts are in 5 microwatts? How many micro-

watts in 500 watts? 
Problem 7. How many kilohms are in 20 megohms? How many 

milliohms in 50 kilohms? 

1.7. Curve plotting. Many radio problems can be solved 
without any mathematics at all if one understands the technique 
of plotting curves. A curve is a visual means of portraying what 
happens to one quantity when another is varied. For example, 
the curve of Fig. 1 shows the distance traveled by a train moving 

150 

125 

100 

E 

ce 75 

50 

25 

00 1 2 
Time, hours 

3 

Fro. 1. Plot or curve showing distance traveled by train as a function of 
the time elapsed since the train started. 

at a fixed rate of speed. One makes such a curve in the following 
manner: At zero time, the train is zero distance from its starting 
point. This is at the lower left-hand corner of the plot. Now 
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let us represent time along the horizontal part of the plot, distance 
along the vertical. If the train goes 50 miles per hour, at the 
end of the first hour it will be 50 miles from the starting point 
(called the origin in curve plotting). At the end of the second 
hour it will be 2 X 50 or 100 miles away; at the end of the third 
hour it will be 150 miles away; and so on. All we need to do to 
make a plot of this kind is to put a mark at the vertical value 
corresponding to each horizontal value we may choose and then 
draw a smooth curve which best fits the points. 

This curve is a visual picture of the position of the train for 
each portion of the time we may be interested in. The curve 
correlates two variables—time and distance. 

If the train travels at a uniform speed, the curve correlating 
distance and time will be a straight line. The slope of the curve 
(Sect. 1.8) expresses the rate of change of distance with respect 
to time. This quantity is stated in miles per hour and is known 
as velocity or speed. 
The two factors in this simple graph are known as the vari-

ables, one being dependent upon the other. Here the independent 
variable is time, and the dependent variable is distance since the 
distance traveled depends upon the elapsed time. 
A curve such as we have been discussing has two coordinates, 

horizontal and vertical, which represent the independent and de-
pendent variables. These reference lines are called the axes. 
(See Fig. 2.) The vertical axis is often called the ordinate or 
Y-axis, and the horizontal the abscissa or X-axis. Horizontal 
distances to the left of the ordinate are negative; those to the 
right are positive. Similarly, vertical distances below the abscissa 
are negative, and those above are positive. Thus we can plot 
both positive and negative quantities on such a chart. 

1.8. Slope. The change in vertical units with a given change 
in horizontal units is called the slope of the curve. This is an 
important factor since it shows the rate at which one quantity 
varies with respect to the other. The actual appearance of the 
curve will change, depending upon the units employed, but the 
numerical value of the slope will not change. For example, if the 
vertical units are doubled in value the curve will appear flattened, 
and if they are halved it will appear steeper, but for both curves 
the actual slope (as defined by the ratio of the vertical change 
for a given horizontal change) will be the same. The slope is 
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calculated by dividing a given change in vertical units by the 
change in horizontal units which caused this change, as shown in 
Fig. 3. 
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Flo. 3. Here y increases when x increases, and the rate at which y increases 
is indicated by the slope of the curve. 

Problem 8. Calculate the slope of the curve of Fig. 2. Where will this 

curve cross the X-axis? the Y-axis? 

Problem 9. A radio power supply has a terminal voltage of 170 volts 

when 10 ma of current is drawn from it. Other values of voltage and 
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current are as follows: 110 volts at 30 ma; 80 volts at 40 ma. Plot a curve 
showing these relations. Determine the change of voltage per milliampere 
change in current. What is the voltage when no current flows? Note that 
for this curve the slope is negative since an increase in one variable causes 
a decrease of the other. 

1.9. Symbols. In technical literature a number of symbols 
are used to represent parts of circuits. Some of the more common 
symbols are shown on the following pages. The symbols shown 
are those adopted as standard by the American Standards Asso-
ciation. The weight of the lines of all symbols is the same. 
Many other symbols have been used to represent various elec-
trical circuit elements. Some of the most important are shown. 
These are marked with an asterisk (*). It is highly recommended 
that standard symbols be used by the student. 
An electrical circuit is built up by connecting together several 

of these symbols in various combinations of basic series and 
parallel connections. In these figures each of the rectangular 
boxes represents one symbol. A series connection is one in which 
one electrical element follows another as in Fig. 4. A parallel or 
shunt connection is one in which the two elements are arranged 
side by side as in Fig. 5. 

Fm. 4. Simple series circuit. FIG. 5. A parallel or shunt circuit. 

Problem 10. Draw a diagram showing an air core coil in parallel with a 
variable air condenser; a fuse in series with a rheostat and a milliammeter. 
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Antennas Crystals 

0 

Jack 

---t 

Contact Detector 

Ae ial Spring Piezoelectric 

Fuse 

6 5 ) 

Sleevel 

CJ "\/[1 

Ground • 

I or I 

'Not a standard symbol 

_ 
Loop 

I] 
Closed Circuit Jack 

Battery 

HIIIIII IIH" 

Headsets 

Single 

(:-......) 
Double 

Key, Telegraph 

Lamps 

Ballast 

Pilot 

Capacitors Coils 

Air 

Air, Variable Variable 

Air Core 

Meters 

Indicate type by 
abbreviation in circle: 

A Ammeter 

F Frequency 

G Galvanometer 

MA Milliammeter 

µA Microammeter 

V Voltmeter 

Magnetic Core 

.--- 1II a + 
Electrolytic 

Split-Stator 

— 
Powdered- Iron Core 

Variable 
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Microphones Relay 
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Switch, Key 
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11 .--- 
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Break 

0---_ 
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I ( ! 

Single- Pole Double-Throw Make 
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Resistors 

I l 
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Switch, Knife 
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Tapped o 
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Receptacles Speakers Transformers 

Two-Conductor Air Core 
General 

3 Adjustable 
Magnetic Armature 

Three-Conductor, Polarized 

Magnetic 
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 QM  QM 

Permanent Magnet 

Arrow points in the direction 
of low resistance. 

, 
Electromagnetic 

Iron Core Powdered 
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Tube Elements 

_l_ 
Anode or Plate 

I 
Dynode 

Deflecting Electrode 

__— 

Grid 

Cold Cathode 

n or --/\"--

Cathode, Directly 

Heated or Filament 

ri 
Cathode, Indirectly Heated 

Y 
Cathode, Photoelectric 

Tube Applications 

Triode 
Filamentary 
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Pentode 
Suppressor 

Internally 

Cold 
Gas-filled 

Vacuum 

Indirectly 
Cathode 

Connected 

• 

Cathode, 

Phototube 

with 
Cathode 

with 
Grid 

. 

Diode 

Tube Applications 

Multiplier 

3 

2 

1 
Triode 

Base Connections 
Keyed Octal 

(cont.) 

Phototube 

5 

7 

8 
with 

Indicated 
Base 

Wires 

Crossing, 

or 

not Connected 

I I ti 

I 
Connections 

'Not a standard symbol 

Letter Symbols 

C-Capacitance 

/-Current 

L- Inductance 

P,W - Power  

R —Resistance 

V.E— Voltage or emf 

Z — Impedance 

X — Reactance 

mh—Microhenry 

mh—Millihenry 

umf-Micromicrofarad 

uf — Microfarad 

kc — Kilocycle 

Mc — Megacycle 

Tube Envelopes 

• 

Gas - Filled 

High Vacuum 



2 • Direct-Current Circuits 

2.1. Direction of current flow. In the previous chapter it was 
stated that an electric current is a motion of electrons. Now two 
questions naturally arise: What makes the electrons move, and 
in what direction does the current flow? Let us answer the 
second question first. 
Long before scientists knew anything about the electron the 

convention was established that current flowed from the positive 
terminal of a battery (or other source), through the external cir-
cuit, and back into the negative terminal. Now it is known that 
the electrons move in the opposite direction. That is, electrons 
move from a more negative point toward a less negative point. 
Thus the plus-to-minus direction of current flow is merely a 
manner of speaking—the electrons, which carry most or all of 
the charge which make up the current, move in the opposite di-
rection. The direction of current flow is now so firmly established 
that it would be difficult to change the convention. The fact that 
current flow and electron motion are in opposite directions should 
cause little trouble once the convention is understood. 

It should be remembered that in an electrical circuit the point 
from which the electrons move is always negative with respect 
to the point toward which they move. 

2.2. Electromotive force. What makes the electrons move 
from one place to another? If, for example, a battery is con-
nected to a circuit containing wires and other apparatus, elec-
trons are driven from the negative to the positive terminals of 
the battery through this external circuit. The force which drives 
these electrons is the electromotive force (emf) of the battery. 
The size of the force which determines the amount of electron 
flow depends on the construction of the battery. The unit of emf 

14 
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is the volt.* An instrument used to measure voltage is known 
as a voltmeter. Table 1 shows voltages of commonly used 
electrical sources. 

TABLE 1 

APPARATUS 

Dry cell 
Storage battery 
Radio B battery 
House-lighting circuit 
"Third rail" 

VOLTAGE 
(approximate), 

Volts 

1.5 
6 

45 
117 
500 

2.3. Sources of emf. The oldest source of man-made volt-
age is friction. Anyone who has rubbed a cat's fur on a cold 
winter day (or who has worn silk clothes) will remember the 
crackling noise and the tendency of the fur to stand up and 
follow the hand. A pocket comb rubbed on the coat will pick 
up bits of paper and other, similar light objects. These phe-
nomena are manifestations of frictional electricity which causes 
electrical charges to be removed from, or added to, a substance, 
thus causing it to become electrically charged. Frictional elec-
tricity is not a very reliable source of emf since a very small 
amount of moisture prevents the continued production or storage 
of the charges. 
A common source of voltage is the dry cell used to operate a 

flashlight or door bell; the lead-sulfuric acid storage battery such 
as is used in automobiles is another common voltage source. 
The generator is a device for converting mechanical energy 

into electrical energy. It is used to produce very large amounts 
of electrical energy; its principles will be described later. An-
other source of emf is the barrier type of photoelectric cell. In 
this device, light shines on a surface coated with material which 
emits electrons under stimulation of the illumination. This type 
of photocell converts light energy to electrical energy. 

2.4. Resistance. The next question which arises is: How 
much current flows in a circuit when it is connected to an elec-
trical source of a known emf? 
The electrons in their motion through a conductor are not un-

*A volt is the emf (voltage) required to force 1 ampere of current 
through a resistance of 1 ohm. 
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impeded. They constantly run into atoms and other electrons. 
Since there are no perfect conductors, all materials are said to 
have a certain resistance. This resistance is a measure of the 
difficulty electrons have in moving freely about among the atoms 
making up the material. Metals have less resistance than in-
sulators; they are better conductors. Some metals have lower 
resistance than others. In general, pure metals have lower re-
sistance than alloys. 

Copper, for example, has low resistance, whereas some of the 
combinations of copper, nickel, and iron-manganese have resist-
ances may times that of copper. The fact that copper has a low 
resistance and at the same time is plentiful explains why most 
conductors are made of this element. Silver has still lower re-
sistance than copper, but is not so plentiful. 

2.5. Factors that govern resistance. The comparative re-
sistances of two wires of the same material and at the same 
temperature depend upon the length of the wires and the area 
of their cross sections. The longer the wire the less will be the 
current that passes through it if a fixed voltage is impressed 
across its ends; similarly, the smaller the diameter of a wire the 
greater the resistance (Fig. 1). More gallons of water per second 
flow from a 3-in, fire hose than from a 1-in, garden hose, although 
they may be attached to the same hydrant. 
A wire 2 ft long has twice the resistance of a wire 1 ft long but 

of the same diameter. Of two wires the same length, the one 

having the smaller diameter will have the greater resistance. The 
resistance is inversely proportional * to the area of the cross sec-
tion or to the square of the wire diameter. The copper wire table 
on p. 19 shows that a No. 10 wire has a diameter of 102 mils 
and a resistance of approximately 1 ohm per 1000 ft, whereas 
No. 16 wire, with one-half the diameter, has four times the re-

sistance of the No. 10 wire. 
The absolute value of the resistivity of a conductor may be 

indicated in several ways. The most useful to electrical engineers, 
since they use so much of their resistance material in the form 
of wires, is the ohm per mil-foot. This is the resistance in ohms 

*"Inversely proportional" means that one quantity grows larger as an-
other becomes smaller. This inverse relationship is seen in Fig. 5. As 
resistance R is increased, the current / decreases. The equation is / = E/R, 
where the voltage E is held constant. 
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Resistance depends upon the length and diameter of a conductor. 
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of a wire 1 mil in diameter and 1 ft long as shown in Fig. 2. A 
mil is a thousandth of an inch (0.001 in.). A circular mil is a 
unit of area. A wire having a di-
ameter of d mils will have an area 
of d2 circular mils. A mil-foot of 
copper (1 circular mil in cross sec-
tion and 1 ft long) will have a re-
sistance of 10.4 ohms. The resist-
ance of any copper wire, therefore, 
will be 10.4L ÷ A ohms or 10.4L d2 ohms, where A 
in circular mils, L is length in feet, and d is diameter in 
The resistivities of several metals compared to silver 

follows: 

Silver 
Copper 
Aluminum 
Nickel 
Platinum 

1.00 
1.08 
1.77 
4.87 
6.25 

Pure iron 6.28 
German silver 20.6 
Constantan 30.6 
Mercury 60 
Carbon, 0° C 220 

0.001" 

Fia. 2. A mil-foot is a wire 
one mil (one-thousandth inch) 
in diameter and one foot long. 

is the area 
mils. 

are as 

Problem 1. How many times higher in resistivity is German silver 
than copper? than iron? 
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Problem 2. An iron rod is 8 in. long and 0.05 in. in diameter. What is 
its resistance? 
Problem 3. Two wires have resistances in the ratio of 628 to 1. The 

wires are of the same diameter and length. If the lower-resistance wire is 
made of nickel, what is the material of the other wire? 
Problem 4. Two wires have the same length. One wire is aluminum 

and has a diameter of 0.02 in. The other wire is constantan. What must 
be the diameter of the constantan wire if its resistance is the same as that 
of the aluminum wire? 

2.6. The ohm. The unit of resistance is the ohm.* A 9.69-ft 
length of No. 30 copper wire has a resistance of about 1 ohm. 
Table 2 gives sizes and resistance per 1000 ft of copper wire. The 
resistance per foot may be obtained from such a table by divid-
ing the resistance per 1000 ft by 1000. In this table "Turns per 
linear inch" is the number of turns of wire that will lie side by 
side per inch of winding space when the wire is covered with 
different insulations. "Scc" means single cotton covered; "Dec" 
means double cotton covered, indicating that two layers of cotton 
thread are wound about the wire as insulation. Similarly "Ssc" 
refers to silk thread insulation, and "Enam" refers to enameled 
wire. 
Note that decreasing the size of the wire by three numbers 

(diameter decreases as gage number becomes larger) doubles the 
resistance ( approximately), and increasing the size of the wire 
by three numbers halves the resistance. For example, increasing 
the wire size from No. 20 to No. 23 increases the resistance from 
10.15 to 20.36 ohms per 1000 ft; going from No. 30 to No. 27 
lowers the resistance from 103.2 to 51.5 ohms per 1000 ft. 

Problem 5. What is the resistance of 1 ft of No. 40 copper wire? of 
No. 29 aluminum wire? of No. 14 silver wire? 
Problem 6. An antenna is made of No. 14 copper wire. It is 75 ft long. 

How much does it weigh? What is its resistance? 
Problem 7. What size (B. & S. gage) of aluminum wire will have ap-

proximately the same resistance per foot as No. 30 copper wire? 
Problem 8. A 60-cycle power line is 20 miles long. It consists of three 

No. 0000 copper conductors. What is the resistance of each conductor? 
If the power line is supported by poles spaced 200 ft apart, how much 
weight must each pole support? 
Problem 9. A coil form is 2% in. long and has a diameter of 1 in. How 

many turns of No. 30 Scc copper wire can be wound on the coil form for 
a single-layer coil? What will be the resistance of the coil? 

*The resistance unit of a megohm is frequently used. It is equal to 
1 million ohms. 
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TABLE 2 

COPPER W IRE TABLE 
Resistance at 68° F (20° C) 

Mil 0.001 in. 
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Size of 
W ire, 
B. & S. 
Gage 

Diam- 
eter of 
Wire, 
Mils 

Ohms 
per 

1000 Ft 

Pounds 
per 

1000 Ft 

Turns per Linear Inch * 

Scc Dec Sac Dsc Enam 

0000 460 0.0490 640.5 2.14 2.10 
000 409.6 0.0618 508.0 2.39 
00 364.8 0.0779 402.8 2.68 2.62 
0 325 0.0983 319.5 3.00 
1 289.3 0.1239 253.3 3.33 3.25 
2 257.6 0.1563 200.9 3.75 
3 229.4 0.1970 159.3 4.18 4.03 
4 204.3 0.2485 126.4 4.67 
5 181.9 0.3133 100.2 5.21 5.00 
6 162 0.3951 79.5 5.88 
7 144.3 0.4982 63.0 6.54 6.25 
8 128.5 0.6282 49.98 7.35 7.6 
9 114.4 0.7921 39.63 8.26 7.87 8.6 
10 101.9 0.9989 31.43 9.25 9.6 
11 90.7 1.260 24.92 10.3 9.80 10.7 
12 80.8 1.588 19.77 11.5 12.0 
13 72 2.003 15.68 12.8 12.2 13.5 
14 64.1 2.525 12.43 14.3 15.0 
15 57.1 3.184 9.858 15.9 14.9 16.8 
16 50.8 4.016 7.818 17.9 16.7 18.9 18.3 18.9 
17 45.3 5.064 6.200 20.0 21.2 
18 40.3 6.385 4.917 22.2 20.4 23.6 22.7 23.6 
19 35.9 8.051 3.899 24.4 26.4 
20 32 10.15 3.092 27.0 24.4 29.4 28.0 29.4 
21 28.5 12.80 2.452 29.9 33.1 
22 25.3 16.14 1.945 33.9 30.0 36.6 34.4 37.0 
23 22.6 20.36 1.542 37.6 41.3 
24 20.1 25.67 1.223 41.5 35.6 45.3 41.8 46.3 
25 17.9 32.37 0.97 45.7 51.7 
26 15.9 40.81 0.769 50.2 41.8 55.9 50.8 58.0 
27 14.2 51.47 0.610 55.0 64.9 
28 12.6 64.90 0.484 60.2 48.6 68.5 61.0 72.7 
29 11.3 81.83 0.384 65.4 81.6 
30 10.0 103.2 0.304 71.4 55.6 83.3 72.5 90.5 
31 8.9 130.1 0.241 77.5 101 
32 8.0 164.1 0.191 83.4 62.9 101 84.8 113 
33 7.1 206.9 0.152 90.0 127 
34 6.3 260.9 0.120 97.1 70.0 121 99.0 143 
35 5.6 329.0 0.0954 104 158 
36 5.0 414.8 0.0757 111 77.0 143 114 175 
37 4.5 523.1 0.0600 118 198 
38 4.0 659.6 0.0476 125 83.3 167 128 224 
39 3.5 831.8 0.0377 135 248 
40 3.1 1049 0.0299 141 90.9 196 145 282 

* The figures given are approximate. 
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2.7. Conductance. The inverse of resistance is conductance. 
Conductance expresses the property of a substance to pass an 
electric current, just as resistance expresses the ability of a sub-
stance to interfere with the passage of a current. The unit of 
conductance is the mho. Note that mho is "ohm" spelled back-
ward. If the resistance is known, the conductance can be found 
by dividing the resistance into 1. Thus 

1 
Conductance — 

Resistance 

2.8. The effect of temperature on resistance. The resist-

ance of all pure metals rises with an increase of temperature be-
cause of the greater molecular agitation at higher temperatures, 
making it more difficult for the electrons to drift around the cir-
cuit. In certain alloys and so-called semiconductors, effects in 
addition to thermal agitation may cause the resistance to go 
either up or down as temperature increases. This is illustrated 
in Fig. 3. 
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FIG. 3. How temperature affects the resistance of certain alloys. 
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At absolute zero, 273° below 0° centigrade, all molecular mo-
tion is supposed to stop, making the resistance of a metal prac-
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tically zero. Scientists have approached to within a fraction of a 
degree of absolute zero. 

2.9. Temperature coefficient of resistance. The amount 
the resistance of pure metals increases for each degree rise in 
temperature for each ohm at the original temperature is known 
as the temperature coefficient of resistance. This figure lies 
between 0.003 and 0.006 for pure metals, being 0.00393 for copper. 
This is the reason that the resistances of wires in wire tables are 
indicated as being at a given temperature; the value chosen is 
20° C. 
The resistance at any temperature when the resistance at a 

known temperature is available and when the temperature co-
efficient is known may be found from the formula 

Rts = Real + a(t2 — ti)] 

where Rii and RI, are the conductor resistances at temperatures 
t1 and t2, and a is the temperature coefficient. 

Example 1. A copper wire with a temperature coefficient of 0.00393 
has a resistance of 80 ohms at 0° C. What will be the resistance at 50° C? 
The resistance will be increased by 80 X 0.00393 for each degree rise in 

temperature. At 50° C the resistance increase will be 80 X 0.00393 X 50 
or 15.72 ohms, and the resistance will then be 80 + 15.72 ohms or 95.72 
ohms. Using the formula, this works out as follows: 

80[1 + 0.00393 (50 — 0)1 

= 80(1 + 0.1965) 

= 80(1.1965) 

= 95.72 ohms 

Typical temperature coefficients of resistance at 20° C for 
several metals and alloys used in radio apparatus are given in 
Table 3. 

TABLE 3 

MATERIAL COEFFICIENT 

Constantan (an alloy) 0.000002 
Copper, annealed 0.00393 
Copper-manganese-iron 0.00012 
Iron 0.0050 
Nickel 0.006 
Platinum 0.003 
Silver 0.0038 
Tantalum 0.0031 
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Problem 10. The field coil of a d-c motor has a "cold" resistance of 
70 ohms. The "cold" resistance is measured at 20° C. If the temperature 
of the winding increases to 70° C when the motor is running under full 
load, what is the coil resistance at the operating temperature? 
Problem 11. A copper shunt to be placed across a current meter has a 

resistance of 0400 ohm at room temperature (20° C). If the meter is taken 
outdoors when the temperature is freezing (0° C), what is the resistance 
of the shunt? What would be the outdoor resistance of the shunt if it 
were made of constantan? 
Problem 12. A coil of copper wire is immersed in the cooling oil of a 

transformer. The wire has a measured resistance of 2 ohms at room tem-
perature (20° C). After the transformer has been loaded for several hours 

the resistance of the wire is found to be 2.02 ohms. What is the tempera-

ture of the transformer oil? 

2.10. Ohm's law. One of the laws which govern all simple 
and many complex electrical phenomena is known as Ohm's law. 

This law states: Current in amperes equals emf in volts divided 
by resistance in ohms,* or, in electrical abbreviations, 

E (voltage) 
I (current)   

R (resistance) 

2.11. Ways of stating Ohm's law. There are three ways of 
stating this fundamental law. 

[1] I=E÷R [2] E--=IXR [3] R=E÷I 

These three ways of stating the same law, determined from the 
first statement of Ohm's law by simple mathematical transforma-
tion, make problem solving less difficult. 
From these three expressions of Ohm's law, any one of the 

quantities can be obtained if the other two are known. Thus, 
from equation 1, the current in a circuit can be determined if the 
voltage and resistance of the circuit are known. From 2 the 
voltage required to force a desired current through a given re-
sistance can be determined. Finally, from 3 the resistance of a 

circuit can be found if the current flowing in it under the force 
of a known voltage is measured. Many circuits and apparatus 
follow much more complex laws than Ohm's law. 
Curves showing how current varies with voltage, with resist-

ance, and with conductance are seen in Figs. 4, 5, and 6. 

*In a-c circuits "resistance" is replaced by "impedance." 
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FIG. 6. The greater the conductance ( lower resistance) the greater will be 
the current, as this curve shows. 



24 Direct-Current Circuits [Ch. 2 

Example 2. A radio-tube filament is heated by current flowing through 
it. The current comes from a battery to which the filament is connected. 
The battery has a voltage of 5 volts, and the resistance of the filament is 
20 ohms. How much current will flow through the filament? 
Using equation 1, and dividing the voltage, 5, by the resistance, 20 ohms, 

the current is 5 ÷ 20 or 025 amp. 
Now suppose that the resistance is 20 ohms and that 025 amp is required 

to heat the filament sufficiently to cause it to produce the proper number 
of electrons. What should be the voltage of a battery connected to the 

filament? 
This time equation 2 is used, and the current, 025 amp, is multiplied by 

the resistance, 20 ohms, to obtain 5 volts. 
Finally, suppose it is known from experience that the proper voltage is 

5 volts and that with this voltage 025 amp will flow through the filament. 
What is the resistance of the filament? The reader should work this prob-

lem for himself, using equation 3. 

NOTE. The fundamental units are amperes, volts, and ohms. 
Volts, milliamperes, and ohms cannot be used without getting 
into trouble. First, the milliamperes must be converted into 
amperes and then used in the formulas expressing Ohm's 

law. 
2.12. Voltage drop. The second way of stating Ohm's law 

indicates that, whenever a current flows through a resistance, a 
difference of potential (a voltage) exists at the two ends of that 
resistance. For every ampere of current that flows through an 
ohm of resistance, a volt is lost. In other words, 1 volt is required 
to force 1 ampere through 1 ohm of resistance. 
The term "voltage drop" is generally used to denote a loss of 

voltage in some part of a complete network. The sum of all the 
voltage drops across the series elements of a network must equal 
the applied voltage. If, in a network composed of three resist-

ances in series, the voltage drops are 5, 10, and 15 volts, and a 
battery is connected across these three resistors, the voltage of 
the battery must be 5 + 10 15 or 30 volts. This concept is 
explained more fully in the following example. 
Consider Fig. 7, which shows three resistors * connected in 

series and placed across a source of voltage. The emf causes 

* A resistor is a device for adding resistance to the circuit. Note that 
resistance is a property of a material or circuit, whereas a resistor is a 
device possessing resistance. The terms are, however, often used inter-

changeably. 
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current to flow through the three resistors. The current 
flowing through each resistor produces a voltage drop across 
each resistor, and the sum of the three voltage drops must 
equal the total voltage impressed across the entire series 
circuit. Thus, if 180 volts is 
impressed across the entire as-
sembly, the voltages that will 
be measured by a voltmeter at 
other points in the series circuit 
are as shown. 

Example 3. In Fig. 7 suppose that 
10 ma of current is forced through the 
three resistors in series. What is the 
resistance of each of the three resistors? 
Here, the third form of Ohm's law is 

used: R=E÷I. Since 180 volts ap-
pears across the circuit and since 10 ma 
(0.01 amp) flows through it, the total 
resistance will be equal to 

To rectifier 

and filter 
180 

Fm. 7. A series circuit of three 
resistors making up a "voltage 
divider" across a power supply 

device. 

180 
R=E÷I= 180 10 X 10 — 8 = 18° x 
= 180 X 101 = 18,000 ohms 

Now, half the total voltage drop appears across the top resistor. There-
fore, the resistance between A and B is one-half the total resistance or 9000 
ohms, and the resistance between B and D is also 9000 ohms. Across the 
9000 ohms between B and D there appears a voltage drop of 90 volts, and 
in the middle of this resistance at C is a voltage drop of 45 volts or half 
the total voltage of 90 volts. Therefore, the point C is half way between 
B and D, and the resistance between B and C must be 4500 ohms. The 
resistance from C to D is also 4500 ohms. 

A voltage which is so small that it cannot be measured with 
available instruments is often needed in laboratory experiments. 
A higher voltage, however, can be measured easily; and, if it is 
impressed across a series of resistors like those in Fig. 7 (known 
as a voltage divider), any desired part of the total voltage may 
be utilized by means of proper taps or connections or by a sliding 
contact. A potentiometer is a resistor with a sliding arm ar-
ranged so that resistances between zero and the maximum value 
may be obtained. 
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The voltage appearing across a resistance when a current flows 
through that resistance is known as a voltage drop or IR drop. 
It may be calculated by multiplying the resistance (R) in ohms 
by the current (I) in amperes. 

Problem 13. An electric iron with 
into a 120-volt lighting system. How 

A 

E = 20 x 10-3 volt 

I = ? 

FIG. 8. A problem in Ohm's law. 
What current must flow through the 
circuit and what will be the total 

voltage? 

a resistance of 15 ohms is plugged 
much current will flow? 

Problem 14. The heater of a 
6J5 tube is rated at 6.3 volts and 
0.3 amp. What is its resistance? 
Problem 15. Consider Fig. 8. 

How many milliamperes of cur-
rent must be forced through the 
circuit to get 20 mv across the 
resistor A-13? How many volts 
in all will be needed? 
Problem 16. A radio power 

supply furnishes 250 volts at a 
maximum current of 125 ma. 
What is the smallest resistance 
that should be connected across 
its terminals without exceeding 
the current rating? 

2.13. Energy and power. A battery converts chemical 
energy into electrical energy; a generator transforms mechanical 
energy into electrical energy. What is meant by energy? What 
is power? These two terms are used rather loosely by most peo-
ple, but each has a very definite meaning. 
Energy is the ability to do work. A body may have one of 

two kinds of mechanical energy, either potential or kinetic, or 
it may have both. Potential energy is due to the position of the 

body; kinetic energy is due to its motion. A heavy ball on top 
of a flagpole has potential energy because if it falls it can do work, 

useful or not. It may heat the ground where it falls, or it may 
be used to drive a post into the ground. A cannon ball speeding 
through the air has energy because it can do work, useful or 
otherwise, if it is stopped suddenly. The target may be heated 
thereby, the kinetic energy possessed by the ball being con-
verted into heat energy. The amount of damage done is a rough 
measure of the energy possessed by the cannon ball. This energy 

was originally possessed by the powder and was imparted to the 
ball when the powder exploded. 
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Whereas energy is the ability to do work, power is the rate of 
doing work. The horsepower, for example, is a unit of mechan-
ical power. It is the power required to raise 33,000 lb of material 
1 ft in 1 min; or 1 hp is 33,000 ft-lb per min. 

All expressions for power involve the factor of time. It re-
quires more power to accomplish a certain amount of work in a 
short time than in a long time. For example, a ton of material 
raised a foot in the air represents 2000 ft-lb of work (energy). 
If the job is accomplished by a crane in 1 sec of time it represents 
an expenditure of 2000 X 60 or 120,000 ft-lb per min of power. 
Since 1 hp is equal to 33,000 ft-lb per min, the crane has a power 
of 120,000 4 33,000 or about 3.65 hp. 
Now, if a man raises the ton of material 1 ft in the air in an 

hour's time by pulling it up a long gradual incline with a rope 
and pulley, his power is 2000 4 60 or 33.3 ft-lb per min, or 
roughly one-thousandth horsepower (0.001 hp). The amount of 
work done in the two cases is the same—the ton of material has 
been raised 1 ft in the air. The rate of doing work has changed. 

Since power is the rate of doing work, the amount of work 
done in a given time is the rate of doing work multiplied by the 
time. Thus if 1 lb is raised 1 ft per hr and the work goes on for 
2 hr, 2 ft-lb of work has been done. The same amount of work 
would be done if 1 lb were raised 1 ft per min and if the work 
went on for 2 min. In this case, however, the work would have 
been accomplished at a faster rate, requiring more power. 
Three quantities are involved: energy, which is the ability to 

do work; power, which is the rate of doing work; and the work 
done. Energy and work are rated in the same units, horsepower-
hours, for example, or kilowatt-hours in electrical circuits. 

In an electrical circuit, power is the product of the voltage E 
and the current I because, in an electrical circuit with a certain 
resistance, an increase in voltage ( force) is required to cause an 
increase in current (amperes of current are a measure of "rate 
of flow of electrons"). If the resistance is 1 ohm, and 1 volt is 
impressed across it, 1 amp of current will flow. This corresponds 
to a flow of 6.28 million million million electrons per second. If 
the voltage is raised to 2 volts, the current increases to 2 amp, and 
the rate of flow of electrons is likewise doubled. Not only has 
the rate of flow of electrons (their speed) been doubled; in addi-
tion, twice as many per second are passed through the resistance. 
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To obtain this result, both voltage and current have been doubled; 
the power required is four times larger. 
The unit of electrical power is the watt. Thus 

Power in watts = Current in amperes X Emf in volts 
or 

P=EXI 

A kilowatt is 1000 watts. The kilowatt-hour is a measure of 
energy or work; a smaller unit is the watt-second or joule, and 
a still smaller one used in scientific work is the erg. It takes 10 
million ergs to make 1 watt-second. 
A homeowner usually pays for electrical service in terms of 

how much energy or how many kilowatt-hours he uses. Except 
in special cases, the power he uses at any given time does not 
enter in the calculation of his monthly bill. A 100-watt lamp, 
for example, may be burned for 10 hr for the same cost as a 1000-
watt electric iron heated for 1 hr. In each case 1 kilowatt-hour 
of electrical energy is consumed. 

2.14. Power lost in resistance. According to the law called 
conservation of energy, energy can be neither created nor de-
stroyed. It comes from somewhere and goes somewhere. Simi-
larly, all power, which is the rate at which energy is used, must 
be accounted for. The energy required to force current through 
a resistor must do some work. It cannot disappear. This work 
results in heating the resistor, and the electrical energy is con-
verted to heat energy. The heat appears because of the greater 
molecular activity which results from the flow of electrons through 
the material. Whenever current flows through a resistor, heat is 
generated, and the greater the current the greater the heat. As a 
matter of fact, the heat is proportional to the square of the cur-

rent. If the resistor is heated faster than the heat can be dis-
sipated by heating the surrounding air, the resistor may be dam-
aged or destroyed. Energy has been supplied to the unit at too 

great arate. 
A resistor used in a radio circuit is often rated at so many 

ohms and as capable of dissipating so many watts. Thus a 1000-

ohm, 20-watt resistor means that the resistance of the unit is 
1000 ohms and that 20 watts of electrical power can be put into 
it without danger of burn-out. 
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2.15. Expressions for power. Just as there are three ways 
of stating Ohm's law, so there are three ways of stating the rela-
tion between watts, volts, amperes, and ohms. Thus 

[1] P=IXE [2] P=rxR [3] P = E'2 R 

A useful expression is / = /1/-"?. It may be employed in cal-
culating the current safely passed by a resistor of a given wattage 
and resistance rating. 

Example 4. A plate voltage power supply system supplies 180 volts to 
a power tube which takes 20 ma. How much power is taken? What is the 
resistance of the power tube? 
The power supplied is E X I = 180 X 0.02 = 3.6 watts. The resistance 

into which this power is fed is equal to P I2 = 3.6 ± 0.0004 = 9000 ohms, 
or E2 P = 32,400 ÷ 3.6 = 9000 ohms. 

The maximum current that can pass through one's body with-
out serious results is approximately 0.01 amp. The resistance of 
the body varies with one's health, the surface of contact, perspira-
tion, and similar factors. If the finger tips of the two hands are 
dry, the resistance from one hand to the other is about 50,000 
ohms. 

Problem 17. What is the "hot" resistance of a 200-watt, 115-volt lamp? 
of a 50-watt, 115-volt lamp? NOTE. The "hot" resistance is the resistance 
after the lamp has heated to normal operating temperature. The "cold" 
resistance is much lower. 
Problem 18. The voltage drop across a resistor in an amplifier circuit 

must be 10 volts when 50 ma of current flows through it. What must be 
the size of the resistance? its power rating? 
Problem 19. A 10,000-ohm resistor is connected across the terminals 

of a 45-volt B battery. How much power is dissipated in the resistor? 
What current flows? 
Problem 20. How much voltage may be placed across a 10,000-ohm, 

1-watt carbon resistor without danger of burning it up? Compute the 
voltage if the resistor is rated at 10,000 ohms, 5 watts. 
Problem 21. A radio receiver consumes 50 watts on a 110-volt circuit. 

If the electric power rate is 6 cents per kilowatt-hour, how much will it 
cost to run the receiver for 10 hr? 
Problem 22. An electric stove draws 20 amp on a 220-volt circuit. How 

much will it cost to operate the stove for 2 hr if the electric rate is 5 cents 
per kilowatt-hour? 
Problem 23. An automobile receiver utilizes six tubes which require 

0.3 amp at 6.3 volts. In addition, the plate circuits of the tubes require 
60 ma at 150 volts. How much total power must a 6.3-volt storage battery 
supply? 
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Problem 24. The power supply system for a speech amplifier requires 
a 7500-ohm voltage-divider resistor which can pass a maximum current of 
50 ma. What is the maximum voltage across this resistor? What must 
be its power rating? 
Problem 25. The heating element of an electric heater is to be made 

of resistance wire which has a resistance of 0.5 ohm per ft. How many 
feet of wire will be required in a heater which is to consume 1000 watts 
on a 120-volt circuit? 
Problem 26. What is the approximate current a Whp motor will draw 

from a 110-volt line when running at full load? (1 hp = 748 watts.) 

2.16. Efficiency. Efficiency is a term that is loosely em-
ployed by nearly everybody. Anything which works is said to 
be efficient, and one's efficiency is often confused with his energy 
—his ability to do work whether the work is actually carried 
out or not. The term "efficiency," however, has a very exact 
meaning when it is used in connection with mechanical or elec-
trical systems of any kind. It is a ratio of the useful work done 
by a device to the total energy put into the device. 

Consider a steam engine connected to a dynamo, a combination 
of machines for transforming mechanical energy into electrical 
energy. If the steam engine consumes 1 hp (746 watts) and 
delivers 500 watts of electrical energy, it is said to be more effi-
cient than if it delivered only 250 watts. As a second example, 
consider two men, one of whom gets a lot of work done in a small 
amount of time and with an expenditure of little effort. The 
other gets the same amount of work done but with great effort, 
perhaps flurrying about from one thing to another instead of 
tackling his problem in a straightforward manner. The first man 
is more efficient. He wastes less time and energy. 

Efficiency, then, is the ratio between useful work or energy got 
out of a machine and total energy or work put into the machine. 
Efficiency may also be expressed as the ratio of useful power 
output to total power input. Efficiency is expressed in percentage. 
A machine that is 100 per cent efficient has no losses; there is no 
friction in its bearings, or, if it is an electrical device, there is no 
resistance in its wires. Actually, no machine is 100 per cent 
efficient. Some losses are always present. 

Useful output Useful output 
Efficiency — X 100% — X 100% 

Input Output plus losses 
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Problem 27. A public-address amplifier supplies 50 watts of power at 
an efficiency of 10 per cent. What is the power taken from a 120-volt line? 
the current? 
Problem 28. A transformer furnishes 10 kw of power for a group of 

motors. If there is a 5 per cent power loss in the wiring, how much power 
is actually supplied to the motors? If the motors are 90 per cent efficient 
in the use of the power supplied to them, how much useful power can 
they deliver? 
Problem 29. A generator can dissipate a maximum power in its wind-

ings of 200 watts without becoming overheated. If it is 95 per cent effi-
cient, what is the maximum power output? 
Problem 30. A vacuum-tube amplifier operates at 25 per cent efficiency. 

If the maximum power loss which the amplifier tubes can dissipate is 10 
watts, what is the maximum power output which can be obtained? What 
is the input power for maximum power output? 
Problem 31. A 5-mile telephone line is used to carry audio-frequency 

signals from a studio to a radio transmitter. If the line is 75 per cent 
efficient, and the transmitter must receive 1 mw of power, how much power 
must the studio amplifiers feed into the line? 
Problem 32. A portable radio transmitter operates from a 6-volt, 200-

amp-hr storage battery. The filaments require 30 watts of power and are 
operated continuously. The other circuits of the transmitter require 24 
watts, and the transmitter is keyed in such a manner that power must be 
supplied to these circuits 60 per cent of the time. How long will the 
battery, when fully charged, operate the transmitter? 
Problem 33. If the power radiated by a radar transmitter is approxi-

mately proportional to the fourth power of the received signal, by how 
much must the transmitter power be increased to double the received 
power? How much must the radar antenna current be increased? 

2.17. Protective devices. If the wattage rating of a resistor 
is exceeded, that is, if energy is fed into it too rapidly, heat is 
generated faster than it can be lost and damage will result. In 
a similar manner, the amount of heat that any electrical device 
can dissipate without damage has a definite limit. 
The simplest means of protecting a device against excessive 

current is a fuse. A fuse is merely a short length of wire which 
will melt and open the circuit before damage is done to the de-
vice it is protecting. Some fuses are constructed so that they 
"blow" very rapidly if the current exceeds their rated value. 
Others are constructed so that they will not blow on sudden and 
temporary overloads caused, for example, by a motor starting 
from rest. During the fraction of a second that the speed of the 
motor is increasing, the current required is much greater than 
that required when the motor is running at normal speed. There-
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fore a large amount of current will flow for a short time, and the 
fuse should not blow unless the motor is loaded too heavily or 
unless, for some other reason, it fails to come up to normal speed 
promptly. A fuse in series with the motor will melt if the cur-
rent passed through it is too great for too long a time. This 
opens the circuit. Someone, then, must replace the fuse before 
the circuit will function again. A blown fuse is usually an indica-
tion of trouble. The trouble should be corrected before the ap-
paratus is operated. In no event should the fuse be "jumpered" 
since then a heavy overload may cause the wiring to the motor 
to melt, perhaps causing a fire or other damage. 

Replacing a fuse is a nuisance. In a factory a more common 
device used to protect machinery against overload is a circuit 
breaker or an overload relay. This is a mechanical switch which 
opens the circuit automatically when the current becomes too 
great. It may be arranged to close again automatically after a 
second or two, or it may be made so that a maintenance man must 
close the circuit by hand after he has cleared up the cause of the 
overload. 
Sometimes electrical circuits must be provided with protective 

devices which prevent one voltage from being applied until a 
given time after a voltage has been applied to another part of the 
circuit. An example is plate voltage and filament voltage to 
gaseous rectifier tubes. The filament of the tube must be heated 
for a specified time before plate voltage is applied. This kind 
of protection is provided by a time-delay relay. After the power 
switch is closed the filament voltage is applied immediately. 
After a specified period of time an auxiliary switch is automat-
ically closed which applies the plate voltage. Short time delays 
are secured with thermal elements which close the auxiliary 
switch as they heat up. Longer time delays are secured with 
electric clockwork mechanisms. 

2.18. Series circuits. When two or more pieces of equip-
ment are connected as in Fig. 9 they are said to be in series. The 
same current flows through each unit. The voltage drop across 
each unit is controlled by its resistance, and if one of these units 
has twice the resistance of the other, the voltage drop across it 
will be twice as great. The sum of the voltage drops across the 
three resistances must be equal to the voltage of the battery, for 
there is no other source of voltage. 



Sec. 2.18] Series Circuits 33 

In a series circuit the total resistance is the sum of the indi-
vidual resistances. The current through each unit is the same as 
in all other units. The current is obtained from Ohm's law, 
equation 1. 

Fin. 9. Series circuit sitos jug the voltage drops along the individual 
elements. 

If any of the units becomes "open" the current ceases to flow. 
If, however, any unit becomes "shorted" the current will increase 
because the total resistance of the circuit has decreased. 

Example 5. In Fig. 10 is a typical series circuit composed of a vacu-
um-tube filament R2, a 6-volt battery, a current meter, and a rheo-
stat or variable resistor whose pur-
pose is to limit the flow of cur-
rent through the filament of the 
tube. The arrow through R1 in-
dicates that it can be adjusted in 
value. 
The question is, What current 

will flow through the circuit as 
the resistance of R1 is varied? 
Suppose that R1 is 4 ohms and 
the resistance of the meter is neg-
ligible. The resistance in the cir-
cuit is then equal to 20 plus 4 or 
24 ohms, and by Ohm's law the 

., Fin. 10. Here R represents a current will will be the voltage divided 
uum-tube filament and R1 a rheo-

by the total resistance, or, using 
stat for current control. 

equation 1, 

20 ohms 

R. 

E=6 

E 6  6 
/ Rj + R2 — 4 + 20  0.25 amp 

There are two resistances in this circuit. Current flows through them 
and produces voltage drops across each. What are the values of these 
two voltage drops? By equation 2 
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Voltage drop = /R2 -= 0.25 amp X 4 ohms = 1 volt 

Voltage drop = /R2 = 0.25 amp X 20 ohms = 5 volts 

In other words, of the 6 volts available at the terminals of the battery, 
5 volts have been used up across the 20-ohm resistance of the tube fila-
ment, and 1 volt has been used to force 025 amp through the 4-ohm re-

sistance of the rheostat. 
Problem 34. In an ac-dc radio receiver the filaments of the following 

tubes are connected in series: 6SA7, 6SK7, 6SQ7, 25L6, and 25Z6. If the 
filaments are to be operated from a 110-volt line, how much additional 
resistance must be connected in series with the filaments? 
Problem 35. What are the "hot" filament resistances of the following 

tubes: 1T4, 2A3, 6C4, 6J5, 6L6, 25L6, 35C5? How much power does each 
require? 
Problem 36. How much series resistance would be required to operate 

each of the tubes of Prob. 35 directly from a 50-volt source? 
Problem 37. A fixed 1000-ohm resistor is connected in series with a 

variable resistor, and the combination is placed across a 45-volt battery. 
What must be the resistance of the variable resistor to cause a voltage 
drop of 30 volts across it? 
Problem 38. A vacuum tube and a 50,000-ohm resistor are connected 

in series with a d-c supply. If 2 ma through the tube produces a voltage 
drop of 100 volts, and this is the condition for proper operation of the tube, 
what must be the voltage of the d-c supply? 

2.19. Parallel circuits. A parallel circuit is represented in 
Fig. 11. It consists of several branches. The voltage across each 
branch is the same as that across every other branch and is equal 
to the voltage of the battery. The total current supplied by the 
battery is the sum of the currents taken by the branches. The 
resistance of the group may be found by 

1 1 1 1 
— = — — — 
R Ri R2 Ra 

where R is the resultant or total resistance, and R1, R2, etc., are 
the individual resistances. 
The resultant resistance of several units in parallel is less than 

the lowest resistance of any of the components. If two equal re-
sistance are in parallel, the resultant is one-half the resistance of 
one. This fact follows logically from the following reasoning. If 
two identical resistors are placed across a given voltage, they pass 
twice the current passed by either one of them. If, therefore, a 
new resistor is selected which passes as much current as the two 
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resistors taken together, it will have half the resistance of the two 
identical resistors. Working this out by Ohm's law will verify the 
reasoning. Thus if two 10-ohm resistors are connected in parallel, 
the resultant is 5 ohms. What would it be if they were connected 
in series? 

If any number of equal re- R, /, = E/R, 
sistances are in parallel, the 
resultant resistance is the re-
sistance of one unit divided by 
the number of units. 

If two resistors whose re-
sistances are unequal are in 
parallel, the resultant resist-
ance may be calculated by di-
viding the product of their re-
sistances by the sum of their 
resistances: 

RI X R2 
R =  

RI + R2 

This simplified formula 
comes directly from the one above by application of simple 

algebra. The reader should check the result. 

Example 6. What is the parallel resistance of two units which have 

resistances of 4 and 5 ohms? 
This can be solved by either of the formulas given. 

Fm. 11. A parallel circuit with 

meters to indicate the currents 
through the individual branches. 

or 

= 0.25 ± 0.20 

= 0.45 

R = 1 ÷ 0.45 = 2.22 ohms 

R
R1 X R2 

=  
Ri + R2 

4 X 5 

4 + 5 

= 2.22 ohms 
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Example 7. Suppose that, as in Fig. 12, two resistances in parallel are 
placed in series with a resistance of 1 ohm and across a battery of 6 volts. 
What current would flow from the battery and through each resistor? 
The total resistance is 222 ± 1 = 322 ohms. The current flowing, then, 

is 6 4- 322 = 1.86 amp. This current through the combined resistance of 
the 4- and 5-ohm resistors produces a voltage drop of I X R or 1.86 X 222 
or 4.14 volts. This voltage across 4 ohms produces a current of 4.14 ± 4 
or 1.035 amp, and across 5 ohms produces a current of 0.828 amp. These 
two currents added together are 1.863 amp, which checks the calculation 
above for the total current. 

FIG. 12. A problem in series-
parallel circuits. 

FIG. 13. Another complex circuit 
problem. 

Problem 39. The following tubes are connected in parallel to a 6.3-volt 
transformer secondary: 6D8-G, 6SK7, 6SQ7, 6K6-GT, and 6X4. How much 
current is taken from the transformer? What is the combined resistance 
of the tubes? 
Problem 40. A milliammeter requires 10 ma of current for a full-scale 

indication. Its resistance is 15 ohms. A resistor is connected in parallel 
with the terminals of the meter. What must be the value of this resistor 
to cause the meter to read full-scale when 100 ma is forced through the 

combination? 
Problem 41. A circuit has three parallel branches of 3, 4, and 8 ohms. 

A current of i amp flows through the 8-ohm branch. What current flows 
through each of the other branches? 
Problem 42. In Fig. 13 R1 is the filament of a 6.15 tube, R2 is the fila-

ment of a 25Z6 tube, and R3 is the filament of a 35C5 tube. Resistor R4 

is adjusted to cause the proper current to flow through R3. What must 
be the value of E? of R4? 

2.20. Use of Conductance. The sum of all currents passing 
through a number of parallel resistors will be the sum of the 
currents through the individual resistors. The value of the cur-
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rent passed by each resistor is directly proportional to the con-
ductance ( 1/R). Therefore, by adding the conductances of all 
the resistances, the total conductance ( 1/R0 or Go) is obtained. 
The numerical value of current will be equal to E X 1/Ro or 
E X Go. Thus 

1 1 1 1 

iFo = 7i; + /—i2 
But 

1 
G = — 

R 

Go = G1 ± G2 ± G3 
and 

1 
Ro = —Go 

where Ro and Go are the resultant resistance and conductance. 

Conductances are useful in problems involving parallel circuits, 
but, since the conductance of a piece of apparatus is seldom given, 
conductances, as such, are not often used. The fact that the 
actual values of conductances are usually very small ( if R = 100 
ohms, G = 0.01 mho; if R = 10,000 ohms, G = 0.0001 mho) 
adds to the difficulty of using conductances. 

2.21. Ohm's law in complex circuits. It must be remem-
bered that Ohm's law applies to a circuit as a whole, or to any of 
its parts. If the voltage and the resistance of any part of a circuit 
are known, the current through that part can be calculated with-
out regard to any other part of the circuit. In the following sec-
tion, the solution of complex circuits is described. 

2.22. Kirchhoff's laws. When circuits are made up of series 
and parallel elements, solving for the individual currents or volt-. 
ages becomes somewhat complicated. All such circuits can be 
reduced to simpler circuits which can be solved more easily, and 
this reduction is a result of the direct application of Ohm's law. 

In some complex circuits, however, it is often easier to solve for 
the currents and voltages directly than to reduce the complex 
circuit to a simpler circuit. Two rules known as Kirchhoff's 
laws are used when the currents or voltages are solved for 
directly. 

Kirchhoff's laws are: ( 1) the current flowing into any junction 
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in a circuit must be equal to the current flowing away from that 
junction; (2) the algebraic sum of the sources of emf and the 
voltage drops around any closed circuit must be equal to zero. 
The first law states that current flowing toward a point at 

which it may divide must equal the sum of the portions into which 
it divides. Otherwise, some current would be left over with no 
place to go. The second law states that the voltage supplied by 
the source of emf (a battery, for example) must be equal to the 

A 

Fia. 14. An example of a circuit easily solved by use of Kirchhoff's laws. 

sum of the voltage drops (I X R) appearing across the several 
circuit components in a closed loop. All the battery voltage must 
be accounted for, and the voltage drops must add up to the emf 
produced by the battery, for there is no other source of emf. 

In solving complicated circuits, only one portion need be con-
sidered at a time. For example, in Fig. 14 one might think that 
battery B, having higher voltage than battery A, would force 
some current down through the A circuit and therefore one ought 
to subtract the two voltages. This is unnecessary, as will be 
shown in the following example. 

Example 8. Current through C is made up of two parts, one due to 
battery A and one to battery B. No other current flows through C since 
there is no other source of current. Then Kirchhoff's first law states that 
lc IA IB. The junction is the point at which the two currents IA and 
IB join. 
Applying the second law, the emf of battery A is accounted for by adding 

the two voltage drops in circuit (loop) A. These drops are 201A and 301c, 
made up of IA flowing through 20 ohms and /c through 30 ohms. Similarly 
the emf of battery B produces two voltage drops in circuit B. Thus 
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ic IA ± IB (Kirchhoff's first law) [1] 

20 = 20/4 + 30/c (Kirchhoff's second law) [2] 

40 = 60/B + 30/c (Kirchhoff's second law) [31 

Now there are three unknown currents, IA, IB, and /c, and three equations 
expressing the relations among them. Rewrite equation 1 as 

IA = IB 

Substitute this value for IA in equation 2: 

20 = 201C — 201B ± 301c 
or 

20 = 50Ic — 2018 [4] 
and from equation 3: 

40 = 301c ± 601B 

Now multiply by 3 both sides of equation 4: 

60 = 150/c — 60/B [5] 

and add equations 3 and 5. Thus 

40 = 30Ic 60IB [3] 

60 = 150/c — 601B [8] 

100 = 180/c + 
or 

180/c = 100 

/c = 100 + 180 = 0.555 [61 
From equation 3: 

40 = 60/B + 301e 

Substitute for /c its value 0.555: 

40 = 601 B ± 30(0.555) 

40 = 6018 + 16.7 

40 — 16.7 = 601B 
or 

From equation 1: 

Therefore 

IB = 23.3 + 60 = 0.389 

IA = IC — IB 

= 0.555 — 0.389 = 0.166 

IA 0.166 amp 

IB = 0.389 amp 

/c = 0.555 amp 

[71 

[8] 
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The current through the middle branch (le) is made up of contributions 
from circuits A and B. To determine the share of each contribution, an-
other rule called the superposition theorem may be used. The super-
position theorem states that the current through the C branch due to 
battery A may be obtained by shorting out battery B (on paper, of course. 
In an actual circuit battery B would be removed and the terminals to which 
it was connected would be shorted together), and calculating the current 
that would flow. With battery B shorted out, battery A forces current 
through a 20-ohm resistance and through two resistances of 30 and 60 ohms 
in parallel. Since the resultant of two resistances in parallel is equal to the 

Fia. 15. Use of superposition 
theorem in solving left-hand 
part of the circuit of Fig. 14. 

Fla. 16. Representation of the 
right-hand portion of the cir-

cuit in Fig. 14. 

product of the two divided by their sum, the current through C due to A 
is solved as follows: 

20  20 20  20 
/A' = 0.5 amp 

20 -I- 30 X 60 1800 20 -F 20 40 20 -F 
30 -I- 60 90 

This is the current flowing out of battery A. But not all of it flows in the 
30-ohm resistor. Part flows in the 60-ohm resistor in parallel with the 
30-ohm resistor C. The current through the individual portions of the 
parallel circuit will be inversely proportional to their resistances and will 
numerically be equal to the total current IA' multiplied by the resistance 
of the resistor in which the desired current does not flow, divided by the 
sum of the two resistances. 
Thus the current through the 30-ohm resistance will be equal to the 

total current flowing (IA') multiplied by 60 ÷ 90: 

IC' = IA' X U = 3 X 14' I X 0.5 = 0.333 amp 

Similarly, the current through C due to battery B will be found to be 
0.222 amp, and the sum of these currents, 0.555 amp, equals the current 
found by Kirchhoff's laws. (The reader should solve for the current in C 
due to battery B.) 
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NOTE. In solving problems of this type the engineer must assign a 
definite direction of current flow in each circuit element and then stick 
to it. The choice is strictly arbitrary. Usually conventional direction of 
current flow is assigned where the direction is obvious. That is, current 
is assumed to flow away from the positive terminal of a battery. This 
choice, however, is not necessary for a solution of a problem, and time 
should not be wasted trying to determine ahead of time which way the 
current actually flows. If a wrong choice is made, the resultant current 
will carry a minus sign. The minus sign merely means that current in the 

F c. 17. A problem in series and parallel circuits. 

element under consideration actually flows in a direction opposite to that 
originally assumed. Any minus signs appearing in the course of the solu-
tion must be carried along through the remainder of the solution. 
Problem 43. In Example 8, reverse the connections of battery B and 

solve for the currents. 
Problem 4.4. If, in Fig. 17, 14 = 30 ma, what is the current 1B in the 

200-ohm resistor? What is the voltage El? 
Problem 45. If, in Fig. 17, E2 is 20 volts, what must be the value of 

Ei? If resistors are available in 0.5-, 1-, 5-, and 25-watt sizes, determine 
which wattage rating should be specified for each resistor. 

2.23. Sources of direct current. Electrical energy does not 
exist in nature in a form useful to man. It must generally be 
transformed from some other form of energy. For example, the 
mechanical energy of a steam or gasoline engine may be trans-
formed into electrical energy by means of a generator. 
The commonest sources of direct current useful to radio work-

ers are the battery, the generator, and the rectifier. The bat-
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tery is a device which converts chemical energy into electrical 
energy; the generator converts mechanical energy into electrical 
energy; and the rectifier converts a-c energy into d-c energy. 
Direct-current generators are described in Chapter 4, and recti-
fiers and associated apparatus are described in Chapter 12. 

A battery is made up of one or more 
units called cells. The essentials of a 
cell are three: two elements called 
electrodes, usually of different con-
ducting materials; and a chemical 
solution known as the electrolyte, 
which acts upon one of the electrodes 
more than it does on the other. In 
this action, one of the electrodes is 
usually eaten up, and when this con-
ductor, generally a metal, is gone, the 
battery is exhausted; it must be thrown 
away or the metal replaced. If the 
metal can be replaced by sending a 
current through the cell from some 

Fia. 18. Plates of cop- outside source, that is, by reversing the 
per and zinc immersed process through which the cell was 
in a solution of copper 
sulfate will produce an exhausted, the cell is known as a sec-

electrical voltage. ondary or storage cell. A cell that 
must be thrown away when one of the 

electrodes is eaten up is called a primary cell. The dry cell is a 
well-known example of a primary cell. A simple primary cell 
is shown in Fig. 18. 

2.24. Dry cells. The common dry-cell battery is a very 
familiar source of emf for vacuum-tube circuits. It is widely 
used in portable electronic equipment and in some field telephone 
sets, or in any service where the current required and the periods 
of current drain are not very great. 
The dry cell is commonly made up of a zinc container within 

which is a sal ammoniac (ammonium chloride) electrolyte mixed 
with some porous material like manganese dioxide and powdered 
carbon. In the center of this paste is a carbon rod which forms 
the positive terminal. The zinc case is the negative terminal. 
The emf of a fresh battery is 1.5 volts, and the cell can be used 
until the emf falls to 1.13 volts or even lower. In use, the zinc 
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case is consumed by the electrolyte; when the case is badly eaten 
away, the cell must be discarded, as the moisture will dry out of 
the electrolyte by exposure to the air. Also, the container may 
swell and some of the electrolyte may leak out and damage the 
surrounding equipment. It should be noted that a dry cell is not 
truly "dry." 
The life of the dry cell depends, naturally, upon the rate at 

which power is taken from it. On the shelf, no power being re-
quired from the cell, the life is approximately 12 months. The 
life during use depends upon the current required. If the cell is 
operated at low current drain, the life during use may be fully 
as long as the shelf life. If a large current is required the life 
may be only a few weeks. Typical figures on the life of cells may 
be misleading since improvements in manufacturing are being 
made constantly. 
Dry cells are made in several sizes, including small units which 

are built up into sources of rather high voltage by placing a num-
ber of individual cells in series. A 45-volt B battery has 30 cells 
in it, each delivering 1.5 volts. 

Cells will not deliver full voltage at low temperatures, but 
freezing does not harm them. The best way to determine the 
condition of a dry cell is to measure its terminal voltage with a 
high-resistance voltmeter while it is supplying power to the 
circuit in which it is to operate. 
2.25. Storage batteries. There are two common types of 

storage batteries: (1) a cell using sulfuric acid as the electrolyte, 
with a positive plate of lead peroxide and a negative plate of 
spongy lead; and (2) the nickel-iron alkaline Edison cell. The 
lead-acid battery is by far the more common and is the type used 
in almost every automobile. The great virtue of the storage bat-
tery is that it may be recharged after it has run down. On the 
other hand, it is bulky, heavy, and expensive. 

Alkaline cells stand mechanical shock better than lead cells, 
but they cost more. They have longer life than lead cells if both 
are handled properly, and they weigh less and occupy less space 
than lead cells of the same capacity. 

If the lead-acid battery is carefully treated, not overdischarged 
before it is recharged, it will last from 5 to 10 years. If it is 
abused or subjected to high current drains, its life may be much 
shorter. 
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The lead-acid cell delivers, fully charged, a voltage of approx-
imately 2.1 volts; the alkaline cell, about 1.45 volts. A short 
circuit is harmful to the lead cell but not to the alkaline cell. 
The lead cell, however, will deliver high currents in emergencies, 
such as starting an automobile on a cold morning. 

Alkaline cells may be stored in a discharged and short-circuited 
condition. Lead cells should be recharged immediately if they 
have been accidentally short-circuited, and they should be stored 
fully charged. A charged lead cell will freeze at — 61° F; a dis-
charged cell, at + 18° F. 
The condition of the charge of a lead cell is best tested by 

means of a hydrometer, a device for measuring the specific 
gravity (weight per unit volume) of the electrolyte. Since the 
electrolyte is heavier in a fully charged battery than in a dis-
charged one, the specific gravity is a measure of the condition 
of the battery. 

Since the individual cells of a lead-acid battery have a voltage 
of about 2 volts, batteries may be built to supply 6, 12, and 24 
volts by connecting the necessary number of cells in series. 

2.26. Battery characteristics. The term ampere-hour is 
used to express the amount of electricity taken from, or put into, 
a battery. As the name implies, an ampere-hour represents a 
current of 1 amp flowing for a period of 1 hr. A 100-amp-hr 
storage battery will (theoretically, at least) deliver 1 amp for 
100 hr or 100 amp for 1 hr. The ampere-hour capacity of bat-
teries decreases as the current drain increases. 

One might think that an unlimited current could be drawn 
from a battery if its terminals were short-circuited. This is not 
true. A low-resistance ammeter placed across a dry cell gives a 

definite current reading—it is not unlirr.iited. There must be 
some resistance in the circuit greater than that of the ammeter 
and connecting wires. For example, a new dry cell will deliver 
about 30 amp through wires of very low resistance. An old cell 
may deliver only an ampere or two. 
The additional resistance which limits the current from a cell 

to a certain maximum is the internal resistance of the cell. This 

resistance depends upon the construction of the cell, the electrode 
and electrolyte material, the separation of the electrodes, and 
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the age of the cell. The older the cell, the greater the resistance. 
The current delivered by a cell is 

E 
I —  

r R 

where r = internal resistance of cell. 
R = external resistance of circuit. 

Cells which have a large internal resistance deliver but small 
currents; low-resistance cells deliver large currents. If the in-
ternal resistance of a cell is known to be much smaller than the 
external resistance of the circuit, the current can be calculated as 
I = E/R. The error will be small. 
A test of a cell with an ammeter is, in reality, a means of de-

termining the condition of the cell by measuring the internal re-
sistance. When the cell gets old or has become exhausted by too 
heavy current drain, its internal resistance becomes high and an 
ammeter reads only small current when placed across it. 
The storage battery is a very low-resistance device. The 

terminal voltage of each cell is about 2.1 volts when fully charged, 
and the internal resistance is about 0.005 ohm. Placing an am-
meter across such a cell is dangerous. The meter will probably 
be ruined. 

Example 9. A dry cell on short circuit (zero external resistance) de-
livers 30 amp. Its terminal voltage is 1.5 volts on open circuit. What is 
its internal resistance? 
By Ohm's law 

30 = 1.5 ÷ r 

r = 1.5 ÷ 30 = 0.05 ohm 

Example 10. The emf of a battery is 6 volts. When 100 ohms is placed 
across it the voltage falls to 5 volts. What is the internal resistance of 
the battery? 
In Fig. 19, R= 100 ohms, r = the internal resistance of the battery, and 

the voltage drop across the 100 ohms is 5 volts, which leaves a 1-volt drop 
in the internal resistance of the battery. The current through the external 
100-ohm resistor is, by Ohm's law, 

I -= 5 ÷ 100 = 0.05 amp 

This current must also flow through the internal resistance of the battery, 
and there it causes a voltage drop of 1 volt. 
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E X r 

1 = 0.05 X r 

r = 1 ÷ 0.05 = 20 ohms 

Note that the internal resistance of the battery is represented as being in 
series with the voltage and the external resistance. The reason is that all 
the current must flow through the internal resistance of all such voltage 
generators, and hence the resistance of the device is represented in series 
with the remainder of the circuit. The actual terminals of the battery are 

R = 100 ohms 

A 

E = 6 volts 

Fin. 19. In this diagram, r represents the internal resistance of the battery. 

shown as points A and B in Fig. 19. Care must be taken to place the 
voltmeter in the proper place in the diagram drawn to represent the cir-
cuit. It must be placed on the actual terminals of the battery. 

The voltage of the cell on open circuit is its emf. Under 
load the voltage falls and is then labeled as the pd (potential 
difference).* The pd, then, depends on the load current. The emf 
of high-resistance cells can be measured only by high-resistance 

meters, those that take but little current from the cell. When the 
voltage of a cell or battery is mentioned, its emf is assumed unless 
otherwise stated. 

2.27. Cells in series. Cells, both dry and wet, may be con-

nected in several ways. When the positive terminal of one cell is 

*For fresh batteries the emf and pd are nearly the same and are often 
assumed to be exactly equal. If a battery is old, then the effect of internal 
resistance must be considered. This can be done most easily by consider-
ing the actual battery to be made up of a perfect battery with no internal 
resistance in series with a resistor whose value is equal to the internal 
resistance of the actual battery. The pd is then the voltage measured 
across the terminals of this equivalent circuit. 
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connected to the negative terminal of the next cell, as in Fig. 20, 
the cells are said to be connected in series. Under these condi-
tions, the voltage at the two ends of the series of cells is the sum 
of the individual cell voltages. At the same time, the total in-
ternal resistance of the combination is the sum of the internal 
resistances of the individual cells, and the current must flow 
through this total resistance. 

r - e-
r r 

'— h 
Fia. 20. Three cells in series have a terminal voltage and an internal re-

sistance equal to the sum of the individual voltages and resistances. 

If the terminals of a battery made up of several cells in series 
are connected with a resistance R, the current that will flow may 
be obtained by Ohm's law, assuming similar cells, as 

Ne 
I —  

Nr R 

where N = number of cells. 
e = emf of each cell. 
r = internal resistance of each cell. 

2.28. Cells in parallel. Often more current at a given volt-
age is required than may be obtained from a single cell. Then 
the cells may be connected in parallel by connecting together all 
the positive terminals of a group of cells. Similarly, all the nega-
tive terminals are connected together. (See Fig. 21.) With this 
connection the terminal voltage of the combination is the same as 
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the terminal voltage of each cell, but the internal resistance of 
each cell has been divided by the number of cells, N, and has be-
come r N, assuming all the cells are similar. 

I = 
f+R 

FIG. 21. Placing cells in parallel FIG. 22. A series-parallel arrangement 
reduces the internal resistance and of cells enables more current and more 
enables a greater current to be voltage to be obtained than from a 

obtained, single cell. 

If the ends of the battery are connected with a wire whose re-
sistance is R, the current that will flow is 

I= 
e 

(r N) +R 

Cells may also be connected in a series-parallel arrangement 
to obtain both higher voltage and higher current. In Fig. 22 are 
P sets of S similar cells in series, and the sets themselves are con-
nected in parallel. If the battery shown in Fig. 22 is connected 
to a wire whose resistance is R, the current that will flow is 

Se Ne 
I=  

(rS/P) R rS -I- PR 

where N = P X S. 

Problem 46. A battery has an emf of 45 volts and an internal resistance 
of 20 ohms. What voltage will a voltmeter read when placed across the 
terminals of the battery if the resistance of the voltmeter is 50,000 ohms? 
if the voltmeter resistance is 100 ohms? 
Problem 47. A military expedition is to have 100 receivers, each requir-

ing 90 volts at 15 ma. Individual B battery cells deliver 1.5 volts, and at 
the 15-ma drain they have a life of 780 hr. If each 90-volt battery costs 
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S2.00, estimate the cost for energy per kilowatt-hour. If the individual 
cells have a diameter of 1.25 in. and are 4 in. high, estimate the minimum 
cargo space required. Each cell weighs 0.366 lb. What total weight must 
be carried? 
Problem 48. A radio transmitter requires a filament voltage of 10 volts. 

Assume that lead-acid batteries have a fully charged voltage of 2.05 volts 
and a discharge voltage of 1.75 volts, and that the corresponding voltages 
for alkaline cells are 1.45 and 1.0 volts. 
How many lead-acid cells are required? How many alkaline cells are 

required? 
If the filament current is 325 amp, what is the maximum value of a 

variable resistance to be placed in the battery-filament circuit to adjust 
the current to the proper value? Give answers for both lead-acid and 
alkaline batteries. 
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BASIC METERS 

In many ways electricity is an extremely peculiar "substance." 
It cannot be detected in the usual way in which most things are 
detected, for it cannot be seen, heard, or smelled. And yet it is 
necessary that there be ways of measuring electrical quantities, 
for without methods of measuring it would be difficult to put elec-
tricity to useful work. 

Since electric currents or voltages cannot be detected directly, 
advantage is taken of the effects which they produce. Four kinds 
of effects are important: thermal, chemical, magnetic, and me-
chanical. For example, a fine, high-resistance wire gets hot when 
current flows through it. Two dissimilar metals (copper and zinc, 
for example) placed in a solution of one of them (copper sulfate) 
give off gas bubbles when a wire connects them externally. The 
gas bubbles are the product of the chemical action which gener-
ates a voltage and causes current to flow. When a wire carrying 
an electric current is brought near a compass needle, the needle 
will change from its habitual north-south position. Finally, two 
adjacent metal plates, charged to a high voltage difference, are 
attracted to each other. Any one of these fundamental effects of 
electricity may be used to detect its presence and, with proper 
design of instruments taking advantage of these effects, can be 
used to measure the flow of current or the magnitude of a voltage. 
A hot-wire ammeter, for example, is merely a wire which expands 
when heated by a current flowing through it. A needle is attached 
to the wire and is pulled across the scale by a spring as the wire 
gets hot. An electrostatic voltmeter consists of a fixed and a 
movable plate. The movable plate is connected to a pointer 
which moves across a scale to indicate the voltage impressed 

across the plates. 
50 
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3.1. D'Arsonval meter. The d'Arsonval movement is em-
ployed on practically all the modern meters for the measurement 
of direct current and voltage. This instrument, illustrated in Fig. 
1, consists of a coil of fine wire wound on a bobbin, B, surrounding 
a soft-iron core, C, and mounted so that the assembly revolves 
in a magnetic field set up by a permanent magnet, M. A pointer 

(a) General Details (6) Details of Moving Coil 

Fin. 1. Essential parts of a d'Arsonval moving-coil movement. 
(Courtesy, Weston Electrical Instrument Corp.) 

is attached to the coil of wire. When current flows through the 
wire, the coil revolves and the needle is carried across a scale. 
Springs which connect the coil to the meter terminals retard the 
movement of the coil and cause the amount of the deflection to 
be proportional to the strength of the current.* 
D'Arsonval meters can be made sensitive enough to measure a 

microampere and to detect (without measuring accurately) even 
smaller currents. Since such extremely sensitive meters are not 
very rugged and are easily damaged, the most sensitive meters 
for general use give a full-scale deflection for about 20 micro-
amperes of current through the movable coil. 

*Since the coil and associated moving parts have considerable mechanical 
inertia, the needle tends to hold a steady position even if the current is 
pulsating. The indication, thus, is the average or d-c value of the current 
even in the presence of a-c components. 
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3.2. Thermocouple instruments. In another type of instru-
ment advantage is taken of the fact that two dissimilar metals 
heated at a junction between them will produce a small but meas-

urable emf. The basic elements of 
D-C meter a thermocouple meter are shown in 

Fig. 2. In this instrument the dis-
similar metals are copper and con-

+ stantan. The thermal junction of 

Copper Constantan these two wires is heated by a 
current flowing through a heater wire 
placed close to the junction. The 
emf produced by the heated thermo-
couple causes a current to flow 
which is measured by a d-c meter 
of the d'Arsonval type. Two milli-
amperes is about the smallest cur-

rent that can be indicated by this type of instrument. 
Thermocouple instruments work equally well on alternating or 

direct currents since either kind of current causes the heater to 
warm up. Since the amount of heat produced is proportional to 
the square of the heater current, this type of instrument in-
herently has a non-linear scale on which the low-current 
readings are bunched together. A thermocouple meter is gen-
erally calibrated using direct current, and with proper design 
will indicate r-f currents up to 60 or 70 megacycles. 

3.3. Rectifier-meter instru-
ments. A copper oxide rectifier 
may be used as shown in Fig. 3 to 
transform an alternating current to 

A-C a direct current, which is then input 

measured by a d'Arsonval meter. 
The copper oxide unit consists of 
several small flat plates close to-
gether, and the capacitance between Fla. 3. Copper oxide recti-
them is rather high. At the higher fier meter. 

frequencies some of the current is 
by-passed around the rectifier unit by this capacitance, and the 
meter is thus limited to rather low frequencies. Such meters are 
usually accurate over the audio-frequency range, but their 

Heater 

Copper 

Copper 

Eta. 2. Elements of ther-
mocouple meter. 

D-C meter 
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accuracy begins to fall off rather rapidly above about 10,000 
cycles. 

If, instead of the copper oxide rectifier, a rectifier unit having 
low capacitance is used, cur-
rents of quite high frequen-
cies may be measured with a 
rectifier meter. A crystal rec-
tifier meets this requirement. 
It consists of some substance 
such as silicon or germanium 
with a small "cat-whisker" 
contact as shown in Fig. 4. 
This type of rectifier was 
widely used as a detector in 
the early days of radio, then 
practically disappeared. In 
recent years its use has again Cat whisker 

become very widespread in Silicon crystal 

the detection and measure-
ment of very high-frequency 
currents in radar and other 
microwave equipment. In 
contrast to the earlier types, 
modern crystal rectifiers are 
fairly rugged and are me-
chanically stable. 

3.4. Iron-vane meters. In 
another type of instrument, 

used mostly on low-frequency Fta. 4. 

alternating current, the mag-
net and coils are reversed in 
the roles they play. The magnet is made of soft iron and is the 
movable part,, whereas the coil remains stationary as seen in 
Fig. 5. Currents as low as 15 ma may be measured in this way. 
The meter is limited in its usefulness to frequencies below about 
200 cycles because the inductance of the coil cuts down the cur-
rent flow and reduces the "turning power" of the coil as the 

frequency is increased. 

3.5. Dynamometer-type meter. In a dynamometer type of 
meter two coils are used. One coil revolves inside the other coil 

Details of crystal detector 
rectifier. 
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as seen in Fig. 6. Current is conducted to the movable coil much 
as in the d'Arsonval meter. All or part of the same current flows 
through both coils. The instrument will work on alternating 
current, since the reversals of current occur in both coils at the 

Fla. 5. Iron-vane type of meter for alternating currents. 

same instant and a torque (turning power) is produced in the 
same direction over an entire a-c cycle. The deflection is ap-
proximately proportional to the square of the current. Like the 
iron-vane meter, the dynamometer instrument is normally 
limited in usefulness to frequencies below about 200 cycles. With 
special compensation, the frequency range may be extended to 
about 2000 cycles. 
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USE OF METERS 

3.6. Ammeters. Meters used to measure current are called 
ammeters. They are connected in series with the source of the 
current and the load. Passing too much current through them 
easily damages them, bending the pointer, injuring the movement 

Fm. 6. Dynamometer type of instrument for alternating current. 
(Courtesy, Weston Electrical Instrument Corp.) 

mechanically, or actually burning out the moving coil. Meters 
may be protected by fuses or by shunting them with low-
resistance conductors which allow most of the current to by-pass 
the meter itself. 

In addition to their use for the protection of ammeters, shunts 
may also serve to convert a low-current meter into a higher-cur-
rent meter. When this is done the resistance of the shunt must 
bear a special relation to the resistance of the meter coil. If the 
coil resistance is known, the value of the shunting resistance can 
be calculated by the use of parallel-circuit formulas. The 
value is 
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R. = Rm   
(1 

where R. is the shunt resistance. 
Rm is the meter resistance. 
X is the proportion of the total current that is to flow 

through the meter, that is, one-tenth, one-half, etc. 

The manner in which ammeters may be adapted to read cur-
rents higher than originally intended may be shown by the fol-
lowing example. Suppose a meter is available which has a re-
sistance of 28 ohms and reads full-scale when 1 ma of current 
flows through it. Now, if it is shunted with a resistance of 0.57 
ohm, the total current taken by the meter and its shunt will be 
50 ma, but only 1 ma will go through the meter and 49 ma through 
the shunt, because the shunt has so much less resistance than the 
meter. The original readings of the meter may now be multiplied 
by the proper factor, 50 in this case, for an indication of the total 
current taken by the meter and its shunt. 

If large currents are to be passed by the shunt it is impor-
tant that the material from which the shunt is made has a low 
temperature coefficient of resistivity so that the resistance does 
not change appreciably with temperature. Manganin is often 
used because of its low temperature coefficient. 

Problem 1. A 0- to 1-ma milliammeter has a resistance of 50 ohms. 
What shunt resistance is required to convert the meter to a 0- to 20-ma 
meter? What will be the voltage drop across the meter when maximum 
current flows through it? 

3.7. Voltmeters. Ammeters have low resistance. They are 
connected in series with the apparatus, taking current from the 
source as shown in Fig. 7. Voltmeters, on the other hand, must 
indicate the voltage across some part of the circuit. They must 

FIG. 7. Proper con-
nection for measuring 

current. 

FIG. 8. Voltmeter goes across 
circuit being measured. 
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not permit much current to flow through them because this cur-
rent would be taken away from the circuit. The voltmeter is 
connected across the element whose voltage is to be measured, as 
in Fig. 8. 
A voltmeter is, in reality, an ammeter with a high re-

sistance. This high resistance may be built into the moving 
coil of the meter (if it is of the d'Arsonval type), but more 
commonly is attained by con-
necting a series resistor to one 0-5 ma R = 

of the terminals. This series re-
sistor is called a multiplier. = 25 ohms 

The following example will show E = 50 volts 

how a voltmeter is obtained 
from an ammeter. 

Example 1. A 0- to 5-ma ammeter 
is to be used to measure a full-scale 
voltage of 50 volts. The resistance 
of the ammeter itself is 25 ohms. 
How much resistance must be added to that of the meter? See Fig. 9. 
The total resistance, including that of both the meter and the multiplier, 

which will permit only 5 ma to flow when the voltage is 50 volts, is 

E 50 10 

FIG. 9. Use of series resistance to 
measure voltage with a current 

meter. 

R   — — 104 = 10,000 ohms teal / 5 X 10-3  10 -3 

The multiplier resistance, then, is 

R Rtote — Rmeter -= 10,000 — 25 = 9975 ohms 

3.8. Sensitivity of meters. A sensitive current-measuring 
meter is one which will measure very small currents and which 
has a low resistance, that is, one which will give a great deflection 
of the pointer with very little current. There is always some volt-
age drop across an ammeter, and consequently the voltage sup-
plied to the remainder of the circuit ( load) is somewhat lower 
than the source voltage. For this reason it is desirable to have 
ammeters of low resistance. 
A sensitive voltmeter is one which will give a large needle de-

flection for a small current and which at the same time has a high 
resistance. The sensitivity of voltmeters is often rated in ohms 
per volt, and this value is higher for more sensitive meters. The 
ohms per volt sensitivity is obtained by dividing the resistance of 
the meter and its multiplier by the full-scale voltage reading. 
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Thus, for Example 1, the sensitivity is 10,000 4- 50 or 200 ohms 
per volt. An alternative method is to divide 1 volt by the full-
scale current that the meter takes. Thus, 1 4- 5 X 10-8 = 200 
ohms per volt, which is the same as before. 

Problem 2. A 0- to 100-ga meter has a resistance of 400 ohms. How 
large must be the multiplier resistance if the meter is to be used as a 0- to 
10-volt voltmeter? What will be the ohms per volt sensitivity of the 
voltmeter? 
Problem 3. What is the lowest full-scale voltage reading which can be 

obtained from the microammeter of Prob. 2? 

3.9. Voltmeter loading effects. Many of the resistors used 
in vacuum-tube circuits have resistances of several thousands or 
hundreds of thousands of ohms. If a voltmeter is temporarily 

connected across one of the re-
sistors to measure the voltage, 
the indicated voltage may be 
quite different from that exist-

E = R 2 = ing before the meter was con-
180 100,000 nected. This effect of the volt-

- volts ohms 
age changing when the meter is 
connected in the circuit is known 
as loading. As a general rule, 

FIG. 10. An example of voltmeter 
"loading" so that different volt., loading will not be appreciable 

ages are obtained, if the resistance of the volt-
meter is at least ten times the 

resistance across which the voltage is to be measured. Often 
more nearly accurate readings can be obtained on a multirange 
instrument by switching it to a higher range scale than is actually 
needed in order to take advantage of the higher resistance on 
the higher scale. A sure indication of loading is found when the 
indicated voltage is considerably lower as the meter is switched 
from a high range scale to a lower range scale. 

Example 2. Suppose a voltmeter is available which has a sensitivity of 
1000 ohms per volt and which has 100-, 500-, and 1000-volt scales. The volt-
age across R2 in Fig. 10 is read on all three scales. Compare the readings to 
the voltage (calculated) across R2 before the meter is connected. 
The voltmeter, on the 100-volt scale, has a resistance of 1000 X 100 or 

100,000 ohms. This resistance is in parallel with R2, and their combined 
resistance is 

100,000 X 100,000 100,000 X 100,000 
  — 50,000 ohms 

R,= 100,000 ohms 

100,000 -I- 100,000 200,000 
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The voltage read on the voltmeter is 

50,000 50,000 X 180 
X 180 — = 60 volts 

100,000 50,000 150,000 

Similarly, the voltmeter on the 500-volt scale has a resistance of 1000 X 500 
or 500,000 ohms. The combined resistance of R2 and the voltmeter is 

100,000 X 500,000 100,000 X 500,000 

100,000 + 500,000 600,000 — 83,333 ohms 

and the voltage read on the voltmeter is 

83,333 83 333 X 180 

100,000 -I- X 180 = 183,333 = 81.7 volts 83,333  

On the 1000-volt scale the voltmeter resistance is 1,000,000 ohms and the 
combined resistance of R2 and the voltmeter is 91,000 ohms. The voltage 
read on the 1000-volt scale is 85.7 volts. 

Since the resistances of R1 and R2 are equal, the voltage across each is one-
half of 180 or 90 volta. 

VOLTAGE 
ACROSS Rs, 

Volts 

No voltmeter 90 
1000-volt scale 85.7 
500-volt scale 81.7 
100-volt scale 60 

3.10. Wattmeters. Since power in watts is the product of the 
emf in volts and the current in amperes, a wattmeter must be 
arranged to read the product of 
the voltage across a device and 
the current through it. A dyna-
mometer-type instrument may 
be employed as a wattmeter by A-C 

using one coil as a potential line 

(voltage) coil and connecting it 
in shunt with the load (across 
the line). The other coil serves 

as a current coil and is connected Fia. 11. Connections of a watt-

in series with the load. When meter into a circuit. 

used as an a-c wattmeter, a 
dynamometer instrument indicates El cos 13, which is the formula 
for a-c power (Sect. 7.21). The manner in which a wattmeter 
is connected to measure power to a load is shown in Fig. 11. 



60 Electrical Meters and Measurements [Ch. 3 

RESISTANCE MEASUREMENTS 

The most important and most frequent single measurement in 
radio practice is the measurement of resistance. Many resistors 
are used in radio receivers, transmitters, and other electronic 
equipment, and the actual resistance of these units is often im-
portant. Furthermore, the ohmic resistance of many units, used 
for purposes other than as resistors, is an important indication 
of the condition of the unit, that is, whether the unit is normal 
or whether it needs to be repaired or replaced. Methods of meas-
uring resistance, then, are important and useful. 

3.11. Ammeter-voltmeter method of measuring resistance. 
The simplest method of measuring resistance follows from Ohm's 
law. The resistance of a device is the ratio of the voltage across 

the device to the current 
through it (R = E I). If 
the voltmeter utilized has a 
much higher resistance than 
that of the device being meas-
ured, its inclusion in the cir-
cuit need not be considered. 
Otherwise, the loading effect 
of the voltmeter must be 

Fia. 12. Ammeter-voltmeter method taken into account. Since the 
of measuring resistance. resistance of d-c ammeters is 

usually low enough to be con-
sidered negligible, trouble may often be avoided by connecting 
the voltmeter across both the unknown resistance and the am-
meter in series as shown in Fig. 12. With this connection, the 

current drawn by the voltmeter does not flow through the am-
meter and a better value for the resistance is obtained. 

Example 3. Consider the circuit of Fig. 12. A voltmeter V across the 
device whose resistance is unknown reads 75 volts, and the current meter I 

indicates a current of 0.05 amp. What is the unknown resistance? 

R = E + I = 75 ÷ 0.05 = 1500 ohms 

3.12. The ohmmeter. A simple instrument very commonly 
used for resistance measurements is a direct-reading ohmmeter 
consisting of an ammeter and a battery. The circuit of a series-
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type ohmmeter is shown in Fig. 13, where R is the unknown re-
sistance whose value is to be measured. With R short-circuited, 
resistor S inside the instrument case limits the current taken by 
the meter from the battery to about full-scale deflection. The 
deflection is made exactly full-scale by means of the variable 
shunt resistor B across the indicating meter. When R is placed in 
the circuit, the deflection of the instrument decreases to cor-
respond to the new value of the 
current flowing. This current is, 
of course, less than it was with 
the unknown resistance short-
circuited, and the meter can be 
calibrated directly in terms of 
ohms rather than amperes. Note 
that full-scale deflection cor-
responds to zero resistance, E 

whereas no deflection indicates 
an open circuit. 
The useful range of this type 

of meter is usually considered 
FIG. 13. Circuit of a series-type 

as 10 times the half-scale resist- ohmmeter. 
ance indication. The calibration 
marks for deflections below about third-scale are too crowded 
to be of much use. Ranges may be 1000, 10,000 and 100,000 
ohms. Use of a sensitive instrument or more voltage will permit 
the measurement of several megohms by this method. Low 
ranges, such as 100 or 10 ohms, are usually obtained by shunting 
the unknown resistance across the meter instead of placing it in 
series with the meter. This type of ohmmeter (shunt ohmmeter) 
deflects up-scale for large resistances, since large resistances will 
shunt very little current around the meter. 
Ohmmeters are used to test the continuity of a circuit, as, for 

example, a tube filament, a transformer winding, or a line cord. 
They may also be used to detect short circuits, as in a capacitor 
or choke, or between a tube cathode and its heater. 
The accuracy of resistance measurements made with an ohm-

meter is not generally very good. However, the ease with which 
the instrument can be used far outweighs the low accuracy for all 
except precision measurements. 
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3.13. Wheatstone bridge. Resistances are often measured 
by what is known as the comparison method, that is, by com-
paring them with resistance units whose values are known. For 

example, the current through an 
switch unknown resistance, R1, as in 

Fig. 14, can be measured with 
the ammeter I. Then a variable 
calibrated resistance R2 can be 
switched in the circuit and ad-
justed to give the same current. 
The two resistances are then 
equal in value. 

FIG. 14. Comparing one resist- Another method employs a 
Wheatstone bridge. Such a 
method is standard practice 

when high precision is required. In diagrammatic form a Wheat-
stone bridge is represented in Fig. 15. R1 and R2 are resistors 
whose resistances are accurately known, R3 is the unknown re-

ance with another. 

Fm. 15. Circuit of the Wheatstone bridge for measuring resistance. 

sistance, and R4 is a calibrated variable resistance to which the 
unknown is compared. A Wheatstone bridge is used as follows: 
A current is led into the bridge arrangement of resistances at 



Suppose that R1 and R2 
becomes 

or 

or 
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the points A and B, and a sensitive current-indicating meter g 
is placed between points X and Y. The values of RI, R2, and R4 
are adjusted until the meter g shows that no current flows through 
it; that is, there is no difference of voltage between the points X 
and Y which would force current through the meter. In other 
words, X and Y are at the same voltage. 
The total current divides at A and flows into the arms of the 

bridge, forming the currents /1 through R1 and R2 and 12 through 
R3 and R4. If there is no potential difference between X and Y, 
the voltage drop along R1 is equal to the voltage drop along R3. 
Thus 

= I2R3 
Similarly 

IiR2 = I2R4 

Dividing equation 1 by equation 2, 

R1 R3 

T/2 = 7.e4 

are equal in value. Then equation 3 

= - 
R2 

[3] 

R3 = R4 (for R1 = R2) 

and to find the value of the unknown resistance R3, R4 is ad-
justed until no current flows through the meter. Then R3 and R4 
are equal. Suppose, however, that the unknown resistance is 
much larger than any valuesthat can be obtained by ad lusting 
R4. For example, let it be ten times as large. Then it is neces-

sary only to replace R1 by a resistor ten times as large as R2, and 
equation 3 becomes 

R1 R3 
— = — = 10 
R2 R4 

R3 = 10Rt 
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Now R4 is adjusted until no current flows through the meter. 
The resistance of this standard R4 is multiplied by 10 to obtain 
the value of the unknown resistance R3. 

Resistances R1 and R2 are called the ratio arms; R4, the stand-
ard resistance, is usually a resistance box, that is, a box con-
taining several resistance units. The box is equipped with 
switches so that any of the accurately known resistances may 
be utilized. 

Problem 4. An ohmmeter is constructed as shown in Fig. 13 except that 
the shunt B is omitted. Voltage E is 6 volts. The resistor S is adjusted so 

that a full-scale current of 100 µa flows when resistor R is shorted. With R 
in the circuit the meter reads 25 /et. What is the value of R? 

Problem 5. An unknown resist-

ance is measured on a Wheatstone 
bridge. The bridge balances when 
the resistors have the following val-
ues: R1 = 10 ohms, R2 = 50 ohms, 
and R4 = 437 ohms. What is the 
value of the unknown resistance? 
Problem 6. Let R in Fig. 16 rep-

resent the resistance of a tube in a 
circuit. If the indication on a high.. 
resistance voltmeter is 100 volts when 

the ammeter indicates 2 ma, what is the resistance of the tube? What 
would be the resistance of the tube if a 
ohms per volt reads 100 volts on its 
current flows through the ammeter? 
Problem 7. A 100-µa microammeter 

per-volt voltmeter. What must be the 
of the meter itself is 300 ohms? (Re-
member that any 5000-ohms-per-volt 
meter must pass 200 µa at full scale.) 
Problem 8. Suppose that the watt-

meter in Fig. 11 is used to measure 

the power taken by a resistance load. 
On a 110-volt line the wattmeter 
reads 50 watts. What is the resist-

ance of the load? 
Problem 9. In Fig. 17 suppose that 

E and R represent a rectifier circuit. 
The internal resistance R is known 
to be 10,000 ohms. A 1000-ohms-per-volt 
the 250-volt scale when connected as shown. What is the value of E? 

Fm. 16. Example of the use of 
a high-resistance voltmeter. 

voltmeter with a sensitivity of 500 

150-volt scale and the same total 

is to be used to make a 5000-ohms-
value of the shunt if the resistance 

FIG. 17. The terminal voltage. 1", 
depends upon the internal re,i,t-

ance. 

voltmeter reads 220 volts on 
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Problem 10. In Fig. 17 it is desired to make measurements from which 
both E and R may be determined. The voltage is first measured across AB 
with a voltmeter having a total resistance of 100,000 ohms and found to be 
500 volts. The voltmeter is then shunted with a 100,000-ohm resistor and 
the voltage drops to 475 volts. What are the values of E and R? 
Problem 11. A d-c microammeter requires a full-scale current of 50 pa 

and a resistance of 2000 ohms. It is to be used as the foundation meter for 
a multirange meter having the following scales: 0 to 1, 0 to 10, 0 to 100 
ma, and 0 to 10, 0 to 50, 0 to 100 volts. Specify the shunting resistor for 
each current range and the multiplier resistor for each voltage range. 



4 • Magnetism and Electromagnetism 

Batteries have been described in a previous chapter as a common 
source of electrical power. A second important source of elec-
trical power is the generator. Since the generator depends upon 
electromagnets for its operation, the phenomenon of magnetism 
must be carefully investigated. 

4.1. Magnetism. Everyone is familiar with the common 
horseshoe magnet. It is made of a piece of hardened steel which 
has been magnetized and, as is well known, will attract bits of 
iron and steel. One end is identified as the north pole, and the 
other as the south pole. Two magnets will repel each other if 
their north (or south) poles are brought together and will attract 
each other if the south pole of one is brought near the north pole 
of the other. The amount of attraction or repulsion follows the 
same sort of law as do electric charges: the attraction or repul-
sion is proportional to the strength of the individual magnets 
(poles) and inversely proportional to the square of the distance 
between them. Thus 

mini2 
F = 

gel2 

* In this expression F is the force in dynes, ml and m2 are the strengths 
of the poles of the two magnets in gilberts, µ is the permeability, and d is 
the distance in centimeters between the poles. The permability of most 
materials, except iron, cobalt, and nickel, and some of their alloys, is very 
nearly equal to 1. Iron, cobalt, and nickel and various alloys are so-called 
magnetic materials and may have values of permeability ranging up to 
several thousand. As with Coulomb's law, the above formula may be 
expressed in other systems of units. 
Permeability is a measure of the ability of a material to produce mag-

netic effects; it is the ratio of the magnetic effect produced by a material, 
iron, for example, to the effect produced by air in a given magnetic circuit. 
The nature of permeability is discussed in more detail in later sections. 

66 
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Soft iron loses its magnetism easily and is not used for perma-
nent magnets. Instead, hardened steel or certain alloys of nickel 
and iron, such as Alnico, which is composed of aluminum, nickel, 
cobalt, and iron, are employed when magnetism must be retained 
over a long period. 

4.2. Terrestrial magnetism. Everyone knows that the earth 
is a great magnet, but no one knows precisely why. It is thought 
that the earth's core is iron and that it might have become mag-
netized in some manner. But the core is supposed to be very 
hot, perhaps molten, and iron loses its magnetism when heated 
to high temperatures. On the other hand, the magnetic poles 
shift about, a fact that is consistent with a molten core but not 
with a solid one. 
During periods of intense sunspot activities serious disturb-

ances appear on wire and radio communications circuits. These 
disturbances are known as magnetic storms, and it is quite likely 
that the earth's magnetism is partly due to a magnetized core 
and partly to the effect of streams of electrons and protons pro-
duced in the sunspots. 

Currents flowing near the earth's surface during these storms 
produce high voltages in telephone cables and lines and mask the 
signals; radio propagation suffers from the same causes. 

4.3. Electromagnetism. One of the most important discov-
eries of all those concerning the phenomena of electricity was that 
a coil of wire carrying an electric current acts like a magnet. 
It was this discovery that tied electric current and magnetism 
together as different aspects of the same science. The action of 
a permanent magnet can be easily demonstrated by distributing 
some fine iron filings on a sheet of cardboard or a piece of glass 
placed over a magnet. As the cardboard or glass is tapped 
lightly it will be found that the filings orient themselves along 
lines, called magnetic lines of force, that are assumed to leave 
the north pole of the magnet and enter the south pole. A typical 
pattern which is obtained is seen in Fig. 1. Similarly, a coil of 
wire carrying an electric current will be found to have magnetic 
lines of force like those of a permanent magnet. 
The existence of a magnetic field made up of lines of force can 

be demonstrated by bringing an ordinary mariner's compass near 
a wire carrying a current. The compass needle will swing front 
its north-south direction. If the coil of wire is wound on a hollow 
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form, such as a cardboard cylinder as shown in Fig. 2, and if a 
steady current flows through the wire, it will be found that the 
magnetic effect of the coil is increased very appreciably when an 

Fro. 1. How iron filings show the lines of force surrounding a bar magnet. 

iron core is placed within the coil form. Magnetic lines of force 
are carried with much less opposition through iron than through 
air. The ratio of the magnetic effect of the coil with and without 

(Coil into which iron core 
can be placed) 

Fm. 2. A cardboard tube wound with wire becomes a magnet when current 
flows through the wire. 

the iron is a measure of the permeability of the iron, that is, of 
its ability to carry magnetic lines of force. 

4.4. Magnetic quantities. What is it that makes a magnet 
attract pieces of iron? What exists in the space surrounding a 
magnet? Anyone asking these questions is squarely up against 
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a phenomenon of nature. One might as well ask, "Why does a 
stone fall toward rather than away from the earth?" As yet no 
one knows precisely what magnetism is. The best one can do is 
to accept magnetism as a fact and then learn all that is necessary 
to make proper use of it. 
The space surrounding a magnet is a magnetic field made up 

of lines of force. These lines take their place as indicated by the 
iron filings as described above. Their 
position can be explored by means of I' III 
a compass needle, as well as by other 0 
ways. Lines of force, then, cannot be IIII  ‘,it . 1 sq in. 
detected by the normal senses. They 
are detected only by effects that they 
produce. It may well be that lines of 
force have no real physical existence. 
However, they do help explain many 
magnetic phenomena and are impor-
tant for that reason. 

In any magnetic circuit, certain 
quantities must be known in order to 
design properly apparatus using the 
circuit. For example, the strength of 
the magnetic field may be expressed 
by the total number of lines of force, 
or by the number of lines per unit 
area, that is, the number of lines that 
go through a square inch or square 
centimeter. The total number of 
lines is known as the flux, and the lines per unit area as the flux 
density. Flux density is the total flux divided by the area in 
which the flux exists. Figure 3 illustrates this concept of flux 
density. 
Another quantity that must be known is the magnetic force 

required to set up a given number of lines in a material having 
a given magnetic quality, just as, in an electric circuit, the voltage 
required to produce a given current through a material of a given 
resistance must be known. 

4.5. Magnetomotive force. Corresponding to emf in an elec-
tric circuit is magnetomotive force (mmf) in a magnetic cir-
cuit, and corresponding to the resistance is the magnetic quantity 

Fla. 3. Flux density is the 
number of lines through a 
given area; here 1 sq in. 
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reluctance. The magnetic quantity flux corresponds to current. 
The unit of mmf is the gilbert; it is the magnetic "pressure" re-
quired to produce 1 line of force in a circuit having a reluctance 
of 1 unit. (There is no generally accepted name for the unit of 
reluctance.) In an electromagnet the mmf is proportional to the 
product of the current in the coil and the number of turns, that is, 
to the ampere-turns. 

In an electric circuit, the relations between the "cause" and 
the "effect" are 

Electromotive force E 
Current I — 

Resistance R 

In a magnetic circuit, the corresponding relations are 

Magnetomotive force 
Flux = 

Reluctance fR 

Consider a centimeter cube of air, that is, a cube of air 1 cm 
on an edge. If a mmf of 1 gilbert is applied to opposite faces, 
1 line of force will go through the cube. The reluctance of this 
cube of air, therefore, is 1 unit. If the cube is replaced by a 
column of air 1 cm wide, 1 cm deep, but 2 cm long, the reluctance 
will be 2 units. If, however, the cross-sectional area is increased, 
the reluctance will be decreased. Similarly, the resistance of a 
piece of copper wire 1 ft long and having a cross-sectional area 
of 1 circular mil is 10.4 ohms. A wire 2 ft long will have twice 

this resistance, and if the cross-sec-
/  tional area is increased (by using a 

À larger wire) the resistance will be cm 
decreased. 

L. cm —3.-"<cm In a magnetic circuit all materials 
FIG 4. Reluctance depends do not have the same reluctance. 
directly upon the length and However, the reluctances of differ-
inversely upon the area of 

the material. ent magnetic materials may be com-
pared if the reluctances of pieces of 

the materials of the same size and shape are compared. The 
shape usually used for comparison is a cube of material 1 cm on 
an edge. The reluctance per centimeter cube is called the reluc-

tivity. The reluctance of any larger or smaller piece of the 
material may be figured from its reluctivity. Thus, from Fig. 4, 
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Reluctivity X L 
Reluctance — 

A 

71 

where reluctivity = reluctance per centimeter cube. 
= 1 for air. 

L = length of magnetic circuit in centimeters. 
A = cross-sectional area of magnetic circuit in 

square centimeters. 

Example 1. What is the reluctance of an air gap having a cross section 
of 1.5 cm on a side and a length of 1.6 cm as shown in Fig. 5? 

1 5 cm( 

1 5 cm 

--»11.6 cm 4-
FIG. 5. Typical problem in magnetic circuits: what is the reluctance of 

the air gap? 

Solution: 

Reluctivity of air X Length of gap 
Reluctance = 

Cross-sectional area of gap 

1 X 1.6 1.6 
0.71 unit of reluctance 

1.5 X 1.5 2.25 

Now, how much magnetomotive force is required to produce a 
given flux in a given air gap? In a magnetic circuit the relation 
between mmf, flux, and reluctance is 

Magnetomotive force 
Magnetic flux —  

Reluctance 
or, symbolically, 

--= ff 

Example 2. In the air gap of Example 1, how many lines of force will 
be produced by a mmf of 320 gilberts? 

Solution: 

4> = 320 ÷ 0.71 

= 450 lines of force (approximately) 

Magnetic calculations are rarely as accurate as similar elec-
trical calculations, because current can be very accurately and 
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precisely directed by conductors. Lines of magnetic force cannot 
be exactly and precisely directed and controlled; some of them 
escape through paths which cannot be calculated. 
Note that reluctivity and reluctance are related but are not 

the same thing, just as resistivity and resistance are not the same 
in an electric circuit. Reluctivity always refers to a given geo-
metrical configuration, viz., the centimeter cube. The same ma-
terial drawn out into a fine wire would have a much greater 
reluctance than it had in the form of the centimeter cube. The 
analogy here to an electric circuit is clear. The resistivity of a 
centimeter cube (or a circular mil-foot) of copper is a fixed and 
known amount. But the resistance of this amount of copper 
depends upon how much it is drawn out. 

4.6. Magnetic field in a solenoid. If a coil of wire is wound 
on a cardboard cylinder, and if the coil is of such dimensions that 
the length is greater than the diameter by a factor of 10 or more, 
and if a current is passed through the wire, it will be found that 
the number of lines of force ( flux) passing through the center of 
the coil depends upon the number of turns of wire and the mag-
nitude of the current through the wire. It also depends upon the 
reluctance of the air inside the coil, of course. However, the 
units of the magnetic quantities are chosen so that the reluctivity 
of air is equal to 1. Thus 

Magnetomotive force 
Flux —  

Reluctance 

1.26N1 

where N is the number of turns of wire in the coil. 
/ is the current in amperes. 

0.47 is a proportionality factor. 

The product of N and / is known as the ampere-turns in the 
coil, and thus 

Flux (I) — 
1.26 X Ampere-turns 

Reluctance 

Now the reluctance is equal to the reluctivity times the length 
of the material in centimeters divided by the cross section of the 
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material in square centimeters. Here, the material on which the 
coil is wound is air and cardboard, and the reluctivity of each 
is equal to 1. The flux at the center of a coil of solenoidal dimen-
sions, that is, a coil of the shape described above, is 

1.26N/A 
—  

where A = cross-sectional area in square centimeters. 
L = length in centimeters. 

One-half the total number of lines of force pass out of the 
ends of the coil, and the other half constitute the leakage flux, 
that is, the flux which escapes between turns of the coil as seen 
in Fig. 6. The flux passing out of the ends and the sides of the 

FIG. 6. Lines of force which do not link all the turns of wire make up 
the "leakage flux." 

coil returns through the air space surrounding the coil. 
The mmf produced by a current of I amperes flowing through 

a coil which is long compared to its diameter and having N turns 
is equal to 1.26N/ gilberts. 
For the special condition that the coil has circular cross section, 

A = 7r-r2 ird2 = 0.785442 

where r = radius of core in centimeters. 
d = diameter of core in centimeters. 
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Then 
0.989N/d2 

cIJ,=   

Problem 1. How many gilberts are required to produce a flux of 1000 
lines across an air gap 02 cm long and having a cross section of 4 by 4 cm? 
if the air gap is replaced with a material having a reluctivity of 0.001? 
Problem 2. A coil has a rectangular cross section 4 cm by 5 cm. It is 

30 cm long and is wound with 1000 turns of wire. What must be the cur-
rent in the wire to produce 500 lines of flux at the center of the core? 
Problem 3. A coil form is 1.5 in. in diameter and 4 in. long. The form 

is wound with a single layer of No. 24 enameled wire. How many turns 
of wire will there be on the form? What flux will be produced in the 
center of the coil if 0.5 amp flows through the wire? 

4.7. Relative permeability. The reluctivity of a material is 
seldom used in design work; in its place the relative permeability 
is employed. Relative permeability is the number of lines of 
force that will be produced in a centimeter cube of material when 
the mmf between opposite faces is 1 gilbert. The statement that 
the relative permeability of a material is 2000 simply means that 
2000 times as many lines of force will be produced in it by a 
given mmf as will be produced in air. The relative permeability 
of air is chosen as 1 in fixing the size of the fundamental units; 
that of certain alloys of iron may be as high as many thousand. 
The term "relative permeability" arises because of the choice of 
air as the reference material; it is often shortened to "permea-
bility." 

In terms of permeability rather than reluctivity the formula 
for reluctance becomes 

Reluctance =  
Perrneability X A j.s X A 

where the Greek letter mu (it) is the symbol for permeabil-
ity. 

Example 3. A bar of material having a relative permeability of 400 
has a length of 6 cm and a cross-sectional area of 4 sq cm. Along the 
longer dimension is a mmf of 0.24 gilbert. How many lines of force (at 
the center) will be produced in this bar? 
Solution: The reluctance of the bar is 
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therefore 
epA 

e = =  
61 L eiA L 

0.24 X 400 X 4 
— 64 lines 

6 

In solving problems in magnetic circuits, one must remember 
that all the fundamental units are referred to a unit cube of air. 
Thus 1 gilbert of mmf is required to produce 1 line of force through 
a length of 1 cm and across 1 sq cm of air, as the relative permea-
bility of air is chosen as 1. If a material has a relative permeability 
of 400, 1 gilbert will produce 400 lines per square centimeter of 
cross-sectional area in a piece 1 cm long. 

If the circuit is made up of two materials having different reluc-
tances, a solution for each portion of the circuit must be made 
separately. Thus, if an iron core has an air gap in it, the number 
of gilberts for the iron portion must be determined, and then the 
gilberts necessary for the air portion; finally, the two are added 
together to determine the total magnetizing force, S. If two or 
more magnetic paths are in series, the total reluctance will be 
the sum of the individual reluctances. 

If two or more magnetic paths are in parallel, the total reluctance 
will be the reciprocal of the sum of the reciprocals of the individual 
reluctances. 

Reluctance in series: 61 = CRI -I- 612 -I- 613 + • • • , etc. 

Reluctance in parallel: —1 = —1 —1 —1 +..., etc., or CR = 
Gt CR1 612 (R3 

61012  
when there are only two reluctances in parallel. 

(R1 + 612 
Here again the reader should note the similarity to the electric 

circuit where resistances in series and parallel are combined in 
exactly the same way. 

Problem 4. An iron bar is 2 cm on a side and 20 cm long. It has a rela-
tive permeability of 500. What is its reluctance? 
Problem 5. A cylinder of iron with a relative permeability of 400 is 

bent into the form of a ring with a small air gap as shown in Fig. 7. If 
20 ma of current flows through the coil of wire wound on the core, how 
many turns will be necessary to produce 500 lines of flux in the core? 
HINT. Determine the reluctance of the two parts of the circuit sepa-

rately. Add to determine the total reluctance, and then determine the 
mmf required. Remember that 1 gilbert = 1/1.26 ampere-turn, and that 
the ampere-turn is the larger unit. 
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—.)-1 1-e-- 1 mm 
Area = 5 sq cm 

Fur. 7. An iron bar bent in the form of a ring presents an interesting 
problem in magnetic circuits. 

Problem 6. In Prob. 5 how many turns would have been required if 
there had been no air gap? 

2 cm 

1 

10cm 

_,-

2 cm -.1-
•  

6 cm 

Fm. 8. Typical problem in transformer design. 

Problem 7. In Fig. 8 is a drawing of a transformer core. The relative 
permeability is 400, and 500 turns of wire through which 1 amp flows are 
wound on the core. Find the magnetizing force in gilberts and the flux 
in the core. 
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4.8. Flux density. Since magnetic circuits are made in many 
shapes and of many magnetic materials, a means of comparing 
their magnetic characteristics is required. For example, the force 
necessary to produce a given flux depends upon the length of the 
magnetic circuit, its cross-sectional area, and its permeability. 
How, then, can two magnetic circuits made of different materials 
and having different dimensions be compared? The procedure 

is to reduce everything to unit dimensions. This method intro-
duces the term flux density (B), which is the number of lines 
per unit area. The unit for flux density is the gauss, defined as 
the number of flux lines per square centimeter. 
The flux density in any material, therefore, is the total flux, 4), 

divided by the area, A: 

B=4±A 

where B = flux density in gausses. 
= the total number of lines of flux. 

A = cross-sectional area in square centimeters. 

Another unit is the magnetomotive force required to produce 
a given number of lines through a 1-cm length of a given material. 
This is called the magnetizing force. The unit is the oersted, 
defined as 1 gilbert per centimeter. It is equal to the total mmf 

in the circuit divided by the length of the magnetic circuit. Thus 

Magnetizing force H = — 
L 

where H is in oersteds,* F is in gilberts, and L is in centimeters. 
Magnetizing force is often called magnetic field intensity. 

4.9. B-11 curves. If a given piece of magnetic material is 
subjected to varying magnetizing forces, the effects produced, 
expressed in lines per square centimeter (gausses), may be plotted 
as a curve. Such a curve is called a B-H curve, a saturation 
curve, or simply a magnetization curve. A typical B-H curve 

is shown in Fig. 9. 

*Up to 1930, the oersted was used as the unit of reluctance. Older 
books, therefore, will use the oersted in this manner. An oersted is 1 gilbert 
per centimeter. Often it is useful to express the magnetizing force in 
ampere-turns per inch. The relationship is 1 ampere-turn per inch = 0.495 
oersted. The oersted is the larger unit. 
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Flo. 9. B4I curve of Hypernik. 

.16 

Since the permeability, of a material is the number of lines 
of force per unit area set up by 1 unit of magnetizing force, then 

= B H 

Since B is the flux per square centimeter, the total flux through 
any area is the product of B and the area A. Thus 

= BA 

From a typical B-H curve, one can find the permeability of the 
material at any magnetizing force H by dividing a value of B by 
the corresponding value of H. It can be seen at once that the 
permeability is not a constant but varies with the amount of 
magnetization. At values of B of the order of 100 or less, the 
permeability is fairly constant for most magnetic materials, but 
at higher values of flux density, permeability varies widely. 
Manufacturers of magnetic material supply B-H curves so that 
engineers can tell the value of H required to produce any specified 
value of B. 
To calculate the mmf required to produce a given number of 

lines of force through a given length of material, merely multiply 
the value of H in oersteds (which is the mmf required to produce 
a given number of lines through a 1-cm length of the material) 
by the length in centimeters. Thus 

= HL 
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where if is in gilberts, H is the magnetizing force in oersteds, and 
L is the length in centimeters. 

These several magnetic quantities are summarized in the table. 

ELECTRICAL 
QUANTITY ANALOG SYMBOL UNIT DEFINITION 

Magneto- Electromotive IF Gilbert 1 line through a relue-
motive force tance of 1 unit 
force 

Flux Amperes 4, Lines of Total number of 
force lines 

Reluctivity Resistivity Reluctance per centi-
meter cube 

Reluctance Resistance 61 Reluctivity X L ÷ A 
Permeability Dielectric B ÷ H 

constant 
Magnetizing Volts per H Oersted 1 gilbert per centi-

force centimeter meter = L 
Flux density Amperes per B Gauss 1 line per square 

square centimeter = 4- A 
centimeter 

Magnetomotive force (if) and magnetizing force (H) are causes 
producing the effects of flux (t) and flux density (B) through the 
opposing quantity reluctance (60. 

Problem 8. What is the flux density in the core in Prob. 7? 
Problem 9. A bar of high-permeability (1.4, = 1000) alloy is 50 cm long, 

and has a cross-sectional area of 5 sq cm. A flux of 5000 lines is produced 
in the bar. What magnetizing force, in oersteds, is required? in ampere-
turns per inch? What is the flux density? 
Problem 10. A bar of Hypernik ( Fig. 9) is 20 cm long and has a cross-

sectional area of 4 sq cm. What mmf is required to produce a flux density 
of 3500 gausses? 
Problem 11. Using values from Fig. 9, plot a curve of relative permea-

bility vs. flux density for Hypernik. Is your curve substantially the same 
as that shown in Fig. 10? 

4.10. Saturation. In the typical B-H curve of Fig. 9 it is 
seen that, for low values of magnetizing force H, the flux density 
rises rapidly; at higher values of H the flux density rises less 
rapidly, and a point is reached where further increase in H pro-
duces no noticeable increase in flux density. At this point the 
material is said to be saturated. Above this point still greater 
flux can be obtained only by applying very much larger values 
of H. As a matter of fact, the permeability of materials in this 
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region of saturation may decrease to that of air, which is 1. 
Curves showing the variation of the permeability of two typical 
magnetic materials are shown in Fig. 10. 
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Flo. 10. Curves of two types of magnetic materials, showing how the 
permeability can be increased by use of alloys and heat treatment. 

4.11. Hysteresis. When iron or other magnetic material is 
operated in an a-c circuit, the magnetizing force is continually 
changing: increasing to a maximum, then reversing its direction 
and increasing to a maximum in the opposite direction. If the 
flux density is measured at points along a complete cycle the 
result will be a curve like that in Fig. 11. Note that the material 
initially has no magnetization, and that, as H is increased, B 
increases steadily, then more slowly up to a final point. Now, 
if the magnetizing current is decreased in value, the values of flux 
density will not retrace the upward curve but will trace out a 
new curve, and when the point is reached at which H is equal to 
zero some flux remains in the material. This is called residual 
flux. To reduce the value of B completely to zero a considerable 
magnetizing force must be applied in a direction opposite to that 
which produced the original flux density. The flux density B 
seems to lag behind the magnetizing force H. 

This lagging effect is called hysteresis; it is a result of the 
fact that not all the energy is usefully employed in producing 
flux. The area enclosed by the hysteresis curve is actually a 
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measure of the work done in overcoming the molecular resistance 
to magnetization. This power loss depends upon the material, 
the flux density, and the frequency of the alternating current. 
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FIG. 11. Typical hysteresis curve. Note that as H in oersteds is increased, 
B in gausses increases at different rates, and that as H is decreased, B 

follows a different curve. 

8 

Since the loss increases with frequency, care must be taken to 
choose magnetic materials which are suited for a particular job. 
Much effort has been expended to develop materials having low 
hysteresis losses and other desirable properties. 

4.12. Magnetic alloys. Iron, nickel, cobalt, aluminum, and 
a few other elements in various combinations produce magnetic 
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alloys of most interesting and useful properties. Permalloy, for 
example, has a very high permeability, a magnetizing force of 
0.06 oersted producing a flux density of 6000 gausses. Alnico is 
an alloy widely used for permanent magnets for loud speakers, 
microphones, and relays. Hypernik is a magnetic material used 
for power transformers where minimum weight and size are im-
portant. 

4.13. Magnetic shielding. Since lines of magnetic force 
"prefer" to flow through iron or other magnetic materials rather 
than air, it is possible to protect a piece of apparatus from a 
magnetic field by enclosing it in a box made of iron or other mag-
netic material. Since the total number of lines of force through 
the space occupied by the object (a measuring instrument, for 
example) is relatively constant, placing a magnetic box around 
it merely shifts the paths of the lines so that most of them thread 
through the iron rather than through the space in which the 
object lies. Since the air is still a medium in which lines of flux 
may exist, it is not possible to exclude all the lines of force from 
the object, but the number of them that go through it can be 
greatly reduced by the iron box. Such a box is called a magnetic 
screen or shield. 
4.14. Faraday's discovery. Another very important discov-

ery that helped bring about the development of present-day elec-
trical machinery was made by the celebrated English experi-
menter Faraday. The experiment which led to Faraday's dis-
covery may be performed by anyone who has a coil of wire, a bar 
magnet, and a sensitive current indicator such as a galvanometer. 
The coil should have such dimensions that the bar magnet may 
be thrust into its center as shown in Fig. 2. If the terminals of 
the coil are connected to the galvanometer, it will be found that 
a current will be indicated when the magnet is thrust into the 
coil; that no current flows when the magnet is stationary even 
though inside the coil; that a current opposite in direction to 
the first is generated when the magnet is withdrawn from the 
coil; and that the magnitude of the current depends upon the 
rate at which the magnet is pushed into or withdrawn from the 
coil. 
Now what is happening that makes it possible to produce an 

electric current by a motion of a bar magnet with respect to a 
coil of wire? The essential phenomenon is the change of position 
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of the magnet and the coil. From the discussion of a previous 
section, it is known that magnetic lines of force surround the 
bar magnet. When the magnet is thrust into the coil, these lines 
of force move with respect to the individual turns of wire in the 
coil. The lines of force are said to "cut" the coil of wire, and it 
is this cutting of lines of force that "induces" an electric current 
in the conductor. 

Such was Faraday's discovery. He investigated the matter 
further, however, and made other discoveries of vast importance. 

Fia. 12. If A-B is a conductor and if it is moved so that it "cuts" the 

lines of force between the magnet poles, then a voltage will appear across 
the ends of the conductor. If A-B moves in the direction of the lines of 

force, then no voltage will be produced. 

For example, if two coils of wire are in close proximity but are 
not electrically connected (perhaps one coil inside the other as 
shown in Fig. 13), then if an electric current from a battery 
flows through one coil (the "primary"), a current will be pro-
duced in the second coil (the "secondary") when the relative 

position of the two coils is changed. The coil carrying the cur-
rent acts exabtly like a bar magnet, inducing a current in the 
second coil. 
Now, instead of actually moving the position of one coil with 

respect to the other, let the relative positions be maintained but 
let the current through the primary be altered. As long as the 
primary current is changing, a current will appear in the sec-
ondary coil; but as long as the primary current is constant, no 
current will be induced in the secondary coil. 
The two coils present an exact analogy to the single coil and 

the bar magnet. The coil carrying the current acts like a magnet; 
lines of force emanate from it just as they do from the bar mag-
net. When these lines of force cut the turns of wire of the sec-
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ondary coil, a current will be produced. If, however, the posi-
tions of the coils are not changed, and if an unvarying current 
flows through the primary, there will be no secondary current. 
A change in the lines of force with respect to the secondary coil 
is necessary. This change can be achieved either by moving one 
coil with respect to the other or by changing the amount of cur-
rent flowing in the primary. Changing the current changes the 
number of lines of force and, in turn, the number linking the 
secondary coil. 

Changing 

Secondary coil 
Primary coil 

(a) Secondary Coil Moved 

Secondary coil 
Primary coil 

(b) Primary Current Changed 

Pm. 13. Current is induced in the secondary coil if the position of the 
secondary coil is changed or if the primary current is changed. 

There are few scientific discoveries more important than this 
discovery of Faraday. A large share of the electrical applications 
of modern times is dependent upon the phenomena of electro-
magnetic induction outlined above. 

4.15. The electric generator. An electric generator is a de-
vice for converting mechanical energy to electrical energy. A 
crude device for making this conversion was discussed in the 
previous section. A more workable arrangement is shown in 
Fig. 14. It consists of a turn of wire (a conductor) which is 
rotated mechanically between two magnets. Since induced cur-
rents are produced only when the lines of magnetic force are cut 
by the conductor, it is seen that, as long as the conductor moves 
parallel with the lines of force, it will not cut any of the lines 
and no current will be produced. On the other hand, when the 
conductor moves at right angles to the lines of force, the greatest 
number of lines will be cut per unit time and the greatest current 
will be produced. 
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Let the coil be rotated. At position (a), Fig. 14, the conductor 
moves nearly parallel to the lines of force. No current will flow 
in the wire. As the wire rotates, it begins to move more and 
more at right angles to the lines, and more and more current 
will be produced in the coil, as at (b). Soon, however, the wire 
AB begins to approach the position (a) when it is again moving 
parallel with the lines of force, and the current begins to decrease 
in value. 

(b) 

FIG. 14. Elements of a simple electric generator, in this case producing 
alternating current. 

At another portion of the complete rotation, the coil will again 
be cutting lines of force at right angles, but in a direction op-
posite to the direction in which it was cutting them at ( b). Now 
the current in the coil will be found to flow in the direction op-
posite to its direction in (b). 
Twice in the cycle of events (one revolution) there will be 

zero induced current; twice in the cycle there will be current 
maxima; these maxima will be in different directions; and be-
tween the zero-current positions the current will have values 
between zero and maximum. Thus the current rises and falls 
as the coil is rotated in the electric field. 
The elements of an electric generator producing alternating 

current are described above. An actual generator is much more 
complex. The magnet is replaced by a heavy iron core wound 
with insulated wire through which a direct current flows, pro-
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ducing a strong magnetic field. The moving coil is wound on a 
slotted iron form with many turns of wire in the slots. 
4.16. Alternating-current definitions. Since a circle, like a 

compass, can be divided into 360°, the position of the rotating 
member of a generator may be described in terms of the angle 
through which it has moved rather than by "position (a)" or 
"position (b)," or the position may be described in terms of the 
time it has been moving since the start of its rotation. If it makes 
a complete rotation it has gone through 360'; if it has turned 
half way through a complete revolution it has turned 180°; and 
so on. 

If the current at each position is plotted against the angle of 
rotation, expressed in degrees, a curve like that in Fig. 15 will 
result. Note that the current rises and falls about its zero-current 

value. 
One complete revolution is known as a cycle. The number of 

cycles per second is known as the frequency of the induced volt-
age or current. The time required for a complete revolution is 
called the period. 
Frequency = Cycles per second. 

1 
Period = Time of one cycle —   

Frequency 
Although frequency is correctly rated in cycles per second, 

abbreviated as cps, engineers seldom use the "per second" part 
of the expression, the assumption being that it is the number of 
complete changes of current direction per second that is being 
considered. In this book the simple term "cycles" is used rather 

than cycles per second. 
4.17. Work done by alternating current. Some may won-

der whether or not a current that is continually reversing its 
direction—never getting anywhere, so to speak—is useful. It is. 

Consider a board that is to be sawed. It matters little whether 
a circular saw or a common handsaw is used. If a circular saw 

is used, the cutting teeth move continuously in one direction. 
This is analogous to direct current. If a handsaw is used, the 
saw is moved back and forth or up and down. Nevertheless, the 

board is sawed. This is analogous to alternating current. 
The alternating current which lights homes in the United States 

is usually 60-cycle current. In some few communities 25- or 
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50-cycle current is supplied. In radio installations for use on 
shipboard and on aircraft, generators often produce 400- or 500-
cycle current. At the high-power radio stations of the Radio 
Corporation of America at Rocky Point, Long Island, are huge 
alternators which generate radio-frequency currents with fre-
quencies of 20,000 cps. Smaller generators which produce fre-
quencies as high as 100,000 cps have been built for radio trans-
mitters, but these have been supplanted by vacuum-tube gen-
erators. By means of vacuum tubes, alternating currents having 
frequencies of many millions of cycles may be generated. 

4.18. Direct-current generator. When current is taken out 
of a generator by means of collector rings, illustrated in Fig. 
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no. 15. How the current rises and falls in the output of an a-c generator. 
It actually follows a "sine" wave curve. 

16, the resulting current is alternating, as shown in Fig. 15. If 
current flowing continuously in the same direction is desired, a 
device called a commutator is used instead of the collector rings. 
A commutator is a switch, or valve, which keeps the output cur-

rent flowing in the same direction by reversing at the proper time 
the position of the external wires with respect to the rotating 
wire. In this manner the current flows through the external cir-
cuit in a single direction, although the current in the conductor 
which cuts the lines of force must reverse each time the conductor 
passes through 180° and reverses its direction with respect to 
the direction of the magnetic field. 
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The commutator serves the same purpose as a valve in a pump 
which may be employed to keep water flowing upward whether 
the pump handle is worked down or up. A machine that sends 
out current that flows in a given direction is called a direct-

(Brush 

rings 

Commutator 

(b) 

Fia. 16. An alternator has collector rings for taking the current out of the 
machine; a d-c generator has a single ring with segments which reverse the 
current as the rotor moves so that, in the external circuit, current always 

flows in one direction. 

current (d-c) generator, and naturally, the current is known as 
direct current. 
The current produced in the simple d-c generator described 

above, while flowing in the same direction all the time, is pulsat-

.1to 

Ce_ 
Time 

(a) Pulsating Direct Current (6) Direct Current Produced by 
from a Single Coil a Typical D-C Generator 
and Commutator Employing Many Coils 

Fm. 17. Pulsating nature of the output of a d-c generator. 

ing in nature, as shown in Fig. 17(a). In normal practice many 
coils are wound on the rotating core of the generator, and these 
are connected to a complex commutator such that the output 
current looks more like that pictured in Fig. 17(b). 
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5.1. Coupled circuits. Consider the two coils P and S in Fig. 
1. These coils are said to be "coupled" when lines of magnetic 
force from one coil go through the other. When P is attached to 
a battery and the switch is closed, there is a momentary move-
ment of the needle of the meter which is connected across S. The 
needle then returns to zero. When the switch is opened, the 
needle moves again but in the opposite direction. As long as the 
current in the primary P is steady in value and direction, there 
is no movement of the needle. A deflection of the needle indicates 
a momentary flow of current in the secondary coil; this current 
flows only when the primary current is changing, that is, starting 
or stopping, not when the primary current is fixed in value and 
direction. 

5.2. Lenz's law. Two fundamental facts about this phenom-
enon of coupled circuits should be noted. The first is that, when 
lines of magnetic force couple two coils together, and some change 
in these lines takes place, a voltage is induced in the circuit. The 
change may result from a variation of current in the primary 
coil, or from relative movement of the two coils. The second 
fundamental fact is expressed in Lenz's law: the induced current 
is in such a direction that it opposes the change that produced it. 
When the battery is attached to P by closing the switch, lines 

of force begin to thread through the turns of wire in S. This 
movement of the lines of force through S induces a voltage across 
the coil, and a current flows in the coil and in the apparatus con-
nected to it. The current in the second coil is in such a direction 
that its field, that is, its lines of force threading through the 
primary, induces a counter-voltage in the primary opposite in 
direction to the battery voltage. 
When the battery is disconnected by opening the switch, the 

89 
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lines of force from the primary current collapse back on the 
primary coil and, in crossing the secondary turns in a direction 
opposite to that taken when the current in the primary is in-
creasing, induce a voltage in the secondary in such a direction 
that it tends to keep the primary current flowing. 

If it were not for the phenomenon expressed in Lenz's law, 
electrical equipment would burn up. If the current induced in 

m`,0 
111,11 I 

mom, 

Fia. 1. If the coils P and S are coupled so that lines of force from P go 
through S, a current indicator will show a flow of current in S when the 

key is momentarily closed or opened. 

the secondary by a change of lines of force from the primary 
produced a voltage in the primary in the same direction as the 

battery voltage, currents in both the primary and secondary 
would increase indefinitely, and these excessive currents would 

destroy the apparatus. 
If a large coil, a battery, and a quick-acting current meter are 

placed in series with a switch, the meter will be seen to reach 

its final value slowly and not at the instant the switch is closed. 
If the battery were suddenly removed from the circuit after a 
steady value of current had been reached, the current through 
the coil would not fall to zero instantly; it would take as long to 

decrease to zero as it took to rise to its final "steady-state" value. 
The actual time of build-up may be quite short, a fraction of a 

second, but in large iron-core coils, such as the field of a large 
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generator, several seconds may be required for the final value 
of current to be attained. 
The fact that current takes longer to reach its final value in a 

circuit in which there is a coil of wire indicates that something 
about the coil tends to prevent any change in the current. This 
phenomenon is of fundamental importance. 
The property of an electrical circuit which tends to prevent 

any change in current flowing through it is called inductance. 
It has a mechanical analogy in inertia. A flywheel requires con-
siderable force to get it up to speed, and after it is started it will 
continue to run for some time after the driving force is removed. 
It does not stop suddenly. Considerable force is required to 
stop it, and the more rapidly one wants to stop it, the more force 
he must apply. 

Inertia is evident in a mechanical system only when some 
change in motion is attempted. It is not the same as friction, 
which is always present. The inductance of an electrical circuit 
manifests itself when the current through it is changing. It is 
not to be confused with resistance, which is always present. 
Current flowing in a circuit containing only resistance stops as 
soon as the driving force (voltage) is removed. If inductance is 
added in series to the circuit, the resistance remaining the same, 
a measurable time will be required for the current to drop to 
zero when the voltage is removed. 

5.3. Self-inductance, Inductance may be added to a circuit 
by winding a length of wire into a compact coil. For example, 
1000 ft of No. 20 copper wire strung up on poles would have a 
resistance of about 10 ohms, and the current into it would reach 
a final value very soon after a battery was connected to its two 
ends. If, however, the wire is wound up on a spool, the time 
required for the current to reach its final value will be con-
siderably longer. The resistance has not changed; the longer 
time is due to the inductance added to the circuit. 
A single coil can have inductance and can have a voltage in-

duced across its terminals just as though it were the secondary 
coil shown at S in Fig. 1. 
When the current starts to flow through the coil, lines of force 

begin to thread their way through the coil, thereby cutting adja-
cent turns of wire and, according to Lenz's law, inducing in each 
turn a voltage in such a direction that it tends to oppose the 
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building up of the current from the battery. When the battery 
connection is broken, these lines of force collapse, again cutting 
the turns of wire and thereby inducing voltages which tend to 
keep the battery current flowing. 

5.4. Magnitude of inductance and induced voltage. The 
greater the number of turns of wire in a small space, or the higher 
the permeability of the core on which the wire is wound, the 
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FIG. 2. Manner in which current through a circuit containing inductance 
and resistance builds up at a rate dependent upon LIB. 
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greater will be the inductance of the coil and the longer the time 
required for the current to reach its final value. The inductance 
of a coil is proportional (approximately) to the square of the 
number of turns on the coil; the induced voltage is proportional 
to the inductance and the rate of change of current through the 
coil. The time required for the current through a coil to reach 
its final value increases as the inductance is made larger and de-
creases as the resistance of the coil becomes larger. The general 
manner in which the current through an inductance and resistance 
in series increases is shown in Fig. 2. Since the current tends to 
keep flowing when an inductive circuit is broken, the induced 
voltage across the coil must be in the same direction as the 
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battery voltage. Thus, if a coil has 100 volts from a battery 
across it, and the current is suddenly broken, the voltage at the 
instant of break across the coil will be 100 plus additional induced 
voltage. Breaking the current in a highly inductive circuit may 
set up a very large voltage across the coil. The spark which 
bridges the switch contact when the circuit is broken is an indica-
tion of a high voltage. This is a practical demonstration of 
Lenz's law. 

It must be borne in mind that there is no induced voltage what-
ever so long as the current through the coil does not change. The 
instant it changes, there will be a "back emf" across the coil 
which opposes the change in current. The larger the coil, and 
the quicker the current is increased or decreased, the greater will 
be the induced or back emf. 
The rate of change, not the absolute value of the current, is 

the important factor. When current is measured in amperes and 
time in seconds, the rate of change is measured in amperes per 
second. Thus, if the current is 1 amp and it drops to zero in 
1 sec, the rate of change is 1 amp per sec. If it drops to zero in 
%00 sec, the rate of change is 100 
amp per sec. 
A coil with a large inductance 

may, when the circuit to it is 
broken, produce a large enough 
voltage and be able to supply 
enough current to be dangerous to 
a person who comes in contact 
with the terminals. Therefore, care 
should be exercised when handling 
large inductors. 

Example 1. In Fig. 3 is an inductor 
made up of the field winding of a gen-
erator. Across the inductor are placed 
a flash lamp, resistor, and battery as 
shown. The current is adjusted by vary-
ing the resistor R so that it is just in-
sufficient to light the lamp. Now when 
the switch is opened the lamp will sud-
denly light (and may burn out) because 
voltage due to the collapsing field of the 

Fla. 3 An experiment illus-
trating Lenz's law and the 
effect of breaking a highly in-

ductive circuit. 

of the momentary increase in 
coil. 
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In radio circuits the coils are usually wound on non-magnetic 
or specially treated powdered iron cores. In audio * and power 
circuits iron is utilized to build up large inductances in small 
spaces and with a minimum of copper wire. 

If an a-c voltage is placed across a coil, the current through 
the coil will be much less than if a d-c voltage of the same value 
is placed across it. This is due to the counter-voltage or back 
emf induced across the coil by the effects just described. 

5.5. The unit of inductance. When a current through a coil 
changes at a rate of 1 amp per sec and causes an induced voltage 
of 1 volt across the coil, the inductance of the coil is said to be 
1 henry. This unit is named in honor of Joseph Henry, an 
American experimenter who discovered the phenomenon of elec-
tromagnetism at about the same time as Michael Faraday. 
The qualitative facts of electromagnetism may be expressed as 

à/ 
E av = L — 

àt 

where E., is the average induced voltage. 
A is the Greek letter delta, indicating "a change in." 
I = current in amperes. 
t = time in seconds. 

The portion of the expression a/At may be translated as "the 
rate of change of current with respect to time." The induced 
voltage is, therefore, proportional to the rate at which the cur-
rent changes and is equal to amperes change per second multi-
plied by a factor L known as the inductance. 

Coils added to circuits for the purpose of increasing the in-
ductance are properly called inductors, although many engineers 
use the terms "inductance" (a property of a circuit) and "in-
ductor" (a piece of apparatus) interchangeably. 

The inductance of a coil is really a measure of the flux lines 
linking with the turns of the coil. The unit of inductance, the 
henry (h), is that inductance which causes 108 (one hundred 

*Audio circuits involve alternating currents which, when converted into 
sound waves as by a loud speaker, can be heard by the human ear, that is, 
roughly from 50 to 15,000 cycles. Radio frequencies are much higher and 
are inaudible. 
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million) interlinkages per ampere change in current. Thus 

NM, X 10-8 
L = henries 

à/ 

95 

[1] 

where N = the number of turns on the coil. 
= magnetic flux linking these turns due to I. 

/ = amperes of current through the coil. 
10-8 = a constant term to bring L into practical units. 

In Chapter 4 it was determined that the flux in a long coil, or 
solenoid, is given by 

0.47NI 
—  

61 

where at is the reluctance. 

61 = / µA 

where 1 = length of the winding in centimeters. 
A = area of cross section in square centimeters. 
= permeability of core on which coil is wound. 

Therefore, 
0.4rNIAµ 1.26NIAu 

4) —   

If this value of is inserted in formula 1, an expression for the 
inductance in henries of a coil whose length is large compared to 
its diameter will be found. Thus 

L= 
1081 

1.26N2Ag 

where g = permeability (g = 1 for air). 
A = cross section of coil in square centimeters. 
/ = length of winding in centimeters. 

5.6. Energy stored in a magnetic field. Since it is a prop-
erty of inductance to oppose any change of current, it follows 
that energy is required to increase the current through an in-
ductance. As would be expected, the amount of energy required 
depends upon the final value of current, providing, of course, that 
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the initial current is zero. The expression for the amount of 
energy in the magnetic field around an inductance is given by 

W --= iLI2 joules 

where L is in henries and I is in amperes. 
If an inductor is carrying a current and the connections to it 

are suddenly opened, the magnetic field must give up its energy 
since the current must soon drop to zero. As the circuit is opened 
a voltage is developed across the terminals of the inductor large 
enough to cause a spark to bridge the opened terminals. The 
energy of the magnetic field is then dissipated in this spark and 
in the resistance of the circuit. 
The high voltage which appears when the circuit to a current-

carrying inductor is opened is taken advantage of in many elec-
trical applications. For example, fluorescent lamps will not start 
on normal line voltage, although they operate satisfactorily on 
this voltage once they are started. The starting mechanism 
normally consists of an inductor (ballast) and a starter switch. 
The starter switch, when closed, permits current to flow through 
the filaments at the two ends of the lamp and through the ballast. 
In a few seconds, after the filaments are warm, the starter switch 
is opened and the "inductive kick" of voltage is enough to cause 
the lamp to light. The ballast is usually arranged so that it re-
mains in the circuit in series with the lamp and therefore the 
current taken by the lamp is limited to the proper value. The 
filaments are not used except during the starting period. The 
starter switch may operate on an automatic basis, or it may be 
a manual switch. 

5.7. Typical inductors. The coils used in radio apparatus 
vary from small coils having inductances of the order of micro-
henries (ph) to very large coils having 100 or more henries of 
inductance. Broadcast-frequency tuning coils have inductances 
of about 300 eh and may be from IA to 3 in. in diameter wound 
with No. 30 to No. 20 wire of 50 to 100 turns or so. There are a 
number of complicated formulas by which one can calculate the 
inductance of coils of various sizes and shapes. The ones in Fig. 
4 are accurate enough for practical purposes. 
These formulas show that the inductance increases as the 

square of the number of turns. Thus, if a coil of 3 units induct-
ance has its number of turns doubled, the inductance will have 
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increased four times or to 12 units. This is true provided that 
there is good coupling between turns; that is, if the coil is on an 
iron core this rule is quite accurate, but if the coil is wound on 
a core of air the rule is only approximately true. It becomes 
more nearly a fact the closer together the turns of wire are placed. 

Problem 1. A coil like that shown in Fig. 4(a) is composed of 1000 
turns wound on a coil form such that b and c are both in. and a is 21/2  
in. What is the inductance of the coil? 

0.315a2N2  
L 

6a 9b -F 10c 

(a) 

b 

0.394a2N2  
L — 

9a + 10b 

(b) 

FIG. 4. Typical coil forms and formulas by which the inductance may be 
calculated. Dimensions are in centimeters. 

Problem 2. Calculate the inductance of a coil such as shown in Fig. 
4(b) if it is made of 100 turns wound on a form 1/2 in. in diameter and 1 in. 
long. This coil is similar to many used in modern broadcast receivers. 
Problem 3. A coil form is 2 in. in diameter and 31/2  in. long. A single 

layer of No. 24 copper wire is wound on the form. If the turns are wound 
as closely as practicable, what will be the inductance of the coil? What 
will be the approximate d-e resistance? 
Problem 4. A power supply filter inductor has an inductance of 8 

henries and initially is carrying a current of 0.2 amp. If the current is 
decreased to zero in 0.1 sec, what average voltage is induced across the 
terminals of the inductor? 
Problem 5. An inductor has a core of annealed sheet iron which has a 

relative permeability of 3000. The core has a cross-sectional area of 6 
sq cm, and the mean length of the core is 30 cm. It is wound with 1000 
turns of wire. What is the inductance? 

5.8. Coupling. The closer together the two coils, P and S, 
Fig. 1, the greater the number of lines of force produced by the 
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primary current that link with the turns of the secondary, and 
the better the coupling is said to be. Also, the higher the permea-
bility of the medium in which the lines go, the better the coupling. 
The voltage across the secondary of such a two-coil circuit as 

that shown in Fig. 1 depends on the inductances of both coils, 
their proximity, the permeability of the medium between the 
coils, and the rate at which the primary current changes. All 
the factors except the rate of change of the primary current are 
grouped together and are called the mutual inductance of the 
circuit. 
The secondary voltage, then, is equal to 

M X Rate of change of primary current with time 

where M is the mutual inductance and is rated in henries. 
5.9. Magnitude of mutual inductance. Formulas in Fig. 4 

show that the inductance of a coil depends upon the square of 
the number of turns. Doubling the turns increases the inductance 
four times. Consider two coils built alike and having the same 
inductance. If they are connected in series as in Fig. 5(a), and 

L. 1-1-1-L2-4-2M 

(a) 

Fm. 5. Coils may be connected so that their fields aid or "buck." In 
one (a) the total inductance is increased; in the other (b) the total in-

ductance is less than the sum of the component inductances. 

if the coils are perfectly coupled, the total inductance would be 
equal to that of a single coil of double the number of turns. In 
other words, the total inductance of two coils connected "series-
aiding" and with perfect coupling will be four times the induct-
ance of a single coil. If the connections to one coil are reversed, 
the total inductance will be zero because the lines of force from 
one coil will encounter the lines of force from the other coil, which 
are in the opposite direction. The coils are now connected 
"series-opposing." 
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Consider the series-aiding case shown in Fig. 5(a). The total 
inductance is made up of the inductance of coil 1, that of coil 2, 
the mutual inductance due to the lines of force from coil 1 which 
go through coil 2, and the mutual inductance associated with the 
lines from coil 2 which go through coil 1; these two mutual in-
ductances are equal even though the coils are not identical. Thus, 

La = Li + L2 + 2M [2] 

If the two coils are identical, L1 = L2, and 

La = 2L1 + 2M 

and if the coupling is perfect, 2L1 = 2M, and 

La = 4L1 

Under these conditions, if the coils are connected so that their 
fields oppose each other, the net inductance will be zero. Thus, 

La = 2L1 — 2111 

and since 2L1 = 2M, 
La = 

Now suppose that some of the lines from one coil do not link 
with the turns of the other coil (this is always the case in reality). 
Now La will be less than it would be if the coupling were perfect, 
and Lo will be greater than zero. Under any conditions, however, 

La = L1 + L2 + 2M (connected series-aiding) 

Lo = Li + L2 — 2M (connected series-opposing) 

These two formulas give us an easy way to measure the mutual 
inductance between two coils. Connect them series-aiding and 
measure the total inductance; then connect them series-opposing 
and measure the total inductance. Now subtract Lo from La. 
Thus, 

La — Lo = Li — + L2 — L2 ± 2M — (-2M) 

= -I- 4M 

The mutual inductance, therefore, will be Y4 of the difference 
between La and Lo. 
Now it will be useful to have some measure of the amount of 

coupling between two coils. 
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If two coils are connected series-aiding so that complete flux 
linkage results, the total measured inductance will be found to be 
equal, not only to equation 2 but also to 

La = L1 ± L2 + 2VLIL2 

and so for complete coupling 

M = VLIL2 

The expression M/V-L-IT,2 is called the coefficient of coupling 
(k) since it is a measure of the completeness of the coupling be-
tween the individual coils. Since 

N/.142 

M = Wrir2 

and for complete coupling k = 1. 
Values of k vary from 5 per cent (0.05) or less in the case of air-

core coils to as high as 98 per cent (0.98) where iron is used as the 
core. 
The mutual inductance depends upon the two coils L1 and L2, 

and the coupling between them, that is, M = lc* L1L2; the coeffi-
cient of coupling between the two 
circuits depends upon the closeness 
of the two coils and on the medium 
separating them. An example is 

M=01 shown in Fig. 6. If the medium is 
0.1  iron, which makes it easy for the 

k— -%/ , 0.08 X 2.0 — 0.25 flux from one coil to link the other, 
the coefficient of coupling will be 

Fin. 6. Example showing de-
pendence of coefficient of cou- high. The maximum possible value 

pling, k, on mutual inductance, of k is 1.0. This value, called unity 
coupling, is approached in iron-

core transformers. Of course, if the coils are situated so that 
there is no coupling, either because they are too far apart or 
because they are placed in iron boxes, the total inductance in the 
circuit will merely be the sum of the individual inductances. 

5.10. Measurement of inductance. Inductance may be 
measured, like resistance, by means of a Wheatstone bridge. 
The Wheatstone bridge method consists essentially of compar-

— k 
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ing the unknown inductance to a known inductance. Resistances 
are used as the ratio arms, A and B in Fig. 7. When there is no 

AC source 

FIG. 7. Wheatstone bridge arranged to compare inductances. Here L. is a 
known "standard" inductance to which the unknown inductance, L8, is to 
be compared. One of the ratio arm resistances must be adjustable unless 
L. is adjustable. The bridge is balanced when no sound is heard in the 
telephones, and at this adjustment the unknown inductance can be deter-

mined by the formula in the text. 

sound in the headphones the inductances are equal if the ratio 
arms are equal; if the ratio arms are not equal the unknown 

inductance is given by the equation 

A 
= L, X —B 

Mutual inductance is measured on a bridge by the following 
method: The inductance of the individual coils may be measured 
first by the method outlined above. Then the two coils are con-
nected series-aiding, and the total inductance is measured. This 
permits the calculation of M from the formula Lo = L1 + L2 ± 2M. 
The same general result could be obtained by connecting the coils 
series-opposing. It is not necessary to measure the individual 
inductances first, provided the inductance when the coils are 
connected series-aiding (La) and then series-opposing (Lo) can 
both be measured. Then 
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4M -= La — La 

La — Lo 

[Ch. 5 

4 

Problem 6. Two coils each have a self-inductance of 200 µh. Their 
coefficient of coupling is 02. What is the mutual inductance? What is 
the total inductance if the coils are connected series-aiding? if they are 
connected series-opposing? 
Problem 7. Two identical coils are wound on a common coil form. The 

coils are connected in series. The total inductance with one series connec-
tion is measured and found to be 300 µh. The connections on one coil are 
reversed and the inductance is now found to be 220 µh. 

(a) What is the mutual inductance? 
(b) What is the coefficient of coupling? 
Problem 8. A radio-frequency pentode-tube amplifier uses a transformer 

to couple from one tube to the following stage. The primary has an in-
ductance of 250 h, and the secondary an inductance of 200 e. The 
mutual inductance is 90 eth. What is the coefficient of coupling? 
Problem 9. A laboratory inductor has two coils, one of which rotates 

inside the other. Each coil has a self-inductance of 200 mh. The coils are 
connected in series. What must be the mutual inductance and the coeffi-
cient of coupling when the total inductance is (a) 50 mh? (b) 500 mh? 

Indicate for each case whether the coils are series-aiding or series-
opposing. 

5.11. The transformer. A transformer is merely a coupled 
circuit. It may have a primary and a single secondary coil, or 
it may have two or more secondary coils. Transformers for use 
on power-line frequencies (60 cycles) are commonly employed to 
transform one voltage into another. Transformers for audio-
frequency use also perform this voltage-transforming function. 
However, transformers for radio-frequency circuits are generally 
used in conjunction with capacitors to obtain desirable frequency-
response curves, and their voltage-transforming properties are 
of secondary importance. This and the following sections of 
this chapter will discuss transformers used on power-line and 
audio-frequency circuits. A discussion of radio-frequency trans-
formers will be found in Chapter 15. 
A simple power or audio-frequency transformer consists of two 

windings on an iron core, as in Fig. 8. The purpose of the iron 
core is to insure that the magnetic flux set up by current flowing 
in the primary links with the secondary. However, even with 
iron cores some flux produced in the primary doe's not link with 
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the secondary turns. The lines of force ( flux) which do not link 
with the secondary are called leakage lines, and the inductance 
associated with them is called leakage inductance. 
The primary coil of a transformer is the coil which is con-

nected to the source supplying power to the transformer. The 
secondary coil is connected to the device requiring power. For 
example, the primary of a door-bell transformer is connected to 
the house-lighting circuit. The secondary is connected to the 

FIG. 8. Lines of force which do not link both windings are of no value; 
they are called, collectively, the leakage flux. 

door bell which requires power. The relative size of the voltages 
on the two coils does not determine which is the primary and 
which is the secondary. 

Since power and audio-frequency transformers are designed so 
that the amount of leakage flux is small (coupling is nearly 
unity), it is possible to establish a simple relation between the 
primary and secondary voltages. If there are twice as many 
secondary turns as primary turns, the secondary voltage will be 
twice the primary voltage. The turns ratio will be 1:2 or %. 
The relation between primary and secondary turns and the re-
spective voltages is: 

Ep np 
— = — = N (turns ratio) [3] 
E8 n. 

This simple relation is subject to slight correction for practical 
transformers because the coupling is actually slightly less than 
1.0 and because of voltage drops in the winding resistances. 
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However, these corrections are generally small and may usually 
be neglected for power and audio transformers. 
By using the proper ratio of turns, voltages either greater or 

less than the primary voltages may be secured at the secondary 
terminals. 

5.12. Waveforms in transformers. Since many transformer 
applications utilize voltages with complex waveforms, it is de-
sirable to determine how these waveforms are changed in trans-
formation. The relation 

e. = M X Rate of change of primary current with time 

can be used to determine the voltage induced in the secondary 
for a given waveform of current in the primary. 
Several typical waveforms are shown in Fig. 9. Figure 9(a) 

illustrates waveforms for a sine-wave primary current such as 
would usually be the case in transformers operating from power 
lines. Suppose that the circuit has been connected long enough 
for conditions to have been established. In the interval from 
A to B the current is increasing with time. Its rate of change 
is positive. Thus it induces a positive voltage in the secondary. 
However, the current increases less rapidly ( its rate of change 
is less) as point B is approached and the secondary voltage, while 
still positive, becomes smaller, and is zero when the primary has 
the value at point B. From B to C the current is decreasing 
(rate of change is negative) and the secondary voltage is nega-
tive. At point C the rate of decrease is greatest and so the nega-
tive voltage is also the greatest. Between D and E the current 
is again increasing (rate of change is positive) and the secondary 
voltage is positive. It is interesting to note that, with a sinusoidal 
waveform of primary current, the induced voltage has the same 
shape as the primary current, but the wave is displaced along the 
time axis so that secondary voltage maxima occur at the same 
time as primary current minima, and vice versa. 
The reasons for the difference in time between the maximum 

primary current and the maximum secondary voltage are as fol-
lows: The maximum secondary voltage will be produced when the 
primary current is changing at the greatest rate, that is, the great-
est amperes change per second. At the time of maximum primary 
current, the current changes hardly at all, as its curve is rather 
fiat on top. At this point the secondary voltage will be a min-
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imum. When, however, the primary current goes through zero, 
its direction changes from positive to negative and its rate of 
change (slope) is maximum. At this point the greatest secondary 
voltage will be produced. 

ip 
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Fin. 9. Waveforms of primary current j,, and secondary voltage e, in 
transformers. 

Consider a pendulum swinging freely. When it reaches a ver-
tical position, its bob hanging straight down, it is moving at 
its maximum velocity—that is, its rate of change of distance 
with time is greatest. Its position in space is about to change 
from, say, right to left. Now, when the bob reaches its maximum 
distance from the vertical, it is momentarily at a standstill and 
its velocity or speed (change of distance with time) is least. 
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If the bob were magnetized and if a coil of wire connected to 
a current meter were so placed that the lines of force from the bob 
flowed through the coil, it would be found that the greatest cur-
rent would be produced when the pendulum was moving at its 
maximum speed and that the minimum current (zero current, 
actually) would correspond with the greatest distance the bob 
reached on its flight; that is, at the point where its velocity was 
zero. 
The waveform of the secondary voltage can always be pre-

dicted by remembering that the least voltage will be produced 
when the rate of change of the primary current is least, and the 
greatest voltage will be produced when the primary current is 
changing at the greatest rate with respect to time. Also, the sec-
ondary voltage will be positive when the rate of change of pri-
mary current is positive; it will be negative when the rate of 
change of primary current is negative. 

Figure 9(b) shows a primary current such as might be obtained 
from a half-wave rectifier. The waveform is the same as that of 
Fig. 9(a) except that the lower half is missing. The induced volt-
age for the positive half wave of current is the same as for the 
first illustration. However, from C to D the rate of change of 
current is zero and there is no voltage induced in the secondary. 
The second positive loop of current is a repetition of the first, and 
so the induced voltage from D' to F' has the same waveform as 
that from A' to C'. It is important to note that, whereas the pri-
mary current has a d-e value as marked on the figure, the induced 
voltage in the secondary is centered about the axis and has no d-c 
value. This is an illustration that transformers do not transform 
d-c voltages. If the primary current contains both d-c and a-c 
components, only the a-c component is effective in producing a 
secondary voltage. 

Figure 9(c) shows a primary current with a trapezoidal wave-
form. Suppose that the analysis is started at point A. Here the 
current is increasing from A to B and produces a positive voltage 
in the secondary. The value of current is constant from B to C 
(rate of change is zero) and so the voltage induced is zero during 
this interval. From C to D the current is decreasing (rate of 
change is negative) and so the secondary voltage is negative. 
From D to E there is again no change in the value of the current 
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and the secondary voltage is zero. Note that it makes no differ-

ence if the interval during which the rate of current change is zero 
is along the axis as from C to D in Fig. 9(b), or if the rate of 
change of current is zero at some constant current value such as 
from B to C in Fig. 9(c). In either case the induced voltage is 
zero during the interval. 

The last two illustrations show the secondary voltage changing 
instantaneously from one value to another. These are idealized 
cases. In a circuit containing an actual transformer a finite time 
is required for this change, even though the time may be very 
short if the transformer is properly designed. 

The primary current and primary voltage will have approx-
imately the same waveform if the load on the secondary is a 
resistor. However, if the secondary load includes a capacitor or 
inductor, the waveform of primary voltage and current may be 
quite different. A more exhaustive study of the properties of 
capacitors and inductors is required before their effect on these 
waveforms can be treated. 

Problem 10. Suppose that a battery is connected in series with a switch 
and large resistance to the primary terminals of a transformer. Sketch the 
waveform of the voltage induced in the secondary winding if the battery 
switch is closed, then opened again after a few seconds. NOTE. The pur-
pose of the series resistance is to insure that the primary current and voltage 
have approximately the same waveform. Even with this resistance, the 
current will take a short time to rise to its final value. 
Problem 11. A filament transformer has a 115-volt primary and a 5-volt 

secondary. The secondary has 10 turns. How many turns must there be 
on the primary? 
Problem 12. A power transformer for a radio receiver has a 110-volt 

primary winding. It has three secondary windings: a high-voltage winding 
rated at 500 volts, 100 ma; a rectifier-tube winding rated at 5 volts, 3 amp; 
and a 6.3-volt, 2-amp winding. 

(a) What is the turns ratio (n/n3) of each secondary winding referred 
to the primary? 

(b) What is the total primary current? HINT. Calculate the primary 
current required by each secondary winding, then add the three resultant 
currents. 

Problem 13. A transformer is often designed so that it may be con-
nected to each of several supply voltages and still furnish the proper sec-
ondary voltage to the load. This is accomplished by tapping the primary 
as shown in Fig. 10. Suppose that a filament transformer has a 10-turn, 
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Tapped Primary Secondary 

115 v 

110 v 

105 y 

2.5 volts 

 o 

Common 

FIG. 10. Transformer with tapped primary. 

2.5-volt secondary. What must be the number of primary turns for use on 
a 105-volt supply line? on a 110-volt line? on a 115-volt line? 

5.13. Power in transformer circuits. Since a transformer 
does not add electric power to the circuit but merely changes or 
transforms one voltage to another, the power entering the pri-
mary side must be available at the secondary terminals. Of 

course, any loss in the transformer itself must be subtracted 
from the power which may be supplied to the load. In a well-de-
signed power transformer there is little internal loss; practically 
all the primary power appears on the secondary side; and the 

product of the primary volts and amperes must equal (nearly) 
the product of the secondary volts and amperes. Thus, the pri-
mary power is 

and the secondary power is 

P=EI 

P. = E.I. 

and, assuming no loss of power in the transformer, 

Epip E818 

whence 
Ep 

- = - = N (turns ratio) 
Ip E. 

which shows that the secondary voltage is greater in a trans-
former with a low turns ratio and the secondary current is less. 
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If N is less than 1, that is, if there are more secondary turns than 
primary turns, the secondary voltage will be greater than the 
primary voltage but the secondary current will be less than that 
taken by the primary from the supply line. The transformer 
acts like an electrical lever and provides a means for obtaining 
a high voltage at a low current from a low-voltage, high-current 
source. 

Since heat losses in a transmission line are proportional to the 
current squared (/2R), it is common practice to transmit large 
blocks of electric power at high voltages and relatively low cur-
rents. There will be 100 times the power loss in a 110-volt line 
than in a 1100-volt line of the same resistance if both transmit 
the same power. Transformers make it possible to generate a-c 
power at comparatively low voltage, to transmit it long distances 
at high voltages, and then to utilize it at low voltages. 

5.14. The autotransformer. It is not necessary for the 
transformation of voltage that the primary and secondary wind-
ings be distinct. Figure 11 represents what is known as an auto-

// 

S 
c-- 

 o Primary 
Secondary 

 o Commor 

FIG. 1. Single tapped winding may be used as an autotransformer. 

transformer in which the secondary is part of the primary. The 
voltage across the secondary turns, however, bears the same rela-
tion to that across the primary part as though there were two 
separate windings. The ratio of voltages is the ratio of the re-
spective number of turns possessed by the secondary and pri-
mary. Since one side of the a-c supply line is usually grounded, 
one primary terminal of the autotransformer will be grounded 
and care must be used to prevent a direct short circuit such as 
would occur if the "hot" (ungrounded) secondary terminal should 
be connected to ground. 
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5.15. Transformer applications. A transformer is often 
used when both alternating and direct currents flow through a 
circuit and it is desired to keep the direct current out of the 
circuit to which the secondary is connected. No direct current 
can go across the transformer when the two windings are distinct, 
although the a-c voltage variations are transferred to the second-
ary by the effects already described. If no change in the a-c volt-
age is desired, the turns ratio is made unity; that is, the number 
of primary and secondary turns is made the same. An output 
transformer which couples a power tube in a power amplifier to 
the loud speaker serves this isolating purpose. The power tube 
has direct current as well as alternating current flowing in its 
plate circuit. Since the direct current should not flow in the 
loud-speaker voice coil winding, a transformer is used to isolate 
the speaker from the direct current of the tube. A good trans-
former for this service will transmit all frequencies in the audible 
range with an efficiency of about 80 per cent. 
When no current is taken from the secondary of a transformer, 

the primary acts merely as a large inductance across the line and 

the current which it takes is rather small. The energy associated 
with this current is used in two ways, one of which is for supply-
ing the energy which heats the transformer and its core. The 
other part maintains the magnetic field of the primary. This 
second part consumes no power from the line because at each 
reversal of the current the energy of this field is given back to 

the circuit. 
When a secondary load is connected to the transformer, it be-

gins to draw current from the secondary and more power is taken 

from the source supplying the primary. This additional power is 
that required by the load, together with that required to supply 

losses in the primary and secondary coil resistances. 
Transformers of one kind or another are used in practically all 

radio, television, and radar equipment. 

Problem 14. An a-c welding transformer has a 110-volt primary and a 
5-volt secondary. The primary is connected to a standard 110-volt supply 
line, and the secondary is connected to the welding contacts. Suppose 
that a certain welding job requires 1000 amp. 

(a) What is the primary current? 
(b) How much power must the line furnish if the transformer is 90 per 

cent efficient? 
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Problem 15. An electric fan, designed to operate on 55 volts, is to be 
used on a 110-volt line with an autotransformer (Fig. 11) so that the proper 
voltage is supplied to the fan. The total number of turns on the autotrans-
former is 500. Show how the motor is connected, and mark the number 
of turns between the tapped point and each end of the autotransformer. 
Problem 16. Work Prob. 15 if the motor requires 208 volts for proper 

operation. The line voltage is again 110 volts. 

5.16. Transformer losses. Transformers are not perfect. 
Not all the power taken from the line by the primary results in 
power in the secondary load circuit. There are two sources of 
power loss: (1) losses in the windings (which have resistance 
and therefore heat up when current passes through them), and 
(2) core losses. The winding losses are called the copper losses. 
They are equal to the /2R loss in the primary plus a similar loss 
in the secondary. These losses, in watts, may be found from the 
resistances of the windings, which are determined by measuring 
the current flowing through the individual windings when a 
known d-c voltage is across the winding. This will give a value 
for R from Ohm's law. Then the currents taken by the primary 
and secondary when the load is applied to the secondary may be 
measured with an a-c ammeter. From these values the /2R losses 
may be found. 
The second source of power loss is in the core. The magnetic 

flux expanding and contracting about the core induces a voltage 
in the secondary. But the same lines of force which cause volt-
ages to be induced in the secondary also produce voltages in the 
iron core upon which the windings are placed. These voltages 
produce currents in the core, the currents produce heat (/2R), 
and another heat loss must be added to the copper losses. In ad-
dition to these loss currents, known as eddy currents, there is 
another power loss in the core which is due to the basic principles 
of magnetism. It is supposed that, when iron is magnetized, the 
position of the molecules is changed so that most of the north 
poles point in one direction and the south poles in the opposite 
direction. When the direction of flux changes every half cycle, 
the orientation of the molecules must change so that the north 
poles now point in the opposite direction. The continuous shift-
ing of the positions of the molecules in the core causes the core to 
heat up, and the heat represents still another loss of power. This 
wastage of power is known as hysteresis loss. 



112 Inductance [Ch. 5 

Since all the losses must be supplied by the source supplying 
the power, the losses represent power that cannot be utilized by 
the load. Special pains are taken to keep these unwanted losses 
as small as possible, for example, by using copper wire as large 
as practicable to keep the winding resistances low and by making 
the core of laminations (thin, insulated sheets of iron) rather 
than of solid iron. 
Eddy-current and hysteresis losses may be determined by 

measuring the power input and power output of the transformer. 
The difference is the total loss. Then the copper losses may be 
calculated as indicated above. The copper losses subtracted 
from the total losses give the sum of the eddy-current and 
hysteresis losses, that is, the core losses. 

Iron cores of one type or another are universally used in power 
transformers. In transformers operating at higher than com-
mercial power frequencies (60 cycles) the use of iron becomes 
more difficult and the difficulty increases as the frequency in-
creases. Hysteresis effects become very great because of the 
rapid reversal of the magnetic flux direction. Radio-frequency 
coils contain either non-magnetic core material or core material 
of very finely powdered iron which is mixed with a binder and 
then pressed into the desired form. The binder insulates one 
small particle of iron from another and thus reduces the eddy-
current losses. The iron is specially selected and heat-treated to 
make the hysteresis losses low. These powdered iron cores have 
fairly low losses and may be used in r-f coils for broadcast and 
even higher frequencies. They increase the inductance of a 
given coil appreciably and enable engineers to get high induct-
ances in a small space. 

5.17. Transformers in vibrator power supplies. It is not 
necessary that the primary of a transformer be connected to a 
source of alternating current to produce an alternating voltage 
in the secondary. All that is necessary is for the primary current 
to be interrupted or reversed in direction. A battery, for example, 

may be placed in series with the primary of a transformer and a 
vibrator or other current-interrupting device as shown in Fig. 12. 
At each break of the primary battery current, a voltage will be 
induced in the secondary. The same step-up or step-down in 
voltage is secured as where alternating current is utilized. The 
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secondary voltage may be rectified and filtered to supply high-
voltage d-c power from low-voltage batteries. 

Input 

Fm. 12. The use of a vibrator, a transformer, and a rectifier to secure 
high-voltage direct current from a low-voltage source. 

5.18. Variable inductors. Several means are available for 
varying the inductance of a coil. One is the simple expedient of 
having connections brought out from several points on the wind-
ing. Another method is to remove the insulation from the wire 
along a part of the winding and make contact with a slider. Also, 
merely inserting the iron core different distances into the coil will 
vary the inductance. Still another method consists of using two 
coils in series and changing the orientation of one coil with respect 
to the other; thus the coupling between the windings may be 
changed so that the total inductance, made up of the primary, 
secondary, and mutual inductance, may be varied from nearly 
zero to a value appreciably greater than the sum of the two in-
dividual inductances. 

5.19. Air gaps in iron-core inductors. If the magnetizing 
force applied to an iron-core coil is increased indefinitely, the 
magnetic flux will not increase indefinitely but will reach a satu-
ration value. Further increase in magnetizing force (as by in-
creasing the current through the coil) will not produce any more 
flux and therefore will not produce any further counter-voltage. 
The large currents which flow cause the coil to overheat. The 
difficulty may be overcome by inserting a small air gap in the 
iron core. Even a gap of only a few thousandths of an inch has a 

very useful effect for the simple reason that air cannot be satu-
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rated by flux. Increasing the current in the coil increases the flux 
in the air gap, even though the flux in the iron does not increase. 
Changes in current, therefore, continue to produce changes in 
flux. 
The air gap is useful where direct current as well as alternating 

current must flow through the coil. The direct current may pro-
duce sufficient flux to almost saturate the coil. Then, at the 
peaks of the alternating currents in the coil, the flux does not in-
crease proportionately to the increase in current, and the core 
saturates. An air gap may be used to overcome this trouble. An 
important application of coils which carry both direct and alter-
nating current is the "choke coils" used to filter out hum and 
noise in rectifier power supplies. 
The manner in which the inductance of an iron-core coil 

varies with direct current is shown in Fig. 13, and the effect of 
various lengths of air gaps is shown in Fig. 14. 
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Fia. 13. Effect of saturating the iron core of an inductance as the direct 
current through it increases. 

Problem 17. A large power transformer has an input power of 10,000 
watts and delivers 9100 watts from the secondary to the load. The total 
copper loss in both primary and secondary windings is 650 watts. What is 
the core loss? 
Problem 18. A 2200- to 110-volt transformer furnishes power to a 

110-volt, 1.1-kw load. The resistance of the primary winding is 100 ohms, 
and that of the secondary winding is 0.5 ohm. What is the total copper loss 
in the transformer? NOTE. The actual voltage applied to the primary 



See. 5.19] Air Gaps in Iron-Core Inductors 115 

100 
A s , 

80 

.te 
E . 60 .c 

.<1; c 
"t". 40 o -0 C 

20 

0 

e..-: 
0."' ..' 

Ç.. 
r- B ••• 

, 

N 

-D 

••• 
••• 

•••• 

------‘-‘7.---.... --• 
• 

.5 
E • 5.. • 

.... 
•... 

.... 
... 

••• 
••• 

0 10 20 30 40 
Direct current, milliamperes 

FIG. 14. Variation of inductance with 

50 

air gap. 

T = no air gap. 
A --- average air gap. 
B = air gap at one end, 0.01 in. 
C = air gap at both ends, 0.005 in. each. 
D = air gap at both ends, 0.0075 in. each. 
E = air gap at both ends, 0.01 in. each. 

must be somewhat greater than 2200 volts to compensate for the voltage 
drop across the resistance of the windings. This effect may be neglected in 
the problem. 

Problem 19. A 120-volt a-c generator is to be used to supply power to 
a town several miles away. The town requires 500 amp at 120 volts. The 
transmission line between the generator and the town has a resistance of 
0.01 ohm. 

(a) How much power is lost in the line? What is the actual voltage sup-
pied to the town? Assume that the current is 500 amp even though the 
voltage is lower than 120 volts. 

(b) Repeat part (a) if the voltage at the generator is stepped up to 
24,000 volts with a transformer, and then applied to the same transmission 
line. It is stepped down to 120 volts at the other end of the line. Neglect 
any losses in the transformers. 
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6.1. Capacitance. In the preceding chapter inductance was 
likened to inertia. In any circuit in which the current tends to 
change, an inductor tends to decrease or slow down the current 
variations. If current increases, owing to an increase in voltage, 
inductance tends to prevent or delay this increase; if the current 
decreases, owing to a decrease in voltage, inductance tends to 
prevent or delay this decrease. Inductance is one property of a 
circuit; capacitance * is another. 
When current flows through a coil of wire, a magnetic field is 

produced. Energy resides in this field. Similarly, energy can 
be stored in a condenser. A condenser tends to prevent any 
change in the voltage across its terminals. If the voltage tends 
to decrease or increase for any reason, the capacitance of the 
circuit tends to prevent or retard this decrease or increase. The 
proper combination of inductance and capacitance will force the 
current and voltage of a circuit to remain almost perfectly con-
stant in spite of varying conditions which, in a d-c circuit, would 
change the voltage and current. 

6.2. Types of condensers. There are many types of con-
densers but all have the same essential elements, two conducting 
electrodes separated by an insulating medium. The electrodes 
serve as storage plates for the accumulation of electrical charges 
(electrons), and the insulating material prevents the plates from 
being short-circuited except through an external connection. 

Figure 1 shows a simple condenser. The two plates may, for 
example, be made of brass, and the insulating material may be a 
sheet of glass. The insulating material is usually called the 
dielectric. 

* Capacitance is the preferred word to describe this property of a circuit 
element; a device having capacitance is a capacitor. Engineers frequently 
use the terms "condenser" for a capacitor and "capacity" for capacitance. 

116 
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Condensers for use in radio circuits may be divided into two 
groups: variable air condensers and fixed condensers. The gen-
eral construction and use of each type will be described briefly. 
A more complete description of their uses will be found in later 
chapters. 

Rotor 

Shaft 
Stator 

Insulation 

Electrodes 

FIG. 1. Elements of a simple condenser. FIG. 2. Variable air con-
denser. 

Variable air condensers are made up of a number of approx-
imately semicircular metal plates. Half these plates are as-
sembled in a fixed mounting, and the other half are attached to a 
shaft. The plates are spaced so that those of the fixed group 
(stator) and those of the rotating group (rotor) are interleaved. 
Air serves as the insulating dielectric. By rotating the movable 
plates the two groups may be adjusted so that they are completely 
or only partially meshed. The most common application of these 
condensers is to the tuning circuits of radio receivers and similar 
apparatus. 
The term "fixed condenser" means that none of the plates are 

movable; all are fixed in position. A wide variety of fixed con-
densers is obtainable. The most common are mica, paper, oil-
filled, and electrolytic. A mica condenser is normally made by 
stacking alternate rectangles of mica and metal foil. The pieces 
of metal foil are divided into two separate electrical groups by 
connecting alternate pieces together as shown in Fig. 3(a). 
These two groups are then connected to two terminals. Generally 
the assembly is cased in some insulating material and impreg-
nated with wax to prevent moisture from entering the assembly. 
Mica condensers have very good electrical characteristics and are 
used in many applications. Their chief disadvantages are their 
relatively high cost and low capacitance. 
Paper condensers are usually made by forming two long strips 
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of metal foil and two strips of insulating paper into a spiral roll. 
Figure 3(b) illustrates the general construction. The two metal 
strips are attached to terminals, and the assembly, wax- or oil-
impregnated, is mounted in a cardboard tube or encased in plastic 
insulation. Paper condensers are low in cost and may be made 
to have high capacitance. Paper condensers are the most widely 
used of all fixed types and are found in practically all kinds of 
electronic equipment. Oil-filled condensers are usually paper 
condensers cased in a hermetically sealed can containing a good 
quality of insulating oil. 

Metal foil 

C.= 

(a) Mica Condenser (b) Paper Condenser 

Fm. 3. Simple fixed condensers. 

Electrolytic condensers consist of a spirally wound strip of 
metal foil, such as aluminum, immersed in a liquid or paste 
electrolyte. The metal foil is often embossed to provide more 
surface area. The electrolyte itself is an electrical conductor, 
but under the action of electrical current it forms a thin insu-
lating film on the metal foil. This film is very thin, and the re-
sulting capacitance of the combination may be quite high. The 
polarity of the voltage determines whether the thin insulating 
film is formed on the metal foil or on the encasing metal can. 
The condensers are designed for use with the film on the metal 
foil, and the condenser must therefore be used with the proper 
potential on its terminals. The metal foil is the positive terminal. 
These condensers cannot be used on a-c circuits * since the in-
sulating film is then not formed on either electrode. They may, 
however, be used in circuits containing both d-c and a-c voltages 
(or pulsating d-e voltages), provided the d-c voltage is larger 
than the a-c voltage. The operating potential is limited to about 

*A special type of electrolytic condenser is used in the starting circuit of 
some single-phase a-c motors. This type is not used in radio circuits. 
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600 volts. The big advantage of electrolytic condensers is that 
a high capacitance may be built into a small volume. This is 
particularly true of low-voltage units with about 25-volt ratings. 
Electrolytics are used chiefly in rectifier-filter networks and for 
cathode by-pass condensers. 

6.3. The charge on a condenser. Several questions arise 
when one considers the electrical behavior of a condenser. Can it 
pass current? What is the charge on a condenser and how is the 
charge stored? How much capacitance * does a condenser 
possess? 

When a condenser is connected to the terminals of a battery, 
there is a momentary rush of electrons to one of the electrodes 
and a corresponding rush of electrons away from the other elec-
trode. There is no passage of electrons through the insulating 
medium which separates the electrodes. However, since the pas-
sage of electrons through the wires connecting the battery to the 
condenser constitutes a current, a voltage appears across the con-
denser terminals. If a d-c voltmeter (which should have very 
high resistance so that the voltmeter current can be neglected) is 
connected across the condenser, it will be found that the voltage 
starts from zero and rises to the battery voltage. If the connect-

ing wires have very low resistance, the voltage comes to its final 
value very quickly. If, on the other hand, the connecting wires 
have high resistance, it will be found that the voltage rises to its 
final value very slowly. If the battery is removed after the volt-
age reaches its final value, that is, after the condenser is charged, 
it will be found that the voltage remains at this final value, or 
that it decreases very slowly as the charge is drained off through 
the voltmeter. 

The term "charged," then, means that a condenser has too 
many electrons on one of its plates and too few on the other. The 
condenser is in a state of unequilibrium. If a wire is connected 
from one terminal to the other, a spark will pass, indicating that 
the maldistribution of electrons is being corrected. Now the 
condenser is discharged. 

* Capacitance is a technical term describing the ability of a condenser 
to store energy in an electric field between its plates. The basic unit of 
capacitance is the farad, and this represents the capacitance of a device 
which will develop 1 volt across its terminals when 1 ampere flows into 
these plates for 1 second. 
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If a condenser is placed in an a-c circuit, there is a flow of elec-
trons from the plate that is connected to the positive side of the 
line at the moment; then, when the polarity of the voltage 
changes, the electrons again move and charge the condenser in 
the opposite direction. This to-and-fro motion of the electrons 
may be just as effective in doing work as if the electrons moved 
through the insulator separating the plates. For example, these 
electrons moving to and fro through the wires connected to the 
terminals of the condenser cause the wires to become heated. 
So long as the electrons are unevenly distributed on the two 

plates the condenser is charged. In this condition it possesses 
energy, which is like the energy possessed by a metal ball on top 
of a flagpole. The kind of energy possessed by the ball is poten-
tial energy; it is due to the position of the ball. The energy pos-
sessed by the condenser when charged is also potential energy. 
Nothing happens until the condenser discharges; then it may set 
fire to a piece of paper, may puncture a hole in a sheet of glass, 
or may give a person a severe shock. Thus the condenser, just 
like the ball on top of the pole, has the ability to do work—which 
is the definition of energy. The energy resides in the distorted 
placement of the electrons, a condition that will equalize itself 
at the first opportunity. 

6.4. How much charge on a condenser? The charge (each 
electron carries a definite quantity of electricity or "charge") 
that flows into a condenser when it is connected to a battery is a 
perfectly definite quantity depending upon only two factors, the 
electrical size of the condenser (capacitance) and the voltage of 
the battery. Naturally, the larger the plates of the condenser 
the greater the number of electrons or charge that can be stored 

in it; and the greater the voltage tending to produce a state of 
unequilibrium, the greater the charge that can be forced into the 
condenser. 
The quantity of charge in a condenser is rated in coulombs. 
It should be noted that it is proper to speak of both the charge 

on a condenser and the charge in a condenser. Heretofore we 
have concentrated upon the movement of charges to the plates of 
a condenser, and in that sense the charge is "on" the plates of the 
condenser. The voltage which appears across the condenser does, 
however, exert a distorting force on the dielectric material be-
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tween the plates and so disturbs its equilibrium. In this sense, 
the charge is "in" the condenser. 
The capacitance of a condenser depends upon three things: (1) 

the size of the plates, (2) the dielectric constant, k, of the insul-
ating medium, and (3) the spacing between the plates. The 
larger the area of the plates, or the greater k, the greater the 
capacitance. The capacitance is greater when the plates are 
closer together. 

The equation which expresses the relation among charge, volt-
age, and capacitance, is 

Q (coulombs) = C (capacitance) X E (voltage) [1] 

The unit of capacitance is the farad (f) named after Michael 
Faraday; 1 farad is the capacitance of a condenser whose voltage 
is raised 1 volt when 1 coulomb of charge is added to it, or it is 
the capacitance of a condenser to which 1 coulomb of charge can 
be added by the application of an external emf of 1 volt. This is 
a very large unit, and in radio circuits the millionth part of a 
farad (microfarad, p,f) or even the micromicrofarad (»id) is the 
customary unit.* 
Equation 1 may be written 

Q (coulombs) 
C (farads) =   [2] 

E (volts) 

Here the capacitance is considered as the ratio of the charge 
on a condenser to the voltage across it. A third way of writing 
the relation is 

Q (coulombs) 
E (volts) —   [3] 

C (farads) 

A discharged condenser contains no stored electrical energy; 
there are just as many electrons on one set of plates as there are 
on the other set of plates; there is no strain across the insulating 
material between the plates; there is no voltage across it. 

6.5. Time required to charge a condenser. How long does 

it take to charge a condenser? Suppose that an uncharged con-

* It is useful to note that 1 ampere (a unit for rate of flow of electricity) 
is equal to the movement of 1 coulomb of electricity per second. Con-
versely, a coulomb represents the amount of charge transported when 1 
ampere of current flows for 1 second. 
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denser is connected across a battery. When the battery is first 
connected, there will be a rush of electrons through the circuit. 
Electrons will leave the plate connected to the positive terminal 
of the battery, since the negatively charged electrons are at-
tracted toward a positive body; and, at the same time, electrons 
from the negative terminal of the battery will move to the con-
denser plate connected to this terminal. Each electron which ar-
rives at one of the condenser plates represents a certain amount 
of electricity. As the electrons continue to pile up on one con-
denser plate, and to leave the other, a voltage is built up across 
the condenser. This voltage has a polarity such that it opposes 
the flow of current from the battery, and when enough electrons 
have moved through the circuit to cause the voltage built up on 
the condenser to equal the battery voltage, the current ceases to 

flow. 
The first rush of current is high since there is then no counter-

voltage across the condenser, and the rate at which the voltage 
across the condenser builds up is high. Near the end of the 
charging time the current is low and the rate of increase of volt-

age is low. 
Time is required to change the charge on a condenser and to 

build up the voltage across it; the condenser tends to prevent any 
change of voltage across itself. This fact is very important. 
The phenomena connected with these momentary effects, called 
"transients," are employed in many radio, radar, and industrial 
electronic circuits. 
For example, if a condenser and a resistor are connected in 

series across the battery, the condenser at the start acts as if it 
were shorted—there is no counter-voltage yet built up on the con-
denser to oppose the flow of current. The current at the moment 
is equal to E/I, according to Ohm's law, and all the voltage is im-
pressed across the resistor. The current flowing into the con-
denser charges it; its voltage rises and "bucks" the battery volt-
age so that the current decreases. The voltage drop across the 
resistor, therefore, decreases. When the condenser is finally 
charged and the current ceases, there is no voltage across the re-
sistor and all the battery voltage is impressed across the con-
denser. 
The time required for the voltage of a condenser to reach 63 

per cent of its final value, on charge or discharge, is equal to the 
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product of the capacitance and the resistance, in farads and ohms, 
respectively. This RC product is called the time constant of 
the circuit. 
A more extensive treatment of the electrical properties of con-

densers during the charging and discharging period will be found 
in Chapter 22. 

Example 1. A condenser of 15 f is attached to a 220-volt d-c circuit. 
What quantity of electricity flows into the condenser? If it is charged 
through a resistance of 10,000 ohms, how long will it take to put 63 per cent 
of its total charge into it? 

Q=CXE 

15 X 10-6 X 220 

3300 X 10-6 

= 0.0033 coulomb 

t = RC 

= 10,000 X 15 X 10-6 

- 15 X 10_2 

▪ 0.15 sec 

Problem 1. A condenser holds 0.00044 coulomb of charge when at-
tached to 110 volts. What is its capacitance? 
Problem 2. What voltage is necessary to put 0.09 coulomb into a 

condenser? 
Problem 3. A 350-gµf condenser is attached to a 300-volt source. How 

much charge flows into it? 
Problem 4. A condenser and a 1,000,000-ohm resistor are connected 

across a 110-volt d-c source. A voltmeter is placed across the condenser. 
The time required for the voltage to reach 63 per cent of its final value 
after voltage is applied to the circuit is measured with a stopwatch and 
found to be 1% sec. What is the size of the capacitance? 

6.6. Energy stored in a condenser. The amount of energy 
that can be stored in a condenser is given by 

Energy -= 10E2 

where energy is in joules, C in farads, and E in volts. This energy 
represents the amount of work done in charging the condenser. 
It does not include any energy loss in the resistance of the wires 
connecting the condenser to the source of voltage. The above 
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amount of energy is also the amount released when the con-
denser is discharged. 
The unit of energy or work is the joule. It is the amount of 

work required to force 1 coulomb of electricity through a 1-ohm 
resistor. If a 1-4 condenser is charged to a potential of 500 volts, 
the energy is 

X 1 X 10-6 X (500)2 = 0.125 joule 

A joule is also known as a watt-second. It is a measure of 
work done, or energy, not power. Power is work per unit of time. 

6.7. Electrostatic and electromagnetic fields. The energy 
existing in an inductive circuit is said to exist in the electromag-
netic field surrounding the inductor. The field is made up of mag-
netic lines of force, and it can be explored with a compass or by 
sprinkling iron filings on a piece of paper. The energy in an in-
ductor is equal to %L12 joules, where L is in henries, and I is in 
amperes. 
The energy in a condenser is said to exist in the electrostatic 

field, where the electrical strain exists, that is, in the insulating 
materials in the vicinity of the charged plates. The electrostatic 
field cannot be explored by a magnetic substance, but it can be 
explored with a tiny charged body which will be attracted to one 
set of condenser plates and repelled from the other. The energy 
in a condenser is Y2CE2. 
Some circuits, an antenna system, for example, include both 

capacitance and inductance. In such circuits energy can be 
stored in both the electrostatic and the electromagnetic fields. 

6.8. Imperfect condensers. The discussion of condensers up 
to this point has tacitly assumed that the condenser was perfect, 
that there was no resistance in the condenser itself. This is not, 
of course, true for actual condensers. The metal plates them-
selves have some resistance. However, this is usually so low that 
it may be neglected. Of more importance is the finite amount of 
resistance of the insulation separating the electrodes. This re-
sistance, even though very large, will pass some current and there-
fore introduces a heat loss in the condenser. An imperfect con-
denser can be represented as shown in Fig. 4(a), in which C is the 
capacitance of the condenser and Rp represents the resistance 
of the insulating dielectric. For high-quality condensers the 
value of R,, is extremely high, many millions of ohms. For 
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electrolytic condensers, on the other hand, the value of R„ is one-
tenth to one-hundredth of a megohm. 
An alternative representation of an imperfect condenser is 

shown in Fig. 4(b). In this representation C. is approximately 
the same as the true capacitance C in Fig. 4(a), except that it 
may be considerably different for very poor condensers and for 
electrolytic condensers. R, is the effective series value of 14 and 
may be calculated by methods developed in Chapter 7. Unlike 
R„, R, is very small for good condensers, and is larger for poorer 
condensers. This second representation is very convenient for 

(a) Parallel (b) Series 

Flo. 4. Ways of representing an imperfect condenser. 

many circuit calculations and is equivalent electrically to the first 
representation. 

6.9. Condensers in a-e circuits. A perfect condenser, as sug-
gested in the preceding section, is one which is an absolute non-
conductor to direct currents—that is, it has an infinite d-c re-
sistance—and which has no a-c resistance. All the energy that 
is put into a perfect condenser is used in setting up an electrostatic 
field. A perfect condenser, once charged, would keep its charge 
indefinitely, or until its terminals were connected together. 
A perfect condenser placed across an a-c line would take no 

average power from the line, since for one half cycle it would 
take energy from the line but during the next half cycle it would 

return this energy to the line. If the condenser has resistance 
(and all do), the current taken from the line to charge the con-
denser also flows through the resistance and in so doing produces 
a power loss there equal to PR,. For this reason, a condenser 
having resistance or a circuit made up of a resistor and a con-
denser will consume power from an a-c source. 

Experiment 1. Charge an electrolytic filter condenser of about 2- to 
10-µf capacitance by connecting it to a 110-volt d-c circuit, using care to 
keep the polarities correct. Then discharge by connecting a heavy wire 
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across its terminals; then charge again and allow to stand for a half hour 
and then discharge. Charge again, and permit to stand for an hour and 
then discharge it. The relative size of the spark gives an idea of how poor a 
condenser it may be from the standpoint of leakage. As another experi-
ment, charge the condenser as before; then place a high-resistance volt-
meter across its terminals and note the rate at which the voltage drops. 

A good condenser may retain its charge for many hours after 
being charged. The leakage of the charge takes place not only 
across the insulating material through which its terminals are 
brought out but also through the wax or other material filling the 
condenser, and through the dielectric itself. Leakage is caused 
by an actual movement of electrons between the terminals and 
through the insulation. 
A considerable amount of energy can be stored in a condenser 

if it is charged to a high voltage. A person touching the terminals 
of such a charged condenser may receive a severe shock. Caution 
should always be exercised in handling condensers which may be 
charged. 

Example 2. Since a condenser blocks the flow of d-c current but permits 
a-c current to flow through it, a condenser may be employed to separate direct 
and alternating currents existing in the same circuit. For example, Fig. 5 
shows a resistance-capacitance network for coupling the output of one tube 
to the input of another tube in an amplifier. The purpose of C is to prevent 
Ebb, the plate supply voltage of the first tube, from being impressed upon 
the grid of the second tube. Any leakage of direct current through C will 

+ A R, 

100 megohms 

E = 102 volts 

— G 

FIG. 5. Leakage of current through FIG. 6. The circuit equivalent 

condenser C causes a voltage drop of Fig. 5 for elements to right 
across the input of the following of AG. 

tube. 
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impress upon the grid of the second tube a positive voltage which is detri-
mental to the operation of the circuit. 

Figure 6 is a d-c equivalent circuit for the circuit elements to the right of 
AG. The condenser has been replaced by its d-c resistance R., assumed to 
be 100 megohms. The voltage from G to A is assumed to be 102 volts as 
shown. The problem is to find what current flows through the circuit and 
what voltage drop this causes across the grid leak Ro. The net voltage across 
the series circuit composed of Re and R. is 100 volts as shown in Fig. 7. One 
hundred volts across 100 megohms (the size of R. will be negligible in com-
parison to the size of the leakage resistance) produces 1 pa of current. This 
1 µa flowing through 1 megohm produces 
a voltage of 1 volt. The polarity of this 

100 megohms 
voltage across R. is opposite to that of   

VVVVV\f  
and the net voltage applied between R, 

the cathode and grid of the second tube 
is reduced from 2 to 1 volts. In addition 
a certain amount of noise is developed by 1 megohm 

1 

the direct current flowing through the 
se condenr and grid leak. This noise is =1 

impressed on the grid of the second am- 
1 µa 

plifier tube and may attain large value 
when amplified by succeeding stages. Con-
densers used in resistance-coupled ampli-
fiers must have a high d-c resistance. 

=_ 100 volts 

FIG. 7. The battery repre-

sents the voltage across Rc, 
and Rff in Fig. 6. 

6.10. The nature of the dielectric. If two square metal 
plates 10 cm on a side are suspended in air about 1 mm from each 
other, the capacitance will be about 88.5 itetf. If a 1-mm sheet of 
mica is placed between the plates, the capacitance will be in-
creased about six times. If other insulating substances are used, 
the capacitance will have different values. Each substance, in 
fact, will result in a certain value of capacitance, depending upon 
what is called the dielectric constant of the substance. The 
table gives the value of the dielectric constant, k, of several 
materials. 

DIELECTRIC DIELECTRIC 
MATERIAL CONSTANT, k MATERIAL CONSTANT, k 

Air 1.0 Quartz 5 
Bakelite 4-8 Rubber, hard 2.3-2.5 
Glass 6-10 Shellac 3.1 
Mica, clear 5.5-7 Steatite 6.1 
Paper 2-4 Transformer oil 2.3-2.5 
Paraffin 2.1 Varnished cambric 4 
Polystyrene 2.6 Water (pure) 81 
Porcelain 5.7-7.5 Wood (dry) 2-8 
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6.11. Condenser formulas. Formulas have been worked out 
by which it is possible to compute the capacitance of condensers 
of various forms. For example, the capacitance of a flat plate 
condenser may be computed from the formula 

8.85 XAXkX(N— 1) 
C — microfarads 

108 X d 
or 

kA(N — 1) 
C = 0.0885 micromicrofarads 

d 

where A = area of one side of one metallic plate in square centi-
meters. 

k = dielectric constant of insulator separating the plates. 
N = number of plates. 
d = thickness of the dielectric in centimeters. 

Formulas for other types of condensers may be found in the 
Circular of the National Bureau of Standards C74, "Radio In-
struments and Measurements," p. 235. 
The value of the dielectric constant k has nothing to do with 

the ability of an insulating material to withstand high voltages 
without rupture. Some materials with a high dielectric con-
stant may have low tolerance to high voltages; other materials 
which can be used in high-voltage condensers may have a low 
dielectric constant. Mica, with a medium value of k, has a 
highly prized ability to withstand high voltages. Furthermore, 
the condition of the dielectric material affects its breakdown 
voltage. Temperature, moisture, and mechanical pressure to 
which the insulating material is subjected are among the factors 
that affect voltage breakdown. 

Example 3. How many plates 16 by 20 cm in area and separated by 
paraffined paper (k = 2.1) 0.005 cm thick are required for a condenser of 

24-pf capacitance? 
8.85A k 

C 
108d 

885 X 16 X 20 X 2.1 

10" X 0.005 

0.0119 pf per plate 

24 
Number of plates   = 2200 

0.0119 



Sec. 6.12] Condensers in Parallel and Series 129 

Problem 5. Express in micromicrofarads: Y5000 farad, 2 pf, 0.00075 AL 
Express in microfarads: 2 farads, 300 Apt 0.01 /W. Express in farads: 
250 pi, 0.05 id, Mo 14. 
Problem 6. A certain condenser has a capacitance of 0.01 pf and a leak-

age of 1000 megohms. It is charged to a potential of 500 volts; then the 
voltage source is removed. How long will it take for 63 per cent of the 
charge to leak off? 
Problem 7. A condenser in a transmitter station has a capacitance of 

0.002 d and is charged from a 20,000-volt source. What energy goes into 
the condenser? 
Problem 8. What will be the capacitance of a condenser made of two 

metal plates 1 cm by 2 cm separated by a 0.1-mm sheet of mica with a 
dielectric constant of 6? 
Problem 9. A variable air capacitor has a capacitance of 350 pd. What 

will be the capacitance if the capacitor is immersed in transformer oil with 
a dielectric constant of 2.4? 
Problem 10. A variable air condenser is made up of 10 plates, each 

having an area of 20 sq cm. The plates are separated 3 mm. What is the 
capacitance when the plates are completely meshed? 

Problem 11. Two large metal plates separated by air have a capacitance 
of 40 gpf. When the space between the plates is filled with a block of dry 
wood, the capacitance is measured and found to be 140 µid. What is the 
dielectric constant of the wood? 
Problem 12. Metal-foil plates 2 by 3 in. are separated by mica 0.1 mm 

thick having a dielectric constant of 6. What is the capacitance of a con-
denser made up of a stack of 101 metal-foil plates and 100 mica spacers? 

6.12. Condensers in parallel and series. When condensers 

are connected in parallel, as shown in Fig. 8, the resultant capaci-

c, 

C 2 

E E 
E1= E=E E=E 

Fia. 8. Condensers in parallel. 

tance is the sum of the individual capacitances for the simple 

reason that the voltage which is applied stores as much charge 

in each condenser as it would store if it were applied to each 

condenser separately. 



130 Capacitance [Ch. 6 

When condensers are connected in series, however, a different 
condition exists. Figure 9 shows two condensers connected in 
series across a source of voltage, E. Since the current which 

E— E2 

E 

CiC2  
where C Ci+C2 

E E 

Fro. 9. Voltages across condensers in series. 

charges the condensers must be the same in the two units, the 
same amount of charge (current is the rate at which charges 
flow) exists in each condenser. The voltage across the combina-
tion, E, is equal to the charge divided by the resultant capacitance 
of the series circuit. The voltage across each condenser is equal 
to the charge divided by the capacitance. Thus 

E=Q÷C 

EI=Q÷C1 

E2 = ÷ C2 

EL=Ei-FE2 
or 

or 

or 
C1 C2 

C — (two condensers in series) 
Cl -I- C2 

If several condensers are connected in series the resultant 
capacitance is given by 

1 1 1 1 
— = — — — +.. (several condensers in series) 
C C1 C2 C3 
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Thus it can be seen that condensers in series act (so far as 
their resultant capacitance is concerned) like resistances in 
parallel; condensers in parallel act like resistances in series. 
When condensers are connected in parallel the voltage is the 
same across each; when they are connected in series the voltage 
across each varies inversely as the capacitance. If two equal 
condensers are in series, half the total voltage is impressed across 
each condenser. If one condenser has half the capacitance of 
the other, that one will have two-thirds of the total voltage and 
the other will have one-third of the total voltage across it. 
The resultant capacitance of several condensers in parallel is 

always greater than any single capacitance; in series the resultant 
is less than the capacitance of the smallest of the group. In 
series the voltage across each condenser varies inversely as its 
capacitance and is always less than the total voltage across the 
combination. When a condenser is to be placed in an a-c circuit 
whose voltage is more than the condenser can tolerate, it is neces-
sary only to use two or more condensers in series so that the 
voltage across individual members of the group is below the 
danger limit, and with individual capacitances such that the 
total capacitance in the circuit is the value desired. 
When condensers are used across d-c circuits, as in filters, the 

d-c resistance of the condenser becomes of importance. If two 
condensers in series across a certain d-c voltage have equal 
capacitances but different d-c resistances, the voltage drop across 
the two condensers will be different. The voltage across one of 
them may be sufficient to cause its insulation to be punctured. 
This difficulty may be avoided by placing a separate resistor in 
parallel with each condenser as shown in Fig. 10. If the voltage 
is to be divided equally between the condensers, R1 and R2 are 
made equal. If the condensers are paper or mica, each resistance 
may be several megohms. If the condensers are of the electro-
lytic type, the resistances should be smaller since the d-c re-
sistance of electrolytic condensers is rather low. 

Example 4. In a radio circuit a 0.0005-id variable condenser is available 
but the circuit calls for a 0.00035-id condenser. What fixed condenser may 
be used to reduce the maximum capacitance of the circuit to the proper 
value? How should it be connected? 

Solution: Since the total capacitance is to be reduced, the fixed con-
denser must be connected in series with the variable condenser. The total 
capacitance is given as 0.00035 µf. This is equal to 
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x C2 
0.00035 

± C2 

whence 

0.0005 X C2 
0.0005 + 

C2 = 0.001166 pf or 1166 eid 

[Ch. 6 

Flo. 10. The resistors cause the d-c voltage, E, to divide across the con-
densers in any desired manner. 

6.13. Negative-temperature-coefficient condensers. The di-
electric constant of materials used in most condensers is not 
seriously affected by temperature, and the capacitance may be 
assumed to be constant even though the temperature varies, ex-
cept when considerable precision is required. There is, however, 
a special group of condensers in which are used dielectric mate-
rials, such as titanium oxides, which are very sensitive to tem-
perature. These condensers usually have a negative temperature 
coefficient; that is, their capacitance decreases as the temperature 
increases. By proper design these condensers can be made to 
have rapid or slow variations in capacitance with a change in 

temperature. 
Negative-temperature-coefficient condensers are often used as 

frequency-compensating elements. As various elements of the 
circuit become heated during operation the values of capacitance, 
inductance, and resistance change slightly. This may cause the 
frequency to drift from the correct value. The proper applica-
tion of negative-temperature-coefficient capacitors can hold this 
frequency drift to small values. 
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6.14. Condenser tests. If a voltmeter, a battery, and a 
condenser are connected in series, a momentary deflection of the 
voltmeter needle will be noted as the connection is made if the 
condenser is good. If the condenser is leaky, a constant deflection 
will be noted. (This test does not work for an electrolytic con-
denser since a d-c current will flow through an electrolytic con-
denser even if it is good.) If the condenser is fairly large, 1 or 2 
i.tf, and no deflection is noted, the condenser is probably open. 
If the voltmeter continues to register the full battery voltage, the 
condenser is short-circuited. 

If a condenser that is not short-circuited is placed momentarily 

across a battery, and then a pair of phones is placed across the 
condenser, a click will indicate that the condenser is good. The 
click results from the discharge of the condenser through the 
phones. 

6.15. The earth as a condenser. The earth is considered as 
being at zero potential. All objects not connected to earth have 
a higher voltage than the earth; they have a capacitance with 
respect to the earth. The purpose of "grounding" metallic parts 
of radio receivers or transmitters is to make sure that they are 
at the same potential so that there will be no currents flowing 
through the capacitance between these objects and the metal 
chassis of the receiver or transmitter. The chassis, in turn, is 
usually grounded either by actually connecting it to earth or by 
connecting it electrically to one of the power lines that furnish 
power to operate the equipment. 

Problem 13. Some paper condensers are made up of a thin metallic foil 
pressed to a dielectric of paper which has the form of a long sheet about 2 
in. wide. Suppose that the dielectric constant of such paper is 3 and that it 
is 0.0025 in. thick. A condenser is to have a capacitance of 0.1 d; the 
metal foil is 1% in. wide. Two sheets of foil and two sheets of paper are 
used. How long will each sheet of foil be? 
Problem 14. What is the resultant capacitance of a 0.1- and a 0.05-pf 

condenser connected in series? 
Problem 15. What is the maximum voltage which can be placed across 

the series combination of Prob. 14 without causing the voltage across the 
0.1-µf condenser to exceed 200 volts? Neglect leakage resistance. 
Problem 16. Three condensers have capacitances of 0.1, 0.2, and 0.5 Id, 

respectively. What will be the resultant capacitance if they are connected 
in parallel? if they are connected in series? 
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Problem 17. A "band spread" condenser is one in which a large rotation 
of the rotor corresponds to a relatively small change in capacitance. One 
way to make such a band spread condenser is to connect a fixed condenser 
in series with a variable condenser. Suppose that a variable condenser 
with a maximum capacitance of 350 /Led and a minimum of 35 1.q.d (a change 
of 10 to 1 in capacitance) is connected in series with a 500-ppf fixed con-
denser. What is the maximum and the minimum capacitance of the com-
bination? What is the ratio of maximum to minimum capacitance? 
Problem 18. Two paper condensers, one with a capacitance of 0.5 id 

and the other with a capacitance of 0.3 d, are to be placed in series across 
1000 volts. The voltage rating of the 0.5-uf condenser is 300 volts and of 
the 0.3-pf condenser is 700 volts. If a 500,000-ohm resistor is placed in 
parallel with the 0.5-pf condenser, what size resistor must be placed in 
parallel with the 0.3-pf condenser to insure that its voltage rating will not be 
exceeded? 
Problem 19. What would be the voltage across each condenser in Prob. 

18 if the parallel resistors were omitted? Neglect leakage resistance. 
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The two kinds of electric current in common use are direct cur-
rents, which have a more or less constant value and which flow 
in the same direction all the time; and alternating currents, 
which are constantly varying in both magnitude and direction. 

7.1. Definitions used in a-c circuits. When the voltage (or 
current) has started from zero and risen to its maximum value 
in one direction, decreased to zero and risen to its maximum 
value in the opposite direction, and finally come back to its start-
ing value, zero, it is said to have completed a cycle. Ordinary 
house-lighting current which has a frequency of 60 cycles per 
second goes through this cyclic change in magnitude and direction 
60 times a second. The frequency is the number of times a 
second a cycle is completed. In a-c circuits the element of time 
must be considered. In d-c circuits time does not enter; the 
direction of the current is always the same. 

Alternating currents used in present-day electrical equipment 
cover an extremely wide frequency range. Sixty cycles is the 
common power frequency; tones generated by audio-frequency 
oscillators for testing purposes may go from almost zero fre-
quency up to around 20,000 cycles per second. (The human ear 
can hear tones up to about 15,000 cycles per second. The upper 
frequency depends upon the person and decreases with his age.) 
Radio-frequency waves as low as 15,000 cycles are used. They 
are generated in the long-wave high-power radio stations carry-
ing on transoceanic communication. Radio frequencies up to 10 

billion cycles ( 10,000 megacycles) and above are now used. 
Table 1 gives the conventional terminology which has been 

applied to certain ranges of frequencies. 
In a-c circuits the voltages and currents are continuously vary-

ing. It will be helpful in the discussion which follows to have a 
135 
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TABLE 1 

FREQUENCY 
Kilocycles 

Below 30 
30-300 

300-3,000 
3,000-30,000 

30,000-300,000 
300,000-3,000,000 

3,000,000-30,000,000 

RANGE 
Megacycles 

0.3-3 
3-30 

30-300 
300-3,000 

3,000-30,000 
30,000-300,000 

NAME 

Very low frequency 
Low frequency 
Medium frequency 
High frequency 
Very high frequency 
Ultra high frequency 
Super high frequency 
Extremely high frequency 

ABBRE-
VIATION 

VLF 
LF 
MF 
HF 
VHF 
UHF 
SHF 
EHF 

means of determining the value of these voltages and currents at 
any instant. 

Consider the circle in Fig. 1, in which the radius or arm rotates 
counterclockwise at a constant speed. Let the position of this 
radius at any instant represent the position of the rotating part 
of an a-c generator, and the length of the radius represent the 
maximum value of the voltage produced by the generator. The 
height of the end point of the arm above the horizontal (or zero) 
line represents the instantaneous value of the voltage at any in-
stant. 

Suppose that the generator starts from rest at zero time. The 
voltage is zero; now the arm begins to rise as the rotor of the 
generator moves, and when the rotor has gone through one-
quarter of a complete rotation or cycle (90°), the voltage has 
risen to its maximum value and the end point of the arm has 
reached its maximum height above the zero axis. At the end 
of another quarter cycle the arm is again on the zero axis but 
pointing in the opposite direction and moving down instead of 
up; in another quarter cycle the arm points down perpendicularly, 
and its distance from the axis is again a maximum. 
" If the heights of the end point of the arm are plotted against 
time expressed in seconds, or in degrees, a curve like that shown 
at the right in Fig. 1 will result. This curve represents the varia-
tion in voltage produced by an a-c generator throughout the cycle 
of 360°. The angle through which the arm has moved at a given 
time, reckoned from its zero position, is called the phase angle 
(or phase). Thus, when the arm is vertical, it has gone through 
90° of its rotation and the phase is said to be 90°. This is merely 
a method of expressing time in degrees of rotation instead of 
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seconds, and degrees can be converted into seconds if the speed 
of revolution is known. The value of the voltage (or current) 
at any instant is known as the instantaneous value and of course 
varies from zero to a maximum value in one direction, through 
zero again, and then to a maximum in the opposite direction. , , 

0° 90°1, 180' 270' 360° 

180' 

G 

I( 

} 

Time 

Fia. 1. As the vector E rotates, the vertical height, e, of the end of the 
vector varies according to the curve known as a sine wave. When the 
vector has the position as shown in the first small circle, the instantaneous 
value e is zero. At other times the instantaneous voltage has the other 

values as shown. 

7.2. Sine waves. The undulating curve plotted in Fig. 1 is 
known as a sine wave. The ratio of the vertical height of the 
end of the radius to the length of the radius is known as the 
sine (abbreviated "sin") of the angle between them. Thus, sin 
O = e/E, where 9 is the Greek letter theta. This equation is 
read "sine theta equals e/E" and means simply that the sine of 
the angle O is equal to e divided by E. Sine waves have very 
important properties, as will be seen later; they are representa-
tive of many natural phenomena such as the rise and fall of the 
tides and the motion of a pendulum. From the expression for 
the sine of an angle may be obtained the value for e, the instan-
taneous value of the voltage, if the maximum voltage E is known. 



FIG. 2. The arc PQ, if 
stretched out straight, is 
as long as the radius OP. 
The angle at 0 is said to 

be 1 radian. 
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If one chooses to start counting time, or measuring angles, at 
the point marked 90° in Fig. 1, the wave is then known as a 
cosine wave. Thus, a cosine and a sine wave are the same except 
for the starting point, and a cosine wave has a 90° phase in rela-
tion to a sine wave. 
Another expression for angles in circular measure is the radian. 

The radian is defined as follows: If the length of the circumfer-
ence of a circle is measured, it will be found to be 6.28 times as 

long as the radius of the circle, regard-
less of the size of the circle. That is, 
the circumference of any circle divided 
by its radius is 6.28, and the circumfer-
ence divided by the diameter is 3.14. 
Now the ratio between the circumfer-
ence and the diameter of any circle is 
known by the Greek letter ir (pi), and 
the numerical value is 3.1416 ( approx-
imately 3¼) for all circles. If an angle 
is marked out in a circle such that the 
length of its arc is equal to the radius 
(see arc PQ, Fig. 2), this angle is called 
1 radian. There are, therefore, 27r ra-

dians in a circle, and any portion of the circle may be measured 
in radians as well as degrees. A radian is equal to 57.3°. 

Table 2 shows useful relations among radians and degrees. 

TABLE 2 

RADIANS DEGREES 

r/12 15 
r/6 30 
r/4 45 
r/2 90 

180 
2r 360 

7.3. Triangle functions. Consider the right triangle in Fig. 
3. Let the angle between CB and AB be called theta (0) ; then 
the side AC is called the opposite side, CB the adjacent side, 
and AB the hypotenuse. The relations among the lengths of 
these sides and the angle O are as follows: 
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AC 

CB = 

AC 

AB = 

AB 

CB = 

The tangent (tan), sine (sin), and secant (sec) are called 
functions of the angle 0; if any two of the three functions of 

A 

C 
= tan e CB 

1C.11 = sin 

= cos e AB 

Fin. 3. Trigonometric 
functions. 

tan 0 or AC = CB tan 0 [1] 

sin 0 or AC = AB sin 0 

sec 0 or AB = CB sec 0 

180* o° 
360° 

Fin. 4. Signs of the functions of 
angles in each quadrant of a circle. 

[2] 

[3] 

the right triangle and the angle involved are known, the other 
function may be found by means of the table at the end of this 
book. The cofunctions are, respectively, the cosine (cos), co-
tangent (cot), and cosecant (csc). They are defined as follows: 

1 1 1 
cos 0 = — cot 0 = csc 0 = 

sec 0 tan 0 sin 0 

The triangle (trigonometric) functions most often used in this 
book are the sine, cosine, and tangent. 
The function of an angle greater than 90° can be found from 

the equation: 

Function (N X 90° -I- A) = Function of A if N is even; or co- [4] 
function of A if N is odd 

The numerical sign (-I- or — ) of the functions varies from 
quadrant to quadrant as shown in Fig. 4. 
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Example 1. What is the sine of an angle of 195°? 120°? 
Solution: This angle of 195° is equal to twice 90° plus 15°. Thus 

195° = 2 X 90° + 15°, and N = 2. Since N is even, the sine of 195° is equal 
to the sine of 15°, except that a minus sign is required since the angle is in 
quadrant III. From the table at the end of the book sin 15° = 0259; there-
fore sin 195° = —0259. 
The sine of 120° is equal to sin (1 X 90° + 30°) = cos 30° = 0.866, since 

here N is an odd number. 
Problem 1. (a) Express the following numbers of radians in degrees: 

7r/3, w/9, 2r/3, r/5, r/7. (b) Express the following numbers of degrees in 
radians: 40°, 135°, 75°, 29°. 
Problem 2. (a) Using the table of trigonometric functions at the end 

of the book, evaluate the following: sin 40°, cos 10°, tan 75°. (b) Evaluate, 
using equation 4: cos 135°, sin 300°, tan 210°. Be sure to affix the proper 
sign to your answers. 

7.4. Means of expressing instantaneous values. The in-
stantaneous value of an a-c voltage or current may be expressed 
as follows: 

e = E sin O or i = I sin 

where e or i = the instantaneous value. 
E or I = the maximum value. 

O = the phase angle in degrees or radians. 

Small letters denote instantaneous values; capital letters de-
note maximum values. 

Figure 5 shows the instantaneous voltage, e, for four typical 
cases, 45, 90, 135, and 333°. The actual value of e may be com-
puted from the above formulas if the value of E is given. 

Since the sine of an angle of 0° is zero, the instantaneous value 
of the voltage at 0 phase is zero; since the sine of an angle of 
90° is 1, the instantaneous value of the voltage at this point in 
the cycle is equal to the maximum value; and so on. 
The three methods of representing an a-c voltage or current 

are: 
1. By a graphical illustration such as Fig. 1, called a sine wave. 
2. By an equation, such as 

e = E sin O or i = I sin 

3. By pictures shown in Fig. 5, known as vector diagrams. 
Such a line as E in Fig. 6 which moves about a circle is called 

a vector; the vertical distance of its end point from the hori-
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O = 45* 

e=EsinO 
= 20 sin 45° 
= 20 x 0.707 
= 14 

O = 135' O = 333' 

e=E sin 

==   20 sin 90 
20 x 1. 
= 20 

0= 90* 

e=-Esin0 
= — 20 sin a 
= — 20 sin 27° 
= — 9.0 

Fie. 5. At various times in the cycle the instantaneous value e of the vector 
E is as shown in these vector diagrams. 

zontal axis is called its vertical component. 
tween the horizontal and the vector is 
the value of the vertical component 
may be found by multiplying the 
maximum value of E by the sine 
of the phase angle. 

Example 2. Illustrate the three meth-
ods of representing an a-c voltage whose 
maximum value is 20 volts. 
Method 1. On graph or cross-section 

paper, let 12 divisions to the right of a 
vertical line represent 1 alternation (1 
positive loop) and 20 divisions vertically 
from a horizontal line represent the maxi-
mum value of the voltage. The voltage 
starts at zero, increases to a maximum of 

90° or 6 divisions, then decreases to zero at 12 divisions, etc. What is its 

value at other times? These values can be determined by using a table of 

sines. At the 30° phase angle the instantaneous value, or the height of the 

The angle O be-

Phase angle O 

called the phase angle; 

Vertical 
component 

Fie. 6. Maximum value of 
the vector is E; the value at 
any instant is e = E sin O. 
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tip of the rotating arm above the time axis, is e = E sin 30° = 20 X 0.5 = 10 
volts. Other values can be found in a similar manner and the entire sine 
wave plotted. The result will look much like Fig. 1. 
Method 2. Lay off on cross-section paper a length, such as 20 divisions, 

equal to the maximum value of the voltage. Using this length as a radius, 
draw an arc of a circle as in Fig. 6. The instantaneous value of the voltage 
at any time in the cycle is found by measuring the vertical distance of this 
point on the circle to the horizontal axis. Thus at the 30° phase angle 
the vertical distance is 10 because sin 30° = 0.5, and the instantaneous value 
is equal to the maximum value multiplied by the sine of 30° or 20 X 0.5 = 
10 volts. 
Method 3. A voltage of maximum value of 20 volts may be represented 

mathematically by 

e = 20 sin O 

= 20 sin 30° 

= 20 X 0.5 = 10 volts 

Problem 3. The maximum value of an alternating voltage is 120 volts. 
What is its value at the following phase angles: 30°7 45°? 60°? 90°7 150°? 
180°7 270° ? 360° ? 
Problem 4. The instantaneous value of an alternating voltage is 200 

volts at 30°. What is its maximum value? What is its value at 240°? 
Problem 5. The instantaneous value of an alternating voltage is 150 

volts at 50°. Plot its sine wave to some convenient scale. 
NOTE. In all preceding discussion in this chapter voltages and currents 

can be spoken of with the same laws in mind. The form of a sine wave of 
current looks exactly like a sine wave of voltage except that the scale 
chosen to represent its maximum value may be different. The vector dia-
gram looks the same because it is necessary only to label the rotating arm 
I instead of E and the mathematical formula reads i = I sin O instead of 
e = E sin O. The answers to the above problems would be numerically 
the same if current rather than voltage had been specified. 

7.5. Effective value of alternating voltage or current. 

Since the voltage (or current) in an a-c system rises to a maxi-
mum in one direction, then to a maximum in the other direction, 
the average value is zero; the time the voltage is in one direction 
is equal to the time the voltage is in the other direction. The 
needle of the usual d-c voltmeter will not move from its zero 
position or will merely vibrate about its zero position when placed 
in an a-c circuit (Sect. 3.1) even though the voltage may be 
several volts. Therefore, some measure other than average values 
must be used to compare a-c and d-c strengths. The measure 
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actually used is that of their respective heating abilities. An 
alternating current is said to be equal in value to a direct current 
of so many amperes when it produces the same heating effect 
when flowing through a given resistance. This value is known 
as the effective value of the alternating current; it is equal to the 
maximum value multiplied by 0.707 or divided by Vi. Thus 

'max 'max 
Jeff = 0.707/..x = — or Jeff —   

*V2 1.414 

where jef f = effective value of an alternating current. 
I„„„„ = maximum value. 

The effective value is also known as the root-mean-square or 
rms value for the following reasons: The heating effect of a 
direct current is proportional to the square of the current. If 
the instantaneous values of an a-c current over a cycle are 
squared, then these squares are averaged, and finally the square 
root of the average is extracted, the final value will be equal to 
the direct current that will produce the identical heating effect. 
The value of current calculated in this manner is 0.707 times 
the maximum value. Since this value is the square root of the 
average (or mean) of the squares, it is called "root-mean-square" 
or "rms" current. Root-mean-square voltage is defined in the 
same manner. 

Emax 
Errns = Eeff = 0.707E. — 

and 
E eff 

Emax   Eeff X V2 
0.707 

Values given for a-c voltage and current are generally con-
sidered to be effective values unless otherwise indicated. 

Example 3. What is the effective value of an alternating voltage whose 
maximum value is 100 volts? 

Edf = 0.707 X 100 = 70.7 volts 

Problem 6. What is the maximum value of a 120-volt rms house-lighting 
circuit? 
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Problem 7. What is the effective value of an alternating current whose 
maximum value is 20 amp? 
Problem 8. If the instantaneous value of an alternating voltage is 100 

volts at 30°, what is its effective value? 
Problem 9. The rms value of an alternating current is 500 ma. What 

is its instantaneous value at 60° phase angle? 

7.6. Adding alternating currents or voltages. The two 
radius vectors I and 12 in Fig. 7 rotate at the same speed and 

--)-1 
Fia. 7. Curve /3 is the sum of /1 and /2 at each instant. 

represent two alternating currents which have the same frequency 
(since the speed is the same) but which reach their maximum 
values at different times. The sum of these two currents may 
be obtained by adding at each instant the vertical heights of the 
two vectors and plotting these values as a function of time in 
seconds, or in degrees, or in radians. The result will be the new 
sine wave, 13, as shown. The phase difference between the two 
sine waves representing Ii and 12 is constant, but, since the two 
maxima do not occur at the same instant, the maximum value 
of the new sine wave is not the sum of the maxima of each of the 
original waves. The phase angle must be taken into account. 
Only when the phase difference is 0 or 180° is the resultant maxi-
mum the algebraic sum of the maxima of the components (Fig. 
8) 
The maximum of the new wave formed by the addition of two 

currents II and 12 can also be obtained from a vector diagram. 
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%  

oo 20 40 60 80 100 120 
Angle 0, degrees 

Fin. 8. How two sine waves of the same frequency but different ampli-
tudes may be added by means of graph paper. 

140 160 180 

Let the two vectors, II and /2, form two sides of a parallelogram 
as shown in Fig. 9. The diagonal shown in the completed figure 
represents the maximum value of the 
resultant wave. 

If currents I and /1 have different 
frequencies, the maximum value of 
the resulting wave cannot be obtained 
by completing the parallelogram as 
described above, since the two vectors 
rotate at different speeds. However, 
the two sine waves may be added in 
a manner similar to that described 
above. The resulting wave will not 
be a sine wave. As a matter of fact, 
all that can be said of the resulting 
wave at this point in the discussion is that it is non-sinusoidal 
and is made up of two component waves of different frequencies. 
Figure 10 shows the result of adding one wave of current to 
another of double frequency. 

2 

= 62' ,/ 

11 

FIG. 9. Vector diagram of 
two sine waves combined to 

produce a new sine wave of 
11 amp maximum value. 
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Flo. 10 The sum of two currents of different frequencies is a non-sinusoidal 
wave of current. 

Problem 10. (a) On the same sheet of graph paper draw the two sine 
waves representing 

= 10 sin 0 amp 

i2 = 5 sin (0 ± 30°) amp 

(b) Add j1 and i2 graphically to obtain i3. 
Problem 11. Given: 

ii = 3 sin O amp 

22 = 4 sin (0 + 90°) amp 

(a) Draw a vector diagram of j1 and i2. 
(b) From the vector diagram in part (a) determine the maximum value of 

j3, the sum of j1 and i2. 
Problem 12. Given: 

ii = 10 sin O amp 

i2 = 5 sin 30 amp 

Draw the sine waves for i1 and i2, then add to obtain i3, the sum of j1 and i2. 
Note that i3 is not a sine wave since i2 has a frequency three times that 

of 

7.7. Phase relations between voltage and current. When-
ever an a-c voltage forces a current through a resistance, the 
waveforms of the voltage and current look alike; so do their 

mathematical formulas and their vector diagrams. This is ex-
plained by the fact that the current and voltage start at zero at 
the same instant, rise to a maximum value at the same instant, 



Sec. 7.7] Phase between Voltage and Current 147 

and carry on throughout their respective cycles in perfect step, 
or in phase; the phase angle between the voltage and current 
is zero. Note that this is a somewhat different use of the term 
"phase angle" from the one met with in Sect. 7.1. There, phase 
angle was used to denote how far the vector representing voltage 
(or current) had advanced from its zero position. Here, phase 
angle denotes the angular difference between voltage and current; 
the zero position is not of interest. 
When an inductance or capacitance or any combination of 

these quantities with each other or with resistance is in the cir-
cuit, other phenomena take place which differ entirely from those 
in a d-c circuit. For example, when an a-c voltage forces a cur-
rent through an inductor, the current does not attain its maximum 
value at the same instant as the voltage, but at a later time; 
when the inductor is replaced by a capacitor, the opposite is true: 
the maximum value of the current is reached earlier than is the 
maximum value of voltage. 

360° 

FIG. 11. Current and voltage in phase, true of a circuit containing only 
resistance. 

CASE I. Current and voltage in phase. Figure 11 shows the 
voltage and current in phase, as would be the case in a resistive 
circuit. In addition to representing the voltage and current as 
sine waves, they may also be shown on a vector diagram as in 
Fig. 12. The voltage and current vectors may or may not have 
the same length (their length depends upon the choice of scales), 
but they do rotate at the same speed; they have the same fre-
quency. 
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Fm. 12. Current and voltage in phase. Here the maximum value of the 
voltage is greater than the maximum value of the current, or it is drawn 

to a different scale. 

In a resistive a-c circuit Ohm's law (I = E ÷ R) states the 
relations among current, voltage, and resistance, just as it does 
in a d-c circuit. 

Example 4. A 55-ohm resistor is placed across a 110-volt, 60-cycle line. 
What current will flow through it at the 30° phase angle? 
Solution: The maximum value of the voltage is 

E = Eett X -%/2 

110 X 1.41 .= 155 volts 

Since a resistance does not cause a shift of current in respect to voltage, the 
current is given by Ohm's law: 

I E R 

= 155 ÷ 55 = 2.82 amp 

This is the maximum current. The current at any phase angle is 

i = I sin O 
or, for a 30° phase angle, 

i = 2.82 sin 30° = 2.82 X 0.5 = 1.41 amp 

CASE it. Current lagging behind voltage. Consider the case 
for which the current attains its maximum value at a later time 
than does the voltage. This is illustrated in Fig. 13. Here the 
current maximum is 67.5° behind the maximum value of voltage. 
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Fla. 13. Current and voltage in an inductive circuit where the maximum 
current lags behind the maximum voltage. 

Therefore the current is said to lag behind the voltage by 67.5°. 
The current and voltage could be represented by two vectors as 
in Fig. 14. Here, the current vector is 67.5° behind the voltage 
vector; the current lags. 

Example 5. A current lags a voltage by 60°. 
The maximum value of the current is 40 amp. 
What is the instantaneous value of current when 
the voltage has a phase angle of 75°? 

Solution: Lay off on graph paper a vector dia-
gram similar to Fig. 14. The voltage vector is 
drawn at a 75° angle, and the current vector is 
drawn 60° behind the voltage vector, or at a 15° 
angle. The vertical component of the current is 
then its instantaneous value at this instant. 
The problem may also be solved by the mathe-

matical formula 

/ sin (75° — 60') 

= 40 sin 15° = 40 X 0.26 = 10.4 amp 

The cause of the lagging current is in-
ductance which makes the maximum of 
current take place later than the maximum 
of voltage. If a circuit is purely inductive (resistance negligible), 
the difference between voltage and current maxima is 90°. If 
there is resistance, the difference is less than 90°. This matter 
is discussed in more detail in succeeding sections. 

Fia. 14. Vector dia-
gram showing lagging 
current. Same condi-

tions as Fig. 13. 
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CASE III. Current leading the voltage. In this case the maxi-
mum value of the current is reached before the corresponding 
maximum of voltage is reached. The voltage lags behind the 

current, or, as it is usually 
stated, the current leads the 
voltage. 
A vector diagram for this 

condition is shown in Fig. 15. 
The instantaneous values of 
voltage and current are 

e= 20° 
or 

e = E sin 60° 

= I sin 80° 

= / sin (60° 20°) 

The cause of leading cur-Fie. 15. Current leads the voltage 
at an angle of 20°. Voltage is at rent is capacitance, which 

60° phase. makes the maximum of cur-
rent occur before the maxi-

mum of voltage. If the resistance associated with the capaci-
tance is negligible, the current leads the voltage 90°. If the 
resistance is not negligible, the angle of lead is less than 
90°. 
The formulas applicable when the current and voltage are not 

in phase are 

e = E sin O 

i = I sin (61 ± 

where is the phase difference between E and I. The plus (±) 
sign is used if the current leads the voltage, the minus ( — ) sign 
if the current lags the voltage. 

Example 6. The effective current in an a-c circuit is 70 amp. The 
current leads the voltage by 30°. What is the instantaneous current when 
the voltage has a phase angle of 10°? 
Solution: The maximum value of the current is 

'max= Ieff X 1.41 

= 70 X 1.41 = 98.7 amp 
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By the equation 
/ sin (O + 4)) 

= 98.7 sin ( 10° -I- 30°) 

= 98.7 sin 40° 

= 98.7 X 0.643 = 63.5 amp 

The phase relation of a voltage (or current) in one part of a 
circuit in respect to that of a voltage (or current) in another part 
of a circuit is often of interest. For example, if the phase angle 
of the vector representing one voltage in a circuit is 0° and that 
of another vector representing a second voltage is 30°, it may 
be said that the "phase shift" is 30°. More specifically, the 
phase shift is 30° and the second voltage leads the first voltage. 

7.8. Inductive reactance. Why does the maximum value of 
the voltage occur ahead of the maximum value of the current in 
Case II? The maximum induced voltage across an inductance 
will occur when the current through the inductance is changing 
most rapidly, since the induced voltage is equal numerically to 
the value of the inductance multiplied by the rate of change of 
the current. The current is changing most rapidly as it goes 
through zero. This current may be likened to the motion of a 

pendulum. When the pendulum is exactly vertical its velocity is 
greatest; when it is at the peak of its swing to the right or left 

its velocity is zero for a fraction of a second, since at this moment 
it comes to its greatest swing and then reverses direction. At the 
bottom of the swing, gravity has had its greatest effect and the 
bob is, at this moment, moving with its greatest speed. Similarly, 
in an a-c circuit, the current is changing most rapidly at the 
moment it is going through zero. 
When alternating current flows through an inductor, there will 

be an alternate increase and decrease in the strength of the mag-
netic field about it. When the field is increasing, a counter-emf 
will be produced (according to Lenz's law), which opposes the in-
crease in current. During this period energy is stored in the mag-
netic field. On the next quarter cycle the field collapses. This 
process is repeated during the negative half cycle. It is for this 
reason that the maxima ( or any other corresponding values) of 
voltage and current in an inductive circuit do not occur at the 
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same instant, the maximum of current occurring after the max-
imum of voltage. 

If a coil of negligible resistance is placed in series with a re-
sistance in an a-c circuit as in Fig. 16, less current will flow than 
if the coil were not connected. The effect of the coil which re-

FIG. 16. The inductive reactance of a coil impedes the flow of a-c current. 

duces the current is called the inductive reactance and is propor-
tional to the inductance of the coil and to the frequency. The 
expression for inductive reactance is 

XL = 27 Xf XL = 6.28 XfXL= col. ohms 

where f = frequency in cycles per second. 
L = inductance in henries. 
w = Greek letter omega * = 27f = 6.28f. 

If the coil in Fig. 16 has negligible resistance, the current 
through it is given by 

Current — 
Voltage across coil 

Reactance 

EL 
or / = — 

XL 

Example 7. An inductive reactance of 20 ohms is connected to a 110-
volt (rms), 60-cycle source. What is the maximum and the effective cur-
rent? What is the instantaneous current when the voltage phase angle is 
150°? What is the size of the inductance? 
Solution: 

Eeff 110 
Jeff — = — = 5.5 amp 

XL 20 

"'max Ieff X 1.41 = 7.8 amp 

*The use of w here as equal to 2trf should not be confused with its use 
as an abbreviation for ohms. It is unfortunate that the same symbol has 
been associated with both ohms and 271. The present-day tendency is to 
use the capital omega, cl, as an abbreviation for ohms. 



Sec. 7.9] Capacitive Reactance 153 

From the vector diagram of Fig. 17 

= / sin (0 — 90°) 

= 7.8 sin (150° — 90°) = 7.8 sin 60° 

= 7.8 X 0.866 = 6.75 amp 

The size of the inductance is 

, XL 
co 27rf 

20   2r 20 — 0.053 henry 
X 60 3 77 

Fro. 17. Current lagging voltage by 90°. 

Problem 13. Calculate the reactance of 1 henry, 1 mh, and 1 µh at the 
following frequencies: 100 cycles, 1000 cycles, 1 Mc. 
Problem 14. A coil in a 50-volt, 1-Mc circuit passes 20 ma. What is 

the reactance of the coil? What is its inductance? 
Problem 15. A 0.5-henry coil passes 02 amp of 60-cycle current. What 

is the voltage across the coil? What is the reactance of the coil? 
Problem 16. The voltage across a 1-henry coil is 50 volts. At what 

frequency will the coil pass 0.1 amp? 
Problem 17. A 0.1- and a 02-henry coil are connected in series across 

a 110-volt, 60-cycle line. How much current do the coils draw from the 
line? What would the current be if the coils were connected in parallel? 

7.9. Capacitive reactance. When current flows into a con-
denser, it places a charge on the condenser plates and the 
voltage increases. When the current starts to flow into an un-
charged condenser, there is no opposing voltage and the rate of 
current flow is maximum. As current continues to flow into the 
condenser, the voltage across the condenser rises and opposes the 
flow of current. As a result of this action the current flow is 
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decreased, and, when the voltage across the condenser is equal to 
the impressed voltage, the current is zero. 
The maximum of current, then, corresponds in time to the 

minimum of voltage, and current is said to lead the voltage. 
The minimum of current occurs when the maximum of voltage is 
reached. In a purely capacitive circuit (no resistance and no 
inductance) these maxima are 90° apart. If there is resistance 
in addition to capacitance the phase difference is less than 90°. 

If a condenser having negligible resistance is placed in an a-c 
circuit as in Fig. 18, less current will flow than if the condenser 

FIG. 18. The capacitive reactance of a condenser impedes the flow of a-c 
circuit. 

is switched out of the circuit. The opposition a condenser offers 
to the flow of current is called the capacitive reactance and is 
inversely proportional to the capacitance and to the frequency. 
Thus 

Voltage across condenser Ec 
Current —   or I = — 

Capacitive reactance Xc 

Capacitive reactance is given by 

1 1 1 
Xc =   = — ohms 

2r Xf X C 6.26 Xf X C wC 

where f = frequency in cycles per second. 
C = capacitance in farads. 
= 27f = 6.28 X f. 

Example 8. A condenser has a capacitive reactance of 5 ohms at 60 
cycles. It is placed in a 60-cycle circuit in which the instantaneous value 
of the voltage at a 20° phase angle is 48 volts. What is the maximum cur-
rent through the condenser? What is the instantaneous current through 
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it at the 20° voltage phase angle? What is the capacitance of the con-
denser? 

Solution: 

e = E sin 20° 

48 = E X 0.342 

E = 140 volts 

E 140 
I = 5c-c. = - 28 amp 

i = I sin (20° ± 90°) 

= 28 sin 110° = 28 cos 20° 

= 28 X 0.940 = 26.32 amp 

1  1 1 

co.Kc 2r X 60 X 5 377 X 5 

= 0.000530 farad or 530 µf 

Problem 18. Calculate the reactance of a 2-id, a 0.002-pf, and a 200-ppf 
condenser at 60 cycles, 60,000 cycles, 600 kc, and 6 Mc. 

Problem 19. A condenser in a 110-volt (rms), 60-cycle circuit passes a 
current of 1 amp. What is the reactance of the condenser? What is its 
capacitance? 
Problem 20. At what frequency will a 0.1-pf condenser pass 100 ma of 

current if the voltage across the condenser is 100 volts? 
Problem 21. A 0.01-µf condenser passes 1 amp of 1-Mc current. What 

is the voltage across the condenser? What is its reactance? 
Problem 22. How much current will a 0.5-µf condenser pass when a 

potential of 200 volts is across it if the frequency is 1000 cycles? 
Problem 23. How much current will a 02-pf and a 0.5-pf condenser take 

from a 110-volt, 60-cycle line if connected in parallel? if connected in series? 
Problem 24. (a) What is the reactance of a 0.2-mh coil at 1000 cycles? 

at 1 Mc? 
(b) What is the reactance of a 0.1-id condenser at 1000 cycles? at 1 Mc? 

Compare results in parts (a) and (b). 

7.10. Comparison of inductive and capacitive reactances. 
Coils and condensers have opposite effects upon an alternating 
current. A coil causes the current to lag behind the voltage; a 
condenser causes current to lead the voltage. The reactance of 
an inductor increases as frequency increases; the reactance of 
a capacitor decreases as frequency increases. 
A coil which passes considerable current at 60 cycles may 

pass practically no current at 1000 kc. On the other hand, a 
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condenser which passes considerable current at 1000 kc may pass 
very little current at 60 cycles. 

In circuits in which it is desired to pass a low-frequency cur-
rent and to exclude a high-frequency current, a shunt (parallel) 
condenser and series coil are used as shown in Fig. 19(a). The 
series coil prevents the flow of the high-frequency current be-
cause of its high reactance at high frequencies, and the capacitor 
shunted across the circuit provides a low-impedance path fór 

(a) Low-Frequency Currents 
Passed 

(b) High-Frequency Currents 
Passed 

Fia. 19. Combinations of a coil and a condenser to pass low- or high-
frequency currents. 

the high frequencies, but the high reactance of the condenser at 
low frequencies prevents these frequencies from passing through 
this shunt circuit. The coil has low reactance to the low-fre-
quency currents and passes these currents easily. 
The coil and condenser can be interchanged as in Fig. 19(b) to 

provide an arrangement which easily passes high frequencies and 

at the same time presents a high reactance to low frequencies. 
By extension of the ideas discussed above, various combina-

tions of coils and condensers can be used to pass only low fre-
quencies, high frequencies, or an intermediate band of frequencies, 

or to exclude a band of frequencies. Such devices are called 
filters. 

Condensers that are shunted across a circuit to provide a low-
reactance path for the higher-frequency currents are called by-
pass capacitors. Coils that are used in series with the circuit 
to prevent the flow of the higher-frequency currents are known 
as choke coils. 
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7.11. Measurement of capacitance. The capacitance of a 
condenser may be measured by comparing the unknown capaci-
tance with a known capacitance by means of a Wheatstone bridge 
as shown in Fig. 20. A and B are pre-
cision resistors known as ratio arms and 
are usually adjustable, and C. is an ad-
justable precision condenser. The bridge 
is adjusted so that no sound is heard in 
the phones, then 

Cz =- 
A 

The bridge method is widely used for 
the precision measurement of capaci-
tance. 
A simple method of measuring ca-

pacitances ranging from about 0.01 to 
10 or more microfarads is to connect 
them in series with an a-c ammeter 
across a known a-c voltage. The condenser should be tested for 
an open or short circuit as described in Sect. 6.14 before apply-
ing the voltage. If one knows the voltage, current, and frequency, 
the capacitance can be calculated. The equation is 

I (milliamperes) X 1000 
C   

6.28 XfXE 

Small capacitances may also be measured with a Q-meter. 

Problem 25. A Wheatstone bridge is used to measure a capacitance. 
At balance, the bridge elements have the following values: A = 1000 ohms, 
B = 5000 ohms, and C, = 0.054 d. What is the size of the unknown 
capacitor? 
Problem 26. A condenser is placed in series with an a-c ammeter and 

connected across a 110-volt, 60-cycle line. The ammeter indicates 0.08 amp. 
What is the capacitance in microfarads? 

7.12. Combinations of resistance with capacitance or in-
ductance. Coils and condensers always have some resistance 
associated with them. This is particularly true of coils, which 
must be wound of wire which has at least a small resistance. 

A-C 
FIG. 20. Wheatstone 
bridge for measuring 
capacitance. When 
bridge is balanced, no 
sound is heard in head-
phones, and C.v = 

(BIA)C8. 
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The resistance of good condensers may generally be neglected. 
Since both reactance and resistance impede the flow of current, 
the procedure for calculating the current when both resistance 
and reactance are in the circuit must be discussed. 
Because inductances and capacitances act differently from re-

sistances in an a-c circuit, the reactance in ohms cannot be added 
directly to the resistance in ohms to determine the resultant 
effect of a combination in impeding the flow of current. Re-
actances and resistances must be added vectorially, not alge-
braically. 

7.13. Impedance. A combination of resistance and reactance 
is called an impedance. Thus, impedance is the combination 
of all effects, both resistance and reactance, in a circuit which 
impede the flow of current. The unit of impedance is the 
ohm. 
As discussed in previous sections, the effect of capacitance 

and inductance is to cause the current to lead or lag the voltage 
by 90° whereas a resistance causes no phase shift of current in 
respect to voltage. Thus the effect of either capacitive or in-
ductive reactance acts at right angles to the effect of resistance. 
Two factors which act at right angles to each other may be com-
bined and the resultant determined from a formula found in 
plane geometry which states that "the square of the hypotenuse 
of a right triangle is equal to the sum of the squares of the other 
two sides." Then. for impedances. 

z2 R2 + x2 

and, if R = 3 ohms and X = 4 ohms, 

Z2 = 9 -I- 16 = 25 
whence 

Z = 1/F5 = 5 ohms 

This result is called the vectorial sum. It is this value of Z that 
determines how much current will flow. The algebraic sum, ob-
tained by simple addition—as when two resistances are combined 

in series—would be, in this example, 7 ohms, and the current 
computed from this value would be in error. It does not matter 
in the computation whether X is positive or negative, since the 
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square of either a plus or minus quantity has a positive sign. 
Thus 

(X)2 = (—X)2 = X2 

The resultant of combining a resistance and a reactance can 
be found graphically. Lay off on a horizontal line a number of 
units corresponding to the number of ohms of resistance. Then, 
if the reactance is inductive, erect a perpendicular and lay off 
on it a number of units equal to the number of ohms of inductive 
reactance. These two lines are the two sides of a rectangle as 
shown in Fig. 21. The length of the 
diagonal line represents the resultant 
impedance in ohms. This procedure 
is, of course, based on the fact that 
the effects of resistance and reactance 
upon current act at right angles to 
each other. 
Because capacitive reactance has 

an effect opposite to that of inductive 
reactance, the line representing it 
should be pointed downward rather 
than upward. Graph paper is of 
great aid in solving a-c problems in 
this manner. 

R = 8 

Flo. 21. How to compute 
impedance by vectors, us-

ing cross-section paper. 

Example 9. An alternating current of 8 amp flows through a coil whose 
inductance is 0.043 henry and whose resistance is 5 ohms. What voltage is 

required if the frequency is 60 cycles? 

Solution: The current in such a circuit is 

I = E Z 

Z = N/ R2 + X2 

and 

X = 27rf X L = 6.28 X 60 X 0.043 = 16.25 ohms 

Z = N/52 16.252 = N/289 = 17 ohms 

whence 

E = I Z = 17 X 8 = 136 volts 

Example 10. What is the impedance at 60 cycles in a circuit in which 
there is a 1.66-µf condenser in series with an 800-ohm resistor? 
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Solution: 

Xe = 
2rfC 6.28 X 60 X 1.66 

Z = N/R2 + X2 

1 10, 
1590 ohms 

= V8002 ± 15902 

= V(64 X 104) ± (253 X 104) (approx.) 

= 1021/F7 = 1780 ohms 

7.14. General expressions for impedance. If a series a-e 
circuit includes resistance, inductive reactance, and capacitive 
reactance, the impedance is computed as follows: Since inductive 
and capacitive reactance effects are opposite, a negative sign is 
affixed to the capacitive reactance, a positive sign to the inductive 
reactance. That is, a capacitive reactance is a negative reactance 
of so many ohms; an inductive reactance is a positive reactance 
of so many ohms. Before capacitive and inductive reactances 
may be combined vectorially with resistance, their algebraic 
sum is taken to obtain the net reactance. Thus the general ex-
pression for impedance of elements in series is 

Z = VR2 + (XL — Xc)2 

and after the capacitive reactance has been combined with the 
inductive reactance (it is actually subtracted because the iigns 
of the two reactances are different) the form of the impedance 
becomes as before 

Z = 1/R2 + X2 

Here X represents the net reactance—the algebraic sum of the 
capacitive and inductive reactances. As discussed previously 
the sign before X2 is positive. This is true regardless of whether 
XI, or Xe is the larger. 

Example 11. What is the impedance of a circuit consisting of a capacitive 
reactance of 6 ohms, an inductive reactance of 10 ohms, and a resistance of 
4 ohms, all in series? 

The vector diagram for this example is shown in Fig. 22. Here XL points 
upward at an angle of 90° from the resistance, and Xc points downward at 

an angle of 90°. The resultant of adding the reactances is a positive 4 ohms. 
If, however, the values of XL and Xc are interchanged, then the resultant 

is a negative 4 ohms and points downward. 
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In Case 1: 

Z ‘/R2 +(XL — Xc)2 

= 1/42 + (10 — 6)2 

= V42 + .2 = 5.7 ohms 

In Case 2: 

Z = ‘/R2 + (XL — Xc)2 

= 1/42 + (6 — 10)2 

= 1/42 + (- 4)2 

= 1/42 + 42 = 5.7 ohms 

Q 

II 

+X 

STe 

4R 

— X 
- — — — — — 

FIG. 22. At left is •esultant of combining reactances and a resistance to 
form two Z vectors. At right, the two reactances have been added to 
form a net reactance of 4 ohms, which is then combined with a resistance 

of 4 ohms to form an impedance of 5.7 ohms. 
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Problem 27. The electrical elements of a broadcast receiving antenna may 
be represented approximately by a coil and a condenser in series (LA and C 
in Fig. 23). The voltage picked up by the antenna is E. The coil L. is a part 
of the input circuit to the receiver. At a frequency of 800 kc, what will be 
the current through the series circuit? (There is no mutual inductance be-
tween LA and L..) 
Problem 28. A 1000-ohm resistor, 100-ph coil, and 100-pif condenser are 

connected in series. What will be the impedance at 1 Mc? 
Problem 29. A series circuit is made up of a 25-ohm resistor and a 0.07-

henry inductor. What is the impedance at 60 cycles? at 1000 cycles? 
Problem 30. A 1000-ohm resistor is connected in series with a 2.5-pf 

condenser. What is the impedance at 60 cycles? at 200 cycles? 

Fic. 23. An antenna and its equivalent circuit. 

7.15. Series a-c circuits. In Fig. 24 is an inductance in 
series with a resistance. The current flowing in the circuit may 

E 

 EL 

Z= -à 2+co2L2 

Fie. 24. A series circuit: w = 6.28 X f. 

be found by dividing the voltage across the circuit by the im-
pedance, that is, I = E ± Z, in which 

z = VR2 ± x2 
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which is quite different in numerical value from R+ X. For 
example, if R = 3 and X = 4, the vector sum Z = 5, whereas 
the arithmetical sum = 7. 

In an a-c circuit the voltage across an impedance, a reactance, 
or a resistance is equal to that impedance, reactance, or resistance 
in ohms multiplied by the current in amperes. 

Voltage across a resistance ER = I X R 

Voltage across an inductance EL = I X XL 

Voltage across a capacitance Ec = I X Xc 

Voltage across L and C EL+C = I(XL ICC) 

Voltage across an impedance Ez=IXZ 

These voltages are shown in Fig. 25. 

E = Ez 

 ER 

 WNW/ ° 
X L Xc 

Fto. 25. Voltages across elements of an impedance. 

The voltage across two resistances in series is the algebraic 
sum of the individual voltages. The same is true of voltage 
across two reactances, remembering that a capacitive reactance 

has a negative sign and that the voltage across it is negative in 
respect to that across an inductance. The voltage across two 
impedances in series, however, must be determined by adding 
the individual voltages vectorially, because the impedance is the 
vector sum of resistance and reactance. 

The circuit of Fig. 24 will serve as a typical example. Here 
the current is 

I — 

and 

E 

VR2 + x2 
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E = I "V R2 + 

E 2 = 12(E2 x.2) = 12E 2 ± 12x 2 

= ER 2 ± ER2 
whence 

E = ER2 ± E x2 

Therefore the resultant voltage across a resistance and a re-
actance is the vector sum of the individual voltages. 

Example 12. If, in Fig. 24, E = 15 volts, R = 3 ohms, and X = 4 ohms, 

what are the current and the voltage across R and X? 

Solution: 

E 15 15 
/   = 3 amp 

N/R2 + X2 N/i7-1- 16 5 

ER = IR = 3 X 3 = 9 volts 

Ex = IX = 3 X 4 = 12 volts 

E =- N/ER2 Ex2 = N/81 + 144 = N/225 = 15 volts 

Experiment 1. Connect a 1000-ohm, 10-watt resistor in series with a 
2-µf condenser and place the combination across a 110-volt, 60-cycle source. 
With an a-c voltmeter measure the voltage across the resistance, the voltage 
across the condenser, and the total voltage. Draw a vector diagram to see 
whether the voltages across the resistor and condenser add vectorially to 
give the total applied voltage. 

7.16. Vector diagrams of a series circuit. In a resistive 
circuit, the voltage and current are in phase; their maximum 
values occur at the same instant. If the circuit is purely reactive 
(no resistance), there is a 90° phase difference between the cur-
rent and voltage. If there are both resistance and reactance in 
the circuit, the angle between the current and voltage is less 
than 90°, the exact value depending upon the relative values of 
R and X. 

Vector diagrams furnish a convenient means of studying the 
relations existing in such complex series circuits. If the vector 
diagram is laid off on cross-section paper, the work is greatly 
simplified. 

Since the current is the same in all parts of a series circuit, the 
current can be taken as the "reference vector" and the positions 
of the voltage vectors referred to the current vector. As an 
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example, consider a circuit made up of 5 ohms resistance and 4 
ohms inductive reactance carrying 1 amp of alternating current. 
In Fig. 26 the reference vector I is drawn along a horizontal line. 
The voltage across a resistor is the product I X R, so the same 
line which represents I can be used to represent ER = IR. The 
horizontal line is scaled so that one square represents 1 volt. 
Note that the voltage considered thus far is the voltage across 
the resistance; it is the only voltage in the circuit which is in 
phase with the current. 

5 

4 

o 

A 

C 
— 

D 

i)ce 
0 

II 
1 
t 
i 
I 
f 

9 I 
1I.2 

0 1 2 3 4 5 6 
R or IR 

7 

Fia. 26. Vector diagram of a series circuit containing 5 ohms of resistance 
and 4 ohms of inductive reactance. 

The voltage across the inductance is 90° ahead of the cur-
rent through it. The vector representing the reactive voltage, 
Ex = IX, is erected perpendicular to the current vector. Since 
IX = 1 x 4 = 4 volts, the length of this voltage vector is 4 units. 
The total voltage across the complete circuit is the vector sum 

of the voltages ER and Ex. This vector sum is obtained by draw-
ing the diagonal of the completed parallelogram (a rectangle in 
this case). The length of the diagonal gives the magnitude of the 
total voltage. Its direction determines its phase angle in respect 
to the current. With cross-section paper and a compass it is a 
simple matter to determine the value of the voltage, in this 
example approximately 6.4 volts. 
The 6.4 volts required to force 1 amp through this series cir-

cuit must be the voltage across the entire circuit, and the line 
representing this voltage must also be representative of the. 
impedance of the circuit. Thus, the vector diagram has IR as 
the horizontal vector, IX as the vertical vector, and /Z as the 
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vector representing the total applied voltage. Each of these 

vectors is multiplied by the same constant factor, I. If I is di-
vided out of each, there remain R, X, and Z. Not only does the 

vector diagram represent the voltages across the parts of the 
series circuit, it also can be used to represent the parts themselves. 
Furthermore the angle between the vector representing Z and R 

is the angle by which the voltage across the circuit and the cur-

rent through it differ in phase. Clearly in this example the 
voltage leads the current (current lags voltage), and the angle 
between the directions of the IR and IZ vectors is the angle of 
lead. In the figure BD ÷ AB is the tangent of the angle 0, or 

BD 
— = tan 0 
AB 

and, since BD = AC = IX (or voltage drop across X) and AB = 
IR (or voltage drop across R), 

Ex IX X 
tan 

ER = IR = — = R 

The reactance and resistance in ohms are known, and so the 
tangent of the angle may be looked up in a table. When the 
tangent of an angle is known but not the angle, the expression 
is written O = tan' (X/R) and is read "O (theta), the angle whose 
tangent is X over R." 

Similarly, X 4- Z = sin 0, and R Z = cos O. 
In Fig. 26 0 = tan' % = tan' 0.8. From the table at the 

end of the book it is found that the angle whose tangent is 0.8 
is between 38° and 39°. A better value is given by the following 
method. The total difference between tan 39° and tan 38° is 
0.810 — 0.781 = 0.029. Tan 0 is 0.800 — 0.781 = 0.019 unit 
greater than tan 38°. Taking the ratio of the differences, 

0.019 
  — 0.655 
0.029 

Then 
O = 38° -I- 0.655° = 38.655° 

This method of determining values between those given in a 
table is called interpolation. 
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The effect of a resistance in series with a reactance is to de-
crease the phase difference between the current and voltage, that 
is, to bring them more nearly into phase. In a pure reactance 
circuit, the angle is 90'; when resistance is added this angle de-
creases. In a pure resistance circuit the angle is zero, and the 
current and voltage are in phase; they reach their maximum 
values at the same instant. If the reactance is capacitive, the 
procedure is the same as above except that the X vector is di-
rected downward. 
Note that in Fig. 26 the three vectors can be used to form a 

voltage or impedance triangle, DAB. This is a right-angle 
triangle for which simple relations among the sides and the angle 
O exist. If one side and the angle 0, or any two sides are known, 
all the other sides and angles can be computed. Using the im-
pedance triangle, since the current I is common to all sides, the 
following relations can be written: 

cos 0 = R Z; sin° = X ÷ Z; tan° = X4- R 
or 

R = Z cos 0; X = Z sin 0; Z =-- R ÷ cos 0 = X ÷ sin 0 

CASE t. X and R given, to find O and Z. Look up in a table of 
trigonometric functions the angle whose tangent is X ÷ R; find 
the sine (or cosine) of this angle and divide it into X (or R) to 

obtain Z. Z may also be computed from Z = R2 -I- X2. 
CASE II. X and Z given, to find 0 and R. Here sin° = X ÷ Z 

or O= sin' (X Z) (read as "theta is the angle whose sine is equal 
to X ÷ Z"). The value of O and of cos O can be looked up in a 
trigonometric table. Then  R = Z cos O. R may also be com-

puted from R = 1/Z2 — X2. • 
CASE III. R and Z given, to find O and X. This is similar to 

Case II. The equations are 

o = cos' (R Z) 

X = Z sin 

= N/z2 _ R2 

Example 13. A series circuit has 46 ohms of resistance and 26.6 ohms of 
inductive reactance. By what angle does the current lag the voltage? 
What is the impedance? 
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Solution: 

O tan-1 (26.6 ÷ 46) = tan-1 0.577 = 30° 

cos 30° = 0.866; sin 30° = 0.5 

Z = R ÷ cos 0 = 46 ÷ 0.866 = 53.2 ohms 

= X ÷ sin O = 26.6 ÷ 0.5 = 53.2 ohms 

also 

Z VR2 -I- X2 = Y462 + 26.62 

= 1/2824 = 53.2 ohms 

Problem 31. What is the phase difference between voltage and current 
in each of the following series circuits? Indicate lagging current with a 
minus sign. (a) Pure resistance; (b) pure capacitive reactance; (c) pure 
inductive reactance; (d) 10 ohms resistance, 15 ohms capacitive reactance; 
(e) 20 ohms resistance, 10 ohms inductive reactance; (f) 50 ohms capacitive 
reactance, 30 ohms inductive reactance; (g) 10 ohms resistance, 20 ohms 
capacitive reactance, 15 ohms inductive reactance; (h) 25 ohms resistance, 

50 ohms each of inductive and capacitive reactance. 
Problem 32. Two resistors, one of 10 ohms and the other of 15 ohms 

resistance, are connected in series across a 60-cycle, 120-volt circuit. What 
current flows? What is the current if the frequency is increased to 500 

cycles? 
Problem 33. If the 15-ohm resistor in Prob. 32 is replaced with a coil 

which has a 60-cycle reactance of 15 ohms, what is the current? What will 
be the current at 200 cycles? What is the inductance of the coil? 

Problem 34. A coil and resistor are in series in an a-c circuit. The volt-
age across the coil is measured and found to be 50 volts, that across the 

resistor 30 volts. What is the total voltage? 
Problem 35. Two inductances are in series with two capacitors and 

two resistors. The inductors have reactances of 4 and 5 ohms, the con-
densers have reactance of 8 and 10 ohms, and the resistances are 3 and 4 

ohms. The voltage across the combination is 120 volts. What is the cur-
rent, what voltage avears across each separate element, and what is the 

phase difference between the current and the total voltage? 
Problem 36. A current of 1.5 amp flows through a series circuit com-

posed of 10 ohms inductive reactance, 15 ohms capacitive reactance, and 

5 ohms resistance. 
(a) Draw a vector diagram showing the current and all the voltages. 
(b) What is the voltage across each element and across the entire circuit? 

(c) What is the total impedance? 
Problem 37. In a series circuit there are 30 ohms inductive reactance 

and 18.75 ohms resistance. It is desired to increase the phase angle to 70°. 
How can this be done? How can the phase angle be decreased to 30°? 

The resistance is to remain constant. 
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7.17. Characteristics of a series circuit. 1. The voltage 
across a series combination of resistance and reactance is the 
vector sum of the voltages across the separate units. 

2. The combined resistance of several resistances in series is 
the algebraic sum of the individual resistances. 

3. The combined reactance of several reactances in series, 
whether inductive or capacitive, is the algebraic sum of the in-
dividual reactances. 

4. The impedance, or combined effect of a series resistance and 
reactance, is the vector sum of the total resistance and the net 
reactance. 

5. The impedance of several impedances in series must be 
obtained by breaking down the individual impedances into their 
corresponding resistances and reactances, adding the resistances, 
and adding the reactances with due regard for the negative sign 
associated with capacitive reactances. The total impedance is 
then equal to 

Z = V(R1 ± R2 ± • • • ) 2 (X1 ± X2 + • • )2 

Example 14. Table 3 shows the resultant obtained by combining ele-
ments of 3 and 4 ohms, respectively, which may be resistance or reactance, 
or combinations. 

TABLE 3 

COMBINATION SUM RESULTANT 

1. R = 3; X = 4 16 = Z 5 
2. R = 3; R = 4 3+4 = R 7 
3. XL = 4; Xc 3 4 — 3 = X 1 
4. XL = 3; Xc = 4 3 — 4 = X —1 
5. XL = 3; XL = 4 3 -I- 4 = X 7 
6. Xe = 3; Xc = 4 —3-4  = X —7 

7. R = 3; XL = 4; Xr = 3 N/9 (4 — 312 Z 3.16 

8. R = 3; XL = 3; Xc = 4 V9 -I- (3 — 4)2 = Z 3.16 

9. R = 3; XL = 3; Xc = 3 1/9 + (3 — 3)2 = R 3 

Note in 7 and 8 above that the resultant has the same magnitude although 
the conditions are different. This occurs because a negative number when 
squared yields a positive result. The angle of the impedance for the net 
inductive reactance of 7 is positive, whereas it is negative in 8, which has a 
net capacitive reactance. 

In a series circuit the reactance which is the greater deter-
mines the reactance of the resultant or equivalent series circuit. 
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For example, if there are 4 ohms capacitive reactance and 11 
ohms inductive reactance, the circuit as a whole will be induc-
tive. 

7.18. Series resonance. When, in a series circuit, the capaci-
tive and inductive reactances are equal, their effects cancel and 
the impedance of the circuit is controlled by the resistance alone. 
This is illustrated in part 9 of the preceding example. Since 
reactances vary with frequency, and capacitive reactance de-
creases while inductive reactance increases with frequency, this 
cancellation of reactance may occur as a result of changing fre-

quency, or it may occur as a result 
ic 

of adjusting one of the reactances. 
This phenomenon is known as 
series resonance and is so im-
portant that the following chapter 
is devoted to it and to a similar 
phenomenon which occurs in paral-
lel circuits. 

7.19. Parallel circuits. In a 
circuit like that in Fig. 27, in 
which several reactances or com-
binations of resistance and reactance 
may be connected in parallel, the 
following rules hold: 

The voltage across each branch is the same and is equal to the 
applied voltage. 
The current taken by any branch is equal to the applied volt-

age divided by the impedance of that branch. 
The total current taken from the voltage source is the vector 

sum of the currents through each branch. 
The impedance offered to the flow of current by the combina-

tion is the applied voltage divided by the total current. 
To illustrate these rules assume in Fig. 27 that E = 120 volts, 

Xc = 8 ohms, XL = 5 ohms, and R = 3 ohms. The branch cur-
rents, the total current, and the resultant impedance are found 
as follows: 

FIG. 27." In this parallel cir-
cuit / may be very small com-
pared to the branch circuit 

currents /L or /0. 
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E 120 
/c = — = — = 15 amp (through condenser) 

Xc 8 

E 120 
= — = — = 40 amp (through resistor) 

I? 3 

E 120 
IL = —5 = 24 amp (through inductor) 

1 = Ic)2 = 1/1681 = 41 amp 

120 
Z = — = 2.93 ohms 

41 

Thus the impedance is the ratio of the voltage across the circuit 
to the total current through it. Often it is necessary to compute 
the impedance of parallel circuits when the voltage is not given. 
The procedure then is to assume a convenient value of voltage, 
find the currents that would flow, and then divide the voltage 
by the total current to obtain the impedance, or 

The choice of a value of voltage is arbitrary. The impedance will 
be the same for whatever voltage is used. 

Example 15. What is the impedance of 630 ohms capacitive reactance 
shunted by 100 ohms of resistance? 

Solution: Assume a voltage of 100 volts. 

le = 100 ÷ 630 = 0.159 amp 

= 100 ÷ 100 = 1.0 amp 

The total current is 

Vic,2 1R 2 V 0.1592 ± 12 

= Nr1.-02-5 = 1.013 amp 

E 100 
Z = — = 1.013 — 98.5 ohms 

/  
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7.20. Vectors in parallel circuits. Since the voltage across 
the various branches in a parallel circuit is the same, while the 
currents may differ, the impressed voltage is taken as the refer-
ence vector in solving problems by vector diagrams. This con-
trasts with the case in series circuits, in which the current is 
common to all elements and hence is taken as the reference 
vector. 

1 0 

1.0 2.0 

LO 
LO 

/R= 2.5 amp 

66.2 
•z••. ,; 

4=fr = 2.5 amp 

= = 1.66 amp 

4 = f = 3 amp 

3.0 E 
 1 

2.0   

F a. 28. Vector diagram of the parallel circuit of Example 16. 

In a parallel circuit, as in a series circuit, if there is resistance 
only, the current and voltage are in phase. The total current 
taken from the source by the individual resistive branches is 
merely the arithmetical sum of the currents taken by the in-
dividual branches. If, however, there is reactance as well as 
resistance, the resultant current is found in much the same way 
that the resultant voltage is found in the series circuit. The 
method is illustrated by the following example: 

Example 16. A resistance of 40 ohms is shunted by an inductance with 
60.4 ohms reactance. A voltage of 100 volts is impressed across the combina-
tion. Draw a vector diagram and determine the resultant impedance of the 
circuit. 

Solution: Lay off a horizontal line to represent the reference vector E as in 
Fig. 28. Since the voltage and current are in phase in a resistor, the hori-
zontal line is also the direction of the vector for the current II? through the 

resistance. The length corresponds to E ÷ = 100 40 = 2.5 amp. 
The current through an inductance lags the voltage by 90°. Therefore, the 
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vector for the current //, points straight down. Its length corresponds 
to E XL = 100 ÷ 60.4 1.66 amp. 

Completing the parallelogram as shown and drawing the diagonal line, 
the length of the diagonal is found to be 3 units, which corresponds to 3 amp. 
The resultant impedance is Z = E ÷ I = 100 ÷ 3 = 33.3 ohms. 

7.21. Power in a-e circuits. In a d-c circuit the power is 
the product of the voltage across the circuit and the current 
through it. If, in a d-c circuit, a potential of 100 volts forces 
1 amp of current through a device, the power used is 100 watts. 

Fio. 29. In a resistive circuit, all power delivered by the generator is 
consumed by the external circuit. Voltage and current are in phase. The 
curve of instantaneous power has twice the frequency of the voltage and 

current curves. 

In a-e circuits the voltage and current are not always in phase. 
On the contrary, there may be a large phase difference between 
them. The questions then arise: Is the actual power in an a-c 
circuit the product of voltage and current? Does the phase dif-
ference between voltage and current affect the amount of power 
taken by a device? 

In all electrical circuits the power at any instant is the product 
of the instantaneous voltage and current. In the resistive case 
shown in Fig. 29 for which voltage and current are in phase the 
instantaneous power is shown by the curve P. All the P-curve 
lies above the axis and the instantaneous power is positive at 
all times. 
When the voltage and the current are not in phase as in Figs. 

30 and 31, a part of the power curve lies below the axis and this 
part represents negative power; that is, power is being returned 
by the circuit to the source rather than being used by the circuit. 
Negative power is indicated by the shaded areas. In Fig. 30 
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the positive and negative areas of the power curve are equal 
and as much power is returned as is used; there is no net power 
supplied by the source. In Fig. 31 there is only a small amount 
of negative power: the source supplies power most of the time. 

FIG. 30. In a purely reactive circuit, the average power is zero, as much 
being delivered back to the generator (shaded areas) as is delivered to 
the circuit. The curve of instantaneous power is a double-frequency curve. 

The power actually consumed in a circuit is considered positive 
power, whereas power returned to the generator by the circuit is 
called negative power. All the power fed to a resistor by a 
generator is consumed by the resistor, and so it is all positive 

Fm. 31. In this case the circuit is slightly capacitive; some power is stored 
in the condenser, but most of it is used up in the circuit resistance. 

power. On the other hand any power that is fed to a pure capaci-
tance or a pure inductance on one half of a cycle is returned to 
the generator the next half cycle, and the average power con-

sumed is zero. If the load is composed of both resistance and 
reactance, some power is consumed by the resistance, and the 
average power is positive. 
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The ability of a reactance to return instantaneous power to 
the generator arises from the fact that a reactance can store 
energy. Consider first an inductance with negligible resistance. 
As the voltage across the inductance rises, the inductance tends 
to keep the current from increasing, and power must be supplied 
by the generator to cause the current to grow. As more power 
is supplied the current becomes greater and more energy is 
stored in the magnetic field of the inductor (W = 1/2L/2). As 
the voltage wave continues through its maximum and then de-
creases toward zero, the current continues to rise and more and 
more energy is stored in the field. As the voltage returns to zero, 
the maximum current is flowing and there is maximum energy 
storage in the field. As the voltage reverses and starts to in-
crease in the opposite direction, the current continues to flow in 
the original direction even though it does decrease in magnitude. 
It is during this interval when the current flows in one direction 
while the voltage is in the opposite direction that power (and 
energy) is returned to the generator. In a purely inductive cir-
cuit the same amount of energy is returned to the generator in 
one half cycle as was taken from the generator the previous half 

cycle, and the net energy (and power) required by the circuit is 
zero. The intervals during which power is being returned to 
the generator in an inductive circuit are the shaded areas marked 
B in Fig. 30. 
A capacitor stores energy, which depends upon the voltage 

across it (W = 1/2CE2). Thus the maximum storage of energy 
in a condenser occurs at the maximum of voltage. At this time 
the current through the condenser is zero and immediately there-
after starts to increase in the opposite direction. Again, as with 
the inductor, the interval during which the voltage is in one direc-
tion and the current is in the other direction is the interval during 
which energy is being returned to the generator. The net power 
consumed by a pure capacitance is zero. 
When a circuit is composed of both resistance and reactance, 

the phase shift between voltage and current is less than 90° as 
discussed in previous sections. In this case the time during which 
positive power is taken from the generator is correspondingly 
greater than the time during which the circuit returns power to 
the generator. Thus there is a net flow of power from the gen-
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erator. This is illustrated in Fig. 31 for a resistor-condenser 
circuit. 
The instantaneous powér taken by a circuit is continually 

changing even though a net quantity of positive power is re-
quired. The average power that is required by the load circuit 
is of extreme importance, since it is this average power that deter-
mines the size of the generator and the amount of useful work 
that can be done in the load circuit. The average power, also 
called actual or true power, is 

P = I2R watts 
The quantity which results from the multiplication of the 

voltage and current is called the apparent power. Its relation 
to the average or true power depends on the ratio of resistance 
to reactance in the load circuit. The apparent power, then, is 

PA = El volt-amperes 

Note that the units of apparent power are volt-amperes, not 
watts. 
The ratio of the average to the apparent power is known as the 

power factor (pf) : 

Pf = — 
PA 

I2R IR 
= = 

El E 
Since E = IZ 

IR R 
Pf — — —   IZ Z VR2 -I- X2 

The power factor of a circuit, then, is the ratio of its resistance 
to its impedance. In radio circuits one is usually more inter-
ested in the reactance and the designer keeps the resistance as 
low as possible; in power circuits the opposite is often true. A 
condenser or inductor is normally placed in a radio circuit be-
cause of the useful properties of such a device. Resistance tends 
to obscure these useful properties and so must be as small as 
possible. 
A pure inductance or a pure capacitance will not take any 

power from the line; thus, a pure capacitance or inductance when 
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plugged into a lamp socket will not cause the electric watt-hour 
meter to turn. However, there is resistance in the line leading 
back to the power company's generator. The current which 
flows through the reactance must flow through this resistance 
and in so doing consumes power. Thus, the power company 
must supply some power even though the customer is not him-
self consuming power. Of course, if there is appreciable resistance 
in the customer's line from the meter to the lamp socket, some 
power will be consumed in this resistance and the meter will 
indicate the amount of energy represented by this power. 
Another useful expression for average power can be derived 

as follows: 

P = PA X pf = PA X 

but 

= cos 0 and PA = El 

then 
P = El cos O 

where E and I are the rms values of voltage and current and O 
is the angle between voltage and current. 

Since cos O may have any value between 0 and 1, the power 
factor may be expressed as a percentage. For example, 90 per 
cent power factor has several meanings: pf = 0.9; cos O = 0.9; 
R/Z = 0.9. All these expressions are, of course, equivalent. 

Unity power factor characterizes a circuit containing only re-
sistance, or a circuit for which the equivalent impedance is a 
pure resistance. In a purely reactive circuit the power factor 
is zero. 

Example 17. A 220-volt a-c motor takes 50 amp from the line. A watt-
meter shows that the motor uses 9350 watts. The apparent power, how-
ever, is E X I= 11,000 volt-amperes. The power factor is average power 
divided by apparent power or 9350 ± 11,000 or 0.85 or 85 per cent. 

Power P taken by motor from line = El cos 0= 9350 watts 

Current taken from line = P÷E cos O= 50 amp 

In-phase current = P÷E= 42.5 amp 

Therefore, 50 — 425 = 7.5 "extra" amp flow through the line and from 
the generator supplying the system. The current would be only 42.5 amp 
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if the motor operated at unity power factor. The extra current represents 
a waste because of the additional voltage and power loss in the resistance 
of the supply line. 
Example 18. What is the power loss in the line and what voltage must 

be supplied by the generator in Example 17 if the line resistance is 0.1 
ohm? If the motor is changed so that it operates at unity power factor 
and takes the same power from the line, what will be the generator volt-
age and the power loss in the line? 

Solution: 
CASE I. PI = 0.85. 

Voltage drop in line -= IR = 50 X 0.1 = 5 volts 

Generator voltage -= 220 + 5 =- 225 volts 

Power loss in line = /2R 502 X 0.1 = 250 watts 

CASE II. pf = 1.00. The current taken from the line in this case will be 
42.5 amp as calculated in the previous example. Then 

Voltage drop in line = IR = 42.5 X 0.1 = 4.25 volts 

Generator voltage = 220 -I- 4.25 = 224.25 volts 

Power loss in line -= PR = 42.52 X 0.1 = 180.6 watts 

Note that the change in power factor has decreased the power loss in the 
line by about 70 watts. 
Example 19. A single-phase induction motor operates at 440 volts and 

delivers 12 hp. The motor is 89.5 per cent efficient and has a power factor 
of 84 per cent. What current and power are taken from the line? 

Power delivered 12 X 746 
Power taken by motor -= — 10,000 watts 

Motor efficiency 0.895 

This is the real (average) power taken from the line. 

Real power  10,000  
Current taken from the line —  

E cos 0 440 X 0.84 

= 27.0 amp 

If the power factor of a circuit is known, the ratio of the re-
sistance to the impedance is also known, but the resistance itself 
cannot be computed without additional information. A motor 
may have a power factor which is more or less independent of 
the current drawn or the power delivered. That is, its ratio of 
resistance to impedance is nearly constant. The current taken 
from the line will depend upon the power the motor is called on 
to deliver. The effective or equivalent resistance of the motor 
is that resistance which would require the same amount of power 
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from the line, that is, R, = P ± /2. Now, since the ratio of R to 
Z is known (pf = R/Z), both Z and X can be computed. Most 
of the equivalent resistance, Re„, of the motor results from power 
supplied to the load. As a matter of fact, if the resistance of the 
motor windings is a very large fraction of Reg, the motor will be 
very inefficient. 
The concept of equivalent resistance discussed above is not 

restricted to motors. The same ideas apply in any complex 
circuit. If the power absorbed by the circuit and the current 
taken by the circuit are known or may be measured, the equiv-
alent resistance for the circuit may be computed by R, = P ± 12. 

Problem 38. A 10-eif condenser is shunted across a 2000-ohm resistor. 
What will be the ratio of current in the condenser to that in the resistor 
at 100 cycles? This is a typical "by-pass" arrangement. HINT. Assume a 
convenient value of voltage. 
Problem 39. A typical choke coil has an inductance of 15 henries and 

a resistance of 200 ohms. What is the power factor of the coil at 120 cycles? 

Problem 40. A 0.001-d mica condenser has a power factor of 0.0002 
(0.02 per cent) when operated at 1 Mc. What is its equivalent series re-
sistance at this frequency? Note that power factor = R/X (approx.) for 
very small values of power factor. 

Problem 41. The reactances of a coil and of a condenser are each 500 
ohms at 1000 cycles. Compute the reactance of each at the following fre-
quencies: 100 cycles, 250 cycles, 500 cycles, 2000 cycles, 10,000 cycles. HINT. 
Use simple proportion. 

Problem 42. A resistor and condenser are in series. The resistance and 
reactance in ohms are the same at a certain frequency. What is the ratio 
of resistance to impedance, Z/R, at this frequency? What will be the ratio 
at a frequency twice as great? 
Problem 43. The name-plate data on an a-c motor follow: 

hp 60 cycles 

120 volts pf = 0.9 

What is the full-load current of the motor? 
Problem 44. A coil with a reactance of 30 ohms, a 

reactance of 60 ohms, and a resistor with a resistance of 
nected in parallel, and the combination is placed across 
Draw a vector diagram, determine the current through 
determine the total current taken by the network. 
Problem 45. Given: 

e = 100 sin 0 volts 

i = 2 sin (0 -F 30°) amp 

condenser with a 
50 ohms are con-
a 220-volt source. 
each branch, and 
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Draw the sine waves of voltage and current. Then sketch the instantaneous 
power curve. (See Fig. 31.) Shade areas of negative power. Is this the 
current in an inductive or capacitive circuit? 
Problem 46. (a) What is the maximum energy stored in a 1-af con-

denser when 110 volts (rms) are connected across its terminals? How many 
amperes (rms) flow if the frequency is 1000 cycles? 

(b) What is the maximum energy stored in a 10-henry coil when con-
nected across a 110-volt (rms), 60-cycle source? 

7.22. Speed of radio transmission. Radio waves traveling 
through space, like light, travel at the rate of 186,000 miles per 
second (300,000,000 meters per second). Although this is a very 
high velocity, it is a perfectly definite value and is not infinite. 
When radio waves travel through materials like glass whose 
dielectric constant is greater than unity, the speed of transmission 
is reduced. The velocity in any dielectric medium is given by 

v = 

where y is the velocity in the medium, c is the velocity in space, 
and k is the dielectric constant. If c is in miles per second, then 
y will be in miles per second, and so on. 
The speed with which electrical waves move along wires is al-

ways somewhat less than the speed in space, and may be as low 
as 50,000 miles per second or even less on some electrical cables. 
The speed on open-wire telephone lines at high frequencies is 
very close to the free-space value. 

Important applications have been made of the fad that radio 
signals travel at known speeds. For example, a radio signal sent 
out from a transmitter may be reflected back to the region of the 
transmitter if it strikes an expanse of metal such as an airplane. 
The time required for the signal to go out to the plane and to be 
returned to the transmitter is a measure of the distance of the air-
plane from the transmitter. This is the principle upon which 
radar is based. 
A radio signal travels 186,000 miles per second, or 0.186 mile 

per microsecond. This is equal to 0.186 X 1760 = 327 yards per 
microsecond. Since it takes the wave as long to go out as to re-
turn, if the time interval between sending out the signal and re-
ceiving it back is 10 itsec, the reflecting object is 1635 yards 
distant. 
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7.23. Wavelength. When higher and higher frequencies are 
used, as is the trend today, the numbers designating these fre-
quencies become cumbersome and it is more convenient to express 
the frequency characteristic of a voltage or current wave in an-
other fashion, the wavelength. The wavelength method is also 
a convenience in the design of antennas, wave guides, and other 
similar apparatus which must have definite physical sizes de-
termined by the frequency of operation. 

1/2 wavelength 

Fio. 32. A wavelength is the distance between any two corresponding 
portions of two waves. Thus, the wavelength may be the distance between 
two positive (or two negative) peaks, or between the points shown above. 

Since the frequency is the number of complete cycles per second 
and since radio waves travel at a fixed speed, it follows that a 
complete cycle occupies a certain amount of space. Figure 32 
pictures one of the cycles. The distance apart, in space, of two 
corresponding parts of two waves, say the two positive or nega-
tive crests, or the points where the two waves cross the zero axis 
in a given direction, constitutes the wavelength. The wave-
length of radio waves is given by 

Velocity of radio waves 
Wavelength —   

Frequency 

300 X 106 300 X 103 
 meters 

f (cycles) f (kilocycles) 

The customary symbol for wavelength is the Greek letter 

lambda (A). 
The wavelength of waves traveling slower than 300 X 10° 
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meters per second, such as those on a telephone line, is calculated 
by dividing the actual velocity of the waves by the frequency. 
Unless otherwise specified or implied, values of wavelength are 
given as the free space values. 
Table 4 shows the correspondence between frequency and wave-

length (in free space) for several values of each. 

TABLE 4 

FREQUENCY, WAVELENGTH, 
Megacycles Meters 

3 100 
30 10 

300 1 
3000 0.1 

Problem 47. What free-space wavelength corresponds to 60 cycles? 
1500 kc? 20 Mc? 6000 Mc? 
Problem 48. What frequency corresponds to a free-space wavelength 

of 60 meters? 75 cm? 1 cm? 
Problem 49. A 30,000-cycle wave on a transmission line travels at nine-

tenths the speed of light. What will be the actual wavelength of the wave 
on the line? 
Problem 50. An antenna is to be cut to a length of one-half wave-

length and is to operate at a frequency of 30 Mc. Waves travel along 
the antenna at 0.95 times the speed of light. How long must the antenna 
be? 



8 • Resonance 

Some of the most important circuits in radio receivers and 
transmitters are those in which series or parallel resonance oc-
curs. In transmitting and receiving systems resonance is used to 
build up large voltages and currents at certain desired frequencies 
and to discriminate against undesired signal frequencies by keep-
ing their voltages and currents low. When one tunes a radio 
receiver, he actually is adjusting the receiver circuits so that a 
condition of resonance exists. Resonance is one of the most in-
teresting of a-c circuit phenomena. 

8.1. Series resonance. A simple circuit in which series 
resonance can occur is shown in Fig. 1 (a). Although resonance 

EL 

E = 

Ec 

(a) Series-Resonant Circuit (b) Voltages at Resonance 

Fla. 1. A circuit in which series resistance may occur. 

can be attained by varying either the frequency or one of the re-
actances, varying the frequency will be considered first. 
At zero frequency, that is, at direct current, there will be zero 

current in such a circuit because a condenser will not pass direct 
current. At very low frequencies, the reactance of the condenser 
is very high, so that little current flows. At very high frequencies 

183 
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the reactance of the coil becomes very great and again little cur-
rent will flow: At intermediate frequencies the reactances of the 
coil and of the condenser have moderate values and more current 
flows. When the frequency is such that the reactances are exactly 
equal, the current is maximum; the circuit is series resonant. 
The reason for this situation is simple—the effects of capacitive 

reactance and inductive reactance are exactly opposite, capacitive 
reactance decreasing and inductive reactance increasing as the fre-
quency is increased. Furthermore, capacitance produces a nega-
tive reactance, inductance a positive reactance. The net reactance 
in a series circuit, therefore, is the difference between the two react-
ances. If these reactances are exactly equal, their difference is 
zero, and therefore there is no net reactance in the circuit. At res-
onance this is just what has happened: the positive inductive react-
ance has been balanced by the negative capacitive reactance, and 
under these conditions all that limits the flow of current is the 
resistance of the circuit. 
When a series circuit is resonant, the current through and the 

voltage across it are in phase, the current is a maximum, the im-
pedance is a minimum, and the voltages across the coil and con-
denser are equal and opposite in sign and may be much greater 
than the impressed voltage. As a matter of fact the voltage 
across the condenser may be great enough to puncture h. A 
typical vector diagram of the voltages in a series circuit at 
resonance is shown in Fig. 1 (b). 

The voltage across the condenser at resonance is numerically 
equal to the voltage across the entire circuit multiplied by the 
factor XL/R or Xc/R (XL = Xc at resonance). The factor 
XL/R or Xc/R, where X.E, and Xc are the reactances at the 
resonant frequency, is called the Q of the circuit, or, more pre-
cisely, the Qo of the circuit, where the subscript denotes that the 
Q is to be calculated at resonance. This factor, Q0, is an important 
and useful quantity and will appear many times in subsequent 
discussions. It is discussed in greater detail in Sect. 8.7. 

Suppose that, instead of the frequency, the inductive reactance 
in Fig. 1(a) is varied. This may be done by varying L(XL = 
2rfL). When the inductive reactance is zero the impedance is 

equal to VR2 Xc2 and is labeled Z1 in Fig. 2(a). As inductance 
is added to the circuit the impedance is given by 



(a) XL = 0 (b) X, greater 
than X, 
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Z = VR2 + (XL — Xc)2 
If a small amount of inductive reactance is added, the resultant 
impedance is shown as Z2 in Fig. 2(b), and it is noted that the 
value of Z2 is less than the value of Z1. If the added inductive 
reactance is equal to the capacitive reactance as in Fig. 2(c), the 
impedance becomes equal to the resistance R alone, and Z3 r= R. 
If still more inductive reactance is added, the impedance, which 

XL 

x, 

(c) XL= Xc (d) XL greater 
than Xc 

Flo. 2. Effect of varying XL in a series R LC circuit. 

has been decreasing, begins to increase as in Fig. 2(d). Thus, the 
impedance has its minimum value when the inductive and capaci-
tive reactances are equal, that is, when the circuit is series resonant. 
The manner in which the impedance varies for the several cases 
is shown in Fig. 3. 

If the voltage applied to a series circuit capable of resonance 
is held constant, then the current must follow an inverse relation 
in respect to the impedance; that is, as the impedance decreases 
the current must increase and vice versa. A graph of I against 
frequency is shown in Fig. 4. This is called a resonance curve. 
A similar curve would result if the capacitance or the inductance 
instead of the frequency had been varied. The curve is sym-
metrical about the resonant point when inductance is the variable 
element; it is somewhat non-symmetrical when frequency or 
capacitance is varied. The major differences in the curves for 



186 Resonance [Ch. 8 

different choices of the variable element appear away from the 
resonant "hump." Near the region of resonance the curves are 
nearly the same whichever factor is varied. 

---------------e R> 1 Z3 

(constant) 

/cc (constant) 

FIG. 3. Manner in which impedance varies in a series RLC circuit in which 
XL varies. 

The amount of current that will flow in a circuit at resonance 
is determined by the resistance alone if the applied voltage is con-
stant. The lower the resistance, the higher the current at 
resonance and the sharper will be the resonant rise in current. 
Therefore, in circuits in which series resonance is a desirable 
characteristic the resistance should be low. 
A good idea of what goes on in a series-resonant circuit may 

be obtained from an experiment which is a simplified version of 
what goes on when a radio receiver is tuned to a station. 

Experiment 1. Connect in series, as shown in Fig. 5, a coil of about 
200 WI, a variable capacitance of about 1000 Ad, a resistance of about 10 
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ohms, and a radio-frequency ammeter. Couple the inductance loosely to 
a r-f generator so that at resonance the maximum current will produce a 
reading at the top of the r-f ammeter scale. [The circuit is equivalent 

1.0 

0.9 
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0.6 
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280 300 320 340 360 

f, kilocycles 

FIG. 4. The resonance curve of a circuit like that of Fig. 1. 

8000 
cycles 

380 400 420 

to that in Fig. 1(a) if the voltage induced in L is represented as a generator 
in series with L.1 Then vary the capacitance, recording the current that 
flows at each value of capacitance. (If the condenser is fitted with a knob 

Fia. 5. When L is coupled loosely to an oscillator and C is varied, the 
current indicated at I will go through a maximum like that in Fig. 4. 

which has a dial on it, the dial readings may be recorded rather than the 
capacitance.) Plot these data as a curve as in Fig. 6. Now set the con-
denser to the resonant value so that maximum current flows. Then vary 
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the frequency of the generator above, through, and below resonance, 
plotting the data secured. Change the value of the resistance and repeat 
both experiments. 

Calculate the voltage across the condenser and across the coil and the 

phase angle between current and voltage, 
and plot the data for both experiments 
outlined above. 

55 

50 

845 
E 

40 

g 35 
45 

f, 30 

25 

020 30 40 50 
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Fla. 6. How the antenna 
current of a radio station 
varies as the antenna con-

denser is varied. 

8.2. Characteristics of a series-
resonant circuit. The impedance 
of a series circuit capable of reso-
nance varies over a wide range as 
the frequency is changed: At fre-
quencies lower than resonance the 
impedance is mainly capacitive re-
actance; at resonance the impedance 
is a pure resistance; above resonance 
the impedance is mainly inductive 
reactance. The further the fre-

60 quency is from the resonant value, 
either above or below, the greater 
will be the reactance (also the im-
pedance) and the smaller the cur-
rent that will flow. 
At frequencies below resonance, 

where the capacitive reactance predominates, the current leads 
the voltage in phase; at resonance the current is in phase with 
the voltage; above resonance the current lags behind the voltage. 
Thus, the transition from leading to lagging current occurs as the 
frequency increases and passes through the resonant value. The 
voltage referred to in the above discussion is, of course, the total 
voltage across the circuit. 
At all frequencies, the voltage across the inductance is 90° 

ahead of the current, as indeed it must always be, and the voltage 
across the condenser is 90° behind the current. Between these 
two reactive voltages, then, is a 180° phase difference; that is, the 
two voltages are exactly out of phase. Their resultant voltage may 
be found by subtracting the lesser from the greater. The re-
sultant of the voltages across the reactances and the resistance, 
which is the total applied voltage, is the vector sum of the volt-



Sec. 8.2] Resonant Circuit Characteristics 189 

ages across the elements. Thus 

E = ER2 + (EL — E )2 

At any frequency other than the resonant value, one of the two 
reactive voltages is greater than the other. When added vec-
torially to the IR drop in the circuit, the resultant is the voltage 
which is impressed across the entire circuit. At resonance, how-
ever, the two voltages are equal in magnitude and opposite in 
phase so that the result of combining the reactive voltages is 
zero; the applied voltage is equal to the drop across the resistor. 
The vector sum of the reactive and resistive voltages is equal 

to the impressed voltage. 

At resonance the reactances are equal to each other and equal to 

v'ZT C, that is, XL = Xe = 17-F-7C. For example, the react-. 
ance of a capacitance of 1000 ijf and an inductance of 200 1.411 at 
resonance is 

IL 
XL = Xc = 

\i 200 X 10-6 
  — N/0.2 X 106 
1000 X 10-12 

= 0.447 X 103 = 447 ohms 

At resonance the inductive and capacitive reactances in the gen-

eral equation for impedance Z = 1/R2 ± (0.1L — 1/wC)2 cancel 
out, that is, coL — 1/(0C = 0, so that the resultant impedance is 
the resistance alone, 

Z = R (at resonance) 

Example 1. What are the voltages and phase relations in a series circuit 
like that of Fig. 5 at a frequency of 370 kc if I, Xc, XL, and R are as follows: 

I = 0.274 amp 

X e = 430 ohms 

XL = 466 ohms 

R = 10 ohms 
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then 

ER=IXR= 0.274 X 10 = 2.74 volts 

Ec = I X Xc = 0.274 X 430 = 118 volts 

EL = I X XL = 0.274 X 466 = 128 volts 

ER+L = V2.742 ± 1282 = 128 volts (approx.) 

128 
ORA-L = tan-1 = tan-1 46.6 = 88.77° 

ER+c = V2.742 ± 1182 = 118 volts (approx.) 

118 
qs/t+e — tan-1 — tan-1 43 = —86.68° 

EL+c = /(XL — Xe) = 0.274 X 36 = 9.8 volts = Ex 

E = I V R2 ± X2 = E R2 + E x2 = 1/2.742 ± 9.82 = 10.2 volts 

= tan-1 Tall X — XC Ti — tan-1 466 — 430 
10 

= tan-1 3.6 = 74.48° 

8.3. Reactance diagrams. One of the best means of showing 
how the reactance of a circuit varies with frequency is to draw a 
plot known as a reactance diagram. 
The reactance of an inductor increases directly with frequency 

(XL = wL), whereas the reactance of a capacitor varies inversely 
with frequency (Xc = 1/X). It must be remembered that 
capacitive reactance carries a negative sign. Reactance diagrams 
of an inductor alone and of a capacitor alone are shown in Figs. 
7 and 8. 

X, 

FIG. 7. Reactance curve 
inductance. 

for an 

X, 0 

_  1  
C 2rfC 

FIG. 8. Reactance curve for a 
capacitance. 

Consider a series circuit made up of a 300-ith coil and an 
84.3-14 condenser. The total reactance of a series circuit is the 
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difference between the inductive and capacitive reactances 
(X = XL — Xc). The inductive reactance XL and the capacitive 
reactance Xc as functions of frequency are plotted in Fig. 9. The 
difference, which is the total reactance, is found by subtracting 
the capacitive reactance at a given frequency from the inductive 

+3000 

+2000 

+ 1000 

.c o 
• 0 

g‹J 

o — 1000 

—2000 

—3000 

—4000 
250 500 750 1000 1250 1500 1750 2000 2250 

Frequency, kilocycles 

Flo. 9. A plot of the reactance of a coil and a condenser in series. XL 
rises in direct proportion to f; Xe rises inversely as f. The sum, XL — Xe, 
changes from a high negative value where Xe is greater than XL, through 
zero where XL = Xc., to a high positive value where XL is greater than X. 

.g.ce 2-K 

L = 300 i.th 
C=84.3 eimf 

reactance at the same frequency. Note that the total reactance 
curve passes through zero at 1000 kc, the resonant frequency of 
the circuit. The final curve shows very clearly how the reactance 
varies with frequency, and that the net reactance is capacitive 
below resonance and is inductive above resonance. 
Reactance diagrams do not give completely accurate informa-

tion about the total impedance of a circuit. However, if the re-
sistance of a circuit is low, the reactance and impedance are al-
most equal, so that not much accuracy is lost if the reactance is 
taken as the total impedance. This approximation does not, of 
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course, hold at frequencies very close to resonance, where the re-
sistance of the circuit, even though small, is the controlling factor. 

8.4. Effect of resistance. It has already been mentioned 
that resistance plays an important role in determining the cur-

1.0 

0.9 

0.8 

0.7 

0.6 

ce" 0.5 

0.4 

0.3 

0.2 

0.1 

=- 10 

325 330 335 340 345 350 355 360 365 370 375 
f, kilocycles 

Flo. 10. Effect of resistance on a resonance curve. Note that the cur-
rent far from resonance is not changed so much as the resonant current. 

rent which flows in a series-resonant circuit near the resonant 
frequency. The curves of Fig. 10 show the effect of adding re-
sistance to the circuit of Fig. 5. The voltages across the con-
denser and the inductor depend upon the resistance of the circuit, 
particularly in the vicinity of resonance. The current, controlled 
entirely by the resistance at resonancb, in turn produces greater 
voltages across the reactances as the resistance is made smaller, 
the total applied voltage remaining constant. If E is the voltage 
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impressed across the entire circuit, the voltage across the con-
denser is E ÷ (i0CR) and that across the inductor is E X (coL/R). 
The voltage across either L or C is equal to EQ0, where 
Qo = (ooL/R = 1/CR, and wo is the value at resonance. 

8.5. Power into a series-resonant circuit. No power is dis-
sipated as heat, or in other ways, in a pure inductance or capaci-
tance, but energy stored during one half cycle in a magnetic or 
electrostatic field is returned to the generator in the next half 
cycle. Power is expended only in the resistance of the circuit. 
The power is equal, as usual, to 

P = 12 X R watts 

where R is the total resistance of the circuit. In Fig. 10, when R 
is 10 ohms, the current at resonance is 1 amp, and the power is 
10 watts. 

In other words, all the real power taken from the generator is 
used in heating up the resistance. No power is required to main-
tain the magnetic and electrostatic fields of the coil and con-
denser. 
. In actual circuits all the resistance is not isolated as in the 
demonstration problems. All coils have some resistance; so do 
all condensers, although the resistances of modern condensers, 
other than the electrolytic type, are quite small. These resist-
ances take power from the generator and reduce the maximum 
height of the resonance curve. 

8.6. Resonant frequency. The condition for series reso-
nance—that the reactances of the circuit add up to zero—is ful-
filled when 

XL — Xc = 0 or XL = Xe 

1 1 
coL = — or 

c0C LC 
and, since co = 271-f, 

1 
(27f)2 = 471-2f 2 = — 

LC 

fz f2...   
472LC 

and so we arrive at the familiar expression for the resonant fre-
quency of a circuit as 
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1 
- — 

27r-VLC 

in which f = frequency in cycles. 
L = inductance in henries. 
C = capacitance in farads. 
ir = the Greek letter pi and is equal to 3.1416 • • • or ap-

proximately 334. 

Example 2. An inductance of 025 henry and a capacitance of 0.001 gf 
are connected in series. At what frequency will series resonance occur? 

Solution,: 

27"Vid-i; 2 r1/0.25 X 0.001 X 10 -6 

1 
tra 

6.281/25 X 10-2 X 1 X 10-3 X 10-6 

1 1 

6.281/25 X 10-11 6.29V2.5 X 10-12 

1 
6.28 X 1.581 X 10-6 

= 10.1 X 103 cycles 

10.1 kc 

The expression for the resonant frequency shows that the fre-
quency depends upon the product of L and C, and not upon either 
of them alone. If L is doubled, C can be halved and the resonant 
frequency will not be changed. 

Problem 1. A 500-mh coil has a resistance of 150 ohms. What series 
condenser will cause the combination to resonate at 500 cycles? If 75 volts 
is placed across the combination, what current flows at resonance? What 
power is dissipated in the circuit? 

Problem 2. What happens to the voltage across a condenser of a series-
resonant circuit if the capacitance is reduced by one-half, resonance being 
maintained by other means which also keep the original current constant? 
Problem 3. A variable condenser has a range of 9 to 1 from maximum 

to minimum capacitance, for example, from 270 if to 30 getf. What is 
the ratio of the highest to lowest frequency it will tune a given coil to 
resonance? 

Problem 4. A coil and condenser are in series across a 110-volt, 60-cycle 
circuit. Series resonance occurs when the condenser has 4 uf of capacitance. 
The voltage across the condenser is measured and found to be 300 volts. 
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What are the resistance and inductance of the coil? What is the current 
at resonance? What is the Qo of the circuit? 
Problem 5. A series circuit contains a 10-mh coil and a 0.001-pf con-

denser. Plot reactance curves of the inductive reactance, the capacitive 
reactance, and the total reactance. 
Problem 6. A 0.1-henry coil, a 10-µf condenser, and a resistance of 25 

ohms are in series. The applied voltage is 100 volts. What is the series-
resonant frequency? What voltage is across the condenser at the resonant 
frequency? at 300 cycles? 
Problem 7. A loud speaker may be coupled to a power tube through a 

condenser as in Fig. 11. If the speaker has an inductance of 0.5 henry and 

FIG. 11. An example of a resonant circuit. 

the condenser a capacitance of 4 µf, to what frequency will the combina-
tion become resonant? 
Problem 8. What are the voltages and phase relations in a series circuit 

like that of Fig. 5 at a frequency of 360 kc if I = 02 amp, Xc = 500 ohms, 
XL = 400 ohms, and R = 8 ohms? See Example 1. 
. Problem 9. Work Prob. 8 if R = 80 ohms. 
Problem 10. A certain antenna may be represented by 100 µh in series 

with 400 µAd and a resistance of 40 ohms. What will be the current if a 
distant station transmitting on 600 kc produces 1000 µv across the ends of 
the antenna? How large must the coil be to produce resonance at this 
frequency? What will be the current when resonance is established? 
Problem 11. Plot a resonance curve similar to that of Fig. 10 if L = 500 

µh, C = 0.002 ed, R = 10 ohms, and E = 25 volts. What is the power input 
to the circuit at resonance? at 140 kc? 

8.7. Q factor. The Q of a circuit has been mentioned al-
ready in this chapter. It is so widely used in design work that 
a more extensive discussion is merited. The term may be applied 
to a single element, such as a coil, with its own associated resist-
ance, or it may be applied to a circuit made up of several im-
pedance elements. 
In a simple series circuit consisting of R and L, or R and C, Q 
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is merely the reactance at a given frequency divided by the re-
sistance. The resistance may be the element's own resistance or 
may include an added series resistance. Since reactance varies 
with frequency, Q also varies with frequency. 

(inductive circuit) 

(capacitive circuit) 

If a series circuit contains both capacitive and inductive re-
actance along with resistance, the Q of the entire circuit is gen-
erally defined only at the resonant values of the reactances. Then 

cooL 1 ( 1 
Qo = — = woL — at resonance 

R woCR cooC 

The subscripts on Qo and 0)0 denote that the values are taken at 
the resonant condition. One use of Qo was described in Sect. 8.4. 
Figure 12 shows three series circuits and the formulas which ap-
ply to each. 

c—IVVV\r—o—f. OT = fL ca, X 
R = 

c—W/V-0— (1515- Q = 
1 1 X 

.= 
2 rfCR wCR R 

L C 

Q0= --woCR 71 .j . 

coo= 2 irj, 

fr= resonant frequency 

Flo. 12. The Q factor of typical series circuits. 

The most common parallel circuit met with in radio practice is 
the one shown in Fig. 13. Here, as in the case of the series-
resonant circuit, Q is usually defined only for the resonant condi-
tion and Q0 = coarL/R, where war = 274„r and far is the parallel-
resonant frequency. Since Xe may be slightly different from XL 
at resonance in a parallel circuit, Qo is only approximately equal 
to 1/warCR. Note that in the diagram no resistance has been 
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shown in the capacitive branch, because the kind of condensers 
normally used in this type of circuit has very little resistance and 
it can generally be neglected. 

(X, 1 

E 
271 

tee R R 
E E 

I = XL= wL = 24 L 1 

4= -A4 =.EcoC = E x 27rir 

(a) A Typical Parallel-Resonant Circuit (b) Vector Diagram of Cur-
rents at Resonance 

Fla. 13. A circuit in which parallel resonance (anti-resonance) may occur 
and a vector diagram of currents and voltage. The vector diagram also 

serves as an impedance diagram. 

E 

8.8. Parallel resonance. Many of the circuits used in radio 
involve resonance in a branched or parallel circuit. Figure 13 
shows a typical parallel circuit composed of an inductance 
shunted by a condenser, the combination forming an anti. 
resonant circuit. The term "anti-resonant" is used to distinguish 
the phenomenon from that occurring in a series circuit. Often, 

however, both are referred to simply as "resonant circuits." 
The effects of varying the frequency of the voltage across the 

circuit are widely different from the effects in a series circuit. 
In a series circuit, the current becomes very large at resonance 

and the resultant series impedance of the circuit becomes small. 
In the parallel circuit the equivalent impedance at resonance is 
high and the total current is small. In the series circuit the same 
current flows through the coil and condenser and the voltages 
across these elements may differ. In the parallel circuit the same 
voltage is across both branches, but the currents in them differ. 

Consider first the case in which neither the coil nor the con-
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denser contains appreciable resistance. The voltage across the 
branches is equal to the applied voltage. The current taken by 
each branch is the ratio between the voltage and the reactance of 
that branch. Thus 

IL 

IC 

E E 

= XL= coL 

E 
= — = Ewe 
Xc 

1 
I = IL — lc = E (— — coC) (circuit resistance neglected) 

coL 

As the frequency is increased, more and more current is taken 
by the capacitive branch, less and less by the inductive branch. 
In a parallel circuit it is the currents (not the voltages as in the 
series circuit) which are out of phase; at any frequency their 
algebraic sum combined vectorially with the shunt resistance cur-
rent (if any) gives the total current taken from the generator. In 
the simple example discussed here, the resistance is neglected 
and the algebraic sum of the two currents gives the total current. 
Since these two currents are 180° out of phase, adding them ac-
tually means subtracting /c from /L. 
At resonance the currents taken by the two branches are equal 

and the current taken from the generator is zero, since the branch 
currents algebraically add to zero. If there is resistance in the 
circuit, the generator current will be small but not zero. The 
larger the resistance in one of the branches, the larger the total 
current will be at resonance. 
The impedance of the circuit as a whole, that is, the impedance 

into which the generator must feed current, is the ratio between 
the voltage and current: 

Z E I 

Therefore, if no current flows, the circuit has infinite impedance. 
Actually there is always some resistance in the circuit, and the 
resistance may be in series with one or both branches or in shunt 
with the network. The effect of the resistance is to cause some 
current to flow at resonance and the impedance does not go to in-
finity, although it may become very large. 
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Figure 13 shows a parallel circuit in which the coil resistance 
is not neglected, and a vector diagram of the currents and applied 
voltage. The voltage E is taken as the reference and drawn as a 
horizontal line. The current through the condenser /0 leads the 
voltage by 90° and so is drawn vertical and upward. The current 
through the inductive branch lags the voltage, but not by 90° 
because of the resistance in this branch. The vector sum of Ir, 
and Ic is the total current I. Note carefully that, whereas the 
total current into a parallel-resonant circuit is very low, the cur-
rents through the individual branches may be quite high. If R 
is small, /L = lo = 1Q0, approximately, where Qo is the Q of the 
inductive branch at the resonant frequency. Thus, if Qo of the 
coil is 150, as it is for many r-f coils, each of the branch currents 
will be approximately 150 times the total current at the resonant 
frequency. These branch currents are often called the circulat-
ing currents. 
The reasons for the above characteristics of a parallel circuit 

at resonance follow. The impedance offered to an external source 
of voltage at resonance is quite high as has already been discussed. 
Thus, the net current taken by a parallel circuit at resonance is 
small. On the other hand, the impedance of the individual 
branches may be much smaller than the total impedance which 
results when the branches are considered together. The currents 
through these individual branches are almost 180° out of phase, 
the capacitive current leading and the inductive current lagging 
the voltage across the parallel circuit by about 90°. These two 
currents must be quite large if their vector sum is to equal the 
total current to the network. 

It can be shown that (Sect. 8.9) 

/ = -LE, (approx.) 

(20 

IL = Qol (approx.) 

where / is the total current to the parallel circuit, /L is the cur-
rent in the inductive branch, and Q0 is the value at the resonant 
frequency. The above equation holds when the resistances of the 
inductive and capacitive branches are low. However, no mat-
ter how large these resistances, the branch currents are somewhat 
higher than the total current, even though the simple expression 

or 
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above no longer gives the correct value of current. Under the 
condition that the resistances are low, the currents taken by the 
inductive and capacitive branches are nearly equal in magnitude. 
For example, if the coil in a parallel-resonant circuit (Fig. 13) 

has a Qo at resonance of 100, and the net current flowing to the 
circuit is 1 ma, the currents in each of the branches will be very 
nearly equal to 100 ma (/Q0 = 1 x 100 = 100 ma). Suppose 
that the voltage E across the circuit is 10 volts. Then the total 
impedance of the circuit is 10 ± (1 X 10-8) = 10,000 ohms. The 
impedance of each branch, on the other hand, is 10 4- (100 
X 10-8) = 100 ohms, or 100 times less than the total impedance. 
This illustrates how condensers and coils in parallel may be used 
to produce an effective impedance many times larger than their 
own individual impedances. 

Experiment 2. Connect as in Fig. 13 the coil and condenser used in 
Experiment 1. If sufficient r-f ammeters are available, read the current 
in the two branches as well as the current from the generator as the fre-
quency is changed. Then fix the generator frequency and adjust the 
capacitance until minimum current flows. Plot the currents against fre-
quency and against the capacitance. The generator in this experiment 
may be a small oscillating tube with 4 or 5 watts output. This amount 
of power is sufficient to produce in the branches currents of at least 100 ma. 

In series circuits reactance diagrams were found to be useful 
in determining the manner in which the reactance varied with 
frequency. These diagrams could be used, even for several react-
ances in series, because the net reactance of a group of series re-
actances is their algebraic sum, and this sum may be computed 
using graphical methods. In parallel circuits the total reactance 
is not the algebraic sum of the reactances of the branches. In-
stead, the reactance is computed, after the resultant current has 
been determined, by dividing the applied voltage by this current. 
For this reason, it is more instructive to draw plots of branch 
currents against frequency in parallel circuits. 
The manner in which the branch currents, and the total current, 

vary with frequency in a circuit such as that of Fig. 13 is shown 
in Fig. 14. The current through the inductive branch is high at 
low frequencies and low at high frequencies; that in the capaci-
tive branch is low at low frequencies and high at high frequen-
cies. Since the currents are 180° out of phase (resistance neg-
lected), the inductive current is drawn as a positive current and 
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the capacitive current as a negative current. The result of add-
ing the two currents algebraically is the total current. At low 
frequencies the total current is determined largely by the amount 
of current in the inductive branch; at high frequencies it is almost 
equal to the current in the capacitive branch. In the middle 
range of frequencies the total current is much less in magnitude 
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Fm. 14. In studying parallel circuits, it is simpler to plot the current taken 
by the reactive branches than to plot the individual reactances as is done 

in series circuits, for example in Fig. 9. 

than either branch current, and at the resonant frequency the 
total current is zero. As with reactance diagrams for series-
resonant circuits, this current plot is not highly accurate in the 
region near the resonant frequency, 1.0 in the diagram, but is very 
accurate at frequencies above and below the resonant frequency 
unless the coil resistance is unusually high. 

8.9. Resonance conditions in parallel circuits. The phe-
nomena occurring in a parallel circuit near the resonant fre-
quency are rather complex. As a result there are several criteria 
which could be used to denote the condition of anti-resonance. 
Three of these are: 

1. Inductive and capacitive reactances are equal. 



202 Resonance [Ch. 8 

2. Minimum current flows from the line. This is the condi-
tion for maximum impedance. 

3. Parallel circuit acts like a pure resistance. This is the unity 
power factor condition. 
The frequencies, or reactances, at which these three conditions 

exist but are slightly different provided that the resistances in the 
coil and condenser are small, as is the case in practical radio sys-
tems. It is common practice to denote condition 3 as the condi-
tion for parallel resonance where there is a need to differentiate 
among the possible conditions. Under any of these three condi-
tions, in a practical circuit, the resultant impedance of a parallel 
circuit at resonance is approximately a pure resistance. 
The development of the exact equations for the impedance of 

a parallel circuit containing resistance is beyond the scope of this 
book. 
Approximate relations, accurate enough for most radio prob-

lems, are as follows [the vector diagram is shown in Fig. 13 (b)]. 

The total current taken by the circuit is 

hR 
I = = — (approx.) 

XL Q 
but 

then 

E 
IL = — if XL is much greater than R 

ZL 

E 
I= 

QXL 

but the impedance is E ÷ I or 

XcXL 
= QXL — 

Because R is small, Xc and XL are nearly equal, so 

L War2L 2 
R ar = Z = — — 

CR R 
(approx.) 

where Rar is the impedance of the circuit at resonance; it is a pure 
resistance. 
The resonant frequency is the same as for a series circuit pro-

vided R is low: 
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1 
far —   

271-1/i/C 

Example 3. The following are given for the circuit of Fig. 13: 

L = 200 ith 

R = 10 ohms 

far = 356,000 cycles 

E = 10 volts 

Compute the size of the condenser, the line current, the circulating current, 
and the total impedance. Use the approximate equations developed above. 

Solution: 

1 
far' (6.28)2LC 

1 
C — (6.28)2L X f ar2 

1  
i (6.28)2 X 200 X 10-6 X 356,0002 = 0.001 if 

XL = 2rr X 356,000 X 200 X 10 -6 = 447 ohms 

XL 447 

Q = -71$) 

E 10 
/L — — = 0.0224 amp or 22.4 ma 

—XL —447 

This is the circulating current. The line current is IL Q or 

I = 22.4 = 0.5 ma 
44.7 

The total impedance of the circuit is 

Rar = QXL = 44.7 X 447 = 19,880 ohms 

The impedance can also be calculated by 

200 X 10-6  
Rar = 20,000 ohms 

CR 0.001 X 10-6 X 10 

The slight difference in the computed values of Rar arises from the approx-
imate equations used in the computations. 

A parallel-resonant circuit, when used in radio transmitters 
and receivers, is often called a tank circuit. 



204 Resonance I Ch. 8 

8.10. Power relations in a parallel-resonant circuit. The 
impedance of an anti-resonant circuit is a pure resistance at the 
resonant frequency. Thus, the generator voltage and current are 
in phase and the power taken from the generator is equal to the 
square of the current from the generator times the impedance of 
the circuit, or 

P = I2R„, = 12—  
CR 

where P = power from generator. 
I = current taken from generator. 
L = inductance of the anti-resonant circuit. 
C = capacitance of the anti-resonant circuit. 
R = resistance of the anti-resonant circuit. 

R., = effective resistance of the anti-resonant circuit at 
resonance. 

If the inductance of a tank circuit is coupled to a load, such as 
an antenna, through a secondary coil, then the load will draw 
some power from the tank. This power must be supplied by the 
generator since the tank circuit itself supplies no power—the 
power is merely transferred through the tank from the generator 
to the load. When the antenna takes power, the coil in the tank 
circuit acts as though its resistance had been increased. For ex-
ample, suppose that 5 watts is taken by the tank from the gen-
erator and that 1 amp flows to the tank circuit. Now couple the 
coil to an antenna which may take 5 watts. A total of 10 watts 
now flows from the generator, and so far as the generator is con-
cerned it behaves as though the resistance of the tank had been 
doubled since twice the power is now taken from it. This as-
sumes, of course, that the circulating current remains constant, 
which may be made approximately true in such a circuit by 
proper design. 
The value of R, the tank circuit resistance, must therefore 

represent not only the series resistance of the coil, the leads, and 
the condenser, but also the resistance "reflected" into the tank 
by the load which it feeds. 

8.11. Tuned circuit applications. Series- and parallel-
resonant circuits are very widely used in radio apparatus. Either 
circuit may be made highly frequency selective; both may pro-
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duce either high currents or high voltages at the resonant fre-
quency. The important distinction between the two is that a 
series circuit has its minimum impedance at resonance; a paral-
lel circuit has a high impedance at resonance. 
A circuit used as the input circuit for a radio receiver as shown 

in Fig. 15(a) will serve as an example of both series and parallel 

=" 

Trap 
circuit 

(a) Actual Circuit 

Equivalent 
of antenna 

c„ 

Eo 

(b Equivalent 

To 
receiver 

Fra. 15. The anti-resonant circuit in series with the antenna rejects un-
desired signals by making the series impedance to these signals very high. 

resonance. A simple equivalent circuit for the antenna itself is 
shown in Fig. 15 (b). In operation, it is desired to build up the 
maximum possible voltage at a particular frequency across LI, 
and at the same time discriminate against signals of other fre-
quencies which may be picked up on the antenna. The con-
denser C1 is used to tune the entire circuit to series resonance at 
the desired frequency so that this maximum voltage does appear 
across LI. 
Suppose that the desired signal is arriving from a distant sta-

tion and is rather weak and that a strong local station with a 
frequency near that of the distant station is also being picked up 
on the antenna. In such a case the parallel-resonant "trap" cir-
cuit can be tuned to the frequency of the strong but undesired 
signal so that, at this frequency, the current through the whole 
circuit is small, and the voltage across L, is likewise small. Thus, 
the combination of a series- and a parallel-resonant circuit serves 
to eliminate the undesired signal and to build up the strength of 
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the weak signal for good reception. The two coils L1 and L2 are 
physically separated; there is no mutual coupling between them. 
The anti-resonant circuit in the above illustration is called a 

rejector circuit because it rejects signals of 
the frequency to which it is tuned. It is also 
known as a wave trap. The series-resonant 
circuit is called an acceptor because it ac-
cepts signals at the resonant frequency. 

In a large group of radio applications the 
resonant circuit is connected across the ter-
minals of the source, which may be the out-
put of a vacuum tube, the secondary of an 
antenna coil, or a variety of other devices. 
For convenience, this source may be consid-
ered a generator (because it produces voltage 
across the load circuit) in series with an im-
pedance (because it does possess some impe-
dance). Such an equivalent circuit is shown 
in Fig. 16. Heretofore, the examples relating 
to resonant circuits have assumed a constant 

voltage across the terminals of the circuit. The impedance of 
the equivalent generator must be taken into account in apply-
ing resonant circuits to specific jobs. 

ea 

Equivalent 
impedance 

Eeq 

Equivalent 
voltage 

FIG. 16. The equiv-
alent circuit of a 
voltage source is a 
constant - voltage 
generator and an 
equivalent imped-
ance in series. 

Z„= Rey 

ea 

or 

? 

 o 

FIG. 17. A series-resonant circuit is used with a generator with a low 
equivalent impedance; an anti-resonant circuit is used with a generator 

with a high equivalent impedance. 

Consider Fig. 17 and suppose that it is desired to use a circuit 
which will give a voltage output, E0, which is high at the resonant 
frequency and falls off rapidly at frequencies above and below 
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the resonant value. Which circuit should be used, the series- or 
parallel-resonant combination? Actually the question cannot 
be answered until the equivalent impedance of the generator is 

specified. 
In a series-resonant circuit the sharpness of the resonance 

curve is determined largely by the series resistance. If the re-
sistance is low the curve rises rapidly, but if the resistance is high 
there is little rise of current at the resonant frequency. The 
equivalent impedance of the generator, a resistance in this exam-
ple, must be added to the resistance of the series circuit. If the 
generator and circuit resistance are both low, a series-resonant 
circuit will produce a sharp rise in current at resonance, and 
therefore a large voltage, E0, across C. 
The impedance of a parallel circuit is highest at resonance and 

falls off rapidly as the frequency is changed to values either 
above or below this value. Suppose the equivalent generator 
has zero internal impedance. Then the voltage across the parallel 
circuit must remain constant at any frequency. However, sup-
pose that the generator impedance is resistive and equal to the 
impedance of the parallel circuit at resonance, that is, Zt.„ = Rar. 
Now, as the frequency moves away from the resonant value, the 
impedance of the resonant circuit drops, the current from the 
generator rises, and more of the total voltage appears across Zt.„ 
and less across the impedance of the parallel circuit, and the 
circuit can have a sharp resonance curve. The sharper resonance 
curve is accompanied by a lower voltage at resonance. This is 
not usually serious. Thus, a generator with a high internal im-
pedance requires an anti-resonance circuit in order to obtain a 
frequency-selective device. The effective resistance of most tubes 

is quite high, and so parallel-resonant circuits, not series circuits, 
are most commonly used as frequency-selective loads for tubes. 
The general shapes of the curves of series and parallel circuits 

with varying generator resistances are shown in Fig. 18. 

Problem 12. A parallel tuned circuit is required which has 100,000 ohms 
total resistance at the anti-resonant frequency of 500 kc. The condenser 
is to have a capacitance of 200 »of. What must be the inductance and 

resistance of the parallel coil? 
Problem 13. A pentode tube gives the greatest voltage amplification 

when worked into a high impedance load. A 750-gpf condenser is at hand. 

What size inductance is required to provide a parallel-resonant circuit as a 
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load at 400 kc? If the resistance of the coil is 20 ohms, what is the effec-
tive resistance of the parallel circuit at resonance? This is the load re-
sistance for the tube. 
Problem 14. A wave trap is to be placed in series with an antenna 

(Fig. 15) to reduce interference from a station transmitting on a frequency 
of 1 Mc. A 200-µh, 10-ohm coil is available. What size condenser should 
be shunted across the coil? If the resistance of the condenser is negligible, 
what impedance will the wave trap offer to the offending signal? 
Problem 15. What is the Q0 of the coil in Prob. 14? 

f, f 
(a) Series Resonant Circuit 

R„= 0.1R„, 

R„,. 

R„= 2R„,. 

--e-

(b) Anti-resonant Circuit 

FIG. 18. The resonance curve of a series circuit is sharp for low values of 
the equivalent impedance of the voltage source; the curve for an anti-
resonant circuit is sharper if the equivalent impedance of the source is 

high. 

8.12. Sharpness of resonance. The effect of resistance is 
to reduce the maximum current flowing in a series-resonant cir-
cuit, to make less pronounced the minimum of current flowing 
into a parallel-resonant circuit from an external source, and to 
decrease the impedance (L/CR) of the parallel circuit. 

Since the maximum current is desired in a series circuit, and 
the maximum impedance in a parallel one, the inclusion of any 
more resistance than necessary is deleterious. 
As an example, consider the antenna illustrated in Fig. 15. 

The wave trap will be neglected for the present. Suppose that 
the total inductance (L Le) is 200 eih, and the total capacitance 
(C and C. in series) is 1000 µpi at a resonant frequency of 356 
kc. Assume a voltage E of 10 mv. What is the effect on this 
system if it has a resistance of 2.5 ohms and of 10 ohms? 
The current at resonance (356 kc) in the 2.5-ohm case is 4 ma, 

whereas at 370 kc the current is down to 0.284 ma, a ratio of 
14 to 1. In the 10-ohm case, the resonant current would be 1 
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ma—one-fourth of its value with the lower resistance—and the 
current at 370 kc, that is, 14 kc off resonance, would be 0.274 ma. 
The ratio of current at resonance to current at 370 kc in this 
case is 3.65 to 1. 

If, then, the antenna has impressed on it from equally distant 
and equally powerful radio stations two voltages—one of 356 kc, 
the desired frequency, and one of 370 kc, the unwanted frequency 
—14.1 times as much current flows at the desired frequency as 
at the unwanted. In the 10-ohm case, however, not only is the 
desired current cut to one-fourth of its other value but the ratio 
of wanted to unwanted current has been decreased to 3.65. The 
low-resistance antenna is said to be more selective, and its selec-
tivity is decreased when resistance is added to it. The sharp-
ness of resonance, or the selectivity, is proportional to the Q of 
the circuit. Low-resistance, high-Q circuits are highly selective. 

8.13. Width of the series-resonance curve. ' A series-reso-
nance curve such as in Fig. 19 cannot truly be said to have width 

1, 

0.707/, 

-11 

= band width 

fr If —*-

Fie. 19. The band width of a series-resonant curve is the number of cycles 

between points on the curve at which the current is equal to 0.707 times 
the maximum value, Ir• 

because the sides are sloping. Nevertheless it is very desirable 
to have a means of comparing one resonance curve with another. 
Therefore, the "width" of a resonance curve is defined as the 
total change in frequency about the resonant frequency which is 
required to reduce the current to 0.707 times its resonant value. 
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The power into the resistance R, at these frequencies, is 
0.707242R = y211 ./r2R, and these frequencies on the resonance curve 

are also called the half-power points. 
The total reactance in the circuit at any frequency is 

X = (XL — lo). The current that flows is 

E 

At resonance 

I= 
VR2 + x2 

E 
I = Ir = — 

R 

If the frequency is increased above the resonant value fr to a new 
frequency 12 such that X = (XL — Xc) = R, then 

I= 

and 
E 

The same result is secured if the frequency is reduced the proper 
amount to f. The difference in the two frequencies, which is the 
band width of the resonant curve, is given by 

E E E 

VR2 ± X2 VR2 ± R2 - -V2R2 

E 1 E 
 = — — 
V -2- X R X R 

= 0.707/, 

= f2 — fi = 2wL 

If the terms of the equation are all divided by fr there results 

At. 12 — fl R 1 
fr f,. 27rf,L Qo 

The last equation says that the percentage, or ratio of frequency 
discrimination, is inversely proportional to the Qo of the circuit; 
that is, the higher the Q0 the greater the selectivity, that is, the 
narrower the band width, on a percentage basis. 

Example 4. What will be the half-power band width of a series-reso-
nance curve if L = 200 gh, R = 10 ohms, and f = 356,000 cycles? 
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At. = 12 — fi = 2-11, == 7960 cycles 

Problem 16. What is the band width of a series circuit resonant at 356 
kc if the coil has 200 ph inductance and 30 ohms resistance? What is the 
size of the series condenser? What are Q0 and the percentage frequency 
discrimination of the circuit? 
Problem 17. Repeat Prob. 16 if the resistance is changed to 6 ohms. 

Compare results in Probs. 16 and 17. 
Problem 18. A circuit is to pass 0.707 of its maximum current at a 

point 3 kc off resonance, which occurs at 1.5 Mc. The condenser is to have 
a capacitance of 400 Ad. Calculate the amount of resistance which must 
be in the circuit. 
Problem 19. If the expression Q = coL/R of a coil remains constant 

over a fairly wide band of frequencies, that is, the effective or r-f resistance 
increases directly with frequency, does the selectivity of a tuned circuit 
utilizing such a coil differ at different frequencies? Do the band widths 
at 500 kc and 1500 kc differ? If so, how? 
Problem 20. Suppose that increasing the size of an inductance by a 

factor of 4 increases the resistance by a factor of 2. The circuit is to tune 
to the same wavelength. What is the ratio of the selectivities? 

8.14. Ratio of L/C. Since the selectivity of a resonant cir-
cuit is proportional to Qo, and Q0 is equal to the inductive (or 
capacitive) reactance at the resonant frequency divided by the 
circuit resistance, it is apparent that increasing L and decreasing 
C to maintain the same resonant frequency will increase the 
selectivity. This is shown below. 

XL, Xc coL 1 1 

If, however, the coil resistance increases as fast as the inductance 
increases, or faster, then the benefit of using high L and low C 
will not be secured. 

8.15. Skin and proximity effect. The d-c resistance of a 

coil may be only a fraction of an ohm. Yet the effective re-
sistance * of that coil, when placed in a high-frequency circuit, 
will appear to have a value many times the d-c resistance. This 
increase of resistance is mainly due to skin effect, although some 
of the increase may be accounted for by the proximity effect. 

*This refers to the apparent resistance of the coil. The impedance of 
the coil is made up of this resistance and the inductive reactance 
(XL = 2r/L). 
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The current in a wire, whether wound into a coil or not, changes 
rapidly in both strength and direction when placed in a r-f circuit. 
Small counter-voltages are induced within the wire itself accord-
ing to Lenz's law. The magnetic lines originate at the center of 
the wire and expand outward, being more concentrated at the 
center than near the surface of the conductor. The greater in-
duced voltages near the center oppose the flow of current more 
than is the case near the surface. The result is that the current 
is crowded toward the surface (skin) of the wire [Fig. 20 (b)] 

(a) D-C Current is 
Uniformly Distributed 
over Cross Section 

of Conductor 

(b) High-Frequency 
Currents Crowd to 
Surface Because 
of Skin Effect 

(c) Current Distribution 
is Distorted When 
Two Conductors 
Are in Proximity 

FIG. 20. Skin effect causes currents to crowd toward surface of conductor; 
proximity effect causes distorted current distribution. 

and the apparent resistance of the wire is increased. This effect 
is known as skin effect, and explains why the r-f resistance of 
a wire or coil is higher than the d-c resistance. The r-f resistance 
increases approximately as the square root of frequency. 
Over the normal tuning range in which a coil is used, the r-f 

resistance does not vary greatly (perhaps 2 to 1), but the effect 
is important, nevertheless. It should be noted that skin effect 
does not depend on the placement of the wire; it may be strung 
out in a straight line, or it may be wound in a coil. 
The skin effect is so pronounced at very high frequencies that 

all the current effectively flows almost on the surface of the wire. 
High-frequency coils are often made of hollow copper tubing, 
with little gain in resistance over that of a solid conductor, so 
that cooling water may be forced through the center. Radar 
apparatus, operating at frequencies of 3000 Mc and above, is 
often silver-plated to provide a low-resistance path for the cur-
rent. The base metal has practically no effect on the resistance. 
A second effect which depends upon the closeness (proximity) 

of current-carrying wires also acts to increase the resistance. 
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Currents flowing in two or more adjacent wires set up magnetic 
fields which distort the distribution of current in the wires [Fig. 
20(c)] and cause crowding that results in an increase of the 
effective resistance. This effect is known as the proximity 
effect. 

8.16. Distributed capacitance of coils. Whenever two ob-
jects which conduct current are insulated from each other and 
are at different voltages, electrostatic charges can be stored in 
them; they constitute a condenser. The capacitance of this con-
denser depends upon the closeness of the objects, the dielectric 

-,foonno-o-uoy. 

 -if  
(a) Distributed Capaci- (b) Equivalent Circuit 

tance of a Coil 

Fla. 21. "Distributed" capacitance exists between each pair of turns of a 
coil. This capacitance limits the usefulness of coils at high frequencies. 

constant of the insulation between them, and their shape. In a 
coil of wire each turn is insulated from the adjacent turns and 
a difference of potential exists between two turns. Therefore a 
coil is not a pure inductance but may be thought of as a coil 
shunted by a capacitance made up of the sum of many small 
turn-to-turn capacitances. These small capacitances and the 
equivalent circuit of the coil are shown in Fig. 21. The equiva-
lent circuit is composed of a coil and condenser in parallel, and 
at some frequency the circuit will be anti-resonant. Above the 
anti-resonant frequency the circuit actually acts like a con-
denser rather than a coil. This inherent capacitance of a coil 
is known as the distributed capacitance since it is more or less 
evenly distributed along the whole length of the wire from which 
the coil is wound. 

In most circuits a coil must be used at frequencies considerably 
lower than the frequency at which the coil goes into self-reso-
nance. Therefore, to extend the frequency at which coils may be 

used, much effort has been expended toward developing special 
methods of winding to reduce the distributed capacitance. If 

the coil has only a few turns it is usually wound as a solenoid, 
perhaps with some spacing between turns to reduce the capaci-
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tance. To obtain large inductances in a small space and with a 
minimum of capacitance, it has become customary to make multi-
layer coils by the use of peculiar types of windings called bank 

windings and universal windings. A 
bank winding is shown in Fig. 22. Note 

1 2 4 6 8 10 12 that turn No. 3 is on top of the first 
two turns, and so on. This is to keep 
the potential difference between adja-
cent turns as low as possible. It would 

be much higher, for example, if turn No. 13 was adjacent to 
turn No. 1. 

8.17. Comparison of series and parallel tuned circuits. 
In a series tuned circuit the line current is high, the circuit im-
pedance is low, the voltages across coil and condenser are high, 
the current through L and C is high, and the actual impedance 
at resonance is equal to R, the resistance of the circuit. 

In a parallel tuned circuit the line current is low, the total 
circuit impedance is high, the currents through the coil and con-
denser are high, the voltage across the coil and condenser is equal 
to the impressed voltage, and the actual impedance at resonance 
is equal to L/CR. 
Below is a tabular comparison of the currents, voltages, and 

impedances in series- and parallel-resonant circuits. 

FIG. 22. Bank-winding 
type of coil. 

CURRENT TOTAL 

Ciucurr Line Branch IMPEDANCE Ex 

Series High Low High 
Parallel Low High High Line L/CR 

Problem 21. A 250-ph coil has a distributed capacitance of 20 p4if. 
What is the upper limit of frequency at which the coil still behaves like 

an inductor? 
Problem 22. The r-f resistance of a certain coil varies directly as the 

square root of frequency; that is, if the frequency is increased four times, 
the resistance is increased two times ( V4 = 2). Suppose that a coil has an 
inductance of 159.2 ph, and at 1 Mc has a r-f resistance of 5 ohms. Plot 
a graph of Q against frequency up to 4 Mc. Repeat for a coil of the same 
inductance which has a resistance of 5 ohms at all frequencies. 
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Coils and condensers form the nucleus of almost every radio 
circuit. To gain an understanding of their role in the reception 
of radio messages, let us look at a simple receiving system. 

9.1. Tuning a receiver. A simple receiving circuit consists 
of an antenna-to-ground system connected to a coil and detector, 
such as a crystal of galena or silicon or other sensitive mineral 
which has the property of separating the audio tones from a 
radio wave. A pair of headphones in series with the detector 
makes audible the audio-frequency signals which the detector 
extracts from the radio wave. A small condenser across the 
phones will by-pass the radio-frequency currents around the 
phones but will not by-pass the audio-frequency currents, which 
must go through the phones. (The condenser has low reactance 
to r-f currents but high reactance to a-f currents.) 
The strength of the signal in the phones may be made greater 

by tuning the antenna-to-ground system to the frequency of the 
desired wave. (See Sect. 8.11.) This is done by varying C in 
Fig. 1. When the circuit is resonant, a large current flows through 
the inductance. The voltage across it (XL X /) will be large, and 
the response from the crystal will be greater than before. 
The voltage across the inductance can be amplified first and 

then impressed across the detector circuit. This amplification 
may take place in several stages so that very weak signals may 
be received. If desired, the signals may be amplified again after 
detection by means of a-f amplifiers. 
Tuning the antenna system also increases the selectivity of 

the system. Signals whose frequency is lower than the resonant 
frequency of the antenna meet with a high impedance in the 
tuning condenser; signals of high frequency meet with a high 
impedance in the coil; signals of the desired frequency find a 

215 
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minimum of impedance, and so the filtering action of the tuned 

circuit is advantageous. 
If a second coil is loosely coupled to the antenna coil and then 

tuned to the desired frequency as in 
Fig. 2(a), an even greater degree of 
selectivity can be achieved. The 
primary circuit in series with the 
antenna works the same as before; 
it is tuned to series resonance at the 
desired frequency. The voltage in-
duced in the secondary coil L2 is 
equal to the impedance of the mu-
tual inductance multiplied by the 
primary current (coM X /1). This 
induced voltage can be represented 
as an equivalent generator as in Fig. 
2(b). Thus, the secondary circuit is 

A simple radio re-
ceiver, a series-resonant circuit in which the 

output voltage is taken from across 
C2. In such a series circuit the voltage across the condenser may 
be considerably greater than the driving voltage, which is the 
equivalent generator voltage E2 in this case, if the Qo of the 
circuit is reasonably high. In addition to the increased voltage 
supplied to the detector, the second resonant circuit provides an 

C2 To detector 

-= 
(a) Actual Circuit 

To detector 

£2 -= wM XII 

(b) Equivalent Secondary Cir-
cuit 

FIG. 2. A resonant circuit coupled to the antenna coil supplies more volt-
age to the detector and gives greater selectivity. 
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increased amount of selectivity; the composite circuit provides 
rather effective discrimination against unwanted signals. 

If, in addition, a r-f amplifier preceding the detector is tuned 
to the desired signal, the selectivity may be made even greater. 
Because of the present congestion of radio stations, a high degree 
of selectivity is a prerequisite to good reception. 

9.2. The frequency meter. An instrument for determining 
the frequency of a signal is called a frequency (or wave) meter. 
Although several types of circuits are 
used for the determination of frequency, 
all except a very few utilize the resonant 
properties of coils and condensers in the 
frequency-measuring circuit. A discus-
sion of the operation of a simple fre-
quency meter will serve to illustrate 
many of the important properties of 
coils and condensers. 
The circuit of a simple and effective 

frequency meter is shown in Fig. 3. The 
resonant circuit, LiCI, is the heart of Fia. 

the apparatus. Only when this circuit 
is tuned to resonance with a signal 
whose frequency is to be determined will an appreciable current 
flow. Also, the higher the Q of this circuit, the sharper the re-

sponse of the instrument. Current in this circuit is coupled to 
coil L2, which is in series with a crystal detector and a d-c milli-
ammeter or microammeter. The detector rectifies the a-c signal 
and thus furnishes direct current to the indicating meter. The 
detector could be omitted and the d-c meter replaced with an 
a-c meter. However, since d-c meters are much more sensitive 
than a-c meters, an a-c meter is seldom used. The coupling be-
tween the two coils, L1 and L2, is kept very low so that the de-
tector circuit does not introduce (reflect) much resistance into 
the LiCi circuit and broaden its response curve. The coil L1 is 
generally fixed in value, and C1 is varied to obtain resonance. 
Several coils are usually provided so that a wide range of fre-
quencies may be measured. If the coils are made so that the 

larger coils have exactly four times the inductance of the next 
smaller, the wavelengths to which the larger coil will tune will 

D-C 

3. A simple fre-
quency meter. 
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be twice those of the next smaller coil or the frequencies will be 
one-half of those of the next smaller coil. 
A wavemeter is used by holding it close to the source of the 

signal whose frequency is to be measured, such as, for example, 
that of a r-f oscillator. The meter condenser is then tuned to 
obtain maximum current indication on the d-c meter. The con-
denser dial, which is usually calibrated either in frequency or in 
wavelength, then indicates the frequency. It is important for an 
accurate determination of the frequency that the wavemeter be 
held no closer to the signal source than absolutely necessary to 
obtain an indication. Otherwise, the power taken by the meter 
may cause a shift of the frequency of the signal source. 
A modification of the circuit in Fig. 3 omits the detector circuit 

and inserts a small pilot lamp in series with LiCI. As the con-
denser is tuned through resonance the lamp lights, and when it 
reaches its maximum brilliance the circuit is in resonance. The 
lamp has the effect of reducing the Q of the circuit and of broad-
ening the response curve. 

Still another modification of the circuit omits the detector 
circuit but does not alter LiCi. The meter then operates as a 
reaction- (absorption-) type frequency meter. It can be used 
only in cases in which the signal source incorporates a sensitive 
meter, such as a meter in the plate circuit of the source, which 
indicates when power is being taken. In use, a reaction frequency 
meter is held close to the output of the signal source and tuned 
until the meter in the signal source indicates that additional 
power is being required. What happens, of course, is that the 
frequency meter absorbs power only when tuned to resonance 
with the signal source. It is particularly important when using 
this type of meter to keep the coupling as loose as possible in 
order not to disturb the signal frequency any more than neces-
sary. The frequency meter in Fig. 3 could be used in the same 
manner without alteration. 

9.3. Grid-dip frequency meter. A sensitive meter in an 
oscillator circuit rises or dips sharply when any power is taken 
by an external circuit. Such an oscillator can be used as a wave-
meter. Provisions are often made for the modulation of the 
oscillator with an a-f signal so that the oscillator output includes 
both a r-f signal and an a-f signal. Figure 4 shows the circuit 
of a relatively simple meter of this type. 
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The grid-dip meter (so called because the meter is in the grid 
circuit of the oscillator) can be used to determine the frequency 
to which an external coil and condenser resonate, for example, 
a coil-condenser combination intended for use in a radio circuit. 

Radio Frequency Audio Frequency 

Flo. 4. Circuit diagram of a modulated oscillator useful as a simple grid-

dip wavemeter. The r-f oscillator has a d-c meter in its grid circuit and 
employs a series of plug-in coils. The a-f modulating oscillator may use 
an audio output transformer or other center-tapped inductance of the cor-
rect value. When the r-f oscillator is coupled to an external tuned circuit, 
a sharp dip in the grid current will occur when the two circuits are tuned 

to the same frequency. 

TABLE I 

KILOCYCLES PER 
COIL f, kc X, meters DIAL DEGREE 

A 2500-6660 45-120 31.6 
B 1430-3750 80-210 23.3 
C 750-1820 165-400 10.7 
D 485-1130 265-620 6.5 

DIAMETER, LENGTH 
COIL TURNS SIZE W IRE ill. OF WINDING L, mh 

A 15 21 2*.i. 11 0.014 

B 30 21 24-1- 14- 0.055 
C 60 21 244 le 0.217 
E 90 27 24-1 1* 0.495 

The frequency meter is held close to the circuit whose resonant 
frequency is to be measured, and the frequency of the oscillator 
adjusted until a sharp dip in grid current is observed. The con-
denser calibration then indicates the resonant frequency of the 
circuit being measured. 
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A second use for such a meter is to determine the frequency 
of another oscillator or r-f generator. A standard radio receiver 
is used to pick up the signal from the r-f generator whose fre-
quency is to be determined. Then the wavemeter is tuned so 
that it is also picked up by the receiver. When the oscillator and 
wavemeter have almost the same frequency, a beat-note will be 
heard in the receiver. As the wavemeter frequency is changed, 
the pitch of the beat-note will go up and down, and it will be 
found that if the wavemeter frequency is increased slowly the 
beat-note will start at a high pitch, which will become lower as 
the wavemeter frequency is increased. At a certain frequency 
the beat-note disappears, but if the frequency is still further 
increased, the pitch of the beat-note reappears and becomes 
higher as the wavemeter frequency is increased. The beat-note 
disappears (zero beat) when the oscillator and wavemeter fre-
quencies are the same. Therefore, the frequency of the oscillator 
may be determined accurately. The beat-note is often called a 
"heterodyne" note and the meter a "heterodyne" frequency 
meter. 
A grid-dip meter may also be used to calibrate a radio receiver. 

This usage requires that the signal output of the wavemeter be 
modulated with an a-f note. Such a modulating circuit is shown 
in Fig. 4. After the wavemeter is set to a desired frequency, the 
receiver is tuned to give a maximum sound output. The receiver 
is then in tune with the wavemeter, and its dial may be marked 
with the correct frequency. 

9.4. Calibrating a grid-dip meter. A frequency meter, to 
be most useful, must be properly calibrated. This may be done 
in several ways. If the meter is of the grid-dip (heterodyne) 
type, the process is simple; all one needs is a source of known 
frequency and a receiver. If the frequency meter is of the type 
described in Sect. 9.2, a calibrated r-f oscillator is required. 
The following experiment demonstrates how to calibrate a grid-

dip meter using a radio receiver: 

Experiment 1. Tune the receiver to a broadcast station whose fre-
quency is known. Then turn on the frequency meter and tune until a 
whistle is heard in the receiver. Adjust for the lowest-pitched note ob-
tainable. Now the frequency meter is at the same frequency as the known 
station. Next tune the receiver to another station whose frequency is 
known and repeat the procedure. After the process has been repeated for 
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several known frequencies, a curve can be plotted showing the calibration 
of the frequency meter. 

9.5. Standard frequency broadcasts. In this country stand-
ard frequency signals are broadcast by the National Bureau of 
Standards station, WWV, Beltsville, Maryland. These signals 
are broadcast on the following frequencies: 2.5, 5, 10, 15, 20, 25, 
30, and 35 Mc. The signals are modulated alternately with 440-
and 600-cycle a-f tones. Also broadcast are standard time in-
tervals of 1 second, and 1, 4, and 5 minutes. Time announce-
ments are made at 5-minute intervals by voice and International 
Morse Code. The frequencies are kept within extremely close 
limits. This station should be heard on one of its frequencies 
at almost any time anywhere in the United States. A sister 
station, WWVH, in Hawaii broadcasts a similar service. 
For many purposes, broadcast and, short-wave stations are 

good standards of frequency. 
9.6. Properties of coils. Various properties of a coil such 

as its distributed capacitance, natural wavelength, and r-f re-
sistance may be investigated by performing the three following 
experiments: 

Experiment 2. Distributed capacitance and natural wavelength of a 
coil. Wind on a form, about 3 in. in diameter, a coil of about 60 turns of 
rather large wire, preferably with silk or enamel insulation so that the 
distributed capacitance of the coil will be rather large. Connect it across 
a variable condenser whose maximum capacitance is about 500 i.cd. Start 
with the maximum capacitance of the condenser and measure the resonant 
frequency of the coil-condenser combination by use of a grid-dip wave-
meter. Then decrease the capacitance and repeat several times, say at 
400, 300, 200, etc., it'd. Plot the results against C as shown in Fig. 5, that 
is, 7.2 (wavelength squared) against capacitance. 
The equation of the resulting straight line is 

X2 = 3.55LCd 3.55LC 

where L is the true inductance of the coil in microhenries, Cd is the dis-
tributed capacitance of the coil in micromicrofarads, and C is the condenser 
setting in micromicrofarads. The equation states that the wavelength (in 
meters) squared is proportional to the capacitance in the circuit. The slope 
of the line divided by 3.55 is the inductance of the coil, that is, 

L — Slope 

3.55 
and 

Xi2 — X22 
Slope 

Ci — C2 
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where X12 and C1 correspond to a particular point on the curve; likewise, 
X22 and C2. The method is illustrated in Fig. 5. 
The straight line, extended from the last condenser reading, crosses the 

X2-axis at some distance above zero. This point of crossing gives the 
natural wavelength squared of the coil itself and therefore the resonant 
wavelength to which the coil with no additional capacitance will tune. 

130,000 

90,000 

40,000 

L = 
3.55 

_ 130,000 — 40.000 

3.55 ( 196 38) 

= 232 ph 

Slope 

Distributed 
cap.= 32 µid (X') = 18.000 

= 134 meters 

300 

X 

200 

o o 
60 40 20 0 20 40 60 80 100 120 140 160 180 200 

C, µµf 

FIG. 5. A method of determining the distributed capacity of a coil. 

The point where the line crosses the capacitance axis gives the distributed 
capacitance Cd of the coil. This value multiplied by the inductance as 
obtained above gives the LC product, which when fitted into the proper 
formula also gives the natural wavelength of the coil. 
The data can be checked by disconnecting the condenser and then deter-

mining the natural frequency of the coil alone by the same method used 
to determine the resonant frequency with the condenser in place. This 
gives another method of determining the natural wavelength which can be 
compared to the values obtained by the methods above. 

The effect of resistance upon the sharpness of resonance and 
the selectivity of the circuit has been mentioned. Also discussed 
was the increase of resistance with frequency. The resonance 
curve furnishes one method of measuring the resistance of a given 
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circuit, provided that the inductance of the coil is known, or can 
be measured or calculated. 

Experiment 3. R-f resistance of a coil. Method 1. Connect a coil, a 
condenser, and a low-current r-f milliammeter in series. Couple the coil 
loosely to a r-f generator with about 5 watts output as shown in Fig. 6. 

RE 
current 
meter 

Loose coupling 

Fin. 6. Circuit for measuring r-f resistance of a coil. 

Adjust the frequency of the generator to resonate with the series circuit 
as indicated by a maximum reading of the milliammeter. Change the 
generator frequency above and below the resonant value until two fre-
quencies (it and f2) are found for which the current is 0.707 its value at 
resonance (fr). Calculate the band width at this point and the resistance 
of the circuit from the equation 

R 27rL(f2 — fi) 

Subtract from this calculated value of R the resistance of the milliam-
meter. The remaining resistance is the resistance of the coil, leads, and 
condenser. Most of the resistance is in the coil. 
This method depends upon the generator current output being constant 

at the three frequencies fi , f2, and fr. If the output varies widely, the 
results will not be accurate. If a second r-f milliammeter is available it 
can be placed in series with the output coil of the r-f generator, and the 
generator adjusted at each frequency to supply the same current to this 
meter. 
Experiment 4. R-f resistance of a coil. Method 2. A second method 

necessitates the use of a series of accurately known resistances of negligible 
inductance and capacitance, and a variable condenser. 
Small lengths of high-resistance wire (manganin) are to be preferred for 

frequencies higher than 1000 kc. Their d-c and r-f resistances are prac-
tically the same. 
Connect the apparatus in series and couple rather loosely to a r-f gen-

erator. With the resistance box short-circuited (R = 0), tune the circuit 
to resonance. Then add enough resistance to the circuit to reduce the 
current to one-half its resonant value, retuning the r-f generator to reso-
nance, if necessary. Then, since the current has been halved, the re-
sistance has been doubled, for at resonance only resistance is effective in 
controlling the size of the current. In other words, the added resistance 
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is equal to the resistance of the circuit. Again subtract the resistance of 
the milliammeter. The remaining resistance is the coil resistance plus the 
small resistance of the leads and condenser. 
Repeat the experiment at several frequencies, and calculate the Q and 

plot against frequency and wavelength. 

If only one or two resistance units are available, say 5 and 10 
ohms, and not a continuously variable standard of resistance 
like a decade box, the resistance of the circuit above may be 
determined by noting the current at resonance, and the current 
when some resistance has been added, retuning to resonance after 
adding the resistance if necessary. Then the currents, according 
to Ohm's law, are 

E 
II = 

Ri 

E 
12 —  

RI ± R2 

where I = current at resonance with no added resistance. • 
12 = current at resonance with R2 added. 
R1 = resistance of the circuit. 
R2 = added resistance. 

Then 

— 
R212 

Ii — 12 

The lower the resistance of the r-f milliammeter used in the 
above experiments, the greater will be the accuracy of the meas-
urements. 

9.7. Condenser capacitance. The capacitance of a con-
denser may be measured as described in the following experi-
ment: 

Experiment 5. Capacitance of a condenser. Connect a calibrated vari-
able condenser across a r-f coil. With the condenser set near its maximum 
capacitance measure the resonant frequency of the combination. Attach 
the unknown condenser across the calibrated condenser and tune the cali-
brated variable condenser so that the resonant frequency is the same as 
before. The difference in the readings of the calibrated condenser is the 
capacitance of the unknown condenser. For example, suppose that reso-
nance is obtained by the variable condenser alone when set to 400 /id, and 
is obtained at 340 Aid when the unknown condenser is connected. The 
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difference, 400 — 340 = 60 ited, is the capacitance of the unknown. The 
capacitances of the coil and its leads do not enter into the calculations 
since they are in the circuit at all times. The leads of the unknown con-
denser should, however, be kept short if accurate results are to be obtained. 
This method requires that the unknown capacitance be smaller than the 

calibrated condenser. A method for measuring the capacitance when the 
unknown is greater is discussed as an illustration of the use of the Q-meter 
(Chapter 21). 

9.8. Antenna wavelength, capacitance, and inductance. 
The natural wavelength, capacitance, and inductance of an 
antenna may be measured as described in the following three 
experiments: 

Experiment 6. Natural wavelength of an antenna. Connect in series 
with an antenna an inductance which can be adjusted in even steps, say a 
coil of 20 turns with taps at each turn. Measure the frequency to which 

the antenna tunes with the entire 
coil in the circuit by loosely coupling 
the coil to a grid-dip meter. Then re-
duce the inductance by one turn, and 
repeat. Repeat until accurate readings 
are no longer possible. Plot wavelength, 
X (meters) = (3 X 105)/f (kilocycles), 
against added turns of wire. Extend the 
curve until it crosses the wavelength 
axis. This point of crossing gives the i To 

natural wavelength of the antenna. wavemoter 
Experiment 7. Antenna capacitance. 

Connect a coil in series with the an-
tenna and find the resonant frequency of (a) (b) 
the combination with a wavemeter. 
Then replace the antenna by a variable Fla. 7. To measure the ca-
condenser as in Fig. 7 and tune the pacitance of an antenna. 

condenser to obtain resonance at the 
same frequency as before. The capacitance of the condenser is equal to 
the capacitance of the antenna. 
Experiment 8. Antenna inductance. Connect a known inductance LI 

in series with the antenna and measure the resonant frequency fj. Repeat, 
using a different inductance L. to obtain another resonant frequency f2. 

The two frequencies are related as follows: 

fi = C x 
-V(Li + uca 

1 

/2 C x 
's/(L2 + La)C. 

1 
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where L. --- antenna inductance in microhenries. 
Ca = antenna capacitance in micromicrofaraLls. 
C = a constant, the same in both equations. 

Squaring both equations and solving for L., 

= 
122 — fl2 

f i2L i f21,22 

The frequency in the above equation may be expressed in either kilocycles 
or megacycles, whichever is convenient. 

9.9. Coil-condenser applications. Combinations of coils 
and condensers perform useful services throughout the electric 
communication art. Not only is the selectivity of a radio receiver 
produced by the properties of a resonant circuit, but such circuits 
may also be used to eliminate undesirable bands and to change 
the frequency response of a system in a desired manner. 
For example, a filter may be used with a phonograph amplifier 

to reduce the noise caused by needle scratch. This filter, in one 
form, is a series-resonant circuit placed across the line between 
the pickup and the amplifier it feeds into, as shown in Fig. 8. 

Pickup 
L = 140 mh 
C = 0.0075 mf 
R = 300 ohms 

FIG. 8. Use of a series-resonant circuit as a low-impedance trap to reduce 
noise from needle scratch. 

To amplifier 

The resonant circuit tunes to about 4900 cycles, and, since it is 
a series-resonant circuit, its impedance to frequencies near 4900 
cycles will be very low. It will produce a low-impedance path 
for the needle-scratch noise, the frequency of which is in this 
general region, and thus the needle scratch is reduced. Of course, 
any music frequencies in this region will also be reduced. 

9.10. Frequency filters. Since coils and condensers have 
varying effects upon a circuit, one having a reactance which in-
creases with frequency and the other a reactance which decreases 
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with frequency, combinations of L and C may perform many 
useful functions. Filters are combinations of L and C " that may 
be used to transmit only a required portion of a wide frequency 
spectrum, or, conversely, to attenuate certain frequencies. 

—r 

FIG. 9. 

Series 

Impedance diagrams 

Parallel 

XL, 

R / 

of series and parallel combinations of L, C, 
and R. 

A filter that passes low frequencies but attenuates (discrimi-
nates against) frequencies above the cut-off frequency is known 
as a low-pass filter; a combination of L and C that passes high 
frequencies but attenuates frequencies lower than the cut-off 

*Combinations of L and R, or C and R, may also be used to discriminate 
against certain bands of frequencies as shown in Fig. 9. Such combinations, 
by themselves, do not have the sharp "cut-off" characteristics obtainable in 
L and C networks. 
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frequency is called a high-pass filter. If a band is attenuated 
while all other frequencies both higher and lower than this band 
are transmitted, the filter is a band-elimination filter; if a band 
of frequencies is transmitted and all other frequencies are at-
tenuated, the unit is called a band-piss filter. 

If sharper cut-off is desired than that obtainable with one 
filter section, several sections of these elementary filters may be 
connected in cascade (one following the other), each attenuating 
still further the undesired frequencies transmitted by the one 
before. For applications in which the filter characteristics must 
meet exacting specifications, very special filter networks have 
been devised. These networks are usually quite complicated. 
The basic ideas used, however, are the same as those discussed 
in this section. 
The values of L, C, and the terminal resistance R, between 

which the filter works, for the simple filters shown in Fig. 10, 
are given in Table 2. 
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Fic. 10. Examples of the use of coils and condensers as filters. 

I. 

IV. 

TABLE 2 

VALUES OF L AND e FOR FILTERS 
L = Rbrfr; C = 1/4,R 
C = 1/ 4rf„ R; L = R/471, 

Li = (fi — fo)R/Tio.fi; C1 = 1/47r(fl fa 
IL2 = R/ 41-(J0 — fl); C2 = (fl ferRf0f1 

JLi = R/Ir(f2 fl); CI = (f2 fl)/411.2fiR 

114 = (12 fe/4Thil; C2 = 1 br(f2 - f1)R 
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9.11. Frequency regulation. A simple example of the use 
of the diverse effects of L and C is shown in Fig. 11. As long as 
the frequency is equal to the series-resonant frequency of L and 
C, the two tubes are supplied with voltages of the same magni-
tude. Equal currents are produced in the output transformer. 

The currents in the transformer primary are opposite in direction 
(since the voltages supplied to the two tubes are 180° out of 
phase) and cancel each other so that the secondary current is 

FIG. 11. Use of L and C as a frequency-regulating network. 

zero. If, however, the input frequency rises, more voltage will 
be applied to the L tube than to the C tube, and more current 
will flow through it. Conversely, if the frequency drops, a greater 
voltage will be impressed on the C tube and more current will 
flow in it. These variations in current, since they are in opposite 

directions, can be utilized in a circuit to maintain the input fre-
quency at a fixed value. Thus the circuit may be used in a 
frequency-control system. 

Problem 1. A certain coil and condenser (LC1) tune to a frequency 
The condenser is replaced by another, C2. The circuit now tunes to a fre-

quency 12. Prove that f2 = N/Fi  
Problem 2. In an experiment to determine the r-f resistance of a 100-pl 

coil, the frequency of resonance with a certain condenser is found to be 

1500 kc. The current falls to 0.707 times the resonant value when the 
frequency is 1480 and 1520 kc. What is the r-f resistance of the coil? What 
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is the Q at the resonant frequency? Neglect the meter resistance and 
assume that the lead and condenser resistances are negligible. 
Problem 3. Work Prob. 2 if the meter resistance is 10 ohms. Compare 

the results of the two problems. 
Problem 4. A coil is connected in parallel with a condenser. The com-

bination is coupled loosely to a r-f generator. At resonance the current is 
measured with a r-f ammeter with 20 ohms resistance and found to be 
100 ma. A 15-ohm resistor is inserted in the circuit and the current drops 
to 80 ma. What is the resistance of the coil-condenser circuit alone? 
Problem 5. A coil-condenser combination tunes to 1000 kc when the 

condenser is 400 Ad. When an unknown condenser is placed in parallel 
the circuit tunes to 800 kc. What is the unknown capacitance? 

Problem 6. A coil-condenser combination tunes to 800 kc when the 
condenser is 400 f. When an unknown condenser is placed in series the 
circuit tunes to 1000 kc. What is the unknown capacitance? 
Problem 7. The following data are recorded for a test as outlined in 

Experiment 2: 

X, METERS C, Pm/ 

100 100 
125 180 
150 290 
175 400 

Plot X2 against C and calculate the natural frequency, distributed capaci-
tance, and inductance of the coil. 
Problem 8. Data are taken for an antenna as outlined in Experiment 6. 

f, MC TURNS 

0.75 20 
0.858 16 
1.0 12 
1.33 8 
1.5 4 

Determine the natural wavelength and natural frequency of the antenna. 
Problem 9. Suppose the "scratch" filter in Fig. 8 is to be tuned to a 

scratch frequency of 3500 cycles by shunting an additional condenser across 
C. How large must the added condensor be? 



10 • Vacuum Tubes 

The radio tube is a marvelous device. It makes possible the perform-
ing of operations, amazing in conception, with a precision and a cer-
tainty that are astounding. It is an exceedingly sensitive and accurate 
instrument. . . . Its future possibilities, even in the light of present-day 
accomplishments, are but dimly foreseen; for each development opens 
new fields of design and application. . . . The importance of the radio 
tube lies in its ability to control almost instantly the flight of millions 
of electrons . . . with a minimum of control energy.* 

10.1. General principles of operation. The principles of 
operation of a vacuum tube are not complex. In the simplest 
tubes only two elements are required, a source of electrons, called 
the cathode, and an electrode to collect the electrons, called the 
anode or plate. A third element is often inserted between the 
cathode and plate to exercise control of the number of electrons 
that can pass to the plate. This element is called a grid and is 
an open grid or mesh of wires. Additional grids, which perform 
various auxiliary functions, are often inserted in the tube be-
tween the first or control grid and the plate. 
A tube will pass current only when the plate is positive with 

respect to the cathode. A grid between cathode and plate can 
exercise a large measure of control of the amount of current that 
flows. As the voltage between cathode and grid is made more 
and more negative, fewer electrons flow to the plate, and finally 
the flow of electrons is entirely cut off. This control is exercised 
almost instantaneously, a change in grid voltage reflecting itself 
immediately in a change in plate current, and with little expendi-
ture of power in the control circuit. Thus, the engineer is pro-
vided with a device for controlling the flow of an electric current 
which may be as small as a fraction of a microampere or as 
great as many amperes. 

*From the RCA Receiving Tube Manual RC-14. 
231 
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A tube will produce direct current from alternating current, or 
vice versa. It will act as a voltage or current amplifier or will 
perform as a frequency changer. It will merge audio- and radio-
frequency currents for transmission as a radio signal or will sepa-
rate them in a radio receiver. It will convert voltage changes 
into changes of light intensity, and vice versa. It will convert 
mechanical motion into an electrical signal. It will act as a volt-
meter, ammeter, or frequency meter. It will control industrial 
machinery with a precision possible in no other way. The elec-
tron tube is indeed a modern miracle. 

10.2. The Edison effect. In his search for more efficient 
filaments for incandescent lamps, Thomas A. Edison discovered 
that the glass bulbs of the lamps were blackened in the form of 
a shadow of the filament. An investigation showed that particles 
were leaving one side of the filament and crossing the evacuated 
space to the other leg of the filament. The particles that missed 
the filament hit the glass and blackened it. Subsequent research 
disclosed the fact that the particles carried an electric current 
which could be collected by a positive metallic plate placed within 
the bulb. The particles were electrons, although Mr. Edison did 
not know it at the time. The phenomenon by which the bulbs 
were darkened is now known as the Edison effect. 

This discovery lay dormant for several years and was only 
a scientific curiosity described by physics lecturers. Then Flem-
ing, in England, made use of the ability of the filament to release 
electrons to a near-by positive electrode to devise a more sensitive 
radio detector than had existed up to that time. The electrons 
could flow only away from the filament, current could flow in 
only one direction, and rectification occurred. Several years 
passed during which the Fleming "valve" was widely used for 
detection, but during this time little or no improvement was 
effected. Then Lee de Forest, in the United States, made a most 
important invention. He introduced a third element, the control 
grid, between the filament (cathode) and the electron collector 
(anode or plate). This invention provided a device in which 
the plate current was under the control of an auxiliary electrode 
and opened wide avenues of usefulness for the vacuum tube. 
Much work remained to be done before the radio tube (de 

Forest called it the "audion") reached its present stage of de-
velopment, but his basic idea made possible modern-day radio 
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broadcasting, the control of many industrial processes, radar, 
electronic computers, and a host of other fascinating applications. 

10.3. Electron emission. The heart of a tube is the source 
of electrons. There are several ways in which free electrons are 
obtainable. 

1. Thermionic emission. When a metallic filament such as 
tungsten is heated to a sufficiently high temperature (2700° C 
for pure tungsten), some of the outer electrons escape from the 
tungsten atoms, break through the surface of the filament, and 
are free to be moved about by electric fields. This process re-
sembles the escape of molecules of water from the surface of 
water heated to the boiling point. At the surface of water, or 
of tungsten, exists a barrier through which the moving molecules, 
or electrons, cannot pass under ordinary circumstances; but 
when they have sufficient energy imparted to them, as by heat-
ing, they break through the "surface tension" and escape. 

2. Secondary emission. When an electron is accelerated to a 
sufficiently high velocity, it may have enough kinetic energy 
imparted to it to knock one or more electrons out of any mate-
rial with which it comes in contact, either a metal conductor or 
an insulator. A positively charged electrode situated near the 
source of these "secondary" electrons will collect them. In 
actual tubes the secondary electrons may be attracted back to 
the electrode from which they came, as from the plate, or they 
may be collected by another electrode which is positively charged. 
In many tubes these secondary electrons give rise to undesirable 
effects, and design steps are taken to reduce their number and 
to control their movements. In a few tubes, such as electron 
multipliers, the desired operation is based on the principle of 
secondary emission. 

3. Photoelectric emission. When light of proper wavelength is 
allowed to fall upon certain metals, electrons are released from 
the surface of the metal as a result of the energy imparted by 
the light. Here, then, is another electron source. Such sources 
are used in phototubes and in certain types of television camera 
tubes. 

4. Field emission. Electrons may be literally pulled out of 
the surface of metals if a sufficiently high potential is established 
between two electrodes. The number of electrons emitted in this 
fashion depends upon the electric field intensity, that is, on the 
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volts per meter. This high electric field intensity may actually 
occur with relatively low potentials between two tube elements 
if the elements present sharply curved surfaces to each other. 
The energy which causes electron emission in this case is derived 
from the high electric field. Field emission is not often used 
as a means of obtaining electrons in tubes; rather it is a phe-
nomenon which is guarded against by properly shaping the elec-
trodes so that high fields are avoided. 

Practically all tubes used in radio equipment employ thermi-
onic emission. Relatively few use any of the other types of 
emission, and these few are generally special-purpose tubes. 

10.4. Types of thermionic cathodes. Thermionic cathodes 
are of two general types: directly and indirectly heated. In 
the directly heated type the filament itself serves as the source 
of the electrons. It is heated by a battery or from an a-c source. 
In the second type the filament merely acts as a heater for rais-
ing the actual electron emitter to the proper operating tempera-
ture; it is insulated from and placed within a metallic sleeve or 
cylinder which is coated with an emitting substance. The cyl-
inder then becomes the cathode. 

In the usual circuit, the plate of a tube is connected through 
a load resistor and a battery to the cathode. In this manner, 
the electrons which pass from cathode to plate inside the tube 
have a path outside the tube to return from plate to cathode. 
This connection to the cathode is called the plate (or anode) 
return. 

If a tube employing a directly heated cathode is operated from 
an a-c source, care must be taken to return the electrons from 
the anode to the center of the filament rather than to one end. 
Otherwise, the cyclic change in voltage of one end of the filament 
with respect to the other, as the current changes its direction, 
produces hum in the output signal of the tube. In a very few 
types of tubes the center of the filament is available at a terminal 
in the tube base. Usually, however, the electrical center of the 
filament is attained by supplying the filament from a center-
tapped secondary winding of a transformer. The anode return 
is made to this center tap, and hum is minimized. In circuits in 
which a very low hum level is required, these tubes may be 
heated by batteries or by direct current obtained from rectified 
and filtered alternating current. 
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An indirectly heated cathode usually has no electrical connec-
tion to the heater, and the filament or heater can be operated 
from an a-c source without having alternating voltages appear 
on the cathode. The cathode, therefore, acts as though all por-
tions of it were at the same potential, and it is called a unipo-
tential cathode. No hum results from the use of a tube employ-
ing this type of cathode if the tube is properly designed and 
operated. Some hum may be introduced by improper operation 
as a result of the small capacitance existing between the heater 
and the cathode. 

10.5. Emitter materials. Thermionic electron emitters are 
usually constructed of pure tungsten, thoriated tungsten, or cer-
tain metallic oxides such as those of barium and strontium. Pure 
tungsten filaments operate at high temperature, consume con-
siderable filament power, but are mechanically sturdy. If the 
tungsten filament is impregnated with thorium during manufac-
ture, the operating temperature required for copious electron 
emission is materially reduced. Less heating power is required 
than for a pure tungsten filament, but the filament is not as 
sturdy and the operating temperatures are more critical. If a 
metal sleeve, such as nickel, is coated with certain alkaline earths 
(barium or strontium oxide), the temperature required for emis-
sion is further reduced. These oxide cathodes are widely used 
in receiving-type tubes because of their low filament power re-
quirements. They are easily damaged, however, and are not 
adapted for use in high-voltage tubes. Indirectly heated tubes 

almost invariably employ an oxide-coated cathode. 
In general, receiving tubes and small transmitting tubes, up 

to around 30 watts plate dissipation, have oxide-coated cathodes; 

transmitting tubes up to about 1000 watts plate dissipation have 
thoriated-tungsten filaments; and larger tubes have pure tungsten 

filament-type emitters. Practically all mercury-vapor and other 
gaseous tubes have oxide-coated cathodes. 
Tungsten filaments are operated at a white heat, thoriated 

tungsten filaments at a yellow heat, and oxide-coated cathodes 
at a dull red heat. 

Directly heated cathodes ( filament-type) are more efficient 
than heater-cathode (unipotential) types employing the same 
emitter material. An oxide-coated cathode is more efficient than 
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a thoriated tungsten cathode, which in turn is more efficient than 
a pure tungsten cathode. 

10.6. Diodes. The simplest radio tube consists of a cathode 
(either directly or indirectly heated) which acts as a source of 
electrons and an anode which acts as a collector. The character-
istics of such a tube, known as a diode or two-element tube, can 
be studied by connecting it in the circuit shown in Fig. 1. When 

Electrons 
Conventional 

current 

Plate 
Cathode 

Heater 

A 

e 
B 

•  
FIG. 1. Connections for studying a two-element o • diode tube. Here the 
two elements are the cathode and the plate, the heater serving only to heat 

the cathode to emitting temperature. 

the cathode is heated by means of a battery or other source of 
electrical power, and the plate circuit is completed, current will 
flow. The amount of current * flowing depends upon two factors: 
(1) the temperature of the cathode and (2) the voltage between 
plate and cathode. 

If the filament voltage is held constant and the plate-cathode 
voltage is increased gradually, it will be found that, at first, the 
tube current rises at about the same rate as the plate voltage 
rises. Ultimately, however, an increase in plate voltage does 

*The direction that electrons flow inside the tube is always from the 
cathode towards the plate; none flow in the opposite direction. Thus, 
electrons leave the tube at the plate terminal and enter it at the cathode 

terminal. Conventional current, the direction of which is opposite to 
electron flow, flows into the plate terminal. The term "current" will be 
used as a general term in the description of tube circuits. When current 
direction is of importance, "electron flow" will be used and clearly stated 
as such. 
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not result in a corresponding increase in plate current; the cur-
rent, in fact, levels off to an almost constant value. When this 
happens, the plate is attracting all the electrons that are being 
emitted by the cathode. An increase in plate voltage does not 
materially increase the number of electrons, or the current; it 
merely speeds up their flight from cathode to plate. This phe-
nomenon is called temperature saturation. If the filament 
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FIG. 2. Curves of typical diode. 
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voltage is reduced, the value of saturation current is less because 
the cathode furnishes fewer electrons at the lower temperature. 
The general shape of the curves is shown in Fig. 2. 

If, instead of varying the plate voltage, it is held constant at 
some positive value and the filament voltage is increased, the 
plate current will be zero or very small until a certain value of 
filament voltage is reached. Beyond this value of filament volt-
age the plate current increases very rapidly, but levels off as the 
filament voltage is increased still more. The leveling off in this 
case occurs when the plate attracts all the electrons it can at 
the particular plate-cathode voltage. This limiting value of 
current is called the voltage saturation current and results from 
space-charge effects discussed below. This limiting value be-
comes higher if the plate voltage is made higher. The general 
appearance of the curves is shown in Fig. 3. 
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10.7. Space charge. Electrons not collected by the plate 
tend to congregate in the space between cathode and plate and 
form a negatively charged cloud called a space charge. This 
space-charge cloud is densest near the cathode. Electrons at-
tempting to leave the cathode now find this negative barrier 
between them and the plate and are, of course, repelled by it. 

Many of the electrons return to 
the cathode, some pass on to 
the plate, and others remain in 
the space-charge cloud. The 
negative cloud has the same 
effect as decreasing the posi-
tive plate voltage, and the only 
way to increase the flow of 
electrons to the plate is to in-
crease the plate voltage. 
The effect of space charge on 

tube characteristics is best seen 
in Fig. 4. At the lower end of 
the curve, where the plate volt-
age is low, space charge has its 
greatest effect and causes con-
siderable curvature. Further 
up on the curve, space charge 
has less effect and the curve 
straightens out. Then, as tem-

perature saturation effects ap-
pear, the curve flattens out again. 

So long as there is an adequate supply of electrons the space 
charge controls the plate current in such a way that the plate 

current varies very closely as the % power of plate voltage. 
That is, II) = KEb%, where K is a constant which takes into 
account the size and spacing of the electrodes. This equation is 
often called Child's or Langmuir's law. 

A manufacturer ordinarily rates a tube so that the maximum 
allowable plate current is one-third or less of the saturation 
current when the filament (or heater) is operated at rated volt-
age. Then, as the tube is used, the cathode may lose some of its 
emission capabilities and still supply an adequate number of 
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Fut. 4. A typical diode character-
istic, showing normal region of 
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ture saturation are effective. 
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electrons. In this way the useful life of the tube is made longer. 
The normal operating region is shown by the dashed lines in 
Fig. 4. It is only under special circumstances that operation 
extends into the temperature-saturated region. 

10.8. Tube nomenclature. To identify easily various volt-
ages and currents in a tube circuit, a group of letter symbols is 
used. For example, the filament battery is called the A battery; 
the plate supply battery is called the B battery; and if there is 
a grid battery it is known as the C battery. The various volt-
ages, currents, power, etc., associated with different tube ele-
ments are identified according to the following general rules: * 
Instantaneous values of current, voltage, and power which vary 

with time are represented by the lower-case letter of the proper 
symbol. EXAMPLES: e, p, ig, eb• 
Maximum, average (d-c), and root-mean-square values are 

represented by the upper-case letter of the proper symbol. EXAM-
PLES: I, E, Py lb, E b. 

If necessary to distinguish between maximum, average, or root-
mean-square values, maximum values may be represented by the 
subscript m, average values by the subscript at', and root-mean-
square or effective values by the upper-case letter without sub-
script. EXAMPLES: Em, Eav, 'Pay, E, I, E,. 
The electrode abbreviations to be used as subscripts are: 

j general (for any electrode) 
f filament 
h heater 
k cathode 
g grid (c also used) 
p plate or anode (6 also used) 
8 metal shell, or other self-shielding envelope 
d deflecting, reflecting, or repelling electrode (electrostatic type) 

Further letter symbols will be introduced in connection with 
the discussion of particular tube connections. 

10.9. Diode operation. If a plate battery is connected in 
series with a resistance and a diode, as in Fig. 5, current flows 
through the circuit and represents power taken from the battery. 
The power consumed in the resistance RL is equal to the product 
of the current through and the voltage across the resistance. 

*"Standards on Abbreviations, Graphical Symbols, Letter Symbols, and 
Mathematical Signs," 1948, The Institute of Radio Engineers. 
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The power taken from the battery is equal to E551b, and this is 
greater than the power consumed in the resistance. Where does 
the rest of the power go? 
A rectifier tube in a radio receiver or transmitter gets hot in 

operation. It can be observed 
Electrons that the more direct current de-

manded from a tube, the hotter 
it gets. This means, then, that 
not all the heating of the tube 
results from the power supplied ?, 
to the filament, which is con-
stant; some of the heat is sup-
plied by current flowing in the 
plate-cathode circuit. This ad-
ditional heating effect can be 
accounted for by assigning a 
value of resistance to the elec-
tron path between cathode and 

Fm. 5. Power from the battery is 

-= Ebb 

used both in the resistor RL and plate. This effective resistance 
in the tube, results from the fact that en-

ergy must be supplied the elec-
trons to accelerate them and move them to the anode. They 
release the kinetic energy due to their motion as heat as they 
strike the anode. This effective resistance is called the static 
(or d-c) plate resistance (re) of the tube. It is the ratio of 
the voltage to the current at a particular point on the tube 
characteristics, or Eb Ib. The power lost in the tube, then, 
is equal to the voltage across the tube itself multiplied by the 
current through the tube; or to /e2 X rb. The various power 
relations in Fig. 5 are 

Battery power = Ebbib 

Power in resistance = /1,2 X RL 

Power in tube = Battery power — Power in resistance 

= Ebbib — ib2RL = /b2rb 

The static plate resistance can be found for any plate current 
by dividing the power consumed in the tube by the current 
squared, as well as from Eb 
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In Fig. 6 is shown the plate characteristic of a typical receiver 
rectifier, the 35Z5-GT/G. The value of the plate resistance of 
the tube at any value of plate current may be found by dividing 
the voltage by the current. This may be done for several values 
of plate current, and the resulting resistance plotted against plate 
current to determine graphically the manner in which plate re-

400 
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Fro. 6. Plate characteristics of a typical diode. The filament voltage is 
sufficient to supply more electrons than will be collected by the plate. 

40 

sistance varies with current. It should be noted that plate cur-
rent does not follow Ohm's law; that is, doubling the voltage 
does not double the current. As a matter of fact, the current 
varies approximately as the % power of the voltage. Thus, 
doubling the voltage increases the current 2% times; multiplying 
the voltage by 3 increases the current 3% times.* 

It will be noted that the plate resistance varies with the cur-
rent through the tube. If the tube is acting as a rectifier, that is, 
if alternating voltage is impressed between cathode and plate, 

* These fractional powers need not be confusing. For example, e equals 2 
multiplied by itself 3 times; 2% equals the square root of 2. Therefore 234 

equals the square root of 2 cubed. Thus, = (2 X 2 X 2)% = V2 X 2 X 2 

= = 2.8. The reader should take values from Fig. 6 and see how closely 
a 35Z5 tube follows the power law. 
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no current flows on the portion of the cycle which makes the plate 
negative in respect to the cathode. Under this condition the 
plate resistance is infinite. Throughout the half cycle in which 
the plate is positive, the current through the tube is varying and 
the tube resistance is varying also. 
The static plate resistance of high-vacuum rectifiers is fairly 

high—ranging from around a hundred to a few thousand ohms. 
It is made low by placing the anode and plate close together. 
This method is subject to the limitation that if the elements are 
too close together there is danger both of short circuits and of the 
tube arcing over internally. It is advantageous to have the re-
sistance as low as possible, since power loss in the tube subtracts 
from the amount of power available for an external load. 

10.10. Gaseous tubes. If, after a tube has been evacuated, 
a gas such as mercury vapor is introduced, the tube character-
istics are changed markedly. The static plate resistance is very 
much lower, and the voltage drop across the tube becomes de-
cidedly lower and is essentially independent of the plate current. 
The tube glows with a characteristic color when current flows. 
The color is bluish for mercury vapor and is different for other 
gases. 
Mercury vapor consists of atoms of mercury. Electrons leav-

ing the cathode collide with the mercury atoms and liberate elec-
trons from them. The mercury atom, having lost an electron, is 
positively charged. It is large and heavy and moves slowly 
toward the cathode. Large numbers of these positively charged 
mercury atoms (called ions) are found in the region of the cath-
ode (Fig. 7) where their positive charge effectively neutralizes 
the negative space charge of the electrons and removes this in-
hibiting influence upon the number of electrons that can move to 
the plate. The number of electrons that can move to the plate is 
limited by the number supplied by the cathode, and by the im-
pedance in the external circuit. There is some voltage drop across 
the tube, of the order of 15 volts, which is the potential required 
to ionize the mercury vapor. 
A gas tube such as described above employs a heated cathode, 

and the current from the tube is obtained by thermionic emission 
from this cathode. If more current is required from the tube than 
the cathode can supply, the doubly charged positive ions which 



Sec. 10.11] Peak Inverse Voltage 243 

result may bombard the cathode hard enough to destroy it. For 
this reason, the load resistance in a gas-tube circuit must always 
be high enough to protect the tube from excessive current. 

Electrons 

Mercury 
atoms 

Mercury 
Ions 

Fla. 7. A gaseous rectifier tube. The positive mercury ions gather near 
the negative cathode and neutralize the space charge effect of the emitted 

electrons. 

10.11. Peak inverse voltage. How much voltage can be 
placed across a tube? The amount is limited by the construc-
tion of the tube. Excessive voltage will cause arcing and con-
sequent damage. Spacing between cathode and plate, the kind of 
insulation, the placement of the terminals in the tube base, and 
the effect of heat on the electrodes and glass all govern the max-
imum voltage permissible. On the half cycle that the tube con-
ducts current, if the tube is operating as a rectifier, the voltage 
drop across the tube is fairly low. It is actually the impressed 
voltage minus the voltage drop across the load. But during the 
half cycle in which the tube is not conducting, the total impressed 
voltage is across the tube, since there is no voltage drop across 
the load because no current is flowing. 
The voltage across the tube during the half cycle when the tube 

is not conducting is known as the inverse voltage, and the max-
imum or peak value that may safely be placed across a tube is 
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the maximum peak inverse voltage. It is an important tube 
rating. 

10.12. Triodes. If a third element, like an open-mesh grid or 
similar structure, is placed between cathode and plate, the versa-
tility of the tube increases enormously. Such a tube is called a 
triode or three-element tube. Now the tube will not only rec-
tify, that is, change alternating to direct current, but it will also 
perform the many other purposes for which the electron tube is 
so well known. 
The commercial names of various types of high-vacuum and 

gas-filled tubes are shown in Table 1. 

TABLE 1 

NUMBER Or 
TUBE 

ELEMENTS * 

Two 
Three 
Four 

Five 

TYPE 

Diode 
Triode 
Screen-grid; 
Beam power 

Pentode 

COMMERCIAL NAME 

High-Vacuum 

Kenotron 
Pliotron 
Pliotron 

Pliotron 

Gas-Filled 

Phanot ron 
Thyratron 
Shield-grid thyratron 

• The heater is not counted unless it is also the cathode. 

10.13. The purpose of the grid. The primary function of 
a grid is controlling the effect of the space charge on the amount 
of current that flows to the plate. 

Suppose that the grid is made positive with respect to the cath-
ode. Since it is physically nearer the cathode than is the plate, 
a small positive potential will have the same effect as a large posi-
tive potential on the plate. This positive potential on the grid 
cancels part of the effect of the space charge and the plate current 
is increased. 

Suppose, however, that the grid is made negative with respect 
to the cathode.* Then, the effect of the space charge is increased, 
and the plate current becomes smaller. A comparatively small 
negative voltage on the grid may cause the plate current to drop 
to zero. 

Electrons move from the cathode to the plate at very high 

* It is general practice to refer all voltages to the cathode. Thus, when 
it is said "the grid is negative" it means " the grid is negative with respect to 
the cathode." 
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speeds. Therefore, there is practically no time lag between the 
time that the grid voltage is changed and the time that a corre-
sponding change is noted in the plate current. Only at very high 
frequencies does this small time lag become significant. 

10.14. Characteristic curves of triodes. In most circuits 
the filament voltage of the tubes is held at such a constant value 
that more electrons are available than are needed. Then, the 
factors which control the amount of current flow from the tube 
(the number of electrons attracted to the plate) are the grid and 

  13 

Flo. 8. Circuit for studying triode characteristics. The DPDT switch re-
verses the polarity of the grid voltage. The filament is held at its rated 

value, since that is the normal operation. 

plate voltages. Raising either of these voltages in a positive 
direction will increase the current flow. 
The characteristic curves of a triode may be obtained by plac-

ing a tube in a circuit as in Fig. 8. If either voltage is held con-
stant and the other varied, the characteristic curve showing how 
the plate current varies as one voltage is changed is obtained. 
Meters in the circuit measure the various voltages and the plate 
current. The milliammeter (/b) should always be placed closest 
to the plate of the tube, with the voltmeter (Eb) on the side near-
est the plate battery, as shown in the figure. This is important, 
since otherwise the milliammeter will also indicate the current 
taken by the voltmeter, and this current may easily be as great 
as that taken by the tube. 

Experiment 1. Effect of grid bias upon plate current. Set up the ap-
paratus as shown in Fig. 8, using in succession several common triodes. 
Fix the filament or heater voltage at the value specified in a tube manual. 
Set the grid voltage to a negative value of around —8 or —10 volts and 
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the plate voltage to 25 volts. Record the plate current as the grid voltage 
(known as the bias) is varied from a value negative enough to make the 
plate current zero to a value 1 or 2 volts positive. The DPDT switch in 
the grid circuit permits changing the polarity of the grid without changing 
the grid meter connection. Increase the plate voltage to 50 volts and re-
peat. Repeat for two or three other plate voltages, using care that the plate 
current does not exceed values recommended in the tube manual. Plot 
these data like those in Fig. 9. 
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Flo. 9. Typical E,-/b curves. Note that the several curves corresponding 
to different plate voltages are parallel and have long, straight portions. 

10.15. Grid voltage-plate current curves. These curves, 
also called the transfer characteristics or simply the EC---Ib 
curves, yield several interesting and important facts regarding 
a triode. Referring to Fig. 9, it is seen that at high negative 
grid voltages for a particular value of Eb, say 100 volts, there is 
little or no plate current. As this negative voltage is decreased, 
some electrons get to the plate. The plate current begins to flow 
and increases at a rather slow rate, then more rapidly, then in a 
steep and almost straight line; finally, if the curve can be ex-
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tended far enough without damaging the tube, the curve flattens 
out. (This flat portion is not shown in the figure.) Increasing 
the plate voltage to a higher value, say 150 volts, and again vary-
ing the grid voltage produce a new curve which is essentially 
parallel to the first, but moved to the left. Increasing the plate 
voltage a like amount again produces a new curve displaced an 
equal distance to the left of the second line. Such a graphic col-
lection of data, known as a family of curves, gives a complete 
story of the effect of grid voltage upon plate current. 
A milliammeter in the grid circuit will show that no grid cur-

rent flows except when the grid is positive and even then it is a 
small fraction, one-tenth or less, of the plate current. 

10.16. Plate voltage-plate current curves. The Eb— lb 

curves are essentially parallel over their straight portions as 
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FIG. 10. Typical plate family of curves for a triode. 
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shown for a typical case in Fig. 10. If the grid voltages (bias 
voltages) chosen are in equal steps, the plate-current curves will 
be approximately equal distances from each other. 
Note that the curves in Fig. 10 give the same information that 
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is given in Fig. 9. For example, the plate current for Eb = 200 
volts, E, = —8 volts is 3.5 ma in Fig. 10. It has the same value 
in Fig. 9 since the two sets of curves are for the same tube. For 
some purposes it will be found that one set of curves is more con-
venient than the other. 

Experiment 2. Plate characteristics. Set up the apparatus as in Experi-
ment 1. Set the grid voltage at some value, say —6 volts for an ordinary 
receiving tube, and record the value of the plate current as the plate volt-
age is changed from 0 to perhaps 100 volts in 10-volt steps. Then change 
the grid voltage to — 10 volts and repeat. Repeat for other values of grid 
voltage. Plot these data as a set of curves as in Fig. 10. 
These data could be obtained by picking values from the curves plotted 

in Experiment 1. 

10.17. Constant-current curves. The data in Figs. 9 and 
10 can be replotted as in Fig. 11. To obtain this curve, com-
binations of plate and grid voltages have been selected that give 
curves of constant plate current. The curve for 1.b = 0 ma is of 
particular importance. It is called the cut-off curve and gives 
the combinations of plate and grid voltage which cause the plate 
current to be zero. 

10.18. Amplification factor. It has already been noted that 
the grid is more effective than the plate in controlling plate cur-
rent. The reason is that the grid is closer than the plate to the 
cathode and to the region in which space charge is densest. How 
much more effective this control is can be determined from Fig. 
11. Consider the curve of lb = 4 ma at the point where E, = —8 
volts and Eb = 205 volts. If the current is changed to 8 ma by 
varying the grid voltage, the new value of E, is —6 volts, or a 
change of 2 volts. If, however, the new current is obtained by in-
creasing the plate voltage, the new value of Eb is 245 volts, or a 
change of 40 volts. The ratio of the two voltage differences is 
40 2 = 20, and this ratio indicates the relative effectiveness of 
the grid and plate in controlling plate current. This ratio is 
called the amplification factor, ex, (mu). Thus 

Change of plate voltage 
=  = — (at a given /b) 

Change of grid voltage àEc 

The minus sign is used since the grid and plate voltages must be 
varied in opposite directions to hold the plate current constant. 
This makes the sign of p, positive. 
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The amplification factor should not be confused with the actual 
voltage amplification realizable from a tube. Normally the actual 
voltage amplification is considerably less than the amplification 
factor. 
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FIG. 11. Typical constant-current characteristics of a triode. 
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10.19. Dynamic plate resistance. Like a rectifier tube, the 

triode imposes a resistance to the flow of electrons or current. 
The static (d-c) plate resistance is the ratio between a given value 
of plate voltage and the corresponding value of plate current and 

can be most easily obtained from the Eb—/b curves for a triode. 

However, since a triode is most often used with an alternating 
voltage impressed on the grid, there is also an alternating com-
ponent of plate voltage and current. For this reason, the resist-

ance of the tube to an alternating current is of importance. This 
resistance is called the dynamic plate resistance, rp. 

Ordinarily the tube is operated with certain fixed grid (bias) 
(Ea) and plate (Eb) voltages. Then, in addition, an alternating 
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voltage is applied to the grid (sometimes to the plate) and alter-
nating current flows in the plate circuit. 

If the plate voltage of a triode is varied slightly, say a volt or so, 
and the corresponding change in plate current is noted, then the 
ratio of these changes is called the dynamic plate resistance. 

Thus 
Change in plate voltage .diEb 

rp =  (Ec constant) 
Change in plate current ab 

Example 1. Determine the static and the dynamic plate resistance of 
a 6J5 (Fig. 10) tube at the point Eb = 150 volts, EG = —8 volts. 

Solution: The plate current at the given point is 6.5 ma, and the static 

(d-c) plate resistance is simply 

Eb  150  
= 23,100 ohms 

rb = I,, = 6.5 X 10-8 

The dynamic plate resistance can be determined by taking 25-volt in-

crements of plate voltage above and below 150 volts. Thus 

At Et, = 175 volts, Ec = —8 volts, II, = 9.6 ma 

At Eb = 125 volts, Ec = —8 volts, lb = 3.8 ma 

Then 
àEb  175 — 125 50  

• Alb = (9.6 — 3.8) X 10-3 ▪ 5.8 X 10-3 

Note that the dynamic plate resistance is considerably lower than the 
static plate resistance. This is usually the case. 

The dynamic plate resistance is, in reality, the slope of an 
E,,—I,, curve at a particular point. Since this slope changes from 

point to point, the dynamic plate resistance is not a constant and 
its value for a particular tube must be specified at particular plate 

and grid voltages. 
10.20. Grid-plate transconductance. Another important 

tube constant remains, the grid-plate transconductance or 
mutual conductance.* This factor tells how much plate-current 
change is caused by a given grid-voltage change when the plate 

*"Transconductance" is a general term which expresses the change in 
current to one tube element caused by a voltage change on another element 
and may be applied to a tube with several grids. " Grid-plate transcon-

ductance" is a special case, and one of much interest. "Mutual conduct-
ance" has the same meaning but is not the preferred term. 

— 8620 ohms 
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voltage remains constant. Thus 

Change in plate current A/b 
=   (Et, constant) 

Change in grid voltage AEc 

Thus, if a change of 1 volt on the grid of a tube produces a change 
of plate current of 1 ma, and the plate voltage is held at a fixed 
value, the grid-plate transconductance 

1 X 10-3 
gm = - 1 X 10-3 mho or 1000 micromhos 

1 

The mho is the unit of conductance. Note that it is "ohm" 
spelled backward. The micromho (one-millionth mho) is most 
often used in connection with tubes. 
The grid-plate transconductance, amplification factor, and 

dynamic plate resistance of a tube are related, at any particular 
operating point, by the equation 

= gm X r, 

Experiment 3. Amplification factor. Set up the apparatus as in Ex-
periment 1, and set the plate and grid voltages to, say, E, = 200 volts, 
E0 = —6 volts. Note the plate current. Change the grid voltage by a small 
amount such as 0.5 volt and then change the plate voltage so that the plate 
current is the same as before. The change in plate voltage divided by the 
change in grid voltage required to hold the plate current constant gives 
the amplification factor. Repeat for other values of plate and grid voltage, 
some for which the plate current is almost zero, others for which the plate 
current is near the maximum rating for the tube. Compare results. 

This same circuit can also be used for the experimental determination of 
no and gm. The changes in voltages (currents) should be as small as can 
be accurately read on the meters. 

10.21. Normal values of tube parameters. The amplifi-
cation factor GO, dynamic plate resistance (r„), and grid-plate 
transconductance (gm) are very important tube factors or quan-
tities. They are often called tube constants, but they are not 
actually constant since they vary with the operating voltages. 
A better term is "parameter." The typical manner in which kt, 
ri„ and g,, vary is shown in Fig. 12. Note that, of the three, µ is 
the most nearly constant, r„ becoming very high and g,,, very low 
at low values of plate current. 
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The amplification factor for triodes ranges as low as 3 or 4 for 
power triodes to as high as 100 for certain high-mu triodes. A 
large class of triodes has amplification factors of the order of 20. 
The dynamic plate resistance ranges from a low of 800 ohms 

for certain power triodes to as high as 100,000 ohms for high-mu 
triodes. In general, the higher the amplification factor, the higher 
the dynamic plate resistance. 
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For triodes gm usually ranges from about 800 to 3000 
micromhos. 

10.22. Slopes of characteristic curves as tube parameters. 
All three tube parameters (µ, gm, and r,) can be obtained from 
any one of the three characteristic curves. However, it will aid 
in an understanding of how the parameters vary with operating 
voltages if it is recognized that the magnitudes of the parameters 
are determined by the slopes of the various characteristic curves. 
Some of these have already been illustrated. Table 2 gives the 
particular curves from which each parameter can most easily be 
determined. 

Voltage changes as small as consistent with accurate reading 
of the graphs should be used in evaluating the tube parameters. 
Too large changes decrease the accuracy of the results. 
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TABLE 2 

TUBE SLOPE OF HELD 
PARAMETER EQUATION WHICH CURVE? CONSTANT 

àEb 
Amplification factor, II E,—Ec 

14 =. AE, 
à/b 

Transconductance, gm = lb—Ec Eb 
àEe 
AEb 

Dynamic plate resistance, rp lb—Eb 
rP = Alb 

10.23. Crystal diodes. In recent years there have been a 
large number of applications of crystal diodes. These are vastly 
improved descendants of the "cat whisker-crystal" detector used 
in the early radio receivers. The sensitive element is a small 
block of some semiconducting mineral such as germanium or 
silicon. A contact is made to one surface with a fine, pointed 
wire. The other surface is imbedded in a soft-metal base which 
forms a good electrical contact. Once the elements are adjusted 
for the proper sensitivity the whole unit is usually filled with an 
insulating compound which also holds the elements in place. The 
mechanical features of a typical crystal diode are shown in Fig. 
4, Chapter 3. 
The current-voltage characteristics of a typical crystal diode 

are shown in Fig. 13. Note that the "reverse" voltage and current 
scales multiply the values ten times over the "forward" scales. 
This is to show the reverse current-voltage relations in some de-
tail. In the forward (conducting) direction, the characteristics 
are much like those of a high-vacuum diode except that there is 
usually somewhat more curvature. 

Crystal diodes may be used in practically all applications for 
which high-vacuum diodes are employed. The fact that they do 
pass a small current in the reverse direction, whereas the reverse 
current of a high-vacuum diode is zero, must be taken into ac-
count in the design of apparatus in which they are used. Crystal 
diodes have the advantage of small size and weight and low 
capacitance. They have the disadvantage of low current-carry-
ing ability, less uniformity than diode tubes, and relatively low 
mechanical ruggedness. Recent improvements have resulted in 
units which approach in ruggedness and uniformity the general 
run of high-vacuum tubes. 



254 Vacuum Tubes [Ch. 10 

«, 
1N51 

crystal diode 
k 
g 

50 

;--- 
E 

40 

30 1 

à 

—50 
voltage, 
—40 

volts 
—30 

-F1 
(g 

20 

10 

—70 
Reverse 
—60 —20 — 0 

/'-'-.--..... 

I
 
I
 
I
 
I
 
I
 
I
 

l
 Re
ve
rs
e 

cu
rr
en
t,
 m
il

li
am

pe
re

s 
 

1 
Forward 
2 3 

— 
volts 

_1 
2 

voltage, (r---- 3 

—4 

5 

Fla. 13. Typical current-voltage characteristics of a crystal diode. Note 
that "reverse" scales are ten times larger than "forward" scales. 

10.24. Transistors. The transistor is a new amplifying de-
vice barely out of the experimental stage. It utilizes a crystal as 
in a crystal diode, except that there are two fine contacts, very 

Emitter Collector 

(a) Simple Transistor (b) Coaxial Type 

Fm. 14. Mechanical construction of typical transistors. 

close together, on one surface. The other surface is imbedded in 
a conducting metal to form a base contact. A coaxial type places 
the two contacts on opposite sides of a thin wafer of the semicon-
ducting material. Both types are illustrated in Fig. 14. 
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A typical circuit connection for a transistor is shown in Fig. 15. 
Note that the input circuit is biased positive, and that the output 
circuit is operated at a negative d-c voltage. This is opposite to 
the normal Connection of a triode tube. As a result, the input im-

Emitter Collector 

Input Ou put 

Fla. 15. Typical circuit connection of a transistor amplifier. 

pedance tends to be fairly low. At the present time the voltage 
gain realized from a transistor amplifier is rather low and the 
noise level rather high. Further development will probably 
overcome these disadvantages, at least in part. The small size 
and lack of filament heating power are distinct advantages. 

Problem 1. Calculate the static plate resistance of a 35Z5-GT/G rec-
tifier tube (Fig. 6) at various values of plate current. Plot the resistance 
against plate current. 
Problem 2. What plate current flows in a 6J5 tube at the following oper-

ating points? 

(a) Eb = 250 volts, Ec = —12 volts. 
(b) Eb = 200 volts, E, = —4 volts. 
(c) Eb = 200 volts, Ec -= —10 volts. 

Problem 3. Compute the amplification factor of a 6J5 triode at: 

(a) Eb = 300 volts, E, = —9 volts. 
(b) Eb = 200 volts, lb = 4 ma. 

Problem 4. Compute the grid-plate transconductance of a 6J5 triode at: 

(a) Eb = 200 volts, Ec = —8 volts. 
(b) Eb = 150 volts, lb = 12 ma. 

Problem 5. Using graphical methods, determine the static and the dy-
namic plate resistances of a 6.15 triode at the following points: 

(a) E,, = 100 volts, E, = 0 volt. 
(b) E,, = 225 volts, /b = 5.9 ma. 
(c) Ec = —4 volts, /b = 6 ma. 
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The most important property of a triode (and of the more complex 
tetrode and pentode) is its ability to amplify voltages or currents 
or power. Small a-c voltages impressed on the grid may produce 
higher a-c voltages in the plate circuit. The same may be true 
of current or power. How is this possible? 

11.1. Basie triode circuit. The basic " amplifier circuit is 
shown in Fig. 1. The cathode-grid and cathode-plate direct volt-

F,, 

FIG. 1. Basic amplifier circuit with resistance load RL. 

ages are fixed by the batteries Ec. and Ebb, respectively. It 
should be noted that, while the d-c cathode-plate voltage or, 
more simply, the "plate voltage" (since the cathode is always 
taken as reference) is fixed by Ebb, the actual voltage is Eb be-
cause of the voltage drop across RL. The resistor in the plate 
circuit, RL, is called the load resistor. The input voltage E. is an 

*There are several modifications of this circuit, some of which will be 
discussed in later sections. However, an analysis based on the circuit of 
Fig. 1 may be extended to practically all cases. 

256 
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alternating voltage. The a-c output voltage is E.. If E, is zero, 
no alternating voltage will appear across the load resistor because 
there will be no alternating current through the load. 
When, however, alternating voltage is applied to the grid, the 

changing potential of the grid allows more and then less plate cur-
rent to flow; this constitutes an alternating component of current 
and an alternating voltage appears across RL. If operating con-
ditions are properly chosen, the value of the alternating voltage 
across the load will be greater than the alternating voltage ap-
plied to the grid. The tube is then amplifying. 

Consider, for the moment, that the alternating grid voltage E. 
is zero but that the bias voltage E.0 is varied slowly above and 
below its normal value. For each value of grid voltage there will 
be a corresponding plate current, and by plotting these values a 
curve like that in Fig. 2 is obtained. The same result would be 
obtained if the value of E„ remained fixed and an alternating 
voltage E, was supplied. Note that the tube has both direct and 
alternating currents in the output circuit. The grid current is 
practically zero since the grid is maintained at a negative poten-
tial with respect to the cathode and will not collect any substan-
tial number of electrons. At some instants the grid voltage is 
more negative than the bias voltage; at other instants it is less 
negative. The alternating grid voltage and the alternating por-
tion of the plate current rise and fall in step, more current flow-
• ing when the grid is less negative and less current flowing when 
the grid is more negative. The alternating grid voltage and alter-
nating plate current are in phase when the load is a resistance. 
The plate current can be analyzed in two ways: ( 1) it is made 

up of a pulsating current, increasing and decreasing with respect 
to an average value in unison with the grid voltage changes; (2) 
it is made up of two component currents, (a) a d-c component 
whose value is fixed by the load resistor and the d-c grid and 
plate voltages, and (b) an ac component whose peak and rms 
values are determined by the circuit conditions. 

In Fig. 2 the d-c plate current is 6.6 ma, whereas the a-c com-

ponent is 1.4 >< 0.707 or 1.0 ma (rms). If the frequency of the 
grid signal is 60 cycles, the a-c component of plate current will 
also have a frequency of 60 cycles. 
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The point P on the curve is called the operating point. It is 
determined by the fixed values of grid-bias and plate voltage and 
by the size of the load resistance. 

io 
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Fla. 2. Alternating voltages superimposed on the steady (bias) grid voltage 
produce a pulsating plate current which rises and falls from its steady 

(d-c) value. 

11.2. Choice of operating point. Two conditions determine 
the placement of the operating point on the tube characteristic 
'curve': ( 1) the amount of power the tube can safely dissipate, 
and (2) the amount of distortion of the input waveform that can 
be tolerated in the plate circuit. The power dissipated in the tube 
is the product of the plate voltage and plate current (Pp = 
Eb X Ib). The distortion factor will be considered later. 

11.3. References for tube voltages. All tube voltages are 
measured with reference to the cathode; that is, the grid bias is 
the direct voltage which exists between cathode and grid, and the 
plate voltage is the direct voltage between cathode and plate. 

*The dynamic curve. See Sect. 11.6. 
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The plate voltage is less than the plate supply voltage (Ebb) by 
the amount of voltage drop in the load resistor. With filament-
type tubes operated from direct current the most negative end of 
the filament is considered the reference point.* 
The low-potential ends of the grid and plate circuits are con-

nected to the cathode of an indirectly heated tube, to the negative 
terminal of a filament-type tube when operated from direct cur-
rent, and to the center tap of the filament transformer winding or 
to the center of a relatively low resistance across the filament 
when operated from alternating current. These low-potential 
leads are called the "common return" of the grid and plate cir-
cuits. Electrons flowing in the plate circuit return to the cathode 
through this lead. 

11.4. Nomenclature for triodes. Several letter symbols 
will appear regularly in connection with triode circuits. These 
will be used consistently to refer to particular kinds or com-
ponents of voltages and currents. The most important of these 
symbols follow: 

Grid and signal voltages 

Ec, grid-bias battery direct voltage. 
E, total cathode-grid direct voltage. 
ec total instantaneous cathode-grid voltage = E, ± cg. 
eg instantaneous value of a-c component of cathode-grid voltage. 

rms value of cg (assumed sinusoidal). 
instantaneous value of a-c grid circuit (signal) voltage. 

E, rms value of e, (assumed sinusoidal). 

NOTE. Ec, and E, are often, but not always, the same. Likewise, E, and 
E. 

Plate and output voltages 

Ebb plate circuit d-c supply voltage. 
Eb total cathode-plate direct voltage. 
eb instantaneous total cathode-plate voltage = Eb ep. 
eP instantaneous value of a-c component of cathode-plate voltage. 
Ep rms value of ep. 
ec instantaneous value of a-c component of load voltage. 
E, rms value of ec. 

* The grid bias is the voltage from grid to cathode; this is not the same 
as the voltage from grid to ground in all cases. 
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Plate currents 

4 instantaneous total plate current == Ib + ip. 
h average or d-c value of plate current. 
ip instantaneous value of a-c component of plate current. 

rms value of is,. 

Figure 3 shows where the various voltages and currents appear 
in an amplifier. Instantaneous, direct, and rms values are all 
shown on the figure. 

Electrons 

11 
e, 

(es) 
(e,)(.;" 
(E,)‘..71 (Eg) 

Ch 

(Ca) 

Eh 

(Ea) 

II 
Eco 

 _11111111+  
Ebb 

R, 
(eg= igRL) 

(Eg= IgRL) 

FIG. 3. Unbracketed lower-case letters ip, ec, etc., indicate instantaneous 
total values; bracketed lower-case letters (‘), (ed, etc., indicate instan-
taneous value of a-c component; unbracketed capital letters, Eb, Ec, etc., 
indicate d-c or average values; and bracketed capital letters (Ed, (Id, 
etc., indicate rms a-c values. Brackets are not used in general practice. 

11.5. Amplifier with resistance load. The amplifier circuit 
of Fig. 1 will reproduce faithfully the waveform of the input sig-
nal in the output voltage and give voltage amplification only if 
certain conditions are met. The most important condition is that 
the bias voltage E.0 and the signal voltage E. must be adjusted 
so that the alternating plate current has values along the straight-
line portion of the tube characteristic. Also important is the fact 
that distortion caused by a slight curvature of the characteristic 
may be almost eliminated if the load resistance RL is made much 
greater than the dynamic plate resistance r, of the tube. 

Consider again the circuit in Fig. 1, this time rather critically. 
The d-c plate voltage Eb, which is actually across the tube, is not 
the voltage Ebb of the B battery. It is less than this value by 
the voltage drop (/b X RL) in the resistor RL. The direct voltage 
actually at the plate, then, is El, = Ebb — IbRL. If, for example, 
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the B battery voltage is 180 volts, RL is 100,000 ohms, and Ib is 
0.5 ma, then Ib XRL equals 0.0005 X 100,000 or 50 volts, and 
Eb equals 180 — 50 or 130 volts. 

It can be seen that any variation in lb (the variation would be 
called i„) causes a variation in the voltage drop across RL and 
therefore a variation in the plate voltage El, (the variation in 
the plate voltage would be called e„, and the total plate voltage 
eb is equal to Eb ep). Thus, any change in the grid voltage 
produces a change in the plate voltage. 

It is not convenient to use the static characteristic curves 
Eb—E„ and EC—/b) discussed in Chapter 10 for the direct 

determination of a-c plate current and output voltage because 
of the effect of the load resistor and the voltage drop across it. 
To get around this difficulty a load line is used. The load-line 
method is most suitable when a large signal is applied to the grid 
as in power amplifiers, and so the discussion of this method will 
be delayed until later in the chapter. For amplifiers in which 
small grid signals are employed, as is the case in most voltage 
amplifiers, an equivalent circuit for the tube is most useful. 

11.6. Equivalent circuits for tubes. Since a change in the 
alternating plate voltage in a triode amplifier is caused by a 
(usually) smaller change in grid voltage, it is possible to draw a 

(a) Series Equivalent (b) Parallel Equivalent 

Fia. 4. A-c equivalent circuits of tubes. D-c elements are not shown. 
Dashed lines indicate connections for amplifier shown in Fig. 1. 

series-equivalent circuit as in Fig. 4(a). The voltage in the 
plate circuit is replaced by the fictitious, but equivalent, gener-
ator SE,. The plate load is between the plate (P) and cathode 
(K); the input voltage E, is between the grid ( G) and cathode 



262 The Tube as an Amplifier [Ch. 11 

(K). This is an a-c equivalent circuit, so the d-c voltages and 
currents are not shown. The dashed lines indicate the connection 
of the equivalent tube circuit for the amplifier of Fig. 1. The use 
of the equivalent circuit of the tube itself is not restricted to this 
particular amplifier. In any case, the batteries and other d-c 
elements are not shown, and the equivalent tube is connected to 
the same points in the circuit as was the actual tube. 

There are two restrictions on the use of the equivalent tube: 
(1) the grid signal and bias must be such that operation is over 
a linear portion of the curve, and (2) the grid must not 
go positive during any portion of its cycle, that is, no grid current 
can flow. The circuit as shown assumes a sinusoidal input volt-
age. This is not necessary but is the usual assumption in the 
analysis of circuits. 
The equivalent circuit for tetrodes and pentodes is the same as 

for a triode except that the appropriate values of it, g„„ and 7-5 
must be used. The same general restrictions apply. 
The polarity marks on the circuit of Fig. 4(a) are a-c polarity 

marks and indicate only that at a particular instant the voltage 
of E„ for example, is assumed to be positive in the direction in-
dicated, and that the other polarities at that instant are assumed 
to be as shown. It is important to note that the instantaneous 
polarity of E. and ,LE, must be opposite; that is, if the upper 
terminal of E. is positive, then the upper terminal of p.E, must 
be negative. Then the proper phase relations will be maintained. 
This is necessary because there is 180° phase shift through the 
tube in the circuit. 
A parallel-equivalent circuit is shown in Fig. 4(b). In this 

circuit the equivalent generator is a constant-current generator 
in parallel with the dynamic plate resistance. The series and 
parallel circuits are equivalent in all ways, and the one is used 
which makes the analysis of a particular circuit easiest. 

11.7. Voltage amplification. The most direct application of 
the circuit of Fig. 4(a) is in the calculation of a-c plate current 
and of the voltage amplification. The a-c plate current is the 
voltage of the equivalent generator divided by the total resistance 
of the circuit. That is 

µE, 
= rp RL [1] 
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The voltage across the resistor is 4 X RL, and its instantaneous 
a-c polarity is such that the bottom end of the resistor is positive. 
The voltage amplification or gain is the output voltage divided 
by the signal voltage, or 

Ay (voltage amplification or gain) 

I X RI, 

eiRt, 

Es(rp RL) rp -F RL 

The minus sign is introduced in the expression for gain since the 
output voltage is 180° out of phase with the input voltage. It 
represents the phase shift through the tube. The presence of this 
phase shift is of considerable importance as will be seen in some 

of the later sections. 
The same results as above may be obtained by use of the paral-

lel-equivalent circuit of Fig. 4(b). The total impedance of the 
resistors r„ and RL in parallel is 

R, — 

(E, = E., in this case) [2] 

rp X RL 

rp RL 

The constant current g,,,E, flowing through this total resistance 
produces a voltage equal to g„,E,R,, and this is the output voltage. 
The gain, then, is 

g,,,E,R, 
A„ =   

E. 

g,,,E, 1.1, X RE, 
X  

E. r +RL 

but g = g,,,rp and E, = E, in this circuit, so 

g„,rpRL eLRL  
A y — [3] 

rp -F RL rp RL 

which is the same result as was secured with the series-equivalent 

circuit. 
The equation for gain shows that the maximum voltage amplifi-

cation occurs when RL is much greater than r„, and that the max-
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imum value that the gain can attain is equal to the amplification 
factor of the tube. 
The normal gain realized in a triode circuit is perhaps 75 to 80 

per cent of the amplification factor. If the size of RL is increased 
while holding the size of the plate supply voltage Ebb constant, 
the amplification factor of the tube tends to decrease and the 
plate resistance increases so that the gain does not go up as 
rapidly as expected. If, on the other hand, the plate supply volt-
age is increased so that the d-c plate-cathode voltage of the tube 
is held constant so as to keep et and r, constant, a point is reached 
where the supply voltage has to be so high as to be impracti-
cal. 

11.8. Power output. The power output or power in the load 
resistance can be calculated as follows: 

then 
— (12Eg)2RL  

P  
RL)2 

The power output is maximum when the two resistances are equal, 
that is, when 

rp = RL 

Then the power 
2E2 g  

P = (rp = RL) 
4r 2 

This power, which is fed to the load resistance, must come from 
the plate supply battery because the tube itself generates no 
power—it merely acts as a valve to take small voltages at the in-
put and convert them to larger voltages and to a-c power in the 
load resistance. The power in the input circuit must come from 
the circuit to which it is attached.* The tube therefore releases 

*Even though the grid terminal is shown open-circuited in the equivalent 
circuit it does not actually have infinite resistance and therefore requires 
a small amount of power. The power required is very small as long as no 
grid current flows. 
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power from the batteries in a form which is a replica of the power 
utilized in the input circuit to which the tube is attached as long 
as the bias and signal voltages are properly chosen. The tube it-
self consumes power from the plate supply battery. This power 
heats the plate and is wasted. It is equal to Eb X I. Note that 
the power output is proportional to the square of the input volt-
age. Doubling the input voltage E, increases the power output 

four times but, since the d-c plate current is constant, does not 
increase the heat loss in the tube. Actually, the amount of power 
lost in the tube decreases as the signal is increased. This is dis-
cussed in Sect. 11.16. 

11.9. Power amplification. Because of the high grid re-

sistance (grid resistance would be infinite except for a very small 
current in the insulation between grid and cathode pins) the 
power amplification of the circuit in Fig. 1 is very high as long 
as no grid current flows. Often there is a high-valued resistor in 
parallel with the grid. Then the power in this resistor represents 
substantially all the grid input power, and the power amplifica-
tion is this a-c power divided into the a-c output power. 

11.10. Phase of E„ E„ and IT,. When the grid voltage in 
Fig. 1 increases in a positive direction, the plate current increases. 
When this happens a greater voltage drop occurs across the load 
resistance and less voltage appears from plate to cathode of the 
tube. Thus the plate voltage decreases when the grid voltage in-
creases in a positive direction. These two voltages, E„ and Ep, 
are 180° out of phase for a resistance load. 

If a sine wave which starts from zero and rises in a positive 
direction is applied to the grid of an amplifier with a resistive 
load, a sine wave of voltage which starts at zero and drops in a 
negative direction appears across the plate load. A negative grid 
pulse, on the contrary, produces a positive pulse in the plate cir-
cuit. These phase relations are shown in Fig. 5. 

Example 1. A tube is connected in a circuit as shown in Fig. 1 except 
that a 500,000-ohm resistor is connected in parallel with the cathode-grid 
circuit. The amplification factor of the tube is 8, and its dynamic plate resist-
ance r, is 1000 ohms. The plate load resistance RI, is 2000 ohms. If the grid-
signal voltage is 20 volts (rms), what is the a-c plate current, the a-c output 
voltage, voltage amplification, and power amplification/ 
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Plate 
circuit 
voltage 

Less o o 
negative 

Grid 
circuit 
voltage 

More 
negative 

Plate 
circuit 
current 

o 
ib= 4+ ip 

E b Ebb ea= E b+  ep 

Steady plate current 

 -A-C plate 
current 

Fio. 5. Phase of grid, plate, and load voltages. As e, becomes more nega-
tive, ep becomes less negative. The load voltage, er„ also differs from the 

grid voltage by 180°. 

Solution: 
isE 8 X 20 160 

ii, —  g — = 53.3 ma 
rp ± RL 1000 ± 2000 3000 

E0 = IpRL = 53.3 X 10-3 X 2000 = 106.6 volts 

Eo 106.6  
Voltage amplification = i; = = 5.33 

20 

Eg2 202 400  
Grid power — = 0.0008 watt 

500,000 500,000 500,000 

Output power = /p2 X EL = (53.3 X 10-3)2 X 2000 

= 5.7 watts 

Power amplification 
A-c output power 

A-c grid power 

5.7  
— 7120 times 

0.0008 
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Problem 1. A sinusoidal grid voltage of 5 volts (peak) is applied to a tube 
which has a load resistance of 10,000 ohms. The µ of the tube is 8; the plate 
resistance is 10,000 ohms. What are the peak and rms values of the a-c com-
ponent of plate current? What a-c power is developed in the load resistance? 
What is the rms output voltage? 
Problem 2. What is the voltage amplification in Prob. 1? What will be 

the voltage amplification and power output if the load resistance is changed 
to 50,000 ohms? 
Problem 3. A 6J5 tube is to be operated with Eb = 150 volts (Fig. 9, 

Chapter 10). Estimate the value of grid-bias voltage which will place the 
operating point in the middle of the linear range of the Ec-lb characteristic. 
Problem 4. A type 6SF5 high-mu triode has a plate resistance of 66,000 

ohms and an amplification factor of 100 under certain operating conditions. 
What will be the voltage amplification for a load resistance of 200,000 ohms? 
Problem 5. A 2A3 power triode has a plate resistance of 800 ohms and an 

amplification factor of 4.2 at the operating point Eb = 250 volts, Ec -= —45 
volts. Plot a curve of a-c power output against grid voltage as the rms grid 
voltage is varied from 0 to 30 volts in 5-volt steps. The load resistance is 
2200 ohms. 
Problem 6. What is the largest rms grid-signal voltage that can be applied 

to the tube in Prob. 5 without driving the grid positive? 
Problem 7. The power output of a tube when worked into a load resistance 

equal to the plate resistance of the tube is (er2/4rp) X Eg2. Dividing this 
expression by 42 gives i.42/4r„, which is a "figure of merit" that gives power 
output per (volt input)2. Make a table of such values for representative tubes 
used at the present time, getting the data from a tube manual. 
Problem 8. The 6C4 is a high-frequency power triode of the miniature 

type. When Eb = 250 volts and Ec -- — 8.5 volts, the d-c plate current is 
10.5 ma, the amplification factor is 17, and the plate resistance is 7700 ohms. 
A 25,000-ohm load resistor is to be used with the tube in an amplifier circuit. 
What must be the value of the d-c supply voltage Ebb if the tube is to operate 
under the given conditions? What is the grid-plate transconductance? 
Problem 9. A certain triode has an amplification factor of 20 and rg, 

of 6000 ohms. The plate load resistor is replaced by a 20-henry choke with 
a Q of 10 at 200 cycles. What will be the output voltage E. across this choke 

for a 200-cycle grid voltage E. of 2 volts? Non:. Eo = i„VEL2 -F xL2 and 
Ip = RL)2 XL2. 

11.11. Distortion due to curved characteristic. The wave-
form of the plate current and output voltage of an amplifier 
may be different from that of the grid-signal voltage because of 

operation on a non-linear portion of the characteristic curve. 
This kind of distortion is called non-linear or amplitude dis-
tortion and is caused by an incorrect grid bias, by a too large 
grid signal, or both. 
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Figure 6(a) shows a case in which the bias is too negative so 
that the plate current is cut off (reduced to zero) in a portion of 
the negative cycle. Even in the portion of negative cycle in 
which current flows, its waveform is rounded as a result of the 
curvature near the bottom of the E,—/b characteristic. If the 
signal voltage is reduced, the current can flow the entire cycle 
but there will still be some waveform distortion as a result of the 

No ip during 

this period 

(a) (b) 

FIG. 6. Wrong bias (a) produces output unlike the input voltage waveform. 
In (b) the bias is correct. 

curved characteristic. The correct value of bias voltage is shown 
in Fig. 6(b). Note that it is approximately half way between 
zero and the value for plate-current cut-off. Even in this case, 
distortion would occur if the value of the signal voltage was 
increased to such a value that the instantaneous grid voltage 
went more negative than the cut-off value. 
When a part of the wave is cut off as in Fig. 6(a), the instan-

taneous current rises more in the first half cycle than it drops 
in the second half cycle and the d-c or average value of the cur-
rent is increased. This represents an increase in the direct current 
taken from the plate supply battery, and a d-c meter in the 
plate circuit will show this increase. If the a-c signal voltage in 
Fig. 6(a) is zero, the d-c meter will indicate the value lb. As 
the signal voltage is increased it will be noted that the value of 
direct current increases. This is a sure sign of distortion. 
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Distortion of the waveform may occur if the bias is such that 
the grid voltage goes positive and grid current flows. The amount 
of distortion from this cause depends to a large extent upon the 
equivalent impedance of the source connected to the grid. If 
the impedance is low, this source can furnish the current required 
by the grid with little drop in voltage across the source impedance. 
However, if the source impedance is high, its voltage drops dur-
ing the interval the grid is taking current and the full voltage is 
not supplied to the grid. The appearance of the wave is much 
the same as that in Fig. 6(a) except that the flattened portion is 
on the top. 
The correct design and operation of an amplifier, then, require 

that a number of conditions be met. Not only must the grid 
bias be the proper value, but the signal voltage must not be so 
large that the grid is instantaneously driven into a curved portion 
of the characteristic or beyond cut-off. If the grid is driven posi-
tive the source of grid power must be able to furnish that power 
without a decrease in voltage. And for maximum freedom from 
distortion, the load resistor must be correctly related to the tube 
resistance r,. 

11.12. Voltage vs. power amplifiers. So far the terms 
"voltage amplifier" and "power amplifier" have been used with-
out definition. Actually there can be no hard and fast definition 
that will distinguish between the two classes of amplifiers. Both 
amplify the power that is used to drive the grid. Both usually 
also amplify the grid voltage. What, then, is the difference be-
tween a voltage and a power amplifier? 
A voltage amplifier is operated so that the maximum amplifica-

tion of voltage is achieved and with very little distortion. The 
plate load resistance is usually considerably higher than the plate 
resistance of the tube. The grid-signal voltage is normally quite 
small. A power amplifier, on the other hand, is operated to fur-
nish a large amount of output power. To do this the plate load 
resistance is comparable in value to the tube resistance, and the 
grid-signal voltage is high compared to that in a voltage amplifier. 
The grid of a power amplifier is often driven so that there is an 
appreciable amount of distortion. The amount of allowable 
distortion is determined by how much can be tolerated for a par-
ticular application. 
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A difference also exists between tubes designed primarily for 
voltage and for power amplification. A voltage-amplifier triode 
usually has an amplification factor of 15 or greater and a rela-
tively high plate resistance. The physical size of the anode is 
rather small since the tube does not have to dissipate much heat. 
A power-amplifier tube generally has an amplification factor 
below 10 and the plate resistance is rather low. The physical 
size of the anode is fairly large since the tube must dissipate 
considerable power as heat. 

11.13. Load lines. How much d-c plate current flows in an 
amplifier when a certain size load resistance is used? This ques-
tion would be easy to answer if the resistance (static, in this 
case) of the tube were constant. But the plate resistance depends 
upon the amount of plate voltage actually across the tube, even 
though the grid voltage is fixed. The amount of voltage across 
the tube cannot be determined until the plate current is known. 
Since the plate resistance and the voltage across the tube are 
unknown, and they depend upon each other, the plate current 
cannot be determined by methods already described. 
One possibility for finding the plate current and for determin-

ing the operation of the tube when an a-c voltage is applied to 
the tube would be to draw a dynamic set of characteristics for the 
particular load resistance. This would mean that each value of 
load resistance would require a separate set of characteristic 
curves. Such a scheme, although it would work, would require 
so many separate characteristics that it would be very unwieldy. 
A method based on the static characteristics would be much more 
useful. Such a method is the one using load lines. 

All that is required for the use of the load-line method is a 
family of Eb—/b curves. The value of the load resistance and 
the value of the plate supply voltage or the operating point must 
be known. The load line gives the division of voltage across the 
load and tube for all values of plate current produced by various 
grid voltages. There are several ways of plotting this load line, 
but the simplest is as follows. 
The total plate supply voltage is divided between that across 

the load resistance and that across the internal resistance of the 
tube. If the tube resistance is zero, then all the supply voltage 
Ebb appears across RL. On the other hand, if the RL is zero all the 
voltage appears across the tube. In the actual case part of the 
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voltage appears across each. The load line is a method of sub-
tracting, graphically, the voltage across the load resistor RL from 
the supply voltage Ebb to give the voltage across the tube. When 
the voltage across the tube is known, the plate current can be 
read from the characteristic curves. 
To construct a load line, start with a known value of voltage 

200 

150 

50 

2A3 
Et = 2.5 volts 

100 I 200 300 400 500 
Plate volts 

= 93-4 

55 volts 

1,_ ebrn«= 215 

Tib... = 103 
= 31 ma 

Ib — 72 

= 43 

Eb= 160 

FIG. 7. The straight line AC is the load line. The value of plate current 

for various values of grid voltage is found along this line. 

such as Ebb = 300 volts in Fig. 7. Assume a load resistance Rr, 
of 2000 ohms. Divide the supply voltage by the load resistance 
(E bb ± RL = 300 2000 = 150 >< 10-3 amp or 150 ma) to de-
termine the point A where the load line crosses the /b-axis.* 
Then draw a straight line from Ebb to point A. Since this load 

line is specifically for a 2000-ohm load, the point of operation in 
this particular case must be somewhere along this line. If the 
bias voltage is fixed at — 20 volts, the operation must also be 
on this bias line and the intersection of the bias and load lines 

* This gives the current that would flow if the tube were shorted and 

R„ were the only resistance in the circuit. 
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is the operating point P. The plate current Ib is seen to be 72 ma. 
Suppose that a 20-volt (peak) signal is applied to the grid. 

When the a-c grid voltage is at the positive peak of its cycle, the 
total grid voltage is zero (point B) and the plate current can be 
read from the graph. Likewise, when the grid voltage is at its 
negative peak, the total voltage is — 40 volts and the correspond-
ing plate current can also be read from the graph at point C. 
Values of plate current for any time on the grid-voltage cycle 
can be determined in a similar manner. The values of both plate 
current and plate voltage can be traced out for the entire cycle 
as shown in Fig. 7. 

Suppose, however, that instead of the plate supply voltage Ebb 
being known, the d-c plate voltage Eb and bias voltage E„ are 
specified. The construction of the load lines proceeds in much 
the same manner as before. A convenient value of Ebb, preferably 
one that is easily divisible by RL, is assumed and a temporary 
load line drawn as before. The point where Eb and Ib intersect 
is marked and a line parallel to the temporary load line is drawn 
through this point. The proceduce for determining the plate 
current for various values of alternating grid voltage is then the 
same as before. 
The slope of a load line does not depend upon the choice of 

Ebb, Eb, or E„. It is determined solely by the load resistance and 
the characteristic curves of the tube. The placement of the load 
line, however, is determined by the choice of operating conditions. 
This means that the slope of the load line may be determined 
and a temporary load line drawn. The actual load line may 
then be drawn so that it goes through the chosen operating point. 
The load lines discussed above are d-c load lines. When the 

plate circuit contains a load with an a-c impedance which is not 
equal to the d-c impedance, another load line, called the a-c load 
line, must be drawn. Such load lines will be discussed in con-
nection with transformer-coupled amplifiers. 

11.14. Power and gain calculations from load lines. The 
method for calculating output power by the use of load lines 
can be illustrated by reference to Fig. 7. The total plate current 
ib is shown and has a maximum value of 103 ma and a minimum 
value of 43 ma. The difference, 103 — 43 = 60 ma, is the peak-
to-peak value, and the maximum or "single peak" value is 30 
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ma.* The plate voltage eb has a maximum value of 215 volts 
and a minimum value of 93 volts, a peak-to-peak value of 122 
volts, and a peak value of 61 volts. The power output can be 
calculated from 

P = — eb„„.) X (ib.. — ibr„,)] 

In this case 

P = *[(215 — 93)(0.103 — 0.043)] 

= * X 122 X 0.060 = 0.916 watt 

The voltage amplification can also be calculated from the load 
line. The formula is 

— (ebmax — ebmin) 
2egnux 

In Fig. 7 the amplification is 

215 — 93 122 
At, = — 3.05 

2 X 20 40 

11.15. Distortion calculations. The distortion caused by 
non-linear tube characteristics is called non-linear or amplitude 
distortion. It has also been called harmonic distortion. The 
effect of this kind of distortion is to produce new frequency com-
ponents in the output voltage that were not in the grid-signal 
voltage. These new frequencies are harmonically related. That 
is, they are always some multiple of the frequency of the grid 
signal. If the signal frequency is 1000 cycles, the second har-
monic •[. is 2000 cycles, the third is 3000 cycles, etc. In a triode 
only the second harmonic is important. All higher harmonics 
are usually so small as to be negligible. 
The production of new frequencies as described above is a 

real thing. These harmonic frequency components of voltage 

* Half of the peak-to-peak value is used rather than the value shown as 
in the diagram. This method eliminates most of the error in calculation 

due to distortion of the waveform. 
t The term "first harmonic" is not used. It is the basic frequency of the 

wave, the grid signal in this example, and is called the fundamental 
frequency. 
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(or current) can be separated with appropriate apparatus and 
their values measured. Distortion is purposefully introduced 
in some circuits to produce an output rich in harmonics, but 
harmonics are undesirable in the usual amplifier. 
The second harmonic in a triode may be calculated from 

(ibmax bmin) — I b Second harmonic — X 100% 
— ibmin) 

From Fig. 7, the second harmonic distortion is found to be 

1(103 + 43) — 72 
% second = X 100 

103 — 43 

(1 X 146) — 72 73 — 72 
 X 100 = X 100 

60 60 

=- 18-V = 1.67% 

This means that, for every signal put on the grid having a peak 
value of 20 volts, there will be in the output a second harmonic 
of this input signal frequency equal to 1.67 per cent of the value 
of the fundamental. Since it is generally considered that 5 per 
cent distortion is acceptable to the average listener, the distortion 
calculated above is well within good design limits. It would, of 
course, be larger if the grid were driven harder. 

In calculations during the design of an amplifier it is often 
found that the first calculation gives too high a value of distor-
tion. Possible methods of decreasing the distortion are to reduce 
the value of the grid-signal voltage, to increase the plate voltage, 
to increase the plate load resistance, to change the bias voltage, 
or to use combinations of these possibilities. 

In view of the foregoing discussion it is apparent that any 
amplifier designed to give an appreciable power output will have 
some distortion. The problem then arises: How can maximum 
power be obtained and distortion still be kept within prescribed 
limits? The condition for maximum power output (RL = r„) is 
not the solution, since this value of load resistance almost always 
gives more distortion than can be tolerated. Both power output 
and second harmonic distortion usually decrease as the load re-
sistance is made larger, other operating conditions being held 
the same. Fortunately, the distortion generally decreases more 
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rapidly than the power output, and so an amplifier with reason-
ably low distortion can be designed by increasing the load re-
sistance to perhaps two or three times the tube resistance. 
Most power amplifiers utilize a transformer rather than a re-

sistor in the plate circuit. Curves of power output and second 
harmonic distortion plotted against effective load resistance are 
shown in a later section on transformer-coupled amplifiers. 

11.16. Power diagrams. A power diagram of a tube with 
a resistance load will serve as a good review of some of the 
material already discussed and will introduce some new ideas. 
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FIG. 8. Power diagram of an amplifier with a resistance load of 2000 ohms. 

Consider the Eb—ib curves in Fig. 8, which is a typical family 
of triode curves although it does not represent any particular 
tube now available. The diagram was drawn under the assump-
tion that at the operating point P the plate voltage Eb was 160 
volts when the plate current lb was 45 ma, and that the load 
resistance RL was 2000 ohms. The load line is drawn through 
the operating point and is found to cross the Eb-axis at 250 volts. 
This is the value of the plate supply voltage Ebb which must be 
furnished. The grid-bias voltage E„, from the curve, is — 20 
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volts. A sinusoidal grid signal of 20 volts (peak) is assumed. 
Then the instantaneous grid voltage varies between 0 and — 40 
volts, and the corresponding plate currents are 69 and 21 ma. 
With no a-c grid voltage (zero input) the voltage across the tube 
is 160 volts, that across the load is 90 volts, and the plate current 
is 45 ma. 
The d-c power lost in the load is the product of the voltage 

across the load resistance and the current through it. The d-c 
power lost in the tube, which must be dissipated by the plate of 
the tube, is the product of the voltage across the tube and the 
current flowing. Thus, 

D-e power in load = ER X Ib = Area CPED = CD X CP 

D-c power in tube = El, X lb = Area OFPC = OC X OF 

and the total power supplied by the battery must be the sum 
of these powers, that is, 

Total power from B battery = Ebb X lb 

= Area OFED = OD X OF 

When a 20-volt (peak) grid signal is applied to the tube, the 
peak value of the alternating current through the load is given 
by the line AP, and the peak value of the a-c voltage across the 
load is given by the line AB. Then 

e0maX = Peak a-c voltage across load = AB 

ipmax = Peak a-c current through load = AP 

Since the a-c power in a resistance circuit is the product of the 
rms current and voltage, the rms values of the a-c load voltage 
and current must be determined. They are 

and / =  
N/-2- P N72 

From these values the a-c power to the load may be obtained as 

eomax x  i ax Power output = E. X / = Pmax eom X iPmax 

P  2 

AB X AP 
 — Area of triangle APB 

2 
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This power is dissipated in the load in addition to the d-c 
power lost there, and the total power is the sum of the two com-
ponents. The average current taken from the battery has not 
changed—and yet the load has an additional amount of power 
used up in it. Where does this power come from? Clearly it 
must come from the power dissipated by the plate of the tube. 
When an a-c voltage is placed on the grid, then a-c power is 
developed in the load, less power is dissipated as heat at the tube 
plate, and the tube will actually run cooler when it is delivering 
a-c power to the load than when standing idle, that is, with no 
a-c input grid voltage. This statement applies to a Class A 
amplifier (the type under discussion) with no distortion. It is 
not true for most other types of amplifiers. 
The values of power can be determined from the graph in Fig. 

8. They are 

D-c power lost in load (no a-c grid voltage) 
= CD X CP = 90 X 45 X 10-3 = 4.05 watts 

D-c power lost in tube (no a-c grid voltage) 
= OC X OF = 160 X 45 X 10-3 = 7.2 watts 

D-c power from B battery 
= OD X OF = 250 X 45 X 10 = 11.25 watts 

Maximum a-c voltage across load (maximum a-c grid voltage = 
20 volts) 

= AB = 208 — 160 =- 48 volts 
Maximum a-c current through load (maximum a-c grid voltage = 

20 volts) 
= AP = 45 — 21 = 24 ma 

A-c power in load (maximum a-c grid voltage = 20 volts) 
= iAB X AP = 48 X 24 X 10-3 = 0.576 watt 

Net power lost in tube (maximum a-e grid voltage = 20 volts) 
= 7.2 — 0.576 = 6.62 watts 

The formula for the power output of a tube is 

ii2Eg2RL 
Power output —   

(rp RL)2 

The above calculations can be checked by finding the value of a 
and r„ from the curves in Fig. 8. The plate resistance is the 
reciprocal of the slope of the Eb—/b line about the operating point, 
or the slope of the line GH. This is 
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(180 — 140) 40 
r, = Slope of line GH = =  

(59 — 31) X 10" 28 X 10' 

= 1430 ohms 

The amplification factor ,u = — AEb/ AEc at a constant value of 
lb. Taking these increments along the line FE from the inter-
sections with the 0 and — 40 grid voltage lines, and reading the 
corresponding values of plate voltage, there results 

AEb (242 — 78) 164 
= — — (It, constant) =  — — 4.1 
AE, (-40 — 0) 40 

Then the power output can be calculated as 

(4.1)2 X (20 X 0.707)2 X 2000 
Power output =  

(1430 -I- 2000)2 

= 0.572 watt 

This value agrees very closely with the value obtained above. 
More difference than this can normally be expected when values 
of voltage and current are read from graphs. 
From a set of the Eb—/b curves the data may be obtained from 

which to design an amplifier and to calculate its power output, 

the losses in the various tubes, the percentage distortion, etc. 
The only other information about the tubes that is needed is their 
filament voltage and their maximum plate voltage, current, and 
plate dissipation ratings. This information is usually given in 

tube manuals or in data sheets supplied by tube manufacturers. 

Problem 10. On a set of 2A3 characteristics show a 3000-ohm load line 
and the operating point P for the following operating conditions: 

(a) Ebb = 250 volts, E, = —20 volts. 
(b) Eb = 200 volts, /b = 50 ma. 
(C) Eb = 250 volts, Ec = —40 volts. 

Problem 11. A 2A3 power triode (Fig. 7) is operated under the following 

conditions: Ebb = 300 volts, E cc = Ec = —40 volts, RL = 1500 ohms, egm. = 
30 volts. Construct the load line and calculate the power output, second 
harmonic distortion, and rms value of the output voltage. 
Problem 12. A 6J5 triode (Fig. 10, Chapter 10) is operated at a plate 

supply voltage (Ebb) of 300 volts and a grid-bias voltage of —8 volts. The 

plate load resistor is 30,000 ohms. Compute the power output and second 
harmonic distortion if the a-c grid signal has a maximum value of 8 volts. 
Use graphical methods. 
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Problem 13. What is the rms value of the a-c component of plate current 
in Prob. 12? the rms value of the output voltage? the voltage amplification? 

11.17. Screen-grid tubes. The grid and plate of a triode 
are two metallic conductors, more or less parallel to each other, 
and insulated from each other. In addition to their normal func-
tions in the tube, already discussed, they also possess a capaci-
tance. The total grid-plate capacitance is made up of the capaci-
tances between the grid and plate themselves, between the con-
necting wires, and between the tube prongs. For most triodes 
this total capacitance ranges from 3 to 15 iced. At audio fre-
quencies, the reactance of this capacitance is so high that its 
effect can usually be neglected, but at higher frequencies the 
reactance becomes low enough that it may seriously affect the 
operation of the tube in a circuit. Alternating current will flow 
from a point of high a-c potential (plate) to a point of low po-
tential (grid). The voltage produced by this current will add 
to or subtract from the grid voltage, depending upon the phase 
of the voltage; thus there will be "feedback" from output to 

input. 
If the amplification of the tube and its circuit is 10, and if one-

tenth of the output voltage is fed back to the grid, as much volt-
age is impressed on the grid from the output as was impressed by 
the grid driving circuit. This additional voltage is amplified in 
the tube, along with the externally applied voltage, and one-tenth 
of the new value of output voltage is again returned to the grid. 
Soon the amplifier will break into uncontrolled oscillation and the 
tube becomes worthless as an amplifier. The grid loses control 
so far as amplifying and reproducing the original signal are 
concerned.* 

If, now, another grid is placed between the control grid and the 
plate and maintained at zero a-c potential by connecting a large 
condenser between it and ground as in Fig. 9, the capacitance be-
tween grid and plate is reduced materially. The feedback from 
plate circuit to grid circuit is reduced, and much greater amplifi-
cation without instability is possible. The added grid, called the 

*Special "neutralizing" circuits can be used to prevent triodes from break-
ing into oscillation even at high frequencies. These circuits are too complex 
and expensive to use in most radio receivers. They are used in transmitters 
and are discussed in Chapter 17. 
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screen grid, is maintained at a positive d-c potential and so tends 
to neutralize the space charge and accelerate the electrons. 
Some of the electrons in a screen-grid tube strike the screen 

and form a screen current, but the greater proportion get through 
the mesh of this grid and go on to the plate. Since the screen cur-
rent subtracts from the total possible plate current, the efficiency 
is impaired, but by proper design the effect of the control grid on 

the plate current is as great as if the screen 

G I were not present. 
Not only does the screen protect the con-

trol grid from serious reaction from the out-
put circuit but it produces a change in the 
tube characteristics as compared to those of 
a triode. Since the plate is shielded from the 
grid, it follows that it is shielded to some 
extent from the cathode. Plate voltage, 
therefore, is not so effective in controlling 
plate current as it is in a triode. On the 
other hand, the effect of the control grid is 
not impaired (except by those few electrons 
which are lost on the way to the plate). The 

ratio of the effectiveness of the grid voltage to plate voltage 
in controlling plate current is increased, and the amplification 
factor is increased several-fold. The amplification factor of 
screen-grid tubes ranges up to 400 or 500. The voltage gain 
usually obtainable from screen-grid tubes is about one-fourth of 
the amplification factor. 

Since the plate resistance of the tube is the ratio of a change in 
plate voltage to the corresponding change in plate current, it fol-
lows that the plate resistance may become very large since large 
changes in plate voltage produce only small changes in plate 
current. 
The screen-grid tube (tetrode), therefore, has high r„ (up to 

about 1 megohm), high and average gm. 
In a normal amplifier application (Fig. 10) the screen is con-

nected to a positive potential, usually somewhat lower than the 
d-c plate potential, and the a-c components of current in the 

screen circuit are by-passed to the cathode by a condenser con-
nected close to the screen terminal. This by-pass condenser 
must be large enough so that its reactance is low at all frequen-
cies of interest. 

Fia. 9. A grounded 
shield between plate 
and grid reduces a-c 
current flow from 

plate to grid. 
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The plate characteristics of a typical screen-grid tube are 
shown in Fig. 11. For plate voltages higher than the screen volt-
age (90 volts in the diagram) a tetrode has rather flat curves. 

Screen grid-.... 

o 
eg 

1 I I  11111 
E„ Ebb 

Fm. 10. Screen grid has a positive d-c potential with respect to cathode 
and is by-passed to cathode to provide low-impedance path for alternating 

currents. 

The portion of the curves for plate voltages lower than the screen 
voltage is very irregular. Over a part of this portion of the curves 
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Fro. 11. Characteristic curves of typical screen-grid tube. 

the current actually decreases as the plate voltage increases. 
How does this happen? 

The screen in Fig. 11 is at 90 volts potential. An electron leav-
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ing the cathode is attracted by the screen. Since the mesh of the 
screen is rather coarse the electron most likely will miss the 
screen and go on to the plate. If the plate voltage is around 10 
volts or so, the velocity of the electron as it strikes the plate may 
be enough to knock out another electron. This secondary electron 
has little energy or velocity and is attracted to the screen which, 
at the moment, is the most positive tube element. Under certain 
conditions the oncoming electron may knock off two or three 
secondary electrons. It is this phenomenon of secondary emis-
sion that results in the irregular curves and the dip of plate cur-
rent in Fig. 11.* 

If the plate voltage is raised higher than the screen voltage, the 
secondary electrons will be attracted back to the plate. This ac-
counts for the leveling off of the curves for plate voltages above 
90 volts. 
The use of tetrodes is almost entirely limited to voltage amplifi-

cation in which the grid signal is small. Large signals cause the 
plate-current excursions to include a part of the irregular portion 
of the curves and give unsatisfactory and unstable operation. 
Even for voltage amplification, the tetrode has been largely re-
placed by the pentode. 

11.18. Pentode tubes. The secondary emission effects in a 
tetrode seriously limit its usefulness, yet its low grid-plate capaci-
tance and its high amplification factor are distinct advantages in 
many applications. The question, then, is, How can the advan-
tages be maintained, and the disadvantages eliminated? An 
answer to the question is found by inserting an additional widely 
spaced grid between the screen grid and the plate. This third 
grid is connected directly to the cathode and so is at a negative 
potential with respect to the plate. Now an electron may strike 
the plate and cause secondary electrons to be ejected, but these 
electrons are attracted back to the plate rather than to the screen 
grid. The third grid, because of its negative potential with re-
spect to the plate, suppresses the effects of secondary emission 
and is called a suppressor grid. Compare the characteristics of 
the tetrode in Fig. 11 and the pentode in Fig. 12. Note that the 

*Secondary electrons may be knocked off the plate of a triode, also, but 
they are attracted back to the plate since there is no other positive elec-
trode, except in special circuits in which the control grid is driven highly 
positive. 
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curves for the pentode do not have the very irregular shapes 
found in the tetrode. 
Pentodes are used both as voltage and as power amplifiers. A 

power pentode such as the 6F6 produces considerable power out-
put with low grid excitation voltage; voltage amplifiers like the 
6J7 produce high-voltage amplification compared to that of 
triodes. 
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Fla. 12. Characteristics of a typical pentode tube used for voltage amplifi-
cation. 

11.19. Variable-mu tubes. Early receivers utilizing screen-
grid tubes suffered from many troubles. Among others was the 
production of cross modulation (cross talk) by strong undesired 
signals. These tubes had such a short range of grid voltage over 
which they could work that a strong signal would force the grid 
voltage to the point where the alternating plate current would 
be cut off during a part of the cycle. This resulted in severe dis-
tortion, evidenced by blurbs or gasps of undesired modulation 
crashing through the desired program, or by hum entering from 
the power supply. 
Late in 1930 a new screen-grid tube made its appearance and 

became quite important the following year. This was the 
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variable-mu or super-control tube. It had a very long, fairly 
linear characteristic at the bottom of the Ec—It, curve. Strong 
negative voltages on the grid did not force the plate current to 
zero, and cross modulation was largely prevented. A comparison 
of super-control and regular characteristics is shown in Fig. 13, 

and the characteristics of a typical 
super-control tube are shown in 

Super- control tube Fig. 14. 
Screen- grid tube Because of the very long even 

characteristic, the uper-control 
tube is nicely adapted for auto-
matic volume control, for i-f and 
r-f amplifiers, and for recording 
signal strength or loud-speaker 
output, or other measurements, 

Negative grid volts o where large ranges of current, volt-
age, etc., are to be measured. 

FIG. 13. Difference between In this tube the grid is wound, 
variable-mu (super- control) 

not regularly or evenly along the tube and sharp cut-off tube. 
The former has a "remote" length of the winding space, but 

cut-off. with a wide spacing at one por-
tion and close spacing at another. 

The E,—/b characteristic may be controlled in manufacture by 
varying the pitch of the winding or the manner in which the 
wide and close spacing is put on the grid-wire supports. 
The super-control tube is also known as a remote cut-off tube. 
11.20. Beam power tubes. Although the pentode is an ad-

vancement over the screen-grid tetrode, there is need for improve-
ment. At the lower plate voltages there is still enough curvature 
to the characteristic to produce distortion unless the tube is 
seriously limited in its voltage or power output. It would be an 
advantage to straighten out the Eb—Ib curves. This is done in 
the beam power tubes in a most ingenious way. 
Instead of placing an actual gridlike electrode within the tube 

structure, electrons are forced to travel in prescribed paths and 
with such density that a "virtual" low-voltage electron-repelling 
screen (the suppressor) is in the desired region. The mechanical 
details are shown in Fig. 15. The screen, therefore, which repels 
secondary electrons back to the plate does not exist in the form of 
wires, but rather in the form of a collection of other electrons. 
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The second grid, corresponding to the screen grid in a tetrode, is 
spiral-wound like the control grid, and each turn is shaded from 
the cathode by a turn of the control grid. For this reason not 
many electrons hit the screen and little screen current flows. 
The plate characteristics of a 6L6 beam power tube are shown 
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Fin 14. Characteristics of a variable-mu or super-control tube. 
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in Fig. 16. The curves are flatter, and the "knee" occurs at a 
lower voltage than is the case for a comparable power pentode. 
The tube is very efficient since so little loss of current occurs in 
the screen circuit, and it has a very high sensitivity, which means 
that a large amount of power is delivered for a small input grid 
voltage. 

11.21. Grid nomenclature. When tubes have several grids, 
it is customary to speak of the grids according to their position 
from the cathode. Thus the grid nearest the cathode is the No. 1 
grid, the next grid is called the No. 2 grid, and so on. Grid volt-
ages are labeled accordingly, E ei being the bias on the grid near-
est the cathode. 
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FIG. 15. Construction of beam power tube, showing beam effect on elec-
tron flow. ( RCA) 
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Flo. 16. Plate voltage-plate current curves of beam power tube. 
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11.22. Power output for pentode and beam power tubes. 
The general procedure for obtaining power output and distortion 
of pentodes and beam power tubes is much the same as for triodes. 
The calculations are made from the Eb—/b family. In Fig. 17, 

E 
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_x A 

Control-grid volts 

io, 
ip 

inn 
— —  -1--

Emin E0 

Plate volts 

Vis the control- grid- bias voltage at the operating point 

FIG. 17. Method of determining correct load for a pentode power tube. 

0.293V 

A3 

4 C1 =  1.707V 

E, = 2 V 
A2 

from a point A just above the knee of the zero-bias curve draw 
arbitrarily selected load lines to the zero-plate-current axis. 
These lines should be on both sides of the operating point P, 
whose position is located by the desired operating plate voltage 
E0 (also Eb), and one-half the maximum signal plate current. 
Along any load line AA1 measure the distance A01. Along this 
load line lay off line 01A1 equal in length to A01. 
For best operation the change in bias from A to 01 and that 

from 01 to A1 should be nearly equal. If they are not, select 
some other load line arbitrarily, until one is found which makes 
the equal-bias change a fact. The load resistance for the tube 
may then be found by 

RL = Load resistance — 
Emax — Emin 

'max 
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This value of load resistance may be substituted in the follow-
ing formula and the power output obtained: 

['max — 1.41(/x — ly)J2RL  
P = Power output = 

32 

In these formulas, I is in amperes, R is in ohms, E is in volts, and 
P is in watts. 

11.23. Distortion calculations for pentodes and beam 
power tubes. The following formulas are useful for calculating 
distortion from tubes of the pentode and beam power output 
types: 

Second harmonic distortion 

— /min — 2/0 
 X 100% 
/,„„„ — 1.41(/. — /y) 

Third harmonic distortion 

/„,„, — — 1.41(/x — 

'max — /min ± 1.41(.1x — I y) 

11.24. Gain from high-mu tubes. One of the expressions 
for gain given in Sect. 11.7 was 

A„ —   
E. 

= (E, = E.) 

where Rt is the value of the load resistance and dynamic plate re-
sistance in parallel, or 

= 
rp 

In a high-mu tube such as a pentode or tetrode the plate resist-
ance r„ is usually much larger than any practicable value of load 
resistance RL. For this condition the value of Rt is equal (nearly) 
to RL. A good expression for gain of a pentode or tetrode then is 

A „ (rp much greater than RL) 

This final result shows that gain may be increased either by 
making the effective load resistance larger or by using a tube 

ry X RL 

X 100% 
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with a higher gm. Special tubes have been developed and are 
widely used in television, where the value of the load resistance 
must be small, often as low as a few thousands of ohms, to secure 
adequate band width. These special tubes feature high trans-
conductances. For example, the 6AC7/1852 has a transcon-
ductance of 9000 micromhos. 

11.25. Multi-unit tubes. Often more than one tube is 
mounted in a single glass or metal envelope. These are called 
multi-unit tubes. In some such tubes the individual units are 
entirely distinct with separate cathodes and with shields to pre-
vent electrons from one unit straying to the other; other tubes 
share the cathode; and in still other tubes, extra grids are added 
to exercise additional control functions, as in converter tubes. 

In the 6SA7, for example, there are seven electrodes. This tube 
is employed as a converter tube in a superheterodyne circuit. It 
mixes signals coming from the antenna with signals generated 
in an oscillator within the tube. These two signals are at different 
frequencies, and in the output of the tube occur signals of still an-
other frequency. For descriptions of these tubes and circuits see 
sections on superheterodyne receivers. 

11.26. Metal tubes. The tube elements may be mounted 
within a glass or metallic envelope. Modern receivers use both 
types. The metal-envelope tubes are smaller and better shielded 
than those in glass envelopes. 

Several kinds of bases and sockets are utilized, but, since the 
tube operations are not controlled by the kind of base, this mat-
ter will not be discussed here. 

11.27. Miniature tubes. In recent years many tubes have 
been made in the miniature type. These tubes are smaller than 
conventional tubes. There is no separate base; the pins are 
sealed through the bottom of the tube envelope. Miniature tubes 
permit the design of smaller equipment. Their characteristics 
are much the same as those of larger tubes of the same types, 
and the upper frequency limit of operation is higher. Their 
power rating is relatively low. 

11.28. Cathode-heater connections. In heater-type tubes, 
it is common practice to connect the cathode to the center tap 
of a transformer winding supplying heater voltage or to the cen-
ter of a 50-ohm resistor across this winding as shown in Fig. 18. 
It is sometimes desirable to have the heater somewhat positive 
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with respect to the cathode to prevent any electrons from flow-
ing from heater to cathode and thereby producing a-c hum. This 
voltage is of the order of 10 volts. In general, however, it is de-
sirable to have no high potential between cathode and heater. 
Since the electrical insulation between heater and cathode will 
withstand only relatively small voltages, the manufacturer often 
sets an upper limit on the voltage which should exist between 
these elements. 

110 v 

FIG. 18. Cathode of heater-type tubes is connected to filament circuit in 
two ways as shown. This minimizes hum. 

The importance of the proper cathode-heater connection is il-
lustrated in Fig. 19. This is a typical cathode-keying circuit 
often used in amateur radio transmitters. The plate current is 
interrupted by the key to form dots and dashes. When the key 
is open, no plate current flows and the output of the tube is re-
duced to zero. At the same time the cathode assumes the po-
tential of the plate supply battery; that is, it is Ebb volts above 
ground. When the key is closed the cathode is at ground poten-
tial. If the center tap of the heater winding of the filament trans-
former (or one side of the winding if a center tap is not provided) 
is connected above the key at point A, the d-c potentials of the 
heater and cathode go up and down together as the key is opened 
and closed, and there is no potential difference between them. 
However, if the heater connection is made directly to ground, 
the potential difference between heater and cathode can rise to 
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Ebb volts and may easily destroy the insulation between the 
heater and cathode. 

11.29. Tube operation. Tube filaments or heaters may be 
operated from batteries or from d-e or a-c lines. The heater-type 
tube may be operated on alternating or on direct current with 
little danger of hum appearing in the output. Filament-type 
tubes cannot be operated on alternating current except in the 

Grid 
circuit 

A 
Heater 
winding 

Key 

FIG. 19. The heater and cathode are connected at A so that the least 
possible potential difference exists between them as the key is opened and 

closed. 

final output stage, since otherwise hum produced in the filament 
will be amplified by succeeding stages and cause noise in the 
output. 

If several tubes are to be operated in a circuit, the electron-
emitting filaments or the heaters may be wired in series or in 
parallel. If the source of filament power is of low voltage, such 
as a battery or a step-down transformer, the filaments are wired 
in parallel. Each tube gets the same voltage, and the current re-
quired from the source is the sum of the currents taken by the 
individual tubes. If the source of filament power is of high volt-
age, a house-lighting circuit for example, the tubes are frequently 
wired in series. Each tube, then, gets the same current, and the 
total voltage required to heat the filaments properly is the sum 
of the voltages appearing across each tube. 
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Filament voltages vary from 1.4 to 117 volts. The 1.4-volt 
tubes are designed to operate directly from a dry cell; the 2-volt 
tubes operate directly from a single storage cell; the 6.3-volt 
tubes may be operated directly across a 6-volt storage battery. 
If these tubes are to operate from higher voltage sources, means 
must be provided to limit the flow of current through the fila-
ments. Thus, if a 1.4-volt tube is to be operated from a 2-volt 
battery, a series resistance must be provided. If several tubes 
are to be operated with their filaments in series across a line whose 
voltage is greater than the sum of the tube voltages required, a 
voltage-dropping resistor must be employed. 
The required resistance may be calculated from the formula: 

Supply volts — Voltage required by tubes 
Required resistance =   

Current required by the tubes 

• If one 6SA7, one 6SK7, one 6B8, one 25A6, and one 25Z6 are 
to be operated in series across a 117-volt line, the resistance 
equals ( 117 — 68.9) 0.3, or 160 ohms. 
Tubes must be selected that require the same filament cur-

rent if they are to be connected in series. Otherwise, the tubes 
requiring the lowest current must be shunted by a resistor of the 
proper size to prevent the tube filament from burning out. 

11.30. Grid-bias arrangements. A tube operated from bat-
teries may get its grid bias from a C battery. Batteries, however, 
are inconvenient, and their use is avoided except where they are 
the only practical source of power. 
One of the simplest ways of placing a steady negative voltage 

on the grid is by means of a resistor through which the cathode 
current of the tube flows. This is called cathode or self-bias. 
Such a circuit is shown in Fig. 20(a). The d-c component of plate 
current flows down through Rk (the electron flow is upward), and 
a d-c voltage is produced across Rk. The bottom end of Rk is 
negative in respect to the top end. The grid bias is the d-c volt-
age from cathode to grid, and, in this circuit, this d-c voltage is 
negative. The value of Rk is such that the d-c cathode current 
produces a voltage drop across this resistor which is of the proper 
value for biasing the tube. 

In a triode the cathode and plate currents are the same; in a 
tetrode, pentode, or beam power tube the cathode current is the 
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sum of the d-c plate and screen currents. The condenser Ck by-
passes alternating components of the plate current around the 
resistor and prevents these currents from producing a-c voltages 

Input Output 

(b) Bias Is Developed across 
Filament Voltage-dropping Re-

sistor. 

Fia. 20. Methods of biasing the grid negative. 

which would be fed back to the grid circuit. The reactance of 
the condenser (X, = 1/274Ck) at the lowest frequency to be 
amplified should be one-tenth or less of the value of R. 

Example 2. Suppose that a tube has a d-c plate current of 4 ma when 
the supply voltage is 250 volts and the plate load resistor is 25,000 ohms. 
What value of bias resistor is required if the tube bias is to be —2 volts? 
Solution: The value of R k is simply the bias voltage divided by the d-c 

plate current, or 
2 

Rk   - 500 ohms 
4 X 10-3 

The d-c plate current will actually be slightly smaller after the bias resistor 
is inserted, and the bias voltage will be somewhat smaller than required. 
However, if the value of the cathode resistor is small compared with the 
value of the plate load resistor this difference is not serious. 

Sometimes the voltage across the voltage-dropping resistor re-
quired in the filament circuit of a directly heated tube can be 
utilized for bias voltage. This arrangement is illustrated in 
Fig. 20 (b). 

In the case of series filaments, operated from a d-c source, ad-
vantage may be taken of the voltage drop across tube filaments 
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to bias one or more grids. Thus, in Fig. 21 the filaments are 
wired in series. The same current flows through each filament, 
and the total voltage required is the sum of the individual tube 
filament voltages, plus the voltage drop across the 10-ohm re-
sistors. If each tube requires, for example, 250 ma at 5 volts, 
then the total voltage across the tube filaments is 5 X 5 or 25 
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Fla. 21. Typical series-filament circuit in which voltage drops across fila-
ments or series resistors are used as C bias. 

volts. To this must be added the voltage drop across the re-
sistors in the grid circuits of the first two tubes. These voltages 

are each 2.5 volts and the total is 5 volts. Then the total re-
quired voltage is 30 volts. 
The drops across the filaments themselves may also be utilized 

for biasing some of the tubes. For example, the final power out-
put tube requires a bias voltage of — 10 volts. This is obtained 
by attaching its grid to the negative side of the filament of the 
third tube. The voltage drop across the filaments of the third 
and fourth tubes is 10 volts, and so the grid of the final tube is 
—10 volts negative with respect to the negative side of its own 
filament. A positive bias of 5 volts for tube 3 is obtained by re-
turning its grid to the positive side of its own filament. Tube 4 
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receives a bias of —5 volts from the negative side of the filament 

of tube 3. 

Problem 14. A 6J7 pentode has a plate resistance of 1 megohm and a 
grid-plate transconductance of 1185 micromhos when Eb = E = 100 volts 
and Ec, = —3 volts. The load resistor is 250,000 ohms. Compute the gain, 
(a) neglecting the effect of the plate resistance, and (b) taking into account 
the effect that the plate resistance has on the gain. Repeat for a load resist-

ance of 100,000 ohms. 
Problem 15. A 6V6 beam power tube has a plate current of 29 ma and a 

screen current of 3 ma when the plate and screen voltages are both 180 volts. 
If the tube is to be operated with —8.5 volts bias from a cathode biasing net-
work, what must be the size of the cathode resistor Rk? What must be the 
minimum value of the cathode condenser Ck if the lowest frequency to be 

amplified is 100 cycles? 
Problem 16. The filaments of the following tubes are connected in series: 

25Z6, 25L6, 6SQ7, two 6SK7's, and 6BA7. What must be the value of the 
voltage-dropping resistance if this string of tubes is to be operated from a 
117-volt line? What must be the minimum power rating of the resistor? 
Problem 17. A 6.3-volt tube requiring 0.15 amp filament current is con-

nected in series with a group of tubes which require 0.3 amp. What should 
be the size of the resistor shunted across the 0.15-amp tube so that its filament 
current will be the proper value? 
Problem 18. Using data from tube manuals and manufacturers' data 

sheets, list typical values of et, g,,,, and r for voltage- and power-amplifier 
triodes, tetrodes, beam power tubes, and voltage- and power-amplifier pen-

todes. 



12 • Rectifiers and Power Supply Apparatus 

Among the many useful functions of vacuum tubes is the con-
version of alternating currents into direct currents for charging 
batteries, for furnishing power for radio receivers and transmit-
ters, and for various electrochemical applications. Battery 
chargers require high currents at low voltages; radio apparatus 
requires high voltages at low currents. High-vacuum rectifier 
tubes for x-ray apparatus operate safely at voltages as high as 
several hundred thousand volts. Gaseous rectifiers will pass sev-
eral thousand amperes for electroplating, welding, and other ap-
plications. Three-phase gaseous rectifiers perform very useful 
industrial functions. 
The essential characteristic of a rectifier is that it permits cur-

rent to flow in only one direction. The output current is pulsating 
and so must be filtered to remove the alternating components be-
fore it can be used for certain applications. The study of power 
supply apparatus involves the study of rectifier tubes, rectifier 
circuits, and filter circuits. 

RECTIFIER TUBES 

12.1. High-vacuum rectifiers. When high-voltage, low-cur-
rent d-c power is desired, high-vacuum tubes are ordinarily used. 
If greater current is necessary gaseous rectifiers are required. If 
still greater currents are needed, mercury-pool rectifiers are em-
ployed. Figure 1 shows characteristic curves of receiver-type 
rectifier tubes, giving the voltage drop across the tube for various 
currents flowing through it. Note that the voltage drop varies 
with voltage for high-vacuum tubes and is a constant value of 
about 15 volts (or less) for gaseous tubes. 

12.2. Mercury-vapor tubes. When greater currents are 
needed than can be safely handled by high-vacuum tubes, or 
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Sec. 12.2] Mercury-Vapor Tubes 297 

L UU 

60 
An 
".›, 
''•111 20 

iCi 

6 
4 

3 2 

1 ui:  

0.6 

81 

mimmommolinzrectmemmimemz:::::=1::::::§unimummz::::: 
limmuminumnimilmammouv...metimuimmumeamm asaim•••• 

iliediiiiiiiiirp5MIIIZZERUCW•iiiiiiiiii 
MIMMIUMMIEIMMIBríCiMUMEHM1111•1111.ZAIIIIIIIIIMMI 
iiiMUMMIIIRZWaiiiiii.ZMPàiiinniilliMnallil 

878 menu umuilmiguengnomnin 
IlreleriiiiMlifirm.P.54keAve'F 

fe.e.,,,,..011•••• 
Re" ra_ Allif —....... 

imA ,: ' "a "j::::""..'''''''' ._-,_..................Pe Ir.".•MMMWM11111.111.7Or 
_ 

.....:WA::::: "Idr...,:a13113111111111 mercury :::::: 
2mmummesissim 

va ,,,,, MIIMIMIll 
,-- onus. 

;i1B•1111111111111111111111 
z' ..emnsiusio 

li. IMIll rectifier mum 
MIIIIIIIIMIU1110 

.7-
IIIII 1E1111 

Œilleii'Ati,e" 111111 I 1111111 
ii "CARP' 
• ,71.rid.rZ 

_4fâilMiiMinliMililinUMMilin 
1111 Ill II•1111111111 

Z•M ...MIMM MMMIMMIIII 
fflZIM.11.1. 

U nir 2íe' 
" "iii 

alimmummmummum ffl- aim.siiii nim miimmamoi 
mr4-zrjam liummuniesmimmum Biummummimmas 
MIFiiiiMall 111111111.11MMIIMIIIMMI11111111111111•1111•MMIIIII muimmulumummunumummuunmummuun 
0.1 0.2 040.6 10 2 4 6 10 20 40 60 100 200 400 1000 

'de milliamperes 

Fla. 1. Voltage drop versus current through several types of rectifier tubes 
Note the dotted curve for the mercury-vapor rectifier. 

when greater efficiency is required, mercury-vapor or other types 
of gaseous tubes must be employed. The voltage drop across 
gaseous rectifier tubes is essentially constant at about 15 volts 
for current values over the entire operating range. Gaseous tubes 
are especially useful where currents are in excess of 100 ma. 

Since the voltage drop in a gaseous rectifier tube is constant, 
some means must be provided to limit the current flowing through 
it in the event of a short circuit in the load. Otherwise the cath-
ode of the tube will be damaged (see Sect. 10.10). Gas tubes also 
create radio interference at times. This trouble is due to the fact 
that they start conducting abruptly on the half cycle which makes 
the plate positive, and this steep wavefront or abrupt starting 
resembles turning on and off an electric switch. Some interfer-
ence ("hash") also results from erratic motion of the gas mole-
cules themselves. A choke coil of about 1 mh connected in series 
with and close to the plate and placed within a metallic shield 
which also contains the tube will help reduce the difficulty. Con-
densers connected from the outer terminals of the transformer 
secondary windings to the center tap, plus the use of chokes as 
described, will usually eliminate most of this trouble. 
To prevent excessive current flow in the event of a short circuit, 

series resistors are sometimes placed in the plate leads, or the 
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transformer supplying the tube may be designed to have relu-
tively high magnetic flux leakage at high currents which will also 
limit the short-circuit current. Fuses in the transformer primary 
winding are essential so that power will be removed as quickly 
as possible when a short circuit occurs. 
Mercury-vapor tubes have heavy cathodes in order to supply 

a very large number of electrons. Considerable time is required 
for these cathodes to heat up to the required emitting tempera-
ture. If plate voltage is applied and current taken from the tube 
before the cathode has reached the required temperature, an ab-
normally high voltage drop appears across the tube, which may 
accelerate positive ions to a velocity sufficient to damage the 
cathode coating by impact. Time-delay relays are often em-
ployed to keep the load circuits open until the cathode has had 
time to reach its operating temperature. 

Gaseous rectifiers have good voltage regulation,* that is, the 
output voltage remains nearly constant over wide ranges of cur-
rent, and are employed in circuits where considerable fluctuation 
of output current is experienced. In radio receiver circuits the 
current taken from the power supply system is fairly constant; 
but in a transmitter, for example, where the output is keyed, the 
current requirements vary widely from instant to instant. If the 
internal drop within the rectifier tube varies with current output 
(as it does in high-vacuum tubes), the voltage supplied to the 
transmitter varies from instant to instant. This will not be the 
case in gas-tube rectifiers except for the small voltage drop across 
the resistance of the transformer windings and of the filter chokes. 

12.3. Controlled rectifiers. A most important addition to 
the vacuum-tube family has been made in the thyratron, which 
is a gaseous rectifier with a control grid. The characteristics of a 
thyratron present many interesting points. For example, if the 
grid is made negative by the proper amount no current will flow 
to the plate even though it is positive with respect to the cathode. 

*Voltage regulation is defined as follows: 

No-load voltage — Full-load voltage 
Voltage regulation = 

Full-load voltage 

The term is often used in a general way to denote how rapidly output 
voltage drops as load current increases. "Good" voltage regulation means 
that the numerical value is small, that is, the full-load value is nearly as 
large as the no-load value. 
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At any given positive plate voltage, however, there is a value of 
grid voltage which will permit current to flow—and when current 
flows it is limited only by the external circuit, not by the tube 
itself. In this respect the thyratron is the same as the gas diode. 
There is another interesting characteristic of the thyratron. 

Once the plate current begins to flow, the grid loses control over 
it and negative voltages on the grid make no difference—the plate 
current continues to flow. The only way to stop the flow of elec-
trons from cathode to plate is to remove the positive voltage from 
the plate. The voltage may be removed by opening a switch if , it 
is a d-c voltage; if it is an alternating voltage, the current stops 
flowing when the alternating voltage goes to zero and does not 
start again until the plate becomes positive. 
Suppose that an a-c voltage is placed on the plate and a fixed 

bias on the grid of a thyratron. Whenever the plate has reached 
the point in the positive half cycle at which its positive voltage 
is high enough to overcome the inhibiting effect of the grid volt-
age, the tube will "fire"; current will flow. Then, at the end of 
the positive half cycle, the plate voltage is zero and the plate-
current flow ceases. During the negative half cycle, of course, no 
plate current flows. By adjusting the bias on the grid, the point 
in the positive half cycle at which current starts may be con-
trolled—but current will flow throughout the rest of that half 
cycle. 
Now, if alternating voltage is placed on the grid as well as the 

plate and if the phase between grid and plate is adjusted, any 
amount of average current may be taken from the tube, from zero 
to the maximum rated current. The thyratron is a gaseous rec-
tifier, with low internal voltage drop, which can supply many 
amperes of current under the control of the user by adjusting the 
phase between voltages on grid and anode. A high-vacuum 
triode acts like a rheostat and a rectifier in series. A thyratron 
acts like a latching relay plus a rectifier plus an opposing battery. 
Mercury-vapor tubes are rather sensitive to operating tempera-

ture and must be used in the temperature range specified by the 
manufacturer. The dependence on temperature is seen in Fig. 2, 
which shows the characteristics of a typical mercury-vapor 
thyratron. 

Thyratrons which employ a second or shield grid are also made. 
The chief purpose of the shield grid is to reduce the number of 



300 Rectifiers and Power Supply Apparatus [Ch. 12 

electrons collected by the control grid and so raise the grid-cath-
ode impedance. In most applications the shield grid is operated 
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Fia. 2. Characteristics of mercury-vapor thyratron. Note that the tem-
perature affects the starting voltage. 

at zero potential. This grid can, however, be operated at other 
potentials as shown in Fig. 3. The effects of temperature are 
much the same as for a simple thyratron. The general features 
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FIG. 3. Characteristics of shield-grid thyratron. Note that various starting 
voltages are possible, depending upon voltage of shield grid. 

of operation of a shield-grid thyratron are the same as those of 
a three-element thyratron. 
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12.4. Relay tubes. The 0A4G is a gaseous triode designed 
for use primarily as a relay tube in carrier-actuated equipment. 
The tube is filled with an inert gas or vapor. The electrodes are a 
cathode, starter-anode (sometimes called the grid), and an anode. 
The cathode is cold; that is, there is no heated filament to supply 
electrons. Instead, the electrons are supplied from a small 
amount of active material, usually a cesium compound, on the 
unheated cathode. A relatively small voltage on the starter-
anode starts the discharge between this electrode and the cath-

Controlled 
circuit 

FIG. 4. Use of gas tube in a remote-control cicuit. 

ode. This discharge causes complete ionization of the inert gas 
and initiates the main discharge between cathode and anode. It 
is the current that flows in the anode circuit which performs the 
work of the tube, such as closing a relay. In use, the cathode 
material becomes spattered over the other two electrodes, and it 
is possible for the initial discharge to occur between any two of 
the electrodes. The circuit is usually arranged so that the dis-
charge proceeds as above, 

In the remote-control function in connection with carrier-
actuated equipment, which is the primary use of a relay tube, the 
starter-anode is maintained at a voltage just below that required 
for breakdown. In Fig. 4 this voltage is supplied from the power 
lines and is taken from across R2 of the voltage divider R1—R2. 
A tuned circuit made up of L and C has a considerable voltage 
developed across it when a carrier of the proper frequency is im-
pressed on the line at some distant point. The voltage across L 
increases the potential between cathode and starter-anode, and 
the increase of potential starts the discharge which flows between 



302 Rectifiers and Power Supply Apparatus [Ch. 12 

cathode. and anode and closes the relay. The tube ceases to pass 
current when the carrier is removed. 

12.5. Deionization time. A thyratron ionizes ( fires) very 
rapidly once the plate voltage is high enough. Once a tube has fired 
the negative grid is surrounded by positive ions. These ions are one 
of the two products of ionization, that process by which electrons 
are knocked out of mercury (or gaseous) molecules to leave the 
molecule positively charged. A part of the positive ions neu-
tralizes the negative voltage on the grid, preventing it from exer-
cising any further control. Other positive ions neutralize the 
space charge of the tube. When the plate voltage is cut off, or goes 
to zero as with an a-c voltage, the ions recombine with electrons 
and become neutral molecules again. A few microseconds are re-
quired for this recombination process, and the required time is 
known as the deionization time. If this time is not permitted to 
elapse before the anode again becomes positive, the effect of the 
grid will still be neutralized and it will not exercise its normal 
control upon the starting of plate-current flow. Thus, the 
anode voltage must be zero or negative long enough for the tube 
to deionize and permit the grid to regain control. The deioniza-
tion time of mercury-vapor tubes is of the order of 100 to 1000 
microseconds, and such tubes are therefore not suited for use at 
frequencies above a few thousand cycles. 
Some gaseous tubes containing inert gas have a deionization 

time low enough to permit operation up to around 30,000 cycles. 
Typical of this type of tube is the 884, often used in the sweep-
oscillator circuits of cathode-ray oscillographs. 

RECTIFIER CIRCUITS 

12.6. Half-wave rectifier. The simplest rectifier circuit is 
shown in Fig. 5. The a-c power source is connected in series with 
the tube and the load. Current flows through the circuit on the 
half cycle which makes the plate positive, but not on the other 
half cycle. If I. is the maximum or peak value of the current 
passed during the conduction half cycle, the average value (which 
would be read by a d-c ammeter) is 0.318 I„, for a resistance load. 
In addition to the d-c component, the output current contains 
many a-c components. The relative size of these components is 
shown in Table 1. 
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0.3181. 
--e-
Time 

Fia. 5. A half-wave rectifier circuit. The load current is for a resistance 
load. 

TABLE 1 

CURRENT COMPONENTS IN RECTIFIERS 

RESISTANCE LOAD 

COMPONENT HALF-WAVE FULL-WAVE 

D-c (1//r)/. (2/r)/. 
X I. --- (r/2)/de None 

2f (17r)/„, = 4/dc *0/. = V dc 
3f None None 
4f (-esir)./. = 1%-/de = 

NOTE. Frequency f is that of the power source. Frequency components 
higher than those shown in the table are correspondingly smaller. 

The half-wave rectifier has three disadvantages: ( 1) The out-
put contains an a-c component of the same frequency as the 
power source. If this frequency is low, say 60 cycles, it is difficult 
to filter or smooth it out so that the load has only direct current 
flowing through it. (2) The a-c power supply is furnishing power 
only half the time so that the peak load is high compared to the 
average load. (3) If the circuit employs a transformer as shown 
in Fig. 5, and this is often the case, the d-c pulses are taken 
through the secondary winding and cause saturation and a con-
sequent lowering of the efficiency of the transformer. These dis-
advantages limit the use of the half-wave rectifier to low-current 
loads, such as cathode-ray-tube circuits, and to applications 
where there is no transformer. In the latter case the unit using 
the tube can be operated from either an a-c or d-c source. 

12.7. Full-wave rectifier. If two tubes are connected as in 
Fig. 6 a full-wave rectifier results. Now each tube conducts on 
each alternate half cycle so that current flows through the load 
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Tube 1 

-0 0  
- 

Time 

Tube 2 

Fia. 6. Full-wave rectifier which passes current on both halves of the 
a-c cycle. The load current is for a resistance load. 

all the time. Under these conditions the lowest-frequency a-c 
component has twice the frequency of the power source and is 
fairly easy to filter. The ratio between the peak power and the 
average power taken from the transformer is lower than for a 
half-wave circuit. Since current pulses flow in opposite direc-
tions in the two halves of the secondary winding, saturation 
effects are avoided. 
Many rectifier tubes for use in full-wave rectifier circuits con-

tain two plates and a common cathode in the same glass or metal 
envelope. A typical example is the 5Z3. 

12.8. Voltage-doubler circuits. It is possible to have two 
tubes in a circuit which will produce a d-c output voltage with a 
value approximately twice the peak voltage of the a-c line from 
which the circuit derives its energy. The full-wave voltage-dou-
bling circuit of Fig. 7 requires two rectifier tubes with their out-
puts connected in series. This type of rectifier circuit is most 
valuable in applications where it is impossible or undesirable to 
use a power transformer. It is possible to obtain a useful output 
of 240 volts at 40 ma from a 117-volt a-c line from this circuit. 

Consider tube B. When its plate is positive, current flows 
through the tube and charges C2 to the polarity shown. Now con-
sider tube A. When its plate is positive, current flows through 
the tube and charges C1 to the indicated polarity. Note that the 
polarities of the two condensers are such that their voltages add. 
The total load voltage is the sum of the voltages across the con-
densers. If no current is taken from the rectifier, the condensers 
charge to the full peak voltage of the a-c input. When current is 

drawn by the load, the d-c terminal voltage drops somewhat. 
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D-C 

Flo. 7. Use of two diodes in a full-wave voltage-doubling circuit. 

Thus, the voltage regulation of voltage-doubler circuits is poor. 
About 75 ma is the maximum useful current obtainable from 
doubler circuits. 
A special tube such as the 25Z5 or 25Z6 is commonly used in 

voltage-doubler circuits. These tubes have two separate diodes 
in one envelope. Only the heater is common. In each of these 
two tubes the heater requires 25 volts and is ordinarily connected 
in series with the heaters of the other tubes of a receiver. The 
series combination, along with an appropriate voltage-dropping 
resistor, if needed, is connected across the a-c line. A typical 
circuit using a 25Z5 is shown in Fig. 8. 

25Z5 

o 
110 volt 
input 

16 

urr 

E = 180 when I = 100 ma 

Fm. 8. A rectifier with two plates and two cathodes will double the 
voltage obtainable from a single diode. 

The circuit of Figs. 7 and 8 has two disadvantages: it cannot 
be grounded, nor can the d-c output be connected to one side of 
the a-c line. Hum may be produced because of the high voltage 
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between heaters and cathodes. A circuit which overcomes the 
difficulty is shown in Fig. 9. One side of the output is connected 
to the line. It is called a half-wave doubler because rectified 
current flows to the load only on alternate half cycles of the input 
voltage. The left-hand diode charges C1 which discharges in 
series with the line and the other diode on the next half cycle. 
Condenser C2 helps smooth the output current. The regulation 
is not as good as that of the full-wave doubler of Fig. 8. 

o 
A-C 
I.ne 
o 

 MAMA/  

o — 
D-C 

Output 

R = heaters of other tubes in series 
R, = protective resistors 

Fin. 9. Half-wave voltage doubler in which one output terminal is at line 
or ground potential. 

Circuits can be devised which will triple or quadruple the input 
voltage. The regulation of these circuits is so poor that they 
are not often used. 

Voltage-doubler tubes have other interesting applications. 
Since the cathodes and anodes are separate, these tubes really 
constitute two complete rectifiers. Thus one half of a tube may 
be used to supply plate voltage and the other half to supply grid-
bias voltage; or one side may supply plate voltage and the other 
half supply energy for a dynamic loud-speaker field coil. 

12.9. Rectifier-tube ratings. High-vacuum rectifiers have 
fairly high internal resistance, and the voltage across the tube 
must rise as more current is taken by the load. This makes the 
tube, in a measure, self-protecting from excessive currents. 
Gaseous and vapor tubes, on the other hand, have a low and 
constant voltage drop of about 15 volts across them. Larger 
load currents do not require a corresponding increase in voltage, 
and these tubes will draw too much current unless adequately 
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protected as described in a previous section. In addition, mer-
cury-vapor tubes have characteristics which depend to some 
extent upon the temperature of the tube. Flow of plate current 
should be delayed until the cathode has had time to warm up 
to the proper temperature. In addition to this time delay, the 
mercury vapor or other gas must be allowed time to reach the 
proper temperature. Thus, a tube rating, applied most often to 
gas tubes, is the cathode-heating time. 
The maximum peak inverse voltage is the highest peak 

voltage that may be applied safely to the tube in the direction 
opposite to that in which it conducts current (plate negative). 
Even with the same a-c supply voltage the inverse voltage on 
a tube varies from circuit to circuit. Care must be taken in a 
particular circuit that the peak inverse voltage rating of the tube 
is not exceeded. 
The maximum peak current is the highest instantaneous 

current that a rectifier tube can safely stand in the direction in 
which it is designed to pass current. This peak current may occur 
each cycle. If a condenser is used as the input element of a 
filter, the peak current is often many times the average load 
current, and care should be exercised that the peak current does 
not exceed the current rating of the tube. An inductor used as 
the first element of a filter tends to reduce the peak current passed 
by the tube to a value roughly twice that of the d-c load current. 
The maximum average plate current is the highest value of 

average (d-e) current that should be allowed to pass through 
the tube. This current may be read on a d-c meter placed in 
series with the tube. 

12.10. Dry disk rectifiers. Certain combinations of metals, 
such as copper sulfide and magnesium, copper and copper oxide, 
or iron and selenium, have the useful property of passing current 
readily in only one direction. Their voltage-current character-
istics are much the same as those of crystal rectifiers discussed 
in Sect. 10.23. The copper oxide rectifier is typical in its sim-
plicity and reliability. It consists of a sheet of copper, on one 
side of which has been formed a coat of cuprous oxide (Cu2O). 
Properly made, this combination has relatively low resistance in 
the direction oxide-to-copper, and very high resistance in the 
reverse direction. 
The units are generally made in the form of washers, a typical 

unit having an outside diameter of 11,4 in. These washers are 
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assembled in any desired series and parallel arrangement on 
mounting bolts. Soft-metal washers are placed between the 
oxide layer and the adjacent metal surface for the purpose of 
improving the contact with the oxide. The surface of the oxide 
is graphitized for the same reason. 
The rectifier operates electronically, not electrolytically. Rec-

tification commences almost instantly on the application of 
voltage, with no forming or transient condition interposed. Cur-
rent is carried uniformly over the active area. Furthermore, 
the elements may be operated in parallel. Operation in series 
presents no difficulties, because the disks divide the voltage with 
approximate uniformity. 
Dry disk rectifiers can be used in either half-wave or full-wave 

circuits. The bridge connection is common since it simplifies 
the transformer design and permits units to be operated directly 
from the a-c line without an intervening transformer if so de-
sired. Battery charging, battery elimination, magnet operation, 
loud-speaker excitation, relay operation, etc., in fact almost any 
d-c application, can be successfully handled by these simple 
rectifiers. They are often used in measuring instruments. Thus 
a d-c movement can utilize the rectified current produced by a 
copper oxide disk when alternating current is applied. In meter 
applications the disk is kept as small as possible so that it will 
have low capacitance. 

In recent years a series of dry plate rectifiers have been de-
veloped which operate directly from a 117-volt a-c line. These 
are often used in place of a rectifier tube in ac-dc radio receivers. 

FILTER CIRCUITS 

- 12.11. General considerations. Since a rectifier passes cur-
rent only when the anode is positive, and since alternating volt-
ages are applied to it, the output is not a smooth flow of direct 
current but a pulsating one. Although this current may be ap-
plied directly to some uses, most radio applications require that 
the pulsations be smoothed out so that a steady direct current 
results. The smoothing takes place in a filter which may be 
made up of shunt capacitances, series inductances, and series 
resistances, in various combinations. 

12.12. Shunt capacitor filter. The simplest filter is a con-
denser shunted across the load resistor. The action of the con-
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denser can best be explained by reference to Fig. 10. The dia-
gram shows conditions after the circuit has been in operation 
long enough so that initial transient conditions have disappeared. 
As current flows through the tube on the positive half cycle, the 
condenser is charged. On the negative half cycle a part of this 
charge flows through the load. This results in an output voltage 
waveform as shown in the figure. The filter condenser is usually 
large enough so that it does not have time to discharge completely 
before the next positive half cycle of voltage appears, and the 

A B 

Capacitor 
voltage 

t% 
input 

voltage 

Fm. 10. Current and voltage for a shunt capacitor filter. The time con-

stant RLC is greater than the period of the a-c wave. 

cathode of the tube is therefore held at some positive voltage. 
For this reason, plate current does not start to flow until the 
applied voltage becomes higher than the condenser voltage, that 
is, the plate of the tube becomes positive in respect to its cathode 
at a point such as A. As soon as the applied voltage drops below 
the condenser voltage, as at B, plate current ceases to flow. These 
short pulses of plate current may be quite high, particularly if 
the condenser is large and the load resistance small. Therefore, 
the maximum peak plate-current rating of the tube must be 
taken into account in the design of a circuit using a shunt 
capacitor filter. 
This type of filter does not result in good smoothing of the 

output voltage wave except in applications in which the con-
denser and the load resistance are large. A high load resistance 
means small load current. Another way of stating these condi-
tions is that the time constant (t -,-- RC) of the condenser and 
load resistance must be large. For a circuit with a given time 
constant the filtering action will be better if the frequency of 
the input voltage is raised. 
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A mechanical analogy to the storage of charge in a capacitor 
in relatively short time intervals is a pump. If the handle is 
worked slowly the water all flows out during the downward 
motion of the handle. No water flows while the handle is being 
raised in preparation for the next downward stroke. If, however, 
the handle is worked at a faster rate so that the complete up-
and-down cycle is rather short, water will flow continuously since 
it takes longer for the water to flow out of the pump than it 
takes to raise the pump handle. This corresponds to raising the 
frequency in a rectifier circuit. If the size of the spout opening 
is reduced while the handle is operated at a constant rate, the 
water will not flow out so fast and the flow will be smoother. 
This corresponds to making the time constant of the RC combina-
tion longer. 

If the rectifier is a full-wave system, the condenser is charged 
twice as often as in a half-wave system, the discharge time is 
shorter and so the voltage drop between rechargings will be less. 
The variation in the voltage in a full-wave rectifier occurs at 
twice the rate of that of a half-wave system. This "ripple" 
voltage is easier to filter because of its higher frequency. 
On the half cycle in which the tube does not conduct, the 

voltage across the tube is equal to the line voltage plus the volt-
age to which the condenser has been charged. For this reason 

the tube must be insulated to withstand voltages approximately 
twice the output d-c voltage. Furthermore, since the tube con-

ducts only during a short period near the voltage peaks, the 
transformer supplies power to the rectifier only part of the time, 

even in a full-wave circuit. 
A rectifier using a shunt capacitor filter has poor voltage 

regulation. That is, the d-c voltage output drops rapidly with 

increasing load current. This poor regulation coupled with ex-
cessive ripple for large currents makes this type of filter unsuited 
for applications which require fairly large currents with little 
ripple. The chief application of this kind of filter is to the 
rectifiers supplying voltage to the high-voltage anodes of cathode-
ray and similar tubes which require very little current—a few 
milliamperes at most. 

12.13. Filters using chokes and condensers. Filters for 
use with rectifiers supplying direct currents above a few milli-
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amperes are divided into two general types, depending upon 
whether the shunt condenser or the series choke is connected next 
to the rectifier terminals. The first type is a condenser-input 
filter, the second a choke-input filter. Typical examples of each 
are shown in Fig. 11. 
The condenser-input filter is almost always used when the 

load currents are relatively small since the output voltage of 
this system, like that of the shunt capacitor filter, approaches 
the peak of the applied a-c voltage. The output voltage of a 
choke-input filter approaches the average value, or 0.636 times 

L, L 

To 
rectifier 

(a) Condenser Input (b) Choke Input 

Fin. II. Typical power supply filters. 

the peak value of the a-c input voltage. If the second type is 
properly designed, its voltage regulation is better, and for this 
reason it is used in transmitters where large currents are required. 
The first condenser of a condenser-input filter acts much the 

same as in the simple capacitor filter. Current flows to it in 
short, high pulses. Between the peaks of the voltage wave the 
condenser discharges through the choke into the second con-
denser and the load. Since the choke tends to hold the current 
through itself constant, the current supplied to the final con-
denser and the load is nearly constant, and there is little ripple 
in the final output voltage. The second condenser acts to by-
pass any remaining ripple components. 
The first choke of the choke-input filter tends to keep the same 

current flowing to the load throughout the cycle and in so doing 
tends to drop the output voltage to the average of the input 
voltage as described above. Thus the peak tube current is con-
siderably less than in a comparable filter of the condenser-input 
type. The first condenser C1 charges and tends to hold its volt-
age constant. The second choke and condenser further aid 
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the filtering action so that there is very little remaining ripple 
in the output wave. 
A comparison of the tube currents in the two types is shown 

in Fig. 12, and typical voltage-current curves in Fig. 13. 
12.14. Filter design. The output of a rectifier may be con-

sidered as being made up of a steady direct current plus an a-c 
component (ripple). The shunt condensers of the filter offer 
low impedance to the ripple and very high impedance to the pure 
direct current. Thus the a-c components are shunted or bled off 
by the condensers. The series inductances offer high impedance 
to the flow of a-c currents but do not impede the flow of direct 
current. A proper combination of L and C will produce an output 
voltage as free of ripple as desired. If a single filter section 
does not produce low enough ripple, two or more filter sections 
may be connected in cascade. 

In a choke-input filter with a single choke and condenser, the 
ratio of the ripple voltage (a-c voltage across the load) to the 
alternating voltage applied to the input to the filter is approxi-
mately 1/ (274) 2LC. Thus 

Ripple across load 1 

A-c voltage to input (27f)2LC 

From this equation the value of the LC product for any fre-
quency and any desired attentuation of the alternating voltage 
may be determined. If the filter has two identical chokes and 
condensers as in Fig. 11, the relation becomes 1/(274) 4L2C2. 
For a circuit in which the 120-cycle ripple is the strongest (as in 
full-wave circuits operated from a 60-cycle source) the relations 
become. 

Ripple 1 

Input a-c voltage = 0.57LC 

1 

(one section) 

(0.57LC)2 

where L ---- henries per section. 
C = microfarads per section. 

Example 1. A choke of 10 henries and a condenser of 10 pf are employed 
in a single-section choke-input filter. What is the ratio between the 
ripple voltage and the applied input alternating voltage? 

(two identical sections) 
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Ripple voltage _  1 1 
Applied voltage 0.57 X 10 X 10 57 

or the ripple will have 1/57 of the voltage applied to the input to the filter 
or roughly 2 per cent. Now, if two identical sections are employed, the 
ratio will be ( 1/57)2 or 1/3250, which is about 0.3 per cent. 

The above discussion implies that the filtering action depends 
only on the product of L and C and that any set of values would 
be useful as long as the product remained the same. This is not 
quite true. The purpose of the choke is to prevent a change in 
the current flowing to the load. There is a minimum value of 
inductance which can accomplish this purpose. For values of 
inductance lower than this critical value the condenser will com-
pletely discharge between charging periods, the ripple will rise, 
and the voltage regulation will be very poor. 
The minimum value of inductance which should be used in a 

60-cycle full-wave rectifier is RL ± 1130, where RL is the effec-
tive load resistance, which must include the resistance of the 
load plus the resistance of the choke. A much larger inductance 
would be required in a half-wave circuit. However, choke-input 
filters are rarely used in such circuits. 
Another possibility of trouble in the selection of the L and C 

values is that they may produce series resonance. In such a case 
the ripple voltage will be very high. This can be checked with 

the resonance formula, w = 1h/LC, in which w = Id. The fre-
quency f is 60 cycles for half-wave circuits and 120 cycles for 
full-wave circuits operating from a 60-cycle source. LC products 
which will produce resonance near these frequencies should be 

avoided. 
12.15. Rectifiers using r-f power source. The transformers 

and filter components for high-voltage power supplies are rather 
expensive. In applications for which the required current is low, 
as for rectifiers supplying cathode-ray and television tubes, it 
may be less expensive to supply the rectifier with r-f power from 
an oscillator. The r-f voltages permit the use of air-core trans-
formers and chokes and smaller condensers. Thus the compo-
nents are not only less expensive; they are also smaller. It is 
practical to use such power supplies to furnish voltages at 10,000 
volts or more at currents of a few milliamperes. Such circuits 
are discussed in more detail in Chapter 23. 
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12.16. Swinging choke. If the output current required from 
a power supply system varies widely, as in a keyed transmitter, 
the voltage supplied will vary because at high currents there is 
a greater voltage drop in the system than at low currents. Much 
greater freedom from regulation troubles will be had if a gaseous 
rectifier is used than if a high-vacuum tube is employed, for the 
simple reason that the voltage drop across the gaseous tube itself 
is relatively independent of the current passed through it. 

Another method of keeping the output voltage more nearly 
independent of the load current is to use a swinging choke as 
the input choke of a filter such as shown in Fig. 11 (b). A swing-
ing choke has high inductance with low currents through it and 
low inductance when the currents are high. When the inductance 
is low, as it is at high current drains, the filter resembles a con-
denser-input system. When the inductance is high, as when the 
current taken from it is low, the filter resembles an inductance-
input filter. The net effect is to keep the output voltage nearly 
constant as the current varies over a wide range. 
The "swinging" effect of the choke is a matter of design, so 

that the inductance varies widely with the current through it. 
The design involves the dimensions of the air gap in the iron 
core. With a very small air gap the core approaches saturation 
(low inductance) at high values of current, but at low currents 
the choke will have a high inductance. 
Chokes used in filters should always be rated at so many 

henries inductance with so many milliamperes of direct current 
flowing through them. A typical swinging choke might be rated 
at 6 henries at full or rated current and 15 henries at 10 per cent 
of the rated current. 

12.17. Multisection filters. If the ripple in the output of a 
filtered power supply is too high for the purpose at hand, it may 
be reduced by employing additional filter sections. These sec-
tions may be identical with the input section, or they may be 
different. Rectifier-filter design does not lend itself to mathe-
matical rigor, and most power supply systems are designed by 
trial or on the basis of past experience. The values of L and C 
'are usually greater than necessary so that more than sufficient 
filtering is secured. Naturally, if the output of the filter is to 
supply the plate circuit of an amplifier tube whose a-c output is 
to be further amplified (a microphone amplifier, for example), 
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the ripple must be smaller than if the amplifier output is fed 
directly to a loud speaker. In the first case, the ripple in the 
plate voltage due to the poorly filtered power supply may be 
nearly as large as the signal voltage itself; both the ripple voltage 
and the signal voltage will be amplified in the succeeding stages 
and the output will contain considerable hum. For low-level 
stages, that is, amplifying stages in which the signal voltage may 
be only a fraction of a volt, the ripple should be as low as 0.005 
per cent of the a-c input voltage to the rectifier. In the final 
amplifier stages, where the signal voltage may be 50 or 100 volts, 
a much larger value of ripple can be tolerated; it may be as high 
as 1 per cent. In general, more than sufficient filtering is em-
ployed. 

Often in an amplifier in which a multisection filter is required 
to reduce the ripple to a low value for the low-level stages, the 
plate voltage for the final amplifier stage is taken from an inter-
mediate point along the filter, say after the first choke. This has 
the advantage of providing a somewhat higher value of voltage 
for the final stage. In addition, since the final stage often draws 
two or three times more current than the whole remainder of the 
amplifier, the current ratings of the chokes following the point 
to which the final stage is tapped may be much smaller. This 
results in smaller and less expensive components in the final 
portions of the filter. 

12.18. Bleeder. In the discussion of choke-input filters it 
was stated that this type of filter gave better voltage regulation 
than a condenser-input filter. This statement was not entirely 
true. A typical curve of d-c output voltage plotted against d-c 
load current is shown in Fig. 14. Note that at very low plate 
currents the output voltage rises to approximately the maximum 
value of the input voltage. For currents greater than a critical 
value 1k, the output voltage is nearly constant at a value 2/7r 
of the maximum value of the input voltage. It was the latter 
portion of the curve that was referred to when good regulation 
was claimed for this type of filter. 
The high voltage for low currents results because, under these 

conditions, the filter behaves almost as if the choke were absent. 
The condenser voltage drops only a few volts between successive 
peaks of the rectified voltage wave, and only short pulses of 
current are required to recharge it. These pulses are so short 



Sec. 12.19] The Voltage Divider 317 

and small in magnitude that the inductance of the choke has little 
effect. As the current taken by the load rises, the pulses of cur-
rent are longer and larger. When the current to the load rises 
to the critical value Ik, the current through the choke and to the 
condenser is no longer a series of pulses. Instead, it is a con-
tinuous current, with a d-c and an a-c component, and the choke 
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FIG.. 14. Typical regulation curve for FIG. 15. Voltage divider for 
a choke-input filter, supplying various voltages to 

an amplifier. 

is more effective in keeping the current constant. The output 
voltage drops to a lower value as shown in Fig. 14 and is nearly 
constant for currents larger than Ik. The gradual drop of voltage 
for currents greater than lk results from voltage drop across the 
resistance of the choke. 

If a choke-input filter is to have good regulation character-
istics, a separate resistor called a bleeder is connected perma-
nently across the output terminals. The size of the bleeder is 
selected so that it draws a current approximately equal to lk. 

Then, the current supplied to another circuit is at a nearly con-
stant voltage. The value of Ik is determined largely by the in-
ductance of the choke. The larger the inductance, the smaller 
the value of lk. The value of lk for most designs is about %o of 
the total current available from the rectifier. 

In addition to the advantages discussed above, a bleeder also 
serves to discharge the filter condensers wnen the power to the 
rectifier is switched off, and thus acts as a safety measure. 

12.19. The voltage divider. A rectifier power supply is usu-
ally designed with a particular application in mind, and so the 
total voltage of the output is applied to the amplifier tube cir-
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cuits. Sometimes, however, the power tubes require higher volt-
ages than do the voltage amplifier tubes. Also lower voltages 
may be required for screen grids. Bias voltages, when required, 
are negative. 
The screen-grid and other positive voltages lower than the 

total voltage may be supplied from taps on the bleeder. Bias 
voltage may be obtained from the negative end of the bleeder, if 
a tap on the bleeder is grounded as shown in Fig. 15. 

12.20. Engineering the voltage divider. The lower the re-
sistance of the bleeder (usually called a "voltage divider" when 
it is tapped), the better will be the regulation, but the greater 
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FIG. 16. Designing the voltage divider. 

the load on the rectifier tube. In general, a voltage divider is 
engineered as follows: In Fig. 16, suppose that the current flow-
ing through resistance R1 is 20 ma when no current is being taken 
from the taps. This is "waste" current. It flows whether there 
are any loads connected or not. At point B, a voltage of 45 volts 
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and a current of 2.5 ma are desired. The value of resistance is, 
according to Ohm's law, E ± I = 45 ± (20 X 10-3) or R1 = 
2250 ohms. This 2.5-ma current is added to the 20 ma taken 
by RI, and the sum, or 22.5 ma, flows through R2. Since 90 volts 
is required at point C the resistance R2 will be (90 — 45) .4-
(22.5 x 10 — ) or 2000 ohms. If the load connected to the tap 
at C takes 15 ma, and the voltage at point D is to be 180 volts, 
the value of R3 is ( 180 — 90) ÷ (22.5 X 10-3 -1- 15 x 10-3) or 
2400 ohms. The current through R4 is 57.5 ma as shown. The 
value of R4 can be determined once the total voltage across the 
divider is known. 
The entire resistance from A to D is 6650 ohms, with taps at 

2250- and 4250-ohm points. The greatest power, in this example, 
will be consumed in the 2400-ohm resistor R3. Its power is 
(37.5 X 10— 3) 2 X 2400 or 2.5 watts. R2 and R1 consume 1.01 
and 0.9 watts, respectively. Thus, if the entire divider, up to 
R4, is wound with wire large enough and on a frame that can 
dissipate the heat corresponding to 5 watts, there will be no 
trouble. Voltage dividers are available which consist of a single 
winding of resistance wire on a heat-resisting form. By means 
of sliders the correct voltages can be obtained easily. 

Condensers across the various resistances of the divider are 
employed to keep the voltages from varying even though currents 
taken from the taps change from instant to instant. 

Problem 1. A two-section choke-input filter employs two chokes, each 
with an inductance of 2.5 henries at a current of 200 ma, and two 8-gf 
capacitors. What will be the percentage ripple at a load current of 200 
ma if the filter is used on the output of a full-wave rectifier supplied with 
60-cycle power? 
Problem 2. A filter employs a series choke which has a resistance of 

120 ohms. It is connected to a rectifier with a constant direct output voltage 
of 250 volts. By how many volts does the output voltage of the filter drop 
as a result of the choke resistance as the load current increases from 10 
to 30 ma? 
Problem 3. A power supply has an output voltage of 250 volts. An 

amplifier requires the following voltages and currents: 250 volts at 40 ma, 
180 volts at 10 ma, and 90 volts at 5 ma. Design a voltage divider which 
will furnish these voltages. Specify resistance and power rating of each 
section of the divider. Assume a "no-load" current of 10 ma. 
Problem 4. Suppose that the voltage supplied to the voltage divider 

in Fig. 16 is 220 volts. What must be the resistance and power rating 
of R4? 
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12.21. Grid-bias requirements. The steady negative volt-
age required by the grid of an amplifier must be "clean"; that is, 
it must be steady in value regardless of the alternating voltages 
placed upon the grid circuit. The source of bias voltage should 
be adequately by-passed with condensers and should have good 
voltage regulation for use with Class B audio amplifiers, Class B 
linear r-f amplifiers, and grid-bias-modulated Class C amplifiers. 
The regulation is unimportant with Class A amplifiers (since 
there is normally no grid current) or with Class C plate-modu-
lated amplifiers. 

12.22. Grid-bias sources. Three methods of supplying grid 
bias to an amplifier were discussed in Chapter 11. These were 
(1) using a C battery between the lower end of the grid-cathode 
input circuit and the cathode, (2) methods utilizing the voltage 
drop along a resistance in the filament lead of a battery-operated 
circuit, and (3) self-bias, in which the bias voltage is developed 
across a resistor in the cathode circuit through which the plate 
current and screen current ( if any) flow. The possibility of ob-
taining grid bias from a tap on the rectifier voltage divider was 
mentioned above. There are other possibilities, all of which find 
application at one time or another. Five methods are shown 
in Fig. 17. 

In some circuits the grid is forced positive at some portion of 
the input cycle of applied voltage. During these instants, the 
grid will attract electrons and, therefore, will become negative 
with respect to the cathode. This negative charge means that 
the grid has biased itself. Unless some means is provided for 
these electrons to leave the grid, the bias remains through the 
period in which the grid does not draw current, and so the next 
batch of electrons will merely add to the existing negative grid 
voltage. In this manner the bias on the grid may build up to the 
point where the plate current is too low or even zero. Then the 
tube is said to be "blocked" or cut off. 
To provide an escape for these electrons, a "leak" resistance 

is connected from grid to cathode and a condenser is connected 
across this grid leak. The condenser is charged by the flow of 
electrons to the grid to a voltage given by the product of the 
grid current and the leak resistance. The condenser is large 
enough so that the a-c components are filtered and so that the 
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bias will have a steady d-c value and not fluctuate up and down 
as the input a-c voltage varies. 

—1.0 
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=  

E„ 

_ 

— Power supply + 
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Fla. 17. Methods of supplying grid bias. (a) Voltage drop along a 
resistor in filament lead. Here the grid is 1 volt negative with respect to 
the negative end of the filament. (b) Conventional C battery. (c) Cathode 
bias produced by plate current flowing through a resistor. (d) Tap on 
power supply voltage divider. Here the grid is negative with respect to 
the cathode by the voltage drop to the left of the cathode connection. (e) 
Grid leak and condenser. Grid must go positive at some portion of the 
excitation cycle so that it collects electrons. This current produces a 

voltage drop along the grid-leak resistor. 

III' 

This method of biasing a tube is often utilized in oscillators or 
in r-f amplifiers, and is commonly called grid-leak bias. 

Amplifiers with fixed bias (C battery) and those with cathode 
or self-bias (cathode resistor) behave the same in most respects. 
However, there is one important difference. If for some reason 
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the d-c value of the plate current should increase, the voltage 
drop along the cathode resistor in a self-biased circuit increases. 
As a result the bias increases, thus limiting the plate current. 
On the other hand a fixed bias, such as supplied by a battery or 
a separate power supply system, has no such self-regulating fea-
ture since the voltage supplied by it is generally independent 
of plate current. 
More power at a specified maximum amount of distortion can 

be obtained from an audio amplifier operated with fixed bias 
than from one operated with cathode bias, if the same plate 
voltage and the same excitation are employed. This is because 
large input voltages produce greater average (d-c) plate currents 
as a result of some distortion in the waveform. These larger 
average or d-e plate currents increase the bias in a cathode-
biased amplifier and move the operating point nearer the cut-off 
point. With fixed bias, this is not true. The operating point 
remains fixed and greater power output may be obtained with-
out exceeding a specified amount of distortion. 

12.23. Ballast tubes. A current-regulator or ballast tube 
consists of a metallic wire filament, which has a large temperature 
coefficient of resistance, immersed in a gas. If, as a result of an 
increase of voltage, the current through the wire tends to increase 
and the filament to get warmer, the resistance increases and the 
current actually changes very little. Such a tube is often placed 
in series with a load, such as a radio receiver power transformer 
or tube filament, so that, as the line voltage changes, the tube 
with its ballasting action keeps the current and voltage supplied 
nearly constant. For example, the B4 ballast tube passes 1.24 
amp at 105 volts and 1.36 amp at 125 volts. A change of 19 
per cent in voltage produces a change of only 9.7 per cent in cur-
rent. This current flows through the primary of the power trans-
former, or other load, and has half the variation of the line 
voltage. 
Tubes of this type are available in several voltage ranges, for 

example, 5 to 8, 3 to 10, 15 to 21, 40 to 60, and 105 to 125 volts. 
Ordinarily the load must be designed to operate at a voltage 
lower than the normal line voltage and consequently the voltage 
required by the ballast tube plus that required by the load will 
equal the line voltage. The tube operates slowly and cannot 
regulate rapid fluctuations. 
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12.24. Surge protector tubes. Surge protector tubes are 
two-element gaseous discharge tubes which are connected across 
a line or a load for protection against excessive voltages. When 
the voltage exceeds the breakdown voltage of the tube, a dis-
charge takes place, and, as is characteristic with such discharges, 
the voltage across the terminals is more or less constant. 
12.21 Voltage-regulator tubes. The ballast tube is a cur-

rent regulator. It will operate successfully on both alternating 
and direct voltages. Another useful tube is the voltage regulator, 
which consists generally of two electrodes in a gas. A discharge 
occurs between the electrodes. The voltage across the discharge 
is approximately constant for a considerable variation in dis-
charge current. In this characteristic the voltage regulator re-
sembles merceury-vapor and gaseous rectifier tubes already de-
scribed. 
The voltage-regulator tube is placed in parallel with the load 

so that variations in the applied d-c voltage are smoothed out 
with the result that the load has a constant voltage applied to it. 
The tube may be employed to reduce ripple voltages or to im-
prove regulation when the load current varies. The tube operates 
quickly. It is designed for a definite operating voltage, and the 
current through it must be between specified minimum and maxi-
mum values. A typical curve for such a tube is shown in Fig. 18. 

12.26. Regulator-tube-circuit design. In Fig. 19 is shown 
a ballast tube connected in series with the primary of a power 
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FIG. 18. Typical characteristics of a Fin. 19. Use of current regulator 
voltage-regulator tube. or ballast tube. 

transformer. The circuit is designed so that 65 volts appears 
across the primary of the transformer, and 50 volts across the 
tube. When the line voltage increases, more drop occurs across 
the tube but the current through it stays nearly constant so that 
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the drop across the transformer remains nearly the same. Like-
wise, the voltage across the transformer remains nearly constant 
for decreases in line voltage. 
A circuit with a voltage regulator is shown in Fig. 20. The 

0C3/VR105 tube, which is one of several voltage-regulator tubes, 
maintains a voltage drop of 105 volts across its terminals for d-c 
currents ranging from 5 to 40 ma. More precisely, the voltage 
rises only 1 volt as the current changes from 5 to 30 ma; it rises 
2 volts if the current goes on to 40 ma. If the load requires a 

R 
20 ma ---).-

150 v 

Fin 20. Circuit using a voltage-regulator tube. 

maximum current of 20 ma at 105 volts, the value of the re-
sistance R in series with the tube may be calculated as follows. 
Assume, for best regulation, that the total current will be 30 ma-
20 ma for the load and 10 ma for the tube. Since the voltage 
drop across R must be 150 — 105 or 45 volts, R is (45 ÷ 30) X 
10-3 or 1500 ohms. 

Since the voltage drop across the tube remains almost constant 
regardless of current changes, an increase in the applied terminal 
voltage results in an increased voltage drop across R. On the 
other hand, an increase in the load current above the 20-ma 
design value results in a decrease in the tube current, and vice 
versa. Thus the load voltage remains substantially constant. 

Ripple on a d-c voltage represents changes in applied voltage. 
The effect of the action of the voltage regulator is to decrease 
greatly the ripple across the load. Two similar voltage-regulator 
tubes can be connected in series to obtain a higher regulated 
voltage. 
The "jumper" shown in Fig. 20 is often connected in series 

with the power supply transformer, or in some other position in 
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the circuit so that voltage to the load will be removed if the 
regulator tube is removed from its socket. 

12.27. Vibrator power supplies. Radio transmitters and 
receivers require d-c voltages higher than can conveniently be 
obtained from batteries. The advent of automobile and other 
forms of mobile apparatus led to the development of special 
power supply systems for these purposes. One system involves 
the use of a vibrator. 

FIG. 21. Elements of vibrator power supply. As the switch is moved up 
and down, the direction of current flow through the windings reverses. 
The switch contacts on the right reverse the direction of the secondary 
current in synchronism with the reversals in the primary so that the 

polarity of the output terminals does not change. 

The simplest type of vibrator power supply operates as follows: 
A switch periodically interrupts the flow of direct current in the 
primary of a transformer, the secondary of which furnishes 
alternating voltage of the required amplitude to a rectifier-filter 
system. Whenever the current in the primary is interrupted a 
voltage is induced in the secondary, and this voltage may be 
much higher than the primary voltage if a step-up transformer is 
used. The purpose of the rectifier-filter is to convert the sec-
ondary voltage to direct voltage and to remove the ripple as in 
a conventional rectifier power supply. 
The principle of operation of a second type, called a syn-

chronous vibrator, is illustrated in Fig. 21. The switch is ar-
ranged so that when the electrons in the secondary tend to flow 
upward and out of the "+" terminal, for example, instead of 
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downward and out of the "—" terminal, the switch changes a 
set of contacts so that the electron current continues to flow 
from left to right. These two switches, the primary and the 
secondary, can be mechanically coupled together so that they 
operate together in synchronism. In this manner the rectifier 
tube can be eliminated. The filter, however, is still necessary. 

In practice the switches are replaced by vibrating metal reeds 
which carry contacts and which are attracted by an electromag-
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A 
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Fia. 22. Reed vibrated by electromagnet takes place of switch in Fig. 21 
to produce high-voltage direct current from low-voltage direct current. 

net toward one or the other of a stationary set of contacts. In 
this matter the desired reversals of current flow are obtained. 
Such a mechanical vibrating switch is called a vibrator; it can 
be arranged to act as a half-wave rectifier, as a full-wave recti-
fier, or simply as a current reverser for the primary circuit. A 
synchronous vibrator is shown in Fig. 22. Vibrators are avail-
able which will operate from 6 volts, as from an automobile 
storage battery, or from higher direct voltages. The contacts on 
vibrators for use on voltages much above 20 volts are generally 
subject to rapid wear and their life is rather short. Also, gener-
ally speaking, the higher the current through the contacts the 
shorter their life. 
The transformer for a vibrator power supply must be designed 

especially for this service since the primary switch does not pro-
duce a pure sine wave of voltage. The contacts on the vibrator 
must be carefully designed and made and must be maintained in 
proper condition; thoughtful consideration must be given to the 
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time of contact in the primary cycle of current reversal, the time 
of contact on the secondary side, and the proper use of condensers 
and resistors to produce the desired waveform. Much research 
has gone into the vibrator method of transforming one kind of 
power to another, leading to the present successful mobile radio 
transmitters and receivers. 
A very good description of the vibrator systems will be found 

in the MYE Technical Manual, published by P. R. Mallory & Co. 
in 1942. 

12.28. Dynamotors. Vibrator power supplies are not well 
suited for mobile applications in which considerable amounts of 
high-voltage d-c power are required. The dynamotor, however, 
can serve for such applications. The dynamotor consists of a d-c 
motor, driven from a low-voltage battery, coupled to a d-c gen-
erator which supplies a direct voltage of the required value. 
The motor and generator coils are placed on the same rotor, but 
separate commutators serve the low- and high-voltage sides. 
Dynamotors are made in various sizes to accommodate small 
receivers and rather large mobile transmitters. They are widely 
used in aircraft applications. Since the secondary voltage is 
pulsating in nature, it must be filtered in much the same manner 
as in a rectifier power supply. 

Problem 5. An OD3/VR150 tube maintains 150 volts across its terminals 
for direct currents from 5 to 40 ma. A certain load requires 150 volts at 
25 ma. A power supply is available which has an output voltage of 200 
volts. What should be the value of the series voltage-dropping resistor? 
What should be its power rating? Design for a maximum total current 
of 40 ma. 



13 • Audio Amplifiers 

13.1. Classification of amplifiers. Amplifiers may be classi-
fied according to ( 1) frequency range, that is, audio, radio, video; 
(2) voltage or power amplification; (3) mode of operation (Class 
A, B, etc.) ; (4) circuit connections. 
An audio amplifier may be designed to amplify all frequencies, 

for example, from 20 to 20,000 cycles. Sometimes it may be 
called upon to amplify only a limited band in this region, say 
250 to 2500 cycles as for telephone communication, or a narrow 
band in the vicinity of 400 cycles for aircraft signaling. A radio-
frequency amplifier usually handles only a narrow band of fre-
quencies and is, therefore, said to be a frequency-selective ampli-
fier. The band of frequencies may be centered at any frequency 
up to hundreds of megacycles. A video amplifier is called upon 
to cover a wide frequency range, perhaps several megacycles. 
A d-c (direct-coupled) amplifier is useful in amplifying very 
low-frequency signals, often so low in frequency that they are 
nothing more than slowly changing direct currents or voltages. 
The distinction between voltage and power amplifiers was dis-

cussed in Sect. 11.12. It should be noted again that the distinc-
tion between the two types is often not very great. 

13.2. Modes of operation. The mode of operation of an 
amplifier refers to the fraction of a complete cycle of grid voltage 
that the plate current flows. 
A Class A amplifier is one in which the grid-bias and alternat-

ing grid voltages are such that the plate current flows in a tube 
at all times, even at the most negative portion of the negative 
half cycle of the signal. Under normal Class A operation the 
grid-bias voltage (E,) is set so that operation occurs over the 
linear portion of the dynamic EC—/b curve, or E, is set at about 
half the cut-off voltage [see Fig 1(a)]. The alternating grid 
voltage must not be large enough to drive the total instantaneous 

328 
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grid voltage beyond cut-off at any time during a cycle. Usually 
the grid is not permitted to go positive. However, this is not a 
requirement of Class A operation. The waveform of the plate 
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FIG. 1. Class A, B, AB, and C operation of amplifiers. Plate current flows 
only during shaded portion of grid voltage. 

current is similar to that of the grid signal and the distortion is 
low. The power-converting efficiency is low, ranging in practice 

from 5 to 20 per cent. The voltage and power amplification are 
high, but the available power output is low. 
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A Class B amplifier is one in which the grid bias is approxi-
mately equal to the cut-off value so that the plate current is 
approximately zero for no exciting signal on the grid, and so that 
the plate current flows for approximately the entire positive half 
cycle of the alternating voltage applied to the grid. The wave-
form of the plate current as seen in Fig. 1 ( b) approaches closely 
that of a half-wave rectifier. Since nearly all the negative half 
cycles of plate current are absent, the distortion is high. A rather 
large grid-driving voltage is required if, as is often the case, the 
grid is driven positive. The voltage amplification is lower than 
with Class A, but the power output is larger. The efficiency is 
also higher, being of the order of 40 to 60 per cent. Class B 
amplifiers are not used for audio amplifiers except in push-pull 
arrangements, discussed later. In a push-pull circuit the distor-
tion is fairly low. 
A Class C amplifier is one in which the grid bias is appreciably 

greater than the cut-off value so that the plate current is zero 
for no grid signal, and so that plate current flows for appreciably 
less than one-half of each cycle when an alternating grid-signal 
voltage is applied. The efficiency may be as high as 70 to 85 
per cent, and the power output is correspondingly larger than 
that of a Class A or B amplifier. The large amount of distortion 
in the output current makes such an amplifier unsuited for a-f 
amplification; but it is well suited for r-f amplifiers which have 
parallel-resonant circuits as plate loads. 
A Class AB amplifier is one for which the grid bias is inter-

mediate between that required for Class A and for Class B, and 
plate current flows for more than 180° but less than 360° of the 
grid-voltage cycle. Higher power output can be obtained than 
with Class A operation, but at the expense of somewhat more dis-
tortion. Class AB amplifiers are generally used in push-pull 
circuits. 
The grid is usually driven so that the instantaneous voltage is 

positive for a part of the cycle and grid current flows in Class B 
and C amplifiers, whereas the grid is usually kept negative in a 
Class A amplifier. If it is desirable to indicate whether or not 
the grid is driven positive, the subscript 1 indicates that the grid 
never becomes positive, and the subscript 2 indicates that the 
grid does become positive during a part of the cycle and some grid 
current flows. Then, "Class Al" means that the operation is 
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Class A and the grid is never driven positive. "Class B2" in-
dicates that the tube is operated under Class B conditions and 
that the grid signal drives the grid positive for a part of the cycle. 

13.3. Operating conditions for audio amplifiers. For an 
amplifier to operate at audio frequencies it must meet the follow-
ing requirements: 

1. The amplification versus frequency curve must be suffi-
ciently flat for the particular application. 

2. The distortion (harmonic production) in the output must 
not be greater than is satisfactory or tolerable. 

3. The amplification must be sufficient to deliver the required 
power from the given input voltage. 

4. The noise and hum must be lower than some predetermined 
limit. 

5. The amplification should not vary much with ordinary 
changes in filament temperature, plate voltages, etc. 

6. The amplifier must work out of a certain impedance and 
transmit its power to another (usually different) impedance. 

13.4. Multistage amplifiers. A single stage of amplification 
is rarely capable of satisfying the above requirements. Often it 
is possible to get high amplification in a single stage but at the 
expense of excessive distortion or a poor frequency characteristic. 
Therefore, means must be provided for using the output of one 
stage to drive another stage. Preliminary stages in a multistage 
(cascade) amplifier are designed to produce high voltage amplifi-
cation with little regard for power efficiency. The final stage is 
usually the power amplifier and is designed to deliver the desired 
power to the load with as high efficiency as is practical. 

13.5. Resistance-capacitance coupled amplifier. The sim-
plest method of connecting two amplifying stages together is by 
means of an RC network. The circuit of such an RC amplifier 
is shown in Fig. 2. The signal voltage fed to the first tube is 
amplified and the output voltage of this tube appears across RL. 
This alternating voltage is used to drive the grid of the second 
tube. 
The purposes of the condenser C are (1) to block the d-c plate 

voltage of tube V1 from the grid of tube V2 and (2) to pass the 
a-c voltages to the second tube. Its capacitance should be large 
enough so that the flow of alternating currents is not appreciably 
impeded. The grid resistor R, connects the grid to the bias bat-
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tery E„,. The size of R, should be much larger than that of RL, 
usually around ten times, so that its shunting effect is not enough 

. to reduce the gain. That is, the equivalent effect of the two re-

E. ' 

 lC!  
1 

E 

E "re—: R-C coupling network 

FIG. 2. Resistance-capacitance coupling of two amplifier stages. 

sistances in parallel [RL,R,/(RL, R,)] is high so that a high-re-
sistance load is in the plate circuit of the tube. The a-c equiv-
alent circuit of the first tube and the coupling network is shown 

FIG. 3. A-c equivalent of circuit of Fig. 2. 

in Fig. 3. It is clearly seen that the voltage across RL is shared 
by C and R9. Since the maximum possible voltage is desired 
across R9, the voltage drop across C is kept low by using as large 
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a condenser as possible. The upper limit of the size of C is fixed 
by two considerations: the physical size, which increases as the 
capacitance becomes larger, and the leakage resistance, which be-
comes less as C is made larger. A low leakage resistance is un-
desirable since it may permit direct current to leak through the 
condenser and establish a positive voltage on the grid of the sec-
ond tube. (See Fig. 5, Chapter 6, and the accompanying discus-
sion.) Often the condenser C discharges at an audible rate, such 
as one or two times per second, so that the desired signals are 
modulated with the voltages produced by the periodic charge and 
discharge of C. If this occurs at a low but audible rate, the 
noise set up is called "motorboating." 

In a triode amplifier of the RC type, the effective load im-
pedance in the plate circuit of the first tube—made up of RL, X,, 
R9, and the inherent capacitances in the wiring, inside the tubes, 
between tube and socket terminals, etc.—should be several times 
the plate resistance r, of the tube. In amplifiers using pentodes 
or tubes with very high plate resistance, the load impedance 
must simply be as high as possible or convenient. 
The voltage amplification for the first stage is the ratio of the 

a-c voltage on the grid of the second tube to that on the grid of 
the first tube, or 

gRe,„ 
  (triode amplifier) 
ri, + Reg 

—g„,Rec, (pentode amplifier) 

where R, is the total resistance of RL and R, in parallel. The 
voltage drop across C is assumed negligible. Its effect is dis-
cussed in the next section. 
The gain calculated from the above expressions is called the 

mid-frequency gain. The frequency is assumed high enough so 
that the reactance of C is low and the a-c voltage drop across it 
is negligible, but not so high that the shunting effect of the wiring 
and tube capacitances is low enough to reduce the gain. A fre-
quency at which X, equals 1/10R, can be considered the low-fre-
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quency limit of frequencies for which the mid-frequency expres-
sion applies. 

It is common practice to use values of C of the order of 0.01 
p.f and R9 values of 0.5 to several megohms. 

13.6. Low-frequency gain. At frequencies lower than those 
considered above, the reactance of C becomes higher and must be 
taken into account. Across this reactance will appear a voltage 
which subtracts from that which can be applied to the grid of the 
second tube. The amplification now depends upon the relative 
values of X, and R, (as well as RL) since the larger X, is com-
pared to R9 the more voltage is lost across C and the less appears 
across R9. These two elements must be taken into account to-
gether. If R9 is large, C can be small; if R9 is low, C must be 
large. 

Actually, if X, is equal to R9, both expressed in ohms, the gain 
will be 70.7 per cent of the maximum possible when X, can be 
neglected, or of the mid-frequency value. If X, is %/4, the 
amplification will be 95 per cent of the maximum value. 

13.7. High-frequency gain. Loss in gain at high frequen-
cies occurs as a result of the shunting effect of the tube and wiring 
capacitances. Of course the reactance of X, at these frequencies 
is so small as to be negligible, but by the same argument the re-
actance of any inherent capacitances shunted across RL or R9 may 
be small enough to reduce the effective load impedance into which 
the first tube works and thus reduce its gain. 
The higher RL and R9, the lower the frequency at which these 

stray capacitances tend to reduce the gain. This means that the 
gain can be kept relatively constant up to rather high frequen-
cies only if low values of RL and R, are used. This is accom-
plished at the expense of lower gain at all frequencies. 
The actual gain at a high frequency (at which the reactance 

of the shunting capacitance becomes effective) compared to the 
mid-frequency gain may be found from 

Gain at high frequency  1  

Mid-frequency gain VI -I- (R/X)2 
where R is the effective resistance of the grid leak R9, the plate 
load RL, and the plate resistance r, all in parallel, and X is the 
reactance of the stray capacitance shunting the circuit at the high 
frequency for which gain is to be calculated. 
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At the frequency at which the stray shunting capacitances have 
a reactance equal to three times the value in ohms of the three 
resistances in parallel, the amplification will be 95 per cent of 
the mid-frequency value. If the frequency is raised until the re-
actance is equal to the effective resistance of the circuit, the 
amplification will be 70.7 per cent of the mid-frequency value. 
A typical curve of gain plotted against frequency for an RC 

amplifier is shown in Fig. 4. The number of cycles included in 

A,d 

0.707 x 

I,'  Mid-frequency 
range 

Frequency 

X = reactance of stray wiring and tube capacitance 
R = resistance of RL, Rp, and rp in parallel 

FBI 4. Typical frequency-response curve of an RC amplifier. 

the mid-frequency range is, of course, determined by the fre-
quencies at which the series capacitance C and the shunting stray 
capacitances become effective in reducing the gain. 

13.8. Over-all amplification. The gain per amplifier stage 
has already been defined as the ratio of the voltage supplied to 
the grid of the driven tube (or load, if the last tube is considered) 
to the voltage on the grid of the driving tube. Thus, the output 
of one stage is the input to the next, and the gain of several stages 
is simply the product of the gain of the individual stages. If an 
amplifier has three stages which have gains of 20, 10, and 5, then 
the over-all amplification is 20 X 10 X 5 or 1000. That is, the 
output voltage will be 1000 times the voltage on the grid of the 
first tube. The voltage gain of any number of stages can be com-
puted in a similar manner. 

13.9. Plate voltage requirements. One of the objections to 
the use of RC coupling in triode amplifiers is that rather high d-c 
plate supply voltages are required. The condition that makes the 
gain high, namely, that the load resistance RL should be much 
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higher than the plate resistance of the tube, also causes a large 
part of the d-c voltage to be lost across this load resistance. Con-
sequently, the plate supply voltage must be quite high if the 
proper d-c voltage is to appear across the tube. Suppose a triode 
amplifier is to be operated at a plate voltage Eb of 100 volts, and 
that the static plate resistance is 2000 ohms and the plate current 
is 2 ma at this voltage and with a specified grid-bias voltage. A 
plate load resistance of 50,000 ohms is to be used. The plate sup-
ply voltage then must be 

Ebb = Eb IbEL = 100 + 2 X 10-3 X 50,000 

= 100 + 100 = 200 volt,s 

To get 100 volts on the plate of this tube requires a plate sup-
ply of 200 volts! What if the tube is operated at a lower voltage? 
Then the plate resistance of the tube is increased, and the load 
resistance RL must be made larger if the gain is to be kept the 
same. The result is that nearly the same plate supply voltage is 
required as in the first case. 

In spite of this disadvantage, RC coupling is widely used in 
voltage amplifiers because of the excellent frequency response 

obtainable and because of the low cost of the condenser and re-
sistors which make up the coupling network. 

In amplifiers employing pentodes and other high-resistance 
tubes the proportionate loss of voltage in the plate load resistor 

is not so great since the load resistor is generally much smaller in 
ohms than the d-c resistance of the tube. 

13.10. Impedance-coupled amplifier. An amplifier in 
which the plate load resistor is replaced with a low-resistance in-
ductor having a high value of reactance at the frequencies at 
which the amplifier is to work is called an impedance-coupled 
amplifier. Actually, any interstage coupling network is an 
impedance network, but the term has, by common usage, been 
employed to describe the network shown in Fig. 5. 
Suppose the choke in Fig. 5 has an inductance of 100 henries 

and a d-c resistance of 1000 ohms. Now the direct plate current 
encounters relatively little opposition in the 1000-ohm resistance. 
The alternating current, however, must flow through the high in-
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ductive reactance and the resistance in series. Across this im-
pedance, V R2 tü2L 2, will appear the amplified a-c voltage 
which may be used to drive another amplifier stage. 
The loss of d-c voltage between the plate supply and the plate 

is 1 volt per ma of d-c plate current, and if the d-c plate current 
is 2 ma, only 102 volts of supply voltage will be required to put 

Ebb 

+ 
ECC 

Fin. 5. Elements of impedance-coupled amplifier. 

100 volts on the plate of the tube. In modern amplifiers, im-
pedance coupling is rarely used except for power tubes having 
high plate current. Since the reactance is a function of frequency, 
the gain also varies with frequency and the frequency-response 
curve of an impedance-coupled amplifier is decidedly inferior to 
that of an amplifier employing RC coupling. 

Problem 1. What is the mid-frequency gain of an RC amplifier, given the 
following: iz = 20, rj, .= 7700 ohms, RL = 25,000 ohms, it, — 0.5 megohm? 
What will he the gain if R, = 25,000 ohms? 
Problem 2. If the coupling condenser C in Prob. 1 is 0.01 pf, what is the 

lowest frequency for which 95 per cent of mid-frequency gain will be obtained? 
Work for both values of R. 
Problem 3. The mid-frequency gain of a 6SJ7 pentode amplifier working 

into a plate load of 100,000 ohms and a grid leak (Rg) of 32 megohm is 104. 
The plate resistance is 0.9 megohm. Stray capacitance plus tube capacitances 
adds up to 30 ppf. What is the voltage gain at 50 kc? at 1 Mc? 
Problem 4. A type 6SF5 high-mu triode passes 0.3 ma when the plate-

cathode voltage is 200 volts and the grid bias is —2 volts. If the tube is to be 

operated at the above operating point and with a 200,000-ohm plate load 
resistance, what must be the power supply voltage? 
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Problem 5. A tube has a µ of 12 and an 7-, of 12,000 ohms. It is used 
in an impedance-coupled amplifier in which the plate choke is 20 henries and 
the resistance is 1000 ohms. What is the voltage amplification at 50 cycles? 
at 200 cycles? 
Problem 6. A tube draws 1.5 ma through a 50,000-ohm plate load resistor. 

If the plate supply voltage is 250 volts, what. is the voltage across the tube? 

13.11. Miller effect. Not only do the tube and wiring 
capacitances play havoc with amplifier gain at high frequencies, 
but the effect of the grid-plate capacitance of the second tube in 
a circuit such as in Fig. 2 is multiplied by the gain of that tube— 
a very interesting and unfortunate fact. 
The capacitances which cause trouble at high frequencies are: 

1. Grid-cathode capacitance, Cgk. 
2. Plate-cathode capacitance, Cple• 
3. Grid-plate capacitance, C„. 
4. Stray capacitances in wiring, etc. 
The capacitance C, across the input to a tube is nearly equal to 

C, = Cgk C„(A„ ± 1) 

where A„ is taken as the magnitude of the voltage amplification. 
This increase in effective input capacitance is due to the Miller 
effect. The various interelectrode capacitances of a tube are 
shown in Fig. 6. 

r  
gp 

Cgk 

C pg 

Fla. 6. Tube interelectrode capacitances. 

A 6J5 triode has the following interelectrode capacitances: 
Cgk = 3.4 mist Cpk = 3.6 if, and Cgp = 3.4 lad. The amplifica-
tion factor, µ, of a 6J5 is 20. Suppose that in a particular circuit 
the voltage gain realized is 15. Then 

Cg = 3.4 -I- 3.4(15 1) = 3.4 + (3.4 X 16) 

= 57.8 mpf 
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The value of C, is rather high—much higher than would be ex-
pected—and it reduces the gain of an amplifier at high fre-
quencies. 

Since the increase of the input capacitance depends on the gain 
of the tube, the increase will be lower if the gain is made lower, 
as by using a smaller plate load resistor or by substituting a tube 
with a lower it. Such changes unfortunately result in lower 
amplification, and more tubes or other means must be used to re-
turn the amplification to the desired value. 
The effect of the screen grid in tetrodes and pentodes is to 

reduce C„ to a very low value, and so the input capacitance of 
these types of tubes is not changed much by the Miller effect. 
The grid-plate capacitance of a 6SJ7, a typical voltage-amplifier 
pentode, is only 0.005 µid. 

Problem 7. A tube with a µ of 30 and an rg, of 50,000 ohms is used 
with a 200,000-ohm load resistance and a 0.5-megohm grid-leak resistance in 
the RC coupling network. Suppose that in construction a path of soldering 
flux is placed across the grid-leak resistor so that the half megohm is ef-
fectively shunted by 100,000 ohms. What is the resulting voltage amplifica-
tion? What is the amplification without the shunting resistance of the 
flux? What is the percentage loss due to the flux? 
Problem 8. The grid-plate capacitance of a 2A3 power triode is 16.5 gpf 

and the grid-filament capacitance is 7.5 peaf. What is the effective input 
capacitance of the tube when used in a circuit in which it has a gain of 3? 

13.12. Practical high-gain amplifiers. The use of pentodes 
makes it relatively simple to obtain high voltage gains in single-
or two-stage RC coupled amplifiers. Since the gain of a single 
stage may be 100 or more and since the gain of several stages is 
the product of the individual stage gains, two tubes and the ap-
propriate coupling system will produce a voltage amplification 
of 100 X 100 or 10,000. As much amplification can be secured 
with a single pentode amplifier as is possible with two stages of 
triode amplification, with greater simplicity of apparatus and 

much saving of space. 
A typical stage of pentode amplification is shown in Fig. 7. 

Higher gains will be obtained with higher values of RL, but the 
gain will begin to fall off sooner at the high-frequency end. The 
value of the screen-dropping resistor Rd is chosen so that the d-c 
voltage applied to the screen has its proper value. The screen 
voltage will be the plate supply voltage Ebb minus the voltage 
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drop across Rd; (Ebb — 1,,R,). The screen by-pass capacitor Cd 
keeps any a-c voltage from developing between screen to ground. 

R L 

(1' 

0.5 5 

0.25 
megohm 

it, 

0.5 
megohm 

FIG. 7. Typical RC amplifier using pentode tube. 

13.13. Amplifier instability. The larger the coupling 
capacitor, the better the low-frequency response in an RC ampli-
fier. Some of the difficulties of attempting to extend the low-fre-
quency response by this method have already been discussed. 
The most serious difficulty is the possibility that the grid of the 
following stage may collect enough electrons to cause the bias to 
change and possibly to cause "motorboating." This can be pre-
vented if the charge can leak of to ground rapidly enough. The 
leakage path is through R9. If the product of C and R, is so great 
as to cause appreciable time for this charge to leak off, the sec-
ond tube may "block"; that is, the plate current may be cut off as 
a result of the grid first being driven positive so that grid current 
flows, and then highly negative as a result of the resulting voltage 
drop across R9. A practical value for the RC product is 0.05, and 
therefore there is a practical limit to the low-frequency response 
that is compatible with high gain and good stability. Mica capac-
itors have higher leakage resistance than paper capacitors, and 
the RC product using mica types can be somewhat higher. How-
ever, there is again the practical limit of physical size since mica 
capacitors are generally much larger than paper capacitors hav-
ing the same capacitance value. 

If two or more stages secure their plate and screen voltages 
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from a common source of positive voltage, as from a rectifier-
filter system, care must be taken that each of these individual 
circuits is filtered so that none of the a-c signal currents flow 
through the power supply system. If the a-c impedance of the 
power supply is extremely low so that no a-c voltages are de-
veloped across it, the additional filtering is not required. How-
ever, this a-c impedance is not low enough in most cases. The 

kpecoupling 
networks 

RL 
Out 

0 5 
megohm 

+ E„ 

Fio. 8. Shunt capacitors and series resistors in plate, screen, and grid leads 
reduce amplifier instability. 

filtering of the individual circuits is accomplished by connecting 
by-pass condensers to the cathode directly from the screens and 
from the plate supply end of the plate load resistors. Often, ad-
ditional series resistors or chokes are inserted in the plate and 
screen leads to aid further in keeping the a-c voltages out of the 
power supply system as seen in Fig. 8. If the filtering is inade-
quate, the a-c voltages developed across the power supply may 
be reintroduced into the plate circuit of an early stage of the 
amplifier and cause instability in the form of a very low-fre-
quency oscillation. The filtering networks described above are 
often called decoupling networks. 

13.14. Transformer-coupled amplifier. The a-c output 
voltage of an amplifier employing a resistance or impedance load 
can never be greater than the iz of the tube multiplied by the grid-
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input voltage, and it approaches this value only when the im-
pedance of the load is very much higher than the plate resistance 
of the tube. Suppose, however, that a transformer is used as the 
coupling network as shown in Fig. 9. The a-c voltage across the 
secondary will be increased over that across the primary by the 
step-up turns ratio of the windings, and so the a-c voltage de-
veloped in the plate circuit may not only be passed on to the fol-
lowing tube, but may also be multiplied by the transformer. 
Since the a-c impedance measured at the primary terminals, 

1; 

E, i 

E„ 

Fla. 9. Transformer-coupled amplifier. 

which is the load for the tube, can be made very high, the total 
amplification can be made to approach µN, where µ is the ampli-
fication factor of the tube and N is the turns ratio, that is, the 
number of turns on the secondary divided by the number on the 
primary. 

If the secondary circuit takes no current or power the greatest 

voltage will appear across the secondary when a very high turns 
ratio is used, but this is not true when power is taken—and some 
always is. The upper value of turns ratio is also limited by the 

frequency response of the transformer which usually becomes 
worse as the turns ratio is increased. A practical step-up value 
is 2.5 or 3 times. 

The maximum power in the secondary circuit will be obtained 
when the turns ratio is given by the expression 

N2 = (--- 
n,)2= 

Rp 
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where 1'4 and R. are the resistances between which the transformer 
works—I?,, is the dynamic plate resistance of the tube, rp, in this 
case. With such a turns ratio the voltage across the secondary is 
given by 

= ellEgiN 
3 2 

[1] 

If the resistance of the load across the secondary is 0.5 megohm, 
and the plate resistance of the tube out of which the transformer 
works is 20,000 ohms, the proper turns ratio is 

N = \1500000 — = 5 20,000 

and the voltage gain from equation 1 is 

E., 
= Pi X 5 = 60 if mi = 12 

E., 

Often the circuit is operated with no physical resistor in the sec-
ondary. Then the value of R. is the input impedance of the sec-
ond tube and may be several megohms. Then the gain is ap-
proximately µI >< N. 
The above discussion assumes that the transformer is perfect; 

that is, it has no d-c resistance, no magnetic leakage, and infinite 
primary and secondary reactances. The values of gain calculated 
above are somewhat higher than would be obtained with an actual 
transformer. 

Transformer coupling is not widely used in modern voltage-
amplifier stages since RC coupling gives much better frequency 
response, and adequate gain can be obtained with pentodes. An-
other factor is the cost of a transformer, which is higher than the 
components of an RC coupling network. 
Not only can the transformer be used to step up the voltages 

as described above, but also to step the voltage down to match a 
fairly high tube resistance to a lower secondary resistance. It is 
in this service that transformer coupling finds its widest applica-
tion in modern amplifiers. The low-resistance secondary load 
may be an amplifier which draws grid current, or it may be the 
voice coil of a loud speaker. The amplifier feeding into the trans-
former is then generally classed as a power amplifier. 
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Transformers are often a necessity when an amplifier is coupled 
to its load since the load is almost always much lower in im-
pedance than that of the output tube or tubes. These are known 
as output transformers and are designed to connect a single 
power tube to a loud speaker or to a 500-ohm line, or push-pull 
tubes to a speaker or line. The transformers may have consider-
able direct current in the primary and must cover a wide fre-
quency range with high alternating currents in both primary and 
secondary. It is not an easy matter to make a good output trans-
former, especially of the single-tube type. 

13.15. Advantages and disadvantages of transformer 
coupling. The advantages of transformer coupling have al-
ready been mentioned. They include the ability to obtain a 
voltage gain higher than the amplification factor of the tube, and 
the possibility of matching to either a high- or a low-impedance 
load. Another important advantage is that all the d-c plate sup-
ply voltage, except a few volts lost across the d-c resistance of 
the transformer primary, is supplied to the plate of the tube. 
The chief disadvantages, other than the iron losses and losses 

in the resistances of the primary and secondary, are the rather 
poor frequency response and the fact that transformers are sub-
ject to hum pickup unless carefully shielded. The poor frequency 
response at low frequencies results from the low reactance of the 
primary winding. This reactance, of course, decreases as the 
frequency is lowered. The distributed capacitance of the trans-
former windings and of the tubes resonates with the leakage in-
ductance of the transformer at some higher frequency to cause 
a peak in gain, followed by a rapid decrease as the frequency is 
raised to still higher values. This peak occurs as low as 5000 
cycles for some transformers. A typical frequency response is 
shown in Fig. 10. By careful design the useful frequency range 
can be extended to cover most of the a-f band and hum pickup 
can be reduced, but the resulting transformer is rather expensive. 

Problem 9. A power tube has an rp of 1000 ohms and a ih of 8. It is 
to be coupled to a 10-ohm speaker by means of an output transformer. 
What must be the turns ratio if the effective load on the tube is to be 2000 
ohms? What will be the power output if the grid-signal voltage is 20 volts? 
Assume that there are no power losses in the transformer. 
Problem 10. In Prob. 9 what turns ratio should be used to transfer 

maximum power to the load? What will be the power in this case? 
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Fla. 10. Typical frequency response of a transformer-coupled amplifier. 

Problem 11. A tube whose r5 is 10,000 ohms works into a load resistance 
of 360,000 ohms. What is the proper turns ratio of the output transformer 
for maximum power output? What is the voltage gain if µ = 20? 
Problem 12. Repeat Prob. 11 if the tube works into a load resistance 

of 2500 ohms. 

Problem 13. A 6SJ7 pentode has a g. of 1575 micromhos and an 7.5 of 
0.7 megohm when the plate voltage and screen voltage are both 100 volts, 
the grid bias is —3 volts, and the suppressor grid is 0 volt. The plate cur-
rent is 2.9 ma and the screen current is 0.9 ma. A 100,000-ohm plate load 
resistor is to be used. 

(a) What is the voltage amplification? 
(b) What plate supply voltage is required? 
(c) If the screen is supplied its voltage through a resistor connected to 

the plate supply voltage source, what must be the size of the screen-drop-
ping resistor? 

(d) What must be the size of the cathode resistor if self-bias is used? 
(Both screen and plate current flow through this resistor.) 

13.16. Load lines for transformer-coupled amplifiers. 

The d-c load line for a transformer-coupled amplifier is drawn for 
the d-c resistance of the primary and, because of the low value 
of this resistance, is nearly a vertical. line as shown in Fig. 11. 
It is drawn vertically upward from the value of Ebb until it inter-
sects the grid-bias line corresponding to the value of E„. This 
point of intersection is the operating point P. The a-c load line 
must be drawn through P. It is drawn for a value of resistance 
corresponding to 

Rp = R8 (— 

np)2 

« This a-c load line may be immediately drawn through the oper-
ating point, but it is usually easier to draw an auxiliary load line 
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and then draw the actual load line through the operating point 
and parallel to this auxiliary load line.* 
Power output and distortion calculations are made in the 

"a". 
22 

C) 

D-C load 
line 

A-C load 
line 

Ebb 

Plate voltage 

Fla. 11. D-c and a-c load lines for a transformer-coupled amplifier. 

same manner as described in Chapter 11. It must be kept in 
mind, however, that values for the calculations must be taken 
from the a-c load line. A typical curve of power output and dis-
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I'm 12. Power output and second harmonic distortion plotted against 
load resistance for a typical triode transformer-coupled amplifier. 

tortion plotted against the load resistance R, for a triode ampli-
fier is shown in Fig. 12. Note that the power output is maximum 
when R, equals r, but that the distortion is very high. Since the 

*The general details of the construction of load lines are found in 

Chapter 11. 
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distortion decreases much more rapidly than does the power out-
put, a load resistance R„ about twice the value of r„ gives nearly 
maximum power output at a fairly low distortion. If less dis-
tortion is desired, the value of R„ may be increased still further 
(by changing the turns ratio or increasing R8). The lower distor-
tion is achieved at the expense of power output. There is no such 
thing as "undistorted" power output from a power amplifier, al-
though the distortion may be made very low. 
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Fla. 13. Effect of load resistance on distortion and power output in a 
typical pentode or beam power tube transformer-coupled amplifier. 

The a-c load resistance for a pentode amplifier employing 
transformer coupling is much more critical than that for a triode. 
A typical curve of power output and distortion is shown in Fig. 
13. As the load resistance is increased the distortion falls to a 
minimum value, then increases instead of continuing to decrease 
as in a triode amplifier. The power output is not maximum at 
the value of load resistance that gives minimum distortion. As a 
matter of fact, the load resistance which would yield maximum 
power output would also give an intolerably large amount of dis-
tortion. Thus, pentodes ( also beam power tubes) are much more 
critical in their requirements as to the impedance into which they 
should work. The recommended operating conditions should be 
referred to when designing a power amplifier using a particular 
pentode or beam power tube. 
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13.17. Push-pull amplifier. Where considerable audio out-
put is desired with good tone fidelity, as in high-quality receivers 
or in public-address systems, two power-amplifier tubes are con-
nected in a push-pull circuit as shown in Fig. 14. The advan-

tages of this circuit are several, as outlined below. 
Distortion due to second harmonics is reduced to a low value 

compared to that from a single-tube circuit; the usable power out-

E1, 

FIG. 14. Push-pull amplifier. 

\. Output 
transformer 

Eo 

put is more than twice that obtainable with a single tube; be-
cause of the elimination of troublesome second harmonics the 
input signal voltage can be raised somewhat with correspond-
ingly greater output; equal values of direct current flow in op-
posite directions in the two halves of the output transformer pri-
mary, which lessens saturation and decreases the amount of iron 
required; hum voltages originating from the power supply are 
canceled and therefore less filtering of the power supply is 

necessary. 
Push-pull operation is not limited to any particular type of 

power tube. Either low-be triodes of the 2A3 type, or pentodes 
and beam power tubes like the 6F6 and 6L6, may be operated in 
this manner. Frequently a combination of push-pull and parallel 
operation of tubes is utilized; two tubes in parallel are on each 
side of the amplifier, making four tubes in all. The two parallel 
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tubes give twice the output of a single tube and the push-pull 
connection multiplies the usable output by another factor of two 
or more. Therefore a power output of greater than four times 
that obtainable from a single tube of the same type is secured. 
The same result could be obtained by substituting a tube of four 
times the power rating of the original single tube, but such tubes 
usually require high plate voltages, are large, and increase the 
expense of the power supply considerably. 
The reason for the name "push-pull" can be seen by referring 

to Fig. 14. When the grid of the upper tube is at its most positive 
alternating voltage value, the grid of the lower tube has its most 
negative value. This is because the polarity at the opposite ends 
of the center-tapped input transformer must be opposite. Then 
the upper tube has its maximum plate current at the same time 
that the lower tube has its minimum plate current. A half cycle 
later these conditions are reversed. Thus, when the plate current 
of the upper tube is "pushed" to its maximum value, that in the 
lower tube is "pulled" to its minimum value, and so on. 
The current to each tube flows through its half of the center-

tapped primary of the output transformer. When the current 
to the upper tube is increasing, the current to the lower tube is 
decreasing. The increasing current to the upper tube induces a 
voltage in the secondary of the transformer. The decreasing cur-
rent to the lower tube also induces a voltage in the secondary of 
the transformer, and, since this current is flowing in a direction 
opposite to that of the current in the upper tube, the induced 
voltage in the secondary is in the same direction. In effect, the 
sum of the currents to the two tubes induces a secondary volt-
age E.. 
The current drawn from Ebb by one tube is increasing at the 

same time that the current drawn by the other tube is decreasing. 
These increasing and decreasing currents exactly cancel each 
other, and the net a-c current drawn from the battery is zero. The 
result is the same as though the a-c component of current flowed 
alternately from the plate of the top tube into the plate of the 
bottom tube, and vice versa. This is the current ip shown in the 
diagram. Note that no net a-c current flows from Ebb. Each 
tube, of course, takes direct current from Ebb. 
Second harmonic currents, i2's (also fourth, sixth, and other 

even harmonics), generated within the tubes because of distortion 
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have directions at one instant as shown on the diagram. Note 
that these two currents, which are equal in magnitude since the 
tubes are assumed identical, flow in opposite directions in their 
respective halves of the transformer and therefore induce equal 
and opposite voltages, really zero voltage, in the secondary. 
These even harmonic currents flow together through the Ebb line. 

Since the second harmonic currents do not appear in the out-
put—and these are the most prominent in a triode amplifier— 
the load resistance per tube can be adjusted to the value which 
gives maximum power output. Consequently the usable power 
output per tube is greater than for a single-tube circuit, for which 
the load resistance is usually two or three times the value for 
maximum power output. 
The impedance measured across the total primary winding of 

the output transformer should be twice the dynamic plate resis-
tance of a single tube at the operating point in order to obtain 
maximum power output. This results in each tube being loaded 
with a resistance equal to its own plate resistance, which is the 
condition for maximum power output. The equation is 

n 
R.,,, = 2r, = ( !)2RL 

in which n, is the number of turns on the entire primary winding, 
n, is the number of secondary turns, and R„ is the total im-
pedance seen across the outside terminals of the primary. 
The push-pull amplifier, then, is a device for eliminating the 

even-harmonic distortion which occurs when tubes are worked 
too far down on the curved part of their characteristic. Since the 
distortion is less, the tubes can be worked harder, having greater 
input voltages impressed on them, with consequently greater 
output. 

Cancellation of even harmonic distortion is not achieved unless 

the two tubes are identical. Even two tubes of the same type 
may have somewhat different characteristics, and means are often 
provided in push-pull circuits to adjust the grid bias of the two 
tubes independently. Usually, if the grid bias is adjusted so 
that the d-c plate currents to the two tubes are equal, the tubes 
will be properly "balanced" for satisfactory operation. 

Occasionally two tubes are connected in push-push. This con-
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nection is the same as push-pull except that the two grids are 
driven in phase instead of 180° out of phase. The result is that 
the signal voltage is canceled in the transformer and only the 
even-harmonic distortion voltages are transferred to the second-
ary or output side. Such an arrangement is obviously no good 
for normal audio amplifiers, but has a few special uses. 

13.18. Class B amplification. Suppose that the grid bias in 
Fig. 14 is increased so that the plate current is near zero for no 
a-c grid signal; that is, the bias of each tube is adjusted for Class 
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in a Class B push-pull amplifier. 

B operation. Then there will be very little plate-current flow 
until an alternating voltage is applied to the grids. Even then the 
plate current flows only when the alternating grid voltage of a 
tube is on its positive half cycle. Since the grid voltage supplied 
to the two tubes in push-pull is 180° out of phase, first one tube 
conducts, then the other. The resulting currents may be added 
graphically as seen in Fig. 15 to obtain the total current in the 
primary winding of the output transformer. Note that the 
curvature at the lower ends of each current pulse is largely can-
celed in the addition process. However, there is still some distor-
tion in the composite wave. It is considerably greater than in a 
well-designed Class A amplifier. 
The grids of a Class B amplifier are often driven hard enough 

that they become positive with respect to their cathodes for a 
part of the cycle. This is known as Class B2 operation. Now the 
grid circuit requires appreciable power which must be supplied 
by the preceding stage. The amplifier which supplies power to 
the grids is called a driver. 
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A Class B push-pull amplifier is considerably more efficient 
than a Class A amplifier using the same tubes. Much higher 
power output can be secured with a medium value of plate volt-
age. The distortion is fairly high. The two tubes must be well 
matched, and the bias voltage must be well regulated. 
For Class B amplification special triode tubes are available 

which have a high amplification factor and operate at zero bias. 
With no grid excitation, and with zero bias, the plate current is 
very low. As the grid of one of these tubes is driven positive 
the plate current increases much as in any Class B amplifier. In 
fact, a zero-bias Class B amplifier tube can be considered to be 
one that is designed so that the cut-off bias is approximately zero 
rather than several volts negative as it is for many tubes. The 
most important advantage of this type of tube is that a well-reg-
ulated grid-bias source is not required. 
A typical zero-bias Class B tube is the 6N7, which includes two 

triodes in the same envelope. With 300 plate volts and zero grid 
bias the plate current of one of these triodes is 17.5 ma. In a 
push-pull circuit, a plate-to-plate load resistance of 8000 ohms, 
and a peak-to-peak grid voltage of 58 volts (peak voltage per 
grid of 29 volts) the maximum plate current per tube is 97 ma. 
The total direct current taken from the power supply by both 
tubes is 35 ma with no excitation and is 70 ma for full excitation. 
Under these conditions the power output is 10 watts at 4 per cent 
distortion. The peak grid current is 20 ma per tube. Figure 16 
shows the operation characteristics of a 6N7 in Class B service. 

13.19. Phase inverters. A push-pull amplifier requires that 
the two tubes have their grids excited 180° out of phase with each 
other, the voltage on one increasing while the other decreases. 
It is easy to feed such an amplifier from a single-ended amplifier 
by means of an input transformer since the secondary can be 
divided in the center as shown in Fig. 14. If it is desired to elim-
inate the input transformer and use .RC coupling, then phase-
inversion circuits must be used. 
A two-tube phase-inverter circuit is shown in Fig. 17. The 

input signal to the phase inverter is fed to the grid of tube A. 
This tube amplifies the voltage in the normal manner and sup-
plies its output voltage to one of the push-pull grids at GI. The 
grid-leak resistor Rgi is tapped and a part of the voltage is fed to 
the grid of tube B. The output of this tube is fed to the other 
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push-pull grid at G2. Tubes A and B usually employ similar 
coupling networks, and so their gain is the same. This requires 
that the value of the voltage fed to the grid of B must be the 
same as that fed to A, or that the total output of A divided by 
the voltage fed to the grid of B, that is, Eoi E1, must equal the 
gain of tube A (also of tube B since the gains are equal). The 
phase shift through tube A is 180° as discussed in previous sec-
tions. The voltage fed to B is shifted another 180°, or a total of 
360° in respect to the original input voltage. As a result, the 
voltages supplied to the push-pull grids are 180° out of phase, as 
they must be for proper operation. 

13.20. Parallel tubes in amplifiers. In some cases it is de-
sirable to connect two similar tubes in parallel to double the 
available power output. Often two groups of paralleled tubes 
are operated in push-pull as described in Sect. 13.17. The main 
advantage of parallel operation is that lower plate voltages are 
required than would be the case if a larger single tube, capable 
of twice the power output, was used. 
The connection of two similar tubes in parallel is shown in Fig. 

18. The two tubes together have half the plate resistance, twice 

Fin. 18. Two tubes in parallel. 

the grid-plate transconductance, and the same amplification factor 
as a single tube. The effective plate load resistance should be ap-
proximately half that used for a single tube. Under these condi-
tions, and with the same grid-bias and excitation voltages and 
the same plate voltage, the power output of two tubes is twice 
that of a single tube. The percentage distortion is the same. 
The plate (Eb—/b) characteristics of a single tube can be used 
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for the graphical calculation of the operation of two tubes in 
parallel. All that is necessary is to double the values of plate 
current. Then the calculations are made as before. 

13.21. Feedback in amplifiers. When part of the output 
voltage of an amplifier is reintroduced into the input, it is said 
to be "fed back" and the circuit is called a "feedback circuit." 
Feedback has both advantages and disadvantages, depending 
upon how it is employed. 
For example, suppose that an amplifier stage has a gain of 10 

and that one-tenth of the output voltage is fed back in phase with 
the input. Now there is as much voltage on the grid due to the 
feedback as there is due to excitation from the external source. 
The additional voltage is amplified and reappears in the output. 
Again 10 per cent is fed back to the input. After a few cycles of 
this process the amplifier becomes overloaded and will probably 
break into uncontrolled oscillation. The amplifier, then, is said 
to "sing" or howl because it will probably produce an audible 
tone in the loud speaker, the frequency of which is determined by 
the sizes of the various electrical elements in the circuit. 

If, on the other hand, a fraction of the output, say 5 per cent 
this time, is fed back into the input 180° out of phase with the 
original excitation voltage, the net voltage on the grid is reduced 
and the over-all gain becomes smaller. The gain does not, how-
ever, go to zero since on the next cycle of the process the actual 
voltage fed back is less than before (because of the decreasing 
gain), whereas the grid signal from the external source has not 
changed. After conditions have stabilized the resulting over-all 
gain is given by 

A 
A b   

1 — A va 

where Afb is the gain with feedback applied, A r is the gain without 
feedback, and )3 is the fraction of the output voltage that is fed 
back 180° out of phase with the original excitation voltage and 
is called the feedback factor. 

In the first case the process is called positive feedback or re-
generation, and in the second case it is called inverse or nega-

* Here, as before, At, carries a negative sign if the amplifier load is a pure 
resistance. Thus the sign in the denominator is positive for the usual 
numerical calculation. 
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live feedback or degeneration. The effect of regeneration, even 
if not carried to the extreme as in the above example, is to exag-
gerate any non-uniformity in the frequency-gain characteristic 
of the amplifier. If the gain at some frequency is higher than 
at other frequencies, then more voltage is fed back. The result 
is that there is even more gain in proportion at this frequency 
than before. 

13.22. Application of negative feedback. Negative feed-
back tends to decrease the non-uniformity of the gain-frequency 
characteristic of an amplifier. At a frequency for which the 
amplifier has too much gain more voltage is fed back. This 
results in a greater decrease in gain at this than at other fre-
quencies. The result is that the frequency response is made more 
nearly uniform. 

Negative feedback also tends to reduce waveform distortion 
arising within the tube and caused by operation over a non-linear 
part of the tube's characteristic. For example, if the output 
voltage of an amplifier is held constant by increasing the input 
voltage as negative feedback is applied, the distortion will be 
reduced in the same proportion as the over-all gain is reduced; 
that is, the new values of gain and distortion will both be equal 
to the values without feedback divided by 1 — ArI3. This reduc-
tion in distortion arises as a result of the distortion components 
of voltage being fed back to the grid 180° out of phase so that 
they tend to cancel those generated in the tube. Thus, if an 
amplifier has a gain of 100 and 10 per cent distortion and negative 
feedback is employed which reduces the gain to 10, the new value 
of distortion will be 1 per cent. 
On the surface it appears that this reduction of distortion can-

not be taken advantage of since it is accompanied by a similar 
decrease in gain. However, since most of the distortion arises 
in the final power stages, which have large voltages in their grid 
and plate circuits, the gain lost as a result of negative feedback 
may be made up in low-level voltage-amplifying stages which are 
comparatively free of distortion. Negative feedback is a very 
useful tool in producing amplifier outputs which are nearly free 
of waveform distortion. 

Negative feedback will not reduce distortion produced before 
the stage in which feedback is applied; it will decrease the distor-
tion only in the feedback stage. 
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The use of inverse feedback has the following purposes: ( 1) 
to reduce frequency and waveform distortion; (2) to reduce varia-
tion in amplifier gain caused by variations in power supply volt-
age, variations in circuit components due to aging, and variations 
due to substituting new tubes for old ones; and (3) to reduce 
noise and hum produced in the amplifier. Also, some types of 
feedback reduce the effective plate resistance of the amplifier 
tube so that the load into which the tube works is increased in 
proportion. This tends to reduce distortion since it straightens 
out the dynamic tube characteristic. In addition, if the tube 
works into a load of varying impedance, such as a loud speaker, 
these variations have less effect upon the frequency characteristic 
and produce less distortion. 

Negative feedback will not correct distortion occurring ahead 
of the point at which feedback is applied. It may be applied, 
however, over several stages so that an entire multistage ampli-
fier may secure its benefits. 

13.23. Practical negative-feedback circuits. The simplest 
method of producing negative feedback in a self-biased amplifier 

E, 

Ir, 

Flo. 19. Negative-feedback voltage is produced across resistor Rt. This 
is called current feedback. 

is to remove the by-pass condenser from part or all of the cathode 
resistor. The a-c voltage across the unby-passed resistance Rf 
is 180° out of phase with the grid signal e, as can be seen in Fig. 
19. The polarity marks are shown for the part of the cycle dur-
ing which e, is going positive. The plate current is then increas-
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ing and produces a voltage drop ef across R1 of the polarity 
shown. There is little a-e voltage across Ck since its action is to 
by-pass a-c currents. The total cathode-grid a-c voltage is 
— ef, the minus sign arising since the voltages are out of 

phase. This form of feedback will reduce distortion generated 
within the tube but will increase the effective plate resistance of 
the tube. The feedback factor fi for this circuit is Rf RL. This 
type of feedback is commonly termed current feedback since 
it is proportional to the a-c plate current. 
Another feedback circuit is shown in Fig. 20. Here two re-

Fie. 20. A voltage-feedback circuit. 

sistors R1 and R2 are connected in series with a blocking con-
denser across the output circuit. The feedback voltage is across 
RI. This circuit employs voltage feedback since the voltage 
fed back is proportional to the output voltage. 
There are many other feedback circuits using a variety of 

connections. Some work over a single tube, whereas others are 
used across several tubes in a multistage amplifier. 

Problem 14. Suppose an amplifier has a gain of —70 at 100 and 5000 
cycles and a gain of — 100 at 1000 cycles. What will be the gain at these 
three frequencies with 10 per cent negative feedback (p = 0.1)? Compare 
the ratio of gains at the extreme frequencies to that at 1000 cycles for both 
the case with and the case without feedback. Does negative feedback 
flatten the gain-response curve? 
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• 13.24. Cathode follower. In all the amplifiers discussed up 
to this point the output voltage was taken from across the plate 
of the tube and the load network was in series with the plate 
lead. These are plate-loaded amplifiers. Another type of 
amplifier takes the output from across the cathode circuit. There 
is no plate load resistor. Such circuits are called cathode fol-
lowers. 

FIG. 21. Cathode-follower circuit. 

The circuit of a cathode follower is shown in Fig. 21. Since 
the output voltage is also a part of the total grid voltage this 
circuit has negative feedback. In fact, since all the output 
voltage is fed back, the feedback factor is 100 per cent—the 
voltage gain can never be greater than unity and is usually 0.8 
to 0.9 in practical circuits. Even though there is no voltage 
amplification in a cathode follower, there may be considerable 
power gain. 
A cathode follower has the advantageous features usually asso-

ciated with degenerative amplifiers. In addition, it has some 
special features. One of the most important is that the input 
impedance is much higher than that of the conventional plate-
loaded amplifier. A second is that the output impedance is quite 
low, usually about 500 to 600 ohms. Thus, the cathode follower 
can be used to couple a very high impedance to a low impedance; 
it can serve as an impedance transformer. A further advantage 
is the fact that an increase in grid-signal voltage also increases 
the amount of feedback voltage, and the circuit can accept high 
signal voltages without overloading. Still other advantages are 
that there is no phase shift between input and output voltages 
and one side of the output is at ground potential. 
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Because of its many desirable features the cathode follower 
is used in broad-band video amplifiers, as the input stage of 
cathode-ray oscillograph amplifiers, and in many other applica-
tions. The cathode resistor is replaced with a parallel-resonant 
circuit when a cathode follower is used as an r-f amplifier. 

13.25. Grounded-grid amplifier. If the grid of an amplify-
ing tube is connected directly to ground, the grid serves to isolate 
the capacitance coupling the plate and cathode, and thus largely 
prevents undesirable feedback. Such a grounded-grid circuit 
is shown in Fig. 22. The input voltage is across the cathode 

E. 

FIG. 22. Grounded-grid amplifier. 

resistor Rk, and the output voltage is taken across the plate load 
resistor RL. As with the cathode follower there is no phase shift 
through a grounded-grid amplifier. The circuit acts as though 
the amplification factor was equal to (p. -F 1), and so slightly 
more gain is obtainable than with a conventional plate-loaded 
amplifier. 
The chief use of this kind of amplifier is at high frequencies 

where the effect of interelectrode tube capacitances becomes 
serious. Then the cathode and load resistors are replaced by 
parallel tuned circuits. 

13.26. The decibel. An amplifier may be described in sev-
eral ways. It may be described by saying that it has a voltage 
amplification or gain of 160 times. This gives no information 
about the amount of power the amplifier can transmit to an 
antenna or to a loud speaker. Or the amplifier may be described 
as having an output of 10 watts. This gives no information about 
the voltage required on the input to deliver this amount of power 
to the load. 
The voltage amplification and power output are useful and 

often necessary facts to know; but when two amplifiers, or two 
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sounds of different intensities, are to be compared the matter 
must be looked into more closely. Suppose that a certain audio 
amplifier delivers 16 watts to a loud speaker and that this amount 
of power is not enough. The power output must be increased. 
By how much must it be increased before the normal human 
ear can distinguish a difference? Suppose that the power output 
is increased by 2 watts. This is a sizable amount of audio power, 
but the ear would not be able to note any difference. Suppose 
the power is increased another 2 watts. Now the ear just begins 
to notice that a change has taken place. 

It is a fact that a given volume of sound must be increased 
approximately 25 per cent before the ear can detect the difference. 
When this increase has been made, the new value must be in-
creased by another 25 per cent of its value before the increase in 
sound power can be detected. Through a wide range of sound 
intensities, equal percentage increments must be added to each 
succeeding intensity before the human ear detects that a change 
has been made. 
Would 10,000 people shouting sound 100 times as loud as 100 

people shouting? The answer is no—the greater sound will im-
press the average ear as being only about 20 times as loud. 

If two sounds bear an intensity (power) ratio to each other of 
1.25 to 1, the ear will detect that one is louder than the other. 
Now this is true for a very wide range of absolute values; that is, 
if two sounds of 10 and 12.5 watts are compared by the ear, the 
same difference in loudness will be noted as if the two sounds 
were actually 1.00 and 1.25 watts, in spite of the fact that in the 
first case the difference is 2.5 watts and in the second case only 
0.25 watt. Clearly it is not the absolute value that counts; it 
is the ratio. 
Now we might use this ratio of 1.25 to 1 as a loudness unit. 

To determine the relative loudness of two sounds, we would have 
to determine the number of times 1.25 would go into the ratio 
of the power in the two sounds. The result would give us the 
number of times louder one sound was than the other. This is a 
bit awkward and so a simpler system has been devised. 
The decibel is a unit which approximately expresses this ratio 

of 1.25 to 1. When using decibels, each time a sound (or the 
power output of an amplifier) is increased by the ratio of ap-
proximately 1.25 to 1, we say that we have added 1 decibel. 
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Here we have one important advantage of the decibel as a con-
venient unit—we can add decibels, whereas actual powers or 
loudnesses must be multiplied. 

If two sound intensities P1 and P2 (or the power outputs of two 
amplifiers) are to be compared according to the ability of the 
ear to detect intensity differences, the relative value of the two 
intensities may be determined by 

P1 
Ndb = lo 10g10 — 

P2 

where P1 is greater than P2. 
The factor 10 comes into this expression because the original 

unit was the bel (named for Alexander Graham Bell), which is 
the logarithm of 10 to the base 10. The decibel is one-tenth of 
a bel and is used in preference to the bel since a change of sound 
intensity of 1 decibel corresponds very closely to the ratio of 1.25 
to 1 discussed above. A change of 1 decibel is about the mini-
mum change in sound intensity that the ear can detect. 
The decibel is a logarithmic unit. Each time the power of an 

amplifier, for example, is increased by a factor of 10 the change 
is 10 decibels (abbreviated db). The table below gives some 
easily remembered values of decibels and their corresponding 
power ratios. 

APPROXIMATE 
Ndb POWER RATIO 

3 2.0 
4 2.5 
6 4 
7 5 
9 8 
10 10 
20 100 
23 200 
30 1000 

A convenient rule of thumb is that a 3-db increase represents 
a power ratio of 2 to 1. In the above table 3 db represents a 
power ratio of 2 and 6 db a ratio of 4, or the amount of power 
has been doubled again. The power ratio for 9 db (6 -I- 3 db) is 
8, which is double the value for 6 db. 
To determine the number of decibels by which two powers 

differ, the ratio of the two powers is first determined; then this 
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ratio is looked up in a table of logarithms to the base 10, and the 
figure obtained from the table is multiplied by 10. 

Consider again the sound intensities produced by 100 persons 
shouting and by 10,000 persons shouting. The ratio in this case 
is 10,000 ÷ 100 or 100. The logarithm of any number A to the 
base 10 is merely the number of times 10 must be multiplied 
by itself to be equal to the number A. In the example above, 
100 represents 10 multiplied by itself, and the logarithm of 100 
to the base 10, therefore, is 2. The number of decibels express-
ing the relative loudness of 10,000 people shouting to 100 is 

Ndb = 10 log10 ( 10,000 ÷ 100) 

= 10 logio 100 

= 10 X 2 = 20 

or, if the number of people is doubled to 20,000, 

Ndb = 10 log10 (20,000 ÷ 100) 

= 10 log10 200 

Now enters an aspect of logarithms which must be kept in mind 
constantly. It must be remembered that we are interested in the 
number of times 10 must be multiplied by itself to produce the 
given number. We know that 10 multiplied by itself produces 
100, and when 10 is multiplied by itself 3 times, 1000 is the re-
sult. Clearly 200 is produced by multiplying 10 by itself some-
where between 2 and 3 times. Here is where the logarithm table 
comes in handy. We look up 2 (which is the significant part •of 
200) in the log table and find that it is 0.3. Then we state that 

the logarithm to the base 10 of 200 is 2.3. Here the 2 indicates 
the original number is somewhere between 100 and 1000; and 
0.3 gives the exact place where 200 falls, on a logarithmic basis, 
between 100 and 1000. 

To arrive at the correct figure, we must use the log table and 
our head at the same time. We must determine for ourselves 
what the number before the decimal point is—in this example, 
2—then use the table to determine the value of the figure after 
the decimal point. 

Therefore 
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Ndb = 10 log10 200 

= 10 X 2.3 = 23 

[Ch. 13 

13.27. Voltage and current ratios. Strictly speaking, the 
decibel should be used only when expressing the ratios of powers. 
In special cases, and with care, the unit can be used to express 
the ratio of voltages or currents. Suppose that two amplifiers 
are feeding current into equal resistances. The currents are dif-
ferent. How can decibels be used in this case? All that is neces-
sary is to find the ratios of the powers in terms of the currents 
and resistances and multiply the logarithm of this number by 10. 
Thus 

Pi = /12R 

P2 = /22R 

PI 112R * 
Ndb = 10 log — = 10 log 

P2 /22R 

= 20 log — 
I2 

If the resistances are not equal, the equation becomes 

/117F1 

/2N/ii2 
Ndb = 20 log 

The equations when the voltages across the resistances are known 
are 

E1 
Ndb = 20 log — 

E2 
(R1 = R2) 

Ndb = 20 log E21/1? (R1 and R2 not equal) 
-; 

The factor 20 arises from the fact that when a number is 
squared the logarithm is doubled. For power ratios, the decibel 
is 10 times the logarithm; for current or voltage ratios, the 
decibel is 20 times the logarithm of the ratio. 

* Note that log (Pi/P2) is used instead of logto (Pi/P2). The base "10" 
is understood, and the meaning is the same. 
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Voltage or current ratios can be translated into decibels only 
when the resistances into which the currents flow, or across which 
the voltages exist, are known. If these resistances are equal for 
both currents or for both voltages, they cancel out, one being 
in the numerator and one in the denominator; but, in general, 
they do not cancel out and must be considered. 

13.28. Power levels. The decibel is always an expression 
for a ratio. To say that an amplifier has a power output of so 
many decibels has no significance unless the power to which the 
output is compared is given. If, however, it is said that the 
power output is, for example, 20 db above 1 mw, the statement 
then gives specific information-20 db represents a power ratio 
of 100 and the power output of the amplifier is 100 X 10 -3 or 0.1 
watt. Thus, when the power output of an amplifier or any other 
device is rated in decibels, the reference level of power must be 
given. 
The two common reference levels used by sound engineers are 

1 mw and 6 mw. When voltage or current ratios are expressed 
in decibels the reference resistance must also be stated. Common 
reference resistance values are 500 and 600 ohms. 

13.29. Decibel meters. Practically all so-called decibel or 
power-level meters are in reality only a-c voltmeters calibrated 
to read in terms of decibels when placed across a certain resist-
ance. When used across any other resistance the indicated num-
ber of decibels is in error and a correction factor must be applied. 
This correction factor can be determined from the voltage ratio 
expression for decibels: 

EiN(R-2 
Ndb = 20 log 

E2VKI 

which may also be written 

R2 
Ndb = 20 log — 10 log 

E2 R1 

where E1 and R1 belong to the power being measured and E2 and 
R2 are reference values. The first term of the expression gives the 
value the decibel meter will indicate. The second term is the cor-
rection factor which must be added to the meter indication to 



366 Audio Amplifiers [Ch. 13 

obtain the correct number of decibels. If R1 is greater than R2 
the resistance ratio in the correction factor is turned over and a 
negative sign attached to the factor; that is, if R1 is greater than R2 
the correction factor is minus and must be subtracted from the 
meter indication. 

Example 1. An amplifier has 1 volt applied to its input resistance of 
10,000 ohms. Across its output resistance of 4000 ohms appears a voltage of 

40 volts. What is the power gain in decibels? Would it be worth while 
to increase the output voltage from 40 to 50 volts? 

Solution: 

E 2 1  
Power input Pi Ti 10000 — 10 -4 watt 

. ,  

E02 402 
Power output Po = — — -= 0.4 watt 

Ro 4000 

Po 0.4 
= = 4 X 103 = 4000 

Power gain = 10 log 4000 = 36 db (The log of 4 is 0.6 and the log of 1000 
is 3. Then, the log of 4000 is 3.6.) 

If R. becomes 50 volts, 
502 2500 

Po = = 41-7-00 = 0.625 

The gain due to this increased output is 

10 log 0.625 = 0.400 10 log 1.56 

= 2.0 db (approx.) 

Thus the gain due to increasing the output from 40 to 50 volts, or from 
400 to 625 mw, will be audible to the ear, but the difference is not worth a 
great deal of effort to attain. 

Example 2. A certain amplifier has a characteristic such that at 100 
cycles its amplification in voltage is 8, at 1000 cycles it is 80, and at 6000 
cycles it is 200. Are these differences appreciable to the ear? 

Take the amplification at 1000 cycles as a zero level. At 100 cycles the 

voltage ratio is 80/8 or 10. At 6000 cycles the voltage ratio is 200/80 or 2.5. 

At 100 cycles the amplification is below zero level; at 6000 cycles the ampli-
fication is above zero level. Thus: 

At 100 cycles Ndb = 20 log -13° = 20 log 10 = 20 db (down) 

At 6000 cycles Ndb = 20 log 28V = 20 log 2.5 = 8 db (up) 

Such a characteristic indicates a poor amplifier. The low notes would be 
totally lost, and the high ones are out of balance. 
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Example 3. In a certain circuit there is a loss of 25 db. What power 
ratio corresponds to this loss? 

Power ratios of 10 = 10 db, 100 = 20 db, and 1000 = 30 db. Therefore 
the power ratio of 25 db lies somewhere between 100 and 1000. The figure 
2 of 25 db indicates that the loss is somewhere between 100 and 1000 times. 
The figure 5 of 25 db is 10 times the logarithm of 3.1, and so 25 db corre-
sponds to a power ratio of 310. 
The solution of such a problem is as follows: 

25 db 10 log - 
P2 

2.5 = log — (dividing both sides by 10) 
P2 

— = antilog 2.5 
P2 

= antilog 2.0 X antilog 0.5 

= 100 X 3.10 = 310 

If the loss were a voltage loss of 25 db the solution would be: 

Ei 
25 db = 20 log — 

E2 

1.25 = log (dividing both sides by 20) 
E2 

—Ei = antilog 1.25 = antilog 1.0 X antilog 0.25 
E2 

= 10 X 1.78 = 17.8 

13.30. The use of the decibel. The decibel may be used to 
express any ratio of power, voltage, current, mechanical power 
loss or gain, etc. It may be said that a symphony orchestra has 
a range of 60 db in power; that is, when it is playing very loudly, 
fortissimo, it is 60 db louder than when playing very softly, 
pianissimo. This corresponds to a power range of one million 
to one. In wire circuits which carry the amplified microphone 
currents from the symphony hall to the broadcast station, the 
weakest of the desired signals must be 40 db above the noise in 
the line. The very weak passages of the orchestra are built up 
by local amplifiers until the currents are greater than the noise 
currents in the line. The limit of the louder passages is fixed by 

overloading in the amplifiers, and by "cross talk" from one wire 
circuit to another. And so the stronger passages are cut down 
deliberately by the operator at the studio console. 
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Whenever a circuit suffers a loss in power or voltage or current, 
that loss may be expressed in decibels. The frequency character-
istic of an amplifier, of a loud speaker, or of a telephone line may 
be expressed in decibels by plotting a curve on which zero level 
is the amplification or power output at some arbitrarily chosen 
frequency. Thus, if 1000 cycles is chosen as a reference fre-
quency, the powers (or voltages or currents) at all other fre-
quencies are either "up," "down," or "flat" with respect to the 
level at 1000 cycles. 

13.31. The volume unit. The inclusion of the reference 
power and resistance along with a statement of the number of 
decibels output of a piece of apparatus is rather cumbersome and 
has led many people to neglect to give all the needed information. 
The lack of the reference values leads to no end of confusion, 
for without the reference levels the number of decibels gives very 
little useful information. A power-level unit is in use which 
avoids this difficulty. It is the volume unit (abbreviated VU) 
which is merely a decibel which always has a reference power 
level of 1 mw and a reference resistance value of 600 ohms. The 
use of the VU avoids the necessity of also giving the reference 
values since they are a part of the definition of the unit. 

Problem 15. What number of decibels correspond to a voltage ratio 
of 100? a power ratio of 100? What voltage ratio corresponds to 100 db? 
what power ratio? 

Problem 16. An amplifier has its power output reduced by 25 per cent. 
Is this change detected by the normal ear? 
Problem 17. An amplifier has a normal output of 10 watts. A switch 

is provided with which the output can be reduced in 5-db steps. What is 
the output in watts when the output is reduced by 5, 10, 20, and 25 db? 
Problem 18. The final load resistance of an amplifier is 500 ohms and 

the output voltage is 100 volts. A volume control reduces the output volt-
age to 10 volts. How much is the power reduced in decibels? 
Problem 19. The noise is 40 db down from the broadcast signals on a 

certain telephone line. What is their power ratio? If the broadcasting 
voltages are of the order of 100 mv, what are the noise voltages? 
Problem 20. An amplifier has four stages which have power gains of 

25, 15, 15, and 30 db. The output transformer has a 5-db loss. What is 
the total gain of the amplifier in decibels? What is the power output if 
the input is 10- 6 watt? 
Problem 21. A metal shield around a certain transformer reduces the 

hum pickup 60 db below the unshielded value. What is the power ratio? 
Problem 22. A certain decibel meter is calibrated on a 6-mw, 500-ohm 

base. When placed across a 5000-ohm load resistance the meter indicates 
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20 db. What is the corrected reading? What power is in the load resistor? 
Problem 23. A volume unit meter reads 10 VU when placed across a 

300-ohm load resistor. What is the true VU value? What power is in 
the load resistor? 
Problem 24. The sensitivity of a velocity microphone is rated at —65 db 

where 0 db corresponds to 1 volt per dyne of force exerted by a sound wave 
impinging on each square centimeter of the microphone element. A carbon 
button microphone has a sensitivity of —45 db. What must be the voltage 
gain of an amplifier which will bring the level of the velocity microphone 
up to that of the carbon button microphone? 

13.32. Low-frequency compensation of amplifiers. In 
several important applications the frequency-response curve of 

0 E 
_ 

T 
CompensatIon 

network 

FIG. 23. An amplifier with low-frequency compensation. 

an amplifier must be flat down to very low frequencies. A 
typical application is a video amplifier which handles television 
signals and must have a gain curve flat to below 30 cycles. In 
still other applications it is desirable to have the low-frequency 
gain greater than that at higher frequencies. An example is a 
sound amplifier which is equipped with a small baffle for the 
speaker. Such a small baffle does not radiate the low tones 
properly. This deficiency can be corrected if the gain of the 

amplifier is made higher at the low-frequency end. 
A simple system for low-frequency compensation (called 

"bass-boosting") is shown in Fig. 23. At high frequencies C, 
effectively shunts the compensation resistor R, and the net load 
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on the tube is RL. As the frequency of the signal is lowered, 
the shunting effect of Cc becomes less and less until the effective 
load on the tube is RL Re. With this higher load, the ampli-
fication becomes greater and compensates the usual voltage loss 
across the coupling capacitor C. This compensation network 
could be described as one which reduces the normal gain at higher 
frequencies while retaining full amplification at lower frequencies. 
Such operation is typical of many compensation networks. As 
in this case, the gain of compensated amplifiers over most of 
their frequency range is usually lower than that of uncompen-
sated amplifiers using the same tubes. 

13.33. High-frequency compensation of amplifiers. Just 
as a condenser shunting part of the load resistance can be used 
to pull up the response of an amplifier at low frequencies, an 
indurtor in series with the plate load resistor can be used to 
extend the high-frequency response. The circuit of an amplifier 

Flu. 24. A high-frequency compensated amplifier. 

compensated in this manner is shown in Fig. 24. As the fre-
quency is raised the reactance of the inductor increases and the 
total load impedance becomes greater, resulting in a larger gain. 
The cause of loss of gain at the higher frequencies is the shunting 
effect of tube and wiring capacitances. The increasing impedance 
of the load in the above amplifier can be used to just counteract 
the increasing effect of these shunt capacitances up to a certain 
maximum frequency, or it may slightly over- or undercompen-
sate. In any event, the inductor and shunt capacitance go into 



See. 13.35] Noise in Amplifiers 371 

resonance at a frequency near the maximum compensated value. 
At higher frequencies the gain falls very rapidly. 

13.34. Direct-coupled amplifiers. A direct-coupled am-

plifier is one in which the plate of one tube is connected directly 
to the grid of the following tube with no intervening coupling 
capacitor. Such a circuit is capable of amplifying direct as well 
as alternating voltages. If there are no condensers elsewhere in 
the circuit, such as in the screen grid or cathode circuits, the 

Output 

`1(  

Input 

E 

Flo. 25. Simple direct-coupled amplifier. 

Ebb2 

direct-coupled amplifier will produce uniform amplification down 
to zero frequency. 
A simple direct-coupled circuit is shown in Fig. 25. The 

battery E in the grid lead of the second tube is necessary to 
counteract the positive voltage of the plate supply battery E bbi, 

and to establish the proper negative bias on this grid. The am-
plifier in this circuit is very sensitive to changes of battery volt-
ages since these changes are amplified along with the input signal. 
A wide variety of circuits has been devised in an effort to mini-
mize this dependency upon the constancy of the battery voltages 
and to give high amplification at the same time. A discussion of 
these more complicated circuits is beyond the scope of this book. 

13.35. Noise in amplifiers. Noise may be produced in am-
plifiers by a variety of mechanisms. The important sources of 
noise generated within an amplifier may be grouped as follows: 
(1) thermal agitation, (2) tube noises, (3) hum, and (4) micro-
phonics. 
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Thermal agitation is caused by random motion of free elec-
trons in a conductor which produce small voltages at the termi-
nals. The rms voltage produced by thermal agitation is pro-
portional to the temperature and size of the resistor and to the 
frequency band being amplified. If the electrical element is an 
impedance, only the effective series resistance is considered. This 
type of noise is so-called "white noise"; it is uniformly distrib-
uted over the entire frequency spectrum to well above any fre-
quency used in present-day communication equipment. A 500,-
000-ohm resistor at a temperature of 80° F produces a noise 
voltage of approximately 13 ev in a 10,000-cycle frequency band. 

Resistors which are made up of granular particles, such as the 
common carbon resistor, generate noise voltages far greater than 
that predicted from considerations of thermal agitation. These 
additional voltages arise from relatively high-resistance con-
tacts between adjacent particles of conducting material in the 
resistors. This additional noise is normally bothersome only 
when some direct current is passed through the resistor. For this 
reason, carbon resistors should not be used in the grid and plate 
circuits of the low-level stages of high-gain amplifiers. 

Noise voltages are generated in tubes as a result of several 
phenomena. Shot effect is a result of the random emission of 
electrons from the cathode. These electrons upon arriving at 
the plate produce a characteristic hiss which is troublesome in 
extremely high-gain amplifiers. Random current division of 
current between the plate and other positive electrodes such as 
the screen is another source of noise in multigrid tubes. Grid 
current variations resulting from the flow of positive ions to the 
grid also contribute to the total noise generated by a tube. 
Hum is a general term which describes the alternating voltages 

appearing in an amplifier and originating from the a-c power 
source. These noises have frequencies of 60 and 120 cycles and 
possibly higher harmonics of the power-line frequency. Inade-
quate filtering in the rectifier-filter is a common source of hum. 
Transformers and chokes may pick up hum from electromagnetic 
induction, that is, from fields set up by alternating currents flow-
ing in adjacent power transformers, filament leads, and other 
leads carrying a-c currents. The grid leads of the low-level stages 
of amplifiers are subject to electrostatic pickup. This noise 
voltage is greatest when the grid-leak resistor is large and the 
leads are long and unshielded. Alternating-current hum can 
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arise in a-c-operated filaments of directly heated tubes. Even 
though the grid-return lead is connected to the mid-tap of the 
filament transformer some residual hum may still be present. 
Indirectly heated tubes, operated with a-c voltage on the heater, 
sometimes are subject to hum originating in the flow of a few 
electrons from the heater to the cathode and from magnetic fields 
set up by the heater current. 
The hum originating from inadequate filtering can be elimi-

nated by the use of larger filter chokes and condensers and by the 
placement of the filter choke so that no voltages are induced in 
it by the fields of the power transformer. All coupling trans-
formers and chokes, particularly those in low-level stages, should 
be located as far as practicable from the power transformer. 
They should be of the shielded variety. Sometimes the proper 
orientation, that is, rotation on the chassis, will reduce pickup 
in transformers and chokes. All a-c power leads should be 
twisted together rather than run at random through the circuit 
since twisted leads produce very little external field. The grid 
leads of low-level stages should be as short as possible and 
should be well shielded. Sometimes the hum originating in an 
a-c-operated heater can be minimized by properly biasing the 
heater in respect to the cathode. In very high-gain amplifiers 
the heater may be operated from a battery. 
Microphonics are noise voltages set up by relative movement 

of tube elements or of circuit components, usually as a result of 
vibration. Some tubes are more subject to trouble from micro-
phonics than others, variations existing even among tubes of a 
given type. Therefore, tubes must be carefully selected for their 
low microphonic characteristics when they are to be used in 
critical applications. The coils and variable capacitors used in 
r-f amplifiers may also produce microphonic noise. Much of the 
trouble from microphonics can be eliminated by mounting tubes 
and other critical components in shock-mountings. In some cases 
it may be necessary to shock-mount the entire apparatus as well 
as the individual critical components. 
The noise generated in low-level stages may easily be as large 

as the signal to be amplified, and therefore the noise may set 
the lower limit to the value of voltage that may be amplified 
without its being masked by noise voltages. For this reason, 
the design of the low-level stages of high-gain amplifiers requires 
a great deal of care. 



14 • Detection of Amplitude-Modulation 
Signals 

Before the output of a microphone or other audio-frequency (a-f 
apparatus can be sent through space from a radio transmitter 
to a distant receiver, the audio-frequency voltages must be com-
bined with a radio-frequency (r-f) voltage in some manner. 
The reason for this necessity is that a-f voltages ( and currents) 
do not radiate effectively. Hence they are combined with higher-
frequency voltages which are radiated more easily and which act 
as "carriers" for the a-f signals. The lowest "carrier frequencies" 
which are used are around 15,000 cycles, and transmission at this 
low frequency is very inefficient. Commercial broadcast stations 
operate in the frequency range from 550 to 1600 kilocycles. 

14.1. Modulation. Modulation is the term applied to the 
process of changing some characteristic of a high-frequency car-
rier voltage (and current) wave by an a-f wave so that the result-
ing wave retains the ability of the r-f wave to radiate easily from 
an antenna but contains the audio frequencies. The process of 
removing the a-f modulation from a modulated wave at the re-
ceiver is called demodulation or detection. The general nature 
of modulation must be considered before various methods of de-
tection may be studied. The details of modulation are left for 
later chapters. 
A r-f voltage, or any alternating voltage for that matter, may 

be represented by the equation 

e = Ema,, sin (0 ± 4,) 

where e is the instantaneous value of the voltage, Emax is the 
maximum value of the voltage during a cycle, O is the part of 
the phase angle that varies with time, and 4, is the part of the 
phase angle normally called phase-shift angle (Sect. 7.7). 4, does 
not vary with time; it is a constant in the case of a simple sine 
wave of voltage. 

374 



Sec. 14.1] Modulation 375 

The value of O depends both on the frequency f and on time t. 
In a complete cycle O must rotate through 360° or 277. radians. 
Thus, O may be written O = 2ir X IX t, and the entire expression 
for the voltage becomes 

e = Ema. sin (27ft + (k) 

Consider the case in which the frequency is 1000 cps and the time 
is 14 000 sec. Assume that the phase-shift angle is zero. Then 

1 
e = Ema. sin (27 X 1000 X0°) —  

4000 

1000 
= sin (21- = E. sin (ir) — 

4000 2 

= E.,. sin 90° = E. X 1 

If Erna. = 10 volts, then e = 10 X 1 = 10 volts. 
The expression for a r-f voltage is usually written e, = Ern,. sin 

(2rfct q5), where the subscript refers to the carrier (radio) fre-
quency. An a-f wave may be caused to change this r-f wave in 

four different ways: 
1. The a-f wave may cause the amplitude, E., to vary at an 

a-f rate. This is called amplitude modulation (a-m). 
2. The a-f wave may cause the frequency, fc, to vary above 

and below its normal value. This is called frequency modula-
tion ( f-m). 

3. The a-f wave may cause the phase angle, cp, to vary above 
and below its normal value. This is called phase modulation 

(p-m). 
4. The carrier wave may be sent out in a series of spaced pulses. 

The height or spacing of these pulses can be controlled by the 
a-f wave. This type of modulation is variously called pulse or 
code modulation. It is used for special services and will not 

be considered further in this book. 
Another type of amplitude modulation which does not fit into 

the above classification is keying. This is the familiar "dot-
dash" system in which the r-f wave is turned on or off to send 
messages, as with the Morse code. This type of modulation, of 
course, carries no a-f signal. 
The detection of a-m waves will be treated in this chapter. 

Therefore, it is necessary to consider the nature of an a-m wave 
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in a little more detail. Figure 1 shows the waveform of a carrier 
wave before and during modulation. The process of modulation 
has caused the maximum value (the amplitude) of the carrier 
wave to change in accordance with the variations of the a-f 
signal. The amount the amplitude of the carrier varies above 
and below its unmodulated value is a measure of the degree of 
modulation. This degree or percentage modulation is defined 

j I j 

Itit 

Before modulation 

= x 100% 

R-F 

A-F 

During modulation 

Fie. 1. Unmodulated and amplitude-modulated wave. The number of 
r-f cycles per a-f cycle is usually greater than shown in the figure. 

by M = A/B >< 100 per cent, where A and B are measured as 
shown in Fig. 1. 
The modulated carrier wave actually consists of three fre-

quency components: one which corresponds to the original carrier 
frequency, another whose frequency is equal to the sum of the 
carrier and audio frequencies and is called the upper sideband, 
and a third which is equal to the difference of the carrier and 
audio frequencies and is called the lower sideband. These three 
frequency components together form the modulated wave. Com-
mercial broadcast stations transmit the entire modulated wave. 
Transmitters for special services sometimes eliminate one of the 
sidebands and even the carrier. The reception of these waves 
requires special receivers. 

14.2. Demodulation. At the receiving point, some process 
opposite to modulation must take place to secure, from the r-f 
energy, the modulating low frequencies which carry the desired 
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intelligence. In this process, called demodulation or, more gen-
erally, detection, the a-f signal is separated from the modulated 

carrier wave. 
There are three basic steps in the detection of an a-m wave. 

The first is rectification, by which one-half of the modulated 
wave is cut off. The amplitude of the remaining half cycles 

changes in accordance with the modulation. Sometimes only 
partial rectification is effected, and alternate half cycles are 
smaller than the other half cycles. The second step is to filter 
out the remaining r-f voltages but at the same time retain the 
amplitude variations. The third step is to remove any direct 
current produced in the complete or partial rectification process. 
Detection, therefore, consists essentially of passing modulated 
r-f voltages or currents through a rectifier. The output of the 
rectifier and its accessory apparatus consists of ( 1) a voltage 
or current) whose amplitude varies in accordance with the 

modulation, and (2) some direct current. 
14.3. Types of a-m detectors. The various detectors for 

a-m waves may be grouped into two broad classes: linear and 
square-law. These are often called large-signal and small-signal 

detectors, respectively. There can be no hard-and-fast classifica-
tion because detector operation depends to a considerable extent 

upon the magnitude of the applied modulated signal and on 
other operating conditions. A given detector may operate either 
as a linear detector or as a square-law detector, depending upon 

the signal strength. It will be helpful, however, to separate 
detectors into these two groups for purposes of analysis. 

14.4. Linear detectors. Linear detectors employ complete 
rectification. This rectification may be secured by means of 
various tube arrangements or by the use of crystal, copper oxide, 
or other rectifiers. An ideal linear detector characteristic * is 
shown in Fig. 2. The ideal characteristic is a straight line rising 

at an angle from the zero-current axis. For voltages less than 
the value at which the characteristic intersects the axis no cur-
rent flows. In some types of linear detectors the point P is at 
some negative value of voltage and a fixed bias voltage is re-

quired. In others it is at zero voltage. 

*The term "linear" here refers to the linear or straight portion of the 

characteristic for voltages at which current flows. Since there is a sharp 
bend at point P in Fig. 2, the curve is non-linear in a strict sense. 
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If an unmodulated wave is applied to the terminals of a linear 
detector the output current is made up of rectified pulses as 
shown in Fig. 2. These pulses have an average (d-c) value, and 
this average value would be read on a d-c milliammeter. If, on 
the other hand, a modulated wave is applied to the detector 
the output current consists of a series of pulses as shown in Fig. 
3. The peaks of these pulses correspond to the variations in the 

— Bias 
Voltage 

I A-C input 

Voltage 

Average 
value 

Fm. 2. Ideal linear detector characteristic. 

modulation. The average heights of the peaks, shown by the 
dashed line in the figure, also correspond to the variations in 
the modulation. A detector responds either to the peaks of the 
pulses or to the average height of the peaks. 

Now, if, at the transmitter, modulation consists in merely turn-
ing on and off the transmitter, then a plate-current meter will 
show a flow of current when the transmitter is on but will indi-
cate zero current when the transmitter is off. Instead of a meter, 
a telegraph sounder could be used to indicate the message which 
the transmitting operator wishes to convey. 

The peak value of the input voltage rises and falls in accord-
ance .with the modulation. The peak values of the rectified cur-
rent rise and fall in unison with these input variations. A line 
connecting these peaks is called the envelope of the wave; and, 
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if there is no distortion in the detection process, the envelope of 
the output current will resemble, exactly, the envelope of the input 
voltage. The "average" value of the current also follows the 
envelope. 

If the carrier frequency is 1000 kc, for example, one million 
of the individual cycles will be impressed on the detector input 

Output 

Average value, 
of peaks \ 

•••• 

Input 

)'Ñ-prR 

FIG. 3. Rectification or detection taking place about the sharp bend of a 
"linear" characteristic. 

each second; for simplicity only a few are shown in Fig. 3. The 
peak value of these individual cycles varies at the modulation 
rate. Thus it can be said that each audio or modulation cycle 
consists of thousands of r-f cycles. For example, if a steady 
1000-cycle tone modulates the 1000-kc carrier, each cycle of 
modulation will consist of 1000 cycles of carrier. Stated in an-
other way, each cycle of modulation affects 1000 cycles of the 
carrier. 

14.5. Square-law detectors. Square-law detectors employ 
partial rectification obtained through operation on a non-linear 
part of an E—I curve of a tube or other electrical device. A 
typical characteristic for square-law detection is shown in Fig. 
4. Here the modulated wave is applied at a point on the char-
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acteristic where there is a rather sharp bend. The operating 
point P is fixed by a bias voltage. 
When a modulated wave is applied to a square-law detector 

more current is passed on the positive half cycles than on the 
negative half cycles, as shown in the figure, and so partial recti-

- 
- - - 

Output 
current 

— o + Average 
Voltagecurrent 

Modulated 
input voltage 

Fro. 4. Square-law detection. The output current is only partially rectified. 

fication occurs. The "average" value of the output current con-
tains the original a-f signal. It also contains harmonics of the 
a-f signal, and the percentage of these harmonics increases with 
the percentage modulation of the input wave. If the input signal 

is only 25 per cent modulated, the distortion will be about 6 per 
cent. However, if the input wave is completely modulated, the 

distortion rises to 25 per cent and is much too great to be toler-
able for entertainment purposes. Square-law detectors were used 
in most of the earlier radio receivers since amplification as well 

as detection can be obtained in some square-law circuits. Mod-

ern tubes have made it easier to secure adequate amplification, 
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and so present-day receivers rarely use these detectors. Linear 
detectors are used instead because of the low distortion, even 
with large degrees of modulation, which may be realized. 

14.6. Filtering the detector output. The first step in de-
tection is to rectify the modulated wave. In linear detection only 
the positive half cycles of the r-f wave appear in the output cur-
rent. The peaks of these half cycles vary with the modulation. 

A-Rectifier 

A-C 

Rectified voltage 

tttli 
R-F cycles 

I 
FIG. 5. Rectification process in which a condenser is used to maintain the 

envelope of the input voltage across the load. 

Now that rectification has occurred, the r-f components are no 
longer of use and must be eliminated to prevent trouble in suc-
ceeding stages of a-f amplification. These r-f currents may be 
eliminated simply by providing an easy path to ground for them, 
without, at the same time, short-circuiting the modulating volt-
ages to ground. Figure 5 shows a simple detector employing a 
rectifier which may be a diode, crystal rectifier, or other rectify-
ing device. The load RL may be, for example, a pair of head-
phones or the input to an audio amplifier. A condenser is placed 
across RL. 
When the first positive half cycle of current comes along from 

the rectifier it charges the condenser. When the charging voltage 
begins to fall the condenser discharges through the load resist-
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ance, holding up the voltage across the resistance in spite of the 
fact that the rectifier output is falling. If the condenser is large 
enough so that the time required to discharge it is greater than 
the time interval between positive half r-f cycles, it will com-
pletely smooth out the r-f variations across the load; if the con-
denser is too large it will also smooth out the low-frequency 
modulation. If the percentage modulation is high the condenser 
must discharge faster since then the sides of the envelope are 
steeper. The trick, then, is to choose a value of C (along with 
R) that filters out the r-f voltages without at the same time doing 
away with part or all of the modulation and introducing un-
wanted distortion. A good compromise is given by 

1 
RLC = 

coniM 

where con, = 2rf., and fm is the maximum audio-modulating fre-
quency, and M is the highest percentage modulation of the signal 
to be detected. 
The jagged edges of the wave in Fig. 5 are overemphasized. In 

the usual case the number of r-f cycles per a-f cycle is many hun-
dreds or thousands, and the envelope then has a very large num-
ber of small serrations. 
The output of a detector must usually be amplified before 

being fed to a loud speaker. In this case it is necessary to elimi-
nate the d-c component, leaving only the modulation itself, that 
is, the envelope of the wave. This can be done simply with a 
series condenser as shown in Fig. 6. The series condenser will 
pass the a-f currents but not the direct currents. 

R- F or I- F 
input 

(A- C only) 

Blocking 
condenser 

A-F output 
(A- C only) 

FIG. 6. Use of a blocking condenser to pass the a-f envelope but not the 
direct current produced by the detector. 
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14.7. Crystal detectors. Crystal diodes are frequently used 
as detectors, particularly in apparatus operating at very high 
frequencies, where the low interelectrode capacitance of the crys-
tal unit is a distinct advantage. The small size of the crystal 
diode and the fact that no filament current is required are other 
advantages. A crystal diode is used in circuits such as are shown 
in Figs. 5 and 6. Even though there is some current through the 
crystal in the reverse direction, this current is usually small 
enough to give little trouble. 

Crystal diodes may be used either as linear or square-law 
devices, depending upon the applied voltage and the size of the 
load resistance. However, they are generally employed as 
square-law detectors for which a rather low voltage and low 
load resistance are used. A description of crystal diodes and 
their characterrstics is found in Chapter 10. 

14.8. Diode detection. A large majority of present-day de-
tector applications employ simple two-element high-vacuum 
tubes. The diode is about as sensitive as a crystal and is some-
what more stable. It delivers an a-f output with very low dis-
tortion if properly operated. 
The diode may be made especially for the purpose of detec-

tion, like the 6H6. However, any rectifier diode may be used as 
a detector, although the relatively high interelectrode capaci-
tances may give trouble at high frequencies and the filament 
power requirements are usually quite high. A triode or multi-
grid tube may be made into a diode by connecting two or more 
elements together. Thus, a triode can be operated as a diode 
if its grid and plate are connected together. 
A typical diode detector circuit is shown in Fig. 7. The a-f 

Fm. 7. Simple diode detector. Rectified voltages appear across R. 
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voltage appears across the load resistor R; C filters out the r-f 
components as discussed above. In practically all circuits R is 
made many times the plate resistance of the tube, which is of the 

order of a few thousand ohms. The high load resistance tends 

to decrease the effect of the curvature of the diode characteristic 

at low values of applied voltages and so decreases distortion in 

the output. The diode draws current from the input circuit dur-

ing positive half cycles and therefore puts a load upon it, draw-

ing power from it. This decreases the selectivity of the input 

circuit. A high load resistance helps reduce the power drawn 

from the input circuit in addition to decreasing the distortion. 

Example 1. A diode detector employs a 0.5-megohm resistor shunted 
with a 100-ettef condenser as its load circuit. The audio frequency is 1000 
cps and the carrier frequency is 1.0 Mc. What is the impedance of the 
diode load at 1000 cps and at 1.0 Mc? 

Solution: At 1000 cps the reactance of the condenser is 

1  
Xc -   27 X 1000 X 100 X 10'2 = 1 590 000 ohms 

At 1.0 Mc the reactance of C is 

1  
Xc   =  21- X 1.0 X 106 X 100 X 10-12 1590 ohms 

Hence, Xc is about three times R at 1000 cps and will have little shunting 
effect at this frequency. However, at 1.0 Mc Xc is -3-1--ff X R, and practically 
all the current will pass through C—very little will go through R. 

At 1.0 Mc the total impedance of R and C in parallel is almost exactly 
equal to that of C, or 1590 ohms. At 1000 cps the total impedance is slightly 
less than the value of R (actually 478.000 ohms). The effective load im-
pedance to a-f currents is about 300 times the impedance to r-f currents. 
As a result, r-f currents build up very little voltage across the load. This 
is just another way of stating that the r-f currents are by-passed by C. 

In the circuit of Fig. 7, R is ordinarily about 0.5 to 1.0 megohm; 

C is about 1501.4 at broadcast frequencies and higher than this 

value at intermediate frequencies. Except at low input voltages, 

R is large compared with the internal resistance of the tube, and 
for this reason most of the voltage produced in the rectification 

process appears across R. The actual value of the rectified volt-

age is almost equal to the peak value of the a-c voltage across the 

tuned input circuit. Values of C are chosen so that this con-
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denser offers little reactance to the r-f currents but has high 
reactance to the a-f currents. 

If an unmodulated r-f voltage is applied across the tuned cir-
cuit of Fig. 7 and the direct voltage is read across resistor R, a 
curve like that in Fig. 8 will be obtained. This curve shows, for 

28 

24 

4 

O 
0 4 8 12 16 

Input voltage (rms) 

Fro. 8. Input-output characteristics of a diode detector. Curve also 
applies for diode unit of 2B7, 6B7, 6SQ7, and 75 tubes. 

2A6 single diode 
Load = 0.5 megohm 

20 

example, that 10 volts (rms) (a peak voltage of 14.14 volts) 
across the input produces a direct voltage across the load re-
sistor R of approximately 13.5 volts. Now, if this input voltage 
is completely modulated, at some instants it will be zero and 
therefore no (or very little) rectified voltage will be produced, 
and at some other instants the input voltage will be 20 volts and 
approximately 27 volts will appear across R. In other words, the 
voltage across R varies from zero to 27 volts and has an average 
value of approximately one-half of 27 or 13.5 volts. A voltmeter 
responding only to a-c voltages, when placed across R, would 
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measure a voltage having a peak value of 13.5 volts—an rms 
value of 9.55 volts if the modulation was sinusoidal. 
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Another method of showing the characteristics of a diode de-
tector is the rectification diagram of Fig. 9. Several curves are 
shown for different rms values of signal voltage, and for several 
values of load resistance. 

Example 2. A 6H6 detector employs a 100,000-ohm load resistor. A 15-
volt ( rms) carrier ( unmodulated) is applied to the input. What d-c volt-
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age is developed across the load resistor? What is the a-f output voltage 
if the carrier is 67 per cent modulated? 
Solution: From Fig. 9, the intersection of the 100,000-ohm load line and 

the 15-volt input voltage line indicates that the d-c voltage developed 

across the load is 17.5 volts. 
For 67 per cent modulation the minimum value of the envelope is, from 

Fig. 1, 

A =- B X M -= 15 X 0.67 = 10 volts (rms) 

Then, the maximum rms signal voltage is 

15 -F 10 = 25 volts 

and the minimum rms signal voltage is 

15 — 10 = 5 volts 

The corresponding d-c voltages developed by the diode are —29 and —6 
volts, respectively. Then, the a-f output voltage is 

Eaf = 29-6 — 20 —23 2-0 = 8.1 volts (rms) 

Resistance-capacitance coupling is almost always used to 
couple. the output of a diode detector to the grid of a following 
amplifier stage. Since the load resistance of a detector is high it 
is probable that the grid-leak resistance of the amplifier tube 
will not be more than a few times greater than the diode load 
resistance. When the r-f voltage is unmodulated the diode load 
resistance acts as the total load resistance. However, when the 
input signal is modulated, the voltage across the filter condenser 
C is of a varying nature, the coupling condenser passes current to 
the grid-leak resistor, and the effective load on the diode is made 
up of the parallel combination of the actual diode load resistance 
R and the grid-leak resistance R9. The lower effective load re-
sistance on the detector results in lower sensitivity and may 

result in considerable distortion if the input signal is completely 
modulated. For example, Fig. 10 shows the rectification char-
acteristics of a diode detector with a 100,000-ohm d-c load. The 
value of R, is 200,000 ohms, which makes the effective a-c load 
of the diode only 67,000 ohms. Now suppose that a 15-volt 
completely modulated signal is applied to the detector input. On 
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the maximum of the modulation cycle the carrier rises to 30 
volts and the d-c voltage developed across the load is — 35 volts. 
On the minimum part of the cycle the carrier drops to 0 volt and 
the d-c voltage is also zero. Actually, the d-c voltage goes to 
zero when the carrier drops below about 4 volts. The d-c volt-
age when the carrier is at its unmodulated or center value of 15 
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volts is — 18 volts. Then the envelope, which corresponds to the 
a-f output voltage, changes from — 18 to — 35 volts, a net change 
of 17 volts, on the positive half cycle of modulation. On the 
negative half cycle the voltage changes from — 18 volts to — 5 
volts (the cut-off value for the a-c load line), a net change of 
13 volts. Thus, the positive loop of a-f voltage is 17 volts, 
whereas the negative loop is 13 volts, and the peak of the nega-
tive half cycle is 4 volts less than the peak of the positive half 
cycle. This difference represents considerable distortion, mostly 
a second harmonic. The "bottom" of the a-f wave is flattened. 
This type of distortion is called negative peak clipping. 

If the diode load resistance could be made nearly the same 
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for a modulated as for an unmodulated wave, the distortion in 
the output could be reduced. One approach is to make the grid 
leak very large. However, this has the practical limitation that 
most tubes do not operate properly if the grid leak is too large. 
For most amplifier tubes, the grid-leak resistance should not be 
greater than 0.5 to 1.0 megohm. Another method of reducing the 
distortion is shown in Fig. 11. Here 
the input to the amplifier is taken from   
a point part way up on the diode load 
resistance. This effectively reduces the 
loading caused by the grid-leak resist-
ance. This method also reduces the 
voltage supplied to the amplifier, and so 
the amplifier must be designed to have 
higher gain than would otherwise be 
necessary. 

14.9. Plate circuit detector (strong 
signals). In a plate circuit detector an 
amplifier is biased for approximately 
Class B operation and rectification of 
the input signal occurs much as in a diode detector. For strong 
signals the circuit operates as a linear detector. There is some-
what greater distortion than in a diode detector as a result of 
the curvature at the lower end of the triode characteristic. The 
circuit has the advantage of providing amplification of the input 
signal and so has rather high sensitivity. 
A typical plate circuit detector (also called grid-bias or linear 

plate detector) is shown in Fig. 12. The condenser C by-passes 
r-f voltages in the plate circuit to the cathode and, in combina-
tion with the r-f choke, keeps these currents out of the primary 
of the transformer. There is considerable curvature near the low 
end of the characteristic curve. This curvature will produce 
square-law detection if the signal level is low, and the distortion 
will be rather high as is the case with all square-law detectors. 
Even for strong signals and approximately linear operation, there 
will be considerable distortion if the modulation is great enough 

to force the envelope to low points on the characteristic curve 
during the "troughs" of the modulation cycle. 

To 
detector 

Fia. 11. Tapping the 
output of the detector 
puts stray capacitances 
across only part of the 
detector load, thus in-
creasing the impedance 

of this load. 
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Fie. 12. Plate circuit detector. The combination of the choke and con-
denser C keeps r-f currents from the transformer. 

14.10. Infinite input impedance detector. The circuit of 
an infinite input impedance detector is shown in Fig. 13. The 
circuit is essentially the same as that of a cathode follower. 
One important difference is that the cathode resistance is made 
very large so that, with no input signal, the plate current is ap-

proximately zero. The envelope 
of the rectified voltage in the 
cathode is nearly as large as the 
envelope of the input signal. 
The circuit will operate satisfac-
torily for widely varying levels ___ 

— Ebb of input signals, the peak value 
of the input signal that will be 

Input Output detected without distortion be-
• ing approximately half the plate 

supply voltage. The input sig-
nal should, however, always be F G. 13. Infinite input impedance 

detector. a few volts at least, in order to 
prevent distortion resulting from 

square-law detection. The detector is subject to negative peak 

clipping, much as in a diode detector, when the degree of modula-
tion exceeds the a-c to d-c impedance ratio of the load. The chief 
advantage of the infinite impedance detector compared with a 

diode detector is that its input impedance is very high (almost 
infinite compared to the diode) and so the detector imposes very 
little load on the input circuit. 
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14.11. Grid-leak and condenser detector. The signal in a 
plate circuit detector can be considered as first being amplified 
and then passed on to the plate circuit to be detected. There 
is rather small amplification in such a tube at radio frequencies 
because the load impedance is deliberately made low to get rid 
of the r-f variations in plate current. In Fig. 12 C practically 
short-circuits the r-f currents in the plate circuit. 
The grid-leak and condenser detector shown in Fig. 14 is more 

c 
A-F output 

R-F input 

FIG. 14. Grid-leak and condenser detector. 

sensitive than the plate circuit detector but has limited power-
handling ability. In this circuit detection is accomplished in the 
grid circuit; then the amplifying properties of the tube are avail-
able for producing a rather high a-f output voltage. 
The grid-leak detector utilizes the curvature of the grid-

voltage—grid-current curve, and it detects by square-law action. 
The plate circuit should operate on the linear part of its char-
acteristic. This requires that the plate voltage be low, usually 
25 to 75 volts. The grid-leak resistance R is usually made rather 
high so that the flow of grid current will produce adequate bias 
for operation of the tube and so that the input impedance will 
be high. The condenser C filters out the r-f variations in the 
voltage. Typical values of the grid-leak resistance range from 
1 to 3 megohms, with C about 250 iLid. 
Grid-leak detectors were widely used in early-day receivers 

because 9f their high sensitivity. However, because of their high 

distortion in comparison to that of a diode detector and because 
of the ease with which adequate amplification can be secured 
with modern tubes, grid-leak detectors are rarely used now except 
in special applications. 
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A grid-leak detector can be operated as a linear detector if the 
resistance of the grid leak is reduced and the input signal is made 
fairly large. In this type of operation, the circuit operates 
roughly the same as a diode detector followed by a stage of 
amplification. The distortion is higher than in a diode detector, 
and the circuit cannot handle extremely high input voltages with-
out rectification in the plate circuit, which produces additional 

• distortion. 
14.12. Automatic volume control. A notable advance in 

radio receiver design took place when automatic-volume-control 
(a-v-c) circuits were developed and placed in active use. By 
means of aye the effects of wide variations of voltage at the an-
tenna terminals ( fading) are overcome to a great extent. 
Furthermore, blasts of loud signals are prevented when the re-
ceiver is tuned from a weak station for which the manual volume 
control might be turned up high to a powerful station for which 
the volume control must be turned down. 
As the name implies, a-v-c circuits control the gain auto-

matically. This is accomplished by varying the amplification of 
the r-f and intermediate-frequency (i-f) circuits inversely as the 
strength of the incoming signal. When this incoming signal is 
high, ave reduces the gain to a low value, and when the incoming 
signal is weak aye increases the gain to its maximum value. The 
circuits are designed to maintain a nearly constant voltage at the 
detector terminals and are able to do this over a wide range of 
incoming signal strengths. 
Although a separate tube may be employed to produce the volt-

ages necessary for aye, it is common practice to utilize the d-c 
voltages developed in the diode detector. In Fig. 7 the lower end 
of the diode load resistor R is at a negative potential with respect 
to the cathode of the diode tube. This negative potential may be 
utilized for aye by impressing it on the grids of r-f and i-f tubes as 
bias. The stronger the signal impressed on the input of the re-
ceiver, the stronger will be the signal impressed upon the detector 
input (in the absence of aye). The stronger the incoming signal, 
the more direct current is developed in the diode by the process 
of rectification, and this current, flowing through the diode load 
resistor, produces a voltage drop along it. A greater voltage is 
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developed when a greater current flows through this resistor, and 
this greater voltage applied as bias to the previous tubes will re-
duce their gain. 
The r-f and i-f amplifier tubes are usually super-control 

(variable-mu) tubes when a-v-c bias is to be applied to them. 
These tubes are designed so that their mutual conductance is re-
duced gradually and more or less linearly as the bias is made more 
negative. Then, the stronger the incoming signal, the greater the 
voltage applied as bias to the amplifier tubes which reduces their 

I- F or R- F 
amplifier 

AVC bias I To A-F 

2 

FIG. 15. Typical a-v-c circuit. 

amplification. Obviously, since a-v-c action depends upon an 
increase (or decrease) of voltage at the detector terminals to 
initiate its action, the detector voltage cannot be held constant. 
However, the variations of detector voltage as a receiver is tuned 
from a strong to a weak station may be made rather small by 
proper design of the a-v-c circuit. 

Figure 15 shows a typical a-v-c circuit. Note that a filter made 
up of a series resistor R2 and a shunt condenser C2 is placed 
across the a-v-c lead as it is taken from the diode. This is neces-
sary because the voltage across the diode load R1 varies with the 
modulation of the incoming signal. If this voltage were applied 
to the grids of the amplifier tubes, the bias would go up and down 
with the modulation, again in the inverse sense, so that the out-
put of the detector would tend to be the same strength for all 
levels of modulation. There would be no variations in audio 
volume. This is not the action that is desired. Rather, ave 
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should depend on the strength of the unmodulated carrier. With 
the a-v-c filter in place, the current from the diode charges C2 
through R2. Condenser C2 is forced to charge slowly by making 
R2 very high, and therefore the voltage applied to the amplifier 
grids as bias cannot follow the modulation of the incoming sig-
nals, although it may follow the variations in the signals due to 
fading or tuning from one station to another. These latter varia-
tions are much slower than the a-f modulation. The design of 
the a-v-c filter is important. The values of R2 and C2 must be 
chosen so that the time taken by the condenser to discharge (the 
time constant R2C2) is such that the lowest modulation frequen-
cies will not cause any variation in the grid bias of the amplifier 
tubes, but the discharge time must not be so large that a delay 
occurs when the system is recovering from a crash of static. A 
time constant (R2 X C2) of 1A0 to % second is usually employed. 

There are many variations of this simple a-v-c circuit. Some-
times the a-v-c voltages are amplified before being applied as 
bias; sometimes more a-v-c voltage is applied to one tube than 
to another; sometimes none is applied until the incoming signal 
reaches a certain value. The latter variation is known as "de-
layed" avc since the action is delayed until signals of a certain 
strength are attained. In this way the amplifiers have maximum 
amplification for very weak signals. 

14.13. Manual volume control. An a-v-c system supplies 
nearly constant voltage to the detector over a very wide range 
of incoming signals. Control of the loud-speaker volume to suit 
individual requirements must, therefore, be made by a manual 
adjustment, by taking more or less of the audio output of the de-
tector and applying it to the a-f amplifier. This is the purpose 
of the tap on resistor R1 in Fig. 15. 

In receivers which do not employ avc the volume may be con-
trolled in several ways besides the tap on the detector load re-
sistor. One way is to decrease the gain of the r-f or i-f amplifiers 
by manually adjusting the bias. Since more bias adjustment is 

generally required for the amplifying stages nearest the detectors 
than for those near the antenna input, some means is usually pro-
vided for proportioning the volume-control potential so that the 
proper bias is applied to each amplifier tube. Sometimes the bias 
of the oscillator tube of a superheterodyne is adjusted at the 
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same time the amplifiers are controlled, either manually or by 
a-v-c circuits. 

Potentiometers are not often used in r-f and i-f circuits as a 
means of volume control since they tend to introduce noise. 
Furthermore, their size and construction usually introduce more 
shunt capacitance into the circuit than can be tolerated. 



15 • Amplitude-Modulation Receiver Systems 

In an amplitude-modulated system, the carrier power of the 
transmitter varies at an audio-frequency rate, the magnitude of 
the variation representing the amplitude of the a-f modulation. 
A receiver must convert these variations in signal strength into 
audible sounds. 

15.1. Basic performance characteristics of a radio re-
ceiver. Three basic performance characteristics of a radio 
receiver must be weighed not only by the designer but also by 
the ultimate user: sensitivity, selectivity, and tone fidelity. 
The sensitivity of a receiver is an indication of the over-all 
amplification from the antenna input to the loud-speaker output. 
A receiver that is very sensitive requires only a small input 
voltage to deliver considerable output power. The selectivity of 
a receiver is an indication of its ability to discriminate between 
wanted and unwanted signals. An infinitely selective receiver 
would be one that would respond only to a given station and not 
at all to another, no matter how powerful this undesired station 
might be, or how close in frequency it was to the desired station. 
That there is no such receiver goes without saying. The tone 
fidelity of a receiver indicates how well it reproduces the a-f 
modulation on the carrier which is picked up at the input ter-
minals. A receiver that delivers a high-fidelity signal is one 
which has a flat frequency-response curve over a wide a-f range 
and which is free from noise and distortion. 

15.2. Field strength. The voltage that is produced across 
a receiving antenna is proportional to the field strength of the 
transmitter at that particular point on the earth's surface.* This 

* Field strength is the same as field intensity and is measured in volts 
per meter. Then, if a receiving antenna is 1 meter long and the field strength 
along the antenna wire is 1 volt per meter, the total voltage impressed 
across the antenna is 1 volt. 

396 
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voltage is usually of the order of millivolts or microvolts. The 
greater the field strength at a given point the greater the power 
output of a receiver for a fixed amount of amplification. 
Similarly, the greater the field strength, the less receiver amplifi-
cation is necessary to obtain a certain amount of loud-speaker 
power. 

15.3. Desirable signal strengths. Experience has indicated 
that signal strengths of three general classifications are neces-
sary to provide good service to listeners. In city business areas 
10 to 25 mv per meter is required to override high interfering 

electrical noise and compensate for the electrical "shadows" cast 
by large buildings; in the residential areas of large cities, field 
strengths of 2 to 5 mv per meter are required; and in rural areas 
where man-made noise is low, field strengths as low as 0.1 to 0.5 
mv per meter will usually provide satisfactory service. It must 
be remembered that the absolute value of the signal is seldom 
the important quantity; it is how much louder the signal is than 
the noise; and that in a locality where noise is low ( as in the 

country) the signal need not be so strong. 
The signal strength at a remote receiving point is proportional 

to the square root of the power at the transmitter; it depends 
also upon the frequency employed, the heights of the receiving 
and transmitting antennas, and the kind of soil or terrain between 
transmitter and receiver. Also, of course, the signal strength de-

creases as the distance increases. There is, in addition, some loss 
of signal strength resulting from absorption of the r-f power in the 
signal by foliage and by absorption and reflection from buildings 

and other structures. 
The purpose of the transmitting station is to provide a good 

lusty signal that will override static and other disturbances; the 
purpose of the r-f amplifier and associated equipment in the re-
ceiver is to provide the listener with good loud signals from the 
field strengths which the transmitting stations produce at the 
receiving point. 

15.4. Advantage of high power. Whatever voltage is pro-
duced across a receiving antenna, whether noise or desired signal, 
is amplified by the r-f amplifier; there is, therefore, a distinct ad-
vantage, as far as the receiver is concerned, in using large 
amounts of power at the transmitting station. The greater the 
ratio of signal to noise at the receiver terminals the better will be 



398 Amplitude-Modulation Receiver Systems [Ch. 15 

the reception. No matter how great the gain of the amplifiers in 
a receiver, this gain cannot bring a weak signal out of the noise 
and give satisfactory reception. That is, if the desired signal 
and the noise are about the same strength, no amount of ampli-
fication will make the signal any more intelligible. The signal 
should be about 40 db * above the noise level on the input of an 
a-m receiver to provide entertainment free from excessive back-
ground noise. Whenever the noise increases, as on a warm sum-
mer day or during a thunderstorm, and the transmitter power re-
mains constant, reception suffers, and it suffers more the farther 
the receiver is removed from the station. The noise picked up 
by a receiver is more or less constant under a given set of condi-
tions, whereas the field strength due to a transmitter decreases 
with distance from the transmitter. 

If a receiver is situated in an electrically quiet locality, where 
the noise level made up of stray voltages from street cars, ele-
vators, arc lamps, corona on high-tension wires, x-ray machines, 
electric razors, etc., is weak, more amplification can be employed 
to bring in weaker stations; or, with the same amplification, sta-
tions further away can be received. So long as the signal is about 
40 db stronger than the noise, it can be amplified and its pro-
gram enjoyed. 
One of the virtues of the high frequencies is the fact that there 

is less natural static than on lower frequencies; however, man-
made static and electrical noise tend to increase with frequency 
until very high frequencies are reached. 

If the transmitter power is increased by 10 db (10 times in-
crease in power), the signal-to-noise ratio, expressed in terms of 
power, is likewise increased 10 times. This desirable effect can 
be achieved by an actual increase in the power output of the 
transmitter, or by the use of directive antennas at the transmit-
ter or receiver, or both. 

15.5. Amount of amplification necessary. On the surface 
it would appear to be possible to add as many stages of amplifica-

tion to a receiver as desired. They could operate at the frequency 
of the incoming signals, or at the modulation ( audio) frequencies 
secured by the detection process. If the receiver is a super-
heterodyne, some of the amplification could be at a frequency 

*Signal voltage should be 100 times the noise voltage. 
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intermediate between the incoming frequencies and the audio 
frequencies in the output. The amount of amplification which 
can be used successfully is, however, limited. For one reason, 
amplifiers tend to become unstable if the gain is too high, owing 
to the difficulty, especially at high frequencies, of preventing 
some of the output from getting back into the input. Secondly, 
some noise is always created in the amplifying and detecting 
processes. Additional noise is present at the input terminals. 
This noise may be amplified along with the desired signal, and, 
if the signal is weak, the noise may seriously interfere with or 
completely mask the desired signal. 

In practical receivers, some of the amplification takes place at 
the frequency of the incoming signals and some at audio frequen-
cies. In superheterodynes the incoming signals are converted to 
signals at a lower (intermediate) frequency, ordinarily in the 
range of 150 to 500 kc, and some amplification takes place at this 
intermediate frequency. In such a receiver, there may be ampli-
fiers operating at radio frequency, at intermediate frequency, 
and at audio frequency. 

If a diode detector is employed, not less than about 10 volts 
(rms) must be available at the detector terminals if distortion is 
to be kept low. Between the antenna input terminals and the de-
tector input terminals must be sufficient amplification so that 10 
volts is produced from the incoming signal whatever its voltage 
may be. Under ideal conditions, inherent noise at the antenna 
input terminals is no lower than 1 1Lv, and is nearly always higher. 
If the receiver is to pick up signals no greater than the noise level, 
the total required amplification will be 10 4- (1 X 10 °) or 10 
million times up to the detector input terminals. A receiver is 
usually designed to have less amplification than this for the 
simple reason that a signal no greater than the noise level would 
be scarcely intelligible after detection. 

There is usually a voltage gain of 2 to 5 times in the input 
system to the first tube, accomplished through the use of reso-
nant circuits. A stage of r-f amplification preceding the fre-
quency-converter stage may have a gain of about 30 times. An-
other gain of about 20,000 will occur from the grid of the fre-
quency converter to the detector input, if a two-stage i-f amplifier 
is employed. Some amplification occurs between the detector 
output and the loud speaker. The total voltage amplification 
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amounts to about 3 million, which is about the limit found in a 
good receiver. 

15.6. Receiver selectivity. The selectivity of a receiver de-
pends largely upon the use for which it is intended, and, more 
specifically, upon the width of the band of frequencies which the 
r-f and i-f amplifiers must pass. A good-quality receiver for 
broadcast reception must have amplifiers with pass bands of 10,-
000 cycles or somewhat more, so that modulation ranging up to 
above 5000 cycles will be passed. Communications receivers re-
quire band widths of around 5000 cycles since only voice signals 
ranging up to 2500 cycles need be passed. Code receivers em-
ploying quartz-crystal filters are able to separate signals only a 
few hundred cycles apart; they have a very narrow band width. 
Of course such receivers would be unsatisfactory for voice or 
music reception. 

It is rather difficult to design an amplifier which has a wide 
band width, gives fairly constant amplification over the band, 
and yet rejects unwanted signals whose frequencies are near those 
passed by the amplifier. The normal amplifier response curve 
slopes off rather gradually outside the range of frequencies to be 
passed and, therefore, gives some amplification for signals both 
above and below the desired band. For this reason, broadcast 
receivers generally do not have nearly as good selectivity as do 
communications receivers. 

15.7. Tone fidelity required. If a receiver is to be used on 
a code circuit, only a very narrow band width is required. If a 
general communications receiver is used for both code and voice, 
better tone fidelity is required. If the receiver is to be a high-
fidelity broadcast set, then very good tone fidelity is absolutely 
necessary. 
Tone fidelity requires not only wide-band response in the r-f 

and i-f amplifiers, but also flat response in the a-f stages. The 
response of the speaker is also of great importance. A loud 
speaker which is relatively free from distortion and which trans-
mits frequencies from 60 to 10,000 cycles may cost as much as a 
small table-model receiver. Thus the cost of a high-fidelity re-
ceiver may be several times that of the average radio. 

15.8. Types of receiver circuits. Several types of circuits 
are used for radio receivers: 

1. Crystal detector or single-tube receiver. 
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2. Regenerative detector plus audio amplifier. 
3. Tuned-radio-frequency ( t-r- f) amplifiers. 
4. Superheterodyne. 
5. Superregenerator. 
15.9. Crystal detector receiver. In Fig. 1 is a simple circuit 

which was used by wireless operators for many years before 

FIG. 1. Detector using a crystal as rectifier. 

vacuum-tube equipment was available. The single tuned circuit 
provided relatively little selectivity, but in those days problems 
due to the multiplicity of radio stations were not so great; signals 
were desired only over fairly short distances (ship to shore) ; and 

headphone reception was all that was required. Nowadays, a 
crystal detector would be used only where sufficiently strong sig-
nals were available, far enough removed from interfering signals 
in distance or in frequency to cause no trouble. In place of the 
crystal, a grid-leak detector tube could be utilized. This would 
have about 10 times the sensitivity of the crystal, but the prob-
lem of selectivity would remain unsolved. 

15.10. Regenerative detector. If, as in the circuit of Fig. 2, 
part of the output of the tube is fed back into the input in phase, 
regeneration takes place, the output signals will be increased, 
and the sensitivity and selectivity of the circuit will be improved. 
If the amount of regeneration is increased sufficiently, d's by mov-
ing the feedback coil close to the input coils, the tube will oscil-
late, that is, it will generate alternating currents of its own. If 
the receiver is made to oscillate at a frequency slightly different 
from the incoming carrier, say 1000 cycles off, the combination 
of the incoming signal and the locally generated signal creates a 
third signal whose frequency is the difference between the two 
combining frequencies. In this example it is 1000 cycles; this 
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1000-cycle note will go on or off if the distant transmitter is 
turned on or off (keyed), and thus the circuit may be employed 
for code reception. 
Up to the point where the receiver actually breaks into oscilla-

tion, voice or music can be heard, but after oscillations begin, 
only unintelligible squeals are heard unless both the carrier fre-
quency of the incoming signal and that generated by the tube 

1oA- -F 
amplifier 

Fio. 2. Regenerative detector. Voltage fed back from plate to grid circuit 
increases sensitivity and selectivity. 

itself are very stable. Then the operator may tune the receiver 
to exact resonance with the incoming signals and can hear music 
or voice. This procedure is not generally very practicable. 
A regenerative receiver made up of a single regenerative de-

tector and one stage of audio amplification is remarkably sensi-
tive, considering the simplicity of the circuit and the small 
amount of apparatus required. It is most sensitive at the point 
where th 14 detector is on the verge of breaking into oscillation. 
Here the pass band accepted by the tuned circuit of the receiver 
is quit narrow, since the effect of regeneration is to reduce the 
resistance of the tuned circuit so that its response curve becomes 
very sharp. At this point, the tone fidelity is not at all good. 
However, the regenerative circuit has adequate tone fidelity for 
many purposes. 
At the point of greatest sensitivity, the detector is unstable and 
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a change in d-c tube voltages or a mechanical jar or vibration 
may set the circuit into oscillation. Then the tuned circuit and 
its accompanying tube become a generator of signals (oscil-
lator) ; and, if the coupling between the tuned circuit and the an-
tenna is close, the signals produced by the receiver may radiate 
from the antenna, causing a disturbance which may be heard in 
other receivers over a distance that may be several miles. This 
is one serious disadvantage of such detectors. In wartime, such 
radiating receivers are not tolerated, and great care is taken to 
prevent any signals generated within a receiver from radiating. 

A-F 

Regeneration control 

Flo. 3. Two feedback circuits for improving sensitivity of a detector. 

Unwanted radiation from the antenna of a receiver employing 
a regenerative detector can be reduced materially by using a stage 
of r-f amplification ahead of the regenerative detector. The r-f 
stage not only acts as a buffer between the source of oscillation 
and the antenna but also produces a certain amount of amplifica-
tion of the incoming signals and increases the selectivity of the 
circuit. A simple regenerative receiver which employs no pre-
liminary r-f amplification is very broad in its tuning unless the 
regeneration applied is great enough that the detector is just on 
the verge of instability. The preliminary r-f stage helps the 
selectivity problem materially. 
Feedback to produce regeneration may be secured in several 

ways. Two typical circuits, along with methods for the control 
of the amount of feedback, are shown in Fig. 3. A typical re-
ceiver employing regeneration is shown in Fig. 4. Regenerative 
receivers have two tuning controls—one for tuning the receiver 
to the incoming signals, and one for adjusting the amount of re-



Antenna 
system 

R-F amplifier 
Type IN5-G 

HI  

Detector 
Type 1N5-G 

CM 

R3 

Power amplifier 
Type 105-G 

—"NNW  
R, 

A+ A — 

T, 

F74F output 

90 volts 

Fin. 4. Typical short-wave reeeiver using one stage of r-f amplification and a regenerative detector. 
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generation. A receiver of this type can be extremely sensitive 
since the application of regeneration may increase the response 
several hundred times compared to that of the saine circuit with-
out regeneration. 

15.11. Superregenerative receiver. As discussed above, a 
simple regenerative circuit is most sensitive at the point at which 

it is on the verge of breaking into oscillation. In the superregen-
erative receiver, invented by Major Edwin H. Armstrong, means 
are provided for allowing the circuit to oscillate for a small frac-
tion of a second, and then for breaking off the oscillations. That 
is, the circuit is allowed periodically to reach the oscillation point 

and is then forced to recede from it. This function is performed 
by an additional "quench" frequency, usually around 50 kc, im-
pressed on the tube so that some characteristic, which tends to 

make the tube oscillate, is periodically brought into and out of 
the oscillating region. 

A one- or two-tube receiver of this type is extremely sensitive. 
Motion of electrons in the input circuits produces a characteristic 
"rush" noise voltage until a carrier signal stronger than these 
voltages appears. Then the noise disappears and the desired sig-
nal may be heard. The "quench" frequency is kept out of the 
headphones or speaker by appropriate filtering networks. 
The superregenerative circuit is most useful in the very high-

frequency bands (5 to 10 meters), where it is difficult to get high 
amplification in any other way. The circuit is not selective, but 
this lack can be supplied by the use of one or more stages of r-f 
amplification ahead of the superregenerative detector. 

15.12. Tuned-radio-frequency receivers. If a detector is 
preceded by several stages of r-f amplification, the receiver is 
called a tuned-radio-frequency or simply a t-r-f set. The tuned 

circuits, of which there may be as many as six, are all tuned 
simultaneously by means of a "ganged" condenser. This is a 
variable condenser with as many sets of plates as there are cir-

cuits to tune. Pentodes are usually used, coupled together by 
means of transformers. The primary of these transformers is 
usually of rather high inductance-4 mh is typical for the broad-
cast band—and the secondary coil inductance depends upon the 
tuning condenser size. For 550 to 1600 kc a secondary with an 
inductance of 270 /Ai is satisfactory when employed with a con-
denser having a capacitance range of 15 to 300 ip.f. If the coil 
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has a Q of 100 the voltage gain will be approximately 30 per 
stage. Much higher amplification is possible, but not with ade-
quate stability. 
The selectivity of a t-r-f amplifier depends to a large extent 

upon the characteristics of the interstage coupling transformers 
employed. The resistance of the coils and associated apparatus 
governs the selectivity; and since the resistance is different at 
different frequencies, the selectivity of a t-r-f receiver is different 
at different frequencies, being relatively high at the lower carrier 
frequencies (600 Ice) and low at higher frequencies ( 1600 kc). 
A t-r-f receiver is difficult to align and to keep lined up so that 

each of the individual stages tunes to resonance at the same set-
ting of the variable condenser. Another difficulty is undesired 
feedback from output to input, which leads to instability and 
often to outright oscillation. 

Before the introduction of screen-grid and pentode tubes, much 
trouble was experienced with triodes in t-r-f receivers because of 
the feedback through the relatively high grid-plate capacitance 
of the tubes. For this reason, t-r-f circuits employing triode 
tubes require special neutralizing circuits which balance out the 
effect of feedback by providing a second feedback voltage equal 
and opposite to that resulting from the grid-plate capacitance. 
These neutralizing circuits are not generally required in t-r-f 
receivers utilizing screen-grid or pentode tubes, and so the use of 
triodes in these circuits has been almost entirely discontinued. 
However, triodes are widely employed in the tuned circuits of r-f 
amplifiers in transmitters. The neutralizing circuits used in con-
nection with these amplifiers are discussed in Chapter 17. 

15.13. Superheterodyne receivers. By far the vast major-
ity of present-day receivers employ the superheterodyne prin-
ciple. In such a receiver, the incoming r-f signals are changed 
to a new frequency which is almost always lower than the carrier 
frequency. It is called the intermediate frequency. All incom-
ing r-f signals are converted to this same intermediate frequency, 
and most of the amplification in the receiver can then be carried 
out at a single frequency. These amplifier circuits can be ad-
justed for the optimum conditions as regards both amplification 
and selectivity. The i-f amplifier can be made very selective or 
rather broad, depending upon the service for which the receiver 
is designed. After amplification in the i-f amplifiers, demodula-
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tion takes place in a conventional detector; the a-f output of the 
detector may be further amplified if desired. 
A block diagram of a typical superheterodyne receiver is shown 

in Fig. 5. The modulated carrier is given some amplification and 
selection in the r-f amplifier and then passed on to the first de-
tector or mixer stage. Also feeding a signal into the mixer is an 
oscillator which is an integral part of the receiver. The carrier 
and local oscillator frequencies fc and fo are "mixed" in the first 
detector so that the output frequency of this stage is the differ-
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Fm. 5. Block diagram of a superheterodyne receiver. 
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ence fo — fo. This difference frequency is the intermediate fre-
quency. If the carrier is modulated, the modulation is trans-
ferred to the intermediate frequency and the new frequency be-

comes (fo — fc) ± fa. Actually the carrier frequency may be 
higher rather than lower than the oscillator frequency, and this 
is often the case in short-wave receivers. In broadcast receivers, 
on the other hand, the oscillator frequency is almost invariably 
the higher for reasons which are discussed below. 
The advantages of a superheterodyne compared to a t-r-f re-

ceiver follow: ( 1) All incoming signals are changed to a single 
fixed frequency and are amplified at this new frequency. In a 
t-r-f receiver, all amplification takes place at the carrier fre-
quency. This raises the difficulty of securing uniform amplifica-
tion and selectivity in an amplifier which tunes over a broad 
range of frequencies. (2) There is less danger of feedback 
troubles at the lower frequency for which the i-f amplifier is nor-
mally designed. Therefore, somewhat greater amplification can 
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be secured with the same degree of stability, compared to a t-r-f 
receiver. (3) The selectivity of a stage of i-f amplification in a 
superheterodyne receiver can be made much better than that of 

a stage of r-f amplification in a t-r-f set. 
This third advantage can be illustrated as follows: Suppose 

that a desired signal has a frequency of 1000 kc and that an un-
wanted signal is at 1010 kc. The unwanted signal is 10 kc away 
from the 1000-kc signal, or off resonance by 1 per cent. If both 

signals are converted to a lower frequency, for example to 456 kc 
for the desired 1000-kc signal, the undesired signal will be con-
verted to 466 Ice or about 2.2 per cent off resonance. If both the 

1000-kc and the 456-kc resonance curves are equally sharp on a 
percentage basis, the 466-kc signal will be farther down its reso-
nance curve than will be the 1010-kc signal, and will therefore 

produce less interference. This is an example of how super-
heterocjyne action produces increased selectivity. 

15.14. Heterodyne action. In a superheterodyne the fre-
quency is changed by mixing the incoming signal with a locally 
generated signal that may be higher or lower in frequency than 
the incoming signal by the amount of the intermediate frequency. 
Consider an incoming 1000-kc carrier. If a locally generated 
signal of 1456 kc is mixed with the 1000-kc signal, new frequen-
cies representing the sum and difference of the two frequencies 
will be produced. In this example, the difference frequency, 456 
kc, will be utilized. This is the intermediate frequency. The 
local oscillator, which produces the locally generated signal, is 
tuned to a frequency higher than that of the incoming signal, and 
of course it must be tuned to a new frequency each time a carrier 
of different frequency is to be received. The problem arises, then, 

of maintaining a constant frequency difference of 456 kc between 
the carrier and the local oscillator frequency as the receiver is 

tuned to various stations. This is done, usually, by a system of 
series (padder) and shunt (trimmer) capacitors connected to 
the oscillator tuning condenser. Actually, the exact difference 
frequency of 456 ice is produced at only three points between 550 
and 1600 kc, but the variation over the entire band is not great 
enough to give serious trouble. The sum frequency produced by 
heterodyne action is filtered out by the tuned i-f transformers. 

15.15. Preselection. A stage or two of r-f amplification 
ahead of the frequency-conversion stage, although not an absolute 



Sec. 15.16] Frequency Conversion 409 

necessity in a superherterodyne receiver, has several advantages. 
The advantages are as follow: ( 1) Coupling between the oscil-
lator and the antenna is made very small, thus reducing the 
danger of interference in near-by receivers resulting from radia-
tion of the local oscillator signal from the antenna. (2) Inter-
ference created by signals coming into the input of the receiver 
from a transmitter operating on a frequency equal to the inter-
mediate frequency is reduced. (3) Image-frequency troubles, 
which come about for the following reasons, are reduced. If the 
intermediate frequency is fi, and the oscillator frequency is fo, 
then incoming signals having frequencies of either fo fi or 
fo — fi will be heterodyned and will be amplified by the i-f sys-
tem. For example, if the local oscillator is tuned to 1455 kc and 
if the intermediate frequency is 455 kc, then incoming signals of 
1000 kc ( 1455 — 455 kc I or 1910 kc ( 1455 455 kc) will produce 
an i-f signal and be sent on through the system. Preselection re-
duces the voltage of the 1910-kc signal because the circuits of the 
preselector, being tuned to 1000 kc, will have little response to 
voltages of a frequency of 1910 kc. (4) A higher signal voltage 
will be introduced into the frequency-converter system and will 
increase the signal-to-noise ratio of the converter output, since 
the noise voltage in a converter is inherently greater than in an 
amplifier. The receiver, therefore, will be quieter in operation. 
A tube used in the i-f system will provide greater amplification 

of the desired signal and greater selectivity to signals on channels 
adjacent (10 kc away) to the desired signals than if used in an 
r-f stage, and will cost less. The temptation, therefore, is to 
neglect the preselector in favor of added i-f amplification. A 
good superheterodyne should, however, have at least one stage of 
r-f amplification. 
15.16. Frequency conversion. The simplest type of fre-

quency converter (mixer) is one in which the carrier and local 
oscillator signals are together fed to the grid of a triode or pen-
tode amplifier. The tube is biased so that the operation is on a 
curved portion of the transfer (EC—/b) characteristic curve—mix-
ing of the signals occurs only when a non-linear portion of the 
curve is used. The output current of the tube then contains, in 
addition to the original frequencies put into the tube, new fre-
quencies which are the sum and the difference of the carrier and 
oscillator frequencies. The plate tuned circuit selects either the 
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sum or difference frequency and rejects all other frequencies. 
The tube used in this service is called a mixer. 
The use of a single grid for both the carrier and local oscillator 

signals sometimes gives rise to difficulties resulting from coupling 
between the carrier input circuit and the local oscillator circuit. 
Several tubes have been developed for frequency conversion 
which make this coupling very small. In a pentagrid converter 

FIG. 6. 

;_ 

Oscillator + B 

Pentagrid converter circuit for frequency changing. 

tube (such as a 6A8) there are five grids, a cathode, and an 
anode. With these seven electrodes, all the functions of oscilla-
tion and mixing take place. A typical pentagrid converter cir-
cuit is shown in Fig. 6. Grids 1 and 2 along with an external 
tuned circuit and the cathode form a triode oscillator. Grid 2 
(actually a pair of side rods) acts as the anode of the oscillator. 
Thus, the first two grids and the cathode can be looked upon as a 
"virtual" cathode supplying for the remaining electrodes of the 
tube an electron stream which varies at the oscillator frequency. 

Grids 3 and 5 are connected together and are used in the same 
way as a screen grid in any tube. These grids have the further 
function of shielding grid 4 from grids 1 and 2. Grid 4 is con-
nected to the signal input, and its voltage varies at the frequency 
of the carrier. As the electron stream flows past grid 4 (the 
electron stream is already modulated at the oscillator frequency), 
it gets additional modulation, this time at the carrier frequency 
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impressed on grid 4. The anode finally collects the doubly mod-
ulated electron stream. The output current contains frequency 
components at the carrier frequency, at the oscillator frequency, 
and at sum and difference frequencies just as in the simple mixer 
described above. 

In a converter circuit employing a 6A8, good frequency con-
version takes place up to moderately high frequencies, but, as 
the frequency is increased, the performance decreases for two 
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PIG. 7. tee of 6SA7 type of tube as frequency converter. 

principal reasons. In the first place, the output of the oscillator 
falls off at the higher frequencies; in the second place, there are 
certain unavoidable couplings between the oscillator and the 
carrier frequency sections. The effect of these couplings increases 
with frequency. 

The coupling between the oscillator and carrier input sections 
of pentagrid converter tubes is decreased in tubes such as the 
1R5 and 6SA7 (Fig. 7) by a different arrangement of the grids. 
In these tubes grid 1 is the oscillator * grid. Grids 2 and 4 are 

connected together inside the tube and act as the oscillator anode 
and also as the shield for grid 3, the signal input grid. Grid 5 
is a suppressor grid. Grids 2 and 4 are by-passed to the cathode. 
The coupling between the signal and the oscillator grid is very 
slight. In addition, changes of voltage of the signal grid, such 

*This is a Hartley oscillator circuit. See Chapter 16. 
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as with a-v-c bias, have little effect on the transconductance of 
the oscillator grid or on the interelectrode capacitances associated 
with grid 1. 

In the 6K8, a triode-hexode converter, still another tube 
structure is employed. This tube includes a triode oscillator 
section and a separate hexode mixer section. The triode grid and 
grid 1 of the hexode are connected together so that the oscillator 
frequency is injected into the hexode section. The functioning 
of the tube is not critical with respect to changes in oscillator 
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input 
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tube and circuit useful at high frequencies. 

plate voltage or signal grid bias. It is used in " all-wave" receiv-
ers in which it is important to reduce frequency shift of the 
oscillator at the higher signal frequencies. 
The 6L7 tube, which requires a separate oscillator, as shown 

in Fig. 8, is a mixer tube especially adapted for high-frequency 
use. It has two control grids, 1 and 3. The first is a remote 
cut-off type and the second a sharp cut-off type. The incoming 
signal voltages are applied to grid 1 and oscillator voltages to 
grid 3. Grids 2 and 4 are connected together and act as a shield 
for grid 3 and at the same time accelerate the electrons. The 
final grid 5 is a suppressor. The 6L7 is known as a pentagrid 
mixer tube. 
The conversion transconductance (e) of a converter tube 

is the ratio of the i-f current in the output to the r-f signal volt-
age input to the circuit. It is used in computing the i-f voltage 
output in a converter. The ratio of the i-f voltage output to 
the r-f voltage input is called the translation gain. The transla-
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tion gain ranges from 30 to 80 for typical pentagrid converter 

circuits. 
The frequency-converter tube is often called the "first" de-

tector, and the entire system is sometimes called a "double de-
tection" system since there are two detectors. A signal which 
has a frequency equal to that of the carrier plus twice the inter-
mediate frequency also combines with the oscillator signal to 
produce an i-f signal and is called an "image" frequency; the 
i-f signal is called the "beat" frequency, and the process of fre-
quency conversion by heterodyne action is éknown as "beating" 

one frequency with another. 
15.17. Choice of intermediate frequency. When there is 

some preselection, the chance of image-frequency trouble de-
creases as the intermediate frequency is increased. On the other 
hand, with a low intermediate frequency the chances of harmonic 
voltages from the second detector being fed back into the input 
are lessened because only the higher and weaker harmonics would 
fall in the broadcast band. Also, lower frequencies are more 
easily amplified in the i-f amplifiers. Finally, more selectivity 

against adjacent channels can be obtained if the intermediate 
frequency is low. 
Many intermediate frequencies are used, from 175 to several 

hundred kilocycles, depending upon the manufacturer, the type 
of set, the frequencies to be received, etc. It has, however, be-
come almost standard practice to use intermediate frequencies in 
the vicinity of 456 kc for home radio receivers. In other types 
of low-frequency receivers the intermediate frequency may be 
as low as 60 kc. The image-frequency ratio of a high-class re-

ceiver is about 20,000 to 1. That is, the voltage of a signal dif-
fering from the desired signal by twice the intermediate frequency 
must be 20,000 times as strong as the desired signal to produce 

the same output. 

Problem 1. A broadcast receiver is to cover the band from 550 to 1600 
kc. If the local oscillator is tuned higher than the signal input circuit so 
that an intermediate frequency of 456 Ice is produced, what must be the 

frequency range over which the oscillator tunes? Suppose that identical 
inductances are used in the tuned circuits and that the maximum capaci-
tance of the input circuit tuning condenser is 300 ilp.f. What will be the ap-
proximate maximum value of the oscillator tuning condenser? 
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Problem 2. The intermediate frequency is 456 kc in an all-wave receiver. 
What frequency band must the oscillator cover if one of the short-wave 
bands tunes from 4.5 to 12 Mc? 

15.18. Frequency converters. A frequency converter may 
be used in addition to a regular broadcast receiver so that high-
frequency signals may be received. In such a system the re-
ceiver is tuned to a convenient frequency, and the separate fre-
quency converter is designed so that its output frequency (for 
example, the difference frequency of the converter input and its 
local oscillator) is equal to that to which the receiver is tuned. 
Thereafter, all tuning is accomplished by varying the frequency 
of the oscillator along with the input circuit of the separate con-
verter. The output frequency of the converter could be termed 
the "first" intermediate frequency. Occasionally a receiver in-
tended for the reception of very high-frequency signals will in-
corporate two stages of frequency conversion operating at dif-
ferent intermediate frequencies. These are called double-
heterodyne sets. 

15.19. Band-pass amplifier. The ideal frequency-response 
characteristic of the r-f and i-f sections of a receiver would have 

a flat top and steep sides. The flat top should be 10,000 cycles 

wide for broadcast receivers, and the sharper the sides the more 
selective will be the receiver, without, at the same time, cutting 

off the higher modulation frequencies. An amplifier which has 
this characteristic is termed a "band-pass" amplifier since it 

passes and amplifies a band of frequencies and rejects frequencies 

both above and below this band. This ideal characteristic can 
only be approximated in practice. A typical characteristic is 
shown along with the ideal characteristic in Fig. 9. 

The r-f sections of a receiver must tune over a wide range of 
frequencies and so do not have a sharp frequency response. 

However, the i-f amplifiers operate at a fixed frequency, and 

these amplifiers can be designed to have a response approaching 
the ideal. The usual coupling between i-f stages consists of a 

transformer with tuned primaries and secondaries. If the two 

coils are individually tuned to the operating frequency and then 
coupled, as by moving them close together, the resultant response 

curve may be a singly peaked curve, like that of a single tuned 
circuit, or a flat-topped curve, or a curve with two more or less 
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widely separated peaks with a substantial dip in between. The 
shape of the resultant curve is controlled largely by the degree 
of coupling. 
The result of coupling two such coils together is shown in the 

curves of Fig. 10. It will be seen that very close coupling 
(M = 14 µh) produces widely separated peaks, less coupling 
gives a comparatively flat-topped characteristic, and rather loose 
coupling gives a sharply tuned circuit. In a multistage i-f am-
plifier various combinations of these characteristics may be used 

Ideal 

Actual 

Carrier 
frequency 

Frequency 

FIG. 9. Ideal and actual response of band-pass amplifier. 

to produce an over-all response approaching the ideal. For 
example, one stage might utilize a characteristic such as 3 and 
the following stage one such as 2. The sharply tuned character-
istic of 2 could fill in the dip in 3, and the over-all characteristic 
could be made rather flat-topped with steep sides. 

Multistage i-f amplifiers sometimes employ "stagger tuning"; 
that is, the coils in successive i-f stages are tuned to slightly 
different frequencies. Then, since the peaks occur at slightly 
different frequencies, the amplifier can be adjusted to have a good 
over-all response. Both double- and triple-stagger-tuned am-
plifiers are used. 

In a t-r-f receiver, in which all the high-frequency amplifiers 
work at the same frequency and are tuned together, the width of 
the band passed may differ at each frequency to be received. If 
the interstage coupling is by transformer the band width will 
be broad at the high frequencies; if the coupling is capacitive the 
band width will be broad at low frequencies. A combination of 
transformer and capacitive coupling may be used to keep the 
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band width nearly constant over the tuning range. However, 
the selectivity of a t-r-f receiver is usually poorer than that of 
one employing the superheterodyne principle. 

15.20. Second detector. After sufficient amplification of the 
carrier signal at radio and intermediate frequencies, any type of 
detector discussed in Chapter 14 may be used to remove the 
modulation and thus produce an a-f output signal. Most modern 
sets have a diode detector followed by one or two stages of a-f 
amplification. The direct currents produced by the detection 
process are utilized in an a-v-c circuit to maintain the i-f voltage 
supplied to the detector nearly constant in spite of rather large 
variations in the voltages picked up by the antenna. 

15.21. Tone control. Manual tone control is incorporated 
in many receivers. These tone-control circuits are arranged so 

that frequencies at either end of the audio range may be ac-
centuated or decreased with respect to each other or to the middle 
frequency region. Often a tone control is nothing more than a 
device for reducing the high-frequency response of the receiver 
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in order to reduce the noise generated within the set or coming 
in on the antenna. Such a circuit consists of a resistance in series 
with a capacitance, the combination being shunted across the 
input to the audio amplifier. The capacitance shunts out the 
higher audio tones; the resistance, which is the variable feature, 
increases or decreases the shunting effect. 

15.22. Automatic tone control. When static is bothersome, 
as when receiving a distant or weak station, cutting out the 
higher audio notes is advantageous. Often a program that is 
hopelessly lost in noise can be received with a certain amount of 
pleasure if the control is advanced to the point where little be-
yond 2000 cycles is passed through the audio amplifiers. 

Circuits have been devised which give some measure of auto-
matic tone control. When the receiver r-f gain is low, as it would 
be if receiving a strong local station, the tone-control circuit 
is not in operation. However, for weak stations the tone-control 
circuit, which is connected to the a-v-c system, cuts off more and 
more of the high audio frequencies. In some circuits this action 
is inherent; in others, an additional tube acting as a variable 
resistance or reactance is employed. Automatic-tone-control cir-
cuits are not widely used on broadcast receivers. 
The use of automatic-selectivity-control (a-s-c) circuits is 

another approach to the problem of reducing the effect of noise 
when weak stations are being received. The elements of a simple 
a-s-c circuit are shown in Fig. 11. The additional inductance in 
the transformer secondary is placed in and out of the circuit by 
the switch. With this inductance added to the circuit the i-f 
transformer has a typical overcoupled characteristic. With the 
inductance switched out of the circuit, the response of the i-f 
transformer is sharper and the higher frequency-modulation tones 
are cut off. The switch shown in the figure may be operated by 
circuits connected to the a-v-c line, or it may be manually 
operated. 

15.23. Noise-suppression systems. In receivers employing 
avc the sensitivity is at a maximum when no signal is being re-
ceived, for example when the receiver is being tuned between two 
stations. Therefore, any static or other noise will be amplified 
to the limit of the circuit and be passed to the loud speaker. Cir-
cuits have been developed which shut off this noise. They oper-
ate in various ways. For example, a tube may be so connected 
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that its plate current will be high in the absence of a carrier 
signal. This plate current can be used to supply bias voltage 
to the audio amplifiers. Absence of carrier signal can then be 
used to overbias the a-f amplifiers and reduce their amplification 
to practically zero. 

These are known as "quiet a-v-c" or "squelch" systems. They 
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Fm. 11. Selectivity curve for two-position i-f transformer. 

are not used to any extent on home receivers, especially since 
push-button sets, with which interchannel noise is not a problem, 
came into vogue. On the other hand, receivers used at fixed fre-
quencies, such as police or taxi receivers, almost always have 
squelch systems so that the receiver is quiet until the transmitter 

comes on the air. 
15.24. Automatic frequency control. Another automatic 

feature which has been incorporated into some receivers is a 
circuit for maintaining the oscillator frequency accurately at the 
desired value. The frequency at which an oscillator operates is 
determined by several factors such as the tuning capacitance, the 
inductance, the tube capacitances, and the tube parameters. If, 

after a receiver is tuned to a desired station, any of these values 
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should change because of temperature or line voltage variations, 
or for any other cause, the oscillator would drift from its correct 
value and would fail to produce the proper intermediate fre-
quency. Furthermore, the difficulty of accurately tuning a highly 
selective superheterodyne receiver with several i-f stages is very 
real. Bad distortion results if the intermediate frequency is not 
the correct value. 

15.25. Automatic-frequency-control (a-f-e) circuit. A 
basic circuit for an a-f-c system is shown in Fig. 12. A tube feeds 

Ebb 

A- F-C 
control 
voltage 

FIG. 12. Basic circuit for automatic frequency control. 

the i-f signal to a transformer with two tuned secondary wind-
ings. The upper secondary is tuned slightly higher and the other 
slightly lower than the exact intermediate frequency. If the 
intermediate frequency is exactly half way between the two 
frequencies to which the secondaries are tuned, the secondaries 
have the same magnitude of voltage impressed across them and 
the rectified output voltages of the diodes are equal. If, however, 
the intermediate frequency is slightly higher than the correct 
value, then the upper tube has somewhat greater voltage im-

pressed upon It than does the lower tube, the rectified voltages 
of the diodes will be somewhat different (that of the upper diode 
being greater), and a negative voltage will be produced at the 
a-f-c terminal. If, on the other hand, the intermediate frequency 

is slightly low, the voltage on the lower diode is greatest and the 
resulting a-f-c voltage is positive. The capacitors shunting the 
resistors in the cathode circuits of the diodes serve to filter the 

rectified output so that only direct voltage appears at the a-f-c 
terminals. 

The d-c voltage appearing at the a-f-c terminals is applied 
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to the grid of a tube which acts as a variable reactance. This 
variable reactance is connected into the tuned circuit which con-
trols the frequency of the oscillator. This variable reactance 
may be either inductive or capacitive. For example, if it is in-
ductive, a negative a- f-c voltage (indicating that the intermediate 
frequency is too high) would be used to increase the inductive 
reactance and thus decrease the oscillator frequency. A positive 
control voltage would decrease the inductive reactance and thus 
increase the oscillator frequency. The tube circuits which pro-
vide these variable reactances are called "reactance tubes." 
They are discussed in connection with frequency-modulation 
systems. 

Automatic-frequency-control circuits require so many tubes 
and other components that they are not widely used in broadcast 
receivers. Their development and success have, however, led to 
investigations of other means of maintaining the oscillator fre-
quency at the correct value. As a result manufacturers have 
greatly improved the design of coils, condensers, and tubes so 
that they are less sensitive to variations in temperature, vibra-
tion, or changes in voltage. 

15.26. Push-button receivers. Three types of push-button 
tuning systems have been applied to receivers, one or the other 
of which is now found on most automobile sets and on many 
home receivers as well. The advantages are speed of tuning 
from one station to another and low interchannel noise. 

In one system, individually tuned circuits are provided for each 
push button. These circuits are tuned to the desired stations by 
variations in capacitance or inductance. The push buttons are 
mechanically connected to switches which select the required 

tuned circuits. The number of stations that can be tuned in is 
limited by the number of push buttons provided. Changes in 
the setting of a tuned circuit are made by a simple screwdriver 

adjustment. 
In a second system, the gang-tuning condenser may be rotated 

throughout its range by means of the conventional dial. In addi-

tion, cams are attached to the condenser shaft so that when a 
push button is depressed the shaft is rotated to the proper posi-
tion to tune a desired station. The positions of these cams on 
the shaft may be changed easily. 
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In a third system an electric motor is utilized to turn the con-
denser shaft. This method is more expensive and more likely 
to get out of order, but it permits remote control and has the 
advantage that any desired channel may be selected. 
None of these systems would work well without the develop-

ment of stable components such as condensers and coils which do 
not vary in their electrical characteristics with time, temperature, 
humidity, or vibration. 

15.27. Tuning indicators. Highly selective receivers must 
be correctly tuned; otherwise severe distortion results. A variety 
of tuning indicators has been developed. Most of them are 
actuated by the direct current in diode detector load resistance or 
by the a-v-c voltage. 

Since the strength of the d-c current in a detector load is an 
indication of the signal being applied to its terminals, a sensitive 
d-c meter placed in series with the load resistor will indicate 
when the receiver is accurately tuned. The meter, in this service, 
is usually called an S meter. 
The a-v-c voltage itself is also a measure of the signal strength 

at the detector terminals. This voltage may be used to actuate 
an electron-ray tube (also called a "magic eye"). Such a tube 
indicates visually the condition of correct tuning by means of a 
fluorescent target which is bombarded by electrons and which 
glows when so bombarded. There are several types of such 
tubes, but each depends upon the same fundamental principle. 
Between the cathode (source of electrons) and the fluorescent 
target is a ray-control electrode or deflecting vane. The voltage 
difference between the deflecting vane and target determines how 
large a sector of the fluorescent screen will glow. 

In some electron-ray tubes, such as the 6AB5, there is a triode 
in addition to the ray tube. The triode acts as a d-c amplifier. 
The grid of this tube is supplied with voltage from the a-v-c 
system as shown in Fig. 13(a). The flow of plate current, under 
the control of the voltage supplied to the grid of the triode through 
the 1-megohm resistor, fixes the voltage of the deflecting vane of 
the indicator section of the tube. When more plate current flows 
into the triode through R, the voltage drop in R increases and 
there is less voltage on the triode plate and deflecting vane of the 
indicator section, which are electrically connected together. The 
target is held at a fixed voltage Ebb, and so the shadow on the 
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target increases. When the triode grid is more negative, less 
plate current flows, the deflecting vane becomes more positive, 
and a larger sector of the target is illuminated. 

In another type, the 6AF6, there is no triode amplifier, but 
there are two control electrodes, one on either side of the cathode 

To controlling o 
voltage bLf 
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FIG. 13. Electron-ray tuning indicator tube circuits. In (b) and (c) 
separate d-c amplifiers are used, whereas in (a) the triode amplifier is in 

the same envelope with the indicator element. 

and affecting different portions of the target. Thus, two sym-
metrically opposed patterns or two unlike patterns may be ob-
tained, depending upon how the ray-control electrodes (deflect-

ing vanes) are connected. This tube requires an external d-c 
amplifier. 

Electron-ray tubes are available with either sharp or remote 
cut-off triode sections. 

In operation, electron-ray tubes get their controlling voltages 
from the a-v-c system. Since the maximum negative voltage is 
produced in the a-v-c system when the receiver is properly tuned 

to a station, a maximum negative voltage is supplied to the con-
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trol grid of the triode acting as a d-c amplifier for the indicator 
tube. Under these conditions the least plate current will flow 
through R, the least voltage difference will appear between the 
deflecting vane and target, and there will be the smallest shadow 
angle on the target. 

Electron-ray indicator tubes are found in many measuring in-
struments, taking the place of indicators of the milliammeter 
type. The sensitivity of the indication may be increased by using 
a separate d-c amplifier to control the action of the deflecting 
vane as shown in Fig. 13 (c). 

15.28. Loud speakers. The loud speaker is usually the final 
link in a radio system, and because of its position with respect 
to the listener it is frequently blamed for bad reproduction that 
really originates elsewhere in the receiver. 
A loud speaker converts the electrical energy output of the 

final power tube into sound energy. It should do this as effec-
tively and faithfully as is necessary for the particular job at 
hand. It is useless to design and operate a high-class amplifier 
with a poor loud speaker. The wide range of tones coming from 
the amplifier is lost in the loud speaker and does not get to the 
listener. Likewise, it is absurd to install a high-grade speaker 
in a poorly engineered receiver in the hope that the fidelity of 
reproduction will be bettered. The full benefit of a wide-range 
speaker cannot be attained unless the complete chain of ap-
paratus is also properly designed—the amplifiers, detectors, plate 
voltage supply apparatus, etc. 

15.29. Elements of a loud speaker. A loud speaker, in 
general, has three essential elements. First, a motor converts 
electrical into mechanical energy. The mechanical energy is 
transferred to the second element, the diaphragm, which vibrates 
and sets air in motion, creating sound waves. Third, a horn 
couples the diaphragm to the "mechanical impedance" of the 
air load. Thus the horn is a sort of mechanical transformer to 
couple the mechanical impedance of the diaphragm to the load, 
which is the air that is to be set in motion. Many speakers have 
no horn, as such, but the diaphragm is extended in size and ac-
complishes the needed coupling by itself. 
Each of these elements may take one of several forms, and 

one assembly may be considerably more efficient than another, 
that is, more of the electrical energy may be converted into 
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acoustical energy in one type of speaker than in another. Some 
speakers will handle quite a lot of electrical energy with relative 
freedom from distortion. Other types are limited in the volume 
they can handle. Some types will reproduce a wide range of 
frequencies, and others will convert electrical into acoustical 
energy only over narrow frequency bands. 
The engineering of speakers is quite as complex as the en-

gineering of an audio system or the designing of a radio receiver. 
The terms and quantities used are different, but there are certain 
analogies between the electrical and mechanical-acoustical sys-
tems which can be used to advantage. Each design involves 
coupling a generator, the motor, to a load, the air, at as great 
an efficiency as possible and over as wide a band of frequency as 
necessary. 

15.30. The horn speaker. In a horn speaker the motor and 
disk-like diaphragm are small but capable of intense mechanical 
vibrations. In appearance and operation the motor and dia-
phragm are similar to those of the well-known telephone re-
ceiver. The sound waves generated by the diaphragm are 
coupled to the air through the horn. The horn must permit 
the air vibrations at the diaphragm to expand in such a manner 
that they will leave the horn without reflecting back into it. The 
small end of the horn is called its throat; the large end, its 
mouth. The rate and manner in which the horn changes its 
shape are known as the taper. The relative dimensions of the 
mouth and throat determine the load on the diaphragm. The 
taper determines the amount of reflections back into the horn. 
The lowest frequency that can be effectively radiated into 

space is controlled by the size of the mouth. The larger the 
mouth, the lower the frequency which the horn will radiate with-
out excessive distortion. 
The taper controls the efficiency of sound transmission along 

the length of the horn. The nature of the taper also has a marked 
effect on the characteristics of the speaker. An exponential taper 
has been widely used since it gives good transmission over a wide 
frequency range, but has the disadvantage that the mouth must 
be extremely large if low frequencies are to be properly radiated. 
In recent years, several new tapers have been worked out which 
give appreciably better performance at low frequencies and yet 
do not require that the mouth be excessively large. 
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Horn speakers are not suited for home receivers and similar 
applications because of their size. They are widely used in 
conjunction with auditorium and outdoor public-address systems. 

15.31. Diaphragm speakers. A diaphragm speaker uses a 
light paper or metal cone to couple to the air load. To transmit 
from a localized source of sound to an acoustic air load spread 
over a large area, the cone diaphragm must be light (to avoid 
loading up the motor with a resistance load) and at the same 
time it must be rigid so that it does not break up into all sorts 
of unwanted vibrations when driven by the motor. The highest 
frequency that will be transmitted satisfactorily will depend 
upon the size and weight of the cone, a small and light cone 
transmitting high frequencies better than a large and heavy one. 
On the other hand, to handle low frequencies the cone must be 
large to move a large mass of air. These two requirements are 
contradictory and so the designer must make some sort of com-
promise. If a wide range of frequencies is to be reproduced, two 
speakers are often used: a large speaker to transmit the low 
frequencies, and a small speaker to transmit the high frequencies. 
These two speakers may be built as an integral unit on the same 
axis, or may even be part of the same diaphragm. Or they may 
be distinct speakers, physically displaced from each other. 
Cone speakers can be made which artificially raise the low-

frequency response. These speakers generally distort badly, but 
are preferred for some applications. Their quality of reproduc-
tion is poor, as can easily be determined by comparison with 
the low-frequency reproduction from a high-quality speaker. 

15.32. The moving-coil speaker. The construction of the 
moving-coil or dynamic type of speaker is shown in Fig. 14. A 
strong permanent magnet, or an electromagnet energized by di-
rect current from the plate supply system or from a 110-volt a-c 
line by means of a rectifier, furnishes a steady field. The voice-
frequency currents from the final power tubes in the amplifier 
are passed through a few turns of wire, the small movable coil, 
to which is attached the diaphragm. When alternating currents 
flow through the coil, the coil tends to move at right angles to 
the lines of force across the air gap. The motion of the coil is 
imparted to the cone and thence to the air. 
The impedance of the movable coil is very low, of the order 

of 2 to 15 ohms, and is fairly constant over the audio range, ris-
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ing at high frequencies because of the inductance of the coil. 
Because of this low impedance, the power from the output tubes 
must be fed to the speaker coil through a step-down transformer. 
The coil can move through a considerable distance, and good 
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Fla. 14. Modern "dynamic" or moving-coil loud speaker. 

low-frequency response of such a speaker is possible. Consider-
able sound energy can be delivered by a moving-coil speaker. 
The resonant frequency of the moving coil and cone is usually 
lower than the lowest audio tone to be reproduced. 
The impedance of the speaker tends to rise at high audio fre-

quencies, owing to the inductance of the moving coil, so that 

distortion is caused when the speaker is operated from a high-
impedance source. Therefore condensers are shunted from plate 
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to cathode of pentodes and beam power tubes, used in the final 
power amplifier, to decrease the distortion which results from 
the high-frequency impedance. 

15.33. Baffles for dynamic speakers. It is necessary to 
install a dynamic speaker in the center of a rather large and 
heavy baffle if the low notes are to be properly reproduced. 
Otherwise the wave set up from the back of the cone can inter-
fere with the wave set up from the front, and little or no sound 
will get to the listener. The baffle increases the air path between 
front and back and should be great enough so that the shortest 
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FIG. 15. Dynamic speaker response as controlled by baffle size. 
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mechanical length between front and back edges is at least one-
quarter wavelength for the lowest note to be reproduced. Since 
the wavelength of sound, like that of radio waves, is equal to 
the velocity at which, it travels ( 1100 ft per sec in air) divided 
by the frequency, it is not difficult to prove that a baffle at least 
32 in. square is necessary for notes as low as 100 cycles, and a 
110-in.-square baffle is required for notes as low as 30 cycles 
(see Fig. 15). When the unit is mounted in a box, peculiar 
resonances are set up which may spoil the good qualities of a 
dynamic speaker. These resonances are sometimes smoothed 
out by the introduction of resonating chambers or diaphragms 
which absorb energy at the offending frequency. 

15.34. Improving loud-speaker performance. Several 

methods have been developed for increasing the bass response 
of speakers ( for it is at the low frequencies that good coupling 
between the diaphragm and the air load is difficult to obtain) 
and for eliminating troublesome resonances. One method of 

reducing resonance in the cabinet is to place cones (not driven 
by motors) in front of the cabinet. These cones are of such 
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dimensions that they resonate to the frequencies at which the 
cabinet itself "booms" and thus absorb energy and act as dissi-
pators of the unwanted resonant energy. 
To eliminate the loss of low frequencies because the wave 

from the back of the diaphragm, at low frequencies, cancels 
some of the energy radiated from the front of the diaphragm, 
several schemes have been applied. One method makes use of 
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FIG 16. Bass reflex housing FIG. 17. Construction of the laby-
for improving low-frequency rinth enclosure for dynamic speaker. 
response of dynamic speaker. 

a total enclosure like a box closed on all sides. Ordinarily with 
such a cabinet the system would boom at some frequencies and 
at low frequencies would be very inefficient. If, however, vents 
or holes of the right size are placed in the front of the enclosed 
cabinet correctly with respect to the speaker diaphragm as shown 
in Fig. 16, the low-frequency response will be increased appre-
ciably and at the same time the distortion at low frequencies 
will be much less. 
The "bass reflex" principle just described makes it possible to 

improve the low-frequency response by as much as 10 db com-
pared with that obtained from a total enclosure without the vent. 
The distortion may be reduced by as much as one-third. The 
vent acts like a second speaker which furnishes acoustic power 
only at frequencies near the cut-off frequency of the speaker. 
This power comes from the back side of the speaker cone. 
Higher-frequency acoustical power is absorbed within the cabi-
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net by lining it with material which is highly absorptive at all 
but low frequencies. 
Another method of improving low-frequency response is to 

connect an acoustical transmission line, or labyrinth, to the 
diaphragm in such a manner that it brings the back-side radi-
ation of the diaphragm in phase with the front-side radiation 
and thereby improves the response. Such an *arrangement is 
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Flo. 18. Dividing networks to keep low frequencies out of high-frequency 

speaker, and vice versa. 

e.hown in Fig. 17. Distortion at low frequencies is reduced com-
pared with that of a cone speaker without the labyrinth. 
Two speakers are often used when a wide range of frequencies 

must be reproduced. In this system a small speaker, or "tweeter," 
is used for the high frequencies and a large speaker, called a 
"woofer," for the low frequencies. By means of frequency-
dividing networks, examples of which are shown in Fig. 18, low-
frequency currents are kept out of the small speaker and high-
frequency currents out of the large speaker. Thus each speaker 
is required to handle only that power which will produce useful 
acoustical output. Each speaker can then be selected with its 
own restricted frequency range in mind, and an excellent over-all 
frequency response secured. 
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Not only will an amplifier tube increase the amplitude of an 
alternating voltage placed upon its grid but it will also generate 
alternating currents in the absence of any exciting voltages from 
an external source. The frequency of these currents may be 
anything from a few cycles per hour to hundreds of millions of 
cycles per second; the efficiency of generating a-e power from 
d-c sources may be as great as 70 per cent or even more; the 
stability and constancy of frequency and amplitude may be very 
great; and the power output may range up to many kilowatts. 
Tubes and the associated circuits which perform this function 
of converting d-c power to a-c power are called oscillators. 

16.1. Types of oscillators. There are, several possible ways 
of classifying the various types of oscillators, according to fre-
quency range, stability, power output, waveform, etc. For the 
purposes of this chapter it will be most convenient to divide 
oscillators into three groups according to the general method 

used for obtaining oscillation: ( 1) feedback oscillators, (2) nega-
tive-resistance oscillators, and (3) relaxation oscillators. 

In feedback oscillators a part of the output power is fed back 
into the grid circuit to reinforce the signal already there. These 
oscillators generally employ a tuned circuit to establish and 
maintain the oscillating frequency. The output waveform is 
essentially sinusoidal. Feedback oscillators may be used to 
generate frequencies ranging up to hundreds or even thousands 

of megacycles. Most of the oscillator circuits found in radio 
receivers and transmitters are of this type. 

Negative-resistance oscillators utilize the negative-resistance 

characteristic of a tube or combination of tubes to produce oscil-
lation. Their frequency of oscillation is normally fixed by an 
LC circuit, and the waveform is usually sinusoidal. 

Relaxation oscillators are generally used to generate non-
430 
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sinusoidal waves such as triangular or square waves. Their oper-
ation is generally based on the "triggering" action of a tube and 
its associated circuit, as, for example, the firing voltage of a 
gas tube. Only in special cases can a true sinusoidal waveform 
be obtained from relaxation oscillators. These oscillators are 
used to provide sweep voltages for cathode-ray oscillographs, to 
provide the signal from which the complex waveforms for tele-
vision or radar are derived, and in many other applications for 
which shaped waves are required. 

16.2. Feedback-oscillator circuits. The possibility of oscil-
lations occurring in an amplifier as a result of positive feedback 
from the plate to the grid circuit has already been discussed 
briefly. Oscillations occurring in this manner are unwanted and, 
generally speaking, uncontrolled. The amplitude of the voltage 
and the frequency are determined by whatever the circuit arrange-
ment happens to be. Now, however, we must look more deeply 
into this phenomenon and investigate methods for producing 
oscillations at a desired frequency, and of the required strength, 
both under the control of the designer or operator. 

Consider first a simple amplifier (Fig. 1, Chapter 11). Sup-
pose that 1 volt impressed on the grid-cathode circuit appears 
as 10 volts across a load resistance in the plate circuit. The 
gain of the circuit is, therefore, 10. Now suppose that by some 
sort of network a part of the output voltage, say 1 volt, is 
inserted in series in the grid circuit and in phase with the original 
1-volt input. The grid-cathode circuit now has 2 volts across 
it, and the output voltage will be 20 instead of 10 provided that 
the gain remains the same. Now the original 1 volt of exciting 
voltage can be removed and the output will drop to 10 volts, 
with the tube now furnishing its own excitation. It has become 
a self-excited oscillator. It is producing a-c power from the d-c 
power furnished by the d-c plate supply system. 

It is essential, of course, that the network feeding the voltage 
back into the grid circuit insert this fed-back voltage in the 
proper phase. That is, the feedback voltage must be increasing, 
say in a positive direction, when the input or grid voltage is 
increasing in a positive direction. In this manner, the feedback 
voltage increases the grid-cathode voltage. If the phase is 
reversed, a negative feedback amplifier rather than an oscillator 
results. 
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Not only must the voltage fed back be of the proper phase, 
but the power fed back must be large enough to supply all the 
power losses in the input circuit; otherwise oscillations will not 
result. The amplifier will merely become a regenerative or posi-
tive feedback amplifier with more gain than before. 
A feedback oscillator can be likened to many mechanical oscil-

latory systems, as, for example, a pendulum clock. The essen-
tial elements of an oscillatory system of this type are (1) a 
mechanism capable of alternately storing and releasing energy 
at a definite rate, (2) a synchronous tripping mechanism which 
will supply enough energy to the system at the proper time to 
make up for power losses in the system, and (3) a source of 
unidirectional energy or power. In the clock the pendulum 
serves as the storage element. The frequency at which it swings 
to and fro is determined by the length of the pendulum and the 
pull of gravity. At the extreme ends of its swings energy is 
stored as potential energy; that is, the bob is acted upon by the 
force of gravity attempting to pull it down to its lowest position. 
As the bob swings through its lowest position it loses its potential 
energy but has its maximum kinetic energy due to its motion. 
The synchronous tripping mechanism in the clock is the escape-
ment. This device serves to give the pendulum a little push 
once each cycle and makes up for losses suffered as a result of 
friction and the like. The source of energy is found in the 
weights. These are always pulling downward, and so this source 
of energy is unidirectional—always downward. 

In a feedback oscillator these three essential elements may 
also be identified. The circuit which may store and release 
energy at a resonant rate is a parallel LC circuit. Maximum 
energy is stored alternately in the coil and then in the condenser. 
The rate at which the alternations occur is determined primarily 
by the resonant frequency of this LC circuit. The synchronous 
tripping device is made up of the feedback loop and the grid of 
the tube. The source of energy is the d-c plate supply. 
The same essential elements are found in a rope swing, a 

pocket watch, and many other common oscillatory systems. 
The question that almost invariably arises in regard to vacuum-

tube oscillators is, How does an oscillator get started if no 
initial exciting voltage is supplied from an external source? The 
answer is relatively simple. Because of the feedback loop any 
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voltage, however small, will be amplified in the tube and recircu-
lated in the circuit if the voltage is of the proper frequency. 
Almost any transient disturbance of the circuit will produce a 
minute amount of voltage of the proper frequency to start the 
oscillations. This disturbance may come from closing the switch 
to the d-c power supply. It may result from the random motion 
of the electrons as they move to the anode. 

Certain losses occur in an oscillatory circuit because of the 
power that is wasted in the circuit resistance. This resistance 
resides in the coil, the condenser, the lead wires, the tube itself, 
or in any external circuit which may be coupled to the circuit. 
For example, consider only the resistance of the coil. Suppose 
that it is 5 ohms. If 1 amp flows through this coil, 5 watts of 
power is consumed in the resistance. The feedback from the 
output of the oscillator must supply this 5 watts. Thee is no 
other place it can come from. If the feedback supplies only 
4 watts, oscillations will cease; and if the circuit could feed 
back, say 6 watts, then the oscillations would continue to increase 
and the system would soon burn up. Actually, the circuit tends 
to stabilize at the point at which the power losses are just bal-
anced by the power fed back. 
A circuit in which the losses are high i4 more difficult to force 

into oscillation than one in which there is little power loss. Oscil-
lators, therefore, are made up of high-Q tuned circuits. In this 

way oscillation is insured, and only a small part of the power 
generated is lost in the oscillator itself. More can be taken out 
for useful purposes, driving power into an antenna, for example. 
An oscillator can be looked at in another way. In the case 

given above where the coil had a resistance of 5 ohms, let it be 
connected to a circuit which acts as though it had 5 ohms of 
"negative" resistance. Now the two resistances are added to-
gether, and, because one is the opposite of the other, they cancel 
out and the circuit now has no resistance. In other words a 

supplier of power may be thought of as a device which has 
negative resistance; instead of consuming power in a positive 
resistance it supplies power. 

The tuned LC circuit may be placed in either the grid or the 
plate circuit of the oscillator tube or separate tuned circuits may 
be placed in each; or a single tuned circuit may be shared by the 
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grid and plate. Thus, there are several possible combinations 
which will produce oscillations. 
A simple oscillator circuit is shown in Fig. 1. This is called 

a tuned-grid oscillator since the tuned circuit is in the grid 
circuit. A feedback coil in the plate circuit couples energy from 
the output into the input circuit. The RC circuit connected 
directly to the grid is to provide grid-leak bias, to be described 
later. 

Fla. 1. Tuned-grid oscillator. Fia. 2. Tuned-plate oscillator. 

A tuned-plate oscillator is shown in Fig. 2. Except that the 
positions of the feedback coil and the tuned circuit are reversed, 
the circuit is much the same as that in Fig. 1. 

In Fig. 3 is shown a tuned-grid tuned-plate oscillator. For 
proper operation the tuned circuits in the grid and plate leads 
are tuned to approximately the same frequency but there is no 
necessity for them to be physically near each other. The cou-
pling between them is through the grid-plate capacitance of the 
tube. 

In the three circuits discussed above the plate supply battery 
occupies its normal position between the lower end of the plate 
load circuit and the cathode. These are called series-fed 
oscillators. 
Two circuits in which the tuned circuit is shared by the grid 

and plate are shown in Figs. 4 and 5. In the Hartley oscillator 
(Fig. 4) the cathode connection is made to a tap on the coil of 
the resonant circuit. The amount of grid excitation and the effi-
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ciency are determined by the position of this tap. Moving the 
tap towards B increases the grid voltage because a greater share 
of the total voltage across the coil now appears between grid and 
cathode. Neither side of the tuning condenser is at ground po-

FIG. 3. Tuned-grid tuned-plate 
oscillator. Feedback is through 

grid-plate capacitance. 

Flo. 4. Hartley oscillator. This 
is a "shunt-fed" circuit. 

tential in this circuit, and the circuit is, therefore, subject to 
"hand capacitance" effects. If the condenser is adjusted with a 
long insulated shaft, and then if the hand is brought near the 
plates of the condenser, the frequency will change because the 
condenser capacitance has been effectively increased by the 
capacitance of the operator's body with respect to ground. 

CI 

nnnonnnAn 

Fla. 5. Colpitts oscillator. 

R-F 
choke 

In the Colpitts oscillator circuit of Fig. 5 the division of volt-
age between grid and plate is secured by a split-stator capacitor. 
This circuit is often used as the local oscillator for superhetero-
dynes. In this service C1 is the tuning capacitor and C2 serves 
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as a "padder" to make the circuit tune to the correct frequency 
over the frequency band of the receiver. The amount of feed-
back is determined by the relative sizes of C1 and C2. Condenser 
C2 is commonly made much greater than CI. 
Note that in both the Hartley and Colpitts circuits the plate 

voltage is supplied to the tube in shunt to the tuned circuit by 
means of a r-f choke coil. The virtue of this connection is that 
no d-c voltages appear on the tuning coils or condensers. These 
are called shunt-fed oscillators. The same scheme may be ap-
plied to the three oscillators discussed earlier. 

+ B 

II 
Fie. 6. Circuit often used in low- ( audio-) frequency oscillators. Feedback 
is provided by resistance, which also loads up the plate circuit and 

straightens out the characteristic. 

There are several other combinations which will also serve for 
feedback oscillators. They operate on much the same principles 
as those discussed above. 
A resistance feedback circuit sometimes employed in labora-

tory oscillators is shown in Fig. 6. This is basically a shunt-fed 

tuned-plate oscillator. However, a series resistor in the plate 
lead is provided for adjusting the amount of feedback. In this 
type of oscillator tile most nearly sinusoidal waveform will be 
obtained when the feedback is reduced to a value just great 
enough to insure stable oscillations. This resistance, being in 
series with the plate, adds resistance to the plate circuit and re-
duces the effect which changes in plate resistance have upon the 
frequency and amplitude of the oscillations. The dynamic plate 
characteristics are also made more nearly linear so that harmonic 
generation is lessened. Shunt feed is used in this circuit to keep 
direct currents out of the iron-cored transformer since direct cur-
rents would cause saturation of the core and excessive distortion 
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would result. It should be noted that direct current should be 
kept out of iron-cored coils or transformers in all audio oscillators 
if the distortion is to be kept to its minimum value. 
As mentioned earlier in this section, an oscillator can be an-

alyzed as a circuit in which the input impedance has a "nega-
tive"-resistance component just equal to the positive resistance of 
the tuned circuit. This method can be illustrated by reference to 
Fig. 7. This shows an oscillator in which an LC circuit is con-
nected to the input terminals of a tube circuit made up of the two 

R- F 
choke 

FIG. 7. A modified Colpitt,s oscillator. The impedance at A—A' has a 
negative resistance component equal to —/CriXe.,g.. 

condensers C1 and C2 in series, C1 being connected from grid to 
cathode and C2 from cathode to plate through a blocking con-
denser C3 as in an ordinary Colpitts circuit. What impedance 
(loes this tube circuit look like to the tuned circuit? By juggling 
some mathematics it can be proved that the impedance looking 
into the tube circuit at A—A' is made up of the two reactances in 
series (XL and Xe) plus a resistive component equal to the prod-
uct of the two reactances Xe, and X.., and the transconductance 
of the tube ( Xc,Xe,g,n). But the mathematics will also show that 
this resistive component has a negative sign—it looks to the tuned 
circuit like a negative resistance. This circuit will oscillate if 
this negative-resistance term is equal to the positive resistance 
of the LC circuit. 

Note in this circuit that the grid and plate are connected to op-
posite ends of the two condensers C1 and C2 in series. Grid and 
cathode are out of phase by 90°, and cathode and plate are also 
out of phase by 90°. Therefore, grid and plate are out of 
phase by 180°, the proper condition for oscillation. The volt-
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age across C1 caused by the oscillatory current flowing through 
C1 is the grid driving voltage. The output voltage is taken 
across C2 and is equal to the alternating current through it mul-
tiplied by the reactance of C2. 

In practice, C1 and C2 are made very large so that the grid-
cathode and plate-cathode capacitances of the tube are shunted 
by very large condensers. Any change in the interelectrode 
capacitances of the tube, therefore, will have little effect upon 
the frequency at which the system oscillates. If the tuned cir-
cuit has a high Q and if L is as large and C as small as possible, 
the frequency generated will be remarkably stable. 

16.3. Coupling circuits. The power may be coupled from 
an oscillator to the next stage by several methods. The two most 
common are capacitance and transformer coupling, both of which 
are illustrated in Fig. 8. Capacitance coupling is generally used 
when the following stage is a voltage amplifier which does not 

(a) Capacitance Coupling (b) Transformer Coupling 

Fla. 8. Oscillator-to-load coupling circuits. 

require any appreciable amount of power, and for which the im-
pedance matching problem is not severe. Transformer coupling 
is generally used when the following stage is an amplifier requir-
ing considerable grid power, or in cases in which the oscillator 
works directly into the load. The amount of coupling is more 
or less fixed in the capacitance network, but it can be varied at 
will in the second case by making the coupling coil movable with 
respect to the coil of the tuned circuit of the oscillator. 

16.4. Feedback-oscillator design and adjustment. To at-
tain the best efficiency and usable power output from an oscil-



See. 16.4] Feedback-Oscillator Design 439 

lator, the various parts, such as coils and condensers, should be 
selected or designed to have low inherent resistance. Thus, the 
loss in the circuit components will be held to a minimum, and the 
maximum power will be available for delivery to the load. 
Few adjustments can be made with a tuned-grid tuned-plate 

oscillator once it is designed except to tune it to frequency and 
vary the coupling to the load. The feedback is more or less fixed 
by the grid-plate capacitance of the tube. In both the tuned-grid 
and the tuned-plate circuits, which have feedback loops, the 
amount of feedback can be adjusted by varying the coupling, so 
that the best operation can be obtained for a particular load 
resistance. In the Hartley oscillator, the amount of feedback 
and the power output can be adjusted, to a certain extent, by 
moving the position of the cathode tap on the oscillator coil. It 
is generally not practical to make any feedback adjustment in a 
Colpitts oscillator other than that which occurs as the condenser 
is tuned to the desired operating frequency. 
The direct plate current in most oscillator circuits, because of 

the grid-leak bias arrangement, is very high when the circuit is 
not oscillating, and decreases sharply when the circuit goes 
into oscillation. It rises gradually as more power is taken from 
the circuit. A d-c milliammeter in the plate lead provides a con-
venient means of indicating when the oscillator is working prop-
erly. As plate voltage is supplied to the oscillator and the tuning 
capacitor is tuned, the current should drop sharply when the cir-
cuit goes into oscillation. As the coupling to the load is increased 
so that more power is supplied to the load, the direct current will 
rise gradually. If a feedback adjustment is available, further 
adjustment of it may reduce the direct current to the tube with-
out adversely affecting the power output. The ideal condition to 
be achieved is the required power output with minimum direct 
plate current and, of course, at the correct frequency. Under 
these conditions the oscillator will be operating at its best effi-
ciency. Should the oscillator drop out of oscillation during the 
time adjustments are being made, the plate current will rise 
sharply and may become excessive. For this reason the feedback 
control is initially set to near its maximum value and the load 
coupling to its minimum value. Then, as oscillations are indi-
cated by the meter, the proper adjustments can be made on both 
controls to obtain the desired operating conditions. 
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Era. 9. Electron-coupled oscillator. 
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Although the basic frequency of the oscillators described above 
is determined by the resonant frequency of the LC circuits, sev-
eral other factors may change the operating frequency to some 
extent. These include the amount of load coupled into the cir-
cuit, the inherent resistance of the circuit, the tube parameters, 
and the supply voltage. In general, if these oscillators are to 
maintain their frequency, the amount of power taken from the 
circuit should be as small as possible and the d-c voltage sup-
plied to the plate circuit should be well regulated. 

16.5. Electron-coupled oscillators. A circuit employing a 
tetrode or pentode has been devised in which the oscillating fre-
quency is practically independent of the plate voltage and load 

routput 

variations. This simple circuit, shown in Fig. 9, is called an 
electron-coupled oscillator because the output is coupled to the 
oscillator only through the electron stream. The actual oscil-
lator shown uses the two grids and the cathode in a Hartley cir-
cuit. The screen grid serves as the oscillator plate. The plate 
current will be modulated by the oscillations in the grid circuit, 
and an alternating voltage will be produced across the tuned-
plate circuit when it is tuned to the frequency of the oscillator. 
At the same time, however, the oscillator is effectively shielded 
from what occurs in the output or load circuit because the screen 
grid is at a-c ground potential. As long as the ratio between 
screen and plate voltages remains constant (the screen voltage 
may be taken from a tap of a voltage divider across the plate 
supply terminals) the frequency will be almost entirely inde-
pendent of the actual voltage on the plate. A resistor or r-f choke 
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can be substituted for the tuned load in the plate circuit at the 
expense of some efficiency. 

Electron-coupled oscillators are widely used in the frequency-
converter stages of superheterodynes, and in the tunable "master" 
oscillators of transmitters which operate over a wide frequency 
range. 

16.6. Grid bias for oscillators. Oscillators are generally op-
erated with some sort of self-bias, rather than with fixed (bat-
tery) bias. Self-bias is preferred since oscillators usually op-
erate under Class C conditions, and under these conditions fixed 
bias prevents the initial build-up of the oscillations. Audio-fre-
quency oscillators, however, must employ Class A bias to keep 
distortion low. 

Bias may be secured from a grid-leak condenser combination 
in the grid circuit. The amount of bias is determined by the 
amount of grid current and the size of the grid-leak resistor. 
Two circuit arrangements are used: a series and a shunt arrange-
ment. In the series arrangement the grid leak and condenser are 
connected in parallel and the combination placed in series with 
the grid and the rest of the grid circuit (Figs. 1, 2, and 3). In 
the shunt arrangement the grid-leak resistor is connected be-
tween grid and cathode. A series condenser is connected to the 
remainder of the grid circuit. This circuit is illustrated in Figs. 
4 and 5. 

Self-bias in oscillators has the advantage that it tends to in-
crease the stability of the oscillations. For example, if the out-
put voltage tends to increase, the grid excitation also increases 
and this in turn increases the bias voltage. The increased bias 
tends to decrease the output voltage and hold it to its original 
value. There is one disadvantage: if the tube stops oscillating 
for any reason, there is no bias on the grid, and the plate cur-
rent may rise high enough to damage the tube. For this reason, 
power oscillators usually obtain some or all of their bias from a 
cathode resistor. 
The power dissipated in the grid-leak or cathode resistor must 

be supplied from the plate supply system, and this lowers the 
over-all efficiency of the oscillator. 
The manner in which the direct voltage builds up in a grid-leak 

system is shown in Fig. 10. Note that the average plate current 
decreases as the oscillations build up since an increase in the 
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strength of the oscillations also increases the bias as a result of 
the flow of a larger grid current. The purpose of the condenser 
is to smooth the ripple on the bias voltage so that a non-fluctu-
ating bias voltage is obtained. 

Non- oscillating 
plate current 

Drop in plate current 
as result of oscillations 

Average plate current 
when steady oscillations 

are established 

Average plate current falling 
due to increasing bias 
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Grid swings positive in 
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attracts electrons 
to build up bias 

ewe/2 • 
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along this line 

+ Eg 

Bias when steady 
 -oscillations are 

established 

Fin. 10. Gradual build-up of oscillations with resultant increase in bias 
and decrease in steady plate current. 

16.7. Oscillator efficiency. By adjusting the grid bias of 
oscillators so that plate current flows only during a small part of 
the cycle the power (E X I) dissipated on the plate may be kept 
very low. Under these conditions the plate voltage may be in-
creased beyond the value which would be safe if plate current 

flowed all the time. The circuit efficiency is high, but the alter-
nating plate current will be non-sinusoidal; that is, it will contain 

many harmonics. Since, however, the tank circuit and the load 
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coupled to the tank are tuned to the fundamental frequency the 
harmonics will not create much voltage in the load because the 
load will have a low impedance to frequencies higher than the 
fundamental. Such high-efficiency circuits may, therefore, be 
employed at radio frequencies for which tuned circuits with high 
values of Q may be utilized. Such circuits, then, perform like 
self-excited Class C amplifiers (see Sect. 17.5). It is difficult to 
secure high-Q a-f tuned circuits, and for this reason Class C bias 
cannot be used in a-f oscillators if the output waveform must be 
comparatively free of harmonics. 

16.8. Frequency stability. Oscillators which must furnish 
a constant frequency must be carefully designed and built. Sev-
eral factors must be taken into consideration if a high degree of 
frequency stability is to be achieved. Circuit components (tubes, 
coils, condensers, resistors, etc.) must be selected that do not 
change their characteristics appreciably with temperature, and 
must be mounted so that they are not subject to mechanical vi-
brations. The d-c plate supply voltage of the oscillator should 
be well regulated. Another factor which must be considered is 
the input capacitance of the tube. This capacitance is in shunt 
with the capacitance of the tuned circuit of many oscillators and 
therefore affects the frequency. The equation for the input 
capacitance C, was given in Sect. 13.11 as 

Cg = Cgk C„(A,± 1) 

where A„, for the oscillator circuits shown, is 

eLRL 
Ay — 

RL r, 

In this equation, RL is the effective resistance of the plate load 
circuit. Anything which changes the dynamic plate resistance, 
rp, of the tube, or the load resistance, RL, produces a change in 
the input capacitance and may change the frequency of oscilla-
tion. Changes in filament temperature, in C bias, or in plate volt-
age will affect r, and cause a shift in frequency. 
One way to lessen this difficulty is to shunt a fairly large 

capacitance directly across the grid and cathode to increase the 
total effective input capacitance so that small changes in C, will 
have little effect on the frequency. In many circuits this effect 
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May be accomplished by merely using a small coil and large 
condenser (low L/C ratio) in the tuned circuit. High-capaci-
tance circuits, however, have large circulating currents in them 
and may be quite inefficient as a result of high power losses. 

16.9. Crystal oscillators. Often it is desirable to achieve a 
higher degree of stability than can be obtained in any of the cir-
cuits described above. For example, the oscillators for broadcast 
transmitters must hold their frequency within very close toler-
ances. An oscillator, employing a quartz crystal as the fre-
quency-determining element, provides a simple means for achiev-
ing a high degree of frequency stability. 

Quartz, in the crystalline form, exhibits an interesting property 
called piezoelectricity. If two surfaces of a slab cut out of a 
crystal are compressed mechanically, an electrical voltage ap-
pears across these faces. Conversely, when the voltage across 
the faces is changed, the crystal tends to change in size. The 
crystal is, in effect, a mechanical resonator or mechanical tuned 
circuit, and when inserted into a vacuum-tube oscillator it will 
serve the same purpose as a tuned circuit made up of a coil and 
condenser. 

A quartz crystal cut for oscillator service has a value of Q as 

high as 10,000 if intended to operate at 100 kc. The crystal acts 
like a very large inductance shunted with a very small capaci-

tance. The effective resistance is extremely low. In Fig. 11 the 
crystal replaces a tuned circuit in the grid of a tuned-grid tuned-
plate oscillator. When the plate circuit is tuned slightly higher 

in frequency than the resonant frequency of the crystal, the en-
tire circuit oscillates at the crystal frequency. For a considerable 
variation in the tuning capacitance in the plate circuit, as long as 
the resonant frequency of the plate tank is higher than the crys-
tal frequency, the oscillator will produce an output at the crys-
tal frequency. Minor variations in the capacitance of the circuit, 

such as occasioned by changing tubes, variations in plate voltage, 
etc., have no controlling effect upon the frequency of the oscil-
lator. In another typical oscillator circuit, the crystal is inz•,erted 
between the grid and plate as shown in Fig. 12. 

In applications where extreme frequency stability is required 
the crystal is often mounted in an oven the temperature of which 
is thermostatically controlled. 



Sec. 16.10] Crystal Cuts 445 

Flo. 11. Quartz crystal act-
ing as a tuned circuit of 
very high Q and high sta-

bility. 

Fla. 12. Circuit in 
which crystal is con-
nected from grid to 

plate. 

16.10. Crystal cuts. There are many ways in which crystal 
plates may be sawed from the mother crystal. These are known 
as "cuts,", and some of them are good for one purpose and some 
for other purposes. The resonant frequency of a crystal depends 
to some extent upon the temperature, and this dependence on 
temperature is different for crystals cut in different directions in 
respect to the optical and electrical axes of the mother crystal. 
Much research has gone into determining the kind of cuts which 
will produce the smallest temperature coefficient, that is, cuts 
that result in crystals which will not change their frequency even 
though the temperature may change over a considerable range. 
The type of cut also determines, to some extent, the "activity" 
of the crystal. 

A quartz crystal may vibrate in several modes. That is, the 

basic frequency may be determined by the thickness, length, or 
breadth of the plate. In some cuts the temperature coefficient is 
controlled by one dimension and the frequency by another; thus 
it is possible to control these two important factors more or less 
independently. 

In crystal cuts in which the thickness determines the frequency, 
thinner crystals oscillate at higher frequencies, the relation being 
(1960 ± millimeters of thickness) kilocycles for the widely used 
AT cut. For this reason the higher frequencies require very thin 

crystals; and, since in service these plates vibrate with an ampli-
tude dependent upon the amount of power they are controlling, 
oscillators working at very high frequencies are limited to small 
power outputs because of the danger of crystal breakage. The 
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output of the crystal oscillator can be used to drive additional 
amplifiers to secure a large final power output. Often, however, 
a lower-frequency crystal capable of more power output is used. 
The frequency is doubled or tripled or multiplied still more in 
subsequent amplifier circuits. 

It is generally considered wise to keep the r-f current flowing 
through the crystal lower than 100 ma, not to attempt to control 
more than 5 or 10 watts directly with the crystal, and not to con-
trol directly a circuit whose output is higher in frequency than 
about 12 Mc.* With care in design, a crystal-controlled oscil-
lator should not vary more than a few parts per million over an 
appreciable time. That is, an oscillator having an output fre-
quency of 1000 kc should not vary more than 10 or 15 cycles from 
this frequency. With great care stabilities as high as 1 part in 
100 million may be obtained. 
16.11. Negative-resistance oscillators. If, in any circuit, a 

decrease of current is produced by an increase of voltage, the 
dynamic resistance of that circuit is negative and this negative 

0 

Negative - 
resistance 
region 

E, 

Fm. 13. Negative-resistance region of tetrode. 

resistance can be utilized in an oscillator circuit. Such a negative-
resistance characteristic is found in a tetrode tube when the plate 
voltage is lower than the screen voltage. The negative-resistance 
region is shown in Fig. 13. 
A circuit for a negative-resistance oscillator is shown in Fig. 

14. The tuned circuit is placed in the plate lead, and the plate 

*Special "harmonic" crystals operate satisfactorily up to about 30 Mc. 
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- + 

II- 4. NI 
FIG. 14. Negative resistance produced by opt,' at mg screen at higher poten-

tial than plate causing secondary emission. 

and screen direct voltages are adjusted so that operation is near 
the middle of the negative-resistance region of the t,etrode char-
acteristic. If this negative resistance is large enough to cancel 
the positive resistance of the tuned circuit, oscillations will re-
sult. Such an oscillator may produce an excellent waveform. It 
has the disadvantage that some instability results from changes 
in the secondary emission from the plate, which produces the 
negative-resistance characteristics. 

Many circuits have been devised, most of which use two or 
more tubes in various combinations, which produce the effect of 

negative resistance and can be used in oscillator circuits. Many 
of these circuits could be analyzed either as feedback or as nega-
tive-resistance oscillators. 

16.12. Relaxation oscillators. A gas tube can be used in a 
relaxation-oscillator circuit as shown in Fig. 15. When the plate 

FIG. 15. RC oscillator using gaseous triode and with synchronizing voltages 
placed on•grid to control time of condenser discharge. 

voltage is applied to the circuit the condenser C charges through 
the resistor R and its voltage rises as shown in Fig. 16. When the 
voltage rises to the breakdown (firing) potential of the tube, 
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the tube (heretofore acting as an open circuit) suddenly ionizes 
and begins to conduct current. Its internal resistance is quite 
low, and so it discharges the condenser almost immediately to the 
voltage at which the tube again deionizes (the extinction volt-
age). At this point the tube resistance again increases and the 
tube no longer passes current. The condenser again begins to 
charge and the cycle repeats itself. The output has a sawtooth 
waveform. The frequency, or more correctly the repetition rate, 
is controlled by R and C and by the applied voltage. The exact 

Firing voltage 

Extinction voltage 
Sawtooth waveform 

Time 

FIG. 16. Voltage waveform of relaxation oscillator of Fig. 15. 

timing of the pulses can be controlled by an external synchro-
nizing voltage applied to the grid. 

Relaxation oscillators are widely used in cathode-ray oscillo-
scopes and in television circuits, and are discussed more com-
pletely in later chapters. 

16.13. Phase-shift oscillators. A phase-shift oscillator em-
ploys RC networks to obtain the required 180° phase shift be-
tween plate and grid circuits. The circuit of such an oscillator is 
shown in Fig. 17. Normally each phase-shifting section, consist-
ing of one C and one R, provides a phase shift of 60°, so that 
three such sections are required. Operation is Class C, but the 
waveform may be made nearly sinusoidal if the bias is adjusted 
so that oscillations are barely maintained. The frequency 
stability of a phase-shift oscillator is quite good. The frequency 
of oscillation may be changed by adjusting the resistors or capaci-
tors. However, the required 180° phase shift must be maintained. 

Problem 1. An amateur employs a 6C4 tube as an oscillator. When 

this is working properly the d-c grid current will be 5 ma. It is desired 

that the grid bias be — 10 volts. If the grid current flows through a re-

sistor as in Fig. 1, what must be the value of this resistor? 
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Problem 2. If, in Prob. 1, half the bias is to be provided by the grid 
resistor and half by a cathode resistor, what values will the two resistors 
have? The cathode current is 10 ma and the grid current remains at 5 ma. 

I  

IR 
E bb 

Pia. 17. Phase-shift oscillator. 

Problem 3. An amateur wishes to buy a quartz crystal to control the 
frequency of his transmitter. He wishes to operate as near as possible 
to the lower-frequency edge of the 7-Mc band, that is, as close to 7 Mc as 
possible without danger of getting out of the band. If the crystal frequency 
is guaranteed to within 0.01 per cent of the marked value, and if 1 kc addi-
tional is allowed for temperature variations, what is the lowest frequency 
to which he should ask the manufacturer to grind his crystal? 
Problem 4. During operation a certain oscillator may vary 50 cycles up 

and down from its designed frequency of 3505 kc. If the frequency output 
of the oscillator is tripled twice in the following amplifiers and then applied 
to an antenna, between what frequencies will the antenna signal vary? 
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A radio transmitter is a combination of an oscillator, voltage and 
power amplifiers, modulating equipment, and power supply ap-
paratus all designed to put r-f power into an antenna from which 
it is radiated in the form of electromagnetic energy. The oscil-
lator stage is of low power, perhaps 5 watts or less, is usually 
crystal controlled, and in high-frequency stations operates at a 
submultiple of the final radiated frequency. It is followed by 
amplifiers which build up the voltage and power of the crystal 
stage to a value high enough to drive the final power output 
stage. These intermediate-frequency amplifiers also act as "buf-
fers" to isolate the crystal stage from the power stage so that the 
crystal can operate without any reaction back upon it by the 
power stages. These amplifiers may also act as frequency multi-
pliers, increasing the frequency to some integral multiple of the 
oscillator frequency. The frequency multiplication may take 
place in several stages. Connected to one of the stages is a mod-
ulating system which gets its excitation from a microphone or a 
telegraph key. 

17.1. Types of r-f power amplifiers. When a considerable 
quantity of r-f power is generated and transmitted the efficiency 
of the equipment becomes important since the electrical energy 
purchased from a public utility, or generated locally by the trans-
mitting station, must be paid for according to the amount con-
sumed and not according to the amount usefully radiated. A 50-
kw broadcast station that consumes 250 kw from the power line 
is less efficient and will have a higher annual bill for electrical 
energy than one which delivers the same power to the antenna 
but draws only 105 kw from the power lines. 

Since the power output stage of a transmitter feeds the an-
tenna through a circuit tuned to the operating frequency, the 
harmonics generated within the amplifiers do not get on the air 

450 
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—at least, they are greatly attenuated. For this reason it is not 
necessary to use Class A amplifiers in the r-f sections of a radio 
transmitter. Much higher efficiency can be secured from Class 
C amplifiers, which, it is true, produce many harmonics of the 
fundamental radio frequency, but these harmonics can be pre-
vented from reaching the antenna. 

If the modulation takes place in a low-power stage, then all 
subsequent stages must be linear in order that the modulation 
(which is the important message-bearing portion of the trans-
mitted wave) will not be distorted. Linear stages are operated 
Class B. If modulation takes place in the final stage, the mod-
ulated stage can be operated Class C. If the transmitter is de-
signed to transmit code rather than voice or music, all stages may 
be operated Class C. 
The principal difference between Class B and C amplifiers 

is in the amount of C bias used and the portion of the a-c cycle 
during which plate current .is permitted to flow. In a Class B 
amplifier the bias is adjusted so that the plate current is almost 
zero when the grid excitation is removed. If sine-wave voltage 
is applied to the grid, plate current consists of a series of half sine 
waves similar to the output of a half-wave rectifier. The load 
impedance is adjusted so that the relation between plate current 
and grid voltage is linear. The grid swings positive on excitation 
peaks and grid current flows. During peaks of plate current the 
plate voltage reaches a minimum value because of the high volt-
age drop across the load. The tube power, then, is the product 
of a high current and a low voltage, but the load power is the 
product of a high current and a high voltage. This means simply 
that, of the total power taken from the d-c plate supply, most is 
supplied to the load, and relatively little is used up in heating 
the plate of the tube. Power des not flow continuously from the 
plate supply source. Rather, i flows in a series of pulses. The 
efficiency of a Class B amplifier is rather high, approaching 78.5 
per cent as a maximum. 
Two tubes may be operated in push-pull in a Class B r-f ampli-

fier if desired, and about twice the power output of a single tube 
will be secured. Tubes in Class B r-f amplifiers can be operated 
to produce greater power output than in Class A service since 
the plate efficiency is much higher. 
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A Class C amplifier has its bias adjusted so that plate current 
is definitely zero for a portion of the excitation cycle. The grid 
excitation is high and may produce saturation current from the 
cathode of the tube on the positive portions of the excitation 
cycle. Other conditions are quite similar to those of a Class B 
amplifer. The plate efficiency of Class C amplifiers may be quite 
high, approaching 90 per cent in amplifiers using large tubes. 

17.2. Neutralization. Buffer or intermediate power ampli-
fiers may be triodes or, better, screen-grid or pentode tubes. 
Triodes must be "neutralized" to keep them from oscillating and 
to keep variations in their output circuit from reacting upon the 
crystal-oscillator stage. Neutralization consists of placing the 
triode in a bridge circuit in which a part of the output voltage, 
equal to that fed to the input by the grid-plate capacitance, is fed 
to the input. This additional voltage is in such a direction that 
it opposes (neutralizes) the effect of grid-plate capacitance 
voltage. 
The several types of neutralizing circuits may be roughly 

broken down into three general groups: ( 1) plate neutralization, 
(2) plate-to-grid neutralization, and (3) push-pull cross neutral-
ization. Diagrams illustrating these methods are shown in Fig. 1. 
An equivalent circuit of the cross-neutralized push-pull ampli-

fier of Fig. 1(d) is shown in Fig. 2. Here the various elements 
taking part in the neutralizing process are shown as parts of an 
a-c bridge. The inductances, L,, are the inherent inductances of 
the grid leads. The bridge circuit is symmetrical; that is, op-
posite arms contain the same kind and size of reactance. If the 
tubes are exactly identical, and the value of L, for each tube is 
negligibly small, the condition for neutralization is that the neu-
tralizing condensers shall be adjusted to have the same value as 
the grid-plate capacitance C„ of the tubes. Some slight change 
from this value is usually required to compensate for the actual 
value of L, and for wiring and other distributed capacitances 
not shown on the diagram. 
Equivalent bridge circuits, similar to that in Fig. 2, may be 

drawn for the other neutralizing schemes shown in Fig. 1. 
Triodes are widely used in the power stages of r-f amplifiers in 

preference to tetrodes and pentodes in spite of the necessity for 
neutralization. Some of the reasons follow: ( 1) plate-modulated 
stages must use triodes since varying the plate voltage of a multi-
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FIG. 1. Neutralizing circuits. (a) Use of split plate transformer. (b) 
Split transformer in grid circuit. (c) Equivalent bridge circuit of (a). 
(d) Neutralized push-pull amplifier. (e) Network connected from plate to 

grid. (f) Resonant circuit for neutralization. 
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grid tube has little effect on plate current; (2) high-power screen-
grid tubes have not become available; and (3) at the high fre-
quencies (1 to 2 meters wavelength) the effect of the input and 
output capacitances of screen-grid tubes is so great that simpler 
tubes of the triode type are preferred. 
At the present time considerable effort is being expended in de-

veloping medium-power screen-grid tubes for high-frequency r-f 

Plate 1 

Grid 1 

Neutralizing 
condenser 1 

Neutralizing 
condenser 2 

Grid 2 

Grid input 

Fla. 2. Bridge circuit made up of neutralizing and tube grie-plate capaci-
tances in a cross-neutralized push-pull amplifier. 

power-amplifier use. These tubes must, however, be neutralized 
if oscillations are to be prevented and the neutralizing circuits are 
rather complicated. The big advantage of these tubés over 
triodes is that they have a higher power sensitivity; that is, more 
output power is obtained for a given grid power. 

17.3. Power-amplifier design. Since the grids of Class B 
and C amplifiers are driven positive, the grid circuits pass current 
and therefore require power. This power must be provided by 
the stage that precedes and drives the Class B or C stage. 
Actual design of a Class C stage is a matter both of calculation 

and of cut and try. Since the plate current does not flow con-
tinuously, the internal resistance of the tube varies over the cycle 
and a numerical value which can be employed in calculating the 
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load resistance, power output, etc., cannot be supplied by the 
manufacturer (or measured by the user). 

Relations between the various voltages and currents in a Class 
C amplifier are seen in Fig. 3. The figure is drawn for a unity 
power factor load; that is, the plate circuit is tuned to resonance 
with the frequency of the grid signal. Note that the minimum 
value of plate voltage and the maximum value of grid voltage 

Flo. 3. Relations existing in Class C amplifier. The angle during which 
plate current flows is 20. The grid voltage magnitude is exaggerated here. 

occur at the same instant. At this same instant, the maximum 
plate current flows. The plate current is seen to flow for substan-
tially less than 180° during a cycle. Grid current is not shown 
on the diagram, but it flows only while the grid is positive. 
Even though the complete design and calculation of a Class C 

amplifier are much too complex to be considered here, several im-
portant factors can be discussed which will give the basic re-
quirements for a good design. 

1. Decide upon the maximum value of the grid excitation volt-
age and the minimum value of the plate voltage. Ordinarily it 
is desired that the excitation power be kept small. This means 
that excessive grid current should not flow, and, therefore, that 
the maximum excitation voltage should not be high enough to 
drive the grid highly positive. Furthermore, the maximum plate 
current must be kept from being too high. These requirements 
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can generally be met by taking the maximum or peak value of 
the instantaneous grid voltage (the algebraic sum of the a-c ex-
citing voltage and the d-c grid-bias voltage) as 80 per cent of the 
minimum instantaneous plate voltage. 

2. Decide upon the proportion of the excitation cycle in which 
plate current flows. If current flows for only a small portion of 
the cycle, the efficiency (power output divided by power input) 
will be high but the power output (watts) will be low. If the cur-
rent flows for a longer period, efficiency will be low but the power 
output will be higher. The actual time during which plate cur-
rent flows is expressed as an angle in Fig. 3; it is equal to 20. 
Ordinarily the angle of flow will be of the order 'of 120° in a 
voice-modulated stage. This requires bias voltages between 3 
and 6 times the cut-off voltage for most modern transmitting 
triodes which have rather high amplification factors. Suitable 
values can be found in various tube manuals. 

3. Determine the cut-off bias. This will be approximately 
equal to 

= Ebb ÷ 1.4 

4. Determine the required peak value of the excitation volt-
age. This will ordinarily be somewhere between 1.5 and 4 times 
the cut-off bias. The larger the value of grid excitation voltage, 
the greater the power output, but more driving power is required. 
The total instantaneous grid voltage should never exceed the in-
stantaneous plate voltage. 

5. Calculate L, C, and the resistance of the plate tank circuit. 
This circuit must tune to the operating frequency and present the. 
proper load to the tube. The tank circuit is discussed in more de-
tail in the following sections. 

17.4. Power relations in a Class C amplifier. The power 
supplied by the d-c plate supply is 

P input = Ebbib 

The output to the tank circuit is 

Ptank = 
2 

where E0 is the peak a-c voltage across the tank. 
Ip is the peak a-c plate current. 
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The peak voltage across the tank is 

Eo = Ebb — Ep.i. 

Thus, if the minimum plate voltage, Ep.,„, is low, the peak tank 
voltage is almost equal to the d-c plate supply voltage and the total 
instantaneous voltage across the tank may rise to nearly twice the 
d-c voltage. The tube and the tank coil and condenser must be 

able to withstand this high voltage. 
The power lost in the tube itself is the difference between the 

total power supplied by the d-c supply and that supplied to the 
tank. The plate efficiency is the ratio of the a-c power supplied 
to the tank to the d-c power taken from the power supply. 

Since the load of a Class C amplifier is tuned to resonance at 
the frequency which is to be transmitted, this load to the tube 
represents a pure resistance with a value nearly equal to L/CR, 
where L, C, and R are the constants of the tank circuit. This 
value of load should be approximately equal to the effective re-
sistance of the tube for greatest power transfer (in this case the 
efficiency will be about 50 per cent) and higher to attain greater 
efficiency. The value of R is the effective a-c resistance of the 
tank coil and includes both the inherent resistance of the coil it-
self and the resistance coupled from the load. 

17.5. Flywheel effect of tank. The student may wonder 
why tank current can flow continuously if the tube passes current 
only at periodic intervals, and why the tank current may be 
nearly sinusoidal even though the plate current is in the form of 

pulses. 
It must be remembered that the only power used in the tank 

is employed in the inherent resistance of that circuit and in the 
resistance reflected into it by the process of supplying power to a 
load such as an antenna. Aside from these losses of energy, 
energy supplied by the tube to the tank is transferred back and 
forth from condenser to coil, just as, in a swinging pendulum, 
energy is transformed from that of position (potential) to that 
of motion (kinetic). To maintain current flowing in the tuned 
tank circuit, all that is required is that the power losses be 
furnished from an external source (the tube), not necessarily con-
tinuously but at intervals. The pendulum of a clock keeps swing-

ing, although it gets an impulse from the source of energy, the 
spring, only at the proper points in its cycle, by the escapement 



458 Amplitude-Modulation Transmitters [Ch. 17 

mechanism, and similarly the tube acts as an escapement mech-
anism in the Class C amplifier, supplying energy to the circuit 
at the proper point in the cycle and of the proper amount to over-
come the losses inherent in the circuit plus energy transferred to 
the load. 

If the effective Q of the tank is 10 or greater, the current in it • 
will have a nearly sinusoidal waveform. However, if the Q is 
made lower than 10, as by drawing more power from the circuit, 
the tank current becomes non-sinusoidal and considerable har-
monic current may be transferred to the antenna. 

17.6. Frequency multipliers. Crystal oscillators are usually 
rather loosely coupled to the following stage and are not required 
to furnish any considerable amount of power, and reaction from 
the succeeding amplifiers has little effect on the crystal-oscillator 
frequency. The upper frequency at which crystal oscillators 
may operate is limited by the fact that higher-frequency crystals 
are thinner and the crystals more fragile. The highest frequency 
at which crystals may be operated satisfactorily is about 30 Mc, 
and special crystals are required above 10 Mc. It is generally 
better to use a fairly low-frequency crystal and frequency multi-
pliers than to use a fragile high-frequency crystal. 
A frequency multiplier is an amplifier so biased that it pro-

duces high-amplitude harmonic currents and voltages in its out-
put; it is a Class C amplifier. A crystal may, for example, con-
trol a 1-Mc oscillator. The oscillator may be used to drive an 
amplifier the plate circuit of which is tuned to the second har-
monic of the crystal frequency (this amplifier would be called a 
frequency doubler), and this amplifier may be used to drive a 
frequency tripler. Then, the output frequency of the last am-
plifier is 2 X 3 or 6 times the crystal frequency, or 6 Mc. Several 
stages of frequency multiplication may be used to yield a final 
frequency of hundreds of megacycles. 
The plate circuit of a frequency multiplier is tuned to the 

desired harmonic. This is possible since the plate current of a 
Class C amplifier contains many harmonic components. A fre-
quency doubler may furnish about half as much power output as 
a straight amplifier. Frequency triplers, quadruplers, etc., be-
come progressively less efficient. A frequency multiplication of 
4 or 5 times in a single stage is about all that can be achieved 
by the methods described here. 
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Any tube circuit which has a non-linear relation between grid 
voltage and plate current will have harmonics in its output cur-
rent. Overbias of the grid is one method of securing a high 
harmonic content. Special circuits have been devised for the 
purpose of frequency multiplication. 

17.7. Coupling the transmitter to the antenna. A trans-
mitting antenna operates best if mounted well above surrounding 
objects and well separated from buildings, vegetation, etc., all 
of which can cause unwanted reflections and absorption of power. 
In addition, high-frequency waves are received consistently only 
at "line-of-sight" points from the transmitting antenna, and so 
the antenna is mounted as high as practicable to increase the 
service area. For these reasons the antenna is usually a con-
siderable distance from the transmitter and means must be pro-
vided for properly connecting the antenna to the transmitter. 

Several factors must be considered in determining the nature 
of the transmitter-to-antenna coupling network. The entire 
network as "seen" by the tube must be resonant to the operating 
frequency and must present the proper resistive load to the final 
power-amplifier tube. Not only must the network properly 
match the impedance of the final tube of the amplifier; it must 
also match the impedance of the antenna for maximum power 
transfer. For the best efficiency, coils, condensers, and trans-
mission lines must be provided which have the least possible re-
sistance. Often it is desirable to select a coupling network which 
inherently rejects harmonic frequencies. The transmission line 
may be operated either balanced or unbalanced. A balanced 
line consists of two wires both insulated from ground and oper-
ated so that both wires have equal capacitance to ground. An 
unbalanced line is either a single-wire line with a ground return, 
or a coaxial line. Either type requires a coupling network that 
permits one side to be grounded. 

Typical networks for coupling the transmitter to the transmis-
sion line are shown in Fig. 4. In Fig. 4(a) the proper impedance 
match and power transfer are achieved by varying the coupling. 
This is a simple network but does not give very high attenuation 
to harmonics. Transformer coupling may be used to feed either 
a balanced or an unbalanced transmission line. For unbalanced 
operation one side of the secondary is grounded. The link 
coupling shown in Fig. 4(b) allows the tank circuit and the 
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FIG. 4. Typical coupling networks for transmitters. 
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circuit connected to the transmission line and antenna to be 
separated physically. This is sometimes advantageous. The 
coils of the link should be placed near the grounded ends of the 
coils to which they are magnetically coupled to avoid excessive 
capacitive coupling which will allow harmonics to be transferred 
to the transmission line. The pi-section network of Fig. 4(c) 
provides adjustments for both tube loading (L1 and C1) and 
impedance match to transmission line (L3). This is also a type 
of low-pass filter, and the harmonics are greatly attenuated in 
this network. Still another type of coupling is shown in Fig. 
4(d). Figures 4(c) and 4(d) employ shunt feed to the final 
amplifier tube. That is, d-c plate voltage is fed through a r-f 
choke selected to have a high impedance at the operating fre-
quency. The blocking condenser keeps direct voltages out of 
the tank circuit. This is advantageous from a safety standpoint. 
The transmission line must be selected to have proper char-

acteristics. The discussion of transmission lines, along with 
formulas and charts, is in Chapter 18. 

17.8. Keying a code transmitter. If the radio station is to 
transmit code only, its modulation system can be very simple. 
A key is merely inserted in some portion of the power supply 
system so that when the key is up the oscillator does not generate 
r-f power, or the amplifier does not operate, thus preventing any 
of the oscillator output from reaching the antenna. Keying is 
usually accomplished in a buffer stage between the crystal oscil-
lator and the final power-amplifier stage. The grid of this keying 
stage may be overbiased so that no plate current is drawn until 
the key is pressed when the bias on the tube is reduced. If the 
power taken by this tube is not too great, keying may be accom-
plished in the cathode lead as in Fig. 5(a). The tube side of 
the key is "hot," and it is dangerous to operate a hand key in 
this position. It is better to use a mechanical key (relay) here, 
which, in turn, is operated by the hand key. In Fig. 5(b) a key-
ing tube is shown. When the key is down, the keying tube draws 
no plate current since it is biased to cut-off. When the key is 
open, the grid of the keying tube is somewhat positive, and a 
. high current flows, producing a high voltage drop across R and 
reducing the voltage to the power tube. 

17.9. Audio portion of broadcast transmitter. Any sta-
tion which transmits speech or music must necessarily be more 
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Fin. 5. Methods of keying an oscillator or an amplifier. At (a) the plate 
current is keyed directly; at (b) a keying tube is employed. Voltages 

across the key in (b) are much lower than in (a), 

complex than one which transmits code. Between the micro-
phone and the final power stage which feeds the antenna must 
be high-quality audio amplifiers having sufficient voltage am-
plification and power output to raise the output of the micro-
phone to the level required to modulate the r-f power of the 
transmitter. All these amplifiers and the modulating equipment 
must be electrically quiet. The modulator must not introduce 
noise, hum, or distortion into the signals that come from the 
microphone. 

17.10. Audio-frequency range. The wider the a-f range to 
be transmitted, the more difficult is the problem of keeping noise 
and distortion out of the system. A voice-frequency station 
serving a police or fire department need not have as wide a fre-
quency range as a high-fidelity broadcast station. Speech can 
be transmitted with good intelligibility if a frequency range of 
250 to 2500 cycles is transmitted. If higher frequencies are trans-
mitted, the intelligibility will be better. If lower frequencies are 
transmitted, the sounds will be louder and the sender will not 
have to talk so loud. Such a frequency range would be entirely 
inadequate if an accurate reproduction of a musical program' 
were to be transmitted. 
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It is recognized that accurate reproduction of speech and music 
requires the transmission, without distortion, of a frequency band 
from about 30 to 15,000 cycles. The broadcast audience has 
never had reproduction of this quality. Transmitters are placed 
in the standard broadcast band so close together in frequency, 
to accommodate all of them, that frequencies higher than 5000 
cycles conflict with stations on adjacent channels. Manufac-
turers of receivers have spent the energies and capabilities of 
their engineering staffs in reducing the cost of receivers for the 
sake of mass production of low-priced units instead of in im-
proving the tone fidelity of reproduction. So much distortion 
and noise are inherent in the average broadcast receiver that, if 
the frequency-response band were widened out to reproduce what 
is available from the average broadcast transmitter, the receiver 
would be almost unsalable. The average receiver has very little 
response below 100 cycles or above 5000 cycles. 

Nevertheless broadcast stations transmit wide bands of audio 
tones, free from distortion and noise. Their output is vastly 
beyond the capabilities of the average receiver to reproduce with 
fidelity. 

17.11. Microphones. The input to the whole broadcast 
station is the microphone. If it has limited tone response, or if 
it is noisy, the entire transmission system will be faulty. All 
microphones have one chief purpose—to translate a mechanical 
motion into an electrical voltage. Sound waves are variations of 
air pressure; they produce mechanical changes in the microphone 
which in turn produce electrical changes that are representative 
of the sounds affecting the microphone. 
The earliest microphones, used at present in the common tele-

phone, contained carbon grains between two metallic plates 
across which was placed a voltage. Sound waves impinging upon 
the diaphragm caused the carbon grains to pack closer together 
or to be released from pressure, and these variations in pressure 
produced variations in the resistance of the carbon. The current 
through the microphone changed in response to sounds in the 
vicinity. The electric current through the device was "modu-
lated" by the sound waves, and the variations" of current were 
characteristic of the air-pressure variations. 
A later microphone was made up of two plates of a condenser, 

one plate being movable with respect to the other. When sound 



464 Amplitude-Modulation Transmitters [ Ch. 17 

waves hit the variable plate, acting as the diaphragm, the spacing 
between the two plates changed and the voltage across the con-
denser changed in response to the changes in capacitance pro-
duced by the varying spacing between the two electrodes. 
A more modern microphone is the dynamic loud speaker in 

reverse. When a coil placed in a steady magnetic field moves 
in response to sound waves impinging upon the diaphragm at-
tached toit, voltages are produced across the coil. These varying 
voltages may be amplified and finally used to modulate the 
broadcast transmitter. The ribbon microphone has a light metal-
lic ribbon suspended in a magnetic field. The crystal microphone 
has a piezoelectric crystal of Rochelle salt. When sound waves 
strike the diaphragm of a crystal microphone, mechanical pres-
sures are exerted across the two faces of the crystal, and cor-
responding voltages are produced across them. 
No Matter what kind of microphone is employed, the voltages 

produced may be amplified and used to modulate the radio trans-
mitter. The voltages are quite low, in general being about 60 
to 80 db below 1 volt (roughly 1 to 0.1 mv) when the microphone 
is picking up sound of average intensity, such as a normal speak-
ing voice. This is a small fraction of a volt. Considerable am-
plification is needed to bring the microphone output up to the 
level at which it may be placed upon studio or telephone lines 
without being masked by the line noise. 

17.12. Pre-amplifiers. The first amplifier which the micro-
phone output goes through is called a pre-amplifier or prelimi-
nary amplifier; it generally has a voltage gain of approximately 
50 db or about 300 times. 

Additional amplifiers are needed after the signals come in from 
the line if the pickup is at a distant point, and often amplifiers 
are used for the sole purpose of isolating the line from whatever 
apparatus the isolating amplifier feeds into. Since these ampli-
fiers produce voltage gain, losses are often introduced deliber-
ately with resistance "pads" so that the level out of the amplifier 
is not greater than desired. 

17.13. Volume range and compression. A violin playing 
very softly has an output of about 4 mw, and a full orchestra 
at its peak has an output of about 70 watts. This is a volume 
range of 43 db. Before the weakest sounds picked up by the 
microphone can be placed upon lines or used by the transmitter, 
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they must be raised in level above any possible line or trans-
mitter noise. Before the loudest sounds picked up are utilized, 
they must be reduced in level to the point where they will not 
cause "cross talk" from one line to another or will not overload 
the transmitter. Thus the original 43-db volume range must be 
compressed, usually to a volume range of about 25 to 30 db, 
either automatically or manually, by operators who control the 
gain of some amplifier, so that the output falls within these limits. 

If the average level of modulation is raised, listeners will get 
louder signals from a given broadcast station. If peak sounds 
are not to overload the transmitter, however, the average modula-
tion must be kept quite low, perhaps 30 per cent. Some ampli-
fiers now employed act as volume compressors, limiting the 
peak voltages automatically by reducing the amplifier gain and 
then allowing it to return to normal after the peaks have passed. 
In this manner, overloading of the transmitter is avoided and 
at the same time the average modulation level can be raised. 
Some distortion is, however, introduced by this process. 

17.14. Modulation. If the r-f power radiated from the an-
tenna is to convey intelligence to the distant receiver, some means 
must be provided for modulating the power with the intelligence. 
Simply keying the power on and off in accordance with a prear-
ranged code is a means of so modulating r-f power. In this 
system the amplitude of the transmitting antenna current is 
varied from zero to maximum value. 

If voice or music is to be used to modulate the transmitter, 
some means must be provided for varying the r-f power in the 
transmitter antenna according to both the strength and the fre-
quency (tone) of the voice or music. Several methods are avail-
able: amplitude modulation, frequency modulation, phase mod-
ulation, and pulse or code modulation. These various methods 
are described in Sect. 14.1. Of these various schemes, amplitude 
and frequency modulation are the most widely used. 
Amplitude modulation is used in standard broadcast trans-

mitters. In this system the peak amplitude of the antenna cur-
rent is varied in accordance with the strength of the microphone 
voltages as shown in Fig. 6. Thus a loud, audible sound pro-
duces a correspondingly great change in the antenna current. 
The rate at which the antenna current (not its amplitude) is 
varied depends upon the frequency of the audio sound. 
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In newer systems of police radio, and in the frequency-modula-
tion broadcasting band, the frequency of the transmitter is varied 
in accordance with the audio tones. When the microphone is 
quiet (no modulation) the station sends out a fixed-frequency 
carrier wave just like an amplitude-modulated station. When 
the microphone picks up a sound, its voltage output is used to 
vary the frequency of the transmitter, the rate (that is, the 
number of times per second) at which the frequency is varied 

Unmodulated 
high frequenc 

1 

Signal wave form-,N  

• 
Modulated 
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• 
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Flo. 6. Radio-frequency wave before and after modulation. 

depending upon the frequency of the audio tone, and the extent 
of the variation being a measure of the strength of the micro-
phone input. 
garious methods of producing amplitude modulation will be 

discussed in this chapter. The details of frequency modulation 
are left for Chapter 19. 

17.15. Low-level vs. high-level modulation. Amplitude 
modulation can be produced practically anywhere along the 
line-up of transmitter tubes from the oscillator to the final out-
put stage. If it is performed early, say just after the crystal 
oscillator, modulation is said to take place at a low level. All 
succeeding stages must amplify this modulated r-f voltage. If 
modulation takes place in the final stage, where the power level 
is already high, it is said to take place at a high level. Each 
method has its advantages and disadvantages. 
Audio-frequency power is required to modulate a r-f carrier 

wave, and more a-f power is required for high degrees of modula-
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tion. The amount of a-f power required to modulate a carrier 
wave is determined both by the power in the unmodulated carrier 
wave and by the method used to produce modulation. However, 
in general, it is true that the higher the power level in the un-
modulated carrier the greater the a-f power required to effect 

modulation. 
If modulation takes place at a low level, each of the succeeding 

amplifiers must handle both the carrier power and the modulat-
ing power; that is, they must handle both the power in the carrier 
and that produced in the sidebands by the modulation process. 
These succeeding amplifiers must be linear and, consequently, 
low-efficiency amplifiers. They must also be designed with suffi-
cient band width to accommodate the sidebands, or somewhat 
more than 10,000 cycles for broadcast service. The amount of 
a-f power required to modulate a low-level stage, however, is 
small; in fact, all that is required is a good a-f amplifier with a 

few watts output. 
If modulation is produced in the final stage, at high power 

levels, the amount of a-f modulation power must be quite large, 
but this disadvantage is partly overcome by the fact that the 
modulated and preceding stages can all be efficient Class C stages. 
Suppose that a 10-kw transmitter is to be plate-modulated (a 
common type of high-level modulation). The sideband power 
for 100 per cent modulation will, in this case, be 5 kw, and this 
power must be furnished by the a-f system. If the modulated 
Class C amplifier has a plate efficiency of 60 per cent the undis-
torted output of the modulator must be 5 ÷ 0.60 or 8.33 kw. 
An a-f amplifier capable of supplying this power would be large 
and costly. 

17.16. Amplitude-modulation systems. Modulation is ac-
tually the reverse of detection. In the modulation process r-f 
and a-f waves are combined, whereas in detection these waves 
are separated. In general, modulation can take place in the 
plate, control grid, suppressor grid, or cathode circuit of a tube, 
or it may take place in a copper oxide rectifier. Since there is 
such a wide range of modulating circuits, only a few of the most 
important will be discussed here. 
A general requirement for a system which will produce a satis-

factorily modulated wave is that the output current is propor-
tional to the voltage of the tube electrode being modulated. For 
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example, if the output current of a Class C r-f amplifier is pro-
portional to the plate voltage, then, when the plate voltage is 
varied in accordance with the microphone voltages, the output 
current will be modulated in amplitude, and the antenna current 
will vary accordingly. Voltages picked up at the distant receiv-
ing station will bear these modulations, which can be used by 
the detector. 

Modulation can be accomplished in the oscillator stage, but 
this is rarely done in commercial equipment because of the re-
action upon the oscillator frequency. Practically all commer-
cial transmitters introduce the modulation somewhere along the 
line of r-f amplifiers, preferably after at least one "buffer" stage. 

17.17. Plate modulation. In the plate-modulated Class C 
amplifier (Fig. 7) r-f voltages of constant frequency and ampli-
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Fm. 7. Plate-modulated r-f amplifier. 

tude are fed to the grid circuit, producing in the plate circuit r-f 
power at the frequency of the exciting voltage. In the absence 
of modulation this tube acts merely as a powerful r-f amplifier, 
feeding its output to an antenna where the r-f power is radiated 
at a constant frequency and unvarying amplitude. When the 
microphone in the studio picks up sound waves and converts them 



Sec. 17.17] Plate Modulation 469 

to voltages, and when these voltages are amplified sufficiently, 
they may be combined with the plate voltage (Ebb) of the Class 
C amplifier, at some instants adding to the voltage, and at other 
instants subtracting from it. Current and power transferred to 
the antenna vary in accordance with the variations in plate 
voltage. All that is necessary is to arrange the circuit and volt-
ages properly so that the envelope of the modulated antenna 
currents is exactly like the microphone currents. This condition 
will be met if the r-f output of the tube varies linearly with re-
spect to the plate supply voltage. 

If the Class C tube has 1000 volts peak supplied to it from the 
plate voltage supply system, then 1000 volts peak of audio volt-
age must be supplied to modulate it *completely. At these in-
stants of 100 per cent modulation, the peak power output of the 
Class C tube is 4 times its unmodulated output. (Twice the 
voltage increases the power by 4 times.) Part of this additional 
power is supplied by the modulator, and the remainder comes 
from the plate voltage supply system. To modulate the amplifier 
completely, the modulator must supply 50 per cent (Ebb/b/2) of 
the d-c plate power (Ebb/b) that is required under non-modulated 
conditions. The modulator, therefore, must be capable of con-
siderable power output. It is usually a highly efficient Class B 
audio amplifier, or one of the newer forms of amplifiers developed 
within recent years. 

Pentodes and beam power tubes can be operated as plate-
modulated Class C amplifiers provided modulation voltages are 
applied to both the plate and screen circuits as shown in Fig. 8. 

From 
oscillator 

From 
modulator 

+ 

Fla. 8. Circuit in which both plate and screen voltages are modulated. 
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17.18. Design of plate-modulated amplifier. The relation 
between modulator and modulated amplifier may be understood 
from the following analysis for a plate-modulated system: 
Power taken from d-c supply by Class C amplifier: 

Pb c = Ebbib 

Power required from Class B modulator: 

77L2 M 2 

Pm = Ebbib = — Pbc 
2 2 

where Ebb and lb are values for the Class C amplifier with no 
modulation and m is the degree of modulation (Sect. 14.1). 

Total power supplied to Class C amplifier: 

Pb = Pbc 4" Pm 

2 1 
= (1 --ni )Pbc = (1 + E r 2 2 bb- b 

If the plate efficiency of the Class C amplifier is nc, assumed 
constant over the modulation cycle, then the modulated r-f power 

output to the tank circuit is 
M 2 

• Pac ncPb nc(1. --) Ebblb 
2 

The power loss (plate dissipation) in the Class C tubes is the 
difference between the total power supplied, Pb, and the power 

output, 13„,, or 

Ppc = Pb Pac 

7722 M 2 

= 2 Ebblb 71c(i --)2 Ebblb 

M 2 

= (1 //c) ( 1 + 2 Ebbib 

The effective resistance of the Class C amplifier is Rb = Ebblibe 
and the modulation transformer must match the modulator tubes 

to this resistance. 
The modulated power output, Pac, is the power into the tank 

circuit. The power supplied to the antenna will be the tank cir-
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cuit power multiplied by the efficiency of the coupling network 
and transmission line. Pm is the modulator power output meas-
ured across the secondary of the modulation transformer. The 
power output of the modulator tubes must be somewhat larger 
than this to compensate for losses in the transformer. 

Example 1. A transmitter uses a type 805 triode for the Class C ampli-

fier and two 1623 triodes for the Class B modulator. The manufacturer's 
ratings for these tubes for one set of conditions follow: 

TYPE 805 TRIODE—as plate-modulated r-f power amplifier, Class C telephony. 

(Values are for a single tube with no speech input.) 

D-c plate voltage 
D-e grid voltage 
Peak r-f grid voltage 
D-c plate current 
Grid driving power 
Power output 

1000 volts 
—155 volts 
295 volts 
160 ma 
16 watts (approx.) 

110 watts 

TYPE 1623 TRIODE—as a-f power amplifier and modulator, Class B operation. 
(Values for two tubes in push-pull.) 

D-c plate voltage 750 volts 
D-e grid voltage —25 volts 
Peak a-f grid-to-grid voltage 200 volts 
D-c plate current 
Zero signal 35 ma 
Maximum signal 200 ma 

Effective load resistance 
Per tube 2100 ohms 
Plate-to-plate 8400 ohms 

Maximum-signal driving power 4 watts (approx.) 
Maximum-signal power output 100 watts (approx.) 

The d-e power to the 805 amplifier is 

Pb c = 1000 X 160 X 10—J = 160 watts 

The a-f power required on the secondary of the modulation transformer 
for 100 per cent modulation is 

Pm = I- X 160 = 80 watts 

The total power to the 805 plate circuit is 

Pb = 160 -F 80 = 240 watts 

The plate efficiency of the 805 amplifier is 

„c_110 — 0.688 or 68.8 per cent 
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Note that 7/c is calculated from values given for no modulation. The plate 
efficiency is assumed to remain constant during the modulation cycle. 
The r-f power output for 100 per cent modulation is 

Pc. = 0.688 X 240 = 165 watts 

The plate dissipation of the 805 tube is 

Ppc = 240 — 165 = 75 watts 

The modulation transformer must match 8400 ohms to Rb 1000 ÷ 160 

X 10-3 or 6250 ohms, and the turns ratio must be V8400/6250 or 1.16 (total 

primary to total secondary turns). 
If the efficiency of the modulation transformer is assumed to be 90 per cent, 

then the power required from the Class B modulator must be P. -+ 0.90 
= 80 ÷ 0.90 = 89 watts, which is well within the capabilities of the 1623 

tubes. 
If the coupling-circuit and transmission-line efficiency is 90 per cent, the 

antenna power for 100 per cent modulation is 

Antenna power = 0.90Pac = 0.90 X 165 = 148.5 watts 

17.19. Grid-bias modulation. A Class C amplifier may be 
modulated by introducing the modulating voltage in series with 
the r-f voltage in the grid circuit as shown in Fig. 9(a). In this 
circuit arrangement, the tube acts as though the bias were varied 
at an audio rate, and so the r-f output current is modulated and 
has much the same appearance as that obtained by plate modula-
tion. The waveforms of grid voltage and plate current are shown 
in Fig. 9(b). 
A condition for proper operation of a grid-bias-modulated 

amplifier is that the plate current and grid voltage be linearly 
related. This relation is rather difficult to achieve, and conse-
quently there is somewhat more distortion than in a plate-
modulated amplifier. Also the plate efficiency is somewhat lower. 
These disadvantages are counteracted by the smaller amount of 
audio-modulating power required. 
The amount of harmonic generation in a grid-bias-modulated 

amplifier can be lessened by operating the modulated amplifier 
in a push-pull circuit. This scheme has been used for some low-
powered broadcast transmitters. 

In still another method, the modulating voltage can be intro-
duced in series with the cathode. This is called cathode modula-
tion and is a combination of plate and grid-bias modulation. 
The plate efficiency is intermediate between that obtained by 
plate and that obtained by grid-bias modulation. 
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FIG. 9. Grid-bias modulation. 



474 Amplitude-Modulation Transmitters [Ch. 17 

17.20. Van der Bijl modulation. A circuit arrangement 
similar to that of Fig. 9 can be operated Class A and still produce 
modulation if the grid-bias and signal voltages are selected so 
that operation takes place on a non-linear portion of the /b—Eb 
curve. That is, the operating point is on the lower, curved part 
of the curve. This scheme is called Van der Bijl modulation. 

In common with all tube circuits operating on non-linear por-
tions of their characteristic curves, this circuit produces many 
undesired harmonics. These harmonics must be removed with 
suitable tuned circuits or filters so that only the desired frequency 
terms are transmitted. Since the operation is Class A, only small 
amounts of carrier and audio power are required. Modulating 
systems of this type have been widely used in carrier-current 
telephony. They are not used in broadcast transmitters. 

17.21. Analysis of modulation. In the antenna of a radio 
station flow alternating currents of the frequency of the carrier 
of the station. As long as the transmitter is not modulated, the 
peak amplitude of these alternating currents is constant. When, 
however, the microphone is spoken into or the station is other-
wise modulated, the peak amplitude of the antenna current 
changes from instant to instant. This is the essence of modula-
tion—a variation of the carrier-current peaks caused by the 
microphone voltages. These peaks increase and decrease in ac-
cordance with the frequency of the modulating tones. 
The modulation factor, or percentage modulation, was defined 

in Sect. 14.1. It is the ratio B/A X 100 per cent in Fig. 1, Chap-
ter 14. Figure 6 (this chapter) shows the case for complete, or 
100 per cent, modulation. The peak antenna currents in this 
latter case have doubled over the unmodulated values; the peak 
power is quadrupled; and the average power in the antenna is 
50 per cent larger. More power is radiated from the antenna 
when the carrier is modulated. 
A modulated waveform like that of Fig. 6 is the equivalent of 

a single carrier frequency plus two "sideband" frequencies dis-
placed from the carrier by the audio frequency. Thus, if the 
carrier is 1000 kc and if the carrier is modulated with a pure 
1000-cycle tone, the antenna will radiate three frequencies, 1000 
kc minus 1 kc, 1000 kc, and 1000 kc plus 1 kc, and a sensitive 
and selective detector will pick up these radiated signals. 

If a station is a broadcast station accepting all frequencies up 
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to 10,000 cycles, for example, the sidebands of the station occupy 
the region between the carrier minus 10,000 cycles and the carrier 
plus 10,000 cycles. This is why the carriers of adjacent broad-
cast stations cannot be placed closer together than the highest 
modulating audio frequency. Otherwise their sidebands will 
overlap and create interference and distortion in the listeners' 
receivers. 

The antenna current in this discussion has been described as 
having a symmetrical waveform as shown in Fig. 6, whereas the 
plate current in typical modulated amplifiers is unsymmetrical 
as shown in Fig. 9. The student may wonder how this can be. 
The reason again is that the pulses of plate current make the 
tank current (and the antenna current) symmetrical because of 
the storage action of the tank coil and condenser (Sect. 17.5). 
17.22. Increase of antenna current with modulation. The 

antenna current of a transmitter will increase when modulation 
occurs because the power into the antenna increases by the 

amount of the modulation. Therefore the increase in antenna 
current can be taken as a measure of the percentage of modula-
tion. This additional power is contained in the sidebands. 

The average power in the carrier is /2R/2, where I is the peak 
amplitude of the carrier current and R is the effective resistance 
of the tank circuit that is presented to the tube. The amplitude 
of the current in each sideband is the current in the carrier multi-
plied by m/2, where m is the modulation factor. Therefore the 
power in each sideband is m2/2R/8 or (/2R/2) X (m/2) 2, and 
the total power in carrier and sidebands, on the basis that each 
sideband is a replica of the other, is 

/2R m2) 
Total power = — (1 — 

2 2 

Since the current is proportional to the square root of the power, 
the current at any degree of modulation is proportional to 

M22 

Thus the following table can be calculated. The same data 
are shown in Fig. 10. 



0.2 

476 - Amplitude-Modulation Transmitters [ Ch. 17 

PERCENTAGE PERCENTAGE 

PERCENTAGE INCREASE IN PERCENTAGE INCREASE IN 
M ODULATION ANTENNA CURRENT M ODULATION ANTENNA CURRENT 

0 0.0 50 6.0 

10 0.25 60 8.6 

20 1.00 70 11.6 
25 1.6 80 15.0 

30 2.2 90 18.5 

40 3.9 100 22.5 

30 

20 

0.1   
0 10 20 30 40 50 60 70 80 90 100 

Percentage modulation 

Flo. 10. Increase of antenna current with increasing modulation percentage. 
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18 • Transmission Lines, Antennas, and 

Electromagnetic Radiation 

The methods of producing and modulating high-frequency energy 
have been discussed. The next step is to make this energy convey 
intelligence to a distant receiving station. Several questions 

arise. How is the energy conducted from the transmitter to the 
antenna and in turn radiated off into space? What is the nature 
of the process called radiation? How can the greatest amount 
of energy be radiated at the transmitter and the greatest amount 
picked up at the receiver? 

18.1. Transmisson lines. Transmission lines have, hereto-
fore, been considered merely as connecting links between pieces 
of electrical apparatus. No particular consideration has been 
given to their characteristics except that their inherent resistance 

may cause some loss of voltage and power. This concept is satis-
factory as long as the transmission lines are electrically short; 

that is, as long as the length of the line is a small fraction of a 
wavelength. In practice, if the length of a transmission line is 

not greater than % 6 wavelength, the special characteristics of 

a transmission line, to be described later, need not be considered. 
A wavelength * at 60 cycles is given by 

300 X 106 
X = — 5 X 106 meters 

60 

= 3107 miles 

An ordinary 60-cycle power-transmission line is a small fraction 
of a wavelength long, and the special characteristics associated 
with transmission lines need not be taken into consideration ex-

cept for very accurate calculations. At 1.5 Mc, however, a wave-
length is only 200 meters or 965 ft, and 1/46 wavelength is about 

*See Sect. 7.23. 
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60 ft. Many transmission lines which connect transmitters to 
their antenna systems are considerably longer than this. 
The L, C, and R of a transmission line cannot be considered as 

lumped in a particular place in the line. On the other hand, 
these circuit elements must be considered as distributed uniformly 
along the line. It is the distributed nature of these qualities that 
gives rise to the interesting and useful properties of transmission 

lines. 
A rough picture of how the various elements of transmission 

lines are distributed is seen in Fig. 1. Each element shown must 

Fia. 1. Approximate equivalent circuit of a transmission line. 

be taken as exceedingly small; a very large number of elements 
are required to represent even a short length of line. The series 
inductance L of the line arises from the fact that even a straight 
wire has inductance. At the same time it has resistance R. The 
shunt capacitance C arises since the two wires serve as the plates 
of a condenser with air or other dielectric material between the 
wires serving as insulation. The shunt conductance G (con-
ductance = 1/resistance) is due to the imperfect insulation of 
solid dielectric coaxial lines, and to leakage across insulators on 
open-wire lines. Since all these elements are distributed evenly 
along the ideal line, their values are expressed for a unit length of 
line. For example, L might be 1 mh per meter, and C, 0.06 pi 
per meter. 
Any circuit which has L, C, and R has a certain impedance, 

and a transmission line, having L, C, and R (also G), has an 
impedance called its characteristic impedance (sometimes called 
the surge impedance). This is the impedance with which the 
line should be terminated for the maximum transfer of power 
through the line. The characteristic impedance is determined 
by the size and spacing of the conductors, the kind of dielectric, 
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and the height of the line above the earth if it is a single-wire 
line. These are also the factors which determine R, L, G, and C. 
Because of the distributed nature of R, L, G, and C, the length 
of the line has no effect on its characteristic impedance. Single-
wire or two-wire lines in air have characteristic impedances in 
the range of 200 to 800 ohms. The characteristic impedance of 
coaxial lines is usually in the range of 50 to 100 ohms. The char-
acteristic impedance of lines is almost entirely resistive, except 
at low audio frequencies, for which it is slightly capacitive. 
The characteristic impedance of two-wire lines can be com-

puted from the formula 

Zo = 276 log10 
28\ 

V-d—) 

where Z0 = characteristic impedance in ohms. 
S = spacing between wire centers in inches. 
d = wire diameter in inches. 

For example, the characteristic impedance of a pair of No. 14 
wires, spaced 5 in. apart, is approximately 600 ohms. 
A coaxial (concentric) line is made up of two conductors, one 

located within the other and maintained in its position by in-
sulating spacers or by solid insulating material. The character-
istic impedance of such a line may be found from the formula 

Zo = —1" logio (—D) 
Vic d 

where Z0 = characteristic impedance in ohms. 
k = dielectric constant of the internal insulation. 
D = inside diameter of outer conductor in inches. 
d = outside diameter of inner conductor in inches. 

For example, D/d is equal to 3.22 for a 70-ohm line. If the 
two conductors have diameters of 3/4 and % in., the characteristic 
impedance is 66 ohms. 

In general, the characteristic impedance of either a two-wire 

or coaxial line is equal to VL/C, where L and C are henries per 
unit length and farads per unit length, respectively. The length 
unit is a matter of choice. It may be inches, meters, miles, etc. 
Charts showing the characteristic impedances of open-wire and 
coaxial lines are shown in Fig. 2. 
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The two wires of an open-wire line are usually arranged so 
that they are at equal distances from the earth or surrounding 
objects. When so arranged they are called balanced lines; the 
capacitance from each wire to earth is the same. Coaxial lines 
are inherently unbalanced lines; their outer conductor is nor-
mally operated at ground potential, whereas the inner conductor 
has considerable capacitance to ground. Coaxial lines cannot be 
employed in applications requiring balanced lines except through 
the use of auxiliary balancing circuits. Coaxial lines have the 
distinct advantage that they are self-shielding, the outer con-
ductor effectively shielding the line from external fields. For 
the same reason the radiation from coaxial lines is less than 
from open-wire lines, and this is particularly important at the 
very high frequencies. 

18.2. Voltage and current distribution along a line. When 
a transmission line is terminated in a load equal to its character-
istic impedance (more briefly, "terminated in its characteristic 
impedance"), the voltage and current decrease gradually from 
the generator (sending) end to the load (receiving) end as shown 
in Fig. 3. The greater the attenuation, or inherent loss of power 
in the line, the more rapidly the voltage and current drop, but 
they always drop in a smooth curve as long as the load is equal 
to the characteristic impedance. A line so terminated is called 
a non-resonant or "flat" line. 

If, however, a line is terminated in a load not equal to its 
characteristic impedance, an important phenomenon is observed. 
Neither the voltage nor current varies smoothly along the line. 
Instead the profile of each is characterized by peaks and valleys, 
and the greater the departure from a characteristic impedance 

load, the more pronounced are the peaks and valleys. Consider, 

for example, a line short-circuited at the load end. The voltage 
at the load end must be zero because of the short circuit. The 
current will have a definite and finite value because of the im-
pedance of the line. The general appearance of the voltage and 

current along such a line is shown in Fig. 4 for two cases. In 
Fig 4(a), the case for a perfect line with no attenuation, the 
voltage returns to zero every half wavelength * along the line, 

*A wavelength along a transmission line is equal to the velocity with 
which the wave moves divided by the frequency, or X = v/f. On open-air 
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measured away from the load. In a similar manner the current 
has a value equal to the load value at regular intervals equal to 
a half wavelength. The case for a line with attenuation is shown 
in Fig. 4(b). The effect of attenuation is to keep the voltage 
and current from making as wide excursions up and down as in 
the first case. 
The undulations of voltage and current discussed above are 

caused by what are known as reflections. When the load is other 
than the characteristic impedance, a part of the power that 

No attenuation 

E 
or 

----Line with attenuation 

-------------------

Distance along line 

Generator Load 
(sending end) (receiving end) 

Fin. 3. Voltage and current distribution along a line terminated in its 
characteristic impedance. 

would be absorbed in a characteristic impedance load is reflected 
back toward the generator. The phase of the oncoming voltage 
wave, for example, at certain points along the line, is the same 
as the phase of the reflected wave. These add to produce the 
maxima. At other points along the line the two waves are out 
of phase and cancel, producing the minima. 

Figures 4(a) and 4(b) apply for the case of a line open-cir-
cuited at the load end if E and I are interchanged. Similar dia-
grams can be drawn for any load; however, for loads other than 
open- or short-circuited there will be no zeros for either voltage 
or current even for lines with no attenuation. Some of these 
cases are discussed in a later section. 
The voltages discussed above are the a-c values such as would 

be read by a voltmeter connected across the line and slid along 

lines the velocity is approximately equal to the speed of light, 3X 108 
meters per second or 186,000 miles per second. On lines with solid 
dielectric the velocity of light must be divided by V k, where k is the dielec-
tric constant. See also Sects. 7.22 and 7.23. 
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from point to point. At any given point the voltage goes through 
its alternations with time, and these could be observed with the 
aid of an oscillograph. Likewise, the currents are those which 
would be measured by an a-c ammeter inserted in series with 
the line at various points. 

Generator 

E./ 

Open -circuit 

Distance along line 

(a) No attenuation 

Distance along line 

(h) Attenuation 

Fit. 4. Voltage and current along a short-circuited line. 

18.3. Quarter- and half-wavelength lines. Transmission 
lines of a particular length for the frequency for which they are 
designed have vèry interesting and useful characteristics. A 
quarter-wavelength line has such a physical length ( in feet, for 
example) that it is a quarter wavelength long at the operating 
frequency. Such a line can be used as a matching transformer 
to connect a generator of one impedance to a load of another 
impedance with the purpose of transferring the maximum power. 
For example, let Zi be the impedance of the generator to which 

the input end of the line is connected; Zr be the impedance of 
the load to which the other end of the line is connected; Zo be the 
characteristic impedance of the line. Now, if Zo is chosen so that 

it is equal to VZIZ, the maximum power will be transferred from 
the generator to the load. For example, if a 600-ohm line is to 
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be connected to a 70-ohm antenna, this can be accomplished by 
using a line one-quarter wavelength long and with a character-

istic impedance of V600 >< 70 or 205 ohms. 
The relation between these three impedances may also be ex-

pressed as 
2 

£0 

That is, the impedance looking into the generator end of the 
line is equal to the square of the characteristic impedance divided 
by the load impedance. Now what happens if Zr is very low (a 
short circuit, for example)? In this case Zi will be very high; 
and if Zr is very high ( an open circuit), then Zi will be very low. 
Such a line is indeed an impedance transformer like a match-

ing transformer used in a-f work. 
A half-wavelength line, on the other hand, has a quite different 

quality. The impedance looking into such a line is equal to the 
impedance terminating the other end of the line. This is true 
regardless of the impedance ofethe line itself. Thus a. half-wave-
length line acts like a one-to-one transformer and may be used 
as such. 

A half-wavelength line open-circuited at the far end has a high 
input impedance. On the other hand, if a quarter-wavelength 
line is short-circuited at the far end, the impedance looking into 
it is high. Either line resembles a parallel circuit tuned to reso-
nance. If for some reason it is desirable to connect an impedance 
across a circuit, say an antenna, having a high value at the oper-
ating frequency but a low value at all other frequencies, a short-
circuited quarter-wavelength line may be used. The analogy to 
this usage is a parallel tuned circuit shunted across another cir-
cuit to drain off power at unwanted frequencies; currents lower 
in frequency than the resonant frequency will find a low-im-
pedance path through the inductance, and higher-frequency cur-
rents will find a low-impedance path through the condenser. 

Lines slightly longer or shorter than a quarter or half wave-
length also possess interesting properties. For example, an open-
circuited line shorter than a quarter wavelength has a capacitive 
input impedance. All or part of such a line could be replaced 
by a condenser with the proper reactance. This is sometimes 

done when it is required that the effective electrical length of the 
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TRANSMISSION-LINE CHARACTERISTICS 

Length 
of Line 

Ix 

Impedance 
at Far End 

Z Looking 
into Line Equivalent Circuit 

High 
Zero 
Z,. 

Low 
High 

AZ02 
ZR 

Series tuned circuit 
Parallel tuned circuit 
Transformer 

High 
Zero 
Zr 

High 
Zero (low) 
Zr • 

Parallel tuned circuit 
Series tuned circuit 
1-1 transformer 

Independent of line impedance. 

line be variable, as when a line is used as the tuned circuit of a 

r-f amplifier. Figure 5 shows the equivalent "lumped" imped-
ances of several combinations. 

Equivalent 
input 

impedance 

"  

Equivalent 
input 

impedance 

J_ 

Fm. 5. Equivalent input impedance of several transmission line 
configurations. 

18.4. Dipole antennas. One of the simplest types of an- . 
tennas is the dipole or half-wave doublet, also called a Hertz 
half-wave radiator. It can be constructed by connecting two 
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(b) Half-Wavelength Dipole 

Fla. 6. Voltage and current distributions along a quarter-wave open-
circuited line and a half-wave dipole are similar. 

wires, each a quarter wavelength long, at right angles to a trans-
mission line. Bending the wires at right angles in this manner 
makes it relatively easy for them to radiate. Transmission lines, 
with wires close together, do not radiate appreciable amounts of 
energy. In Fig. 6(a) is shown a transmission line connected to 
an open-circuited quarter-wavelength section of line. The volt-
age and current distribution is shown below the line. Clearly 
the current at the open-circuited end of the line must be zero— 
current cannot flow into an open circuit. The voltage at this 
point is maximum. At the point one-quarter wavelength back 
along the line, where the short section connects to the main line, 
the current is maximum and the voltage zero. Now suppose 

this short section of line is bent at right angles to the main 
line to form a dipole antenna as shown in Fig. 6(b). The voltage 
and current distribution is as shown. Again, the current at the 
outer ends must be zero. The voltage and current do not quite 
follow a sinusoidal pattern as they do in Fig. 6(a) because the 
distributed capacitance and inductance vary along the length of 
the wires which have been bent at right angles. For example, 
the capacitance between short sections near the center of the 
antenna is greater than that between sections near the outer ends. 
However, the pattern of the current and voltage distribution does 
not depart markedly from sinusoidal. 
At the center of the dipole in Fig. 6(b), the voltage E is low 

and the current I is high in respect to the voltage and current at 
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the outer ends. Their ratio is the input impedance to the antenna 
and is very nearly 72 ohms, and this impedance is resistive in 
nature. Practically all this resistance is made up of the radiation 
resistance of the dipole; a very small part, a few ohms at most, is 
made up of the inherent resistance of the antenna wires. Since 
the dipole is fed its power at a point of high current and low 
voltage, it is said to be "current fed." 
The radiation resistance of an antenna represents the effec-

tive resistance into which the power is fed that is radiated into 
space. It has different values for different antennas. The an-
tenna can be thought of as a sort of transformer which couples 
energy from the transmission line into space. In doing so, a 
certain amount of effective resistance is reflected back to the 
transmission-line output terminals. This radiation resistance 
is a real thing so far as the transmission line is concerned, for 
it is the resistance to which the transmission line must feed power 
and the resistanCe to which it must be matched. 

Certain antennas, notably those which are not integral quarter 
wavelengths long, possess input impedances which have a reactive 
component, either inductive or capacitive. Usually a suitable 
coupling device is used at the end of the transmission line which 
cancels this reactance, leaving only the resistive portion (radia-
tion resistance) to be supplied power by the transmission line. 
A dipole acts very much like a resonant circuit or like the 

open-circuited quarter-wavelength line of Fig. 5. A dipole may 
be vertical or horizontal with respect to the earth, and energy 
may be fed to it in several ways, some of which are discussed in 
later sections. 

18.5. Voltage-fed dipole. It is not necessary to feed a half-
wave dipole at its center. Instead, the antenna may be fed at 
one end as shown in Fig. 7. The voltage at the end will be high 
and the current low, and consequently the input impedance is 
high. The antenna is said to be "voltage fed." 
The ordinary coaxial or open-wire line will not operate very 

efficiently when coupled directly to the end of a half-wave dipole 
because of the wide difference between the characteristic imped-
ance of the line and the input impedance to the antenna at the 
feed point. Therefore, impedance-matching devices must be 
used. Methods of coupling such an antenna to both a coaxial 
and an open-wire line are discussed in Sect. 18.11. 
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The most important advantage of a vertical voltage-fed dipole 
is that it is of simple construction, particularly when fed from 
a coaxial line. The transmission line may consist of an upright 
metal pipe containing an inner conductor extending the proper 
distance from the upper end. In a measure, such an antenna is 
self-protected from lightning strokes since the outer conductor 
can be grounded and appropriate lightning arrestors can be 

High input 
impedance 

Fin. 7. Voltage-fed half-wave • 
dipole. 

\J 

Actual 
antenna 

Ground 

1/4X\ Image 

no. 8. Quarter-wave 

grounded antenna. 

placed between the outer and inner conductors. Because of its 
appearance, such an antenna is often called a "flagpole antenna." 

18.6. Grounded antennas. Dipoles are usually operated at 
a considerable distance above the earth. It is feasible, however, 
to operate a vertical antenna with one end grounded. In fact, 
if a quarter-wavelength wire or structure is grounded and excited 
near the grounded point, the operation is much the same as that 
of a dipole. The distribution of the current and voltage is vir-
tually the same as for one half of a dipole, as is seen in Fig. 8. 
The "image" shown below ground level represents a section of 
wire which would have an effect equivalent to that of the currents 
induced in the earth by the actual antenna. The radiation re-
sistance is approximately half that of an ungrounded dipole, or 
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35 to 37 ohms. Since the current at the base of such a grounded 
antenna is high, it is important that the ground resistance be low 
to avoid large power (/2R) losses. Several radial wires, like 
spokes of a wheel, are often buried in the earth under a grounded 
antenna to insure that the effective ground resistance will be 
low. Sometimes the grounding system is mounted on insulated 
stakes a short distance above the earth. The grounding system 
is then called a counterpoise. 
A grounded antenna may be more or less than a quarter wave-

length long to obtain a specific radiation pattern in the vertical 
plane. The input resistance varies with the length, and the total 
input impedance usually has a reactive component. 
The physical length required for an antenna which is a spec-

ified number of electrical wavelengths long depends upon the 
frequency of the desired radiation, the cross section of the an-
tenna structure if it is other than a simple wire, and the near-
ness of the antenna to surrounding objects. A thin wire in space, 
isolated from surrounding objects, will have approximately the 
physical lengths shown below. 
Half-wave dipole: 

480 146 
L = — ft or — meters 

where f is the frequency of operation in megacycles. 
Quarter-wavelength antenna: 

240 73 
L = — ft or — meters 

The above formulas give approximate lengths only, even 
though they are corrected for "end effects." In constructing an 
antenna it is usually wise to cut it slightly longer than the cal-
culated value, then trim it to the proper length as it is being 
adjusted. 

18.7. Antenna characteristics. Antennas have inductance, 
capacitance, and resistance. The only useful part of the resist-
ance is the radiation resistance; the rest of the resistance—d-c 
resistance, the increase of resistance due to skin effect, and that 
representing loss of energy in the dielectric material near the 
antenna—represents energy wasted. The radiation resistance 
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may be represented by a resistor which, inserted in place of the 
antenna, would absorb as much power as that radiated by the 
antenna. If this radiated power could be measured, and if the 
current at the center of a half-wave dipole or at the base of a 
grounded quarter-wavelength antenna could be measured, then 
the radiation resistance would be 

R = — 
I2 

where P is the radiated power and I is the current to the antenna. 
The longer the wavelength to be transmitted, the larger must 

be the physical structure of the antenna to resonate to this wave-
length. On the very long wavelengths (low frequencies) it is 
practically impossible to make the antenna big enough to be 
resonant to the transmitting frequency. Therefore, so far as the 
transmission line feeding the antenna is concerned, resonance is 
achieved by "loading" the antenna with inductance. Any power 
losses in the loading coil are wasted so far as radiation is con-
cerned. Another method of increasing the effective length of a 
vertical antenna is "top loading"; that is, an "umbrella" of wire 
or metal is mounted at the top of the antenna. This increases 
the effective length of the antenna. 
An antenna operated at a resonant wavelength (a half-wave 

antenna, for example) is efficient because its radiation resistance 
is high, but an antenna which is shorter than a half wavelength 
is inefficient because its radiation resistance is low and may 

not be much greater than the inherent resistance of the wires 
making up the antenna. Therefore most of the power put into 
such an antenna is used in heating the antenna and the surround-
ing physical objects, and the amount which is radiated is cor-
respondingly less. 

The general manner in which the input impeaance of a center-
f ed dipole varies as the frequency is varied below and above the 
value at which it is resonant (half wavelength) is shówn in Fig. 
9. At resonance the radiation resistance is maximum and the 

reactance is zero. Below resonance the radiation resistance falls 
off and there is a capacitive component of the input impedance. 
A similar thing occurs above resonance except that the reactance 
is inductive. The resistance r in Fig. 9 is the inherent resistance 
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of the antenna. In comparison with the radiation resistance, the 
resistance r is small at resonance but it becomes significant at 
other frequencies. 
The sharpness of the curve of radiation resistance in Fig. 9 

depends largely upon the size of the wire of which the antenna 
is made. If the antenna wire is quite small, No. 14, for example, 
but low in inherent resistance, the curve is quite sharp. If, on 
the other hand, the antenna structure is quite thick, the curve 

Radiation 
resistance, R 

---- 

Capacitive) 
reactance 

Inductive 
reactance 

Inherent 
 - -é—iesistance, r 

Frequency 

Resonance 

Flo. 9. Variation of impedance of center-fed dipole with frequency. 

rises and falls rather gradually, the antenna is said to be a low-Q 
antenna, and its efficiency is impaired. However, low-Q an-
tennas are useful for television service for which the band width 
of the signal is quite broad. 
Even though the curves of Fig. 9 are for a particular type of 

antenna, a dipole, the statements made above apply in general 
to most types of antennas. 

18.8. Horizontal and vertical patterns. If a person were 
to measure the field strength of an antenna at some distance from 
the base of the antenna, say 10 miles, and then were to move 
around the antenna a short distance, search for a point where 
the same field strength existed, continue this process until the 
antenna had been circled, and finally plot the results, he would 
have a horizontal field pattern for the antenna. If the same 
field strength was found to occur at equal distances from the 
antenna, the pattern would be a circle and the antenna would 
be non-directional. If the resulting pattern had pronounced 
lobes, the antenna would be called a directional antenna. 
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If, in a similar manner, the points at which equal field strengths 
occurred in an arc through the air and over the top of the antenna 
and down to the earth on the other side could be found and the 
results plotted, the plot would be the vertical field pattern. Ob-
viously the vertical pattern cannot be measured in most cases; 
it can, however, be calculated for a good many types of antennas. 
Sometimes it is possible to turn a small antenna on its "side" 
and measure the vertical pattern in the same way as the hori-
zontal pattern was measured. 

End of Antenna Antenna 
antenna 

Line of 
equal field 
strength 

(a) Horizontal 
Pattern 

Maximum 
radiation 

(b) Vertical 
Pattern 

(c) Composite 
Pattern 

FIG. 10. Field patterns of an isolated half-wave dipole. 

A simple dipole, if mounted vertically and well above the 
earth, has a circular horizontal pattern as shown in Fig. 10(a). 
This should be expected since there is nothing to cause more 
radiation in one direction in a horizontal plane than in any other 
direction. The vertical pattern, on the other hand, is quite direc-
tional. The strongest radiation is in a direction at right angles 
to the center of the antenna. There is less radiation at angles 
oblique to the antenna, and there is no radiation off the ends of 
the antenna. A quarter-wavelength grounded antenna has hori-
zontal and vertical patterns which look much the same as those 
in Fig. 10, except that the vertical pattern below the center-line 
is absent. 

Earth or surrounding objects may change the field patterns 
of an antenna markedly. For example, if a vertical half-wave 
dipole is operated one-quarter wavelength above the earth, the 
vertical pattern is as shown in Fig. 11. The maximum radiation 
is still in the horizontal direction, but there are minor lobes at 
a high angle, and, of course, no radiation below the horizontal. 
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The horizontal pattern is circular as in the case of the isolated 
dipole. 
The vertical field patterns of vertical grounded antennas may 

contain many lobes when these antennas are operated at other 
than their resonant frequency. At some frequencies most of 
the energy is radiated in an almost horizontal direction, and 
operation of an antenna in this fashion would be desirable for 
broadcast station use. At other frequencies most of the energy 
is directed at a high angle toward the sky. A vertical grounded 

X/2 

Antenna I______ F. 

  x/4 

FIG. 11. Radiation pattern of a vertical doublet MX above ground. 

antenna that is 0.625 wavelength long radiates the maximum 
possible energy in the horizontal direction, while a similar an-
tenna 1 wavelength long radiates its maximum energy into the 
sky at an angle of 60° above the horizontal. 
The field patterns of an antenna apply equally well whether 

they are to be used for transmitting or receiving purposes. That 
is, they will radiate the maximum power or pick up the most 
power in the directions for which the maximum values of the 
lobes of the patterns occur and will radiate little power and be 
insensitive in the directions in which the minimum points of the 
patterns occur. 
Except for fixed-frequency receivers there is generally no effort 

made to use a receiving antenna which is resonant to a particular 
frequency. On the contrary, the antenna system is usually 
operated at a point far removed from resonance, and the conse-
quent loss of sensitivity made up by amplification within the 
receiver. 

18.9. Antenna arrays. When it is desirable to concentrate 
more radiation in a given direction than can be done with simple 
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antennas, combinations of antennas are used in such a manner 
that radiation in one or more directions is increased and that in 
other directions decreased. These combinations of antennas are 
called directional arrays. Arrays cannot, of course, increase 
the total radiated power, but they can redirect the available 
energy and concentrate it in a desired direction. 
There are several reasons why arrays are desirable. Broadcast 

stations must often suppress their radiation in certain directions 
to avoid interference with other stations operating on the same 
frequency, or a station may be located on the seacoast or in front 
of a range of mountains and radiation toward the sea or moun-
tains would be wasted. Directional combinations may also be 
used to reduce the amount of energy radiated toward the sky 
and concentrate the available energy in the horizontal wave. 
Highly directional arrays are also used for aircraft beacons, 
radar, and similar purposes. 
A simple array consists of two vertical antennas spaced one-

fourth wavelength apart and excited 90° out of phase. The hori-
zontal pattern of such an array is shown in Fig. 12. Practically 
all the energy is directed in the "forward" direction with very 

Forward 

direction 

Current in B lags 
current in A by 90* 

Fm. 12. Horizontal field pattern of two similar vertical antennas spaced 
%X apart and excited 90° out of phase. 

little being radiated rearward. Other antenna spacings and 
excitations will produce different field patterns for the array. 
Sometimes two or more antennas are used in an array but only 

one antenna is energized from the transmitter, the others being 
excited by induced currents resulting from a kind of transformer 
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action. The antenna connected to the transmitter is called a 
"driven" antenna, while the others are called "parasitic" antennas. 

18.10. Loop antennas. Loop antennas are simply coils of 
wire and may have almost any shape: square, rectangular, or 
circular. The dimensions of the ordinary loop are small in com-
parison with the wavelength. A loop is a directional antenna. 
It receives better in the direction toward which the narrow dimen-
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FIG. 13. Loop antenna. Induced voltage E is greatest when wave arrives 
in a direction parallel to the plane of the loop; it is zero when the 

direction is perpendicular. 

sion points. Its pattern has a zero for a wave which arrives in a 

direction perpendicular to the loop. 

The directional characteristics of a loop antenna can be ex-
plained as follows. Suppose that a wave arrives in the direction 
of the plane of the loop as in Fig. 13 ( a). When the wave passes 

the vertical section AB of the loop, a voltage E1 is induced. A 

short time later the wave passes the vertical section DC and in-
duces a voltage E2 in this section. No voltage is induced in the 
top and bottom portions, which lie in the direction of travel of the 
wave. The two voltages E1 and E2 are equal in magnitude but 
slightly different in phase. Voltage E2 lags El because the wave 
passes DC at a slightly later time. The two voltages oppose each 
ether, and the resultant voltage E is the vector sum of E1 and E2 
.as shown in the figure. 
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Suppose, now, that the wave arrives in a direction perpendic-
ular to the plane of the loop as in Fig. 13 (b) . The voltages E1 and 
E2 are again equal in magnitude; they are also in phase since the 
wave passes both AB and DC at the same time. The net induced 
voltage is zero. 
Loop antennas are usually a rather small fraction of a wave-

length "wide," and the resultant induced voltage is small. Sev-
eral turns are usually employed to increase the output voltage. 
The above analysis was made for a square loop, but the same 
principles apply for a loop of any shape. 

In connection with a sensitive receiver, a loop antenna may be 
used to determine the direction from which signals come. The 
loop antenna is the heart of the radio compass and direction-
finding stations which are situated along the seacoasts of the 
world. When a ship wants bearings, its signals are picked up by 
the coastal station, which determines the position of its receiving 
loop which gives the least signal—a more accurate indication 
than the position which gives a maximum signal. A compass is 
attached to the base of the loop, and the indicator then points to 
the bearing of the vessel. A receiving operator in another loca-
tion swings his loop on the vessel, and in this way two bearings 
are obtained. From them the master of the ship can determine 
his position. This method is illustrated in Fig. 14. 

N 

E 

S 

Fia. 14. Method of plotting a ship's position by obtaining bearings from 
two land stations. 
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There is one disadvantage of the loop when used alone. Its 
directivity pattern is composed of two equal loops, so that the 
operator can tell that a signal is coming, for example, from a 
north-south direction, but he cannot determine whether the sig-
nal is coming from the north or from the south. The addition 
of a single vertical antenna whose output is properly added to 
that of the loop solves this problem. The combination may be 

Characteristic of 
vertical a ntenna« 

Loop plus 
vertical 
antenna 

Directivity of loop 

FIG. 15. Directional patterns of loop and vertical antenna, and the two 
combined. 

adjusted to produce a pattern as shown in Fig. 15. In use, the 
loop alone is rotated until the least signal is received. Then the 
antenna is rotated exactly 90° and the vertical antenna switched 
into the system. If the signal is now much greater than it was, 
then it must have come, say, from the north. If the signal does 
not increase, then it must have come from the south. 

18.11. Coupling transmission lines to antennas. A wide 
variety of methods is available for coupling transmission lines to 
antennas to secure the proper impedance match and the max-
imum transfer of power. 
The input impedance of a half-wave dipole is approximately 

72 ohms, and this is much lower than the characteristic impedance 
of most open-wire lines (200 to 800 ohms). However, it will be 
seen in Fig. 6 that at points away from the center of the antenna 
the voltage increases and the current decreases. This means, in 
effect, that the impedance is higher away from the center. This 
suggests that the transmission line may be flared out so that con-
nections are made at some distance from the center of the an-
tenna to obtain an impedance match. Two methods are shown in 
Fig. 16. In the upper diagram a long insulator is used to insulate 
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the center of the antenna and the flared ends of a twisted-wire 
line are connected to the antenna. It is not necessary, however, 
to insulate the center of the antenna. The transmission line may 
merely be flared out and connected as shown in the lower dia-
gram. The tapered flare connecting the transmission line to the 

1/2X 

o  —1 H-12. to 18 

Twisted pair 
No. 14 

A 1-4—Z---j B 

d = Diameter of 
feeder wire 

Z = 600 ohms 

4B = 
fi* 

AC = ele! 

75d 

 o 

Fla. 16. Manner of connecting transmission lines to antennas to produce 

proper impedance match. 

antenna must be long enough so that the spacing between the 
wires changes gradually. Typical dimensions are shown on the 
two diagrams. 

Since the impedance of an antenna is always the ratio of the 

voltage to the current, the impedance along a length of the wire 
varies from point to point. For example, if a half-wave wire 
for use at 7 Mc is tapped in the center, it may be fed with a 72-
ohm line; but, if it is tapped about 22 ft from one end as seen in 

Fig. 17, it may be fed with a 300-ohm lead since at this point the 
ratio of E to I is approximately 300. Such an antenna will work 
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well on both 7 and 14 Mc. If made twice as long and fed at 
44 ft from end, it will resonate on 3.5, 7, and 14 Mc. 
A single-wire feeder can be used to connect to an antenna as 

shown in Fig. 18. Here the return path for the current is through 
the capacitance of the antenna to ground. 

It was pretriously mentioned that the input impedance to the 

(AX) 
68 ft 

68 ft equals 1/2 wavelength at 7 mc. 
Dimensions are approximate. 

 22 ft 
(ltX) 

300 ohm 
twin lead 

Fla. 17. Method of feeding a half-wave antenna with a 300-ohm 
line at 7 and 14 Me. 

voltage-fed half-wave dipole in Fig. 7 is quite high and that 
coupling sections are required between the transmission line and 
the antenna. Two methods of matching the impedance in such 
a system are shown in Figs. 19 and 20. In Fig. 19 a wire is ex-
tended one-quarter wavelength from the outer conductor of a 
coaxial line and the center conductor is extended a half wave-

 1/2X  
 Center a 

L= Length of 
antenna 

= e, a L „0, 

b = 551, 

FIG. 18. Proper place to connect a single-wire feeder to an antenna for 
most efficient energy transfer. 

length beyond the end of this wire. At the lower end of the 
half-wavelength section the voltage and impedance are high; 
the quarter-wavelength section is then effectively terminated in 
a high impedance, and the impedance at its lower end (the end 
to which the coaxial line connects) is low. In practice, the quar-
ter-wavelength matching section may be trimmed slightly to 
secure the proper impedance match. There is little radiation 
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from the quarter-wavelength section because of the relatively 
close spacing of the two wires; most of the radiation occurs from 
the half-wavelength dipole. 

In Fig. 20 is shown a "J" antenna. Here the half-wavelength 
dipole is connected to a short-circuited quarter-wavelength open-
wire line. The transmission line is then connected to a point 

Open- wire 
line 

Fla. 19 Fin. 20 

Fia. 19. Flagpole antenna using Yet coupling line to connect coaxial cable 
to ye, antenna. 

Fm. 20. "J" antenna. Position of open-wire line is adjusted for an im-
pedance match. 

along the quarter-wavelength matching section where an im-
pedance match is achieved. 
A resonant line may be used to connect a transmitter to an an-

tenna, the advantage being that no impedance matching at the 
antenna end is needed. The line really acts like an extension of 
the antenna, but, because its two conductors are close together, it 
does not radiate much energy. However, resonant lines may 
have considerably more loss of power than non-resonant lines, 
and this is frequently a serious disadvantage. 

Problem 1. In Fig. 21 is shown a two-wire quarter-wavelength line con-
necting a 500-ohm transmission line to a dipole (72 ohms). If the frequency 
of operation is 30 Mc, determine: (a) the length of the antenna; (b) the 
characteristic impedance of the quarter-wavelength line; and (c) the dimen-
sions of the quarter-wavelength line if the conductors are Y2-in.-diameter 
tubing. (Use Fig. 2.) 
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" 

500-ohm line 
any length 1,72 ohms 

no. 21. Use of quarter-wave line as matching transformer between two 
unequal impedances. 

Problem 2. By the use of the charts in Fig. 2 determine the dimensions 
of three two-wire transmission lines which will have a characteristic im-
pedance of (a) 300 ohms; (b) 500 ohms. 
Problem 3. Determine, by the use of Fig. 2, the dimensions of three 

coaxial lines which have a characteristic impedance of 50 ohms. Assume 
that the effect of the spacers is negligible. 
Problem 4. A coaxial line has an inner conductor with a diameter of 

0.2 in. The dielectric between conductors is polyethylene (k = 2.25). What 
must be the inner diameter of the outer conductor if the characteristic im-
pedance is to be 50 ohms? 

18.12. Radiation. A wire or coil carrying a direct current 
will set up a magnetic field in the vicinity. This field can be de-
tected and explored by means of a compass. Energy is stored in 
the magnetic field of the coil, and this energy can be put to work 
in various ways. 
Not only can energy be stored in the magnetic field of a coil; 

it can also be stored in the electric field in a charged condenser. 
If the ends of two wires connected to the two terminals of the 
charged condenser are brought near each other a spark will jump 
across, showing the presence of stored electrical energy. 

If a resonant circuit is excited by a voltage of the resonant 
frequency, energy can be stored in the circuit, at one instant all 
of it residing in the magnetic field of the coil, and at another in-
stant being shifted to the electric field of the condenser. If the 
coil and condenser have no resistance, there will be no loss of 
energy in the circuit and no power will be consumed by it. 

Suppose that a resonant circuit is excited by a voltage of the 
proper frequency and then the voltage source is removed. If the 
circuit has no resistance, the energy will continue to shift back 
and forth from the magnetic field of the coil to the electric field 
of the condenser. Under these idealized conditions, the oscil-
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lations in the circuit will continue indefinitely. If, however, there 
is a small resistance in the circuit, the oscillations will gradually 
die out. In either the resistanceless case or the case with a small 
resistance, the effect is as though the electric field, in collapsing. 
induced a magnetic field which, in turn, induced an electric field 
when it collapsed. This is in reality a more general form of 
Faraday's law (Sect. 4.14). The general statement of the law 

follows: Whenever a magnetic field (or current) changes, an 
electric field (or voltage) is produced. Similarly, a changing 
electric field produces a magnetic field. 

It was stated above that a resistanceless resonant circuit would 
continue to oscillate indefinitely once it had been excited. This 
statement was not wholly true. Not all the energy in the mag-
netic field of the coil, for example, is used in establishing an elec-

tric field in the condenser. A very small part of it leaves the 
vicinity of the circuit and does not return. This constitutes a 
"radiated" magnetic field, and, since the strength of this field is 
changing, there is an associated electric field. The fields that are 
so freed from the circuit constitute a radiated electromagnetic 

wave. This radiated wave carries some of the energy that was 
originally in the circuit, and so, even in the resistanceless case, 
the oscillations in the circuit gradually die down. 

If the physical dimensions of the resonant circuit elements are 
small in comparison with the wavelength corresponding to their 
oscillatory frequency, the amount of electromagnetic energy 
radiated into space and lost to the circuit will also be small. On 
the other hand, if the physical dimensions of the circuit elements 

are not small in comparison with the wavelength, the radiated 
energy may be a significant portion of the total energy. 
An elementary concept of how radiation from a circuit occurs 

may be built up by considering the simple half-wave dipole in 
Fig. 22 which is driven at its center by an a-c generator. Suppose 
that the generator voltage is zero but changing so that the upper 
terminal A will soon become positive. As terminal A becomes 
slightly positive, electrons will be drawn from the upper section 
AB of the dipole and others will flow into the lower section CD. 

A small section of the upper part of the dipole will be positively 
charged, and a small section of the lower part of the dipole will 
be negatively charged. There will be an electric field between 
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these charged sections. This electric field is shown as g in Fig. 
22(a). The charges on these sections are circled so that they 
may be identified in the following discussion. 
As the generator voltage continues to increase, more and more 

electrons flow out of the upper and into the lower part of the 
dipole. The upper part becomes more positive and the lower sec-
tion more negative. As the voltage becomes greater more charges 

C) 

e 
(Electric 
field) 

e 

(a) (b) (c) (d) 

Fia. 22. Charges move out along a half-wave dipole antenna as the 
voltage rises. 

move into the antenna in a given period of time. The initial 
(circled) charges move farther out along the antenna as shown 
in the successive pictures in (b), (c), and (d). The electric field 
g of the charges continues to expand and move away from the 
antenna as shown. If the dipole is one-half wavelength long * 
(one-fourth wavelength per section), the circled groups of 
charges which started moving away from the generator when the 
voltage started to go positive will have reached the ends of the 
antenna when the generator voltage is at its positive peak value, 
since then the generator has completed one-fourth of a cycle. 
This is the basic meaning of a quarter wavelength as measured 
along any conductor. 

* A half-wave dipole is considered since this gives the simplest picture. 
The general behavior of a dipole of any length would be similar, but more 

complex. 
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The "charges" travel outward along the upper and lower sec-
tions of the dipole with a speed approaching that of light ( 186,000 
miles per second). This does not mean that electrons move this 
fast—they do not. However, the effect is the same as though 
their charge moved this fast. This is similar to what happens 
when the engineer takes up the slack on a long freight train. The 
engine moves slowly, as do the cars. The last car need not move 
at all. Yet the slack is taken up very rapidly. 

• Electric 
field 

Magnetic 
field 

e 

Fla. 23. Direction of electric and magnetic fields around a dipole antenna. 

As the generator voltage begins to decrease from its peak posi-
tive value, the charges begin to move away from the ends of the 
antenna and back towards the generator and by the time the volt-
age is again zero all the charges have returned to the generator; 
no charge remains on the dipole. During the negative half cycle 
of voltage the process is repeated except that the lower half of 
the dipole now becomes positive and the upper half becomes 
negative. 

During the time the charges are moving out along the antenna 
a current flows, for current is a movement of charge. The cur-
rent is never high near the ends of the antenna because only a 
small amount of charge ever gets out this far. Near the center, 
however, the current may be fairly high. 
The current flowing in the antenna sets up a magnetic field H. 

This field is directed in a circle around the antenna as shown in 
Fig. 23, and is at right angles to the electric field g. Thus, both 

an electric field and a magnetic field (an electromagnetic field) 
are produced. This is in agreement with Faraday's law. 
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Consider now the fields at a point P (Fig. 23) at some distance 
from the antenna, and suppose that these are the fields which 
started moving away from the antenna when the voltage started 
on its positive half cycle. These fields continue to move away 
from the antenna until the generator voltage starts to decrease. 
Then the fields start moving back towards the antenna; they 
begin to "collapse." It would seem that all the fields (and the 
energy associated with them) would have time to move back to 
the antenna before the generator reverses the direction of volt-
age. However, some energy is unable to get back to the antenna 
before the voltage has changed. The reversal of the voltage 
causes new fields to move out from the antenna, this time with 
the directions of both the electric and magnetic fields reversed. 
The energy that failed to return to the antenna before the volt-
age reversed moves away from the antenna. It is "free" or radi-
ated energy.* 

It appears that the fields which had time to move out to P 
would also have time enough to return to the antenna by the time 
the voltage reverses. This apparent contradiction may be ex-
plained by considering in more detail just what happens during 
the positive half cycle. When the voltage starts going positive 
the fields start moving away from the antenna. The fields pro-
duced by the charges which move into the antenna at a slightly 
later time in the cycle act to "push" these initial fields away with 
a little added velocity. (The velocity varies from instant to 
instant during the cycle.) The fields set up at each instant 
are similarly given an added boost by the fields set up the 
next instant. When the initial fields have traveled out to a 
point such as P, the generator voltage starts to decrease. The 
electrical information regarding this voltage decrease requires a 
short time to be conveyed to P. Because of the "push" given 

these fields as they left the vicinity of the antenna, and because 
of the time required for the effect of the change of voltage at the 
antenna to be felt at P, these fields at P are too far from the an-
tenna to completely collapse upon the antenna before the voltage 

* These elementary concepts may appear to be artificial and inaccurate 
to the careful reader. The mechanism of radiation is too complex to explain 
completely with a simple picture. 
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reverses. The portion of the fields that does not collapse back 
upon the antenna constitutes the radiated wave. 
The radiated wave is made up of both an electric and a mag-

netic field. The two fields are in phase; that is, they reach their 
maximum intensities and their zero intensities at the same time. 
The fields are perpendicular to each other in space.* With the 
dipole in Fig. 22, the electric field is vertical and the magnetic 
field is horizontal. The direction of the motion of the fields (and 
their energy) is at right angles to the fields and away from the 
antenna. 
The polarization of an electromagnetic wave refers to the 

direction of the fields. The electric field is usually chosen as the 
reference. The wave from the dipole discussed above is ver-
tically polarized. 
An antenna is designed for the specific purpose of radiating an 

electromagnetic wave into space. Antennas, then, must have 
dimensions which are comparable to the wavelength of the energy 
being radiated. It was for this reason that nearly all the an-
tennas discussed earlier in this chapter were a quarter wavelength 
long or longer. Only by making the antennas of such a length 
can they be made to be efficient radiators. 
The electromagnetic field surrounding an antenna or any other 

radiating element may be broken up into two components: the 
induction field and the radiation field. The induction field is 
the portion of the entire electromagnetic field which is not radi-
ated. The radiated field is the portion of the total electromag-

netic field which continues traveling on through space and does 
not return to the radiating element. 
The induction field is much stronger than the radiation field 

when the point of measurement is close to the antenna. The 
strength of this field varies inversely with the square of the dis-
tance from the source (the antenna, in this case) and does not 
depend upon the frequency. 
At a few wavelengths away from the source the radiation field 

becomes much larger than the induction field because the strength 
of this component of the total field is inversely proportional to 
the first power of the distance from the source. It is also 

*This statement is not entirely accurate except at points several wave-
lengths away from the antenna. 
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directly proportional to the frequency. The manner in which 
the strengths of these fields vary with distance from the source is 
shown in Fig. 24. 

Since the strength of the radiated field goes up directly with 
frequency, everything else being equal, it follows that much less 
power is required to deliver a high-frequency signal of given 
strength to a distant receiver than would be required for a lower-
frequency signal. 

Radiated field 

Induction field 

1 2 
Antenna Distance, wavelengths 

FIG. 24. Relative strengths of radiation and induction fields vs. distance 
from antenna. 

The strength of the induction and radiation fields are equal at 
a distance of approximately % wavelength from the antenna. 
At a distance of 16 wavelengths from the antenna the induction 
field is only 1 per cent of the radiation field. For this reason 
field-intensity measurements should be carried out at distances at 
least 16 wavelengths from the antenna to minimize errors intro-
duced by the induction field. 

18.13. Ground wave. Energy is radiated from an antenna 
in all directions, along the earth (in a horizontal plane) and 
toward the sky (in a vertical plane). The radiation in a hori-
zontal direction tends to follow the earth much as electrical cur-
rents follow a copper conductor, for the earth is a conductor. The 
ground wave,* as the energy radiated along the earth is called, 

*The ground wave can be further separated into two components, the 
direct wave and the ground-reflected wave. These are shown in Fig. 25. 
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produces electric and magnetic fields in the earth and other ob-
jects. These fields cause currents to flow in the earth and these 
other objects. Because these objects have some resistance, the 
currents produced in them by the ground wave cause heating, 
and the energy used to heat these resistances is lost to the ground 
wave. The ground wave, therefore, does not extend very far 
from the transmitter. 
The ground wave from a particular station at a particular 

point is steady. It is the useful part of the total radiation from 
a broadcast station. It extends out 50 to 100 miles from the an-
tenna, the distance depending upon the power of the transmitter, 
the type and height of the antenna, the resistance of the earth, 
the frequency, and the nature of the terrain. 

Sky 
(ionospheric) 

wave 

Transmitting 
antenna 

Receiving 
antenna 

Ground—reflected 
wave 

Fro. 25. Various waves radiated from an antenna. Only one "ray" of the 
sky and ground-reflected waves is shown. 

18.14. Sky (ionospheric) wave. Energy radiated into the 
sky would shoot off into space and be lost except for a natural 
phenomenon which was discovered through radio. Up in the sky, 
from about 50 to 250 miles above the earth, are several layers of 
ionized particles apparently produced from the air by ultraviolet 
radiation from the sun. These layers, acting as reflectors and re-

fractors of radiation, reflect or bend downward some of the energy 
of the sky wave. Other parts of the total energy may be merely 
deflected. When, therefore, radio waves shoot off into the upper 
atmosphere and encounter these ionized particles, part of the 
energy is reflected back toward the earth, part is absorbed by the 
ionized layers, and part penetrates the ionized layers to escape 
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into outer space. The region above the earth in which these ion-
ized layers are effective in causing bending of the radiated wave 
is called the ionosphere. For this reason, the sky wave is often 
called the ionospheric wave. 

18.15. The ionosphere. Several ionized layers have been 
observed at various levels in the ionosphere. The term "layers" 
is somewhat inaccurate since there is some ionization between 
the layers. The location of the layers is specified by the regions 
of densest ionization. The most permanent of these layers are 
the E and F. The region in which the E layer exists is between 
about 50 and 90 miles above the earth, and the region in which the 
F layer exists extends from about 90 to 250 miles above the earth. 
During the daytime, in a particular locality, two layers exist in 
the F region. The lower is called the F1 layer and the upper the 
F2 layer. At night these two merge to form the F layer. 

Other layers have been observed from time to time. They 
fade in and out in an irregular fashion. Although these layers 
may have an important effect upon radio communication while 
they are present, their average effect, day by day, is not as im-
portant as that of the E and F layers. 
The mechanism by which radio waves are returned to the earth 

is rather complicated. It involves the action of both the posi-

tively ionized particles and, more importantly, of the negatively 
charged electrons in the various ionized layers. Other factors 
such as the frequency of the radio wave, the earth's magnetic 
field, sunspot activity, solar radiation, and the latitude are also 
involved. 
An elementary picture of how a radio wave may be "reflected" 

back to the earth may be gained by reference to Fig. 26. A wave 
that leaves the transmitter antenna at a high angle is bent slightly 
as shown, but it penetrates the ionized layer and continues on 
into outer space. Waves that are radiated at a somewhat lower 
angle may be bent enough that they are returned to the earth. 
The highest angle at which the waves are returned to the earth 
is called the critical angle. Waves that are radiated at a still 
lower angle may also be returned to the earth, but at a greater 
distance from the transmitter. Waves that are radiated at an 
even smaller angle may be reflected, but at such an angle that 
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they miss the earth. Some energy is lost in the ionized layer, 
and some penetrates into outer space whatever the angle of radia-
tion. Therefore the wave which is returned to the earth contains 
less energy than would be calculated taking the length of the path 
alone into consideration. 
The amount of bending suffered by a radiated wave leaving the 

earth at a given angle depends both on the density of ionization 
of the ionized layer and on the frequency of the wave. As the 

Sky waves 

0/?e 

Ionized 
layer 

Reflected 
waves 

Fie. 26. Radiation is bent downward to earth by ionosphere so that it 
may be detected at great distances from its source. Between the outer 
limits of the ground wave and the reflected or refracted radiation, no 

signals can be heard. 

density of the ionized particles increases, the amount of bending 
increases. High-frequency waves are not bent as much as low-
frequency waves. Since the upper layers tend to be more highly 
ionized, it is possible for a wave to penetrate the E layer and 
then be reflected by the F layer. 
The highest frequency useful for radio transmission between 

two points on the earth at a specified time, employing waves re-
flected from the ionized layers, is called the maximum usable 
frequency (MUF). The MUF varies from hour to hour, and 
from daytime to nighttime. It is different for various times of 
the year and for different degrees of sunspot activity. A great 
deal of time has been expended in research in an effort to correlate 
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all these factors which affect the propagation of radio waves. 
In the daytime, on broadcast frequencies (550 to 1600 kc), the 

sky wave is normally so completely absorbed by the E layer that 
it is of little use in communication, and only the ground wave is 
available. At nighttime, beginning just before sunset, the amount 
of absorption of the sky wave decreases rapidly, and a consider-
able portion of the sky wave may be reflected to the earth. The 
nighttime absorption is less in the winter than in the summer, 
and broadcast stations may be heard at great distances during 
winter evenings via the sky wave. 
The losses suffered by the ground-reflected wave increase with 

frequency to an extent that above about 2 Mc the ground wave 
is not usable for communication except within a few miles of the 
transmitter. The direct wave can be used for communication up 
to line-of-sight distances (Sect. 18.17). Only the sky wave is 
useful for communication for distances greater than about 50 
miles. A general rule is that the highest frequency that can be 
used (a frequency nearly equal to the maximum usable fre-
quency) will normally give the best signal strength at the re-
ceiver. Since the MUF is different in the daytime than at night 
(it is usually less at night than in the daytime), two frequencies, 
sometimes more, are employed in commercial installations which 
must maintain dependable communication between two widely 
separated points. Another factor that must be taken into con-
sideration is whether the entire transmission path lies in dark-
ness, or whether part of the path is in daylight. Different fre-
quencies would be used for these two cases. 

Ordinarily frequencies above about 30 Mc are not reflected 
from the ionosphere, and reliable communication at these fre-
quencies must be carried on by means of the direct wave. 

18.16. Fading. Suppose that a receiving station is within 

range of the ground wave of a 1000-kc transmitter, say at the 
edge of it. Signals come through in the daytime clear and steady. 
At night, however, when reflections occur, the receiver begins to 
pick up the reflected sky wave from the 1000-kc transmitter as 
well as the ground wave. The two waves may be in phase and so 
reinforce each other, or they may be out of phase and tend to 

nullify each other. If the ionized layer shifts in height or density, 
the sky wave will vary in intensity so that the alternate addi-
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tions and subtractions to and from the ground wave by the sky 
wave cause the voltages at the receiving antenna to vary from 
time to time. This variation is known as fading and may be 
very severe. 
The a-v-c system of a receiver does not help nighttime reception 

from a station 50 to 100 miles away from which both sky and 
ground waves are received. Signals from these stations, received 
clearly in the daytime, may be badly garbled at night because of 
the variations in magnitude and phase of the sky wave. 
On the broadcast band, the sky wave in the daytime is ab-

sorbed so that it has little effect. Receivers 50 to 100 miles away 
from the average transmitter, therefore, get clear signals. Re-
ceivers farther away will be unable to detect the transmitted sig-
nal because the ground wave is too weak at these frequencies. 
At night, the sky waves from distant broadcast stations are re-
flected downward to the receiving antennas and long-distance re-
ception is possible. If the ionized layers are comparatively 
stable, as during times of weak sunspot activity, reception from 
a distant station can be fairly stable. 
Sometimes the sidebands carrying the modulation fade more 

or less than the carrier of the station, resulting in selective 
fading. Neither an a-v-c system nor an increase of transmitter 
power is of help in overcoming this trouble. 
Another type of fading may occur when two ionospheric waves 

arrive at the receiver along slightly different paths. The lengths 
of the transmission paths will be different and also the phase 
angles of the arriving signals. The two paths may change from 
time to time and independently of each other. As a result the two 
signals may at times be in phase and so reinforce each other. At 
other times they may be out of phase and tend to cancel each 
other. 

Still another type of fading may occur with ultra-high-fre-
quency signals. The dielectric constant of the earth's atmos-
phere varies with height above the earth, and the received signal 
depends to some extent upon this dielectric constant. The atmos-
phere varies from time to time and thus may cause a variation 
in the received signal strength. The fading from this cause is 
usually not too severe and occurs at a rather slow rate. Local 
weather conditions may also cause fading at these frequencies. 
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18.17. Short-wave transmission. In the broadcast band the 
ground wave is quite usable; the sky wave is undependable. 
Above about 1500 Ice the attenuation (reduction) of the ground 
wave increases rapidly because of increased ground losses, but at 
the same time the effectiveness of the sky wave increases. For 
this reason short-wave communication takes place mainly by 
means of reflected waves. Antennas are designed so that their 
radiation is aimed up into the sky at the correct angle to be re-
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fleeted downward to the desired receiving station. Frequencies 
greater than about 30 Mc are not so easily reflected, tending to 
shoot on through the ionized layers; the energy that is reflected 
is reflected at such an angle that it does not return to the earth 
except under unusual circumstances. Communication at these 
frequencies depends upon a wave received in a direct line from 
the transmitter ( like light from a lighthouse), and, at frequen-
cies if the order of 100 Mc and greater, very little usable energy 
is radiated beyond the distance the transmitter antenna can he 
seen (line-of-sight transmission). 
On the very high frequencies, therefore, it becomes necessary 

to erect the transmitting and receiving antennas as high as pos-
sible above the surface of the earth since radiated waves at these 
frequencies act much like light waves. The transmitter resembles 
a lighthouse, sending its radiation out from the antenna at 



514 Lines, Antennas, Radiation [Ch. 18 

various angles, to be picked up as far as the antenna can be seen. 
Actually, effective communication can be carried out at greater 
distances than line-of-sight would indicate, sometimes two or 
more times this distance. Figure 27 shows line-of-sight distances 
from transmitting to receiving antennas at various heights and 
over average terrain. 



19 • Frequency Modulation and Detection 

Previous chapters have discussed the various features of ampli-
tude-modulated systems. In such systems the strength of the 
carrier wave at any instant is a function of the strength of the 
audio modulation at that instant. The frequency of the carrier 
remains constant. In a f-m system, on the other hand, the 
strength of the carrier is constant regardless of the strength of 
the modulation. The frequency of the carrier, however, is a func-
tion of the modulation strength. 

In an a-m system, the rate at which the carrier strength varies 
is a function of the frequency of the modulation. Thus, if the 
modulation is a fixed tone of, say, 1000 cycles, the carrier strength 
goes up and down at a 1000-cycle rate. However, in the f-m 
system, the carrier-frequency change is greatest for a loud mod-
ulating signal; the rate at which the frequency varies depends 
upon the frequency of the modulating signal. Thus, if the mod-
ulation is a 1000-cycle tone, the carrier frequency will vary at 
a 1000-cycle rate. 

In an a-m system, modulation causes a change in the strength 
of the carrier ; in a f-m system, modulation causes a change in the 
frequency of the carrier. In either system, the rate at which the 
strength (a-m) or frequency (f-m) changes is a function of the 
frequency of the modulation; the degree or amount of the change 
depends upon the strength of the modulation. 

19.1. F-m vs. a-m system. A f-m system has several advan-
tages when compared to an a-m system. Among these advantages 
are ( 1) a gain in effective signal strength because the transmit-
ter can radiate at full power at all times regardless of the strength 
of the audio modulation; (2) a reduction in noise with a re-
sultant effective increase in signal-to-noise ratio, the extent of 
this gain being dependent upon the width of the frequency band 
that is employed; (3) a reduction in interference from other sta-

515 
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tions on the same channel by a factor of 30 to 1 compared to 
amplitude modulation. 
Frequency-modulation systems not only have advantages when 

compared to a-m systems; they also have some disadvantages. 
The most important are ( 1) a much wider frequency band is re-
quired for transmission, perhaps 7 to 15 times greater than for an 
a-m system; (2) transmitting and receiving equipment tends to 
be somewhat complicated; and (3) because of the high-frequency 
band used by most f-m stations to obtain the necessary band 
width, reliable reception is limited to slightly more than line-of-
sight distances. 
The comparisons between f-m and a-m systems as outlined 

above can be discussed in more detail. 
1. Constant transmitter power. In a-m transmission, the 

strength of the signal at the detector output terminals in a re-
ceiver is dependent upon the power in the sidebands of the trans-
mitted wave. This power varies from instant to instant, depend-
ing upon the strength of the signal picked up by the microphone. 
The power in the sidebands is added directly to the power in the 
unmodulated carrier. The average modulation of the average 
broadcast station is, perhaps, 50 per cent. With this degree of 
modulation there is a 6 per cent increase in transmitter antenna 
current compared to the unmodulated condition. This increase 
in current results from the production of sideband power. If 
the transmitter could be 100 per cent modulated all the time, 
there would be a 22.5 per cent increase in antenna current and 
the detector voltage output in the receiver would be more than 
three times greater than for "average" modulation. At the same 
time the total power output of the transmitter would almost 
double. 

There is another fact, important from the standpoint of the 
transmitter owner. A 50-kw a-m transmitter must have the 
ability to handle without distortion as much power as 200 kw 
during the occasional peaks of 100 per cent modulation because, 
at full modulation, the peak plate current flowing in the final 
power amplifier will be doubled, and the power, being propor-
tional to the square of the current, will have increased four times. 
It is true that this is peak power and is radiated for very short 
intervals of time. Nevertheless, a 50-kw station must be de-
signed to handle this 200 kw during periods of peak modulation. 
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On the other hand, a f-m station is modulated by changing the 
frequency and not the amplitude of the antenna current. The 
total transmitted power does not increase with higher degrees of 
modulation. Rather, modulation causes a shift of power from the 
carrier to the sidebands so as to maintain the total power essen-
tially constant. At some instants the power transmitted at the 
center carrier frequency may be zero. A f-m transmitter can 
transmit its full power at all times with no design allowance be-
ing required to take care of modulation peaks. 

2. Greater freedom from interference. In an a-m system, in-
terfering signals of only one-hundredth of the strength of a de-
sired signal produce interference of 1 per cent. In a f-m system, 
the interference is down to about 1 per cent when the interfer-
ing signal is one-third the strength of the desired signal. Thus, 
much stronger signals from interfering stations can be tolerated 
in a f-m system than in an a-m system. This means that stations 
on the same f-m channels can be put much closer together geo-
graphically than would be feasible with a-m stations. 

3. Reduction in noise. In an a-m system, the amount of noise 
that is permitted to enter the system is a function of the band 
width. In a narrow-band a-m system, such as a radio-telephone 
circuit utilizing frequencies from 250 to 2500 cycles, much less 
noise both from natural and from man-made static will enter the 
system than in a high-fidelity system passing all frequencies 
from 30 to 15,000 cycles. In an a-m system the only effective 
way to increase the signal-to-noise ratio is to increase the power 
of the signal. 
The band width of a f-m system is roughly seven times that 

of even a high-fidelity a-m system, and one would think that 
much more noise would be admitted to such a system. However, 
it is characteristic of nearly all noise that it is mostly ampli-
tude-modulated and that very little noise is frequency-mod-
ulated. Moreover, the degree of modulation of frequency-
modulated noise is rather small. Frequency-modulation re-
ceivers are equipped with amplitude-limiting circuits ( limiters) 
which remove all amplitude modulation before the signal is 
passed onto the detector. Therefore the receiver is insensitive 
to this type of noise. The signal radiated by the transmitter is 
intentionally heavily modulated; that is, the audio signal is made 
to cause large changes in the carrier frequency. In this manner, 
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the effect of frequency-modulated noise in causing trouble in the 
receiver is made almost negligible. 
Frequency-modulation transmitters normally employ pre. 

emphasis circuits designed to provide greater amplification of the 
high audio frequencies than of the lows. They are applied in the 
circuit ahead of the stage in which frequency modulation occurs. 
The high-frequency signals represented in the radiated wave are 
then stronger than they would have otherwise been. These high-
frequency audio components are passed through a de-emphasis 

RC = 75 isec 

R = 100 K 

C = 750 µµf 

RC = 75 µsec  

R = 100 K 

I C = 750 muf 

(a) Pre-emphasis (b) De-emphasis 

Fm. 1. Typical pre-emphasis and de-emphasis networks. 

circuit in the receiver to return them to their proper relation to 
the other components of the composite audio signal. This proc-
ess has the advantage of increasing the signal-to-noise ratio of 
the higher audio frequencies. Since most of the power in an 
audio signal is contained in the lower-frequency components, the 
total audio power is barely increased. On the other hand, the 
amount of reduction of noise is great enough to be of importance 
to the listener. This same system could be applied to a-m broad-
cast systems, but a change-over would require that all receivers 
be adapted to the new system. Typical pre-emphasis and de-
emphasis circuits are shown in Fig. 1. 

19.2. Wide- and narrow-band f-m systems. Frequency-
modulation systems require considerably wider band widths than 
do a-m systems because many sidebands, rather than two as in 
a-m systems, are required to carry the modulated wave. How-
ever, f-m and a-m systems are alike in that wider band widths 
are required if high-frequency audio signals are to be transmitted 
without distortion. 
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In f-m systems a wider band width not only permits a greater 
range of a-f tones to be transmitted; it also effects an increase in 
signal-to-noise ratio. Frequency-modulation transmission could 
take place on the standard broadcast band, but since the band 
width required for each station is so great there would be room 
for only seven or eight stations. For frequency modulation it is 
necessary, therefore, to go to the short-wave regions, where band 
widths can be relatively much wider. 

Frequency-modulation broadcast stations are now assigned to 
1 of 100 channels, each 200 kc wide, in the band from 88 to 108 
Mc. Each station actually uses a band width only 150 kc wide, 
75 kc on each side of the carrier frequency; and the remainder 
of the separation between stations is a guard band to reduce inter-
ference between stations on adjacent channels. These stations 
utilizing a band width of 150 kc employ wide-band f-m systems. 
They are high-fidelity stations capable of transmitting a-f tones 
up to 15,000 cycles with little distortion and almost no noise. 
Frequency-modulation stations designed for general com-

munications use, such as, for example, police radio, commonly 
employ narrow-band systems and utilize a band width of around 
20 kc. Such systems do not, of course, pass the higher a-f tones. 
The receiver output of narrow-band systems is, however, per-
fectly intelligible. The noise is somewhat higher than in wide-
band systems for strong signals. However, on weak ("thresh-
old") signals a narrow-band receiver will admit less noise. For 
this reason, the service range of narrow-band stations is some-
what greater than that of wide-band stations. 
On the frequency bands employed by practically all f-m sta-

tions there is less natural static than on the 550- to 1600-kc band 
allotted to a-m broadcasting; the range of each station is more 
or less limited to two or three times line-of-sight distance; little 
interference is created by stations on the same channel provided 
that they are a few hundred miles apart; there is no fading; the 
day and night range is the same; and, on f-m broadcast stations, 
the band width is sufficient so that all audio frequencies between 
30 and 15,000 cycles can be transmitted, with the result that 
broadcast listeners have the chance to hear music in the home 
as it is produced at the transmitter and not restricted in audio 
range by the limitations of the 10-kc separation necessary in 
the standard a-m broadcast band. 
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19.3. Production of f-m waves. A general requirement for 
systems which produce frequency modulation is that the audio 
signal from the microphone must vary the carrier frequency 
linearly in accordance with the strength of the audio signal. A 
simple system, impractical for technical reasons, will be consid-
ered first. 
Suppose that a condenser microphone is connected across the 

tank circuit of a simple oscillator. As speech waves strike the 
microphone, the diaphragm moves and changes the capacitance 
of the microphone. This change of capacitance also produces a 
change in the oscillator frequency, and so the oscillator output 
is frequency-modulated. The amount of the frequency change 
depends upon the loudness of the sound striking the microphone. 
The rate at which the frequency is changed, that is, the number 
of times per second it is shifted, depends upon the frequency of 
the sound that is picked up by the microphone. 
The amplitude of a f-m wave need not change at all during 

the modulation process. If the microphone in a particular trans-
mitter picks up a 1000-cycle tone which, when amplified, has a 
peak voltage of 1 volt, the carrier frequency may be shifted, for 
example, from 90 Mc to 90 Mc plus or minus 2 kc, and this fre-
quency will shift back and forth from the average, unmodulated 
value of 90 Mc to the new value 1000 times per second. If the 
output voltage of the microphone and amplifier changes to 2 
volts, the carrier will shift from 90 Mc to 90 Mc plus or minus 
4 kc, but the amplitude of the carrier will be the same as before. 
If the microphone picks up a 2000-cycle tone which, when am-
plified, has a strength of 2 volts, the carrier again shifts from 
90 Mc to plus or minus 4 kc, but the shift occurs 2000 times per 
second instead of at the former rate of 1000 cycles per second. 
The general appearance of a frequency-modulated wave is shown 
in Fig. 2. Compare with that of the amplitude-modulated wave 
of Fig. 1, Chapter 14. 

Major Edwin H. Armstrong must be credited with the present 
interest in and appreciation of the benefits of wide-band f-m 
transmission. In spite of the greatest skepticism of those well 
established in a-m broadcasting, he persisted in his belief that 
frequency modulation had great advantages. 

19.4. Reactance tube modulator. A simple method of pro-
ducing frequency modulation is to vary the output frequency 



Sec. 19.41 Reactance Tube Modulator 521 

III ¡HP 

Fie. 2. Constant-amplitude frequency-modulated wave. 

of an oscillator. How this could be done with a condenser micro-
phone was described above, but the method was impractical for 
various technical reasons. However, the oscillator frequency is 
varied in a similar manner in one widely used system for produc-
ing f-m signals. The system uses a reactance tube, a most in-
genious application of electron-tube principles. 

Consider the circuit in Fig. 3, in which two impedances, Z1 and 
Z2, are connected from plate to cathode of a tube. The grid is 

Fie. 3. Simple reactance tube. 

connected to the common junction of the two impedances. What-
ever the source of the grid voltage E, the a-c plate current /,„ will 
be approximately 

jp = gmE, 

if the tube is a pentode or other multigrid tube with a high dynamic 
plate resistance. 
The impedance Z looking into the circuit is 
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E E E 
Z — — —  

I li + I, II + g„,Eg 

But E, = 1122. Therefore, 

E E 
Z — —  

II ± g,,,I1Z2 li(1 ± gmZ2) 

If gZ2 is made much larger than unity, as can easily be done by 
choosing a tube with a g„, around 3000 micromhos and choosing 
Z2 greater than about 5000 ohms at the operating frequency, 

E 
Z —  (approx.) 

/ig„,Z2 

The total voltage across the two impedances is equal to the 
current through them times their total impedance, or 

E = li(Zi + Z2) 

If Z1 is made much larger than Z2, then 

E = /iZi (approx.) 
and 

I1Z1 Z1 
Z — = — (approx.) 

Iig„,Z2 g„,Z2 

Now suppose that Z1 is a condenser of reactance 1/(21C) and 
Z2 is a resistance R. Then 

1/(24C) 1 — 1 
2 = —   

g„,R 27fC X g„,li 27,f(gRC) 

Hence, the impedance Z is equal to the impedance of a capaci-
tance of g,RC farads, and the tube and its associated circuit 
provide an input impedance which is essentially capacitive in 
nature. Suppose the g„, of the tube is varied in some manner. 
Then the effective value of the input capacitance is also varied. 
This, then, is a circuit which has the characteristics of a variable 
capacitance. The • g,,, of the tube can be varied simply by in-
serting a variable voltage in series with Z2, or by varying the 
voltage on the screen or other grid in a multigrid tube. The 
second method is generally preferred since it serves to isolate 
the r-f and a-f voltages. Thus the capacitance of the circuit 
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can be made to vary with the amplitude of the audio modulation 
and at a rate which depends upon the frequency of the modula-
tion. This circuit can be connected across the tank circuit of an 

C, = gRC 
1 

2,fc, greater than 5R 

(a) 

Li 

ememmom.ale 

Li. A. 
R greater than vh-

(c) 

Fin. 4. Reactance tubes which provide variable capacitance or inductance. 
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(d) 

oscillator to cause the frequency to vary in accordance with a-f 
modulating voltages. 
The choice of elements given for Z1 and Z2 is only one of several 

which will produce a variable reactance at the input terminals 
of the circuit. It is possible to produce the effect of either a 
variable capacitance or inductance. Four typical arrangements 
are shown in Fig. 4 along with design equations. See also Fig. 5. 

If the frequency of the oscillator is increased in a series of 
doublers and triplers, as it will be in the usual f-m transmitter, 
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Tank 

Fla. 5. A workable reactance-tube modulator which affects the resonant 
frequency of the tank as though a variable inductance were shunted 

across the tank. 

the deviation in frequency due to modulation is multiplied along 
with the center carrier frequency. 

Example 1. A f-m transmitter is to operate on 90.1 Mc. The maximum 
deviation is to be 75 ke. The oscillator center frequency is 7.508 Mc. How 
much is this frequency to be shifted to obtain the desired 75-kc deviation 
in the output? 
Solution: At 90.1 Mc the frequency change is 75,000 in 90,100,000. At 

7.508 Mc the shift will be one-twelfth (90.1 7.508) as much, or 6250 cycles 
(75,000 ÷ 12). 

19.5. F-m terminology. Several new terms will be found 
in f-m literature. The frequency deviation is the maximum 
change of the instantaneous frequency from the average (un-
modulated) carrier frequency. Thus a 100-Mc carrier shifted 
to plus or minus 75 kc on modulation peaks has a frequency 
deviation of 75 kc. The deviation ratio is the frequency devia-
tion divided by the highest audio frequency to be transmitted. 
The greater this ratio, the greater will be the signal-to-noise ratio 
at the receiver (except on weak signals as discussed above). A 
broadcast transmitter having a deviation ratio of 5 to 1 (75 
kc 15 kc) will present the same effectiveness against noise as 
a police transmitter in which the highest audio tone is 3000 cycles 
and which is deviated a maximum of 15,000 cycles each side of 
the average carrier frequency. 

In a f-m system the modulation index is the ratio of the fre-
quency deviation to the actual modulating (audio) frequency. 
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It is proportional to the ratio of the amplitude of the modulating 
signal to its frequency. In contrast, in a p-m (phase-modula-
tion) system the phase deviation is proportional to the ampli-
tude of the modulating signal and is independent of the frequency. 

19.6. The Armstrong system. Phase modulation and fre-
quency modulation are closely related. In both types of modula-
tion some portion of the angular term * of the carrier frequency 
is affected in the modulation process. There is one significant 
difference between the two types of modulation. The phase 
deviation in a p-m system depends only upon the amplitude of 
the a-f modulating signal. However, the modulation index in 
a f-m system (comparable to the p-m phase deviation) varies 
directly as the amplitude and inversely as the frequency of the 
modulating signal. Thus, in a f-m system, a low-frequency 
signal produces a greater modulation index than does a high-
frequency signal, provided the amplitudes of the low- and high-
frequency signals are the same. 
The nature of the difference between p-m and f-m waves sug-

gests that, if the a-f modulating signal was passed through a 
network which reduced its amplitude in proportion to the fre-
quency and if the resulting signal nits employed in the p-m 
system, the resulting modulation would actually be frequency 
modulation. This is the method used in the Armstrong system. 
The network through which the a-f signal is passed is called a 
pre-distorter. 
A block diagram of the essential elements of the Armstrong 

system is shown in Fig. 6. The output of a crystal-controlled 
oscillator, usually operating around 200 kc, is divided and fed 
into two different channels. One channel shifts the phase of the 
200-Mc carrier by 90°. The other channel is a balanced mod-
ulator which receives both the carrier and the a-f signal (which 
has been passed through the pre-distorter). Amplitude modula-
tion occurs in this circuit. The output contains only the side-
bands produced in the modulation process; the carrier itself is 
suppressed in the balanced modulator circuit. These sidebands 
are mixed in a combining amplifier with the carrier which has 
received a 90° phase shift in the other channel. The result is a 

*This angular term is the "27rfct -I- 43" of e = Emax sin (23rfct 0). See 
Sect. 14.1. 
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p-m wave, but because of the pre-distortion of the a-f signal, it 
also represents a f-m wave in terms of the original a-f signal. 
The frequency deviation which can be produced in this process 

without distortion is quite small, only a few cycles per second, 
and the carrier frequency is much lower than that of the f-m 
broadcast channels (88 to 108 Mc), so the signal is passed 
through a series of frequency multipliers which increase both 
the frequency deviation and the carrier frequency to the desired 

HA—F Pre — 
signal distorter 

Crystal 
oscillator 
200 kc 

Balanced 
modulator f,,= 14'47 cPs 

90' 
Phase 
shifter 

fo— deviation f quency 

f. - carrier frequency 

FIG. 6. Block diagram of Armstrong system transmitter. 
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values. A converter stage is used to reduce the carrier frequency 
without affecting the frequency deviation. Such an arrangement 
is required since a much greater increase of the frequency devia-
tion than of the carrier frequency is required. Frequency multi-
plication ordinarily occurs both before and after the converter 
stage. Typical frequency values of both the carrier and devia-
tion frequencies are shown at various points on the block diagram. 

All the functions described above can be performed in small 
receiving-type tubes and at low power. Large power tubes are 
required only in the final power amplifier. 

19.7. Frequency stabilization. Since the instantaneous 
frequency in a f-m system is varied, some means must be pro-
vided so that the carrier frequency comes back to its original 
value when modulation ceases. Otherwise, the average or non-
modulated frequency might drift and a receiver could not locate 
it at the same place on the tuning dial, and so interference would 
be created by one station straying into the frequency band of 
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another. Federal regulations also require that the center fre-
quency be maintained within specified limits. 

In the reactance tube modulator, a crystal-controlled oscillator 
cannot be used since the frequency of this oscillator is actually 
varied during modulation. Therefore, an additional oscillator 
is usually provided which furnishes a reference frequency that 
is accurately controlled by a quartz crystal. The frequency of 
the crystal oscillator is compared to the center frequency of the 
f-m output of the reactance tube modulator by passing both 
signals through a mixer that produces a low-frequency beat-note 
in the output, say 1000 cycles when the modulator frequency 
has the proper value. This beat-note is passed through a circuit, 
such as a discriminator, which produces a direct voltage whose 
strength is dependent upon the beat-note frequency. This direct 
voltage is utilized as a control bias on the reactance tube. Sup-
pose that the f-m carrier frequency should slowly drift so that 
the beat-note rose to 2000 cycles. The d-c bias voltage would 
rise and tend to cause the f-m carrier frequency to return to its 
proper value. To achieve greater control sensitivity, the fre-
quency comparison circuit is usually applied after the f-m carrier 
has passed through several stages of frequency multiplication. 
A more complete discussion of the application of such a-f-c cir-
cuits is found in Sect. 15.25. In some frequency-stabilization 
schemes, the beat-note is used to produce an "error" signal which 
in turn operates a small motor that makes slight adjustments on 
the variable capacitor associated with the reactance tube mod-
ulator. 
Frequency-modulation transmitters employing the Armstrong 

system do not require additional frequency stabilization since 
their carrier frequency is derived from a crystal oscillator. 

19.8. F-m receivers. The circuit of the ordinary f-m re-
ceiver is similar to that of an a-m superheterodyne with two 
important exceptions: one or more amplifier stages immediately 
preceding the detector are operated as limiting amplifiers (lim-
iters); and a special kind of detector, called a discriminator, 
is required. Block diagrams of typical f-m and a-m receivers 
are shown in Fig. 7. The band width of the tuned circuits must 
be considerably broader than that of an a-m receiver. In addi-
tion, it is customary to decrease the higher-frequency audio re-
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sponse at the same rate at which it was increased at the trans-
mitter. This is done with a simple RC de-emphasis circuit such 
as shown in Fig. 1. 

19.9. The limiter. All incoming signals to a f-m receiver, 
often after preliminary amplification, are changed to the same 
intermediate frequency by the converter stage. The i-f ampli-
fiers must pass a broad frequency band, about 200 kc, and are 
operated at frequencies between about 3 and 12 Mc. The signals, 
after passing through the i-f amplifiers, go to the limiter stage. 
A limiter is a tube circuit which produces a constant output 
voltage even though the peak amplitude of the input voltage 
varies. The purpose of the limiter is to remove any amplitude 

vn 
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Fm. 8. A limiter eliminates variations in amplitude. 

variations that may have been impressed on the f-m signals by 
any cause. Most limiter circuits are able to perform this func-
tion satisfactorily except for very weak signals. 
The appearance of an unmodulated f-m signal is shown in 

Fig. 8(a). The individual r-f cycles are equidistant and of con-
stant amplitude except in the region of A, where the amplitude 
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varies. This variation in amplitude may be due to noise, static, 
or some other disturbance not in the original signal. If ampli-
tude variations are permitted to go through the f-m receiver, 
they will produce audible noise If, however, the signal is passed 
through a circuit with the characteristic shown in Fig. 8(b), the 
variations of amplitude will not be passed to the detector and 
noise will be reduced. The output of the limiter will not look 
like the input—there will be distortion [ Fig. 8(c) ]—but as long 
as the distance apart of the individual cycles of the incoming 

To disc. 

4 3 Mc 

4.3 nitc 

AVC 

Fla. 9. Circuit of simple limiter using low plate and screen voltages. 

f-m wave does not change, the receiver will be quiet. The distor-
tion of the waveform does not result in objectionable noise in a 
f-m system as it does in an a-m system. 
The purpose of the limiter, therefore, is to chop off any ampli-

tude modulation that may exist in the incoming signal or that 
may be created within the input circuit, the converter stage, or 
the i-f amplifier. 

Limiter action may be secured in the pentode tube circuit of 
Fig. 9, when operated with low plate and screen voltages. Be-
cause of the low supply voltages a weak signal saturates the tube, 
which then passes about the same plate current for various ampli-
tudes of grid voltage. Therefore, increases in input grid voltage, 
supplied by the i-f amplifier, produce very little increase in out-
put voltage. Only when the grid signal is very weak does the 
circuit fail to reach the saturated condition. It is for this reason 
that the limiter characteristic in Fig. 8 drops for low input 
voltages. 
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If the antenna signals are so weak that, after amplification, 
they do not reach the saturated portion of the limiter character-
istic, they will still produce audio tones, but there will be noise 
in the output since the amplitude variations have not been re-
moved. A f-m receiver, therefore, will work without a limiter, 
but all the advantages of frequency modulation with respect to 
low noise will not be realized. A f-m receiver, properly designed, 
manufactured, and operated, and receiving strong incoming sig-
nals, will be almost totally without sound (tube hiss, static, etc.) 
during moments when the f-m transmitter is not being modulated. 
The output of the limiter is a constant-amplitude, variable-

frequency signal, the amount the frequency varies from the un-
modulated frequency being proportional to the microphone volt-
ages at the transmitter, and the rate at which the frequency varies 
being proportional to the frequency (rate) at which the micro-

phone voltage changes. 
19.10. The discriminator. A discriminator in a f-m receiver 

is the counterpart of the detector in an a-m receiver. It must 
convert the frequency variations in the f-m wave to audio volt-
ages at the output of the discriminator circuit, the amplitude of 
the audio voltage being proportional to the variation of fre-
quency and the audio frequency being proportional to the rate 
of variation of frequency of the f-m wave. 
One simple method (called "slope detection") of extracting the 

audio signal from a f-m wave is to use a tuned circuit with a 
characteristic shown in Fig. 10. Suppose that the output of the 
limiter is impressed on the tuned circuit at a frequency somewhat 
below the resonant value, such as at point A. When the fre-
quency of the f-m wave increases, the output of the circuit will 
increase; when the frequency decreases, the output of the circuit 
also decreases. Thus a variation in frequency to such a circuit 
produces an audio output signal. This signal may be amplified 
and fed to the loud-speaker system. Once an audio signal is 
extracted from a f-m wave, the remainder of the receiver does 
not differ from an a-m receiver except that the a-f amplifier and 
speaker should have a wider frequency response and be freer from 
noise and distortion. 

It is difficult to design a simple resonant circuit as shown in 
Fig. 10 with a linear characteristic suitable for use with wide-
band f-m signals. In practice, a more complex discriminator 



Sec. 19.10] The Discriminator 

Resonance curve 
of tuned circuit 
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Below 
resonance 

Amplitude 
variations 

Above 
resonance 

Resonance frequency 

Frequency variations 

Fia. 10. Use of simple resonant circuit to convert frequency variations 
into amplitude variations. 

such as the one shown in Fig. 11 is employed. The signals from 
the limiter pass through an i-f transformer with a split secondary. 
Each half of the secondary winding is connected to a diode recti-

A-F 
Output 

From 
limiter 

FIG. 11. Discriminator circuit for producing audio frequencies from 
f-m voltages. 

fier. Radio-frequency current is also fed to the secondary from 
the limiter through condenser C1. This produces a voltage across 
the r-f choke. Primary and secondary circuits are tuned to the 
center of the i-f pass band. 
When the incoming signal is unmodulated, that is, when the 

incoming signal is at the frequency for which the primary and 
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secondary circuits are tuned, the diodes are supplied with equal 
voltages which are opposite in polarity since they are connected 
to opposite ends of the center-tapped secondary. If, however, 
the output of the limiter is higher (or lower) in frequency than 
the unmodulated signal frequency, voltages induced across the 
secondary are added to (or subtracted from) the voltage secured 
from the C1 path. Thus, one diode will have more voltage on 

+15 

+10 

+5 

—5 

—10 

—15 
200 150 100 50 0 50 100 150 

— Frequency deviation; kilocycles + 

Flo. 12. Discriminator characteristics. 

200 

it than the other. This is true because of the phase relations 
existing between the two voltages in the secondary circuit—the 
induced voltage and the C1 voltage. The voltage across the 
diode load is equal to the difference between the rectified voltages 
of the two diodes so that, under the unmodulated condition, no 
audio signal results; but, when one diode gets more input voltage 
than the other, the output voltage will increase. On the other 
hand, if the opposite diode gets more input voltage, less audio 
output will be produced. The condensers across the diode load 
resistors remove any remaining r-f signal. This is the circuit 
used for automatic frequency control (Sect. 15.25) with slight 
modifications. 

The audio amplitude variations will be proportional to the 
frequency of the f-m input wave, and the frequency of the audio 
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output voltages will depend upon the rate at which the f-m 
limiter voltage varies in frequency. The over-all characteristic 
of the discriminator may be seen in Fig. 12, which shows that, 
over a considerable frequency range, there is a linear relation 
between frequency variation and output voltage. 
The discriminator, therefore, is a converter which changes fre-

quency variations into voltage variations. These voltage changes 
(the audio signal) may be amplified in typical audio systems 
and applied to a loud speaker. 



20 • Ultra-High-Frequency Phenomena 

As one proceeds to generate, transmit, and receive waves of 
higher and higher frequencies, certain effects which were more 
or less negligible at the lower frequencies begin to assume new 
importance. 

20.1. Transmission. Let us first consider the actual radia-
tion of ultra-high-frequency waves. The first experiments by 
Hertz and Marconi were concerned with waves o'f very short 
wavelength. Hertz demonstrated with centimeter waves that 
wireless and other forms of electromagnetic radiation—light and 
heat—had identical characteristics. That is, "radio" energy 
could be transmitted through space; reflected just as light waves 
are reflected; refracted as light rays are refracted (bent) by a 
lens; and diffracted as light is broken up into interference pat-
terns by a grating. 

Marconi, however, wanted to send wireless messages great dis-
tances, across the ocean, in fact. He reasoned naturally, and 
correctly, that the antennas must be high in the air. A high 
antenna meant a long wavelength because transmission lines to 
connect a short-wave antenna, high in the air, to a transmitter 
on the ground had not been developed. Marconi's antenna and 
the ground lead both contributed to the radiation, and the total 
length governed the resonant wavelength. 
Commercial practice was to use long waves for the above rea-

sons and for other reasons as well. It was not until much later 
in the development of the art, after the first World War, that 
shorter wavelengths were employed commercially. Even then, 
it was assumed that there was a lower limit to the wavelength 
(or upper limit to frequency) beyond which it was useless to go, 
because of the rapid dissipation of the ground wave in short-
wave radiation. Then it was discovered that short waves, could 
be sent long distances, contrary to the generally accepted theory 

534 
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of the time. This discovery, in which American amateur wire-
less operators played an important part, followed the theoretical 
work of Kennelly and Heaviside and led to the discovery of the 
ionosphere, which makes long-distance, short-wave radio com-
munication possible. All the time, however, communication could 
have taken place at wavelengths vastly shorter, but no one wanted 
to communicate for only short distances, or do the many other 
things now done with ultra-short waves. 
As one increases the frequency (decreases the wavelength) to 

the neighborhood of 30 Mc (10 meters), the sky wave no longer 
is a useful part of the communication system because it no longer 
is returned to the earth. The ground wave is very quickly dis-
sipated by ground losses. At these frequencies, and higher, only 
the direct rays between transmitter and receiver antennas are 
useful. 

20.2. Direct ray. Why are not the very high frequencies 
reflected by the ionosphere? To be useful as a reflector, the indi-
vidual particles which make up the reflecting surface must be 
close together compared to the wavelength of the radiation to be 
reflected. For example, an antenna reflector made of woven wire 
with rather coarse spacing ("chicken wire") will work satisfac-
torily for 50-cm ( 600-Mc) waves; it will not serve as an effective 
radiator for 10-cm (3000-Mc) waves. Similarly, the reflecting 
coating on a mirror must be continuous because the wavelength 
of visible light is so short—around 50 X 10-6 cm. 
Now consider the ionosphere. It is made up of ionized particles 

with some sort of irregular distribution. But, whatever that dis-
tribution is, there is some wavelength of radiation small enough 
that most of the radiation escapes through the spaces between 

the particles, and only part is reflected.* At still shorter wave-
lengths (higher frequencies) very little or none of the radiation 
is reflected back to the earth. 

On the very high frequencies, 30 Mc and above, there is no 
sky wave which can be depended upon for communication like 
that used at lower frequencies of the order of 2 to 30 Mc. Even 
though a part of the high-frequency waves may be reflected, the 
angle of reflection is such that the returning wave misses the 

*This elementary concept is not intended to be rigorous. Many factors 
affect the frequency at which a radiated wave fails to be reflected back to 
the earth. 
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earth. Since the ground wave is highly attenuated, or decreased 
in strength, as it moves out from the antenna, only the energy 
which moves in a straight line through space from the trans-
mitting to the receiving antenna can be depended upon for com-
munication. This is the direct wave. 

Since only the direct wave is useful at high frequencies, both 
transmitting and receiving antennas must be mounted well above 
the earth to achieve a large service area. This is similar to the 
ability of a man in the crow's nest of a ship to see farther than 
a man on the deck. Actually, the direct waves have a slight 
tendency to follow the curvature of the earth and reliable com-
munication is possible over somewhat greater than the line-of-
sight distances shown in Fig. 27, Chapter 18. 

20.3. Radiation field at high frequencies. The strength of 
the radiated wave increases with frequency. This fact has al-
ready been mentioned in Sect. 18.12, but it is of such great im-
portance that further discussion is warranted. Such a character-
istic of radiated waves means that a small amount of radiated 
energy at a very high frequency can be just as effective as a 
large amount of radiated energy at a low frequency in producing 
a signal at a given distance from a transmitter. 
Suppose that a receiver requires a certain signal voltage on 

its input circuit to cause satisfactory operation, and suppose that 
a transmitting station 30 miles away can transmit either 30- or 
60-Mc signals. If the receiver is equally sensitive to either fre-
quency signal, how much greater must be the power output of 
the transmitter at 30 Mc than at 60 Mc to produce the same 
power at the receiver? 
The distance is great enough that only the direct wave need 

be considered. The voltage (or electric field) at the receiver, for 
a given voltage (or electric field) at the transmitter, is directly 
proportional to frequency. Thus it would take only half as much 
radiated electric field at the transmitter to produce a given elec-
tric field ( and voltage) at the receiver at a frequency of 60 Mc 
as it would take at 30 Mc. The power output of the transmitter 
at 30 Mc would have to be four times as great as the power at 
60 Mc since the power varies as the square of voltage. 

20.4. Band width. There are many reasons why very short 
waves are useful. Consider the matter of band width. In the 
standard a-m broadcast region, each station requires a 10-kc 
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band, and stations can be placed 10 kc apart. Between 550 and 
1600 kc (the total band assigned to such stations) there are 
1050 kc. Room exists in any one large geographical region for 
only 105 stations. The usable number is actually much less than 
this since modern broadcast receivers will not separate stations 
on adjacent channels if the strengths of the two signals are ap-
proximately equal. Now consider the region between 55 and 
160 Mc, in which the ratio of the highest to the lowest frequency 
is the same as in the broadcast band. The total band is 105 Mc, 
or 105,000 kc, and if each station still requires only 10 kc, 1050 
of them can be assigned to this band. 
There are many services, however, which require wide bands: 

television and frequency modulation, for example. The only 
feasible place for these services is in the high-frequency regions. 
Even these regions are becoming extremely congested because of 
the demands of a wide variety of services: commercial, military, 
police, television, frequency-modulation, amateur, and the like. 

BAND-WIDTH REQUIREMENTS 

SERVICE 

Continuous-wave telegraphy 

Modulated continuous-wave 
telegraphy 

Commercial telephony 
A-m broadcasting 
Wide-band frequency modulation 
Black-and-white television 
Facsimile 

BAND WIDTH 

Equals telegraph speed in bauds. 
(1 baud = 0.8 word per minute 
for a telegraph code having 8 
dots or blanks per letter.) 

Add twice the modulation fre-
quency to the above. 

6 to 8 Mc 
10 to 30 kc 
200 Ice 
6 Mc 
Number of picture elements ÷ 

time of transmission in seconds 

20.5. Antennas. Consider now the half-wave dipole antenna, 
one of the most efficient radiators. At 15,000 meters (20 kc), 
about the longest wavelength used commercially, a half-wave 
antenna would be 7500 meters or approximately 25,000 ft long. 
At 1000 kc (middle of the a-m broadcast band), or 300 meters, 

the antenna need be only 500 ft long (approximately) ; at 100 
Mc the antenna need be only 5 ft long. 
The fact that an antenna for use at high frequencies can be 

much shorter than one for use at low frequencies gives rise to 
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incidental, but important, advantages. A short antenna requires 
not only less space but also less expensive supporting structures. 
Furthermore, it is much easier to construct a highly directive 
system at high frequencies by the simple expedient of using 
several half-wave dipoles properly spaced from each other and 
with the currents in them properly phased with respect to each 
other. Such directive systems at low frequencies would be out 
of the question because of space and cost factors. 

It is no wonder, then, that short-wave radio is so effective on 
airplanes, in automobiles, or in portable transmitters. 

20.6. Difficulties at high frequencies. The advantages of 
the high frequencies are commensurate with the difficulties in the 
methods of generating and receiving them. Some of these diffi-
culties are discussed below. 
The frequency to which a tuned circuit responds is proportional 

to 1/VW. To cause a circuit to respond to higher and higher 
frequencies, the product of L and C must be made smaller and 
smaller. Soon the point is reached where the individual values 
of L and C are merely those which are inherent in the circuit or 
apparatus—the inductance of the connecting wires shunted by 
the stray capacitance between the tube elements, in the sockets, 
etc. For example, 0.1 h shunted by 10 pef will be resonant at 
approximately 160 Mc. Now 10 µid is the approximate value 
of the input or output capacitance of the average radio tube. 
Therefore, if the grid and cathode of a tube are connected to-
gether with a wire having an inductance of 0.1 ith, a parallel-
resonant circuit is produced which is resonant to 160 Mc. This 
amount of inductance is equal to the self-inductance of a single 
No. 10 copper wire about 5 in. long. 

In the above example, the inductance of the grid, cathode, or 
plate leads inside the tube ( Fig. 1), and the capacitance between 
the socket or base terminals have not been taken into account. 
Thus, with the circuit as described above, the maximum fre-
quency has been reached. How can higher frequencies be gen-
erated and amplified? 
One simple way is to reduce the dimensions of all the tube 

elements, making grid and plate smaller. In this way the capaci-
tances inherent in the tube may be decreased by a factor of 
about 10. But the power output of the tube is correspondingly 
reduced. Fortunately, high power is not so necessary at these 
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high frequencies, but lack of power is a real limitation in many 
applications. 
The upper frequency at which certain tubes designed for u-h-f 

use will operate is given in some tube manuals. For example, a 
6J4 triode will give usable power output up to about 500 Mc, and 
a 6F4 "acorn" triode will work up to about 1200 Mc. The 
resonant frequency of these tubes, with the shortest possible con-
nections between their terminals, is slightly greater than the fre-
quency values cited. It is not practical, therefore, to connect 

FIG. 1. Interelectrode capacitances and inductances inherent in tube. 

these tubes to external circuits that are resonant to higher fre-
quencies, for the tubes are unable to amplify these higher fre-
quencies. 
In working with short waves, every precaution must be taken 

to see that unnecessary inductance and capacitance are elimi-
nated from the circuit. • 

20.7. Impedances at high frequencies. The reactance of a 
capacitor of given size decreases directly as the frequency in-
creases, and the reactance of an inductor increases directly as fre-
quency increases. Consider a capacitance as small as 10 mil, 
the input capacitance of the average radio receiving tube. It 
has a reactance of only 160 ohms at 100 Mc, and may represent a 

very low-impedance path for alternating currents. 
On the other hand, suppose that an inductance of only 1 ph 

exists in a part of the circuit where it is not wanted. The re-
actance, at 100 Mc, will be 628 ohms, and appreciable feedback 

voltage might be produced in such a wire by permitting currents 
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from two points in an amplifier to flow through this common 
reactance. 

Even small capacitances have low reactance at high frequen-
cies. Trouble is experienced in making a choke coil, for example. 
Even though it looks like a coil, and at low frequencies behaves 
as such, its distributed capacitance may have less reactance than 
its inductance at the frequency at which it is to be used, and the 
net effective reactance is actually capacitive. If the inductive 
and capacitive reactances of the "coil" are equal, and they will 
be at some frequency, then the "coil" turns out to be a parallel-
resonant circuit presenting a very high impedance to currents 
of the resonant frequency. 
The behavior of capacitors at high frequencies must also be 

considered very carefully. The leads have some inductance; 
there is distributed capacitance existing between the leads as 
well as the normal capacitance of the capacitor. The inductive 
and capacitive reactances again may combine to form a parallel-
resonant circuit. If, then, a condenser is employed to by-pass 
currents of the resonant frequency, the usefulness of the com-

ponent is completely vitiated by the fact that it has both in-
ductance and capacitance. A further inductive reactance may 
exist in a capacitor as a result of current flowing in the foil plates, 
particularly if the capacitor is spirally wound. 
20.8. Distributed constants. In low-frequency circuits little 

trouble is experienced in making good coils and condensers to 
supply required values of inductive and capacitive reactance, but 
at the higher frequencies these components must be so small that 
real trouble is experienced in producing them. At 100 Mc or so 
it becomes impractical to produce coils and condensers of the 
proper size, and other methods of producing needed reactances 
must be investigated. 

One widely used method of producing capacitance or induct-
ance at high frequencies is to take advantage of the character-
istics of transmission lines. For example, suppose that two 
parallel wires have a certain capacitance per unit length, and 
say that it is 1 pid per in. Then, if 10 lief is required, a 10-in. 
length of the two wires could be used. This would be a good 
solution for frequencies at which the wavelength was very much 
longer than 10 in., but at wavelengths comparable to the length 
of the two wires the inductance of the wires must be taken into 
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account. In fact, if the length of the wires is one-quarter wave-
length, the input impedance is nearly zero; if the wires are one-
half wavelength long, the input impedance is very high. In the 
first case, the two wires represent a series circuit at resonance, 
and in the second case, a parallel circuit at resonance (see Sect. 
18.3). If the wires are less than one-quarter wavelength long, 
they will behave as a capacitance and can be used as such. If 
longer than a quarter but less than one-half wavelength, they 
behave as an inductance. Because of these characteristics, trans-
mission lines (either open-wire or coaxial) are widely used as 
circuit elements at higher frequencies. They may replace con-
densers, coils, or tuned circuits. 

Another device which is used at high frequencies is the butter-
fly condenser. It is so made that current flowing in the plates 
causes the effect of an inductance shunting the capacitance, and 
so the unit may be used as a parallel tuned circuit. 

20.9. Q at high frequencies. A designer has no trouble se-
curing high impedances to work with at, say, 1 Mc. He simply 
shunts a capacitor by a coil. The lower the inherent resistance 
of the circuit, the higher the Q, and the greater the impedance 
of the circuit at resonance. 
Suppose that a condenser of 300 eiLf is shunted by a coil and 

the combination shunted across the output of an amplifier tube. 
The condenser, at 1 Mc, will have a reactance of 530 ohms. (The 
output capacitance of the tube is neglected since it is very small 
in comparison to 300 NIL) The impedance of this circuit at 
resonance will be equal to the reactance of the condenser (or of 
the coil, since the two reactances are equal at resonance) multi-
plied by the Q of the circuit. Thus 

Impedance at resonance = QXc = QXL 

If Q = 100, the impedance is 

100 X 530 = 53,000 ohms 

This is a very respectable impedance, and considerable ampli-
fication could be obtained by using it as an amplifier load. 
Now, suppose that the same impedance is required at 150 Mc. 

To secure the same reactance as above, the tuning capacitance 
would have to be reduced to 2 /Leif, which is no greater than the 
input or output capacitance of even specially designed triodes or 
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pentodes. Can this trouble be avoided? Suppose that, to achieve 
stability or to have some tuning ability, an effort is made to 
swamp the input capacitance of the tube by using a large tuning 
capacitor, which is the solution at 1 Mc. Let the tuning capaci-
tance be increased by 30 times, to 60 aaf. Now the reactance 
is only 18 ohms at 150 Mc. To get an impedance of 53,000 ohms 
requires that Q be approximately 3000 (Rar = Q2771L). This 
value of Q is roughly 10 times that which is obtainable with a 
coil-condenser combination. 

It is a fortunate fact that transmission lines, used as tuning 
elements, can be made to have Q values much higher than those 
of lumped inductances and capacitances. Coaxial lines have 
higher values of Q than open-wire lines, since the small radiation 
of energy from open-wire lines effectively reduces their Q. Cer-
tain types of resonant cavities, described later, can be made to 
have even higher Q values than coaxial lines. 
And so the situation is not hopeless; it is only different, and 

new ideas must be developed, new agencies must be brought into 
use. 

Problem 1. Calculate the r-f resistance of a tuned circuit which will 
have a Q of 3000 at 150 Mc if L and C each have a reactance of 18 ohms. 
(See Sect. 8.9.) Is this value of resistance reasonable? 

20.10. Transit time. The upper frequency limit at which 
tubes will work is not only affected by the various capacitances 
and inductances within the tube which were described above; it 
is also affected by the transit time of the electrons. Electrons 
require a certain amount of time to travel from the cathode to 
the plate, and this transit time depends both on the spacing be-
tween the cathode and plate and on the speed of the electrons. 
The spacing between the cathode and plate can be made smaller 
by the tube designer; the speed of the electron can be increased 
by raising the plate voltage. There are, of course, definite lim-
itations on how far one can go in both these directions. As the 
cathode-plate spacing is made smaller and smaller it becomes 

increasingly difficult to hold mechanical tolerances and to keep 
the grid from shorting to cathode or plate. With smaller spac-
ings, too, the plate voltage must be kept low to prevent an arc-
over within the tube. 

If the transit time is small compared to the period ( 1/f) of 
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the signal to be amplified by a tube, then no trouble develops. 
If, however, before an electron has reached the plate, the plate 
has become negative with respect to the cathode owing to the 
reversal of voltages in the plate load circuit, then the electron 
will not strike the plate. It will turn about and start back to-
ward the cathode. This results in a loss of current to the plate 
circuit, and at some high frequency the tube becomes inoperative 
as an amplifier. 
The most important effect of transit time, is, however, that the 

cathode-to-grid impedance of a tube is reduced materially when 
the frequency is raised so that the transit time is comparable to 
the period. A tube may have an input resistance of 10 megohms 
at 20 or 30 Mc, and only a few thousand ohms at 100 Mc. 
The effects of transit time and of lead inductance and dis-

tributed capacitances within the tube all combine to set an upper 

frequency limit for the operation of triode and other similar 
amplifying tubes. Even the most carefully designed triodes will 
not operate satisfactorily at frequencies much above 2000 Mc. 
Receiving-type tubes are generally limited to frequencies below 

100 Mc. 
The time of transit can be calculated as follows: If the elec-

tron starts from rest at the cathode (no initial velocity), and if 
the voltage across the tube is Eb volts, then the final velocity with 

which the electron hits the plate is given by 

y = 0.595 X 1081/Fb 

in which Eb is in volts and y is the velocity in centimeters per 
second. The average velocity is v/3.* 
The time required for an electron to travel a given distance is 

the distance divided by the average velocity or 

Distance D 3D 
Transit time =  

Average velocity y/3 y 

Suppose that the distance from cathode to plate in a tube (D1 
is 0.3 cm and that the voltage Eb is 300 volts. What is the 
transit time? 

*Because of space charge in the tube, the voltage does not vary uniformly 
from cathode to plate. This causes the average velocity to be v/3 rather 
than v/2, which would be the case in the complete absence of space charge. 
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3D 0.9 
Transit time = — = — 

V 

y = 0.595 X 108ViF0 = 0.595 X 108 X 17.3 

= 10.3 X 108 cm per sec 

0.9 1 
Transit time =  — iksec 

10.3 X 108 1145 

This is the time required to complete one cycle of current at 
a frequency of 1145 Mc. Since transit-time effects are serious 
even when the period of the signal is 4 or 5 times as long as the 
transit time, the upper limit of operation for the tube in the 
example would be of the order of 200 Mc. 
20.11. New concepts at high frequencies. Many concepts 

that were perfectly good at low frequencies must be examined 
critically when the frequency is 100 Mc and above. One of the 

most important of these concepts is that of current flow. Up to 
this point, an electric current has been considered as a completed 
motion of electrons from one place to another. Thus, within a 
tube, electrons go from cathode to plate and no current is con-
sidered to flow until an electron arrives at the plate. This con-
cept is good only when the period of the signal is long compared 
with the transit time. 

In a simple condenser it has heretofore been implied that 
alternating current flows through the condenser, and that elec-
trons pass from one electrode through the dielectric and to the 
other plate. Actually this is not so at all. Electrons, in spite 
of their small dimensions and other properties, are unable to go 
through the dielectric of a condenser. What actually happens 

is that a motion of electrons to one condenser plate from the out-
side circuit and away from the other plate to the outside circuit 

causes an effect which is similar to the actual passage of elec-
trons through the dielectric. The shift in electrons on the two 
plates of the condenser creates a strain within the dielectric (and 

may break it down), but there is no necessity for a single electron 

actually to move across the gap between the electrodes, any more 
than there is a necessity for electrons to pass between primary 
and secondary of a transformer for a voltage to appear across 

the secondary when the primary current is changed. 
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Any motion of electrons, then, may produce a motion of elec-
trons in a near-by circuit. If, therefore, an electron motion is 
produced, say a surging back and forth, then a surging or rhyth-
mic current is produced in the external circuit. 
20.12. Lighthouse triodes. One of the special triodes de-

veloped for high-frequency use is the lighthouse triode or planar. 
grid tube. The mechanical construction of this tube is quite 

Glass 

Plate 

Grid ring 

Grid 

Cathode 

FIG. 2. Lighthouse tube, partial cross section. 

different from that of the conventional triode since the grid is a 
fine mesh mounted in a circular metal ring. The grid ring is 
supported in place by being molded into the glass envelope of 
the tube. The emitting surface of the cathode is a disk on top 
of a cylinder, which contains the heater, and is about 54 in. in 
diameter. The anode (plate) is a metal cylinder of the same 
diameter as the cathode disk and is sealed into the glass envelope 
above the grid. The general construction is shown in Fig. 2. 
The metal ring supporting the grid expands along with the 

grid when heated in operation and thus keeps the grid taut and 
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prevents it from sagging and shorting to the cathode or plate. 
This feature permits the grid-cathode and grid-plate spacing to 
be much smaller than in the conventional triode structure. Also, 
the construction results in very low inherent inductance. The 
lighthouse tube is designed as part of a coaxial system so that 
sections of transmission lines may be used as the tuned circuit 
elements. The upper frequency limit is about 3500 Mc. 

20.13. Transmission systems. At very high frequencies, the 
problem of connecting the generator to the antenna occurs as at 

— B + B 

RCA- 1623 

6.3 y 
A-C 

Flo. 3. A-c push-pull 21/2-meter, 45-watt oscillator, RCA-1623 tubes; 
C = 15 t.ted; R = 1000 ohms, 5 watts; L1 and L2 = 12-in, lengths of 1,4. 
and %-in. metal tubing, spaced 1 in. and 11/2  in. between centers, respec-

tively; plate voltage = 500 for CW; plate current = 200 ma. 

lower frequencies. A simple two-wire line may serve both as 
the tuned circuit and as the line to connect the generator to the 
antenna. If the wires are fairly close together, say 0.1 wave-
length, they will not radiate much energy. At the same time 
they will have a high Q and so the circuit can be fairly efficient. 
Greater efficiency may be secured by using a coaxial line. Then 
no radiation occurs until the energy arrives at the antenna, be-
cause the outer conductor of the coaxial line completely shields 
the inner wire. As is true at lower frequencies, a quarter-wave 
line can be used as a matching transformer, coupling the gen-
erator to its load. A 2%-meter ( 120-Mc) oscillator employing 
sections of transmission lines as the tuned elements is ehown 
in Fig. 3. 
20.14. Cavity resonators. If a two-wire transmission line 

of the proper length (one-quarter wavelength) is short-circuited 
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at the far end, it acts like a parallel-resonant circuit. To the 
generator it presents a high impedance; the line is resonant. 
Now suppose that a movable piston is inserted in a hollow pipe 
and the other end closed as shown in Fig. 4, and that r-f energy 

Fie. 4. Elements of cavity resonator. If the frequency of the energy 
introduced and the position of the plunger are correctly related, standing 
waves will be set up in the chamber, which then acts like an anti-resonant 

circuit of very high Q. 

of the proper frequency is admitted through a hole in the closed 
end of the pipe. If, now, the movable piston is adjusted properly, 
it will be found that the pipe acts as a parallel-resonant circuit 
just like the shorted quarter-wave transmission line. It presents 
a high impedance to the generator which supplies the r-f energy. 
Such a device is known as a cavity resonator. It acts like an 
anti-resonant circuit with an extremely high Q. 
Another way of looking at a cavity resonator is as follows. 

Suppose that a condenser is made up of two flat metallic plates 
and these plates are connected together with a coil as shown in 
the left-hand diagram of Fig. 5. The result is a circuit whose 

Fie. 5. How a cavity resonator may be built up by completely closing . 
in the sides of a two-plate condenser. 

resonant frequency is a function of L and C. Suppose, however, 
that the two plates are connected by a flat strip as shown in the 
center diagram. Since the strip has inductance, this arrange-
ment is also a resonant circuit. Now, suppose that several strips 
are connected between the upper and lower plates. The resulting 
combination is still a resonant circuit. As a matter of fact, the 
strips may be made continuous around the edges of the condenser 
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plates so that a closed box results, and the box is still a resonant 
circuit. It is a cavity resonator. 
Cavity resonators are made in a variety of shapes to fit par-

ticular requirements. They may be closed cylinders, spheres, 
rectangular boxes, or doughnut-shaped devices. Their shape is a 
factor in determining their effective Q, and, along with their 
physical dimensions, the frequency at which they resonate. The 
resonant frequency is also affected by the manner of excitation. 
A copper sphere having a radius of 17.5 cm resonates to a wave-

length of 40 cm (750 Mc) and has a Q of about 50,000 and a 
shunt resistance of about 4 megohms. Since the radius of spher-
ical resonators is proportional to the wavelength, it is a simple 
matter to design a whole series of resonators, once one has been 
designed. The value of Q and the shunt resistance vary approxi-
mately as the square root of the wavelength. 

Cavity resonators are used as the tuned elements in high-
frequency wavemeters, as essential elements of certain tubes such 
as klystrons, and for many other purposes. 
20.15. Velocity-modulated tubes. Suppose that a beam of 

electrons of uniform velocity is caused to pass through two grid-
like structures (buncher) upon which an alternating potential 

Buncher Catcher 
grids k grids 

Electron 
source 

FIG. 6. Elements of velocity-modulation tube. Note that electrons flow 
in bunches after passing the field of buncher grids. 

is placed as in Fig. 6. If the spacing of the buncher grids, the 
frequency of the alternating potential, and the transit time of 
the electrons between the grids are properly related, the electrons 
which pass into the space between the buncher grids on the half 
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cycle when the right grid is positive will be speeded up. Those 
which enter when the right grid is negative will be slowed down. 
In this manner the uniformity of the velocity of the electrons is 
destroyed, and, at certain points further along the tube, some of 
the electrons are bunched together and others are scattered out. 
If successive groups of the bunched electrons pass through an-
other pair of grids (catcher) on their way toward the final posi-
tive electrode or collector, alternating voltages will be produced 
upon the catcher electrodes. This follows from the discussion 
in Sect. 20.11, where it was found that electrons do not have to 
actually strike an electrode to induce voltages and currents in it. 

This is the basis of several types of tubes very useful in gen-
erating centimeter waves, of which the klystron is typical. In 
one tube of this general type, 110 watts may be produced at 

450 Mc. 
In practice, the tuned circuits for the buncher and catcher 

are replaced by cavity resonators. Klystrons using such resonators 
are shown in Figs. 7 and 8. 

-;-1) Cathodc Uollector 

FIG. 7. Elements of the klystron. The circular devices along the tube are 
cavity resonators. 

To make such tubes self-generating (oscillate l it is necessary 
only to use a feedback system by which some of the energy in the 
catcher circuit is fed back to the buncher circuit. Output power 

is taken from the catcher cavity. 
Another type of velocity-modulated tube, the reflex klystron, 

uses a single cavity. A repeller electrode replaces the collector 
of the double-cavity tube. This repeller is held at a negative 
voltage and so repels electrons which come through the buncher 
grids, causing these electrons to pass back through these grids. 
If the repeller voltage is of the proper value, the electrons will be 
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returned to the buncher in bunches and at the proper time to 
give up their energy. Tubes of this type may be made which 
will oscillate above 9000 Mc. Their power output is usually of 
the order of 0.1 watt. They are widely used as the local oscil-
lators in superheterodyne microwave receivers. 

Tuning ring 

Feedback line 

Drift space 

Buncher resonator 

Flexible diaphragm 

Focusing electrode 

Heater 

..e.--Heat-radiating area 

Catcher grids 

Catcher resonator 

Coaxial 
output 

Buncher grids 

Accelerating grid 

Tuning ring 

Cathode 

A 

Flo. 8. Sectional view of the 410-R/2K30 klystron of Sperry, a tube of 
the velocity-modulation type which makes possible generation, amplifica-
tion, and conversion of frequencies in the centimeter-wavelength region. 

The tube is 6 in. long overall. 

20.16. The magnetron. The magnetron is a high-frequency 
oscillator utilizing both electric and magnetic fields to produce 
a high-frequency output. There are several types of magnetrons, 
of which the multicavity type is most widely used. 
Diagrams of a multicavity magnetron are shown in Fig. 9. 

The anode is either machined from a solid block of copper or 
assembled from thin copper punchings. The circular holes in 
the anode, with slots into the anode cavity, are cavity resonators, 
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and determine the operating frequency. Different numbers of 
cavities are used. Six are shown in the figure. The cathode is 
a metallic cylinder coated with an emitting material and con-
taining an internal heater. Power is taken from the tube by 
means of a loop in one of the cavities. In operation, the tube 
is placed between the poles of a powerful permanent magnet. 
An electron moving in a magnetic field, and perpendicular to 

it as in the magnetron, is caused to move in a circle. If, in addi-
tion, there is an electric field as is the case here, the circular 

Resonant 
cavity 

Anode 

Cathode 

Electron 
paths 

Output 
coupling 
loop 

Fm. 9. Multicavity magnetron. 

Graphical symbol 

motion is distorted but the electron moves in a looping path as 
long as the circular motion is predominant. The magnetron is 
operated with its anode positive with respect to its cathode. 
Thus, electrons are attracted toward the anode, but move in paths 
such as shown in the figure. 

Consider the case in which the magnetron is oscillating. Then 
the cavities in the anode, acting as resonant circuits, will produce 
alternating voltages, and there will be voltage differences across 
the slots. The polarities of these alternating voltages (in addi-
tion to the direct voltage supplied to the anode) at a particular 
instant of time are shown in the figure. The instantaneous volt-
age across adjacent slots is such that the intervening segments 
of the anode are alternately positive and negative. Now, if an 
electron, moving in its looping path, passes the slots to adjacent 
cavities in a time equal to the period of the oscillations, the elec-
tron will give up energy to the cavities and so produce r-f power 
which is available at the output terminals of the tube. 
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Magnetrons have found their widest application in radar equip-
ment. In this service they are usually pulsed. That is, high 
direct voltages are applied to the tubes for short periods of 
time, then turned off. The procedure is then repeated. Each 
time the voltage is applied, the tube generates a pulse or burst 
of high-frequency energy. Magnetrons are available which will 
produce more than a million watts of r-f energy during these 
short pulses, even though the average power output is not more 
than 500 or 600 watts. The frequency range of magnetrons is 
from about 150 to 20,000 Mc. 
20.17. Wave guides. One of the interesting devices used in 

very high-frequency apparatus is the wave guide. A wave guide 
is nothing more than a hollow pipe which may have a circular, 

h 

a 

Fie. 10. Rectangular wave guide. The lengths of the arrows are 
proportional to the electric field strength. 

rectangular, or some other cross section. Under certain condi-
tions a wave guide will transmit high-frequency energy with 
high efficiency. 
The ability of a hollow pipe to guide r-f energy may seem 

strange since there is only one conductor—the inner surface of 
the pipe. And yet a transmission line requires two conductors. 
It must be remembered, however, that radio waves are radiated 
through space without any conductors. Waves on transmission 
lines or in wave guides are "guided" from one point to another. 
Radiated waves in space are essentially unguided. 
The question that naturally arises in regard to wave guides is, 

Why are not the top and bottom sections short-circuited since 
they are all part of a continuous conductor? This question can 
be answered by reference to Fig. 10, which shows a rectangular 



Sec. 20.17] Wave Guides 553 

wave guide. If it were possible to inject a wave into such a 
guide so that the electric field intensity (the volts per meter) was 
maximum at the center and zero at the edges of the top and 
bottom sections of the guide as shown in the figure, then there 
would be no voltage along the edges and the top and bottom sec-
tions would not be short-circuited. There would still be an elec-
tric field in the wave guide (also a magnetic field which is not 
shown) and energy could be transmitted down the guide. The 
dimension b in the diagram must be at least one-half wavelength 
since it must accommodate a wave with a field intensity that 

f\ 
/ \ / \ / \ 
/ \ \ / \ 
\ / \ / \ 
\ / \ / \ / / \ / \ \ ..„ \ 

Y  
no. 11. How radiation is reflected by inner walls of a wave guide just as 

light may be sent down a glass pipe or tube. 

starts at zero at one side, rises to a maximum at the center, then 
falls to zero at the other side. This is equivalent to a half wave-
length. For the wave shown in the diagram, the dimension a 
has no effect on the operating frequency. It must merely be 
large enough to prevent voltage breakdown between the upper 
and lower sections of the guide. There are, however, other man-
ners in which a wave guide may be excited—the manners of 
excitation are called "modes"—and with some of these both di-
mensions of the wave guide affect the lowest frequency that can 

be transmitted. 
The lowest frequency (longest wavelength) that can be trans-

mitted down a wave guide is called the cut-off frequency (cut-
off wavelength). 
As energy is transmitted down a wave guide it is bounced back 

and forth from upper to lower walls as seen in Fig. 11. The solid 
line shows the path for a wave whose frequency is considerably 
above the cut-off frequency, and the dashed line is for a wave 
near the cut-off frequency. As the cut-off frequency is reached, 
waves bounce up and down and make no progress down the guide. 
Even for waves near the cut-off frequency, which do have for-
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ward motion, there is considerable attenuation of the power in 
the wave. For this reason wave guides are generally not used 
too near the cut-off frequency. 

Wave guides -are useful only at very high frequencies because 
the physical dimensions must be comparable to the wavelength 
of the energy to be guided. At long wavelengths, the dimensions 
would have to be so great that it would be impractical to con-
struct, support, or maintain the guide. But at high frequencies 
a wave guide can be a small and extremely efficiént conductor. 
The losses in metallic pipes of circular or rectangular cross sec-
tion are of the order of a few decibels per mile. In a 5-in. cy-
lindrical copper wave guide, for example, the attenuation for 
5000-Mc signals is about 10 db per mile, and over a band several 
thousand megacycles wide the attenuation does not differ much 
from this value. The attenuation of even the best coaxial cable 
at these frequencies is considerably higher because the currents 
are concentrated in the rather small surface area of the center 
conductor and therefore produce a relatively higher loss than in 
the outer conductor, which has a large surface area. There is, of 
course, no inner conductor in a wave guide. 

Since wave guides will not pass r-f energy below the cut-off 
frequency, they behave in this respect like high-pass filters and 
are sometimes used as such. The cut-off wavelength for the 
rectangular guide shown in Fig. 10, and for the mode of excitation 
indicated, is 

Xc = 2b 

where b is the long dimension of the wave guide. 
For a cylindrical tube the longest wave that will pass down 

the pipe varies from 1.64 to 3.46 times the radius, depending 
upon the mode of excitation. 
A wave guide has a characteristic impedance much as a trans-

mission line. And, as with a transmission line, the generator and 
the load device should be matched to the impedance of the guide 
for the most efficient transfer of power. The lowest practical 
characteristic impedance of a round pipe is about 250 ohms, but, 
by varying the small dimension of a rectangular pipe for a given 
value of the large dimension, the impedance may be made prac-
tically any value desired up to 465 ohms. By varying both the 
dimensions correctly the impedance may be made to have prac-
tically any value. 
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It is not necessary that a wave guide be made of metal. A 
solid rod of dielectric material will also guide waves, and poly-
styrene is sometimes used in this service. Like metal tubes, the-e 
dielectric wave guides have a cut-off frequency. The attenua-
tion in such guides is ordinarily higher than in metal guides. 

20.18. Practical aspects of wave guides. In a coaxial line, 
the attenuation or loss of energy per unit length depends upon 
the high-frequency resistance of the inner surface of the outer 
conductor and the outer surface of the inner conductor. Since 
the inner conductor has the smaller surface area, most of the 
losses occur in the central wire or pipe. In a wave guide there 
is no inner conductor, and all the energy dissipation takes place 
as a result of currents flowing along the inner surface of the tube. 
The losses, in general, are lower than in a coaxial line. If the 
lowest losses are to be experienced, low-resistance material (cop-
per) should be used. Silver plating will still further reduce the 
losses. It must be remembered that, at the frequencies under 
consideration, currents flow on the surface or barely penetrate 
the metal, owing to skin effect. 
For 3000-Mc waves, brass pipe having an outside diameter of 

3 in. and a % 6-in wall may be used. A rectangular pipe for 
this frequency may be made of 0.081-in. material. Dimensions 

of 1% by 2% in. are suitable. 
20.19. Wave-guide couplers. In many high-frequency sys-

tems employing wave guides, provisions must be made for cou-

pling energy into or out of a wave guide from a coaxial line. This 
is usually done by terminating the outer conductor of the coaxial 

line at the wall of the wave guide and extending the center con-
ductor into the guide as an antenna. Sometimes the center con-
ductor of the coaxial line is run on through the wave guide and 
into a pipe extending from the other side as shown in Fig. 12. 
A piston in this pipe short-circuits the coaxial conductor and 
gives a means of matching the coaxial line to the guide. The 
movable plunger shown in the end of the wave guide is also for 
impedance matching. The face of the plunger which is inside 
the wave guide is located roughly one-quarter wavelength from 
the center conductor of the coaxial line. 
The wave-guide couplers described above are only two of many 

that are available. Some employ loops rather than a straight 
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Flo. 12. Wave-guide coupler. 

wire. The type used and its placement within the guide deter-
mine the mode of excitation. 
20.20. Wave-guide horns. Many of the antennas described 

in Chapter 18 can be adapted for use at very high frequencies. 
All that is necessary is to scale them down to the proper size. 
However, these are all for use with either a two-wire or coaxial 
line. Another problem arises when it is desired to radiate energy 
from the open end of a wave guide. 

It would be possible, of course, to permit the energy to be 
radiated from the end of a wave guide with no special provisions 
for directing it properly or securing an "impedance match" be-
tween the wave guide and free space. However, such an arrange-
ment would be inefficient and the resultant field pattern would 
not be highly directive. What is needed is a gradual transition 
from the wave guide to space. This can be conveniently achieved 
by merely flaring the end of the wave guide much like the flare 
of a horn speaker and for much the same reason. The resultant 
field pattern is a highly directive elongated "oval" such as shown 
in Fig. 13. By the proper choice of the angle of flare and length 
of the wave-guide horn, the pattern can be made to be very 
directional. 
20.21. Parabolic reflectors. Everyone is familiar with the 

fact that a source of light placed at the focus of a parabolic re-
flector can be made to produce a highly directive beam. This 
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+15° 

FIG. 13. Directional characteristics of a metal horn-type antenna 

operating on 15.3-cm wavelength. 

scheme is used in most automobile headlamps. Similarly, a 
source of r-f energy can be properly located with respect to a 
metallic parabolic reflector with the result that a highly directive 
beam of r-f energy is produced. At short wavelengths the entire 
structure, antenna, reflector, and generator, can easily be made 
portable. The angle of radiation may be made extremely nar-

Parabola Parabola 

.... -.1orn Reflector 

\ Wave guide Dipole 

(a) Wave Guide Feed (b) Dipole Feed 

Flo. 14. Parabolic reflectors. 

row, and a surveyor's transit is often used to line up a transmitter 
with a receiver utilizing such a system. 
A parabolic reflector may be fed from either a wave guide or 

a dipole antenna. In the case of a dipole antenna, a disk or half 
cylinder of metal is usually mounted on the side of the dipole 
away from the reflector to keep the r-f energy that would other-
wise be radiated forward from spoiling the directivity of the 
beam. This energy is reflected back to the reflector. Typical 
arrangements for both wave-guide and dipole feeds are shown in 
Fig. 14. To achieve good directivity patterns the outer diameter 
of the parabolic reflector should be several wavelengths. 
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Much simpler to construct than a parabolic reflector, although 
not quite so effective, is a "corner" reflector made up of two 
sheets of metal placed at an angle to each other and with the 
antenna at the apex. The angle between the two plates and the 
location of the antenna control the width of the beam produced. 

Microwave 
energy 

Fm. 15. Metal-lens antenna. 

20.22. Metal-lens antennas. Parabolic reflectors used for 
short wavelengths concentrate or focus radio energy much the 
sanie as similar reflectors concentrate light energy. In a similar 
manner, it is possible to construct metallic "lens" systems which 
will concentrate r-f energy or radiate it in highly directive pat-
terns. These are usually assembled from a series of metal strips 
in an "egg-crate" form as shown in Fig. 15. The contours of the 
two faces depend upon the use to which the metal-lens antenna 
is to be put. The faces may be plane, concave, or convex, the 
same as those of glass-lens systems for optical use. Lens antenna 
systems are finding considerable use in the microwave systems 
which relay television programs from city to city. 



21 • Electronic Instruments 

Recent years have seen the development of many instruments 
designed specifically for testing electronic circuits and instru-
ments for many purposes which utilize vacuum tubes as essential 
elements. An understanding of the theory, operation, and use 
of these instruments is rapidly becoming a "must" for anyone 
who is working in the electronic field. Vacuum tubes make pos-
sible the design of instruments having the desirable features of 
high input impedance, extremely wide frequency range, high 
sensitivity, and ruggedness. 

VACUUM-TUBE VOLTMETERS 

21.1. Characteristics of vacuum-tube voltmeters. In the 
study of vacuum-tube detectors in Chapter 14, it was learned 
that a d-c component of current was always present in the out-
put of the detector. It was also found that the magnitude of this 
d-c component depended upon the magnitude of the voltage im-
pressed on the detector. Therefore, a d-c milliammeter inserted 
in the plate circuit of a detector will give an indication of the 
a-c voltage impressed on the grid circuit. If known voltages are 
impressed on the grid and the milliammeter scale is marked cor-
respondingly in volts, the device will indicate voltage; in other 
words, the composite instrument will be a voltmeter. Also, since 
it uses a vacuum tube in its operation, it is called a vacuum-tube 
voltmeter. 
A simple vacuum-tube voltmeter (VTVM) as described above 

operates on the principle that a small voltage applied to the grid 
of a triode controls a relatively large amount of plate current 
without drawing any appreciable power from the source of volt-
age. This type of voltmeter has three distinct advantages over 
the ordinary d'Arsonval type of d-c instrument, or the iron-vane 

559 
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or electrodynamometer types of instruments used in a-c measure-
ments. 

1. The tube voltmeter has high sensitivity: a relatively small 
change in input voltage may produce a relatively large change in 
the current flowing through the indicating meter. The high sensi-
tivity is due primarily to the power amplification taking place 
in the tube. This is a very desirable feature when low voltages 
are to be measured. 

2. The meter movement in a tube voltmeter can be much more 
rugged than the movements in, for example, a d'Arsonval meter 
having the same sensitivity. Because the voltage being read is 
in effect amplified in the vacuum-tube voltmeter, more current 
is available for actuating the indicating meter. For example, a 
d-c voltmeter having a sensitivity of 20,000 ohms per volt re-
quires a movement which reads full-scale with a current of only 
50 sa, whereas a tube voltmeter of similar or greater sensitivity 
would probably have a 0- to 1-ma ( 1000-sa) movement for the 
indicating instrument. The 0- to 1-ma movement is much more 
rugged than the 0- to 50-sa movement. 

3. The tube voltmeter has a much higher input impedance 
than the ordinary type of voltmeter, particularly when the a-c 
ranges are compared. The advantages of this characteristic are 
great. With a high-impedance voltmeter, it is possible to measure 
voltages while drawing only a negligible amount of power from 
the voltage source. Thus it is possible to measure voltages ac-
curately where the use of an ordinary voltmeter would so seriously 
disturb the circuit by lowering the voltage as to render any meas-
urements unreliable. (This type of circuit disturbance by a meas-
uring instrument is called loading. See Sect. 3.9.) For example, 
it is possible to measure the a-c voltage appearing on the grid 
of a detector tube with a tube voltmeter. Such a voltage meas-
urement would generally be very difficult with other types of a-c 
instruments. 

Other advantages will soon become evident. For example, a 
well-designed tube voltmeter may be calibrated at a low fre-
quency and this calibration will be accurate at much higher 
frequencies. 

The question may be asked, Why are any but vacuum-tube 
voltmeters used if they are so superior? The answer is that they 
are not superior in every respect. In general, they are not so 
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accurate as the standard types of voltmeters. They may require 
more frequent calibration, owing to changes in circuit or tube 
characteristics. They may be sensitive to line-voltage variations 
if the power to operate them comes from the 115-volt a-c lines. 
They are generally bulkier than other types of a-c meters. How-
ever, these disad vantages are gradually being overcome, and the 
tube voltmeter of today is an accurate and reliable instrument. 

21.2. Plate-circuit voltmeters. Vacuum-tube voltmeters 
using plate rectification to convert the a-c input into direct cur-

Waveform of 
/— plate current 

Plate current 
increase 

/e, (normal plate current) 
Ec (bias voltage) 

eg (applied voltage) 

Flo. 1. Operating point for a full-wave square-law vacuum-tube voltmeter. 

rent may be divided into three general classes, depending on the 
initial grid bias used: ( 1) the full-wave square-law type is biased 
midway in the lower curved portion of the /b—E0 characteristic 
curve; (2) the half-wave square-law type is biased approximately 
at cut-off; and ( 3) the peak type is biased past cut-off. 

In the full-wave square-law type (Fig. 1), plate current flows 
during most or all of the cycle of input voltage. The change in 
plate current produced by the rectifying action when an a-c 
voltage is impressed on the grid is almost exactly proportional 
to the square of the rms value of the applied voltage. Both 
halves of the applied voltage wave affect the plate current. 

If the grid is biased to cut-off ( Fig. 2) the negative alternations 
of the applied voltage have no effect on the plate current, and the 
change in plate current will be very nearly proportional to the 
square of the positive alternations. If this type of voltmeter is 
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Flo. 2. Grid biased at or near cut-off in plate-circuit detector used 
as a voltmeter. 

used to measure a non-symmetrical voltage wave, it may be 
necessary to reverse the input terminals for a second reading, 
then average the two readings to obtain a more nearly correct 
value of voltage. 

If the grid is biased well past cut-off (Fig. 3) the change in 
plate current is determined primarily by the peaks of the positive 
alternations, and the meter becomes a peak-reading voltmeter. 
The wave form of either alternation has little effect on the read-
ing since the voltage reading depends mostly on the peak value. 
A condenser connected in parallel with the meter in the plate 
circuit makes the instrument even less dependent on the wave-
form. However, in either case, if the peak values of the negative 
alternations are different from the positive peaks, a different 
reading would be obtained by reversing the input terminals. 

21.3. Balancing circuit. Some plate current may flow in a 
tube voltmeter even when no signal is applied, unless the grid 
is biased at or beyond cut-off. This initial current is of no value 
and, when flowing through the plate meter, reduces the amount 
of the scale which may be used for indicating voltages. This 
disadvantage may be overcome by balancing out the initial plate 
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4 (grid bias) 
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563 

Fla. 3. When bias is well beyond cut-off, peaks of input voltage 
determine plate current. 

current so that the plate milliammeter reads zero when zero 
voltage is applied. A typical circuit for accomplishing this re-
sult is shown in Fig. 4. The variable resistor R2 is adjusted so ci 

eg 
(signal 
voltage) 

C2 

R1 — + 

R 2 

Fla. 4. Use of battery and rheostat for balancing out the steady 
no-signal current. 

that the current from the auxiliary battery is exactly equal to 
that flowing from the main battery, with no signal applied to 
the grid. Both these currents flow through the meter, and since 
they flow in opposite directions the meter reading will be zero. 
Various other circuit arrangements may be made to accomplish 
this same purpose, some not requiring an auxiliary battery. 
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21.4. Slide-back voltmeter. Another voltmeter circuit which 
indicates the positive peaks of the a-c input wave is shown in 
Fig. 5. In this circuit the grid bias is adjusted so that a small 
current flows in the plate circuit. The unknown voltage is then 
applied and the bias readjusted so that the plate current is the 
same as before. The peak value of the unknown voltage is then 
equal to the change in grid bias required. The necessity of re-

(applied 
voltage) II + 

Ebb 

Flo. 5. Slide-back voltmeter. In operation, the grid bias, V, is adjusted 
to give a chosen value of plate current. The signal voltage which is to 
be measured is then applied. This increases the plate current. Finally. 
the bias voltage is increased to return the plate current to its original value. 

adjusting the bias to a more negative value gives rise to the name 
slide-back voltmeter. 
For low input voltages, the voltmeter is not very accurate and 

a correction must be applied. However, for higher input volt-
ages, this meter gives very accurate readings. The accuracy de-
pends primarily on the accuracy of the voltmeter employed in 
the grid circuit and not on changes in circuit constants or tube 
characteristics. 

21.5. Diode voltmeters. The discussion so far has dealt 
only with voltmeters in which the unknown voltage is impressed 
on the grid of a tube, implying the use of a triode or multigrid 
tube. Diodes may also be used in vacuum-tube voltmeters. The 
purpose of the diode is to rectify the a-c voltage so that a d-e 
meter may be used as the indicating instrument. Since the diode 
does not amplify, the diode voltmeter cannot be more sensitive 
than the meter employed. However, a d-c meter and rectifier 
arrangement for measuring a-e voltages is desirable, since d-e 
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meters in general have much higher sensitivities and thus higher 
input impedances than the corresponding a-c voltmeters. 
Diode voltmeters may be divided into two types: ( 1) average-

reading, and (2) peak-reading. Either type may employ half-
or full-wave rectification. A simple average-reading diode volt-
meter and the waveform of the rectified current flowing through 
the meter are shown in Fig. 6. Even though both a-c and d-c 

Average 
current 

Time 
(a) Typical Circuit (b) Rectified Current Meter Reads 

Average Current 

Flo. 6. Simple average-reading diode voltmeter. • 

components of current flow through the meter, the meter responds 
only to the average or direct value of the current. Hence, the 
name average-reading. Except for low-voltage ranges, the sensi-
tivity of the meter is determined largely by the full-scale current 
of the d-c meter and the series resistor R. For low-voltage ranges 
R may be small enough that the internal resistance of the diode 
has an appreciable effect on the sensitivity. A typical instrument 
incorporates a 0- to 50-ea meter with an appropriate multiplying 
resistor for each voltage range. The meter indicates the average 
value of the positive half cycle of the input voltage. 
The diode voltmeter may be made into a peak-reading instru-

ment by shunting the multiplying resistor and meter with a con-
denser as in Fig. 7. During the positive half cycle the current 
divides and part flows through the meter and part into the con-
denser. Thus the condenser is charged during this portion of 
the cycle and may discharge through the meter during the nega-
tive half cycle when the tube is not conducting. This discharge 
current passes through the meter and causes the instrument to 
indicate the peak of the input voltage. This device is more sensi-
tive than the average-reading meter described above, but the 
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Flo. 7. Simple peak-reading diode voltmeter. 

readings are subject to larger errors if the waveform of the volt-
age being measured is not sinusoidal. 

21.6. Voltmeter amplifiers. Diode rectifiers are often com-
bined with amplifiers to make tube voltmeters respond to lower 
voltages, to permit the use of a more rugged indicating instru-
ment, and to secure other desirable characteristics. Two com-
binations of the rectifier and amplifier are in common use. The 
first coeination places the diode rectifier at the input terminals. 
The resulting direct voltage output is amplified in a d-c amplifier. 
The General Radio type 727-A is an example of this circuit. 
Figure 8 shows the basic operating parts of this meter. A tube 

cl 

L _J 
Range switch 

FIG. S. Diode rectifier with d-c amplifier to enable the use of a more 
rugged indicating instrument. 

V1 having a very low input capacitance is used as the rectifier. 
Because of this low capacitance the calibration is essentially in-
dependent of frequency up to about 30 Mc and is still usable up 
to 100 Mc. 

Zero 
adjust 



See. 21.7] Calibration and Use of VTVM 567 

The second type of meter places a broad-band amplifier at 
the input, followed by the detector. Thus the rectifier is always 
supplied with a comparatively large voltage, making its opera-
tion nearly linear. The amplifier normally employs a large 
amount of inverse feedback. The Hewlett-Packard type 400A 
meter is a typical example. Figure 9 shows the essential features 
of this meter. 

21.7. Calibration and use of vacuum-tube voltmeters. A 
well-designed VTVM may be calibrated at 60 cycles, and this 
calibration will be accurate up to 100 kc or several megacycles, 
depending upon the particular instrument. 
Most tube voltmeters incorporate a series condenser in the 

input leads as shown in Fig. 9. This condenser blocks any d-c 

Cathode 
follower 

Two-
- stage — 

amplifier 

Full-
wave 

rectifier 

Negative feedback 

Fla. 9. Amplifier followed by diode rectifier. 

— 0 

D C meter 

voltages in the input signal and allows the meter to respond only 
to a-c voltages. 

There are a few important considerations if the proper use is • 
to be made of tube voltmeters. These include the factors in-
herent in the tubes and meter circuits which may cause erroneous 
readings, as well as factors over which the user has direct control. 
Some of the more important factors follow: 

1. Sei ies resonance 
2. Transit time error 
3. Input impedance 
4. Waveform error 
5. Turnover 
6. Grounding 
7. Zero drift 

Series resonance occurs between the inductance of the input 
leads and the input capacitance of the first tube and associated 
parts. This series resonance usually causes the reading to be high 
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near the upper usable frequency range of the instrument, and to 
decrease rapidly as the frequency is raised still further. 
The transit time of the electrons may also enter the picture, 

since some of the electrons leaving the cathode near the end of 
the cycle may not reach the plate before the cycle reverses. This 
error depends both on the voltage being measured and on the 
frequency, and causes the readings to be lower than the true 
value. 
The input impedance usually becomes lower as the frequency 

is raised. Because the input capacity remains essentially con-, 
stant regardless of the input frequency, but its reactance de-
creases as frequency increases, the input impedance is reduced. 
An erroneous reading may result if the waveform of the signal 

voltage is not sinusoidal since practically all tube voltmeters are 
calibrated with sinusoidal voltages. The amount of error de-
pends both on the waveform and on the type of meter circuit, 
that is, whether it is full-wave, half-wave, or square-law, and 
whether it is peak- or average-reading. 

Reversing the input terminals sometimes changes the reading. 
This effect is known as turnover and is greatest in peak volt-
meters. It is present to a certain extent in the half-wave square-
law type but is non-existent in true full-wave square-law and 
linear instruments. When turnover is present, averaging the 
direct and reversed-polarity readings will give approximately, 
but not necessarily, the correct value. The presence of turnover 
indicates that the amplitude of the positive voltage peaks is dif-
ferent from the amplitude of the negative peaks. 
The ground terminal must be connected to the ground or low 

potential point of the circuit whose voltage is being measured. 
Unless the ground terminals are properly connected, the capaci-
tance between the VTVM case and the test circuit may cause 
considerable error, particularly at frequencies above a few thou-
sand cycles. This kind of error is different from the turnover 
effect discussed in the preceding paragraph. 

Sufficient time should be allowed after a VTVM is turned on 
before the adjustment is made which balances out the residual 
current in the indicating meter. Otherwise the residual current 
may change as the instrument continues to warm up to the final 
operating temperature. The residual current may also change 
because of aging of tubes and condensers, but this is a long-time 
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effect. Both these changes in the residual current are called 
zero drift. 

CATHODE-RAY OSCILLOGRAPHS 

21.8. Cathode-ray tubes. The cathode-ray oscillograph is 
probably the most versatile of all electronic instruments. It has 

A Aquadag coating 
Ai Focusing electrode (300 to 500 volts) 
A2 Accelerating electrode ( 1500 to 2000 volts) 
DI, D2 Vertical deflecting plates 
E03, D4 Horizontal deflecting plates 
G Control or intensity grid (0 to —500 volts) 
H Heater 

Cathode 
S Fluorescent screen 

Fig. 10. An electrostatically deflected cathode-ray tube. 

many uses, and new ones are being found constantly. The heart 
of the cathode-ray oscillograph is the cathode-ray tube. 
Within this tube, a beam of electrons is focused on a fluorescent 

screen at the end of the tube. When the beam strikes the fluores-
cent material, visible light is produced. The beam may be de-
flected by causing the electrons to pass between parallel plates 
on which potentials are placed or by causing the beam to pass 
through a magnetic field. These are called, respectively, elec-
trostatic and magnetic deflection. 
A diagram of an electrostatically deflected cathode-ray tube is 

shown in Fig. 10. Electrons are produced at the cathode and 
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are accelerated along the axis of the tube by the high voltages 
on electrodes A1 and A2. The electrode G is called the control 
or intensity grid and acts in a manner similar to the grid of a 
triode in that it controls the number of electrons passing on to 
the screen. Varying the voltage on this grid varies the intensity 
of the light emitted from the screen. The small holes in G and 
A1 are for the purpose of forming the electron stream into a beam 
and for stopping any electrons which are too far off the axis of 
the tube. Besides accelerating the electrons A1 and A2 together 
form an electron lens system which focuses the electron stream 
into a thin pencil beam at the screen. The potential of A1 is 
made variable so that the best focus can be obtained at the 
screen. 

Deflection of the electron beam is accomplished by the vertical 
deflecting plates D1 and D2, and by the horizontal deflecting 
plates D3 and D4. When a voltage is placed on DI and D2 with 
the polarity shown in Fig. 10, the beam will be deflected upward. 
The screen at the end of the tube is coated on the inside with 

a fluorescent phosphor which produces visible light when the 
electron beam strikes it. The fluorescent material most widely 
used for tubes in cathode-ray oscillographs has a green color 
(when excited by the electron beam), while a white material is 
generally used in tubes designed for television. Other phosphors 
are available for special services, including a blue one for photo-
graphic use and some which glow for an appreciable time after 
the beam of electrons has moved on. The latter type is called 
a long-persistence phosphor. 
The Aquadag coating on the inside of the large part of the 

tube is a conducting material which serves to return excess elec-
trons from the screen area to ground. 

In cathode-ray tubes which employ magnetic deflection the 
deflecting plates shown in Fig. 10 are replaced by deflecting coils 
as shown in Fig. 11. Only one pair of deflecting coils is shown 
in the diagram. Current in these coils sets up a magnetic field 
across the tube, causing the electron beam to be deflected. For 
the set of deflecting coils shown, the deflection will be perpen-
dicular to the plane of the paper. The electron beam may be 
focused with a coil placed around the neck of the tube. Such a 
focusing coil is shown in Fig. 11. Some tubes employ combina-
tions of electrostatic focusing and magnetic deflection. 
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Magnetically deflected tubes suffer from one distinct disad-
vantage. Negatively charged ions in the tubes are directed to-
ward the screen in the same manner as electrons. However, the 
magnetic field gives them comparatively little deflection, and 
all the ions, which are about 1800 times as heavy as electrons, 
strike the screen at or near the center, causing a black spot by 
burning the phosphor. To avoid this trouble, many tubes have 
built-in ion traps which eliminate the difficulty but add to the 

Focusing 
coil 

0 0 0 0 
0 0 0 0 

0 0 0 0 

D-C focusing 
current 

Deflecting 
current 

Deflecting 
Coils 

Flo. 11. Cathode-ray tube with magnetic focus and deflection. 

complexity of the tube. Magnetically deflected tubes are widely 
used in television receivers since the tubes may be made some-
what shorter for the same screen size, resulting in a reduction of 
the required depth of cabinets for television receivers. 

21.9. Cathode-ray oscillographs. Cathode-ray oscillographs 
have very wide use in observing waveforms, comparing phase 
relations, checking modulation, and for numerous other purposes. 
A typical cathode-ray oscillograph has two amplifier channels 

connected to the horizontal and vertical deflection plates, re-
spectively. These amplify the signals which are to be observed 
so that small signals will cause adequate deflection on the scneen. 
Actually, for the observation of waveforms, the horizontal ampli-
fier channel is normally used to amplify a sawtooth "time base" 
voltage, while the signal to be observed is connected to the vertical 

amplifier channel. 
21.10. Time bases. If a sine wave of voltage is applied to 

the vertical set of plates, the beam will be deflected up and down 
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from its normal position. A straight vertical line will be seen 
on the screen. If, however, the beam is moved to the right at the 
same time that the sine wave of voltage tends to make it move 
upward, then a pattern which is a sine wave will be traced on 
the screen. If, after the beam has reached a point near the right 
edge of the screen, the horizontal deflecting voltage suddenly 

Signal voltage 

Return 
trace 

Retrace 
time 

Sawtooth 
sweep 
voltage 

Screen 

0 
o 

Vol age 

Fm. 12. Use of sawtooth time base for observing waveforms of a 
signal voltage. 

changes so that it returns the beam to its starting point, succes-
sive traces of the sine wave will appear on the screen. The 
desired form of horizontal deflecting voltage, then, is one which 
will move the beam horizontally at a uniform speed so that, at 
any instant of time, say a particular point on an a-c cycle, the 
beam will be at a particular spot on the screen. The sine wave 
of voltage on the vertical plate will be "spread out" by the hori-
zontal deflecting voltage. This voltage is called a time base 
since it enables the operator to get the time relations of the pat-
tern he is seeing on the screen. This action is shown in Fig. 12. 
There are many forms of time bases and time-base circuits. 

In all of them, the beam is swept across the screen (sometimes 
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around the screen in a circle or spiral), and then the beam is 
brought back to its starting point. Sometimes the return trace 
is blanked out by driving the intensity grid highly negative dur-
ing the return period. 
21.11. Sawtooth generators. The sawtooth waveform is 

widely used for time bases since it is linear; that is, it sweeps 
the beam across the screen at a uniform rate, then returns the 
beam to the starting point very quickly. 
The ideal sawtooth waveform can be approached quite closely 

by means of a simple relaxation oscillator, the circuit of which is 
shown in Fig. 13. Direct current flows through R, charging up 

Breakdown 
voltage 

Sawtooth 
output 

Condenser charging 
Curve 

Sawtooth output 

Time 

(a) Simple Circuit for Producing (b) Sawtooth Waveform 
Sawtooth Time Base 

Fla. 13. Sawtooth generator. 

the condenser until the voltage across the neon lamp is sufficient 
to cause the gas to break down, discharging the condenser. The 
charge and discharge cycle is then repeated at a rate depending 
on the size of R, C, and the d-c voltage. 
As the condenser in the above oscillator charges exponentially 

rather than linearly, the rate of charging is not quite constant. 
It can be made very nearly linear, however, by careful design. 
In special applications, the charging rate may be made constant 
by replacing the resistor with a constant-current device, such 
as a pentode vacuum tube. Then, since the charging current 
must be constant, the rate of charging of the condenser must be 
uniform, and the voltage across the condenser will increase at a 
uniform rate. A type 884 or similar grid-controlled gaseous dis-
charge tube (thyratron) is generally used in place of the neon 
bulb, as the frequency of the oscillations may be controlled to a 
certain extent by the application of a small voltage of the proper 
frequency to the grid. The frequency of the oscillator employing 
the neon bulb cannot be controlled in this manner. 
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A circuit of a sweep-frequency oscillator using a constant-
current pentode is shown in Fig. 14. Such a circuit is capable of 
producing a waveform very close to that of an ideal sawtooth 
wave. 
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Fla. 14. Complete sweep-voltage oscillator circuit and its characteristic. 

(From RCA.) 
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21.12. Oscillograph controls. A typical front panel of an 
oscillograph is shown in Fig. 15 and a block diagram of the in-
ternal connections in Fig. 16. Although there is some variation 
from one oscillograph to another, the basic controls are much 
the same. Some of the controls which are common to nearly all 
oscillographs will be described. Instruction manuals should be 
referred to for the operation of a particular instrument. 

After a preliminary warm-up time, after the instrument is 
turned on, the spot is positioned on the screen with the VERTICAL 
POSITION and the HORIZONTAL POSITION controls. (An intense 
spot should not be allowed to remain on one part of the screen 
for more than a few seconds since there is danger of burning the 
phosphor coating.) The signal is then connected between the 
VERTICAL INPUT terminals and GROUND. The INTENSITY and Focus 
knobs are adjusted to give a clean-cut trace. Along with this 
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operation, the COARSE FREQUENCY switch must be set to the ap-
proximate sweep frequency and the FINE FREQUENCY knob ad-
justed to cause the trace on the screen to remain approximately 
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VERTICAL AMP. 

SYNC. AMP. FINE FREQUENCY 
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HOP INPUT 
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HORIZONTAL AMP 

PILOT SYNC SELECTOR HORIZONTAL INPUT 

DM 0 INT 

GROUND INTENSITY MOD. TEST SIGNAL EXT. SYNC. 
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o 

GROUND 

o 

FIG. 15. Front panel of a typical cathode-ray oscillograph. 

stationary. The SYNC SELECTOR switch is set to INT and the SYNC 
AMP control adjusted to hold the trace stationary. It is impor-
tant that the FINE FREQUENCY control be used to make the major 
adjustment which keeps the pattern stationary and that the 
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Fro. 16. Circuit of a typical cathode-ray oscillograph. 
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SYNC AMP control not be turned too high. Otherwise, distortion 
of the signal waveform is likely to result. 
The horizontal width of the pattern may be adjusted by the 

HORIZONTAL AMP control. If the sweep generator is to be syn-
chronized by some signal other than the vertical input signal, 
the other signal is connected between the EXT SYNC terminal post 
and a GROUND terminal, and the SYNC SELECTOR switch is set to 
EXT. Other adjustments are made as before. 
An external signal may be applied to the horizontal deflection 

plates by connecting the signal to the HORIZONTAL INPUT termi-
nals, switching the COARSE FREQUENCY control to HOR INPUT AMP 
(or to HOR INPUT DIR if no amplification is desired), and adjust-
ing the amount of amplification of the signal with the HORIZONTAL 
AMP control knob. For this service the sweep generator is not 
used. 

21.13. Measuring phase shift. The most common use of a 
cathode-ray oscillograph is for the display of the waveform of a 
voltage as a function of time. This use was discussed in Sect. 
21.10 and illustrated in Fig. 12. Other important results are 
obtained if the sawtooth voltage on the horizontal deflecting 
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plates is replaced with a sine wave of voltage of the same fre-
quency as the signal applied to the vertical plates. For example, 
the vertical plates might be connected across a coil and resistor 
in series, and the horizontal plates across the resistor alone. The 
voltage across the resistor has the same waveform and phase as 
the current through the resistor, so we have a means of compar-
ing the phase shift between the voltage across and the current 
through the coil and resistor. All that is necessary is to observe 
the resulting pattern. 

0* phase 
shift 0* phase 

shift 

q()* phase 90 phase 
shift shift 

(a) Horizontal and Vertical (b) Horizontal Voltage Twice as 
Voltages Equal Large as Vertical Voltage 

Pia. 17. Patterns on oscillograph screen when sine waves are applied to 
both vertical and horizontal plates. 

If the voltages applied to the vertical and horizontal plates 
are in phase, the resulting pattern will be a straight line as shown 
in Fig. 17. A circle results if the phase shift is 90° and the gain 

of the horizontal and vertical amplifiers is such that the magni-
tude of the voltages applied to the two sets of deflecting plates 
is the same. If the signals applied to the deflecting plates are not 

the same size the pattern is an ellipse. Patterns obtained for 
other phase-shift angles are ellipses with tilted axes. 
The patterns obtained for various phase-shift angles are shown 

in Fig. 18. The angle of the phase shift may be calculated from 
the following equation: 

Sine of angle = sin O — 
Y-intercept 

Maximum Y-position of pattern 

Although the above equation is correct even though the voltage 
applied to the two sets of deflecting plates is different in magni-
tude, the gain controls are usually adjusted to give approximately 

equal horizontal and vertical deflections. It is extremely impor-
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tant that the spot be accurately centered on the screen before 
measurements are made. The value of the Y-intercept and the 
maximum Y-position of the trace may be read from the calibrated 
screen on the face of the oscillograph. 

1.0 

sin û = 

= 0° 

(a) 0° Phase Shift 

10 

(b) 30° Phase Shift 

e = 
sin 0 = — 1.0 

1 O = 120' 0=90' 

(d) 90° Phase Shift (e) 12e Phase Shift 

(e) 45° Phase Shift 

(f) 180° Phase Shift 

Fie. 18. Patterns produced for various phase differences between horizontal 
and vertical voltages. 

21.14. Comparing frequencies. Two frequencies may be 
compared on an oscillograph by placing one signal on the vertical 
plates and one on the horizontal plates. The pattern which is 
observed consists of a number of loops, depending on the fre-
quencies of the two signals. The pattern is known as a Lissajous 
pattern. 

Suppose that a signal of known frequency is applied to the 
horizontal input terminals and a signal of double frequency is 
applied to the vertical input terminals. The resulting pattern 
on the screen is shown in Fig. 19 (b). Other frequency combina-
tions are also shown in this figure. 

(a) Ratio 1:1 (b) Ratio 2:1 (c) Ratio 4:1 (4) Ratio 3:2 

Fm. 19. Lissajous patterns resulting from application of signals of 
different frequencies on horizontal and vertical plates. 



Sec. 21.15] Modulation Monitor 579 

The general method of calculating frequency ratios by the use 
of Lissajous patterns is shown in Fig. 20. The relation is given by 

Frequency on horizontal input Number of loops touching AB 

Frequency on vertical input Number of loops touching BC 

For the pattern shown the ratio is 5:2. 

A 

Fla. 20. Method of calculating frequency from Lissajous pattern. 

Lissajous patterns give a method of calibrating an oscillator 
against a source of known frequency. For example, if a 1000-
cycle signal source is available, the dial of an oscillator might be 
calibrated at a number of points from about 100 to 10,000 cycles. 
It is usually difficult to count the loops if the ratio is greater than 
about 10: 1. 

Experiment 1. Connect a 60-cycle test signal to the vertical input 
terminals of an oscillograph, and an a-f oscillator to the horizontal input 
terminals. Adjust the oscillator frequency to obtain Lissajous patterns for 
frequency ratios of 1:2, 1:1, 2:1, 3:1, etc., up to a ratio of about 10:1. For 
each point at which a pattern is obtained, note the frequency marked on 
the oscillator dial. Plot a calibration curve showing actual frequency 
against the frequency indicated on the oscillator dial. Even though this 
experiment assumes that the line frequency is accurately 60 cycles, which 
may not be quite true, it illustrates a very practical use of Lissajous pat-
terns. A typical calibration chart is shown in Fig. 21. 

21.15. Modulation monitor. The modulated output wave-
form of an amplitude-modulated transmitter may be observed 
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Flo. 21. Calibration chart for an oscillator. Unlike most graphs, cali-
bration curves are often drawn as a series of straight lines connecting 

experimental points. 

on an oscillograph by coupling a small coil very loosely to the 
output tank circuit and connecting the terminals of the coil to 
the vertical input terminals of the oscilloscope. The sweep gen-
erator is used in the same manner as for the normal observation 

no 

(a) 80% Modulation 

E rnax 
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Time 

lO 

(b) Greater Than 100% 
Modulation 

FIG. 22. Amplitude-modulated carrier as seen on a cathode-ray oscillograph. 

Time 

of voltage waveforms, with the sweep frequency set to the fre-
quency of the a-f modulating voltage. The pattern obtained is 
shown in Fig. 22. The percentage modulation is given by 

Emax Emin 

Emax Emin 

X 100% 
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OTHER ELECTRONIC INSTRUMENTS 

21.16. Electronic switch. A device frequently used with 
cathode-ray oscillographs is the electronic switch, which makes 
possible the simultaneous observation of two voltages on a single 
screen. A block diagram of an electronic switch is shown in 
Fig. 23. It consists essentially of two amplifiers, alternately 

o  
Input 
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Amplifier 
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 o 
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control voltage 

Flo. 23. Electronic switch for oscillograph. 

biased at cut-off by the application of a square wave of voltage. 
Both amplifiers are connected to one set of oscillograph plates. 
The two voltages to be compared are impressed on the amplifiers, 
and the trace on the screen corresponds first to one voltage and 
then the other, depending on which amplifier is in operation. If 
each amplifier operates half the time, then each voltage will ap-
pear on the screen half the time. 

In addition to presenting two voltage waveforms for simul-
taneous observation, the electronic switch may also be used to 
determine the phase shift between two voltages. One or both 
of the voltages may be derived from currents if a small resistance 
is placed in series with the lead in which the current flows and 
the voltage across this resistor is applied to one of the amplifiers 
of the electronic switch. This series resistance must be much 
smaller than the resistance of the circuit in which it is placed so 
as not to disturb the normal circuit operation. 
Recently developed double-trace oscillographs are taking the 

place of electronic switches in some applications. These instru-
ments incorporate a tube which has two separate electron guns 
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and deflecting systems. Thus, two traces may be placed on the 
screen and the waveform of the two traces compared, or the 
phase shift between the two signals from which the traces were 
derived may be measured. Cathode-ray tubes with more than 
two electron guns have been built, but they are not in general use. 

21.17. Signal generators. The r-f signal generator is an in-
strument which provides a convenient source of modulated or 

unmodulated r-f voltage. The basic elements of an a-m signal 
generator are shown in Fig. 24. The frequency and amplitude 

Percentage y  Output 
modulation voltage 

R- F 
oscillator 
(variable 

frequency) 

Calibrated 
attenuator Output 

 o 

A-F modulating voltage 
(internal or external) 

Flo. 24. Basic elements of an a-m r-f signal generator. 

are variable over very wide limits, adding to the usefulness of 
the device. It is, in fact, a miniature radio transmitter with an 
accurately measured output voltage at a known frequency. 
The signal generator consists essentially of a well-shielded 

oscillator which can be modulated, together with an attenuator 
for varying the output. Many of the more expensive signal 
generators are provided with output meters and calibrated at-
tenuators so that the magnitude of the output voltage may be 

accurately known. The output may be continuously variable 
from as low as 1 1.1.v to as high as 1 volt. Usually the percentage 
modulation is also variable over wide limits. 

Radio-frequency signal generators may be frequency-modu-

lated rather than amplitude-modulated. The center frequency of 
these signal generators is usually variable over a rather limited 
range, such as over the f-m band of frequencies. The frequency 
deviation is usually variable, and provisions are often made for 

using different modulating frequencies. In most other respects 
these generators are similar to a-m signal generators. 
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21.18. A-f oscillator. The a-f oscillator provides a convenient 
source of a-f voltage for many test purposes. As in the r-f signal 
generator, the frequency and output are continuously variable 
over rather wide limits. In a good instrument the output voltage 
stays nearly constant for a particular setting of the output con-
trol, even though the frequency is varied. The output is very 
nearly a sine wave. 
A beat-frequency oscillator consists of two r-f oscillators 

operating at different frequencies as shown in the block diagram 

Fixed 
oscillator 

Variable 
oscillator 

Mixer 

 o 
Output 

fo=4 -4 
 o 

Flo. 25. Block diagram of a beat-frequency oscillator. 

of Fig. 25. When these two frequencies are mixed, a difference 
or "beat" frequency is produced. In this instrument the fre-
quency of one r-f oscillator is fixed and that of the other is vari-
able. The usual practice is to make the frequency of the fixed 
oscillator about five times the maximum beat frequency desired. 
The frequency range may be rather wide and usually extends 
from around 20 cycles to 20 or 30 kc. Since beat-frequency 
oscillators tend to drift during the warm-up period, provisions 
are usually made so that the frequency may be calibrated against 
the 60-cycle line voltage or other source of known frequency. 

21.19. Q-Meter. The Q of coils ( Sect. 8.7) is often a con-
trolling factor in the design and operation of r-f circuits. A 
high-Q circuit is required if good waveform, high efficiency, high 
gain, and good selectivity are to be attained. While the Q of a 
circuit element may be determined in several ways, most methods 
require considerable calculation after the necessary measure-
ments are made. The Q-meter is an instrument which measures 
Q directly. It may also be used to determine the resistance of a 
circuit and the capacitance of an unknown condenser. 
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The fundamental circuit of a Q-meter is shown in Fig. 26. The 
oscillator, set to the desired frequency, furnishes a current /1. to 
the measuring circuit. The coil whose Q is to be measured is 
connected to terminals 1 and 2. Condenser C tunes the coil to 
series resonance. The voltage E, across the condenser is meas-
ured by a vacuum-tube voltmeter. At resonance, E, is propor-
tional to the Q of the coil, and the scale of the meter is calibrated 

.••• 

FIG. 26. Q-meter. 

in units of Q. Since E, is also directly proportional to /1, this 
current is made adjustable to extend the range of Q values which 
can be measured. 

The capacitance of an unknown condenser may be measured 
by tuning a coil to resonance as before, then connecting the un-
known condenser to terminals 3 and 4, thus placing it in parallel 
with condenser C. The value of C is then reduced until the circuit 
is again in resonance as indicated by a maximum reading of the 
Q-meter. The value of the unknown capacitance is calculated 
by taking the difference in the capacitances of C before and after 
the unknown condenser was connected to the circuit. This 
method is limited to condensers whose capacitance is smaller 
than that of C, but may be extended to larger condensers by 
using a small condenser of known value in series with the un-
known condenser and then using the methods of Sect. 6.12 to 
calculate the capacitance of the unknown condenser. The Q-meter 
is a very versatile instrument and may be adapted to many other 
measurements. 
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Example 1. Suppose a coil is measured by the use of a Q-meter and the 
following values are obtained: 

Frequency 2.4 Mc 
240 

Condenser, C 120 eipf 

The inductance of the coil may be calculated from the equation 

1   2rfL 211C (or L — (271)20 1  \ at resonance 

L 
(2r X 2.4 X 106)2 X 120 X 10-12 

1 

= 36.7 X 10—° henry 

= 36.7 ph 

The r-f resistance of the coil is, from Q = 271-fL/R, 

2rfL 2r X 2.4 X 106 X 36.7 X 10-6 
R — 2.31 ohms 

240 

Problem 1. The Q of a coil is found to be 150 when the frequency is 
1.0 Mc and the tuning capacitance is 200 pd. Find (a) the inductance of 
the coil, and (b) the r-f resistance of the coil. If the coil is used with a 
100-gpf condenser, find the resonant frequency. 
Problem 2. Two condensers are connected in series and their combined 

capacitance measured with a Q-meter and found to be 200 apf. If the 
capacitance of one of the condensers is known to be 220 1.4d, what is the 
capacitance of the other? 



22 • Transients and Wave Shaping Circuits 

In many radio, television, and radar circuits advantage is taken 
of the fact that the final value of current (or voltage) in a circuit 
is not attained instantaneously after voltage (or current) is ap-
plied. The time required for the final values to be established is 
used for time measurements, selective switching, wave shaping, 
and many other purposes. The voltage and current conditions in 
a circuit during the time in which final values are being estab-
lished are called transient conditions. The final values of cur-
rent and voltage are called steady-state values.* 

22.1. The nature of transients. Thus far in this book the 
analysis of circuit conditions has assumed that the exciting volt-
ages, whether direct or alternating, have been applied to the 
circuit long enough so that the final conditions have been reached 
and so that all transient effects have disappeared or become en-
tirely negligible. It is important now to look at the period in 
which transients are the important feature of the circuit phe-
nomena. 
Only in a circuit containing resistance alone are the final cur-

rents and voltages attained immediately when a voltage is applied 
to the circuit. If a circuit contains a condenser, then the con-
denser tends to prevent the voltage across itself from rising to 
its final value and in so doing passes a rather large, rapidly de-
caying, transient current. On the other hand, a circuit contain-
ing resistance and inductance tends to keep the current from 
reaching its final value and produces a large transient voltage 
(counter-emf) in the process. 

*The term "steady state" should actually be applied only to d-c circuits 
in which voltage and current have reached their final values. However, by 

common usage, the term is also applied to circuits in which sine waves of 
voltage and current are used. The latter condition is sometimes called 
"quasi-steady state." 

586 
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Transients may appear in circuits energized with either direct 
or alternating voltages. The general nature of the transient 
phenomena can, however, be studied on a d-c basis. This has 
the advantage of being much less complicated than a study based 
on a-c voltages and currents. Furthermore, most of the tube 
circuits of interest here can be analyzed on a d-c basis. 

22.2. Transients in RC circuits. Consider a simple case of 
R and C in series with a battery and switch. Let a fast-acting 

Time 

Switch open Switch closed 

FIG. 1. When the key is closed, current rushes into the capacitor, building 
up a voltage there which opposes the battery voltage and ultimately 
equals it. Then current around the circuit ceases to flow, the condenser 
is charged, and, since there is no current, there is no voltage across R. 
This chain of events may occur very quickly (in a microsecond or less) 

or may require much longer time if C and R are large. 

voltmeter be placed across R, and another across C. This circuit 
is shown in Fig. 1. What happens when the switch is closed? 

Since there is no initial charge on C, there is no voltage across 
it. At the instant of closing the switch, the full battery voltage 
must, therefore, be impressed across R. Current flows through 
R, and must also flow into C and charge it. The charge which the 
current carries to the condenser builds up a voltage across the 
condenser which opposes the battery voltage, and the current 
drops off gradually. When the condenser voltage becomes equal 
to the battery voltage, current flow ceases, and all the voltage 
drop appears across the condenser; none appears across the re-
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sistor. The voltage across the resistor falls off at the same rate 
as the condenser voltage rises. 

Consider, as a second case, the circuit of Fig. 2. This is the 
same as the circuit of Fig. 1 except that the battery has been 
removed. Suppose that the condenser has been charged to some 
voltage (say the battery voltage of the first case), then the switch 
is closed. What are the transient conditions as the condenser 

Switch open Switch closed 

FIG. 2. In this figure the condenser is charged. When the key is closed, 
current flows through the circuit, building up a voltage across R which 
opposes E,. When the charge in C has been dissipated, current ceases and 

E, and ER both become zero. 

discharges through the resistor? At the instant the switch is 
thrown, there is but one voltage in the series circuit, that existing 
across the condenser. An instant later current begins to flow 
and a voltage drop appears across R. This voltage drop must be 
opposed to the condenser voltage according to Kirchhoff's law. 
The current flowing through the resistance produces a power loss 
in this resistance. The energy that was stored in the condenser 

in the form of potential energy is dissipated and soon current 
flow ceases. Maximum current flows at the instant the switch 
is closed; maximum voltages exist across condenser and resistor 

at this instant. The sum of the two voltages must equal zero at 
all times; that is, Er — ER = 0 and at all times the voltages are 
related by Ohm's law. 
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22.3. Transients in RL circuits. When voltage is impressed 
on a series circuit made up of resistance and inductance, the 
voltage across the inductance rises to the full battery voltage 
instantly, but the current through the circuit builds up slowly. 
Therefore, the voltage drop across the resistance builds up slowly 
(at the same rate as that at which current increases). The volt-
age across the inductance decreases at the same rate as that at 
which the current increases since there is induced voltage across 
an inductance only when the current through the inductance 
changes and it is proportional to the rate at which the current 
changes. 

If the RL circuit is now shorted, the impressed voltage is re-
duced instantly to zero; the current decreases at a rate depending 
upon R and L; the voltage across the resistance decreases at the 
same rate; and the instantaneous voltage across the inductance, 
which has a polarity opposite that of the original impressed volt-
age, decreases at the same rate as the current decreases. 

22.4. Calculation of transients. The rapidity with which 
voltages and currents change from their initial to their final 
values under transient conditions is determined by the value of 
the circuit components. In an RC circuit, the smaller the value 
of R for a fixed C, the faster the transient condition passes. The 
reason is that a large R limits the current and the condenser 
charges (or discharges) at a slower rate. In an RL circuit, on 
the other hand, the larger the value of R for a fixed value of L, 
the faster the transient condition passes. The nature of in-
ductance is to keep current from changing, and thus the transient 
passes slowly if R is small. However, if R is large, the action of 
the inductance is overcome to some extent, and, if R is made very 
large, the transient is very short. 
The most convenient way in which to make calculations in-

volving transients is to use the concept of time constants. A 
time constant in either an RC or RL circuit is the time required 

for current or voltage to make 63.2 per cent of the total change 
from initial to final conditions. That is, there is only a change 
of 36.8 -per cent remaining. The formulas for the two cases are 

T = RC (series RC circuit) 

T = R/L (series RL circuit) 
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where T is in seconds, 1? is in ohms, C is in farads, and L is in 
henries. 

A transient disturbance is considered as ended after 7 time 

constants, for in this time it is 99.91 per cent completed. 
Values of voltage or current at any time during a transient 

disturbance may be calculated by the use of the curves in Fig. 3. 

1.0 

0.8 

Curve A 

0.6o 

• - 
i" 0.4 

0.2 
Curve B 

oo 
04 08 12 16 20 24 28 

Time constants (t/T) 

FIG. 3. Curves for use in calculating transients. (See text.) 

These curves are specifically for the RC circuits of Figs. 1 and 2 
and for the RL circuits discussed in Sect. 22.3. They may, how-
ever, be readily adapted to many other circuit arrangements. 
Along the horizontal axis are plotted time constants. Thus, if the 
time constant for a particular circuit is 0.01 sec, and circuit 
conditions after 0.005 sec are required, the number of time con-
stants is 0.005 ± 0.01 or 0.5 time constant. Along the vertical 

axis are plotted "multiplying factors." These are applied to 
known initial or final values of voltage or current to determine 
their values at intermediate times. The use of the curves will 
be illustrated in the following examples: 

Example 1. A 0.1-af condenser, 10,000-ohm resistor, and switch are con-
nected in series and across a 100-volt battery (see Fig. 1). What voltages 
are across the condenser and resistor 0.002 sec after the switch is closed? 
What is the current at this time? After how long may the transient be 
considered to be complete? The condenser is initially uncharged. 
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Solution: The time constant for this circuit is 

T = RC = 10,000 X 0.1 X 10-6 10-3 see 

The initial value of the current is 

E 100 
/0 = =   — 0.01 amp or 10 ma 

R 10,000 

This current will fall gradually from this initial value. The initial voltage 
across R is 100 volts. Like the current, this voltage decreases gradually. 
Both are computed by the use of Curve B. 
For 0.002 sec t/T = 0.002/0.001 = 2 time constants. From Curve B, the 

multiplying factor is 0.13. Then 

ER = 100 X 0.13 -= 13 volts 

I =- 10 X 0.13 -= 1.3 ma 

The voltage across the condenser increases from zero; it may be computed 
at any time from Curve A. At 2 time constants the multiplying factor is 

0.86, and the voltage across the condenser at this time is 

Ec = 100 X 0.86 = 86 volts 

The transient is considered complete in 7 time constants, or in 
7 X 0.001 = 0.007 sec. 
Example 2. A 0.1-henry coil and 10,000-ohm resistor are connected in 

series with a switch and 200-volt battery. What final value of current 
flows? How long is required for the current to reach 50 per cent of its final 

value? 
Solution: The time constant is 

L 0.1 
T = = — 10-5 sec or 10 µsec 

R 10,000 

The final current is 200 ÷ 10,000 = 0.02 amp or 20 ma. From Curve A 
(the current rises from zero to its final value) the current reaches 50 per cent 

of its final value in 0.7 time constant, or in 0.7 X 10 = 7 µsec. 
Problem 1. A 0.002-µf capacitor is charged to a potential of 250 volts, 

then discharged through a 100,000-ohm resistor. What is the time constant 

of the combination? What is the initial current? What is the voltage 
across the capacitor after 40 gsec? 
Problem 2. A 10-henry coil and 100-ohm resistor are connected in series 

with a 100-volt battery. After the current has reached a steady value, the 
battery is suddenly removed and the RL combination is short-circuited. 
What is the current after 0.16 sec? What is the voltage across the coil at 

the same time? 

22.5. Differentiating and integrating circuits. In many 
applications it is necessary to produce a wave which has a speci-

fied shape. A common starting point is a square wave, a wave 
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which has very steep sides and a flat top. Square waves can be 
passed through various circuits to obtain many other waveforms. 
Suppose that a square wave is applied to the RC circuit of 

Fig. 4. If the time constant of the RC circuit is short compared 
to the period of the square wave,* the condenser will charge very 

rapidly as the square wave rises to its maximum positive voltage. 
In charging, the condenser passes current for a short period of 

Fla. 4. RC differentiating circuit. Fm. 5. RC integrating circuit. 

time, and during this time produces a voltage drop across the 
resistance. During the next half cycle the voltage across the 
condenser changes to the opposite polarity. Thus the output 
voltage consists of a series of short positive and negative pulses. 
These are labeled "1" in the figure. The positive pulses corre-
spond to the time during which the square wave of voltage is in-
creasing in a positive direction, and the negative pulses occur. 
when the square wave of voltage is going in a negative direction. 
If, however, the time constant is made somewhat longer by in-

creasing the size of C, the current flows for a longer time and 

the length of the pulses increases as in "2.". Finally, if the con-
denser is made still larger, the condenser does not have time to. 
charge during the positive half cycle of the square wave and the 

output voltage pulses begin to take on the appearance of the 
applied square wave as in "3." This, and other circuits which 
produce sharp pulses from a square wave, are called differentiat-
ing or peaker circuits. 

* The period of any periodic wave is the time required for the wave to 
complete one entire cycle. 
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Now, suppose that the output voltage from an RC circuit, ex-
cited with a square wave, is taken from across the condenser, as 
in Fig. 5. If the time constant of the RC circuit is long com-
pared to that of the square wave., the condenser will not have 
time enough to charge to more than a fraction of its final value 
before the end of the half cycle of square-wave voltage. When 

large — small 

^ 

Integrator Differentator 

FIG. 6. RL integrating and differentiating circuits. 

the square wave reverses its polarity, the condenser is forced to 
begin charging in the opposite direction. The resulting output 
wave is a triangular wave shown as "1" in the figure. Now, if 
the time constant of the RC circuit is reduced, the condenser is 
charged to a larger fraction of its final voltage during a half 
cycle and the output wave is as seen in "2." If the time constant 

A 

u 

R 

— 250 
volts 

Fia. 7. An RC circuit for switching a thyratron. 

is made still shorter, the condenser rapidly reaches its final 
voltage and is held at this value for the remainder of a half cycle. 
This condition is shown in "3." This circuit is called an integrat-
ing circuit. 

Other differentiating and integrating circuits use R and L in 
series. These are seen in Fig. 6. 
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There are, then, simple methods of producing peaked and tri-
angular waves, and waves with shapes intermediate between 
these two extremes. If sine waves are impressed on any of these 
circuits, sine waves of voltage will appear across the individual 
circuit components, the only change occurring being a shift in 
phase between the voltage across the resistance compared to that 
across the capacitor or the inductor. 
There are many uses of RC and RL circuits. Whenever a 

sudden, and temporary, change in voltage or current is needed, 
an RC or RL circuit may be employed. As one example con-
sider a thyratron tube which is conducting current. Some means 
of stopping this conduction is desired. If the plate voltage of 
the tube is removed, it will cease passing current. But there is 
a more elegant way by using an RC circuit as shown in Fig. 7. 
When the tube conducts, the voltage drop across it is about 

15 volts. Thus terminal A of the condenser is + 15 volts with 
respect to ground. At the same time terminal B is at +250 volts 
because the condenser is being charged through R1 to line voltage. 
Now what happens if the switch is closed? 
Terminal B goes to zero or ground voltage instantly. Since 

the voltage across C cannot change instantly, the same voltage 
(250 — 15 or 235 volts) must still appear across the condenser 
terminals. But if one terminal is at 0 potential and the other 
is 235 below it, this terminal must have suddenly gone to —235 
volts when the switch was closed. This terminal is connected 
to the plate of the tube, and the plate, therefore, must suddenly 
become — 235 with respect to the cathode, and the tube ceases 
to pass current. 
Of course the condenser soon changes its voltage, the rate of 

change depending upon the time constant of the circuit, but the 
plate terminal has been at a high negative voltage long enough 
to shut off the tube. The tube will remain off if Eo, is made 
negative enough to keep the tube from firing with 250 volts on 
its plate. 

22.6. Peak-clipping circuits. Often, in the process of form-
ing a wave of a specified shape, it is necessary that a wave be 
"clipped"; that is, a part of the peak must be removed. A simple 
method for doing this is shown in Fig. 8. The cathode of the 
diode is held positive ("biased") by the battery E. As the 
peaked exciting voltage rises, the voltage across the diode and 
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battery also rises in step until the exciting voltage is equal to 
the battery voltage. As the exciting voltage rises still more the 
diode plate becomes positive with respect to its cathode and the 
diode passes current. Up to the point at which the diode passes 
current its resistance is practically infinite. Now, however, its 
resistance drops to a few thousand ohms. If R is much larger 
than the resistance of the diode when conducting, say R is 0.1 
megohm, then current flow in R (and the resulting voltage drop 
across R) prevents the output voltage from rising above the 

R (large) 
o 

o  

In 

E 

I Out 

Fla. 8. Diode positive-peak clipper. 

 o 

o 

battery voltage. The positive half cycle of output voltage is, 
then, prevented from rising above the voltage of the battery. 
On the negative half cycle of the exciting wave, the plate of the 
diode is always negative with respect to its cathode and no cur-
rent flows. All the voltage appears across the output terminals, 
and this half cycle is unchanged in form. This is a positive 
peak-clipper circuit. The negative peaks could be clipped by 
the simple expedient of reversing the diode and battery so that 
the negative battery terminal is attached to the top output 
terminal and the diode plate attached to the bottom terminal. 
The circuit of Fig. 8 can be modified so that both the positive 

and negative peaks of a wave are clipped. The circuit is shown 
in Fig. 9. Let the exciting wave to this circuit be a sine wave 
with a peak amplitude several times the voltage of the batteries. 
The output voltage is then only the portions of the sine wave 
near the axis, and has a shape closely approximating a square 
wave. The sides are somewhat sloping, but this can be largely 
corrected by using a very large input signal, or by amplifying 
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the output signal and applying it to another similar clipping 
circuit. This is a common method for producing square waves. 
The circuit of Fig. 9 could be used for clipping the positive 

and negative half cycles at different levels by using different 
biasing voltages on the two diodes. 

R (large) 

 eVVVVV\/  

o  

o , Out 
y  
E 

FIG. 9. Diode circuit which clips both peaks. 

o 

Peak clipping can be accomplished in a triode by driving the 
grid positive with the exciting wave. A high resistance in the 
grid circuit prevents the grid from rising above zero volts, just 
as in the diode clippers. If the bias voltage is set at half the 
cut-off value, the negative peaks may also be clipped. The 

(large) 
Out 

— 

E„ 

Fla. 10. Triode circuit which clips both peaks. 

general operation of such a circuit is shown in Fig. 10. The ad-

justments for equal positive and negative peak clipping are rather 
critical, and the curvature of the /b—Ec characteristic near cut-off 
may cause some distortion of the negative half cycle of the wave. 

22.7. Multivibrators. A circuit widely used for the produc-
tion of waves with special shapes, and for many other purposes, 
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is the multivibrator. In its simplest form, a multivibrator con-
sists of two similar resistance-coupled amplifiers, the output of 
each feeding the input of the other. Such a circuit can oscillate 
if the components are properly chosen. When a multivibrator 
is permitted to oscillate, and no external driving voltage is applied 
to the circuit, it is called a free-running multivibrator. When 

Fie. 11. Plate-coupled multivibrator 

excited from an external voltage source, it is called a driven 
multivibrator. 
The circuit arrangement of a multivibrator is shown in Fig. 

11. When the plate voltage, Ebb, is first applied, each tube be-
gins to draw plate current. If the tubes and their associated 
circuits were exactly identical, the circuit would soon reach a 
steady-state condition with each tube drawing the same current. 
However, in practice, some differences are bound to exist that 
cause one tube to draw slightly more current than the other. 
This slight increase in current causes the current in the other 
tube to decrease; the effect is cumulative and the current in one 
tube rises to its maximum value as the current in the other tube 
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falls to zero. Thereafter, conditions reverse themselves, and 
current starts to flow in the tube which was cut off, current in the 
other tube is reduced to zero, and the cycle repeats itself. How 
these effects are produced in the circuit can be described as 
follows: 

Suppose that the current in V1 starts to increase. This causes 
a greater voltage drop across RLi, and eb, decreases. This de-
crease in eb, reflects itself through C2 as a decrease (more negative) 
voltage e„ on the grid of V2. Thus the current to V2 decreases, 
and the voltage drop across its load resistor RL2 decreases, or the 
voltage eb, increases. This is reflected as a "positive-going" 
voltage on the grid of VI, and thus the current ibl continues to 
rise. The current i b1 continues to rise and the current ib, con-
tinues to drop until V1 is carrying all the current and V2 is cut off. 
Condenser C2 now begins to discharge through R„ and VI, and 
when its voltage drops low enough so that V2 starts to conduct, 
the cycle repeats itself except that now V1 is cut off and V2 passes 
all the current. The switching rate is determined by the sizes of 
the various circuit components. 
A more detailed explanation of the operation of a multivibrator 

can be given by the use of numerical values for the circuit com-
ponents and various currents and voltages. Suppose, for exam-
ple, that the tubes in Fig. 12 pass 8 ma when fully conducting, 
and the cut-off voltage of the tubes is — 15 volts. Suppose that 
V1 has just cut off and that V2 is conducting its full 8 ma. The 
voltage across V1 (eb,) has just risen from 90 to 250 volts. The 
voltage across V2 has just dropped from 250 to 90 volts (eb2 = 
Ebb — ib2R L2 = 250 — 20,000 X 8 X 10-3 = 250 — 160 = 90 
volts). Several other events now occur which are excellent exam-
ples of the transient behavior of circuits. 
Condenser C2 begins to charge toward 250 volts. The charg-

ing current flows through /42 and then through R„ and the grid-
cathode resistance of V2 (re,) in parallel. Since rc, is ordinarily 
much smaller than Rg2 (re, is of the order of a few thousand ohms) 
practically all the charging current passes through the tube; very 
little passes through R„ except at the beginning of the period. 
During this short interval of time at the beginning of the period 
the grid of V2 is driven somewhat positive. The rest of the time 
that V2 is conducting, its grid is just barely positive—practically 
zero. Since rc2 has a low value, the time constant is determined 
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largely by RL, and C2 and is approximately 20,000 X 0.001 X 10' 
or 20 gsec. 
At the same time that Ci is charging, CI is discharging through 

the plate resistance of V2 and through Rg, in series. 14, is ordi-
narily much larger than the plate resistance of V2 so that the time 
constant of this circuit is approximately 1,000,000 X 0.001 X 10-6 

Flo. 12. Waveforms in a plate-coupled multivibrator. 

or 1000 gsec. The initial voltage across C2 is approximately 250 
volts. It discharges to the voltage across V2 (90 volts) plus the 
cut-off voltage of V1 (15 volts) or to about 105 volts. The dis-
charge current, 4,, flowing through Rgi, biases the grid of Vi 
negative. Initially, the discharge current is high and the bias is 
much beyond cut-off, but as the current decreases, the bias voltage 
becomes less and less negative until V1 starts to conduct. There-
upon, the cycle is repeated except that now V1 is conducting and 
V2 is cut off. 
The waveforms of the various voltages are shown in Fig. 12. 

By proper choice of components, ebl and eb, can be made essentially 
rectangular in shape, and a multivibrator can be used to produce 
rectangular or square waves. The curves for e„ and e„ are typical 
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capacitor discharge curves. Since the waveforms in the multi-
vibrator are so irregular, the circuit can be used for the production 
of harmonics up to as high as the hundredth harmonic. The base 
frequency is readily controlled by some external source. 
One of the interesting uses of multivibrators is for frequency 

division. That is, the base frequency (repetition rate) of the 
multivibrator may be controlled by an external signal of higher 
frequency than that of the multivibrator. The control frequency 
must be an integral multiple of the free-running frequency of 
the multivibrator. The control frequency may be applied to 
the circuit so that either even or odd multiples are favored. 
Figure 13 shows typical injection methods. 

Control Cotrol 
voltage 
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o  
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Favors Odd Multiples 

o 

 o 

Fm. 13. Methods of injecting controlling voltages in multivibrator 
of Fig. 11. 

22.8. Square-wave testing of amplifiers. The behavior of 
square waves when passed through simple RL and RC circuits 
suggests that square waves could be used to determine how well 
amplifiers and other circuits reproduce an input wave. A square 
wave contains many harmonics in addition to the base fn.-
quency.* Thus, in effect, an amplifier may be tested at many 
frequencies with a single setting of the base frequency of the 
square wave. Phase shift of some of the frequency components 
with respect to others, or unequal amplification of the various 
frequency components, will cause characteristic changes in the 

*A square wave contains harmonics in the following proportions: 

Fundamental, f 100 15f 6.7 
3f 33.3 17f 5.9 
5f 20 19f 5.3 
7f 14.3 21f 4.8 
9f 11.1 23f 4.3 
11f 9.1 25f 4.0 
13f 7.7 27f 3.7 
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resulting output wave. The method is much faster than a point-
by-point method using sine waves. It is usual procedure to test 
an amplifier for low-frequency response with a square wave 
having a frequency (repetition rate) of the lowest frequency of 
interest, say 60 cycles, 8.0 to test the high-frequency response 
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Output wave- high freq. 
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Output wave- high freq. 

No phase shift 
Forced oscillations 

FIG. 14. Typical square-wave responses of a-f amplifiers. 

with a square-wave frequency of around 1000 cycles. Typical 
output waves for amplifiers with typical defects are shown in 
Fig. 14. 

Radio-frequency amplifiers may be tested by employing an r-f 
carrier, modulated with a square wave, and observing the ampli-
fied wave. The method is limited to rather low radio frequencies, 
or to intermediate frequencies, because of the inability of most 
oscilloscopes to reproduce high-frequency signals. 

Sawtooth waves are sometimes used for amplifier testing. 
However, generators with a variable-frequency sawtooth output 
are not often available in radio laboratories. 



23 • Television 

One of man's constant endeavors has been to improve and extend 
his communications systems. The newspaper, the post office, the 
telegraph are all results of a desire to convey information to per-
sons at great distances. So, too, is radio, which permits almost 
instantaneous communication of audible messages. Television, 
like radio, permits rapid communication over great distances, 
but it adds a feature missing in radio—a picture. 

23.1. Elements of a television system. A television system 
requires a device for systematically exploring a scene, convert-
ing differences in light intensity into an electrical signal, and 
combining this signal with a r-f carrier. At the receiving end 
must be a device capable of amplifying this modulated signal, 
extracting (detecting) the picture signals, and converting them 
into an image on a receiving screen. Along with this visual 
(video) system, there are accompanying devices which carry 
the sound associated with the scene. Auxiliary apparatus must 
be provided for synchronizing the elements of the over-all tele-
vision system so that they function in the proper predetermined 
sequence. 

23.2. Scanning. A modern television transmitter employs a 
camera tube upon which the image of the scene to be televised 
is focused by a camera lens. Within the tube the image falls 
on a rectangular surface on which are millions of small silver 
globules which have been made light-sensitive. That is, when 
illuminated they emit electrons like tiny photocells. The number 
of electrons emitted per unit of time depends upon the intensity 
of the illumination, brighter portions of the scene producing more 
electrons. 
The emitted electrons are collected by a plate which is at a 

positive potential with respect to the silver globules. When an 
electron leaves the photo surface it leaves the spot positively 
charged; one might say it leaves a hole in the surface. 

602 
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Scanning is accomplished by moving a beam of electrons across 
the surface on which the image is focused. The change in po-
tential between the surface and the collector plate, from point 
to point, corresponds to the amount of light in the scene. When 
the beam passes a spot with a positive charge, electrons from the 
beam fall into the "holes" and neutralize the positive charge. 

Beginning of 
,( first field 

1 

Beginning of 
(second field 

262.5  

263 ----- — 

2 

264 

3 

265 

261 

525 

262 

••••••••• 

262.5 

First field 
--- Second field 

End of 
first field 

FIG. 1. Interlaced scanning sequence. Spacing between scanning lines is 
actually much closer than shown. 

In this manner variations in illumination are translated into 
variations of electric current which can be transmitted to dis-
tant television receivers where the changes in voltage caused by 
the changes in current at the transmitter are reconverted into 
changes in illumination. 

23.3. Interlaced scanning. The beam can be moved across 
the image in many ways but in this country interlaced scanning 
is employed. In this method the beam starts at the upper left-
hand corner (Fig. 1), moves across horizontally to the right, is 
then whipped back quickly to the left, where it is dropped down 
a bit, and then is caused to "scan" across to the right again. 
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After 262.5 lines have been scanned the beam is moved quickly 
up to the top again and a new line is scanned. This line is placed 
between the first two lines scanned, and all subsequent lines down 
to the bottom of the scene are placed between two previously 
scanned. 
Thus the visual image is translated into 525 lines, line 263 

falling between lines 1 and 2, line 264 between lines 2 and 3, and 
so on. When the 525 lines have been completed a single frame 
made up of two 262.5-line fields has been produced. In each 
second of time, 30 frames are produced. 
During the time the beam is moved back to the right or from 

bottom to top it is extinguished (blanked) so that no electrons 
hit the photoelectric surface. In this manner no spot on the 
surface is scanned more than once during each frame. 

23.4. Picture tubes. At the receiver the reverse action must 
take place in exact synchronism with the events at the trans-
mitter. That is, each change in the strength of the electrical 
signal must be converted into a change in illumination. This 
is accomplished in a cathode-ray tube (Sect. 21.8) in which a 
narrow beam of electrons is sent down the neck of the tube and 
allowed to fall upon a surface so coated that it will glow with a 
spot of light when the electrons strike it. This electron beam is 
moved across the face of the tube—the screen—in exact syn-
chronism with the motion of the electron beam at the transmitter. 
Furthermore, the intensity of the beam, that is, the number of 
electrons allowed to fall upon the screen, is modulated or con-
trolled by the number of electrons that fall into the "holes" in 
the photo surface at the transmitter. When a high positive 
charge is neutralized at the camera tube, many electrons hit the 
screen of the picture tube and a bright spot occurs. 

In this manner the original scene focused upon the camera 
tube is reconstructed at the receiver picture tube. When the 
scanning beam at the transmitter is extinguished, the beam at 
the receiver is also extinguished; when the beam at the trans-
mitter moves from bottom to top, the receiver beam moves from 
bottom to top, and so on. 

The picture tubes in most television receivers are cathode-ray 
tubes employing electromagnetic deflection and focusing. These 
tubes produce more uniform focusing over the picture area than 
do tubes employing electrostatic methods or a combination of 
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the two methods, and may be made considerably shorter in 
physical length. The anode voltage of these tubes is of the 
order of 6000 to 15,000 volts. The fluorescent screen of the tube 
is sometimes coated with a very thin film of aluminum. This 
metallic film serves both to conduct electrons rapidly away from 
the fluorescent screen and to act as a mirror-like reflector to 
direct practically all the light produced at the screen through 
the front of the tube toward the viewer. The metallic film also 
filters out the large and heavy positive ions, keeping them from 
burning the fluorescent screen. Picture tubes for direct viewing 
range in size from 3 to 20 in. in diameter, popular sizes being 12 
in. and above. Some of the newer types have rectangular rather 
than round screens to correspond more closely to the outline of 
the picture area. The cone of some tubes, that is, the flared 
portion of the tube between the neck and the screen, is made of 
metal. This makes the tube both lighter and stronger. 
Some television receivers employ a projection system. In 

these receivers a rather small picture tube is used which produces 
a very bright picture. The picture is enlarged in a Schmidt 
optical system and finally projected upon a viewing screen which 
may be several square feet in area. Projection systems usually 
suffer from loss of detail and brightness due to imperfections in 
the optical system and unavoidable losses of light. 
23.5. Camera tubes. The tubes upon which the image of 

the subject being televised is focused, and which translate changes 
of illumination of the subject into electrical signals, are called 
camera or pickup tubes. Several types of camera tubes are 
available: iconoscopes, orthicons, image dissectors, and image 
orthicons. 
A simplified diagram of an iconoscope is shown in Fig. 2. 

The image is focused on a mosaic which is made up of a large 
number of small silver globules deposited on one side of a thin 
flat mica plate. The globules are photosensitive and are in-
sulated from one another. The other side of the mica plate is 
metallized to form a signal plate. The electron beam from the 
electron gun is deflected by magnetic or electrostatic means so 
that it scans the mosaic surface. The collector electrode is a 
volt or two positive with respect to the mosaic surface, and elec-
trons emitted from the mosaic are attracted to the collector. Be-
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cause of the low potential difference, however, the electrons do 
not move to the collector very rapidly. 
When the scanning beam moves across the mosaic surface, it 

leaves each globule with a slight negative charge. In the absence 
of an optical image on the mosaic surface, the charge on all the 
globules would be the same. If, however, an image is focused 
on the mosaic, the globules with high illumination eject photo-
electrons and lose some of their negative charge. The intensity 

Mosaic 

Collector 
(transparent) 

Light 
from 
scene 

Electron gun 

).-Mica plate 

Signal plate 

Electron beam 

Deflecting coils 

Output to 
amplifier 

FIG. 2. Simplified drawing of an iconoscope. 

of the light determines how much of this charge is lost. The 
next time the scanning beam strikes these globules their negative 
charge is restored and a current flows. This current appears as 
an output signal. 
The image orthicon differs from the iconoscope in that the 

charge pattern which the electron beam explores is formed by 
secondary emission rather than by photoelectrons. In addition, 
an electron multiplier * is incorporated within the tube. The 
sensitivity of this tube is about 100 times that of an isonoscope. 
A schematic diagram of an image orthicon is shown in Fig. 3. 
Electrons are accelerated in the electron gun, formed into a beam, 

*An electron multiplier is a tube or arrangement of electrodes which 
produces very high current amplification through the use of secondary 
emission effects. A nine-stage multiplier may produce a current amplifica-
tion as high as one million times. 
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and projected toward the target. The electron beam is focused 
by an axial focusing coil and is deflected by coils whose axes 
are perpendicular to the axis of the tube. The electron beam 
moves at a rather low velocity and, after reaching the target, is 
reflected back toward the cathode where it is focused on an ad-
jacent secondary-emission cathode (dynode). This dynode is 
the first element of a five-stage electron multiplier. The current 
of the electron beam is multiplied many times in the electron 
multiplier, and then passed through the output load resistor. 
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FIG. 3. Image orthicon, simplified diagram. 

Light, upon striking the semitransparent photocathode, causes 
the emission of photoelectrons. These electrons are attracted to 
the target where they produce secondary emission. The target is 
made of a thin sheet of semiconducting material, often low-
resistivity glass. The electrons emitted by secondary emission 
do not immediately redistribute themselves to other portions of 
the target because of its high resistance. Thus, the charges which 
these electrons produce remain fixed at the point on the target 
where they were produced for a long enough time for the scanning 
beam to explore them; the amount of charge is proportional to 
the number of photoelectrons emitted by the photocathode, or to 
the brightness of the portion of the image which is being viewed 
and which they represent. A fine-mesh screen is placed very 
close to and in front of the target. The secondary electrons are 
drawn to this screen as soon as they are emitted. Thus the 
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charge on a small area of the target is more positive for high-
lights than for shadows in the image. 
As the scanning beam explores the back side of the target, it 

releases just enough electrons to each small target area to counter-
act the positive charge residing there. Then the beam returning 
to the first dynode has fewer electrons by the number released 
to the target. The output current of the tube is, therefore, less 
for areas of the target representing high levels of image illumina-
tion than for areas representing low illumination levels. 

23.6. Film on television. Television programs originate 
from 16-mm moving-picture films as well as from live subjects. 
Films for television are of two types: movie films and kinescope 
recordings. Movie films are prepared by moving-picture pro-
ducers or by the broadcasters themselves. Kinescope recordings 
are moving pictures of the images on the face of the kinescope 
(picture tube) of a television receiver. Most kinescope-record-
irk systems are "wired" systems. That is, the television trans-
mitter is connected directly to the receiver without intervening 
antennas. 
The image from a movie projector using either type of film is 

focused directly on the camera tube of the television transmitter 
and translated into electrical signals much the same as any other 
kind of television transmission. The quality of television pro-
grams originating from films is inherently poorer than the quality 
of "live" programs because of the added steps, electrical, optical, 
and photographic, in producing a film program. This loss of 
quality is not troublesome when high-quality movie films are 
employed since the "noise" and distortion arising from a direct 
photographic process can be kept low. Kinescope recordings, 
however, are noticeably poorer than live programs because of 
the added noise and distortion picked up in the television circuits 
which are a part of the kinescope-recording process. 
Film projectors for television are designed to accommodate 

standard 16-mm movie films. Although this practice makes 
available a large reservoir of standard moving pictures it gives 
rise to a rather troublesome problem. Standard movie equip-
ment projects at the rate of 24 frames per second, whereas the 
scanning rate for television is 30 frames per second. If a stand-
ard movie projector were used for television, the film image would 
be flashed on the camera tube at a non-synchronous rate and the 
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image on the camera tube would change during a scanning se-
quence, producing a poor-quality picture. Special projectors 
are, therefore, required for television. 
Standard movie projectors are built so that each frame (indi-

vidual picture) is flashed on the viewing screen twice; then the 
next frame is moved into position and is also flashed on the screen 
two times. Thus, even though there are only 24 frames per sec-
ond, the audience sees 48 images per second and there is no notice-
able flicker as long as the viewing screen is in a darkened room. 
Television film projectors are built so that one frame is flashed 

on the camera tube twice, the next frame 3 times, the following 
frame twice, etc., in a 2-3-2-3 sequence. This permits the film 
to be run through the projector at the normal rate of 24 frames 
per second and still produce 60 images per second on the camera 
tube, or a separate image for each field (2 images per frame) of 
the television scanning sequence. This procedure makes it pos-
sible to synchronize the projector with the television scanning 
signal. In addition, the "flicker frequency" is high enough (60 
images per second) that the television image can be viewed in 
an undarkened room without troublesome flicker effects. 

It is usual practice to flash the image from the film projector 
on the camera tube during the vertical blanking pulses (Sect. 
23.7) and depend upon the storage action of the camera tube to 
preserve the image long enough for it to be scanned. The film 
"pull down" (movement of the next film frame into place) occurs 
during the relatively long time intervals between vertical blank-
ing pulses. Even with this arrangement the mechanical pull-
down system must operate very rapidly. Because of the require-
ment for storage action, only iconoscopes and image orthicons 
are suitable for film projection. The screens of image orthicons, 
however, are subject to burning if a stationary image, such as a 
slide, is allowed to remain more than a few seconds. The storage 
action of other types of camera tubes currently available is not 
long enough that a satisfactory television signal can be produced. 

Slides may be projected on all types of camera tubes with a 
standard slide projector, provided the lens system will project 
a clear image of the required size on the sensitive screen of the 
camera tube. Care must be exercised to prevent burning the 
screen of the camera tube. Usually the same pickup tube serves 
for both slide and movie projectors. Various projectors are 
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mounted so that any of them may be used with the pickup tube. 
A movable mirror allows any of two or three projectors to be 
used by merely rotating the mirror. In this manner the pro-
jectors need not be moved and they can be permanently focused. 

23.7. The television signal. The picture signal transmitted 
by a television transmitter, and picked up by the receiver, is 
necessarily rather complex. It must not only contain the elec-
trical information concerning the scene being viewed; it must 
also carry along signals for blanking the receiver at the proper 
times. In addition, both vertical and horizontal synchronizing 
signals are required. The blanking signals turn off the beam of 
electrons in the cathode-ray tube (kinescope) in the receiver 
during the retrace time (both horizontal and vertical) of the 
beam. The synchronizing signals keep the scanning beam at 
the receiver in step with that at the transmitter. Another series 
of signals, equalizing pulses, keeps the interlace pattern at the 
receiver properly adjusted. 
The picture signal is amplitude-modulated. Variations in the 

degree of modulation are used to carry the various types of in-
formation that must be transmitted to the receiver. Figure 4, 
illustrating various functions, shows only the envelope of the 
transmitted wave; the individual alternations of voltage are 
not shown. 

In the United States television transmitters utilize negative 
modulation. That is, an increase in picture brightness causes a 
decrease in the amplitude of the envelope and a resulting de-
crease in power output. The reference "white" level is set at 
not more than 15 per cent of the maximum amplitude of the 
carrier envelope. "Black" is represented by an amplitude of 
the carrier envelope of 75 per cent of the maximum value. This 
black level serves as a reference point from which the background 
brightness of the picture is set. Blanking pulses have an ampli-
tude equal to that of the black level, and the scanning beam in 
the receiver is cut off whenever this level of modulation is re-
ceived. Synchronizing and equalizing pulses rise above the black 
level to 100 per cent of the maximum amplitude of the carrier. 
Thus, these pulses are transmitted as "blacker-than-black" sig-
nals. The scanning beam at the receiver is, therefore, cut off 
whenever a blanking, synchronizing, or equalizing pulse is trans-
mitted. 
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Details of the various signals making up the composite trans-
mitted envelope are shown in Fig. 4. The picture signal occupies 
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Fio. 4. Details of a television signal. Only the envelopes of the pulses 
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about 84 per cent of the time required to scan one horizontal line. 
The remaining 16 per cent of the time is occupied by a blanking 
pulse upon which is superimposed a horizontal synchronizing 

pulse. The blanking pulse turns off the scanning beam during 



612 Television [Ch. 23 

the retrace time; the synchronizing pulse causes the scanning 
beam in the receiver to begin scanning the next line in syn-
chronism with the beam at the transmitter. Details of these 
pulses are seen in Fig. 4. 
At the end of each field (262.5 horizontal lines) several pulses 

are transmitted which perform various functions. The first are 
a group of six equalizing pulses to keep the received picture 
properly interlaced. These equalizing pulses are followed by a 
vertical synchronizing pulse. This pulse is three times as long 
as the time required to scan one horizontal line and is much 
longer than the horizontal synchronizing pulses so that the two 
types of pulses may be separated by the circuits in the receiver. 
However, to maintain horizontal synchronization, the vertical 
synchronizing pulses are "serrated"; that is, the pulse is broken 
up into six blocks as shown in Fig. 4(d). These blocks start at 
the proper times to keep the receiver in horizontal synchroniza-
tion. At the end of the vertical synchronizing pulse another 
series of six equalizing pulses is transmitted. These pulses are 
followed by nine to thirteen horizontal synchronizing pulses. 
During this entire time the electron beam is cut off and no pic-
ture is transmitted. This time, about 1250 psec, represents the 
vertical retrace time of the beam. 
The time the vertical blanking pulses occupy is 7 to 8 per cent 

of the total time occupied by a frame. As a result, only about 
485 lines out of a total of 525 are active in producing a picture. 
A typical composite envelope of the transmitted signal is shown 

in Fig. 5 together with the relation of the picture pulses to the 
various synchronizing, blanking, and equalizing pulses. The 
figure is for the time just before, during, and after the end of a 
field in order to include the details during the vertical retrace 
time. 

23.8. Television transmitters. In the United States black-
and-white television stations are assigned channels 6 Mc wide. 
The assigned carrier frequencies range from 54 Mc to 216 Mc.* 

Television transmitters employ vestigial sideband transmis-
sion. In this system, one sideband is largely eliminated at the 

* The present FCC channel allocations are in the following bands: 
54 to 72 Mc, 76 to 88 Mc, and 174 to 216 Mc. There is a total of 12 bands. 
The channels are numbered consecutively from 2 to 13. Channel 1 has been 
discontinued. 
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transmitter by a filter. The other sideband is transmitted with-
out appreciable suppression. By this means most of the channel 
space can be utilized by the single sideband. The result is that a 
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clearer picture, with more detail, can be transmitted in a given 
channel width. 
The normal response of a transmitter is shown in Fig. 6. Note 
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Fro. 6. Television transmitter channel with vestigial sideband transmission. 
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that the picture carrier (center carrier frequency) is located 1.25 
Mc above the lower edge of the 6-Mc channel. The vestigial 
sideband filters are designed to have a gradual cut-off beginning 
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about 0.75 Mc above the lower end of the channel, the cut-off 
being complete at the lower end of the channel. The transmitter 
response is approximately flat for a 4-Mc band above the picture 
carrier frequency. It then drops gradually to zero response at 
5.75 Mc above the lower end of the channel. The remaining 0.25 
Mc serves as a guard band to separate adjacent channels. The 
sound carrier is centered on a frequency 5.75 Mc above the lower 
end of the channel. 

23.9. Television receivers. Television receivers are usually 
superheterodynes, often with preliminary r-f amplification. A 
block diagram of a typical receiver is shown in Fig. 7. The 
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FIG. 7. Simplified block diagram of a typical television receiver. 

picture and sound carriers are passed through the r-f amplifier 
and mixer stage. After the mixer (after one or two stages of i-f 
amplication in some receivers), the sound carrier is separated 
from the picture carrier by means of a high-Q "trap" circuit. 

The sound carrier which is frequency-modulated is then passed 
through a typical f-m receiver. 

The ideal i-f system of the picture amplifiers should have a 
selectivity curve as shown in Fig. 8. In practice, the picture i-f 
amplifier is considered to be satisfactory if the band width be-
tween half-power points (0.7 times maximum response) is 3.5 
to 4.0 Mc. The amplifiers must be compensated to have good 
gain and time-delay (phase-shift) characteristics over this fre-
quency range. Because of the wide band width required, the 
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tuned circuits of the i-f amplifiers must have a rather low Q; 
often a resistor of low value, a few thousand ohms at most, is 
shunted across the tuned circuit. This arrangement reduces the 
available gain per stage, and several stages of amplification are 
generally necessary to obtain the required amount of gain. Spe-
cial "television pentodes" such as the 6AC7 have been developed 
which feature a large gm. These tubes permit the designer to 
obtain a greater gain per stage than would otherwise be possible. 
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FIG. 8. Ideal selectivity curve of video intermediate-frequency amplifier 
of a television receiver. Local oscillator frequency is lower than picture 

carrier frequency. 

Frequency, megacycles 

The intermediate frequency in most television receivers is of the 
order of 21 Mc. Additional sound-carrier "traps" are incor-
porated in one or more of the i-f amplifier stages to insure that 
the sound carrier is completely eliminated from the picture signal. 
The video detector is usually a diode employing a circuit much 

the same as that discussed in Sect. 14.8. The diode load imped-
ance is often provided with some form of high-frequency com-
pensation, such as a small coil in series with a 2000- or 3000-ohm 
load resistance. The output signal level is ordinarily somewhat 
greater than 1 volt peak-to-peak. 

After detection, the video signal passes into a video amplifier. 
This must be a high-quality amplifier capable of passing fre-
quencies from a few cycles per second up to about 4 Mc. This 
signal appears much the same as that shown in Fig. 5. It would 
appear that the synchronizing and equalizing signals would 
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cause interference on the picture-tube screen. This is not the 
case, however, since these signals represent picture elements that 
are "blacker-than-black" and are not seen. 
The video signal in most receivers, after detection, passes 

through video amplifiers and their associated blocking and cou-
pling condensers. Since a condenser cannot pass a d-c compo-
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nent, the resulting a-c signal adjusts itself so that the areas in 
the positive and negative portions of the wave are equal. The 
heights of the successive synchronizing and blanking pulses are 
no longer the same. That is, these pulses extend different dis-
tances above the zero-voltage axis. The electrical information 
regarding the picture brightness is lost since the brightness is 
related to the synchronizing and blanking pulses. The blanking 
and pulses must be realigned so that the picture signal can be 
passed onto the picture tube with the correct brightness informa-
tion. The circuits which restore this reference level are called 
clamping or d-e restorer circuits. 
A simple clamping circuit is shown in Fig. 9 along with an 
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idealized video signal. Note that the picture signal is a "positive-
going" signal in this case, as contrasted to the "negative-going" 
picture signal in Fig. 5. This phase reversal is necessary so that 
the grid of the picture tube will be driven in a positive direction 
for the brighter portions of the televised scene. 

Consider what happens when the video signal begins to go 
positive. Current flows through the C1—R1 path, but no current 
flows through V1 since its cathode is positive with respect to its 
plate. Condenser C1 charges rather slowly since the time con-
stant of C1—R1 is ordinarily much greater than the time required 
for the scanning of one line. When the video signal begins to go 
negative the plate of V1 becomes positive and V1 begins to con-
duct. Condenser C1 now begins to charge in the opposite direc-
tion. This charging action is rapid because of the low resistance 
of VI, usually between 200 and 2000 ohms, and terminal a follows 
the changing negative potential with very little time delay. The 
resistance of R1 is made so much greater than that of V1 that 
very little current flows through R1 during the negative portion 
of the cycle. The clamping circuit, in effect, "clamps" the syn-
chronizing pulses at zero, and the rest of the signal rises above 
zero. In this manner, the reference axis for brightness informa-
tion is restored and a steady level is provided for the picture tube. 
A germanium crystal diode, a type 1N34, for example, may be 
used in place of VI. The clamping action on a typical video 
signal is shown in Fig. 9. 
A portion of the video signal, after detection and amplification, 

is diverted into a "sync stripper" which removes the vertical and 
horizontal synchronizing signals and rejects other portions of 
the composite wave. The horizontal synchronizing signals are 
of much shorter duration than the vertical synchronizing signals. 
This fact permits the two signals to be separated in differentiat-
ing and integrating circuits. 
The synchronizing signals which pass through the integrator 

act together to produce an output pulse. However, since a 
vertical synchronizing pulse is very much longer than the other 
pulses, only this pulse is effective in producing a large amplitude 
in the output signal. The other pulses produce a signal of rather 
low amplitude. A multisection integrator is generally employed. 
The action of such a circuit is to discriminate against the shorter 
horizontal synchronizing and the equalizing pulses, and to pro-
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duce an output signal dependent only upon the vertical syn-
chronizing pulses. This output voltage is used to synchronize 
the vertical deflection generator. 

The synchronizing signals passing through a differentiator pro-
duce sharp positive pulses corresponding to the leading edges of 
the synchronizing pulses, and sharp negative pulses corresponding 
to the trailing edges. The negative pulses are removed by diode 
clippers or other means, and the positive pulses are used to trigger 
the horizontal deflection generator. It should be noted that these 
triggering pulses are produced not only by the leading edge of 
the horizontal synchronizing pulses, but also by the leading 
edges of the equalizing pulses and by the leading edges of the 
serrations of the vertical synchronizing pulses. 

23.10. Television sound circuits. The sound associated 
with a television picture is ordinarily transmitted separately 
from the picture, and the sound carrier is frequency-modulated. 
The sound channel is located at the upper edge of the allocated 
picture channel. The sound transmitter is, in effect, entirely 

separate from the picture transmitter, although the same antenna 
is ordinarily used, the output of the two transmitters being cou-
pled to the antenna through a special network. 
The separation of the picture and sound carriers at the receiver 

has already been discussed. Once the sound carrier has been 
isolated, it is fed to a conventional f-m receiver. 

23.11. Television power supplies. The requirements for 
the power supplies for the amplifiers and other low-voltage cir-
cuits of a television receiver are no different from those for any 
other high-quality receiver. They must furnish the required d-c 

power, must have good voltage regulation, and must be free of 
ripple. The high-voltage supply for the picture tube, on the 
other hand, poses special problems for the receiver designer. 

It has already been mentioned that the picture tube requires 
direct voltages ranging from 6000 to 15,000 volts. The current 
requirements are low, about 200 p.a. The high-voltage power 

supply should be of the limited-energy type, that is, one which 
is not capable of passing more than a few milliamperes on short 
circuit. This condition is imposed for safety reasons so that the 
shock hazard to persons who inadvertently come in contact with 
this high voltage is lessened. In all cases, the high-voltage sup-
ply should be turned off and the terminals short-circuited before 
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working on a television receiver, unless it is absolutely necessary 
that the high-voltage portions of the receiver be operative. 

High-voltage television power supplies do not usually operate 
at power-line frequencies since such operation would require 
rather heavy and bulky components. Since only a few milli-
amperes of current at most are required by the picture tubes, 
special power supply circuits have been devised for television 
use. The most common are flyback, radio-frequency, and pulse 
supplies. 
A flyback supply is found only in receivers employing mag-

netic deflection. A typical flyback supply is shown in Fig. 10. 
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The circuit gets its name from the fact that it is operated by 
voltage produced in a coil during the flyback time of the hori-
zontal scanning wave, that is, during the time the electron beam 
is being returned from the right to the left side of the viewing 
screen. This flyback or retrace time is quite short, about 10 
p.sec. The current in the coil L1 changes rapidly, producing a 
large counter-voltage. The voltage is made still greater by con-
necting L2 as a step-up autotransformer. This voltage is then 
rectified and filtered. The frequency of the flyback pulses is 
15,750 cps, and small filter components may be used. 
Radio-frequency power supplies utilize a r-f oscillator. The 

output voltage of the oscillator is fed to a rectifier circuit. Be-
cause of the high frequency, 50 to 500 kc, the filter elements may 
be quite small. The second filter condenser is often the capaci-
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tance between inner and outer conductive coatings found on 
many picture tubes. Radio-frequency power supplies must be 
carefully shielded to prevent interference with other portions of 
the receiver. A typical supply of this type is shown in Fig. 11. 
A pulse-type power supply is useful in receivers employing 

electrostatic deflection. A pulse derived from the horizontal 
scanning circuit is used to trigger a single-shot blocking oscil-
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i 1G. 11. Radio-frequency high-voltage power supply. 

lator. The output of the oscillator is amplified and then rectified 
as in the two previous circuits. The pulses are triggered by the 
horizontal scanning circuit and, if the scanning circuit is of the 
"driven" type, the supply is operative only when a picture is 
present. Thus, no high voltage is applied to the tube in the 
absence of a picture. This is advantageous in that it prevents 
burning of the picture-tube screen. 
23.12. Television antennas. Television antennas for both 

transmission and reception must be capable of transmitting or 
receiving a broad band of frequencies without discrimination. 
The transmitting antenna is operated at a fixed carrier frequency 
and so can be designed to have optimum performance at this 
frequency. Several types of transmitter antennas are in use. 
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They have two things in common: ( 1) they have relatively low 
gain (because of their broad band width) in comparison to 
standard broadcast and f-m antennas, and (2) they are mounted 
as high in the air as practicable to achieve a large service area. 

Receiving antennas for television signals must be capable of 
satisfactorily responding to an extremely wide band of fre-
quencies if all channels are to be received. The antenna is often 
a dipole made of rather large-diameter rods and tuned to the 
middle of the lower-frequency band or about 65 Mc. In many 
cases the dipole is a part of a directive system including both 
directors and reflectors. A highly directive system is usually 
mounted so that it can be rotated to pick up a desired station 
with the maximum sensitivity. It is important that the antenna 
be properly matched to the transmission line and the receiver. 
An impedance mismatch may cause serious loss of signal and 
may, at the same time, produce troublesome "ghosts." 
23.13. Reflections, ghosts, and interference. Television 

reception is seriously affected by multiple-path transmission. 
A signal from a transmitter may not only travel directly to the 
receiving antenna; it may also be reflected back and forth be-
tween buildings and other objects before being picked up by the 
receiving antenna. Signals arriving by these longer paths are 
delayed in time and may produce a delayed image or "ghost" on 
the receiver screen. A highly directional receiver antenna helps 
minimize trouble from these multiple paths. Sometimes the 
simple expedient of relocating the antenna at a more favorable 
spot will eliminate most of the trouble. 
Natural static does not ordinarily cause much interference in 

a television picture. Much more serious is interference caused 
by man-made static. This static arises from the ignition systems 
of automobiles, from unshielded diathermy and r-f heating de-
vices, from streetcar and elevated systems, and from many other 
electrical devices. Directive antennas help eliminate some of 
this static. A receiving antenna should be located as far as 
possible from the street. 
23.14. Color television.* Ever since the development of 

black-and-white television, there has been considerable interest 

*An excellent discussion of color television systems will be found in the 
article, "The Present Status of Color Television," Proc. I.R.E., Vol. 38, No. 
9 (September, 1950), pp. 980-1002. 
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in the development of systems which would reproduce a picture 
in its true colors. Several color television systems have been 
devised. Many research workers and designers are presently 
working on improvements and searching for new ways of produc-
ing a color television picture. 

Color television systems are based on the fact that all colors 
can be produced (approximately) by combinations or mixtures 
of the primary colors, blue, green, and red. A basic color tele-
vision system would, therefore, separate the image into these 
three basic colors in the pickup device. The electrical signals 
corresponding to these three colors would be combined in appro-
priate circuits at the transmitter and then be radiated by the 
antenna. At the receiver, additional circuits would separate the 
signals corresponding to the different colors, and then recombine 
them in a viewing device so that the original picture was repro-
duced in its true color values. 
A scanning pattern in any system, black and white or color, 

is made up of a multitude of dots, each dot represented by a sepa-
rate globule of the photosensitive camera tube. These dots, then, 
are the basic building blocks of a television image. The sensitive 
surface is scanned in horizontal lines; these lines are the second 
step in the construction of the electrical representation of the 
image. A series of lines covering the area of the sensitive surface 
constitutes a field, the third step in the construction of an image. 
In an interlaced system, two fields (one frame) are required to 
cover the complete image. In spite of this modification, however, 

the basic elements of a television picture are ( 1) dots, (2) lines, 
and (3) fields. 

Two different systems of color television have been proposed, 
the sequential and the simultaneous systems. In the sequential 
system, the three primary colors are transmitted one at a time in 
succession. A single picture transmitter is required. A simul-
taneous system, on the other hand, transmits all three primary 
colors at the same time. This system ordinarily requires three 

separate transmitters, each with a band width roughly the same 
as for a black-and-white transmitter (6 Mc) or a total of 18 Mc. 
The simultaneous system, because of its requirement for an ex-
tremely large band width, is not actively proposed for commer-
cial use and will not be discussed further. Sequential systems 
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are, however, receiving much attention, and their features will 
be discussed in some detail. 

Sequential systems can be divided into three types, depending 
upon which "building block" of the picture is utilized: dot-
sequential (RCA), fine-sequential (CTI) , and field-sequential 
(CBS). In a dot-sequential system the color is assigned to suc-
cessive picture elements or dots on the sensitive surface of the 
camera tube. In a line-sequential system the color values are 
assigned to successive lines in the scanning pattern. In the field-
sequential system color values are assigned to successive fields 

of the image. 
In a dot-sequential color television system the scanning pat-

tern is the same as in a conventional black-and-white system. 
In any one field the lines of the image consist of successive dots 
of the three primary colors. In the RCA system the dots are 
arranged in the sequence red, blue, green, and the space between 
successive dots of the same color is equal to the width of a dot. 
Thus, there is some overlap of the different colored dots. (The 
"colored" dots are actually black and white. They merely repre-
sent the colors specified.) On successive fields the positions of 
the dots are shifted so that the green dots, for example, fall at 
different points from on the preceding field. In addition, the 
clots on successive lines are shifted so that in any given field the 
dots of one color do not appear directly above or below the dots 
of the same color in adjacent lines. Because of the successive 
arrangement of the dots, and the arrangement on adjacent lines, 
this is called a dot-interlaced dot-sequential system. 
Two types of dot-sequential systems have been designed and 

tested. In one, three separate camera tubes are employed. The 
image is focused simultaneously on all three tubes, one primary 
color per tube, and the tubes are scanned in synchronism. The 
scanning beams are switched on and off so that the tubes are 
scanned in succession, a small section of a line (dot) in one tube 
being scanned, then a small section of a line in the second tube, 
and so on. Appropriate signals transmitted to the receiver switch 
the electron beams of three different color tubes. The color tubes 
are picture tubes which glow red, blue, and green, respectively. 
The images on the three color tubes at the receiver are combined 
by an optical system. This color television system imposes ex-
tremely strict requirements on the over-all operation of the 
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various component parts. The three images must be accurately 
positioned with respect to each other (kept in register), and the 
relative color values must be maintained. 

In a second type of dot-sequential system the same type of 
transmitter is used, but the receiver uses a single picture tube. 
The viewing screen of the picture tube is composed of a very 
large number of tiny clusters of phosphors, red, green, and blue. 
Three electron guns are employed. The three electron beams 
are caused to strike the different phosphors in order, much as 
the different colors are produced on the three screens in the re-
ceiver described above. Registration of the image at the re-
ceiver is automatic, if the image is properly registered at the 
transmitter, and if the three electron beams are accurately de-
flected. 

In a line-sequential system, any given line is scanned entirely 
in a single color. A line-interlaced pattern is employed. For 
example, the odd-numbered lines " are scanned first, line 1 being 
scanned in green, line 3 in blue, line 5 in red, and so on until one 
field is scanned. The second field also scans the odd lines, except 
that line 1 is scanned in red, line 3 in green, and lie 5 in blue. 
The third field also scans the odd lines, the first line this time 
being scanned in blue. After three fields the image has been 
scanned in all three colors, but only the odd-numbered lines have 
been scanned. 
The next three fields scan the even-numbered lines. In succes-

sive fields line 2 is scanned in green, then blue, then red. At the 
completion of six fields the image has been scanned by all lines 
and by all colors, and a complete color picture has been produced. 
A line-sequential system may employ a single camera tube. 

Color-selective filters are used to produce three images, side by 
side, on the sensitive screen. The scanning beam is moved en-
tirely across the sensitive screen, thus scanning the images cor-
responding to the three primary colors one after another. The 
beam-deflecting circuits are arranged so that the proper sequence 
of scanning is obtained. 
The fluorescent screen of the viewing tube at the receiver is 

composed of rectangular areas of phosphor, side by side, which 
glow in the three primary colors. The scanning beam moves 

*These are lines 1, 2, 3, etc., in Fig. 1. Here, the lines are numbered con-
secutively regardless of the field to which they belong. 
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across these three colored areas much as at the transmitter. Thus 
a copy of the images on the camera tube is reproduced on the 
receiving screen, this time in three colors (the actual images on 
the camera tube are in black and white). The three images on 
the viewing tube are combined in an optical system and a color 
picture is produced. 

The line-sequential system may employ the same number of 
lines per field and the same number of fields per second as a 
black-and-white system and still utilize the same band width. 
Therefore, a line-sequential transmission may be picked up on 
a conventional black-and-white television receiver as a black-
and-white picture. The system is subject to trouble arising from 
the difficulties of accurately registering the images both at the 
transmitter and at the receiver. 
A field-sequential system scans an entire field in a single color. 

The second field is scanned in another color, and the third field 
in the third color. In an interlaced system, the first three fields 
include only the odd-numbered lines, and three additional fields 
are required for the even-numbered lines. A total of six fields 
then comprises the complete color picture. In a modification 
of this system, each line is broken up into dots, all of the same 
color. Blank spaces between these dots are filled with dots of 
another primary color on the next scanning of that line. In this 
manner, both lines and dots are interlaced, and a clearer picture 
results. 

The CBS field-sequential system ( 1950) employs a motor-
driven color wheel both at the transmitter and at the receiver. 
The color wheel is a disk containing six segments. Two segments 
are red filters, two are green filters, and two are blue filters. 
The wheels are rotated in synchronism with the switching and 
scanning of the electron beams so that the scanning pattern 
proceeds as described above. The fields are reproduced on the 
viewing screen in succession and with the proper colored seg-
ment of the color wheel in front of the screen. In this manner a 
colored picture is produced. This system is capable of produc-
ing an excellent color picture. It is, however, subject to two 
limitations. In the first place, to achieve a good picture and 
still stay within a 6-Mc band width, the number of lines and 
field rate must both be different from those in a conventional 
black-and-white system. A field-sequential system is, for these 
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reasons, incompatible with present black-and-white systems. In 
the second place, the viewing tube is restricted in diameter to 
about 12 in. Otherwise, the color wheel and its driving motor 
become unreasonably large. 
A modification of the field-sequential system employs a single 

viewing tube in which the different colored fields are produced 
one above the other and in sequence, the three areas of the screen 
being coated with different phosphors. The scene is viewed 
through an optical system which combines the three images. 
This system eliminates the necessity for a color wheel at the 
receiver. It does, however, suffer from registration difficulties 
the same as the two previously described systems. 



24 • Radar 

Radar was one of the supreme contributions of electronics en-
gineers to World War II. By its means it became possible ac-
curately and quickly to determine the direction of an enemy 
airplane and at the same time to measure its elevation and its 
distance. Since the war, radar has found many peacetime uses, 
the most important of which is guiding ships in fog and at night. 
By its use, ship's pilots can maintain "visual" contact with other 
ships and obstructions. 
The word "radar" was coined from the term "radio direction 

and ranging," and it means simply the determination of direction 
and range of any object which will reflect back to the transmitter 
a portion of the energy it receives from the transmitter. 

Basically, radar depends upon three simple phenomena, all 
well known for many years. These are ( 1) the ability to aim a 
narrow band or cone of radio energy by means of directive an-
tennas; (2) the fact that radio waves travel at a known velocity 
in space, namely 300,000,000 meters or 186,000 miles per second; 
and (3) the fact that radio energy striking an object such as an 
airplane induces currents in the object. The currents cause some 
of the energy to be reradiated or reflected. These facts were 
known to Hertz, the first and third facts being demonstrated by 
him and the second being a part of the basic theory developed by 
Maxwell. Thus the basis for radar existed and was known before 
1900. Only in recent years, however, have means been avail-
able for measuring the time required for a radio wave to go out 
to a reflecting object and be returned to the sender. This portion 
of a radar system had to wait for modern techniques. 

24.1. Elements of a radar system. A simple radar system 
consists of a transmitter which sends out periodic short bursts of 
energy, an antenna array designed to concentrate the energy into 
as narrow a beam as possible, a simple receiving antenna, and a 

627 
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means of measuring the time of transit of the pulses of radio 
energy. The transmitting and receiving antennas are rotated in 
synchronism and are often the same antenna. The direction of 
the antennas when a return echo is picked up indicates the direc-
tion of the reflecting object, or target. The elements of a radar 
system are shown in Fig. 1. 
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FIG. 1. Energy sent out in pulses from transmitter S is reflected in pulses 
from plane to receiver R. (From Wireless World.) 

The transmitter sends out radio energy in pulses so that there 
may be time between pulses for the burst of energy to travel to 

the target and for some of the energy to be reflected back to the 
receiver. The receiver measures the elapsed time from the in-
stant a pulse is radiated by the transmitter until it is picked up 
by the receiver. The time between pulses is comparatively long 

with respect to the length of the pulses. It is not practicable to 
send out a continuous stream of radio energy since then it would 
be difficult for the receiver to measure the transit time of any par-
ticular portion of the transmitted signal. Furthermore, the re-
turned energy is many times weaker than the transmitted energy. 



See. 24.1] Elements of a Radar System 629 

If the transmitter were on all the time, the receiver would be over-
whelmed by the local signal and would be unable to pick up the 

weak echo. 
Since the transmitter is energized at intervals and only for a 

very short time (a microsecond or so), the peak transmitted 
power may be very great without the average power being above 
the rating of the transmitting tubes. This peak power may be 
hundreds or even thousands of kilowatts; the average power is 
usually less than a hundred watts. 
The distance or range of the target is measured by "timing" 

circuits, and the information is displayed on cathode-ray oscillo-
graphs. When the pulse is sent out, a signal starts a sweep volt-
age which moves the electron beam across the screen. When the 
echo is returned, a signal is sent to the vertical plates of the tube 
so that a slight kick (called a "pip") upwards from the horizontal 
trace on the screen is produced. If the electron beam is swept 
across the screen at a constant and known speed, the place on the 
screen where the pip occurs is a measure of the time required for 
the signal to go out from the transmitter to the target and to be 

returned by the target to the receiver. Since the speed with 
which the waves travel is accurately known, the transit time is 

also a measure of the distance to the target. The relation be-
tween transit time and target distance is shown in Fig. 2. 

For example, radio waves travel 186,000 miles per second or 
0.186 mile per microsecond, out and back, or a one-way trip of 
0.093 mile (491 ft) per microsecond. Suppose, now, that the 
electron beam is swept horizontally across the cathode-ray-tube 
screen a distance of 4 in. in 400 µsec, or 1 in. for every 100 µsec. 
If, therefore, a pip occurs 1 in. away from the starting point of the 
horizontal trace, the elapsed time between transmission of the 
signal and reception of the echo is 100 µsec. In 100 µsec the sig-
nal went out to and returned from a distance of 100 X 0.093 or 
9.3 miles. Thus the reflecting target is 9.3 miles away. 

If echoes are obtained when the antenna is pointing at a bear-
ing of 185° with respect to true north, then the target lies 9.3 
miles away on the 185° line. Furthermore the elevation above 
earth can be determined by tilting the transmitting and receiving 
antennas away from the horizontal until echoes are received. 
The angle of the antennas with the horizon, then, is a measure 
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of the height of the target, which can be determined by elemen-
tary geometry. 

50 

40 

30 

20 

10 

B. Miles 

A 10 20 30 40 
Microseconds 

B 100 200 300 400 500 
Microseconds 

Fla. 2. Relation between transit time from radar to plane to radar and 
distance between plane and radar. 
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24.2. The radar transmitter. Since highly directional an-
tennas with reasonable physical dimensions can be constructed 
when the wavelength of the transmitted radio energy is short, 
radar systems commonly operate at very high frequencies, 
ranging from hundreds to thousands of megacycles. The trans-
mitter, therefore, is a very short-wave transmitter. It is not 
continually on the air like a broadcast transmitter. It resembles 
a code transmitter more than a voice transmitter, and a short-
wave code station could be employed as a radar transmitter by 
merely making the dots occur at a regular rate and also making 
them very short in duration. Special directive antennas would, 
of course, have to be provided. 
A simplified block diagram of a single-antenna radar is seen in 

Fig. 3. The timer controls the time at which the transmitter 
sends out a pulse of energy and also the length of the pulse. 
Whenever the timer causes a pulse of energy to be transmitted. 
it also produces a time marker signal for the cathode-ray-tube 
indicator screen. The TR Itransmit-receive) switch, often a gas-

filled tube, connects the transmitter to the antenna during the 
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time of a pulse. At all other times this switch connects the an-
tenna to the receiver. 
Means are provided for furnishing requisite instantaneous 

power during the pulses, and there must be some sort of keying 
system which allows the transmitter to produce high-frequency 
energy at regular intervals, and for the required length of time 
during the individual pulses. This keying system must be ac-
curate, for if the circuits timing the pulses get out of order, the 

Dipole antenna 

Flo. 3. Block diagram of typical radar. TR switch throws antenna from 
transmitter to receiver. 

returning echoes may be obscured by the more powerful trans-
mitter pulses. The timing mechanism must be synchronized with 
the indicator in the receiver so that the trace of the cathode-ray 
tube starts across the screen when the pulse leaves the trans-

mitter. 
Since the transmitter is essentially a short-wave station, any 

of the well-known methods of producing short-wave signals may 
be employed. The most widely used tube for producing high-
power high-frequency signals, however, is the magnetron. Spe-
cial triodes can be used in radars operating up to a few hundred 
megacycles. Klystrons can be used in low-power radars operat-
ing at frequencies up to several thousands of megacycles. 

24.3. Transmitter power. The average power required from 
a radar transmitter depends upon the fraction of time in each 
second that the power is on and the amount of power taken dur-
ing this time. In this situation, a radar transmitter resembles 
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an electron-tube-controlled welding machine which supplies high-
powered pulses of energy to a weld at regular intervals, each 
pulse lasting only a fraction of a second. 

As an example, suppose that a 200-watt transmitter is to be 
keyed with pulses lasting 2 »sec each, there being 500 pulses per 
second. What fraction of a second is the transmitter actually 
taking power from the power source? How much power may be 
packed into each pulse without overloading the transmitter or 
power supply? 

If there are 500 pulses per second, each 2 »sec long, the total 
time per second the transmitter is on is 500 X 2 X 10-6 or 1000 

»sec; and, since there are 1 million »sec in each second, the trans-
mitter is on only one-thousandth of the time. During the pulses, 
therefore, the power may be as high as 200 kw (200 X 1000 
watts). This simple analysis assumes that it is the average power 
(200 watts) that is the limiting factor. Of course, limitations on 
current and voltage in the transmitter must also be observed and 

may, in some cases, limit the peak power to less than 200 kw. 
As in welding technique, the factors mentioned above can be 

related as follows: Let the term "duty cycle," taken from welding 
terminology, be the relation between the width of a pulse and the 
time between pulses: 

Duty cycle = 
Pulse width 

Time between pulses 

These relations are shown in Fig. 4. 

e 
o a_ 

o 

7 -Peak power 

Areas are equal 

Average width 
power k Time between pulses 

Time 

Fla. 4. High peak power does not mean high average power. In radar 
transmitters the time between pulses may be quite long compared to 

pulse time. 



Sec. 24.4] Pulse Repetition Rate 633 

If there are 500 regularly spaced pulses per second, the time 
between successive pulses is 1/500 sec or 2000 p, sec. If the pulse 
is on for 2 p.sec, the duty cycle is 2 ± 2000 = 0.001. 
The duty cycle is also the ratio between the average and the 

peak power. Therefore, 

Average power Pulse width 

Peak power Time between pulses 

In the example above, in which the transmitter had an average 
power rating of 200 watts, 200/peak power = 0.001, or the peak 
power is 200,000 watts or 200 kw. 

Since the amount of energy reflected by a small object at some 
distance from the transmitter is very small in comparison with 
the transmitted power, it is important that the power of the 
transmitted pulses be quite high so that the pulses returned to 
the receiver will be strong enough to be successfully amplified 

and used. 
24.4. Pulse repetition rate. How many pulses per second 

should be sent out? Consider the example above, in which 500 
pulses are sent out per second. How far away can the target be 
and still reflect one pulse back to the receiver before the next 
pulse is emitted by the transmitter? The pulses are 2000 
(actually 1998) µsec apart in time. The energy will travel a one-

way distance of 0.093 X 2000 or 186 miles. This will be the 
maximum range of a radar transmitter using a pulse repetition 

rate of 500 per second. 
How long should the pulse last? If it lasts too long, the re-

turning signal will arrive before the transmitter is turned off. If 
the pulse lasts 2 ktsec, the signal will travel (one way distance) 
2 X 0.093 or 0.186 mile, or 328 yards. This is the minimum dis-

tance over which a radar using a 2-µsec pulse would be useful. 
The pulse rate determines the maximum effective distance, a 

higher rate giving the signals less time to go out and return and 

thus lowering the maximum distance; the pulse width governs the 
minimum distance over which echoes can be received successfully. 
A wide pulse may return more energy from a distant target but 
will increase the minimum distance over which the radar is use-
ful. Numerous pulses per second increase the possibility that 
several pulses may hit the target and be returned, with the result 
that a brighter trace on the cathode-ray tube will be secured. 
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Figure 5 shows how minimum and maximum useful distances de-
pend upon pulse rate and width. 

In practice, the pulse repetition rate is much greater than 
the rate at which the antenna is to rotate about the horizon or 
about the sector the radar is exploring. In this manner, there is 
sufficient time for several pulses to go out to the target and to 
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Fm. 5. The minimum range increases as pulse width in microseconds 
increases; the maximum range, however, decreases with wider pulses. 

return to the radar site before the antenna has moved on to a new 

location. If proper pulse control is attained, the received 
echoes will be superimposed upon one another so that a visible 
"pip" may be produced from the sum of several weak signals. 
The lowest effective pulse rate, therefore, is determined by the 

maximum range desired, by the rate at which the antenna is 
rotated, and by the persistence characteristics of the cathode-ray-
tube screen. 

Problem 1. A radar employs pulses 3 µsec long. The repetition rate is 
1000 per second. What are the minimum and the maximum ranges? What 
is the duty cycle? If the transmitter tube is limited to 100 watts average 
power, what is the peak pulse power? 
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Problem 2. A 2J5I magnetron operates in the frequency range of 8500 
to 9600 Mc. It has a maximum rated average power output of 50 watts. 

(a) If the pulse power output is to be 80 kw, what is the maximum 
permissible duty cycle? 

(b) What must be the pulse repetition rate if 1-µsec pulses are used? 
(c) What will be the minimum and maximum ranges? 

24.5. Modulator. Since a radar transmitter is turned on and 
off at regular intervals, some means must be provided for mod-
ulating the carrier wave, in this case modulating it completely 
and abruptly. This modulation may be accomplished in the oscil-
lator tube itself, or additional tubes may be employed for the 
purpose. 
24.6. Radar receiver. Since the energy returned to the re-

ceiver antenna by a target may be exceedingly weak, the re-
ceiver must have the maximum possible sensitivity. The incom-
ing wave is first lowered in frequency by superheterodyne tech-
niques (crystal diodes are used as mixers in microwave radars), 
and the lower-frequency wave is amplified as much as necessary 
before the detection process in which the pulse envelope is 
secured free from the r-f and i-f voltages. After detection the 
pulse voltage may be increased further in a video or wide-band 
amplifier before being applied to the vertical plates of the cath-
ode-ray tube. 
The various circuits of the receiver through which the signal 

passes must be carefully designed and constructed so that the 
time it takes a pulse to travel through the receiver is accurately 
known. Only in this manner can the time required for the pulse 
to travel to the target and be reflected back to the receiver be ac-
curately measured. 

24.7. The indicator. As is true of many modern applica-
tions of electronics, the cathode-ray tube is an important ele-
ment in a radar system. It serves as a visual indicator of range 
(calibrated in yards or miles), or height (calibrated in degrees 
from the horizontal), or bearing with respect to north (calibrated 
in degrees). In each case, the movement of the electron beam 
across the cathode-ray-tube screen in a horizontal direction is 
synchronized with the movement of the antenna in a horizontal 
direction for bearing or in a vertical direction for height. The 
screen can be used to indicate bearing or vertical angle, or merely 
to indicate when a response is received from the distant target, 
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a compass card synchronized with the antenna movements in-
dicating the actual bearing. 

If the radar on shipboard is to serve only to locate ships at sea, 
the dimension of height may be eliminated since all that is needed 
is the distance and the bearing of the target. If the radar is to 
be used for gun control, much greater accuracy is required than 
if the system is merely to indicate the vicinity and range of a 

Range 

Fin. 6. Type A radar indicator. The "range" base line may be calibrated 
in units of time or distance. 

target. When the radar is employed for gunfire control, the 
movements of the antennas are synchronized with the movements 
of the guns or searchlights. 

The picture obtained on the cathode-ray-tube screen described 
above, and shown in Fig. 6, is called a type A presentation. This 
system shows only the distance or range of the target. The 
direction is obtained by synchronization with auxiliary devices 
as described. 

In type B presentation [Fig. 7 ( a) ], both range and azimuth 
(bearing) data are shown on the screen. A highly directive an-
tenna is rotated so that the transmitted beam of energy sweeps 
in a horizontal circle. The horizontal axis (base line) of the 
cathode-ray screen is calibrated in degrees of bearing. Vertical 
distances on the screen correspond to range. The electron beam 
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is caused to make a light vertical trace on the screen at evenly 
spaced intervals (every few degrees of bearing). Signals reflected 
from a target are used to intensify the trace. Thus, if a bright 
spot appears on the trace, the range of the target is indicated by 
the distance above the base line, and the bearing is indicated by 
the particular vertical line upon which the bright spot appears. 
The transmitted pulses are synchronized with the sweep pattern 
so that they always fall at a time corresponding to the base line. 

Bearing 

(a) Type B (b) PPI 

Fia. 7. Types of radar indication. X, transmitted pulses. 
received pulses from targets. 

7)1, T2, 

A Plan Position Indication (PPI) shown in Fig. 7(b) presents 
bearing information as angles and range information as radial 
distances from the center of the screen. This type of presenta-
tion is used for applications in which height of the target is not 
of importance. The picture on the screen may be described as 
a simple map with the radar transmitter at the center. The in-
formation on the map is incomplete in the sense that, if two 
targets are directly in line and are at the same height, only the 
nearest target will be indicated on the screen. The antenna, for 
this type of indication, is rotated on a vertical axis; that is, the 
beam is swept in a horizontal circle. Many pulses per antenna 
revolution are sent out. This type of radar usually employs a 
cathode-ray-tube screen with long-persistence characteristics so 
that the information is retained for several seconds after a par-
ticular reflecting target has been scanned. PPI presentation is 
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widely used in shipboard radars designed for navigational 
purposes. 

24.8. Radar antennas. Radars utilize frequencies ranging 
from 100 Mc (3 meters) to 10,000 Mc (3 cm) or higher. The 
trend is to the higher frequencies as tubes capable of high-
power operation at the higher frequencies become available. The 
types of antennas used for radar can roughly be divided into 
two groups: ( 1) those for the lower frequencies, and (2) those 
for the higher frequencies. No boundary frequency can be 
specified since there is considerable overlapping of antenna types 
in the region from about 600 to 3000 Mc. The general require-
ment for a radar antenna is that it must produce a highly direc-
tive beam. In special cases, the beam must not only be highly 
directive; it must also fulfill predetermined vertical and horizon-
tal field pattern specifications. 
Antennas for use at lower frequencies are usually made up of 

several simple antennas, such as half-wave dipoles, made up into 
an "array." These arrays usually consist of a number of "driven" 
antennas to which power is supplied by the transmitter and an 
equal number of reflectors placed the proper distance behind 
the driven elements. Sometimes a Yagi antenna is employed. 
This is a driven element with a reflector and one or several direc-
tors. The directors are dipoles, usually shorter than the driven 
element, placed parallel to and in front of the driven element. 
A common antenna array used at the lower radar frequencies 

consists of 16 half-wave dipoles with a similar set of 16 dipole re-
flectors, all properly spaced, and connected so that the required 
phase relations are obtained. Such an array will produce a 
power gain of about 400 times. (Power gain is defined as the 
power radiated in the desired direction divided by the power 
which would be radiated in the same direction with a single dipole. 
The total power supplied to the array and to the dipole must, of 
course, be the same.) Thus, a 100-kw pulse fed to the 16-dipole 
array becomes in effect a 100 X 400 or 40,000-kw signal in the 
desired direction. The directive property of such an antenna 

may be indicated by stating that the radiated beam is 30° wide 
at a point where the radiated energy is one-half that radiated 
along the axis of the beam. Ordinary transmission lines conduct 
the power from transmitter to antenna. 

In the mircowave region, the antenna may be very small and 
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is often located at the focus of a parabolic reflector or in a 
spherical reflector. Such an arrangement produces high power 
gain and high directivity. Wave guides serve as connecting 
links between antenna and transmitter or receiver. 

24.9. Shoran. Shoran (short range navigation) is an ex-
ample of the use of radar for aircraft navigational purposes. A 
simple shoran system consists of two beacon receivers on the 
ground plus special radar apparatus in the plane. A radar bea-
con is merely a low-powered radar transmitter and an associated 
receiver. Pulses sent out by the radar apparatus on the plane 
cause a beacon to be triggered and to send out a succession of 
pulses which are in turn picked up by the plane. The beacons 
are usually arranged so that their operation is practically in-

stantaneous and the time required for the radar to trigger the 
beacon and for the beacon pulses to return to the plane is prac-
tically the same as though the beacon were merely a reflecting 
target. Then, by methods already described, a navigator may 
determine how far the plane is from a beacon. The beacon re-
ceiver circuits are usually arranged so that they will respond only 
to pulses of a particular length and repetition rate. Their return 
pulses are often coded for identification purposes. 
The manner in which the navigator may fix his position is 

shown in Fig. 8. By contacting two beacons within the range of 
the plane's radar, the distance from each may be determined. 
Knowing the geographical location of the beacons, the navigator 
can draw arcs of circles on his navigation map, the radius of 
each circle corresponding to the distance from the associated 
beacon. The intersection of the two circular arcs fixes the posi-

tion of the plane. 
Because of the high frequencies involved, shoran is limited to 

line-of-sight distances, and the beacons must be somewhat less 
than twice line-of-sight distances apart. Even though these 
distances are somewhat greater from an airplane than at ground 
level, a large number of beacons are required to cover any large 

area. 
24.10. Loran. Loran (long range navigation) apparatus 

normally operates in the frequency range just above the broad-
cast band, from about 1.7 to 2 Mc. Two pairs of ground stations 
are required in the simplest system. One station, the master 
station, sends out high-powered pulses. Not only are these pulses 
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transmitted to a loran receiver on an airplane; they are also 
picked up by a second ground station, some 200 to 300 miles from 
the first station, and used to trigger the pulse transmitter in this 
second, or slave station. A constant and known time difference 
between the pulses of the two stations is thus maintained. The 
difference of time of the arrival of these pulses at the receiver on 

Beacon 2 

FIG. 8 
Beacon 1 

Master 
stations A • 

B • 

---- Stations A, A' 
- Stations B, B' 
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or ship 
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FIG. 8. Shoran pulses from transmitter in plane trigger beacons. Transit 
times of pulses from two beacons enable one to obtain a "fix." 

Flo. 9. Loran. The curves are lines of constant difference in distance from 
station pairs. 

the plane is a measure of the difference of the distance of the 
receiver from the two stations, although not a measure of the 
actual distance from either station. A second pair of stations 
(master and slave) is required in order that the actual position 
of the plane may be fixed. 
The manner in which the receiver location is fixed is shown in 

Fig. 9. The time difference in the reception of signals from sta-
tions A and A' fixes the position somewhere along line 1, and the 
time difference of signals from stations B and B' fixes the loca-
tion somewhere along line 2. The intersection of these two curves 
gives the location of the receiver. The curves ("1" and "2" in 
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the figure) are hyperbolas, and navigation by loran is sometimes 
termed "hyperbolic navigation." 
The daytime range of loran is normally not greater than about 

200 miles. At nighttime, however, the range is increased to 
greater than 1000 miles. This increase comes about because of 
the sky wave, which is useful only at nighttime. The accuracy 
with which positions can be determined by loran is about 1 mile 
in 700 miles with ground-wave propagation (daytime) and 4 
miles in 700 miles with sky-wave propagation (nighttime). 
Sometimes loran systems are operated in the low r-f range 

around 180 kc. The ground-wave range is increased by the use 
of low frequencies. Such systems are particularly useful in polar 
regions. In addition to the increased ground-wave range, these 
low-frequency signals are not as subject to interference from 
magnetic storms as are high-frequency signals. 
Loran principles are also used in equipment operating at micro-

wave frequencies. Such apparatus is called "Gee." 
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Abscissa, 8 
Acceptor, 206 
Afc, see Frequency control, automatic 
Air gaps in iron-core inductors, 113-

115 
Alloys, magnetic, 81-82 
Alternating current, work of, 86-87 
Alternating-current circuits, 135-182 

condensers in, 125 
definitions, 135-137 
phase relations in, 146-151 
power in, 173-180 
series, 163-170 

Alternating-current definitions, 86 
effective value, 142-144 

Alternating voltages or currents, 
adding, 144-146 

A-m, 375; see also Amplitude modu-
lation 

Ammeter, 4 
use of, 55-56 

Ammeter-voltmeter method of meas-
uring resistance, 60 

Ampere, 4 
Ampere-hour, 44 
Ampere-turns, 70 
Amplification, Class B, 351-352 
from high-mu tubes, 288-289 
required, 398-400 
voltage, triode, 263,333 

Amplification factor, 248-249 
Amplifier, audio, 328-373 

band-pass, 414-416 
cascade, 331 
Class A, 328-330 
Class AB, 330-331 
Class B, 330 
Class C, 330 
direct-coupled, 371 
feedback in, 355-356 

Amplifier, grounded-grid, 360 
high-frequency compensation 370-

371 
high-gain, 339-340 
impedance-coupled, 336-337 
instability, 340-341 
load lines for transformer-coupled, 

345-347 
low-frequency compensation, 369-

370 
multistage, 331 
noise in, 371-373 
operation, 328-331 
parallel tubes in, 354-355 
plate-modulated, design, 470-472 
plate voltage requirements, 335-

336 
power relations in Class C, 456-457 
power vs. voltage, 269-270 
push-pull, 348-351 
RC, 331 
r-f power, 450-458 
square-wave testing, 600-601 
transformer-coupled 341-344 
voltage vs. power, 269-270 
with resistance load, 260-261 

Amplifier-voltmeter, 566-567 
Amplitude distortion, 267 

calculations, 273-275 
Amplitude modulation, 375 

vs. frequency modulation, 515-518 
Amplitude-modulation receiver sys-

tems, 396-429 
Amplitude-modulation signals, detec-

tion of, 374-395 
Amplitude-modulation systems, 467-

468 
Amplitude-modulation 

450-476 
Anode, 231 

643 

transmitters, 
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Anode return, 234 
Antenna arrays, 493-495 
Antenna capacitance measurement, 

225 
Antenna characteristics, 489-491 
Antenna current increase with modu-

lation, 475-476 
Antenna field patterns, 491-492 
Antenna inductance measurement, 

225 
Antenna loading, 490 
Antenna wavelength measurement, 

225 
Antennas, 485-501 

coupling transmission lines to, 497-
500 

coupling transmitter to, 459-461 
dipole, 485-487 
flagpole, 488 
grounded, 488-489 
46.4 ,, 500 

loop, 495-497 
metal-lens, 558 
radar, 638-639 
television, 620-621 
uhf, 537-538 

Anti-resonant circuit, 197 
Apparent power, 176 
Armstrong f-m system, 525-526 
Atoms, 1-2 
Audio amplifiers, 328-373 
Audio-frequency range required, 462-

463 
Automatic-selectivity control, 417 
Autotransformer, 109 

"Back emf," 93 
Baffles for dynamic speakers, 427 
Balancing circuit for vtvm, 562 
Ballast tubes, 322 
Band-elimination filter, 228 
Band-pass amplifier, 414-416 
"Band spread" condenser, 134 
Band width of series-resonant curve, 

209 
Band-width requirements, 537 
Bass reflex loud speaker, 428 
Battery, 41-42 

Battery, storage, 43-44 
Battery characteristics, 44-46 
Beam power tubes, 284-285 

distortion calculations, 288 
power output, 287-288 

Beat-frequency oscillator, 583 
B-H curves, 77-79 
Bias, cathode, 292 
Bleeder in power supply, 316-317 
Bridge, Wheatstone, 62-65, 100, 157 
Broadcasts, standard-frequency, 

WWV, 221 
Buncher, klystron, 548 

Capacitance, 116-134 
combinations with resistance, 157-

158 
distributed, of coils, 213-214, 221 
measurements, 157, 221, 224 
of condensers, 128 
tube interelectrode, 338, 539 
,See also Condenser 

Capacitive reactance, 153-155 
Capacitors, by-pass, 156 
Cascade amplifier, 331 
"Cat-whisker," 53 
Catcher, klystron, 549 
Cathode, 231 

thermionic, 234 
unipotential, 235 

Cathode follower, 359-360 
Cathode modulation, 472 
Cathode-ray oscillographs, 569-580 
Cathode (self) bias, 292 
Cathode voltage, heater-, 291 
Cavity resonator, 546-548 
Cell, 42 

dry, 42-43 
primary, 42 
secondary, 42 
storage, 42 

Cells, in parallel, 47-49 
in series, 46-47 

Child's (Langmuir's) law, 238 
Choke, swinging, 315 
Choke coils, 156 
Choke-input filter, 311 
Circuit laws, Kirchhoff's, 37-41 
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Circuit laws, magnetic, 70 
Circuits, a-c, 135-182 

coupled, 89 
d-c, 14-49 

Clamping circuits, 616 
Class C amplifier, power relations in, 

456-457 
Coaxial (concentric) line, 479 
Code modulation, 375 
Code transmitter, keying, 461 
Coil-condenser applications, 226 
Coils, 103 
and condensers, properties of, 215-

230 
choke, 156 
distributed capacitance, 213-214, 

221 
natural wavelength measurement, 

221 
primary, 103 
r-f resistance, 223 

measurement, 223 
secondary, 103 
wavelength, natural, 221 
See also Inductance and Inductors 

Collector, klystron, 549 
Collector rings, 87 
Color television, 621-626 
Colpitts oscillator circuit, 435-436 

modified, 437 
Commutator, 87 
Concentric (coaxial) line, 479 
Condenser, "band spread," 134 

charge, 119, 121 
d-c resistance, 131 

earth as, 133 
energy stored in, 123-124 
measurement by Wheatstone 

bridge, 157 
time required to charge, 121-123 

Condenser capacitance, 224-225 
measurement, 157, 224, 584 

Condenser-coil applications, 226 
Condenser formulas, 128 
Condenser-input filter, 311 
Condenser tests, 133 
Condensers, see also Capacitance 
and coils, properties of, 215-230 

Condensers, capacitance of, 128 
imperfect, 124-125 
in a-c circuits, 125-127 
in parallel and series, 129-130 
negative-temperature-coefficient, 

132 
padder, 408 
trimmer, 408 
types, 116 

Conductance, 20 
mutual, 250-251 
use of, 36-37 

Conductors, 2 
Converters, frequency, 414 

pent agrid, 410 
Copper losses, transformer, 111 
Copper oxide rectifier meter, 52 
Copper wire table, 19 
Cosine wave, 138 
Coulomb, 4, 120 
Coulomb's law, 2 
Counterpoise, 489 
Coupled circuits, 89 
Couplers, wave-guide, 555-556 
Coupling, 97-98 

magnetic, 98 
unity, 100 

Coupling transmission lines to an-
tennas, 497-500 

Coupling transmitter to antenna, 
459-461 

Crystal cuts, 445-446 
Crystal detector, 53 
Crystal detector receiver, 401 
Crystal detector rectifier, 53 
Crystal diodes, 253-254 
Crystal oscillators, 444 
Current flow, direction of, 14 
Currents, a-c, addition of, 144-146 
Curve plotting, 7-8 
Cycle, 86, 135 

D'Arsonval meter, 51 
Decibel, 360-368 
Decibel meters, 365-367 
Decoupling networks, 341 
De-emphasis, 518 528 
Degeneration, 356 
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Deionization time, 302 
Demodulation, 374,376-377 
Detection, 374 

diode, 383-389 
of amplitude-modulation signals, 

374-395 
Detector, crystal rectifier, 53 

grid-leak and condenser, 391-392 
infinite input impedance, 390 
linear, 377-379 
plate circuit, 389-390 
regenerative, 401-404 
second, superheterodyne, 416 
square-law, 379-381 

Detector output filtering, 381-382 
Deviation, frequency, 524 

phase, 525 
Deviation ratio, 524 
Diaphragm loud speakers, 425 
Dielectric, 116 

nature of, 127 
Dielectric constant, 2,127 
Differentiating and integrating cir-

cuits, 591-594 
Diode, 236-237 

crystal, 253-254 
Diode detection, 383-389 
Diode operation, 239-242 
Diode voltmeters, 5M-566 
Dipole, 485-487 

field pattern, 492 
voltage-fed, 487-488 

Direct-coupled amplifiers, 371 
Direct current, sources of, 41-42 
Direct-current circuits, 14-49 

complex, Ohm's law in, 37 
parallel, 34-36 
series, 32-34 

Direct-current generator, 87-88 
Direct-current resistance of con-

denser, 131 
Direct-current restorer circuits, 616 
Direction finding, 496 
Discriminator, 527,530-533 
Distortion, amplitude, 267 

calculations, 273-275 
for pentodes and beam power 

tubes, 288 

Distortion, non-linear, 267 
calculations, 273-275 

Dry cells, 42-43 
Dry disk rectifiers, 307-308 
Duty cycle, 632 
Dynamic loud speaker, 425 

baffles for, 427 
Dynamic plate resistance, 249-250 
Dynamometer-type meter, 53-54 
Dynamotors, 327 

Eddy currents, 111 
Edison effect, 232 
Efficiency, definition, 30 
Electric current, 3-4 
Electric generator, 84-86 
Electrical and magnetic quantities, 

table, 79 
Electrical charges, 2-3 
Electrical meters and measurements. 

50-65 
Electrical units, 4 
Electrode, 42 

repeller, 549 
Electrolyte, 42 
Electromagnetic field, 504 
Electromagnetic induction, 84 
Electromagnetism and magnetism, 

66-88 
Electromotive force, 14,46,93 

sources of, 15 
Electron-coupled oscillators, 440-441 
Electron emission, 233-234 
Electron-ray tube, 421 
Electronic instruments, 559-585 
Electronic switch, 581-582 
Electrons, 1 

in motion, 3-4 
Electrostatic and magnetic fields, 124 
Electrostatic pickup, 372 
Elements, chemical, 1 
Emf, see Electromotive force 
Emission, thermionic, laws, 238 
Emitter materials, 235-236 
Energy, 26 

in condenser, 123-124 
in magnetic field, 95-96 

Engineers' shorthand, 4-7 
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Equivalent circuits for tubes, 261-262 
Equivalent generator, 206 
Erg, 28 
Exponent, 5 

Fading, 511-512 
selective, 512 

Farad, 119, 121 
Faraday's discovery, 82-84 
Feedback, in amplifiers, 355-356 

negative, circuit for, 357-358 
resistance, 436 

Feedback-oscillator circuits, 431-440 
Feedback-oscillator design and ad-

justment, 438-440 
Field. cee also Magnetic field 

electromagnetic, 69, 124, 504 
electrostatic, 124 
induction, 506 
magnetic, 69, 124, 504 

intensity, 77 
radiation, 506 

at high frequencies, 536 
Field intensity, 77 
Field strength, definition, 396 
Film on television, 608-610 
Filter, band-elimination, 228 

choke-input, 311 
condenser-input, 311 
frequency-selective, 156, 227-228 
needle scratch, 226 

Filter circuits, power supply, 308-314 
Filter design, 313-314 
Filtering detector output, 381-382 
Flagpole antenna, 488 
"Flicker frequency," 609 
Flux, 69 

leakage, 73 
residual, 80 

Flux density, 69, 77 
Flybaelc power supply, 619 
Flywheel function of tank, 457-458 
F-m, see Frequency modulation 
Frequencies, comparing, 578-579 

difficulties at high, 538-539 
Frequency, 86, 135 

cut-off, 553 
wave guide, 553 

Frequency, flicker, 609 
intermediate, 406 

choice of, 413 
maximum usable (MUF), 510 
resonant, 193-195 

Frequency broadcasts, standard, 221 
Frequency concepts, high, 544-545 
Frequency control, automatic (ale), 

418-420 
by quartz crystal, 444-445 

Frequency conversion, 409-414 

Frequency deviation, 524 
Frequency division, 600 
Frequency meter, 217-218 

grid-dip, 218-220 
calibrating, 220 

Frequency-modulated receivers, 527-
528 

Frequency-modulated waves, pro-
duction of, 520 

Frequency modulation, 375, 515-533 
frequency stabilization in, 526-527 
vs. amplitude modulation, 515-518 

Frequency-modulation system, Arm-
strong, 525-526 

wide- and narrow-band, 518-519 
Frequency-modulation terminology, 

524-525 
Frequency multipliers, 458-459 
Frequency range, terminology table, 

136 
Frequency regulation, 229 
Frequency stability, 443-444 
Frequency stabilization, 444-145, 

526-527 
Fuse. 31 

Gauss, 77 
"Gee" navigation system, 641 
Generator, 41-42 

a-c, 84-86 
d-c, 87-88 
equivalent, 206 
sawtooth, 573-574 
signal, 582 

Ghosts, television, 621 
Gilbert, 70 
Grid, 231 
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Grid, purpose, 244-245 
suppressor, 282 

Grid bias for oscillators, 441-442 
Grid-bias modulation, 472-473 
Grid-bias sources, 320-321 
Grid-dip frequency meter, 218-220 

calibrating, 220 
Grid-leak and condenser detector, 

391-392 
Grid-leak bias, 321 
Grid nomenclature, 285 
Grid-plate transconductance, 250-251 
Ground wave, 507-508 
Grounded antennas, 488-489 
Grounded-grid amplifier, 360 

Hartley oscillator, 434-435 
Heater-cathode voltage, 291 
Henry, 94 
Heterodyne action, 408-409 
Heterodyne receivers, double-, 414 
High frequency, difficulties, 538-539 
impedances at, 539-540 
Q at, 541-542 

High-frequency compensation of am-
plifiers, 370-371 

High frequency concepts, 544-545 
High-mu tubes, gain from, 288-289 
Horn loud speaker, 424-425 
Horns, wave-guide, 556 
Hum, 372 
Hysteresis, 80-81 
Hysteresis loss, Ill 

Iconoscope, 605 
Image frequency, 409,413 
Image orthicon, 606 
Impedance, 158-162 

at high frequencies, 539-540 
characteristic, 478 
maximum, tuned circuit, 202 

Impedance-coupled amplifier, 336-
337 

Indicator, see Radar indicator 
Inductance, 89-115 

antenna, measurement, 225 
combinations with resistance or ca-

pacitance, 157-158 

Inductance, compared to inertia, 91 
leakage, 103 
magnitude of, 92-94 
measurement, 100-102 
mutual, 98-100 
of solenoid, 95 
self-, 91-92 
unit of, 94 

Wheatstone bridge measurement, 
100 

See also Coil and Inductors 
Induction, electromagnetic, 84 
Induction field, 506 
Inductive reactance, 151-153 
Inductors, 94 

air gaps in iron-core, 113-115 
typical, 96-97 
variable, 113 

Insulators, 2 
Integrating circuit, 593 
Interelectrode capacitances, tube, 539 
Interference, television, 621 
Interpolation, trigonometric tables, 

166 
Inverters, phase, 352-354 
Ion, 2 
Ionosphere, 509-511 
Ionospheric (sky) wave, 508-509 
IR drop (voltage drop), 26 
Iron, permeability of, 68 
Iron-core inductors, air gaps in, 113-

115 
Iron saturation, 79 
Iron-vane meters, 53 

"J" antenna, 500 
Joule, 28,124 

Keying code transmitter, 461 
Kilowatt, 28 
Kinetic energy, 26 
Kirchhoff's laws, 37-41 
Klystron, 549,631 

reflex, 549 

L/C ratio, 211 
Labyrinth speaker, 428 

Langmuir's (Child's) law, 238 
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Leakage flux, 73 
Leakage inductance, 103 
Leakage lines, 103 
Lenz's law, 89-91 
Lighthouse triodes, 545-546 
Limiters, 527,528-530 
Linear detectors, 377-379 
Lines of force, magnetic, 67 
Lissajous pattern, 578 
Load lines, 270-273 

for transformer-coupled amplifiers, 

345-347 
Loading, circuit, by meters, 58 
Loop antennas, 495-497 
Loran, 639-641 
Loud speakers, 423-429 

baffles for dynamic, 427 
diaphragm, 425 
dynamic, 425 
horn, 424-425 
labyrinth, 428 
moving-coil, 425-427 

Low-frequency compensation of am-
plifiers, 369-370 

Magnetic alloys, 81-82 
Magnetic and electrical quantities, 

table, 79 
Magnetic and electrostatic fields, 124 
Magnetic circuit laws, 70 
Magnetic coupling, 98 
Magnetic field, 69 
energy stored in, 95-96 
in a solenoid, 72-74 

Magnetic field intensity, 77 
Magnetic lines of force, 67 
Magnetic quantities, 68-69 
Magnetic screen, 82 
Magnetic shielding, 82 
Magnetism, 66-67 
and electromagnetism, 66-88 
terrestrial, 67 

Magnetization curve, 77 
Magnetizing force, 77 
Magnetomotive force, 69-72 
Magnetron, 550-552 
Measurement, capacitance, 157,224 

electrical, 50-65 

Measurement, inductance, 100-102 
phase shift, 576-578 
resistance, 60-65 

Mercury-vapor tubes, 296-298 
Metal-lens antennas, 558 
Meter, electrical, 50-65 
copper oxide rectifier, 52 
d'Arsonval, 51 
decibel, 365-367 
dynamometer-type, 53-54 
frequency, 217-218 
grid-dip frequency, 218-220 

calibrating, 220 
iron-vane, 53 
Q-, 157,583-585 
S, 421 
sensitivity, 57-58 
usage, 55-59 

Meter shunt resistor, 56 
Mho, 20 
Microphones, 463-464 
Nlicrophonics, 373 
Miller effect, 338 
Mixer tubes, 410 
Modulation, 374-376,465-476 
amplitude, 375 
antenna current increase with, 475-

476 
cathode, 472 
code, 375 
frequency, definition, 375 
grid-bias, 472-473 
low-level vs. high-level, 466-467 
percentage, 376 
phase, 375 
plate, 468-469 
pulse, 375 
Van der Bijl, 474 

Modulation analysis, 474 
Modulation index, 524 
Modulation monitor, 579-580 
Modulator, reactance tube, 520-524 
Monitor, modulation, 579-580 
Moving-coil loud speaker, 425-427 
MUF, 510 
Multiplier, voltmeter, 57 
Multistage amplifiers, 331 
Multivibrators, 596-600 
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Mutual conductance, 250-251 
Mutual inductance, 98-100 

Needle scratch filter, 226 
Negative peak clipping, 388 
Negative-resistance oscillators, 446-

448 
Networks, decoupling, 341 

dividing, 429 
loudspeaker, 429 

pi, 461 
Neutralization, 452-454 
Neutrons, 1 
Noise in amplifiers, 371-373 
Noise-suppression systems, 417-418 

Nucleus of atom, 1 

Oersted, 77 
Ohm, 15,18 

per mil-foot, 16 
Ohmmeter, 60-61 
Ohm's law, 22-24 

in complex circuits, 37 
Ohms per volt, 57 
Operating point, choice of, 258 
Ordinate of curve, 8 
Orthicon, image, 606 
Oscillator, 430-449 

beat-frequency, 583 
Colpitts, 435-437 
crystal, 444 
electron-coupled, 440-441 
feedback, 431-440 

design and adjustment, 438-440 
grid bias for, 441-442 
Hartley, 434-435 
negative-resistance, 446-448 
phase shift, 448-449 
relaxation, 447-448 
shunt-fed, 436 
tuned-grid, 434 
tuned-grid tuned-plate, 434 
tuned-plate, 434 

Oscillator efficiency, 442-443 
Oscillographs, cathode-ray, 569-580 
Output transformer, 110 

Padder condensers, 408 

Parabolic reflectors, 556-558 
Parallel circuit, 170-171 

vectors, 172-173 
Parallel resonance, 197-203 
Parallel-resonant circuit, power rela-

tions in, 204 
Parallel tube operation in amplifiers, 

354-355 
Peak clipping, negative, 388 
Peak-clipping circuits, 594-596 
Peak inverse voltage, 243-244 
Peak-reading voltmeter, 562 
Pentagrid converter, 410 
Pentode tubes, 282-283 

distortion calculations, 288 
power output, 287-288 

Percentage modulation, 376 
Permeability, 66-67 

of iron, 68 
relative, 74-76 

Phase angle, 136,141 
Phase deviation, 525 
Phase inverters, 352-354 
Phase modulation, 375 
Phase of Eg, Ep, /p, 265-267 
Phase relations in a-c circuit, 146-151 
Phase shift, measuring, 576-578 
Phase-shift oscillators, 448-449 
Phosphor, long-persistence, 570 
Photoelectric emission, 233 
Pi network, 461 
Pickup, electrostatic, 372 
Picture tubes, TV, 604-605 
Piezoelectricity, 444 
Planar grid tube, 545 
Plate, 231 
Plate-circuit detector, 389-390 
Plate-circuit voltmeters, 561-562 
Plate-modulated amplifier design, 

470-472 
Plate modulation, 468-469 
Plate resistance, dynamic, 249-250 
Plate return circuit, 234 
Plate (static) resistance, 240 
Plate voltage requirements for ampli-

fiers, 335-336 
P-m, 375 
Polarization, 506 
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Potential difference (pd), 46 
Potential energy, 26 
Potentiometer, 25 
Power, advantage of high, 397-398 

apparent, 176 
definition, 27 
expressions for, 29 
in a-c circuits, 173-180 
in transformer circuits, 108-109 
into series-resonant circuit, 193 

lost in resistance, 28 
radar transmitter, 631-633 
vs. voltage amplifiers, 269-270 

Power amplifiers, r-f, 450-458 

design, 454-456 
Power diagrams, 275-279 

Power factor, 176 
unity, 202 

Power levels, 365 
Power output, from pentode and 

beam power tubes, 287-288 

triode, 264-265 
Power points, half-, 210 
Power relations, in Class C amplifier, 

456-457 
in parallel-resonant circuit, 204 

Power source, r-f, 314 
Power supply, bleeder, 316-317 

flyback, 619 
pulse-type, 620 
television, 618-620 
vibrator, 112,325 

Power-supply apparatus and recti-
fiers, 296-327 

Power-supply filter circuits, 308-
314 

Power tubes, beam, 284-285 
Pre-amplifiers, 464 
Pre-distorter, 525 
Pre-emphasis, 518 
Protective devices, 31-32 
Protons, 1 
Proximity effect, 211-213 
Pulse modulation, 375 
Pulse repetition rate, 633-635 
Pulse-type power supply, 620 
Push-button receivers, 420-421 

Push-pull amplifier, 348-351 

Q at high frequencies, 541-542 
Q factor, 195-197 
Q-meter, 157,583-585 
Quartz-crystal oscillator control, 444 

Radar, 627-641 
Radar antennas, 638-639 
Radar indicator, 635-638 

PPI, 637 
Type A, 636 
Type B, 637 

Radar receiver, 635 
Radar transmitter, 630-631 
Radar transmitter power, 631-633 

Radian, 138 
Radiittion, 501-514 
Radiation field, 606 

at high frequencies, 536 
Radiation resistance, 487 
Radio transmission speed, 180 

Ratio arms, 64 
RC amplifier, 331 
RC circuits, transients in, 587-588 
Reactance, capacitive, 153-155 

comparison of inductive and ca-
pacitive, 155-156 

inductive, 151-153 
Reactance diagrams, 190-192 
Reactance-tube modulator, 520-524 
Reactance tubes as variable react-

ance, 523 
Receiver, a-m, 396-429 

crystal detector, 401 
double-heterodyne, 414 
f-m, 527-528 
push-button, 420-421 

radar, 635 
short-wave, 404 
superheterodyne, 406-414 
superregenerative, 405 
television, 614-620 
t-r-f, 405-406 
tuning, 215-217 

Receiver selectivity, 400 
Rectifier, 41-42 
and power-supply apparatus, 296-

327 
crystal detector, 53 
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Rectifier, dry disk, 307-308 
Rectifier circuits, 302-306 
Rectifier-meter, copper oxide, 52 
Rectifier-meter instruments, 52-53 
Rectifier-tube ratings, 306-307 
Reflections, television, 621 
Reflectors, parabolic, 556-558 
Regenerative detector, 401-404 
Rejector, 206 
Relative permeability, 74-76 
Relaxation oscillators, 447-448 
Relay, time-delay, 32 
Relay tubes, 301-302 
Reluctance, 70 
Reluctivity, 70 
Repeller electrode, klystron, 549 
Residual flux, 80 
Resistance, 15-16 

combinations of, with capacitance 
or inductance, 157-158 

dynamic plate, 249-250 
internal, 44 
plate, 240 
power lost in, 28 
radiation, 487 
static, 240 
temperature coefficient of, 21 

Resistance box, 64 
Resistance effect on resonance, 192-

193 
Resistance feedback, 436 
Resistance load, amplifier with, 26°-

261 
Resistance measurements, 60-65 
ammeter-voltmeter method, 60 
by Wheatstone bridge, 62-64 
of coil, r-f, 223 

Resistor, 24 
meter shunt, 56 

Resonance, 183-214 
effect of resistance on, 192 
in parallel circuits, 201-203 
in series circuits, 170,183-188 
parallel, 197-201 
resistance effect on, 192-193 
sharpness of, 208-209 

Resonance curve, 185 
width of, 209 

Resonant circuit, circulating currents 
in, 199 

Resonant frequency, 193-195 
Resonator, cavity, 546-548 
Restorer circuits, d-c, 616 
R-f power amplifiers, 450-458 
R-f power source, 314 
R-f resistance of coil, 223 
RL circuits, transients in, 589 
Rms values, definition, 143 
Rotor, generator, 117 

S meter, 421 
Saturation, iron, 79-80 

temperature, 237 
voltage, 237 

Saturation curve, 77 
Scanning, 602-604 

interlaced, 603-604 
Screen, magnetic, 82 
Screen-grid tubes, 279-282 
Selectivity, receiver, 400 
Self-inductance, 91-92 
Series a-c circuits, 162 

characteristics, 163-164,169-170 
vector diagrams of, 164-166 

Series-filament circuit, 294 
Series resonance, 170,183-188 
Series-resonant circuit, characteris-

tics, 188-190 
power into, 193 

Series-resonant curve, band width of, 
209 

Shield-grid thyratron, 300 
Shielding, magnetic, 82 
Shoran, 639 
Short-wave receiver, 404 
Short-wave transmission, 513-514 
Shorthand, engineers', 4-7 
Shot effect, 372 
Shunt-fed oscillators, 436 
Shunt resistor, meter, 56 
Sidebands, 376 
Signal generators, 582 
Signal strengths, desirable, 397 
Sine waves, 137-138 
Skin effect, 211-213 
Sky (ionospheric) wave, 508-509 
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Slave station, loran, 640 
Slide-back voltmeter, 564 
Slope of curve, 8-10 
Solenoid, inductance of, 95 

magnetic field of, 72-74 
Sound circuits, television, 618 
Space charge, 238 
Speed of radio transmission, 180 
Square-law detectors, 379-381 
Square-wave testing of amplifiers, 

600-601 
Stator, generator, 117 
Storage batteries, 42-44 
Superheterodyne receivers, 406-414 

second detector in, 416 
Superposition theorem, 40 
Superregenerative receiver, 405 
Suppressor grid, 282 
Surge protector tubes, 323 
Switch, electronic, 581-582 

TR, 631 
Symbols, 10-13 

Tank circuit, 203 
Television, 602-626 

color, 621-626 
sequential, 622 
simultaneous, 622 

film usage, 608-610 
Television antennas, 620-621 
Television power supplies, 618-620 
Television receivers, 614-620 
Television signal details, 611 
Television sound circuits, 618 
Temperature-coefficient condensers, 

negative-, 132 
Temperature coefficient of resistance, 

21 
Temperature saturation, 237 
Thermal agitation, 372 
Therinionic cathodes, 234 
Thermionic emission, 233 
Thermocouple instruments, 52 
Thyratron, 298-300 

shield-grid, 300 
Time bases, 571-573 
Time constant, 123,589 
Time-delay relay, 32 

Tone control, 416-417 
automatic, 417 

Tone fidelity required, 400 
'IR switch, 631 
Transconductance, grid-plate, 25°-

251 
Transformer, 102-104 

matching, quarter-wave line as, 501 
output, 110 
unity coupling, 100 
waveforms in, 104-108 

Transformer applications, 110 
Transformer circuits, power in, 108-

109 
Transformer-coupled amplifier, 341-

344 
load lines for, 345 347 

Transformer losses, 111-112 
Transients, and wave shaping cir-

cuits, 586-601 
in RC circuits, 587-588 
in RL circuits, 589 

Transistors, 254-255 
Transit time, 542-544,568 
Transmission, short-wave, 513-514 

speed of radio, 180 
uhf, 534-535 
vestigial sideband. 612 

Transmission lines, 459,477-486 
balanced, 481 
characteristics, 485 
coaxial, 479 
coupling to antennas, 497-500 
quarter- and half-wavelength, 483-

485 
two-wire, 479 
unbalanced, 481 
voltage and current distribution 

along, 481-483 
Transmission systems, uhf, 546 
Transmitter, amplitude-modulation, 

450-476 
coupling to antenna, 459-461 
keying code, 461 
radar, 630-631 

Transmitter power, 631-633 
Trapezoidal wave, 105 
Triangle functions, 138-140 
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Trigonometric table interpolation, 
166 

Trimmer condensers, 408 
Triode circuit, basic, 256-258 
Triode curves, 245-246 
Triode interelectrode capacitances, 

338,539 
Triode voltage amplification, 333 
Triodes, 244-252,256-278 

lighthouse, 545-546 

neutralization, 452-454 
nomenclature, 259 
See also Tubes 

Tube interelectrode capacitances, 
338,539 

Tube nomenclature, 239 
Tubes, 231-254 

as amplifiers, 256-295 
as oscillators, 430-449 
as variable reactance, 523 
ballast, 322 
beam power, 284-285 
capacitance effects, 338-339 
commercial names, 244 
distortion calculations for pentodes 

and beam power, 288 
electron-ray, 421 
equivalent circuits for, 261-262 
gaseous, 242-243,296-298 
high-mu, gain from, 288-289 
mercury-vapor, 296-298 
metal, 289 
miniature, 289 
mixer, 410 
multi-unit, 289 
parallel, in amplifiers, 354-355 
pentode, 282-283 
planar grid, 545 
power output from pentode and 

beam power, 287-288 
rectifier, 296-300 
relay, 301-302 
screen-grid, 279-282 
surge protector, 323 
triodes, 244-252,256-278 
TV picture, 604-605 
vacuum, 231-254 
variable-mu, 283-284 

Tubes, velocity-modulated, 548-550 
voltage-regulator, 323 

Tuned circuit applications, 204-208 
Tuned-radio-frequency receivers, 

405-406 
Tuning a receiver, 215-217 
Tuning indicators, 421 
Tweeter, 429 

Uhf antennas, 537-538 
Uhf phenomena, 534-558 
Uhf transmission, 534-53.5,546 
Unity coupling, 100 

transformer, 103 
Unity power factor, 202 

Vacuum-tube voltmeters, 559-568 
balancing circuit, 562 
calibration and use, 567-569 

Vacuum tubes, 231-254 
Van der BijI modulation, 474 
Variable inductors, 113 
Variable-mu tubes, 283-284 
Vector diagrams of series circuit, 164-

166 

Vectors in parallel circuits, 172-173 
Velocity-modulated tubes, 548-550 
Vertical component, a-c voltage or 

current, 141 
Vestigial sideband transmission, 612 
Vibrator power supplies, 112-113,325 
Volt, 15 
Volt-amperes, 176 
Voltage, and current distribution 

along a line, 481-483 
effective value, 142-144 
heater-cathode, 291 
instantaneous value of, 137 
magnitude of induced, 92-94 
peak inverse, 243-244 
vs. power amplifiers, 269-270 

Voltage amplification, triode, 263, 
333 

Voltage divider, 25,317-319 
Voltage-doubler circuits, 304-306 
Voltage drop, 24, 26 
Voltage-fed dipole, 487-488 
Voltage gain, triode, 263 
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Voltage-regulator tubes, 323 
Voltage requirements for amplifiers, 

plate, 335-336 
Voltage saturation, 237 
Voltages, a-c, addition of, 144-146 

Voltmeter, 15 
diode, 564-566 
multiplier for, 57 
peak-reading, 562 
plate-circuit, 561-562 
slide-back, 564 
use of, 56-57 
vacuum-tube, 559-569 

Voltmeter-ammeter method of meas-
uring resistance, 60 

Voltmeter amplifiers, 566-567 
Voltmeter loading effects, 58-59 
Volume compression, 464-465 
Volume control, automatic, 392-394 

manual, 394-395 
Volume range, 4M-465 
Volume unit (VU), 368-369 

Watt, 4,28 
Watt-second, 124 
Wattmeters, 59 
Wave, trapezoidal, 105 
Wave guide, 552-553 
Wave-guide couplers, 555-556 
Wave-guide horns, 556 
Wave shaping circuits and transient s, 

586-601 
Wave trap, 206 
Waveforms in transformers, 104-

108 
Wavelength, 181-182 

antenna, measurement, 225 
cut-off, wave guide, 553 
of coil, 221 

Wheatstone bridge, 62-65 
for capacitance, 157 
for inductance, 100 

Woofer, 429 
W WV standard frequency signals, 

221 






