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REVIEW 
IS ALWAYS IN ORDER 

How well do you remember the facts in the last les- 
son? How about the lesson you studied two weeks ago, 
and how about that lesson a few months ago on Ohm's Law? 
Whatever your answers truthfully are, they are entirely 
dependent upon how well, how thoroughly you applied your 
attention to those lessons. 

Whether or not you feel that you know the fundamental 
facts contained in all your lessons, you "can help your- 
self very greatly by reviewing them from time to time. 
Never overlook the value of review. A little thinking on 
the subject will recall to your mind some of the things 
you are 'weak' on then look back and qo over that 
entire lesson, EVEN IF YOU DID GET A GOOD GRADE. 

In your spare time, pick up a lesson at random and 
pape through it. When you come to something you don't 
understand, buckle down and study it. 

Tracing diagrams are lots more fun to a Radioman 
than working crossword puzzles, and you'll learn more 
practical facts, too. You'll search along time to find 
something more interesting than a good, 'meaty' circuit. 
Trace the action of currents and thé effects of various 
parts. 

Keep your lessons in order and keep them handy, so 
that you can refer to them without having to shuffle all 
through them. Midland furnishes you a great variety of 
important information,in alarge numberoflesson-books. 
Keep them in order, just as you may expect to keep your 
file in order when you're 'on the job'. 

Copyright 1942 
By 

Midland Radio d Television 
Schools, Inc. 

PRINTED IN U.S.A. 

ORESPRIRTS 

KANSAS CITY. MO. 



Unit Three 

BASIC 
PRINCIPLES 

of RADIO TRANSMISSION 

y 

"Unit III consists of 15 highly instructive and interesting 

lessons. First, I start out by giving you the fundamental prin- 

ciples involved in using vacuum tubes as oscillators as applied to 

Radio Transmitter Circuits. This covers both the old self-excited 

type of oscillator and the new crystal controlled oscillator. Gen- 

eration of the radio frequency waves necessary for the propagation 
of intelligence through space is included in the first lesson of this 
unit. 

"The next part of this study covers Modulation. This is the 

process of combining voice waves with the radio frequency waves, 

so that voice and music may be transmitted through the ether. The 

different classes of amplifiers used in radio transmitters is cov- 

ered thoroughly. The plate and filament supply sources of large 

vacuum tubes is also covered. Then, all of this information is 

combined to form a regular commercial radio transmitter with in- 

structions for the adjustment and operation of this transmitter. 

The next to the last lesson in this unit covers Radio Laws and 

Regulations.as applied to American broadcasting stations. 
"After a student has completed Units I and III, he is then 

qualified to take his first Government examination if he so desires. 

While it is advisable to study Units I, II and III i:ntheir correct 

rotation, it is not necessary, if for some good reason you are in 

a hurry to secure your Government radio operator's license." 



Lesson One 

VACUUM TUBE 
OSCILLATORS 

"In this lesson I am going to take up one of the most important 
subjects pertaining to the study of Radio Transmission. 

"Radio was very slow in developing until the vacuum tube os- 
cillator was invented. Because of its importance you should study 
the material in this lesson very carefully. Mostof the lessons 
in this unit will be founded on the fundamental principles set forth 
in this lesson." 

1. GENERATION OF HIGH -FREQUENCY CURRENTS. An oscillator may 
be defined as a device which produces a high - frequency current. 
Strictly speaking, it is not correct to state that an oscillator 
is a generator, for it does not generate the high -frequency currents. 
It is more correct to designate it as a converter. Power is sup- 
plied to the oscillator circuit in direct current form. The DC 
voltage of the B battery or the power supply and the DC current 
drawn by the oscillator tube together furnish the DC power input 
to the oscillator. The only source of energy in the circuit is that 
provided by the power supply. The DC energy supplied to the cir- 
cuit is converted by it into alternating energy of high -frequency, 
which may be used for various purposes. 

The major use of an oscillator is to produce the high -frequency 
carrier current required for the transmission of radio signals. 
Ordinary power frequencies are not radiated by an antenna. To 
cause appreciable radiation, the frequency of the antenna current 
must be about 12 kc. or higher. The frequency of the current gener- 
ated by an alternator depends upon the number of poles and the speed 
of revolution, increasing either results in an increase in the fre- 
quency. nigh -frequency alternators have been constructed and -used 
in the past, but their inherent disadvantages compared to those of 
the vacuum tube oscillator have made them obsolete. About the 
highest frequency generated by mechanical means is 200 kc. Such 
a machine is the Alexanderson alternator, which was once widely 
used in long -wave stations. One disadvantage o£ this type of machine 
is the tremendous speed required, as may be seen from the fact that 
the speed of revolution must be 20,000 rpm. to produce a frequency 
of 100 kc. where there are 600 effective poles. 

Other means which have been employed to generate a high -fre- 
quency current for communication purposes are the spark coil, the 
Poulsen Arc, the Uoidschmidt Alternator, and medium- frequency 
alternators used in conjunction with frequency -doubling transformers. 
As all of these methods have been superseded by the vacuum tube 
oscillator, which is far more reliable and is capable of producing 
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currents of much higher frequency, the remainder of this lesson 
will be devoted to a detailed discussion concerning its operation 
under various conditions. 

Besides the necessity of oscillators to produce high -frequency 
carrier currents, minor uses include the local oscillator required 
iñ every superheterodyne receiver, and the signal generator needed 
for testing and aligning radio receivers. Vacuum tube oscillators 
have been used to produce frequencies as high as 600 mc. or higher, 
although frequencies in excess of 100 mc. have as vet found no 
practical application. 

2. CONDITIONS NECESSARY TO ESTABLISH CONTINUOUS OSCILLATIONS. 
To produce continuous oscillations there is needed, first, an oscil- 
latory circuit consisting of a coil connected across a condenser; 
second, some means of supplying energy to this oscillatory circuit 
to prevent the oscillations from dying out. The mere supplying of 
energy to the oscillatory circuit offers no serious problem, but 
the requirement that this energy he alternating, have exactly the 
same frequency as that of the oscillating current, and be perfectly 
in phase with it, presents a more complicated, though not insur- 
mountable, difficulty. 

To state that the energy introduced into the oscillatory cir- 
cuit must be in phase with the energy already present in this cir- 
cuit means that when the R.F. voltage across the tuning condenser 
is rising in such a direction as to increase the instantaneous vol- 
tage on the grid, the energy representing the feedback must also 
increase the voltage on the grid. In a like manner, as the tuned 
circuit voltage reverses direction and drives the grid to a lower 
voltage, the feedback voltage must change direction simultaneously. 

The problem of furnishing energy at periodic intervals, and 
in an amount súfficient to compensate for that dissipated in the 
resistance of the oscillatory circuit, and thus maintain the ampli- 
tude of the oscillations at a constant level, is best solved by 
amplifying a small portion of the energy contained in the tuned 
circuit and then returning this amplified energy to that circuit in 
the correct amount and phase relationship. Since the original 
energy was obtained from the tuned circuit, it will of necessity 
have the correct frequency; thus, one of the problems is automat- 
ically solved, and by adjusting the magnitude and phase of the 
amplified energy, the two remaining points are taken care of with- 
out undue difficulty. 

As the vacuum tube represents the only practical means of ob- 
taining amplification, it is natural and logical that it should be 
used for securing the amplified feedback. Thus the fact that the 
alternating energy in the plate circuit of a vacuum tube is greater 
than that present in the grid circuit, or that the tube is capable 
of producing amplification, is the only reason that it is possible 
to use a vacuum tube for the production of continuous, high -frequency 
oscillations. 

The influx of energy into the tuned circuit must, as previously 
stated, be equal to the outgo of energy from this circuit, else the 
amplitude of the oscillations will change. While the incoming 
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energy has a single source, the extraction of energy from the cir- 
cuit follows three clearly defined channels. The first of these 
is the dissipation of power caused by the oscillating current flow- 
ing through the resistance of the tuned circuit. The second is 
represented by the energy taken from the circuit, which, after 
amplification, will be returned as the feedback. The third is the 
power derived from the circuit for the purpose of transmitting a 
radio signal. It is through this third channel that the majority 
of the power contained in the tuned circuit flows. This is desir- 
able, since the purpose of creating the high -frequency power is to 
use it for some practical application. Thus, an attempt is made 
to make the power lost through the first two channels as small as 
possible. 

Just how energy is extracted from the tuned circuit for use 
in an external circuit, may not at first be clear. It is usually 
accomplished by coupling a pick-up coil magnetically to the induc- 
tance of the tuned circuit. Thus energy is transferred by mutual 
induction from the tuned circuit to the pick-up coil and thence to 
the point where it will be used. Although no physical connection 
exists between the two coils, the interaction of the magnetic fields 
surrounding them serves to take energy from the tuned circuit and 
add it to the external circuit. This operation is effected by a 
phenomenon known as "reflected impedance." A complete discussion 
concerning this action will be presented in Lesson 4 of this Unit. 
For the present, it is sufficient that we understand that the 
presence of the pick-up coil causes the dissipation of high -fre- 
quency energy in exactly the same manner that the addition of a 
resistance to the tuned circuit would do. Thus, it may be said 
that, in effect, the pick-up coil has reflected a resistance into 
the tuned circuit. 

3. REVIEW OF THE ACTION OF A HARTLEY OSCILLATOR. The Hartley 
oscillator is probably the easiest to understand, and it is for that 
reason that this oscillator was explained in Lesson 23, Unit 1, to 
enable you to comprehend the operation of a superheterodyne receiver. 
The power obtainable from the local oscillator in a superheterodyne 
receiver is very small, and the efficiency of the conversion of the 
DC power input to the R.F. power output is of little consequence. 
This, however, is not true of oscillators used to produce large 
amounts of R.F. power. In this case, the efficiency is of prime 
importance and various adjustments are made to secure a reasonable 
amount of efficiency even at the sacrifice of some power output. 

As some of the characteristics of a Ilartley oscillator may 
have slipped your mind, it is advisable to review briefly the action 
of this circuit. At the outset it must be remembered that the sole 
purpose of any oscillator is to produce high -frequency power; it 
is not an amplifier, nor is it a detector, and as such it operates 
under conditions not found in ordinary amplifiers or detectors. 

The first of these conditions is that the grid of the tube is 
driven positive during a portion of the input cycle, and as a re- 
sult, some grid current flows. The second condition is that the 
bias is secured by allowing this grid current to flow through a 
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grid leak, instead of using a C battery or cathode bias. Finally, 
the normal grid bias is so great that plate current flows only 
during a small portion of the input cycle. 

To review the operation of a Hartley oscillator, the circuit 
shown in Fig. 1 will be used. This circuit is somewhat different 
from the one used during the previous explanation. It is at once 
seen that no plate blocking condenser is used; thus both the RF 
and DC components of the plate current flow through that part of 
the tank circuit connected between P and F. This circuit is said 
to be series fed, while the one shown in Lesson 23 in Fig. 8, is 

shunt fed, since two separate paths are provided for the two com- 
ponents. The RF component of a shunt -fed oscillator flows from 
the plate through the blocking condenser to the tank circuit, 
and thence to the filament, while the DC component flows from 
the plate, through the RF choke, through the power supply to the 
filament. In the series -fed oscillator, both components follow 
the same path except that a bypass condenser (C2) is connected 
across the power supply to prevent the RF current from flowing 
through it, as such a procedure is apt to damage the supply. 

RA 

FIg.1 A series-fed 
Hartley oscillator. 

171111111 

1 
AC 

The grid circuit of the Hartley oscillator shown in Fig. 1 

is shunt fed, whereas the Hartley oscillator previously studied 
employed a series fed grid. In Fig. 1, two separate paths are 
provided for the DC and RF components respectively, of the grid 
current. The RF component of the grid current will pass through 
the blocking condenser Cl, and the DC component will pass through 
the grid leak resistor R. Since the RF and DC components have 
separate paths, the grid circuit is said to be "shunt fed". Both 
the grid and plate current milliammeters should be by-passed to 
prevent an RF current flow through them. The grid meter is pro- 
tected by the condenser C4 and the plate meter by the condenser 
C3. Both meters are ordinary DC instrúments and indicate the 
average value (DC component of the pulsating high frequency cur- 
rent). If the RF component were permitted to pass through these 
meters, the fine wire composing the moving coils would be heated 
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excessively and undoubtedly would be burned in two. 
The procedure of starting and maintaining the oscillations 

occurs as follows: The filament voltage is applied and the fila- 
ment is allowed to reach its operating temperature. The grid is 

at the same potential as the filament, since no oscillating cur- 
rent has begun to flow in the tank circuit. When the switch in 
the plate circuit is closed, a rising plate current flows through 
the tube and through the lower section of the tank. In rising 
from zero, this current creates an expanding magnetic field about 
the tank coil, which, in cutting the turns of the coil, induces a 

voltage across the inductance in such a direction as to oppose 
the rise of current. Thus the lower end of the coil becomes nega- 
tive with respect to the top, while the point to which the fila- 
ment is connected is intermediate in potential. 

+ Cl 

Fig.2 Illustrating the po- 
larity of the voltages across 
the tank circuit during one 
alternation of the oscillating 
current. 

It is not hard to see that a voltage of this polarity will 
oppose the rise of the plate current, when it is realized that 
this voltage bucks against the output of the power supply, as 
may be seen by the diagram in Fig. 2. As this voltage across the 
tank is increasing, the point G of the tank is becoming posi- 
tive with respect to the point F, and as a result, the grid volt- 
age is increasing in a positive direction. With the grid growing 
more positive, the plate current will rise to a value far above 
that which would have been obtained had the grid been unaffected 
by the increase in plate. current. 

It is to be noticed that there are two factors involved 
which interact directly with each other. One is the plate cur- 
rent and the other is the grid voltage. An increase in plate 
current causes an increase in grid voltage, which in turn pro- 
duces a further increase in plate current. It might be thought 
that this action could continue indefinitely; however, it should 
be remembered that the actual grid voltage depends not upon the 
value of the plate current, but upon how rapidly it is increas- 
ing. Thus, it is probable that it increases at the most rapid 
rate during the first few instants of its flow; after which 
the increase is at a slower rate. Therefore, the grid is at its 
maximum positive value during the first few instants of the plate 
current flow, and it begins to decrease its positive voltage 
as the rise of plate current becomes less rapid. Thus, there is 
a maximum plate current which will be reached during this first 
increase. 

Throughout this interval when the grid is becoming more 
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positive, the condenser C is being charged. Electrons are re- 

moved from its upper plate and added to its lower plate. When 

the grid voltage reaches the maximum positive value that it can 

attain during this cycle, the condenser immediately starts to 

discharge. As the voltage across C is decreasing, the grid volt- 

age is falling from its peak positive value, and the plate cur- 

rent is beginning to decrease. The field produced by the flow 

of plate current through the lower section of the tank collapses, 

and the voltage induced across the tank inductance is of such a 

polarity as to tend to maintain the plate current flow. 

Thus, point G is negative with respect to point P, while 

point F is at an intermediate potential. The voltage produced 

between the points F and P is in such a direction as to add to 

the plate voltage and thereby maintain the plate current flow. 

This is seen by reference to Fig. 3. Since the induced voltage 

is reducing the grid voltage, the plate current steadily falls 

despite the effort of the voltage between F and P to keep it at a 

constant value. 

Fig.3 The polarity of the 
voltages across thetank dur- 
ing the alternation following 
that shown in Fig. 2. 

Cl 

+ 

+llllll- 
Tr+ 

The plate current continues to decrease and the induced 

voltage it causes, drives the grid more and more negative. Fi- 

nally the grid is at such a high negative potential that plate 

current is unable to flow. During this time, condenser C has 

discharged and the discharging current in flowing through the 

tank inductance has produced a voltage across the coil which 

caused the condenser to charge in the opposite direction. At 

the present time, therefore it is charged to its maximum voltage, 

with its top plate negative and its bottom plate positive. 

By the increase and decrease of the plate current, an oscil- 

lating current has been established in the tank circuit, and if 

no further energy were added to the tank, the oscillations would 

gradually die out. The oscillating current would dissipate power 

in flowing through the resistance of the tank and during each al- 

ternation the condenser would be charged to a lower voltage. How- 

ever, each time that the voltage across the tank drives the grid 

positive, the plate current will increase, and as the tank volt- 

age reverses polarity, the grid will be driven negative, resulting 

in a decrease in plate current. Since the increases and decreases 

of plate current cause induced voltages across the tank which add 

to the voltages produced by the oscillating current, the energy 

in the tank circuit remains at a constant level, and the tank con- 

denser is charged to the same peak voltage during succeeding al - 
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The frequency of the oscillating current will be largely 
determined by the natural frequency of the tank circuit, which de- 
pends upon the value of inductance and capacity composing the 
tank. We shall learn, however, that there are other factors which 
influence the oscillation frequency, and the actual frequency of 
the oscillations is that one at which the voltage fed back from 
the plate to the grid is of exactly the proper magnitude and phase 
to enable the tube to supply its own input voltage. 

The voltage between G and F is the grid -exciting voltage, 
while that from F to P is the feedback voltage. Each time that 
the grid is driven positive, some grid current flows. The grid 
current, which is a pulsating direct current, has a DC and an AC 
component. The DC component is unable to flow through the con- 
denser, and must flow through the resistor. The AC component 
finds a much easier path through the capacitive reactance of the 
condenser than through the resistor, and therefore the voltage 
drop produced by the DC component flowing through R is a direct 
voltage. To obtain these conditions, the capacitive reactance of 
the condenser to the oscillation frequency must be considerably 
less than the resistance of the grid leak R. 

4. ANTENNAS. While the Hartley oscillator and other oscil- 
lators which will be discussed in this lesson are no longer used 
in commercial transmitters, their principles are so fundamental 
that they must be thoroughly comprehended before an understanding 
of modern crystal oscillator circuits is possible. 

As will be pointed out later in this lesson, it is impossible 
to obtain appreciable power out of any oscillator circuit unless 
some circuit is used in conjunction with the oscillator to absorb 
power from it. This is often the antenna circuit, and power is 
transferred directly from the oscillator tank to a coupling coil 
which feeds the antenna. As was stated in Lesson 24 of Unit 1, 
an antenna has inductance, capacity, and resistance. The induc- 
tance is due to the coupling coil and to the antenna itself, since 
even straight conductors possess some inductance. The capacity is 
composed of the capacitive effect between the antenna and ground. 
And the resistance is the natural ohmic resistance of all the con- 
ductors in the circuit. 

Transmitting antennas are always resonated to the carrier 
frequency, since the power radiated from an untuned antenna is 
very small. Lesson 6 of Unit 4 will deal with the method of tuning 
an actual antenna, and in addition, the design principles of vari- 
ous antennas will be discussed. 

To adjust an oscillator for the desired power output and ef- 
ficiency, while it was coupled to an actual antenna would be un- 
desirable, since considerable interference to other stations might 
result during the adjustments. It is, therefore common practice 
to construct an artificial or "dummy" antenna to be coupled to the 
oscillator during the preliminary adjustments. This dummy antenna 
consists of a coil, a variable condenser, and a resistor connected 
in series. The resistor is a high wattage type and could consist 
of the heating element of an electric heater. The actual value 
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of the resistor will depend upon the expected power output of the 
oscillator and may be any value from about 5 ohms upward. A cir- 
cuit diagram of a dummy antenna is shown in Fig. 4. 

A thermocouple ammeter is included in this circuit to measure 
the antenna current. The power absorbed by the dummy may be cal- 
culated by squaring the antenna current and multiplying it by the 
value of the resistor (I'R law). This assumes that the majority 
of the resistance of the circuit is contained in the resistor and 

Fig.a A dummy antenna as it 
is shown in schematic diagrams. 

that the resistance of the coil, the condenser, and the connecting 
leads is negligible. The oscillator and antenna coils are ordina- 
rily constructed of copper tubing or flat copper strip to insure 
that their resistances are as low as possible. The tank current 
and antenna current of medium -powered oscillators are usually sev- 
eral amperes and every precaution must be taken to minimize the 
loss of power by reducing the resistance of the circuit to a low 
value. 

The antenna resistor is, of course, purposely included to 
provide a means of absorbing power. In actual operation, the 
power is lost from the antenna by radiation. 

5. VOLTAGE AND CURRENT RELATIONS IN AN OSCILLATOR. Before 
it will be possible to discuss the methods of adjusting an oscil- 
lator for the desired power output with a reasonable amount of 
efficiency, the voltages and currents of the grid and plate cir- 
cuits must be further investigated. The grid bias obtained by 
allowing the DC grid current to flow through the grid leak resis- 
tor is ordinarily enough to fix the operating point at a position 
far beyond the cutoff value of the plate current. In fact, the 
actual grid bias may be anywhere from 12 to 3 times the cutoff 
value. 

The value of negative grid bias required to completely stop 
the flow of plate current is known as the cutoff value and its 
approximate amount may be calculated by the following method: It 
is known that both the grid and plate voltage contrpl the flow of 
plate current, but that the grid voltage is far more effective in 
its controlling action than is the plate voltage. The ratio of 
the effectiveness of the grid voltage to that of the plate voltage 
is called the "amplification factor" of the tube. The amplifica- 
tion factor or "mu" of a tube was defined and discussed in a pre- 
vious lesson, but is reintroduced at this time to refresh your 
memory. If the mu of a tube were 10, the grid would be 10 times 
as effective in controlling the plate current as is the plate 
voltage. Thus an increase of 1 volt on the grid in the positive 
direction would produce the same plate current increase as would 
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an increase of 10 volts on the plate. 

Let us assume that the plate voltage of a tube is 500 volts 

and that the grid bias is zero. Under this condition, the plate 

current would be rather high. If the mu of this tube is 10, chang- 

ing the bias to -50 volts would be equivalent to reducing the 

plate voltage by 10 x 50 or 500 volts. Such an action would re- 

duce the plate voltage to zero and no plate current would flow. 

Therefore, the grid bias has been made sufficiently negative to 

stop the flow of plate current. It is, therefore, evident that 

the amount of grid bias required to produce cutoff is equal to 

the plate voltage divided by the amplification factor of the tube. 

The result of this calculation is only approximate since the as- 

sumption was made that the tube's characteristic is a straight 

line. As no account was taken of the curvature of the tube's 

characteristic, this value will be slightly less than that needed 

to stop the flow of plate current. 

Fig.5 Illustrating the 
operating conditions of an 
oscillator. 

m w 

13- U U 

+ Zero 

Time During i ,"----._ Grid 

Which Plate Voltage 

Current 
Flows 

I I 

I I 

I I 

i I 

Operating point 

Variation of Grid Voltage 

Since the tube is operated at a value beyond cutoff, the 

plate current flows for less than one-half of the grid exciting 

cycle, as may be seen by reference to Fig. 5. In this figure, 

the grid bias has a value equal to about twice cutoff, and the 

plate current consists of a series of pulses of very short dura- 

tion. Since the plate current flows during less than half of a 

cycle, the tube is idling the majority of the time. Most oscil- 

lators have sufficient grid bias to limit the flow of plate cur- 

rent from 1/3 to 1/6 of the grid voltage cycle. 

It is, of course, the alternating voltage produced across 

the tank circuit from G to F in Fig. 1 that overcomes the bias 

voltage, drives the grid positive, and allows grid current to 

flow which produces the bias voltage. If this voltage were not 
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great enough to overcome the bias, the grid would not be driven 
positive; no grid current would flow and the bias would decrease 
sufficiently to allow the tank voltage to drive the grid positive. 
Thus, the bias produced by a grid leak is self-regulating., and 
the proper operating point is automatically selected. If battery 
bias were employed, the oscillator would not be self-starting, as 
the original bias would be so great that no plate current would 
flow. 

In Fig. 5, it was assumed that the plate voltage was con- 
stant, and that the time during which the plate current flowed 
depended only upon the bias voltage, and the amplitude of the 
grid -exciting voltage. This, however, is untrue since the actual 
voltage between the plate and filament is also varying at an RF 
rate. As point G becomes more positive, point P is becoming more 
negative, and the voltage between F and P is bucking the voltage 
of the power supply. Thus, the actual voltage on the plate is 
being reduced. Since point G reaches its maximum positive volt- 
age at the same instant that point P attains íts maximun negative 
voltage, the actual voltages applied to the grid and plate are 
180° out of phase. Then when the grid voltage is at its most 
positive value, the plate voltage reaches the lowest point of 
its variation. This information is shown in graphical form in 

Fig. 6. 

The line marked filament potential is the zero axis or the 
line from which all voltages are measured. The voltage of the 
power supply is represented by a line drawn above the zero axis at 
a distance equal to the voltage of the power supply. Superimposed 
on this line is a sinusoidal voltage which represents the RF volt- 
age produced across the points F and P of the tank circuit. It 
may be seen that the actual voltage on the plate varies from a 
value almost twice as great as the DC plate voltage to a very low 
value, not much greater than zero. 

The bias voltage ís indicated in the diagram by a line drawn 
below the zero axis at a distance equal to the grid bias. The 
alternating grid voltage component is shown as a sine wave having 
the bias line as its axis. Since the grid is driven positive du- 
ring a small part of the cycle, this sine wave crosses the zero 
axis and enters the positive territory. It is to be noticed that 
the maximum grid potential almost reaches the minimum plate po- 
tential and, as will be discussed later in this lesson, it is not 
desirable to allow the maximum positive grid voltage to be great- 
er than 80% of the minimum plate voltage, since these two voltages 
are attained simultaneously. 

The plate current flowing at any instant will be the result 
of the combined effect of the grid voltage and the plate voltage 
at that instant, and the shape of the plate current pulse, as 
well as the duration of time it flows, depends upon the total 
voltage applied to these two elements. The plate current and grid 
current that flow as a result of the voltages of Fig. 6, are shown 
in the same diagram. These graphs are drawn under each other and 
vertical lines are included so that the relative voltages and 
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currents present at any instant of the cycle may be determined. 

The dotted lines drawn through the grid and plate current 
pulses represent their average values or the values of their DC 
components. It is these values which are read on the grid and 
plate meters. The average value of such a current pulse depends 

Voltage 
r between P & F 

of Fig. 1 

Volts + 

above 

Filament 

Volts - 

below 

Filament 

Ip or 
Ig 
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Potential 

I. Bias 

Plate Current 

!c-DC Grid Current 

Fig.6 Showing how the plate voltage, grid voltage, plate current, 
and grid current of an oscillator vary during operation. 

upon the maximum current reached, the time during which current 
flo=s, and, in general upon the shape of the pulse. The plate 
current represented in this diagram flows for 120° or 1/3 of a 
cycle. The grid current flows for even a shorter interval of 
time, since the grid is positive during a very small part of the 
cycle. 

Let us now summarize the foregoing information. To the plate 
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and to the grid there are applied DC voltages, and alternating 
voltages of sine wave form. The DC voltage applied to the plate 
is positive, and that to the grid is negative. The sine wave vol- 
tage applied to the plate is 180° out of phase with that applied 
to the grid. The plate current which flows as a result of these 
voltages is a pulse of short duration, generally lasting less 
than 1/3 cycle, and the plate current is ordinarily not of sine 
wave form. The grid current pulse is similar to that of the plate 
current, except that it flows for a smaller part of the cycle, 
and is somewhat more peaked; therefore, it departs even more from 
true sine wave form. 

In the discussion of harmonic frequencies in Lesson 26 of 
Unit 1, it was pointed out that any complex wave; that is, any 
wave differing from true sine wave form, was composed of a funda- 
mental frequency and a series of harmonic frequencies. The plate 
and grid current pulses are complex waves, and may be considered 
to be composed of a DC component, a fundamental frequency compo- 
nent, a second harmonic component, and other components of higher 
harmonic frequencies. The fact that the grid current possesses 
harmonics is of little consequence, but the harmonic frequencies 
contained in the plate current are of considerable importance. 

It is the plate current pulses flowing through the tank cir- 
cuit that maintain the oscillations at a constant amplitude, and 
it is now evident that part of the energy fed back is of the fun- 
damental frequency, and the remainder is of harmonic frequencies. 
It is desirable that the power output of an oscillator consist 
only of fundamental energy, otherwise some harmonic frequencies 
will reach the antenna where they will produce sufficient radia- 
tion to interfere with other stations whose assigned frequencies 
are harmonics of the oscillator fundamental. 

To produce only fundamental power in the tank circuit re- 
quires that the oscillating tank current flow in pure sine waves. 
Thus, the tank circuit must be able to smooth out the pulses of 
plate current into pure sine waves, and to accept energy from 
them only at the fundamental frequency. To accomplish this, the 
oscillating current must be fairly high, and the power contained 
in the tank must be large compared to that added or extracted 
during a cycle. It is for this reason that this circuit is called 
a tank. It can be thought of as a large reservoir of energy to 
which a small amount of energy is added, and from which an equal- 
ly small amount is taken during each cycle. 

The action of a tank circuit is very similar to that of a 
flywheel. In a gasoline engine, the energy is obtained by ex- 
ploding a mixture of gas vapor and air in a cylinder. The explo- 
sion forces down a piston which then transmits its energy by means 
of a crankshaft to the flywheel. The flywheel does not receive 
energy at a smooth continuous rate, but in the form of spurts of 
short duration. Since the flywheel is very heavy, it can, by its 
motion, store a considerable amount of kinetic energy, which is 
released in a smooth continuous flow to the point where it will 
be used. Thus, the flywheel smooths out the pulses of energy it 
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receives, in the same manner that the oscillating tank current 

smoothes out the pulses of plate current. It is for this reason 

that the tank current is said to have a "flywheel" effect. 

It should be realized that it is impossible to eliminate 

harmonics completely, since energy is added to the tank only du- 

ring a small part of one alternation. During the succeeding al- 

ternation when no plate current flows, the oscillating current 

begins to die out, and the peak amplitude of the negative alter- 

nation of the oscillating current is slightly less than the posi- 

tive alternation. Naturally, the power dissipated in the tank 

between the times that energy is added is extremely small, yet it 

is sufficient to distort the waveform of the oscillating current 

very slightly and cause the production of a small amount of har- 

monics. 
Since increasing the grid bias to the point where the plate 

current consists of pulses which have a high harmonic content is 

the major cause of the production of harmonics, it might well be 

asked why this is done. It would seem more reasonable to reduce 

the grid bias and allow the plate current to flow for 360° or 

through a complete cycle. In this case, the plate current would 

be more nearly of sine wave form and the flow of energy into the 

tank circuit would be much smoother. The reason that this is not 

done is that such a circuit would be very inefficient. Most os- 

cillators are operated at very high power and the efficiency of 

the conversion of DC input power to RF output power is of major 

importance. Before entering the subject of efficiency, it is 

first necessary to discuss the power relations existing in an 

oscillator. 

6. POWER RELATIONS OF AN OSCILLATOR. The power drawn from 

the power supply at any instant is the product of the voltage of 

the power supply and the value of plate current at that instant. 

When the peak plate current is flowing, the power taken from the 

supply is very large, while during the time that no plate current 

is flowing, no power is being drawn from the power supply. The 

power supply voltage is constant and is usually represented by 

the symbol (Es). The value of the plate current, of course, 

varies from instant to instant, and the average power taken from 

the power supply is equal to the power supply voltage times the 

average of the plate current pulse or its DC component. The DC 

component is represented by the symbol (Is). The average power 

which the power supply furnishes is called the DC power input, 

and expressed as an equation, it is: 

P.I. = EB x 1B (1) 

Of the total power input applied to the tube, a part is used 

to supply energy to the tank circuit, and the remainder is dissi- 

pated within the tube in the form of heat. The instantaneous 

power furnished to the tank is equal to the instantaneous voltage 

developed across the points F and P of the tank times the instan- 

taneous value of the fundamental component of the plate current 
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pulse. And, in a like manner, the average power furnished to the 
tank is equal to the RMS voltage between the points F and P times 
the RMS value of the fundamental component of the plate current 
pulse. The average power dissipated in the tank, due to all 
causes, is necessarily equal to the average power put into it, if 
continuous oscillations are to be maintained. It is possible to 
calculate the average power furnished to the tank by finding the 
RMS value of the plate current pulse by a tedious and intricate 
mathematical computation, but this is unnecessary. The useful 
power taken from the tank of an oscillator is found by measuring 
the antenna current by a thermocouple ammeter, and then using the 
I2R law to find the power. 

P.O. = Ia X Ra (2) 

Where: Ia is antenna current, and 
Ra is antenna resistance, 

The efficiency of the power conversion is the ratio of the 
RF power output to the DC power input expressed in percent. Stat- 
ed as an equation, this is: 

Efficiency = 
I2a x Ra 
Is X Es 

(3) 

Where: Ia is the antenna current in amperes, 
Ra is the antenna resistance in ohms, 
Is is the DC plate current in amperes, 
Es is the DC plate supply voltage in volts. 

The power dissipated within the tube is caused by the plate 
current flowing through the plate resistance of the tube. So far 
as the energy source is concerned, the tank circuit between the 
points F and P is in series with the filament -to -plate resistance 
of the tube; therefore, the plate current flows through both of 
these elements, and in so doing dissipates power in each. That 
furnished to the tank is useful, while that consumed within the 
tube is wasted. The power lost in the tube manifests itself in 
the heating of the plate. 

In their flight from the filament, the electrons are rapidly 
accelerated, and by the time they reach the plate, they have ac- 
quired tremendous velocities. These high velocities represent 
considerable kinetic energy, which is immediately converted into 
heat energy as the electrons strike the surface of the plate. 
Thus the temperature of the plate may be raised to a dull red 
heat, and if the power lost in the tube becomes sufficiently 
great, the plate becomes white hot and the glass walls of the tube 
soften, resulting in complete ruination of the tube. 

The manufacturers of transmitting tubes rate them according 
to the power that may be safely dissipated at the plates without 
increasing the temperature to a dangerous value. The actual 
power input that may be safely applied to a tube depends upon the 
allowable plate dissipation, and upon the efficiency of power 
conversion. Oscillators operate at efficiencies ranging from 50% 
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to 80%, with the lower value being far more common. 

As an example, the type 801 tube, when used as an oscillator, 

has a maximum plate dissipation of 20 watts. If the efficiency 

is 50%, a total of 40 watts of DC power input may be safely ap- 
plied. Of this 40 watts, 20 are converted into RF power and are 

furnished to the tank; the remaining 20 watts appear as heat dis- 
sipation at the plate of the tube, causing it to op rate at a dull 

red heat. Nearly all the tubes when operated at tha maximum plate 
dissipation, show some color in their plates. As long as this 
color is a dull red, or, as it is sometimes called, a cherry red, 

the tube is operating at a safe temperature. 
If the efficiency in the previous example were increased to 

60%, the DC power input could also be increased. Under this con- 
dition, 60% of the input power is converted to RF power, and 40% 
of it is the plate dissipation. To find the allowable power in- 
put, a percentage problem must be solved. It is necessary to 
determine the number of which 20 is 40%. This is 20 : 40% = 50 
watts. If the efficiency and plate dissipation are known, the 

allowable DC power input may be found from this equation: 

Allowable DC power input = Plate Dissipation (4) 

1 - Efficiency 

Where the efficiency must be expressed as a decimal fraction. 
The instantaneous power lost at the plate is equal to the 

instantaneous plate voltage times the instantaneous plate cur- 
rent. The average pate dissipation is equal to the average in- 

stantaneous power loss, averaged throughout a cDmplete cycle. 
Since the problem of averaging all these instantaneous powers is 
an extremely complicated mathematical procedure, the power loss is 

ordinarily calculated by finding the difference between the power 
input and the power output. When stated as an equation, this is: 

Power dissipated at plate = (IB x EB) - (I'a x Ra) (5) 

Where the various symbols represent the same quantities as in 

equation (3). Fig. 7 illustrates how the input power divides 
between the tank and the plate of the tube during the time that 
plate current flows. It should be noticed that the power loss 
at the plate starts to rise as the plate current begins to flow, 

but that after it reaches a certain value, it remains fairly con- 
stant at this value, and then finally falls to zero as the plate 
current stops. The reason that the plate power loss does not 
continue to increase as the plate current rises, is that the plate 

current rises, is that the plate voltage is falling during this 
time, and thus the power loss is fairly constant since the plate 
voltage is falling at practically the same rate at which the plate 

current is rising. The plate voltage falls at the same time that 

the plate current rises because they are 180° out of phase. The 

falling of the plate voltage is due to the voltage built up be- 
tween F and P (Fig. 1), which during this part of the cycle, bucks 

against the plate supply voltage. 

It can be seen that the plate current flows during the time 
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that the plate voltage is fairly low; therefore, the plate power 
loss is kept at a minimum and the efficiency is increased. It 
is for this reason that the tube is operated at a high negative 
bias far beyond cutoff, and the plate current is allowed to flow 
only during the times that the plate voltage is low. Such an ac- 
tion reduces the plate loss and increases the efficiency. Allow- 
ing the plate current to flow only during a short time of each 

Fiq.7 Showing how the 
power input, power out- 
put, and power dissipa- 
ted vary during the time 
that plate current flows. Power 
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Ip - 

Plate 
Current 

Pi 

Power 
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cycle makes the average plate current rather low, and thus the 
power input to the tube is low. Even though the efficiency under 
these conditions is quite high, the power output obtained from 
the oscillator cannot be very great since the power input is so 
low. It may, therefore, be seen that a compromise must be made 
between efficiency and power output. High efficiency may be ob- 
tained at low power output, or high power output can be secured 
at low efficiency. Usually the oscillator is adjusted until the 
desired power output is obtained at the maximum possible effici- 
ency. If this value of efficiency is not 50% or greater, it in- 
dicates that an attempt is being made to secure more power from 
this tube than is economically practical, and that a tube using 
a higher DC plate voltage and current, and having a greater plate 
dissipation should be employed. 

In adjusting the power input, care must be taken that neither 
the maximum DC plate voltage or plate current, as recommended by 
the manufacturer, is exceeded. The maximum allowable plate volt- 
age is determined by the insulation resistance between the plate 
and the other electrodes of the tube. If the manufacturer's 
rating for a particular tube is 1000 volts, the actual variation 
of the plate voltage will be from nearly 0 volts to almost 2000 
volts, since the alternating component of the plate voltage is 
nearly equal to the applied DC voltage. The fact that the plate 
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voltage of the tube will increase to nearly 2000 volts has been 

taken care of in the manufacturer's calculations, and the tube 

will be able to withstand this voltage, since it is maintained 

only for a short interval during each cycle. If an attempt were 

made to increase the DC plate voltage above its specified rating, 

the maximum voltage reached during the cycle would be very high, 

and it is more than probable that the tube would arc from the 

plate to one of the other electrodes, thereby causing serious 

damage. 
For a similar reason, the maximum DC plate current rating 

should not be exceeded, as such an action greatly increases the 

power dissipated within the tube. The maximum peak plate current 

that can be drawn depends upon the emission capability of the 

filament. The grid of an oscillator tube is ordinarily driven 

sufficiently positive to produce saturation current at the com- 

paratively low plate voltage present at this instant. That is, 

the grid voltage increases until any further increase in grid 

voltage would produce no further increase in plate current. This 

is caused by the upper bend of the grid voltage -plate current 

curve. 
With the grid -driving voltage and bias constant, the maxi- 

mum plate current that flows depends upon the minimum plate po- 

tential reached during the cycle. When the DC plate current is 

increased, it indicates that plate current is flowing for a long- 

er portion of the cycle, and the plate loss increases at a very 

rapid rate. In fact, tubes having plate dissipation ratings 

greater than 1000 watts employ water-cooled plates. The subject 

of water-cooled tubes will be discussed in Lesson 9 of this Unit. 

In addition to the power lost at the plate of the tube, 

there is a power loss in the grid circuit. This power loss con- 

sists of two parts; the power dissipated by the DC grid current 

flowing through the grid leak, and the power lost at the grid 

itself caused by the electrons striking the grid wires. This 

power, as well as that used to heat the filament, is usually not 

taken into account in figuring the efficiency. All the power 

lost ín the grid circuit could be eliminated by not allowing the 

grid to go positive, but, as previously explained, the. use of 

grid leak bias makes possible the setting of the operating point 

at a value beyond cutoff with the consequent reduction in plate 

power loss and increase in efficiency. The advantages to be 

gained by allowing the grid to go positive far outweigh the dis- 

advantages. 

7. FACTORS AFFECTING POWER OUTPUT AND EFFICIENCY. The ef- 

fect of increasing the size of the grid leak resistor is shown 

in Fig. 8. It may be seen that a larger resistor increases the 

grid bias as shown by the solid line. The dotted lines indicate 

the conditions existing with the smaller grid leak. Since the 

grid -exciting voltage remains practically constant, the effect 

is to decrease the amount which the grid goes positive. This 

decreases the fraction of the cycle during which plate current 
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flows, and thereby reduces the average plate current. With a 

smaller plate current pulse, the power furnished to the tank is 

reduced, and the amplitude of the oscillations decrease. This 

causes the alternating component of the plate voltage to have a 

smaller peak value and the minimum plate voltage reached during 

the cycle is raised. In addition, the smaller plate current 
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Fig.8 Illustrating the effect of changing the size of the grid- 
leak resistor. The solid lines are for the larger value of grid leak. 

pulse reduces the power input. The overall effect, however, is 

to increase the efficiency, since the power input decreases at 

a more rapid rate than the power output. Thus, if the efficiency 

is not as high as desired, it may be increased by increasing 

the size of the grid leak. If this action is carried too far, 

the power output will also begin to decrease, and it is common 

practice to increase the size of the grid leak just enough until 

a noticeable drop in the power output occurs. 

All the connections to the tank circuit are made by clips 

which may be fastened to any one of the turns of the tank coil, 
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thus by moving the filament clip toward the plate end of the 
coil, the number of turns between the grid and filament is in- 
creased, while those between the plate and filament are reduced. 
This increases the grid -exciting voltage and reduces the alter- 
nating plate voltage. The increased grid -exciting voltage pro- 
duces a larger grid current which increases the grid bias. Thus, 
increasing the grid -exciting voltage does not greatly affect the 
amount that the grid goes positive, but does increase the grid 
bias. In fact, the bias voltage is roughly proportional to the 
grid -exciting voltage, while the amount that the grid goes posi- 
tive is largely determined by the size of the grid leak. 
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Fig.9 Showing the effect produced by doubling the value of the plate -supply voltage. The solid lines are for the larger value of plate -supply voltage. 

Since the foregoing action reduces the alternating plate 
voltage, the minimum plate potential is raised. This would tend 
to decrease the efficiency, but, on the other hand, the bias is 
increased which, in turn, reduces the fraction of 'the cycle du- 
ring which plate current flows, and would tend to increase the 
efficiency. Thus, there are two opposing forces, one tending 
to increase and the other to decrease the efficiency, and it will 
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be found that there is one position of the filament tap where the 
efficiency is highest. 

Increasing the plate supply voltage increases the time du- 
ring which the plate current flows, and also increases the am- 
plitude of the oscillating current. This naturally increases 
the value of the alternating plate voltage, and the minimum 
plate voltage reached during the cycle remains practically con- 
stant. The increase in plate supply voltage raises the DC power 
input and the RF power output. By increasing the size of the 
grid leak, the efficiency can again be made high, and the DC 
plate current brought back to normal. Thus, the higher the plate 
supply voltage, the greater will be the efficiency at which a 
given power output can be obtained. It is, of course, assumed 
that the maximum plate supply voltage as recommended by the man- 
ufacturer is not exceeded. The diagrams of Fig. 9 show the 
changes which occur when the plate supply voltage is doubled 
and the bias is increased enough to produce the same DC plate 
current. 

Nothing as yet, has been said about how these various fac- 
tors affect the grid current. Usually, this consideration is 
not so important, but there is one point which should be given 
attention. The maximum grid voltage should not exceed minimum 
plate voltage, for when this occurs, most of the electrons emit- 
ted by the filament are attracted to the grid and very few reach 
the plate. Thus, the highly positive grid robs the plate of 
electrons and the shape of the plate current pulse assumes that 
shown in Fig. 10. In addition, the DC grid current becomes very 
great with a consequent increase in the power lost in the grid 
circuit. 

Fig.10 Illustrating the 
shape of the plate current 
pulse when the maximum posi- 
tive grid voltage exceeds 
the minimum plate voltage. 

This distorted plate current pulse contains an increased 
amount of harmonic components, and the smoothing action of the 
oscillating tank current must be great to minimize the radiation 
of harmonic frequencies. 

8. THE LOAD IMPEDANCE. In the study of audio power ampli- 
fiers, it was learned that the load impedance should be equal to 
the plate resistance of the tube to secure the maximum power out- 
put, while for maximum undistorted power output, it was necessary 
to make the load impedance equal to twice the plate resistance. 
Since distortion is not a serious problem in oscíllator circuits, 
it would seem desirable to use a load impedance of the same value, 
as the plate resistance. In the case of an oscillator tube, how- 
ever, where the plate current flows for such a short part of the 
cycle, the plate resistance varies between extremely wide limits. 
During the time that no plate current is flowing, the plate resis- 
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tance is infinitely high, and during the peak of the plate current 
pulse, it is relatively low. Therefore, the load impedance for 
maximum power output bears no simple relation to the plate resis- 
tance of the tutie, and it is usually determined by experiment. 
The oscillator tank circuit is a parallel tuned circuit, and its 
total shunt impedance, as explained in Lesson 22 of Unit 1, is 

found by this formula: 

Shunt Impedance = 

R 
x (6) 

Where: R is the resistance of the tuned circuit in ohms, 

L is the inductance of the tuned circuit in henries, 

C is the capacitance of the tuned circuit in farads. 

The tube does not work into the whole parallel tuned circuit, 
but only into that part of it connected between F and P; there- 
fore, the impedance into which the tube is working is somewhat 
less than the total shunt impedance of the circuit. From the 
foregoing equation, it is evident that the shunt impedance is di- 
rectly proportional to the ratio of L to C, and since there are 
many different values of L and C which will tune to the desired 
frequency, it is possible to vary the value of the load impedance 
by changing the ratio of the inductance to the capacitance. 

With a high value of load impedance or a high ratio of L to 
C, the alternating plate voltage component is large and the min- 
imum plate potential is low. The DC plate current is low, and 
while the power output is low, the efficiency is high. When a 
low load impedance is used, the opposite characteristics are true. 
More will be said about the load impedance and the ratio of L to 

C in Lesson 7 of this unit. 

9. ADJUSTING AN OSCILLATOR. For the present, it is assumed 
that the oscillator is not coupled to the dummy antenna; that is, 
it is not loaded, or is not delivering its power output into any 
load circuit. Under these conditions, the actual power output of 
the oscillator is low, since there is nothing present to absorb 
the power. All the power in the tank is dissipated in the resis- 
tance of the tank circuit. 

To begin the adjustment of the oscillator, the correct fil- 
ament voltage is first applied, and the filament is allowed to 
reach its correct operating temperature before the plate voltage 
is applied. This procedure is always followed in transmitting 
tubes, since the high plate voltages used (from 500 to 20,000 
volts) are liable to produce an arc -over from the plate to the 
filament if the plate voltage is applied before the filament has 
had time to warm up. By allowing the filament to reach its oper- 
ating temperature, a protective space charge is formed around the 
filament, which eliminates the chance of arc -over. 

At the start, the filament tap (F) is usually placed about 
half -way between the points G and P. A DC meter is connected in 
series with the grid leak to read the DC grid current, and another 
DC meter is placed in the plate circuit to read the DC plate cur - 
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rent. Care must be taken that both meters are properly by-passed, 

as the RF current will seriously damage them. The plate voltage 

is now applied and the tank circuit is tuned to the desired fre- 

quency. In low and medium powered oscillators, the tank conden- 

ser is made variable, and the resonant frequency of the tank is 

changed by varying the capacity of this condenser. In very high 

powered oscillators, the tank condenser is usually fixed and the 

resonant frequency is changed by varying the value of the induc- 

tance. Just how this is done will be explained in Lesson 7 of 

this unit under the discussion of Class C amplifiers. 

. 

Fig.11 A precision type 
of wave meter which covers 
a frequency range from 16 

kc. to 50 mc. 

To determine when the oscillator is tuned to the correct 

frequency, some form of frequency -measuring device must be em- 

ployed. Usually, this is an accurately calibrated wavemeter. The 

wavemeter may consist of a small coil tuned by a variable con- 

denser. In series with these two components is a very sensitive 

thermocouple galvanometer. The dial_ of the variable condenser 

is divided into equal units, usually from 0 to 100, and a chart 

ís furnished with the instrument which shows the resonant fre- 

quency of the wavemeter for any setting of the dial. A photograph 

of a wavemeter is shown in Fig. 11. It is a precision type meter 

and is supplied with seven plug-in coils which cover a frequency 

range between 16 kc. and 50 mc. Instead of using a thermocouple 

meter to indicate resonance, this instrument employs a rectifier 

type vacuum -tube voltmeter. Thus, the danger of overloads burning 

out the indicator is avoided. To use the meter, the coil, which 

is mounted externally to the case, is very loosely coupled to the 

tank of the oscillator; thus, RF energy is transferred to the 

wavemeter and, if the resonant frequency of the oscillator is 

equal to that of the meter, the thermogalvanometer will indicate 

that a current is flowing in the wavemeter circuit. The variable 

condenser of the tank is changed until a maximum reading is ob- 

tained on the thermogalvanometer, assuming, of course, that the 

wavemeter has been set for the desired frequency. If, at any 

period of the adjustment, the needle of the meter is deflected 

full scale, it is desirable to loosen the coupling between the 

oscillator and pick-up coil, and thus avoid any possibility of 

damaging the meter. 
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With the oscillator tuned to the correct frequency, the fila- 
ment tap is adjusted until the plate current of the tube is at a 
minimum. Under this condition, the efficiency is greatest. In 
case the plate current cannot be reduced to the normal value, the 
size of the grid leak should be increased. It must, of course, 
be remembered that too large a grid leak will cause the oscillator 
to block, and the output will be modulated at a frequency depend- 
ing on the size of the grid leak. Such a condition is objection- 
able in high-powered oscillators, and grid leaks in excess of 
50,000 ohms should not be used. In making any adjustment on the 
oscillator, always remember to shut off the plate voltage before 
touching any part of the circuit, as the voltage applied to the 
plate is high and a severe shock may result. Even if you were 
to touch a part of the tank circuit not connected directly to 
the plate supply, the RF energy in the tank would be liable to 
produce a painful burn. 

10. LOADING THE OSCILLATOR. If the preceding adjustments 
have been performed correctly, the efficiency of the oscillator 
should be high, while the plate current, the power input, and 
power output should be rather low. The first step in loading the 
oscillator is to couple the dummy antenna loosely to the tank 
circuit of the oscillator. The antenna is then tuned to the fre- 
quency of the oscillator by changing the capacity of its variable 
condenser. Resonance of the antenna circuit is indicated by a 
maximum antenna current as read on the thermocouple ammeter. As 
the antenna circuit is brought into resonance, it is noticed that 
the plate current of the tube is increasing. This occurs for the 
following reasons: 

The oscillating tank current develops a magnetic field about 
the tank which cuts through the turns of the antenna coil and 
induces RF voltages therein. When the antenna is tuned to reso- 
nance, these RF voltages force a fairly high current through the 
antenna circuit, which creates a magnetic field about the antenna 
coil. This varying magnetic field around the antenna coil cuts 
through the turns of the tank coil, and induces a voltage in this 
coil which is in such a direction as to oppose the voltage pro- 
ducing the oscillating tank current. Thus, the effect is the same 
as though a resistance had been added in series with the tank 
coil, and it is said that the effect of coupling the antenna to 
the tank is to couple a resistance into the tank by reflected 
impedance. The complete discussion of reflected impedance will 
be given in Lesson 4 of this unit. 

This resistance which has been effectively added to the os- 
cillator tank produces several results. The first of these is 
to reduce the value of the oscillating tank current. With the 
amplitude of the oscillations reduced, the voltages developed 
across the tank are lowered; thus the grid excitation voltage is 
less, and as a result, the grid current goes down. Reducing the 
grid current causes a smaller bias to be produced across the grid 
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leak, and the DC plate current increases. Furthermore, the al- 
ternating component of the plate voltage is lowered, which raises 
the minimum plate potential reached during the cycle. Raising 
the minimum plate voltage always decreases the efficiency, since 
the peak value attained by the plate current will be greater with 
a higher minimum plate voltage. The increase in the minimum 
plate voltage also causes the grid current to be reduced, since, 
with a higher minimum plate voltage, the plate will be able to 

attract more of the electrons emitted by the filament and fewer 
will be diverted to the grid. Thus, the power input as well as 
the power output of the oscillator increases and the efficiency 
is lowered. 

Under this condition, the oscillator is said to be loaded, 
or to be working into a load. The foregoing actions may be viewed 

in another manner. With the oscillator unloaded (the antenna not 
coupled to the tank), the actual shunt impedance of the parallel 

tuned tank circuit is rather high; much too high to secure appre- 

ciable power from the tube. Do not be confused by the fact that 

although the tube is working into a large load impedance, it is 

said to be unloaded. The same expression is used with alternators 
or DC generators. When a high resistance is connected across an 

alternator, the alternator is able to force only a small current 
through the resistor, and the power transferred from the alter- 
nator to the resistor is low. Therefore, although the actual 
resistance of the load resistor is high, the alternator is oper- 
ating at practically no-load, since the power drawn from it is 

low. By reducing the value of the load resistor, more current can 
flow through it, and more power will be transferred from the al- 

ternator to the resistor. Under this condition, the alternator 
is said to be loaded, as it is required to produce a greater power 
output. It should, therefore, be remembered that decreasing the 
value of the load impedance of any power source always increases 

the load on that power source. 
When the antenna circuit couples a resistance into the tank, 

the shunt impedance of the tank is decreased, as may be seen from 

equation (5). This equation has the resistance of the parallel 
tuned circuit in the denominator, and it is easy to see that an 
increase in the resistance of the tank circuit will decrease its 

shunt impedance. When the value of the total shunt impedance of 

the tank circuit is reduced, the impedance connected between the 
points F and P is correspondingly lowered and the tube works into 

a lower load impedance. There is just one value of load impedance 

which will produce the greatest power output, and, since the value 

of the load ís much greater than this before the antenna is coup- 

led to the tank, the act of coupling the antenna will always re- 

sult in a larger RF power being developed in the tank circuit, 
which is then transferred to the antenna. 

If the antenna circuit is coupled too close to the tank, it 

may reduce the load impedance to a value so low that the maximum 

power output will not be obtained. In this case, the antenna cur- 

rent will decrease. It is evident that there is a point of "cri- 

tical coupling" which will produce the greatest antenna current 
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and the maximum power into the antenna. With less than critical 
coupling, the power in the antenna circuit will be less than max- 
imum, although the efficiency will be high. With more than cri- 
tical coupling, the antenna power will be less than maximum, and 
the efficiency will be low, as is evidenced by the large plate 
current that will flow. 
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Fig.12 Showing the effect of loading an oscillator. The solid 
lines indicate the loaded condition. 

The diagrams of Fíg. 12 illustrate the effect of loading the 
oscillator. The dotted curves are for the unloaded condition, 
while the solid line curves represent the loaded condition. No- 
tice that in the unloaded state the minimum plate voltage is so 
low that a decided dip is produced in the plate current pulse. 
This is caused by the fact that the maximum grid potential is 
nearly equal to the minimum plate potential and the grid is rob- 
bing the plate of electrons. Thus the plate current dips and the 
peak grid current is high. Loading the oscillator raises the 
minimum plate voltage and removes the dip in the plate current 
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pulse, while at the same time, it reduces the peak grid current 

and lowers the bias voltage. 

To continue with the loading of the oscillator, the antenna 

circuit has been loosely coupled to the tank, and has been tuned 

to resonance as indicated by maximum antenna current. The coup- 

ling between the antenna and tank is now increased until the cur- 

rent in the antenna is maximum, thus showing that the point of 

critical coupling has been reached. 
During this increase in coupling, the plate current has been 

steadily rising, and if it exceeds the normal specified value, 

the coupling should be loosened and the grid bias increased until 

the antenna power begins to fall off, as evidenced by a decided 

drop in the antenna current. The plate current can now be brought 

up to normal by again increasing the coupling. If the desired 

power output ís not obtained at a reasonable efficiency, the 

efficiency may usually be increased by using a large grid leak, 

without sacrificing much power output. If the desired power 

output cannot be obtained by coupling the antenna to the tank, 

it is necessary to reduce the efficiency by lowering the size of 

the grid leak, and re -adjusting the position of the filament tap, 

always remembering not to exceed the maximum plate dissipation 
of the tube. It is always best to repeat this series of adjust- 

ments at least once to make sure that the tube is operating under 

the very best conditions obtainable. REMEMBER, THE PLATE VOLTAGE 

MUST BE TURNED OFF WHEN MAKING ANY ADJUSTMENTS. 

11. THE SHUNT -FED HARTLEY OSCILLATOR. The shunt -fed Hartley 

oscillator studied in Lesson 23, Unit 1, operates in exactly the 

same manner as the series -fed, which we have been discussing. The 

same procedure for adjusting and loading the shunt -fed oscillator 

ís used, and the only difference in the circuit design is the RF 

(A) 

Fig.13 (A Path followed by the DC 
rent in an oscillator. 

(B Path followed by the RF 
rent in an oscillator. 

+ 

component of the 

Component Of the 
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plate cur- 

plate cur- 

choke and the blocking condenser which must be used with the 

shunt -fed type. Fig. 13 at A shows the path followed by the DC 

component of the plate current, while B in the same figure illus- 

trates the path taken by the AC component. (In each case, the 

path taken is shown by the heavy lines). Feedback to the tank 

circuit is secured by the AC component of the plate current flow- 
ing through the blocking condenser, while the DC component flows 
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through the RF choke. Thus, no part of the tank circuit is at a 
high positive potential with respect to ground. Diagrams illus- 
trating the operating conditions of a correctly adjusted and load- 
ed shunt -fed Hartley oscillator are given in Fig. 14. The block- 
ing condenser has sufficient capacity so that its capacitive re- 
actance to the oscillator frequency is low. Thus, the voltage 
across it does not change appreciably as the current through it 
varies. The total DC voltage output of the power supply is ap- 
plied across this condenser and it must have sufficient dielectric 
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Fig.t4 Illustrating the operating conditions of a correctly ad- justed and loaded shunt -fed Hartley oscillator. 

strength to withstand this voltage. Since the voltage across the 
blocking condenser does not change appreciably, it remains charged 
to the DC plate voltage, and since that part of the tank circuit 
between F and p (see B in Fig. 13) is in series with the blocking 
condenser, the total voltage applied to the plate at any instant 
is the sum of the voltage produced across the two points and the 
voltage present across the blocking condenser. The RF choke must 
have enough impedance at the oscillator frequency to effectively 
prevent the RF component of the plate current from flowing through 
the power supply. 

12. THE COLPITTS OSCILLATOR. Another very common type of 
oscillator is the Colpitts. A diagram of a Colpitts oscillator 
is shown in Fig. 15. Notice that the tank inductance is not 
tapped, but that the filament is connected to the mid -point of 
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two condensers connected in series. Thus, the tank circuit con- 
sists of L1, Cl, and C2. Cl and C2 are variable condensers, the 
rotors of which are connected together and then joined to the 
mid -point of the filament. The RF component of the plate current 
flows through C3, the plate blocking condenser, and then through 
the capacitive reactance of Cl back to the filament. In flowing 
through the. capacitive reactance of Cl, it produces a voltage drop 
which serves to feed energy into the tank circuit. The oscilla- 
ting tank current flows through C2 and the voltage. drop it creates 
is the grid -exciting voltage. 

11-1115:12 
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Fig.15 A shunt-fed Col- 
pitts oscillator. 

The amount of grid -exciting voltage may be changed by varying 

the capacity of C2. Increasing the capacity of this condenser 
will reduce its capacitive reactance, and the voltage drop set 
up across it will be lower. Thus, the grid -exciting voltage is 

reduced. Decreasing the capacity of this condenser will increase 

the grid -exciting voltage. In a like manner, the alternating 
component of the plate voltage produced by the oscillating current 

flowing through the capacitive reactance of Cl may ba changed by 
varying the capacity of Cl. Increasing this capacity will lower 
the AC plate voltage on the tube and raise the minimum plate po- 
tential, while decreasing it will increase the AC plate voltage 
and lower the minimum plate voltage. 

It must be realized that when the capacity.of one of these 

condensers is increased, the other condenser must be decreased a 
like amount in order to maintain oscillations at the correct fre- 

quency. Thus, a change in either condenser necessitates a change 
in the other. This is a disadvantage not possessed by the Hartley 
oscillator. 

Since the rotor plates of the condensers are at an RF ground 
potential, hand capacity effects will be negligible. In the 

Hartley oscillator, neither plate of the tuning condenser is at 

an RF ground and hand capacity effects may be troublesome. 

The grid leak is connected directly to the center tap of the 

filament circuit instead of across the grid condenser. This is 

called a shunt -fed grid circuit, since the DC and RF components of 

the grid current follow separate paths in returning to the fila- 
ment. The DC component flows through the grid leak to the fila- 
ment and the RF component flows through C4 and C2 in returning to 
the filament. This arrangement is necessary since it would be im- 

possible for the DC component to flow through the condenser C2. 
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In the adjustment of the Colpitts oscillator, the grid ex- 
citation and AC plate voltage are varied until the minimum plate 
current is obtained, remembering, of course, that it is necessary 
to retune the tank circuit whenever an adjustment is made. The 
dummy antenna is then coupled to the tank circuit until the de- 
sired power output is secured. Control of the feedback voltage is 
more smoothly obtained in the Colpitts than in the Hartley oscil- 
lator. 

13. THE TUNED GRID -TUNED PLATE OSCILLATOR. The tuned grid - 
tuned plate oscillator is usually abbreviated to TGTP, and is 
sometimes called the Armstrong oscillator after its inventor. An 
Armstrong oscillator with series -fed plate and grid circuits is 
illustrated in Fig. 16. At first sight, this might be thought to 
be an ordinary RF amplifier stage; the source of feedback is not 
at once evident. In the study of RF amplifiers in Lesson 24, Unit 
1, it was learned that an RF amplifier stage using a three -element 
tube must be neutralized to prevent feedback through the plate - 
grid capacity of the tube, as such feedback was liable to produce 
sustained oscillations, and thus interfere with the normal ampli- 
fying ability of the RF stage. Advantage is taken of this fact in 
the design of the Armstrong oscillator. 

Fig.16 A TGTP, or Arm- 
strong oscillator. 

By tuning the plate as well as the grid circuit, the RF volt- 
ages developed across the plate tank are much greater than they 
would. be across the primary of an ordinary RF transformer. Since 
it is these RF voltages which cause an RF current to flow through 
the plate -grid capacity of the tube, which, in turn, sets up RF 
voltages across the grid tank, and thereby provides the grid ex- 
citation, it is very easy to feed back enough energy from the 
plate to the grid circuit to produce sustained oscillations. 

The operation of this circuit is as follows: Closing the 
plate voltage switch causes a pulse of plate current to flow from 
the plate through the plate tank circuit. This small amount of 
energy delivered to the plate tank creates feeble oscillations in 
this circuit. Thus, RF voltages are developed across the plate 
tank which force very small RF currents to flow through the in- 
terelectrode capacity of the tube to the grid circuit and through 
the grid tank. These minute RF currents deliver energy to the 

29 



grid tank and produce feeble oscillations in it. The oscillating 

current of the grid tank develops RF voltages across this circuit, 

which then vary the grid voltage at an RF rate and cause the plate 

current to flow in the form of pulses which feed additional energy 

to the plate tank, and the series of events is repeated. Unless 

both grid and plate tanks are tuned to approximately the same fre- 

quency, the RF voltages produced across them will not be of the 

correct phase to maintain sustained oscillations. 
It can be proved mathematically that for the alternating grid 

and plate voltages to be 180° out of phase (a condition necessary 

to produce sustained oscillations), the plate tank circuit must 

present the effect of inductive reactance. This is accomplished 

by tuning the plate tank to a frequency slightly higher than the 

one desired. It is necessary that the plate tank be slightly in- 

ductive so that it will compensate for the phase shift caused by 

the capacitive reactance of the grid=plate capacity of the tube, 

and thus make the feedback voltage of the correct phase to main- 

tain the oscillations in the grid tank. 

The Armstrong oscillator does not provide any means of ad- 

justing the feedback, and it is evident that the higher the os- 

cillation frequency, the greater will be the magnitude of the 

feedback voltage, since the capacitive reactance of the interelec- 

trode capacity becomes smaller as the frequency is raised. At 

low frequencies, it is possible for the interelectrode capacity 

to have such a high capacitive reactance that the energy fed back 

from the plate to the grid circuit is insufficient to maintain 

sustained oscillations. In this case, the amount of feedback may 

be increased by connecting a condenser of small capacity between 

the grid and plate electrodes. 

Occasionally the grid tuning condenser is omitted. Under 

this condition, the distributed capacity of the grid coil tunes it 

rather broadly to a wide band of frequencies, and the frequency of 

oscillation is determined by the setting of the plate tank conden- 

ser. This circuit is often called a TNT oscillator. 

The Armstrong oscillator will operate at frequencies much 

higher than any of the other oscillators described, and, for that 

reason it has found much favor in ultra -high frequency transmit- 

ters. 

14. ELECTRON -COUPLED OSCILLATORS. One of the outstanding 

disadvantages of the self-excited oscillator circuits discussed 

so far is the necessity of coupling the load directly to the por- 

tion of the oscillator which determines the frequency. In the 

Hartley and Colpitts, the load is coupled directly to the single 

tank circuit and in the TGTP oscillator the load is coupled to 

the plate tank circuit. By loading the TGTP plate tank, the 

frequency will be affected to an undesirable extent. If the load 

is varied on any one of these three oscillator circuits (by modu- 

lation, swinging antenna, or by keying a subsequent stage) the 

frequency will shift. This is called "frequency shift" or "dy- 

namic instability". A change in plate voltage will also cause 

considerable change in frequency. 
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The effect on the generated frequency of changes in load 

and plate voltage is minimized in the electron -coupled oscillator 

circuit. This circuit has excellent dynamic frequency stability 

for a self-excited oscillator; however, it is not considered as 

stable as the crystal controlled oscillators to be described in 

the next lesson. The electron -coupled circuit is shown in Fig. 

17. The screen grid acts as the plate in a modified Hartley os- 

cillator in which the plate circuit is series fed. The screen 

grid, control grid, and cathode form the three elements of the 

triode oscillator. Modification from the true Hartley circuit is 

due to the position of the B minus or ground connection. In the 

ECO (electron -coupled oscillator) circuit the bottom of the tank 

circuit is grounded to DC and RF and the plate of the oscillator 

section (actually the screen) is grounded to RF; whereas, in the 

true Hartley circuit, the filament center tap or cathode is 

grounded to both DC and RF. The grid circuit in Fig. 17 is con- 

ventional shunt fed and the screen grid potential is reduced below 

the actual tetrode plate potential by the screen dropping resistor 

R2. The RF choke L4 serves to assist in preventing the leakage 

of RF to ground through the resistor R2 and the power supply. 

Fig.17 Electron-coupled self-excited oscillator. 

With the screen grid at RF ground potential, the plate of 

the tube is shielded from the elements which generate the oscil- 

lations. Since the screen grid is not a solid plate, it will not 

collect all of the electrons emitted from the cathode. The high- 

er potential on the plate will pull the majority of emitted elec- 

trons on through the screen to establish an RF voltage at the 

plate of the tube. The only coupling between the plate and the 

oscillating elements is through the electron stream; hence, the 

name for the circuit, "electron -coupled". 

The electron stream coupling is to a large extent unilateral; 

that is, in one direction only. The instantaneous plate potential 

depends on the variations of the electron stream; however, the 

electron stream is affected little by changes of plate potential. 

This latter statement conforms with previous information concern- 

ing the ability of the plate voltage in a tetrode to change the 

plate current. 
To take full advantage of the plate's ability to isolate the 
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oscillating section from load changes in the plate circuit, the 

screen grid must be operated at RF ground potential and extreme 
care must be taken in keeping the circuit components well shielded 

from each other. 
In general, the ECO circuit possesses three distinct advan- 

tages which make it applicable for various purposes; (1) Frequency 

stability with variations in load. (2) By properly adjusting 
the voltages on the screen (oscillator plate) and plate, the fre- 

quency may be made independent of small changes in the supply 
voltage. The constant proportion of screen and plate voltages 
is maintained by securing both from a voltage divider; thus both 
voltages will change if the supply voltage varies. (3) The out- 

put of the ECO is fairly rich in harmonics. 

In Fig. 17 notice that the cathode of the tube is operated 

above RF ground potential. If a filament type tube is used, the 

filament voltage should be applied through RF chokes to prevent 

the filament from being placed at RF ground through the distrib- 

uted capacity of the filament transformer. With most cathode 
type tubes, the RF choke is not necessary, since no damage will 

le done with an RF voltage between the heater and cathode. 
Regarding the advantages for the ECO just outlined, it should 

be understood that the frequency stability is not as good as can 

be obtained in the crystal controlled oscillator circuits to be 

described in the next lesson; however, it -is superior to the 
Hartley, Colpitts, and TGTP self-excited oscillators. In some 

cases, the high harmonic output of the ECO may be undesirable, 
such as when used to feed an antenna directly or when used in 

some types of test oscillators for servicing. But, in heterodyne 

frequency meters (used to measure an unknown frequency), the 
harmonic output is desirable, and if the ECO is followed by an 

amplifier stage which employs a tuned tank circuit as the plate 

load, the harmonic output is of little consequence. 

Pentodes can be used as electron -coupled oscillators if: 

(1) the suppressor has a separate pin connection, and (2) if the 

internal shield is tied to the suppressor. Certain pentodes, 

such as the 47 and 2A5 have the suppressor connected internally 

to the mid -point of the filament or to the cathode. Since the 

cathode is not at RF ground ín the ECO, undesirable electrostatic 

coupling will exist between the oscillator portion of the tube 

and the plate, with the suppressor tied to the cathode. To ob- 

tain full benefits, the suppressor should be tied to the screen 
and placed at RF ground potential. Several pentodes employ an 

internal shield. In some types, including the 6C6, 6D6, and 78, 

this shield is tied to the cathode internally. Again, undesirable 

electrostatic coupling will exist between the shield (tied to 

cathode) and plate, so the tube is unsuitable for use in the ECO 

circuit. The type 77 tube has the internal shield tied to the 

suppressor; therefore, it is. satisfactory because the suppres- 

sor, shield, and screen can all be tied together and placed at 

RF ground potential through a condenser to form an effective 
shield between the plate and the oscillator portion of the tube. 
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The type 802 is a 10 watt pentode for use in transmitter circuits. 
It has separate base pins for both the suppressor and the internal 
shield, hence, it can easily be connected for ECO service. 

15. MATRON OSCILLATORS. The dynatron oscillator is not 
in popular use as the frequency control unit for a transmitter; 
however, it is a type of self-excited oscillator adaptable for 
use in test oscillators and heterodyne frequency meters. This 
circuit should therefore be associated with the other self-ex- 
cited oscillators described in this lesson. A circuit diagram 
of a dynatron oscillator appears in Fig. 18. Tubes satisfactory 
for use in this circuit include the low power types, 24, 32, and 
36. The applications for the dynatron circuit do not require 
appreciable power output, so no advantage is gained by attempting 
to use larger screen grid tubes. The oscillator is rather in- 
efficient and the output signal is weak, but the advantages are 
good frequency stability and high harmonic content in the output 
signal. 
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Fig.18 Dynatron self-excited oscillator. 

Upon inspecting the plate voltage -plate current character- 
istic curve for any screen grid tube, it will be found that 
throughout the region from 0 to 90 volts plate voltage (assuming 
that the screen voltage is 90), the characteristic curve under- 
goes abnormal changes. A typical Ep-Ip curve is shown in Fig. 
19. The dynatron oscillator operates over the range from B to 
C on the characteristic curve. Throughout this range, it will 
be noted that increases in plate voltage cause decreases in plate 
current. The operating plate voltage for the dynatron oscillator 
is set at the center of this portion of the characteristic (point 
0 in Fig. 19). The screen voltage is at a higher normal value 
than the plate voltage, and the peculiar bends in the Ep-Ip curve 
are caused by the secondary electrons from the plate being at- 
tracted to the screen. In Fig. 18, the control grid may be set 
at a negative potential with respect to the cathode by adjustment 
of the potentiometer R. Variation of the control grid bias does 
not change the frequency of the output signal; however, it will 
vary the amplitude considerably -- decreasing the amplitude with 
more negative bias, and vice versa. In many dynatron oscillators, 
the potentiometer R is omitted and the control grid is connected 
directly to the cathode for the greatest output signal. 

When plate voltage is applied to the dynatron oscillator, 
the instantaneous current surge which passes through the oscilla- 
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ting circuit L1C1 causes a field to be built up around the in- 

ductance L], and the capacity C to become charged. Assuming that 
the small voltage generated across the oscillating circuit is in 

such a direction as to increase the plate voltage, from the char- 

acteristic curve in Fig. 19 we see that the plate current will 
decrease. The decrease in plate current will generate a counter 
voltage across L1 in the opposite direction. As the counter 
voltage is set up in this direction, the plate voltage will de- 

crease, which causes the plate current to increase. The action 
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Fig.19 Typical Ep-Ip characteristic curve for a tetrode tube. 
The negative resistance portion is from B to C. 

repeats and builds up to maximum. The normal operating plate 
voltage is at the center of the down slope on the Ep-Ip curve. 

Due to the alternating RF voltages set up across L1C1, the in- 

stantaneous plate voltage will vary at an RF rate as in other os- 

cillator circuits. The RF plate voltage swing will be confined 
to the portion of the characteristic curve between B and C in 

Fig. 19 because it is only over this portion of the curve that 
changes in plate potential result in an opposite change of plate 
current. 

Quite often the action of a dynatron oscillator circuit is 
explained in terms of "negative resistance". Resistance always 
means a voltage divided by a current. By "positive resistance" 
is meant that an increase in voltage will result when the current 
through a resistance is increased; whereas, the expression "neg- 
ative resistance" means an increase in voltage results from a 

decrease in current. From the characteristic curve of the screen 

grid tube shown in Fig. 19, it will be noticed that throughout 
the region from B to C, a "negative resistance characteristic" 
exists between the plate voltage and the plate current; that is, 

an increase in plate voltage results in a decrease in plate cur- 

rent and vice versa. This negative resistance of the tube's plate 

circuit is shunted across the oscillating circuit L1C1. The 
negative resistance of the tube is in opposition to the positive 
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resistance of the oscillating circuit, and when the negative re- 
sistance is equal to the positive resistance, they completely 
cancel each other, resulting in a net resistance in the oscilla- 
ting circuit equal to zero. 

It has previously been explained that when the net (effec- 
tive) resistance of an oscillating circuit is zero, the oscilla- 
ting current does not die out, but remains constant in amplitude. 
Hence, the oscillating current in the tuned circuit L1C1 will be 
maintained as long as its positive resistance is cancelled by 
the tube's negative resistance. 

The advantages of a dynatron oscillator include the excellent 
frequency stability, the simplicity of construction, and the ease 
with which it may be made to function over a wide frequency range. 
The frequency is affected little by variations in operating volt- 
ages and tube characteristics, but the stability is not as good 
as in a crystal -controlled oscillator. The dynatron makes an 
ideal oscillator for use in a heterodyne frequency meter (used 
for making frequency measurements). The output signal has a high 
harmonic content. The main disadvantage is the fact that the 
output signal is weak. 

16. FREQUENCY STABILITY OF OSCILLATORS. Before discussing 
the frequency stability of oscillators, it must be realized that 
the one thing determining the oscillation frequency may be stated 
as follows: The frequency at which the oscillations occur is the 
frequency at which the feedback is of the proper phase to make 
the alternating grid and plate voltages 180° out of phase. 

Fig.20 Illustrating how the 
interelectrode capacities affect 
the tuning of an oscillator 
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There are many things which affect the oscillation frequency 
other than the inductance and capacity values of the tuned cir- 
cuit. For example, in the Hartley oscillator, the grid -filament 
capacity is, in effect, connected directly across the grid coil 
of the tank, while the plate -filament capacity is across the plate 
coil. In addition, the grid -plate capacity is in parallel with 
the tank condenser as may be seen in Fig. 20. Thus, all of these 
interelectrode capacities will be effective in determining the 
total capacity of the tank circuit. 

It has also been determined that the values of the plate 
resistance, and the grid -to -filament resistance of the tube will 
affect the oscillation frequency. Thus, changes in the plate 
supply voltage and changes in the electrode spacing, due to heat 
expansion, will alter slightly the frequency produced. 

None of the oscillators that have been previously discussed 

35 



will maintain a constant frequency over a very long period of 
time; that is, any of them will drift slightly in one direction 
or the other from the desired frequency. Even under the very best 

conditions, the frequency deviation will be at least 1%, and since 

the allowable frequency deviation for broadcast transmitters as 
specified by the Federal Communications Commission is much less 
than this value, these types of oscillators are not used in broad- 

cast transmitters. Instead, the crystal -controlled oscillator is 

employed; a complete discussion of which will be given in the 

following lesson. 
The factors which contribute to a shift in the frequencies of 

oscillators may be listed as follows: 

1. Tube characteristics 

2. Temperature 
3. Vibration 

4. External coupling 

Among the various things which can produce a change in the 

tube characteristics are: 

1. Changes in plate potential 
2. Changes in mean grid potential 
3. Changes in filament potential 
4. Changes in spacing of the tube's elements 

By careful design, it is possible to choose the various cir- 

cuit elements so that changes in the tube's characteristics will 

have a minimum effect on the oscillation frequency. The effect 

of temperature variations is to change the spacing of the tube's 

elements, thus changing the total capacity associated with the 

tuned circuit. In extreme cases, temperature control may be em- 

ployed. 
Vibration will cause a variation in the frequency due to 

changes in the spacing of condenser plates, in the separation be- 

tween coil turns, or in the spacing of the elements of the tube. 

Frequency instability due to this cause may be eliminated by prop- 

er placement of the oscillator, using some form of shock -absorbing 

device if necessary to reduce the vibration. 

The use of large capacities in the plate tank, thus making 

the total capacitive effect of the interelectrode capacities small 

in comparison, will aid in minimizing frequency instability. Fi- 

nally, the frequency changes produced by coupling the load circuit 

to the oscillator may be reduced by not attempting to derive the 
utmost possible power from the oscillator. For maximum frequency 

stability, the load circuit should be loosely coupled to the os- 

cillator, and, if the power obtained from the oscillator is in- 

sufficient to produce the desired results, it should then be am- 

plified by radio frequency power amplifiers. 

The simplest form of transmitter consists of an oscillator 

coupled directly to the antenna. Then, by use of a keying cir- 

cuit, the output of the oscillator may be broken up into dots and 

dashes, and intelligence may be transmitted by means of the In- 

ternational Morse code. Such an arrangement constitutes a self - 
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excited transmitter, and all the oscillators discussed in this 
lesson are known as self-excited oscillators. 

The frequency stability of the self-excited transmitter is 
very poor, and this system is no longer used. When the oscillator 
is of relatively low power, and its output is amplified by one or 
more power amplifier stages, the transmitter is said to be of the 
master oscillator -power amplifier type. This rather long expres- 
sion is abbreviated to M.O.P.A. 

Modern broadcast stations, police radio stations, aeronautic- 
al stations, and most amateur stations use neither of the fore- 
going methods. Instead, crystal -controlled transmitters are em- 
ployed almost exclusively. They consist of a low -powered crystal 
oscillator, having an output of from 1 to 5 watts, and a series of 
power amplifier stages which serve the double purpose of increas- 
ing the power, and isolating the oscillator from the modulated 
stage, thus preventing the modulation process from reacting upon 
the oscillator stage and thereby causing frequency instability. 

17. CIRCUIT COMPONENTS. To obtain the best results from any 
oscillator circuit, certain design conditions should be followed. 
As previously stated, the tank circuit should have as little re- 
sistance as possible, and this minimum resistance is achieved by 
using copper tubing or flat copper strip to construct the tank 
coil. (See Fig. 21). By employing a conductor having a large 
surface area, the apparent increase in resistance of the tank coil 

Fig.21 Showing the con- 
struction of a tank coil. 

to RF currents due to skin effect is minimized. The tank coil 
must be rigidly mounted, as the open construction offers an oppor- 
tunity for vibration with its resulting frequency instability. It 
is usual practice to mount the tank coil on heavy stand-off in- 
sulators, and the materials of the insulators used must have good 
dielectric properties, for they are in the electrostatic field of 
the tank. That is, a capacity exists between the tank coil and 
the chassis, and the insulators are a part of the dielectric of 
this capacity. Thus it might be possible to use a. material having 
good insulating properties and yet be of such a character that its 
dielectric hysteresis was high. In this case, the losses incurred 
in the insulator would have to be supplied from the energy con- 
tained in the tank circuit, and the effect would be the same as 
increasing the actual resistance of the tank. 
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It is also desirable to keep large masses of metal away from 
the tank since the eddy currents set up in them by the voltages 
induced from the changing magnetic field, produce power losses 
which must be supplied by the tank circuit. 

All leads carrying RF should be exceptionally short; an un- 
necessary extra inch in the length of an RF lead will increase 
the power losses far more than is ordinarily realized. In addi- 
tion, the leads from the tuning condenser to the tank coil should 
be amply large, since the tank current is usually several amperes 
instead of milliamperes. 

The tuning condenser must be able to withstand the peak of 
the RF plate voltage with a measure of safety added. All trans- 
mitting condensers have rounded edges and corners, since, for a 
given separation, the arc -over voltage is much less between sharp 
points than when the points are rounded. 

Since the plate current flows for only a small fractional 
part of the cycle, the power supply must have exceptionally good 
voltage regulation. By using a relatively large bleeder current, 
and mercury vapor tubes, the regulation may be made sufficiently 
good to satisfy this requirement. 

In the shunt -fed circuits, the plate -blocking condenser must 
have sufficient dielectric strength to withstand the DC plate 
voltage, and its capacity should be high enough so that it offers 
very little impedance to the RF plate current component. Any RF 
choke that is used must have a low DC resistance, while its im- 
pedance to RF should be very high. 

The grid leak resistor must have a wattage dissipation rat- 
ing sufficiently high to enable it to safely dissipate the re- 
quired amount of power and still not become dangerously hot. The 
power dissipated in this resistor is equal to the DC grid current 
squared times the value of the resistor in ohms. The capacity of 
the grid condenser should be somewhat larger than the effective 
grid -filament capacity of the tube, and should also be large 
enough to make its reactance to the oscillation frequency consid- 
erably less than the resistance of the grid leak. Except for 
these requirements, its size is not critical. 

Nearly all transmitting tubes are of the filament type, and 
it should be noticed that in each of the diagrams previously 
given, a condenser is connected from each side of the filament 
circuit to the center tap of the filament secondary. These con- 
densers are for the purpose of by-passing the RF currents around 
the secondary winding of the filament transformer. Since both the 
grid and plate currents contain RF components, and since these 
currents are returned to the center tap of the filament circuit, 
they would have to flow through the impedance of the secondary if 

these condensers were not provided. The impedance of the second- 
ary to RF is rather high, and, for proper operation, a low imped- 
ance return path for the RF currents should be furnished. The ca- 
pacity of these condensers is usually about .002 mfd. 

The size of the condenser used to by-pass the power supply in 

series -fed plate circuits, and the plate -blocking condenser are 
also ordinarily .002 mfd. 
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FAST TRANSPORTATION 
TO SUCCESS AND SECURITY 
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From our office and classroom windows, hiah up in 
the Power and Light Buiidino, we can look down upon the 
Kansas City municipal airport. It is located lust across 
the Missouri River. Sometimes it seems as though we 
could throw a stone out on to the field. 

Spannina the river is a bridae. 

Across this bridge, automobiles and busses travel 
on their way to and from the airport. Occasionally a 
side -wheel steamboat moves slowly up the river, makina 
it necessary to open the bridge. 

A giant aluminum -clad air liner appears in the dis- 
tance. 

Sunliaht flashes from sleek wings as the transport 
roars over the city and circles for a landina. Its 
oassenaers have come from hundreds of miles away in only 
a few hours. Tney are aboard that ship because they 
are in a hurry. The transport companies have sold these 
oassenaers 'Fast Transportation'. 

Passengers alight from the airplane. Tney enter 
taxicabs to be wnisked across the river to the doors of 
buildinas they have travelled so far to enter. And they 
have reached their destinatidn pours ahead of other people 
travellina to Kansas City on older forms of transporta- 
tion. 

People that travel by air have an urae to aet to 
their destination as quickly as possible. That is why 
they select a modern mode of travel. 

You have an urae to achieve success as auickly as 
possible. That is why you selected a modern industry. 
radio an industry that is moving ahead with remark- 
able speed, carryina many young men with it to financial 
success. 

MAKE RADIO CARRY YOU TO SUCCESS TOO. STICK ---STUDY 
AND WIN. 
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Lesson Two 

"The crystal -controlled 
oscillator is the heart of the 

modern broadcast transmitter. 
Without it, it would not be pos- 

sible for radio transmitters to main- 

taintheir assigned frequency, and reception of such stations would 

be -difficult due to interference. 
"I shall, in this lesson, describe the principle of the piezo- 

electric crystal and the methods by which it is used in the more 

common types of crystal -controlled oscillators. With this knowledge 

you will be able to progress into the study of other transmitter 

components, and soon you will have an understanding of amodern broad- 

cast transmitter." 

CRYSTAL 
CONTROLLED 
OSCILLATORS 

Na___..- ,i 

1. NEED FOR CRYSTAL - CONTROLLED OSCILLATORS. The fact that 

the ordinary vacuum tube oscillator is incapable of maintaining 

oscillations at a constant frequency was discussed in the preceding 

lesson. It is for this reason that the so-called self-excited 

oscillator is obsolete insofar as broadcast stations are concerned. 

It is improbable that the average self-excited oscillator is capable 

of maintaining the frequency of its oscillations closer than 1 kc. 

to that of the desired frequency. With careful temperature control 

this deviation might be reduced to a few tenths of a kilocycle, but 

even this amount is highly undesirable. 

In its regulations, the Federal Communications Commission has 

established the permissible frequency deviations allowed for the 

various classes of transmitting stations. Of all types of stations, 

the broadcast station is required to maintain its actual operating 

frequency closer to that of its assigned frequency. The maximum 

frequency deviation permitted a broadcast station is 50 cycles plus 

or minus its assigned frequency. If it is assumed that the assigned 

frequency is 1,000 kc., the foregoing statement means that the car- 

rier frequency of the station must not vary beyond the limits of 

999,950 cycles to 1,000,050 cycles. This is a variation of 50 

parts in a million, or a percentage variation of .005%. Such ex- 

tremely small frequency deviation is easily possible only by the 

use of crystal -controlled oscillators. 
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2. THE PIEZA -ELECTRIC EFFECT. In their many experiments which 
eventually led to the discovery of radium, Marie Curie and her hus- 
band, Pierre, first noticed the piezo-electric effect. This phenom- 
enon manifests itself in the following manner: When a thin plate, 
cut from a crystal exhibiting piezo-electric properties, is mechan- 
ically strained by tension, compression, or twisting; an electric 
field is produced between its two faces; that is, a voltage is set 
up between the points where the strain is applied. If the direc- 
tion of the strain is reversed from tension to compression, the 
polarity of the voltage changes direction. There are many different 
crystals which possess this property, but it is most pronounced in 
the crystals of Rochelle salt, tourmaline, and quartz. 

A thin slab of Rochelle salt crystal vil,if vigorously twis- 
ted, develop a voltage of several hundred volts across its faces. 
The same amount of strain would produce a potential of a few volts 
across a quartz crystal. In addition, this phenomenon is reversible - 
that is, the application of avoltage across the faces of a crystal 
will produce a mechanical strain within the crystal. If a voltage 
of a given polarity causes a tension within the crystal, tending 
to pull its faces outward toward the points where the voltage is 
applied; the reversal of the polarity of the voltage will cause a 
compression of the crystal, tending to squeeze it together. 

Piezo-electricity derives its name from the Greek work "piezo" 
which means to press, and it is evident that this phenomenon pro- 
vides a means of converting mechanical energy directly into elec- 
trical energy or vice versa. By setting the crystal into vibration, 
an alternating voltage is created, and by applying an alternating 
voltage to the crystal, it is set into vibration. 

It has been learned that a tuned circuit possesses a natural 
frequency of oscillation.depending upon the inductance and capacity 
of the circuit, and if allowed to choose the frequency of its oscil- 
lation, it will oscillate at its natural frequency. Such oscilla- 
tions are called "free oscillations" as distinguished from forced 
oscillations in which the tuned circuit is caused to oscillate at 
some frequency other than its natural frequency. In a like manner, 
it has been discovered that any body has a natural frequency of 
mechanical oscillation or vibration. A piano string, for example, 
vibrates at a frequency which depends upon its mass, length and 
tension. The diaphragm of a headphone has a natural frequency of 
vibration determined by its mass and stiffness. 

A thin slab of crystal also has a natural frequency of vibra- 
tion, which is also called its "resonant frequency". The vibration 
of the crystal is opposed by two factors: tine mass of the crystal 
and its stiffness. At some particular frequency, these two oppo- 
sitions are equal in amount, and since they are opposite in effect, 
they will cancel each other. At this frequency, the crystal is said 
to be mechanically resonant. 

The application of an alternating voltage to the crystal will 
cause it to vibrate at the frequency of the applied voltage. If 
the frequency of the applied. voltage is changed until it is equal 
to the natural frequency of the crystal, the vibration amplitude 
of the crystal is enormously increased. In a later section of this 
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lesson, we shall see how this vibrating crystal is able to control 
the oscillation freauencv of an oscillator. 

`i. QUARTZ CRYSTALS. At first thought, it would seem that 
Rochelle salt would be the ideal material to use in crystal -con- 
trolled oscillators. Of all types of crystals, it develops the 
greatest potential for a given amount of strain. Rochelle salt, 
however, has several disadvantages which make it undesirable for 
this purpose. First, it is rather fragile, and the severe vibra- 
tions which it would experience would probably cause it to chip and 
break. Second, its natural vibration freauencv is affected by 
moisture; and third, the amount of variation of its vibration-fre- 
auencv with changes in temperature is relatively great. h'inally, 
it is not found in the natural state, but must be deposited from 
saturated solutions of Rochelle salt, which make its manufacture 
fairly expensive. 

Although Rochelle salt crystals are not used for the frequency 
control of oscillators, they find wide application in the manufac- 
ture of crystal phonograph pick-ups, crystal microphones, and crys- 
tal speakers. A complete discussion of crystal microphones will 
be presented in a future lesson. 

Tourmaline does not possess the disadvantages of fragility, 
and susceptibility to moisture, hut since it is a semi-precious 
stone, it is very costly. It has, however, been used considerably 
in the past few years for controlling the freauencv of oscillators 
at frequencies higher than those at which quartz is practical. Since 
the majority of all crystal -controlled oscillators employ quartz, 
this material will now be considered in detail. 

Y 

fiq.1 A regular hexa- 
gonal prism. Quartz crys- 
tals as found in their nat- 
ural state are more or less 
of this form. 

z 

Not all kinds of auartz are suitable for freonencv control.. 
In fact, only that mined in brazil is ordinarily usable. Cllartz 
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crystals in their natural state occur in the form of a rough hex- 
agonal prism. Some specimens are very regular in shape and approach 

the ideal form shown in Fig. 1. Most of them taper to a point as 

shown in this drawing. 
A piece of Quartz as found in the natural state has three 

principal axes. These are called the X, Y, and Z axes. The Z 

axis (also called the optical axis because of its ability to af- 

fect light rays) extends longitudinally through the center of the 

crystal.: its position may be seen in Fig. 1. The X axes pass 

through the corners of the hexagon, and are indicated as Xi, X2, 

X2 

X 

Y3 

X3 

Fiq.2 A cross section 
of a crystal showing the 
X and Y axes. 

and X3. The Y axes are perpendicular to the faces of the crystal 
and are designated as Ys, Y2, and Y3. A cross section of the crys- 
tal is illustrated in Fig. 2, from which the positions of the 
various X and Y axes may be clearly noted. The X axes are some- 
times called the "electrical axes", while the Y axes are often known 
as the 'Mechanical axes. " 

The crystal does not exhibit any piezo -electric properties 
along its Z axis, so the following discussion will be limited to 
the other two axes. If a flat section is cut from the crystal so 

Fiq.3 Illustrating how 
an X - cut crystal is Cut 
from the cross section. 

that its flat sides are perpendicularto any one of the X axes, the 

application of an alternating voltage to the two flat sides (that 
is along the X axis inl''ig. %) will cause a mechanical strain along 
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the Y axis from which the crystal was cut. It should be noticed 
that for every Y axis, there is an X axis perpendicular to it. By 
cutting the flat section so that its plane coincides with a Y axis, 
the vibration of the crystal along this Y axis will produce voltages 
along the X axis, which is perpendicular to the flat faces of the 
crystal. Such a crystal is said to be an X -cut crystal, since the 
voltages are produced along an X axis. This flat section is also 

Fig.0 Showing the po- 
sition of the X and Y -cut 
crystals with respect to 
the hexagonal prism. 

called a Curie -cut crystal after the investigators who experimented 
with it. Figs. 1 and 4 show how the original hexagonal crystal 
would be cut to produce an X -cut crystal. 

BY cutting the flat section so that its flat faces are per- 
pendicular to a Y axis, a Y -cut crystal is produced. The plane of 
this crystal is along an X axis, and it vibrates along this axis, 
but the piezo-electric voltages are created along the Y axis per- 

Fig.5 Illustrating how 
a Y -cut crystal is cut from 
the cross section. 

pendicular to its flat faces. The position of a Y -cut crystal 
with respect to the original form is shown in Figs. 4 and 5. This 
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type of crystal is sometimes called a 30 degree cut. A cross-sec- 
tion cut out of a hexagonal crystal is shown in Fig. 6. This pho- 
tograph also shows a block after it has been squared up, and a fin- 
ished crystal. 

Fig.6 A cross section 
of a quartz prism, a block 
after it has been squared 
up, anda finished crystal. 

As will be explained in a subsequent paragraph, the temper- ature of a quartz crystal has an effect on its resonant vibration 
frequency. The relation between the temperature and frequency dif- 
fers considerably for the X and Y -cut crystals. For the X -cut, if the temperature is increased, the resonant vibration frequency de- 
creases. The extent of the frequency variation is about 20 to 25 
cycles per million cycles per degree Centigrade. This means that if an X crystal is cut to have a resonant frequency of 1000 Kc. 
(1,000,000 cycles) for each degree increase of temperature, the 
resonant frequency will decrease 20 to 25 cycles. Since the fre- 
quency goes down when the temperature goes up (and vice versa), the X -cut crystal is said to have a "negative temperature coefficient". 

The temperature coefficient of a Y -cut crystal is usually posi- tive and is somewhat larger than that of the X -cut crystal. For most Y -cut crystals, the frequency change will be from 60 to 100 cycles per million cycles for each degree (Centigrade) increase in 
temperature. The temperature coefficient of a Y -cut crystal is far more difficult to predict than that of an X -cut; in some instances 
Y -cut crystals have been found to have a negative coefficient. In 
general, however, the Y -cut is said to have a positive temperature 
coefficient between the limits as given above. 

It is not known exactly why the X and Y -cut crystals have neg- 
ative and positive (respective) temperature coefficients; however, 
a crystal may be considered as comparable to a very complex ar- 
rangement of coupled circuits, the circuits having different fre- 
quencies and with different degrees of coupling. Just as a complex 
arrangement of coupled electrical circuits will react on one an- 
other, so do the various dimensional vibration frequencies of a 
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crystal. These facts are probably responsible for the frequency - 
temperature properties of quartz crystals. 

4. A -CUT CRYSTALS. Since the X -cut crystal has a negative 
temperature coefficient and the Y -cut a positive, it seems logical 
that there should be some way of cutting a crystal which would have 
a practically zero coefficient of temperature. After much exper- 
imentation a cutting angle was discovered which would produce this 
desirable property of a quartz crystal. The general designation 
for this type of cut is the "A -cut"; however, many manufacturers 
have attached a different letter to their particular product for 
identification and perhaps to indicate a slightly different cutting 
angle and different resultant characteristics. 

The expression "low temperature coefficient" is frequently 
used to identify all the various crystals which have the property 
of maintaining a nearly constant frequency of vibration with tem- 
perature changes. Of all the low -drift crystals available, the so- 
called "AT cut" is perhaps the most popular. The angle at which 
the AT plate is cut from the parent hexagon crystal is shown in 

z z. 

Fig.7 (A) Showing the position of a Y-cut plate it the rough 
quartz crystal. (8) Same Y-cut plate as in (a) after it has been 
removed from the rough quartz. (C) Illustrating the change in cut 
from the Y plate Lo the A plate. The plate is rotated 350 from 
the Z axis about the x axis. 

Fig. 7. Fig. 7A shows a cross-section of the raw quartz hexagon 
and the position of a Y -cut crystal at the center. Each axis is 

identified. In B of this same figure, the Y -cut plate has been re- 

moved from the raw quartz and the axes are again identified. C in 

Fig. 7 shows how the cutting angle is rotated about the X axis 

7 



 - . . 
. 1 . - 

.1 - I - - 
- - 

. . 

I. . -- 

- 
. 

. - 

s::s:EE::s:t ie! s=:EEiiliifii j;!IIljf (Efiil;f;fijttitsijjE9Eiiii ...i 
s: s;i r- 1s;:':ii!!!fi !!!:! } ..! ::ppsn E lgsr E ls:: s: : s: 

snsiistülliSi!!üüilültlIlü!i111ii3iN!I!!üü:e::: 
:2=M 1,'s°.s.11iEB:i:liiilLlEMilüli:EiHllli iiIEl6sialllliliii ,11:iK:ii:==t11L1E111!IIIIIIIMi!111;=11ffi1I i!! 

::%i:i'si.: i£..rl!!!Eliil!! i!!!®i !u `'i jiiliilN:i wn:--:::isilnlCóltmtsl11I11t71iIR!! .....uiilii: 
, :y' IiiiWt g ® ti!1iE11:Eii -:isti:i=IIIEIIttlBii i :: _..,;._-.... 

. =_ iiE'"i'--:ExEli!!=i1IEIIl1l®Z111 

llli0Ei1I1AlINlIIIMIIIi 
::_ .i111111éilZNIIAIifMIEMlllIlM111RlIIIIIfIN 

.i°Ill®11II11111IÜI1tll IIII 
::_::::.:iEE 1111iM1=gpi1IlIHlI1ME11=.11'11 
.. tüitésselmr 

.... , mC:WS:C: 8 t;ii:i:t:::itt! a'cn 

- 11 

- 

. 

' 
. 

. 

I . 

- . 

. 

. - . 

- 

- - 
. 

1 1 / / - - 

- . - - . . 

. - . 



for each of the three types of cuts. The finished crystal is 
usually slightly less than one inch square, while its thickness 
depends on the vibration frequency desired. 

For an X -cut crystal, the thickness -frequency relation is 

expressed by equation: 

For an X -cut crystal: T = 112.6 

Where: T is the thickness in inches and 
F is the frequency in kilocycles. 

For a Y -cut crystal: T = 77 

Where: T is the thickness in inches and 

F is the frequency in kilocycles. 

For an A -cut crystal: T = 66.2 

Where: T is the thickness in inches and 

F is the frequency in kilocycles. 

By inspecting the above equations, it is seen that for a 
given frequency, the X -cut plate is thickest, the Y -cut plate 
next, and the A -cut plate is thinnest. As a general rule, thin 

crystal plates are damaged easily by excessive vibration; however, 
this is no serious disadvantage in the case of the A -cut plate, 
because the mode of its vibration differs from that of the X and Y 

in such a way that it will stand considerable abuse. 

Using the three formulas just given, it is found that if each 

of the three types of crystals is ground to have a vibration fre- 
quency of 1000 Kc., the X -cut will be .1126 of an inch thick, the 

Y -cut will be .077 of an inch, and the A -cut will be .0662 of an 

inch. Crystals have been ground successfully to vibrate at fun- 
damental frequencies as high as 11,000 Kc. The plates are ex- 
tremely thin, however, and must be handled with caution. 

6. COMPARISON OF A CRYSTAL TO A TUNED CIRCUIT. It has been 

previously stated that a quartz crystal has a natural frequency of 

vibration, and when caused to vibrate at this frequency, the in- 

tensity of its movement is relatively large compared to that pro- 

duced at other frequencies. Thus it exhibits the phenomenon of 

resonance, much in the same manner as that of an electrical tuned 

circuit. Since its resemblance in operation is very similar to a 

tuned circuit, it seems logical that it could be replaced, insofar 

as the analysis of its action is concerned, by an equivalent elec- 

trical circuit. This was first done by Dr. U. J. Ryan in 1918, 

and has since been confirmed by several other investigators. 

The inductance of a tuned circuit tends to oppose any change 

in the current flowing through the circuit. Thus, it tends to 

prevent the current from rising, and after the current has at- 

tained its maximum value, the inductance tends to prevent the cur- 

rent from falling. In this action, the inductance is very similar 
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to a large mass or weight. The mass of a body tends to prevent a 
force from setting the body into motion, and likewise, the mass 
also tends to prevent the stopping of this motion once it has been 
established. A quartz crystal, like any other body, possesses 
mass, and it is the mass of the crystal which attempts to prevent 
it from being set into vibration. 

The capacitance of a tuned circuit stores energy during a 
part of the cycle, and releases it during the remaining part. A 
similar characteristic is found in the vibrating crystal; it is 
the crystal's elasticity. When a force is applied to a crystal, 
the mass of the crystal tends to prevent its being set into mo- 
tion, and after the motion has been established, the mass tends 
to prevent the stopping of the motion. However, as the crystal 
becomes more and more distorted from its normal shape, its elas- 
ticity builds up a force which is proportional to the amount of 
distortion which the crystal has experienced. This force tends to 
restore the crystal to its normal shape. The development of this 
elastic force is analogous to the charging of the condenser of a 
tuned circuit, while the return of the crystal to normal shape is 
equivalent to the discharge of the condenser. As the crystal 
reaches its normal shape, it does not stop its motion, but con- 
tinues to move, thus distorting itself in the opposite direction. 
This is due to the mass of the crystal which tends to maintain the 
motion, much in the same manner that the collapsing magnetic field 
of a coil tends to charge a condenser in the opposite direction. 

0-- 

QUARTZyó` nETAL 
CRYSTAL 'PLATES 

O- 

Cp 

C CL 

(A) (B) 

Fig.9 (A) Showing the quartz crystal plate between the metal electrodes which serve as a holder. (B) The equivalent electrical circuit of a quartz crystal mounted in a holder. 

The third property of a tuned circuit is its resistance which 
tends to dissipate the energy of the circuit, and thus prevent the 
maintenance of sustained oscillations unless additional energy is 
continually added. The analogy between the vibrating crystal and 
the tuned circuit can be extended to include this property also. 
In their to and fro motion, the particles of the vibrating crystal 
encounter friction which dissipates a part of the energy in the 
form of heat, thus the amplitudes of the vibration of the crystal 
will decline unless additional energy is continually supplied. 

Since the crystal has the same properties as a tuned circuit, 
it can, for analytical purposes, be replaced by its electrical 
equivalent. A diagram of this electrical equivalent is shown in 
Fig. 9B. When used to control the frequency of an oscillator, the 
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crystal is mounted between two flat metal plates, as shown in Fig. 

9A. The condenser C1 of Fig. 9B represents the capacity existing 

between these two plates considering the crystal itself as the di- 
electric. Condenser C represents the elasticity of the crystal; 

L represents the inductance of the crystal, due to tFe mass; while 

R represents the resistance of the crystal caused by its internal 

losses. The capacity C, represents the series capacity between 

the crystal and its electrodes. 
Neglecting capacity C, for the present, it will be noticed 

that the electrical network consisting of L, C, C1 and R in Fig. 

9B has the properties of either a series or a parallel resonant 
circuit. At some frequency, the reactances of L and G will be 
numerically equal; hence, a series resonant condition will exist. 

This will be called the "series resonant" or "natural" frequency 

of the crystal. 
If the frequency is increased slightly above the natural fre- 

quency, the reactance of L will rise and the reactance of C de- 

creases. Thus, the circuit consisting of L, C, and R in series 

has a net inductive reactance. This inductive reactance will 

balance with the capacitive reactance of C, (at a frequency 
slightly higher than the series resonant frequency) to produce 

parallel resonance. Hence, when a quartz crystal is placed be- 

tween the metal plates of a holder, ít will have two resonant 

points, one equivalent to series resonance and one equivalent to 

parallel resonance. The parallel resonant frequency will be 
slightly higher than the series resonant frequency. 

The capacity C, in Fig. 9B is only effective when the holder 

electrodes are not in direct contact with the crystal faces. This 

condition will exist in holders of the "variable air -gap" type to 

be described later on. As the value of the capacity C, is de- 

creased, the resonant frequency will rise slightly. 

The natural or resonant frequency of an ordinary tuned cir- 

cuit is determined by its inductance and capacity; that of a 

piezo-electric crystal is dependent upon its mass and elasticity. 

Increasing the thickness of a crystal increases its mass and re- 

sults in a decrease in the natural frequency of vibration. The 

elasticity along a given axis is constant; therefore, the vibra- 

tion frequency is determined only by its thickness. However, the 

elasticity of quartz along its X axis is not the same as along its 

Y axis; hence, for a given thickness, X and Y -cut crystals do not 

have the same frequency of vibration. Elasticity of a quartz 

plate along the angle from which an A -cut is secured is different 

from that along either the X or Y axis; hence, the A -cut will have 

a different thickness -frequency coefficient from either the 

X or Y. 
It is possible to express the mass, elasticity, and resis- 

tance components of a quartz crystal in terms of the equivalent 

electrical circuit units of henrys, farads, and ohms. For exam- 

ple, a typical X -cut crystal ground to the proper thickness for a 

natural vibration frequency of 1100 Kc., possesses the following 

equivalent electrical characteristics. 
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L = .33 henry, 

C = .065 micro-microfarad, 

R = 2700 ohms, 
C, = 1 micro-microfarad. 

(Refer to Fig. 9B) 

From the table, it is at once seen that the equivalent elec- 
trical inductance of the crystal is quite high, much higher than 
used in ordinary tuned circuits. In fact, the equivalent induc- 
tance of quartz crystals may vary from one -tenth of a henry to 100 
henrys, depending upon the manner in which the crystal is cut from 

the raw quartz, its physical dimensions, and the frequency. The 

equivalent capacity is much lower than that of an ordinary tuned 
circuit while the equivalent resistance is very high. The unusu- 
ally high resistance would seem to be a disadvahtage, for it was 

learned in previous lessons that the higher the resistance in a 

tuned circuit, the lower the effective gain and selectivity. How- 

ever, there are other factors to be taken into consideration. 
It was learned that the voltage gain of a tuned circuit is 

equal to the reactance of either the coil or the condenser (they 

are equal at resonance) divided by the resistance (opposition to 

the flow of the circulating RF current) of the circuit. Both the 

voltage gain and the sharpness of selectivity depend upon this 
ratio and not only upon the resistance of the circuit. Thus, if 

the reactance -to -resistance ratio is high, the voltage gain and 

selectivity will be high; while if the ratio is low, the voltage 

gain will be less and the selectivity curve broadened considerably. 

To determine the sharpness of the resonance curve that would 
result from the equivalent electrical circuit of a crystal, let 

us first calculate the inductive reactance of the above -mentioned 

crystal at a frequency of 1100 Kc. This is: 

XL = 6.28 x 1,100,000 x .33 = 2,279,64:) ohms 

The ratio of the reactance to the resistance is: 

21__22, = 844 
R 2,7 00040 

When it is realized that with most careful construction, it 

is practically impossible to design a tuned circuit to have a ra- 

tio of reactance to resistance greater than 150 (in the medium 

frequency ranges), it is clearly evident that the crystal has a 

much sharper selectivity curve and is particularly adaptable for 

controlling the frequency of an oscillator. 

7. CRYSTAL -CONTROLLED OSCILLATORS. When used to control the 

frequency of an oscillator, a quartz crystal is placed in a spe- 

cially designed holder. Since the design of this holder is very 

important, a separate section of this lesson will be devoted to 
this subject. For the present, it will be assumed that the crys- 

tal is mounted between two parallel, flat, metal plates which make 

light contact with the surfaces of the crystal. The symbol used 

12 



to designate a crystal in a circuit is that shown in Fig. 10. 

Since a crystal has all the properties of a very sharply 
tuned resonant circuit, it may be used to replace the grid tank 

circuit of an Armstrong oscillator. When this is done, the oscil- 

lator appears as shown in Fig. 11. Notice that the grid circuit 
must be shunt -fed, since it is impossible for the direct current 

component of the grid current to flow through the crystal. The 

operation of this oscillator is precisely the same as that of the 

Armstrong type. 

Fig.10 The symbol used 
to designate a quartz crys- 
tal. 

1 
T 

With the filament heated, the closing of the plate circuit 

switch applies plate voltage to the tube, and a pulse of plate 

current flows through the plate tank, LC. The counter voltage 

produced across L as the current rises, charges the condenser C, 

and feeble oscillations are established in this tank circuit. The 

oscillating current produces RF voltage drops across the plate 

tank, which then cause an RF current to flow through the inter - 

electrode capacity of the tube to the crystal. If the frequency 

of the feedback voltage is equal to the natural frequency of the 

crystal, the crystal vibrates through relatively large amplitudes, 

and, in so doing, it produces, by piezo-electric effect, RF volt- 

ages across its faces, which then serve as the grid excitation 

voltage. Thus, the amplitude of the oscillations occurring in the 

plate tank circuit build up until the saturation point of the tube 

is reached. 

Fig 11 A simple crystal 
oscillator which is a modi- 
fication of the TGTP oscil- 
lator. 

By very slightly detuning the plate tank circuit to a fre- 

quency higher than resonance, it is caused to have a small pre- 

dominance of inductive reactance. This amount of inductive re - 
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actance compensates for the capacitive reactance of the inter - electrode capacity of the tube and makes the phase of the feed- back voltage correct to maintain continuous oscillations. Detun- ing the plate tank in this manner also increases the stability of the oscillator. If the plate tank is detuned more than a small amount, the feedback voltage is reduced so that it is incapable of maintaining the crystal in vibration, and the oscillations in the plate tank stop for lack of grid excitation. 
When the plate tank is detuned enough to cause the oscilla- tions to stop, the oscillating current in the plate tank dies out, and, since there are no RF voltages built up across the plate tank, the actual voltage applied to the plate of the tube remains steady. Under this condition, the tube is not working into any load, and, since there is no grid excitation, the plate current flows all the time and at a steady value. A milliammeter con- nected in the plate circuit would indicate a fairly large value of plate current. 
As the plate tank is tuned through the resonant frequency, a dip in the plate milliammeter is noted. At exact resonance, the meter indicates a plate current of less than half of that which flows when the circuit is not oscillating. By tuning the plate tank to resonance, small oscillations are started which then ex- cite the crystal and cause the building up of the oscillations in the plate tank. When the circuit is oscillating, the actual volt- age applied to the plate varies through wide amplitudes, since the RF voltages across the plate tank add to and subtract from the plate supply voltage. In addition, the voltages produced across the crystal drive the grid positive during a part of each cycle, and cause the flow of grid current, which produces a bias voltage in flowing through the grid leak. Since the plate current is now flowing i the form of pulses of short duration, the average plate current as read by the DC milliammeter is much less than before. Therefore, the presence of oscillations in the plate tank is indi- cated by a dip in the DC plate current. 

8. CRYSTALS AND SERIES RESONANCE. A quartz crystal will have minimum impedance at its series resonant frequency and high- est impedance at the parallel resonant frequency. At frequencies remote from these, the crystal will act merely as a fixed conden- ser. A representative reactance curve for a crystal is shown in Fig. 12. At frequencies slightly below the series resonant fre- quency, the net reactance of the crystal is capacitive and slight- ly above, the net reactance will be inductive. As indicated in Fig. 12, frequencies slightly below parallel resonance will cause the crystal to appear as an inductance and at frequencies slightly higher than parallel resonance, the crystal will appear as.a ca- pacity. The property of a crystal to act as a resonant circuit having a very rapid increase in impedance on either side of series resonance is very useful in certain types of RF filters and for the control of frequency in certain types of oscillators. 
One circuit in which the oscillator frequency will be con - 
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trolled by the series resonant frequency of the crystal is shown 
in Fig. 13. This circuit is often used in frequency standards and 
is particularly recommended for use with low -temperature coeffi- 
cient crystals from 85 Kc. to 150 Kc. An inductance -capacity tank 
circuit with the crystal connected directly in series constitutes 

It 

SERIES PARALLEL 
RESONANCE . RESONANCE 

Fig.12 The reactance 
curve of a quartz crys- 
tal. 

the portion of the circuit in which the oscillations are gener- 
ated. This is a modified Colpitt's oscillator. It has a rela- 
tively low power output, but very good frequency stability. When 
the tank is tuned to a frequency at or close to the resonant fre- 
quency of the crystal, the crystal will assume control of the gen- 

erated oscillation since its impedance is lowest at the resonant 

1 

MEG. 
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.01 -- CUTDuT 

.5 
.5 MEG. 
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1/W 
.1 MEG. .1a MEG. 
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Fig.13 Modified Colpitts oscillator with crystal control. Suit- 
able as a low-frequency standard oscillator. 

frequency and rises very rapidly for other frequencies. The crys- 

tal will be capable of holding control over the oscillations for 
a small tuning range of the tank condenser C; beyond which it 
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will serve only as a series condenser in the tank circuit. 

The oscillating frequency can be varied over a limited range 
by changing the capacity of the tuning condenser and the crystal 
will still maintain control of the oscillations. This will be 
true as long as the frequency is not shifted over about 8 cycles 
per 100 Kc. The values shown in the diagram in Fig. 13 should be 
suitable for frequencies between 50 and 500 Kc. The LC ratio is 

not extremely critical; however, best frequency stability will be 
obtained with the LC ratio quite low. If an attempt is made to 
operate this modified crystal -controlled Colpitt's oscillator much 
above 500 Kc., it will be difficult for the crystal to maintain 
control of the oscillations. There will be a strong tendency in 

the circuit shown in Fig. 13 for self -oscillations at frequencies 
other than the series resonant frequency of the crystal; the range 
over which the crystal can assume control of the oscillation is 

very narrow. The circulating tank current in this circuit must be 

kept quite low in order that the crystal itself will not be dam- 

aged. A small receiver -type pentode tube such as the 6J7 is quite 

satisfactory for use in this circuit. 

Sw. 

1ST 
DETECTOR 

B+ 

IF 

AMP. 

Fig 1u Typical circuit of a crystal filter as used in the IF 
amplifier of a superheterodyne receiver. 

The series resonant properties of a quartz crystal are also 
used advantageously in modern communications receivers to produce 

a high degree of selectivity. Special quartz crystals are ground 

for this purpose and are made to have an extremely high Qt of from 

9,000 to 16,000. By using a crystal having such a high Q in a 

filter circuit, the frequency discrimination or selectivity of the 
IF amplifier in a superheterodyne will be many times better than 
could be obtained with ordinary tuned circuits. With proper ad- 
justment of a quartz crystal filter circuit, it will be possible 
to limit the band of frequencies passed through the IF amplifier 
to 50 cycles. 

The theory of the crystal filter circuit shown in Fig. 14 can 

be explained with the aid of an elementary circuit as outlined in 
Fig. 15. The transformer T1 is assumed to have a current through 
the primary and a voltage induced in the secondary at the inter- 
mediate frequency. The components L, C, and R represent the cry- 

stal. If the crystal is ground so that its series resonant fre- 
3The ^Q of a crystal or tank circuit means the ratio of reactance to resis- 

tance. The Q will be discussed fully in a later lesson. 
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quency is equal to the IF, the impedance of the path from L, 

through L, C, and R to L, will be very low and maximum IF cur- 
rent will flow in L3. It is evident from this illustration that 
the series resonant property of the crystal is the one desired 
(not parallel resonance) and that maximum signal transfer will oc- 
cur through the crystal at the IF frequency. 

CRYSTAL 

I 

Fig.15 Elementary cir- 
cuit showing the equiva- 
lent series-resonant prop- 
erty of a crystal acting as 
a filter to pass the funda- 
mental frequency only. 

Fig. 16 is changed from Fig. 15 in that L, and L3 are tuned 
and the secondary of T, is grounded at the center. With these 
changes, the circuit may be made to operate as before if the 
resonant circuits are properly tuned. The voltage developed 
across L, by the circulating current in the series -tuned secon- 
dary of T, can pass a high current through the series resonant 

CRYSTAL TUNED 

Fig.16 Same as Fig. 15, 
but with L, C, and R re- 
placed with the crystal it- 
self. 

crystal and set up an oscillating current in the parallel tuned 
primary of T2. If, however, both the secondary of T, and the 
primary of T2 are tuned to exact resonance with the IF and the 
crystal, the impedance offered by these circuits to the flow of 
IF current will be very high and the effect will be to increase 
the value of the series resistance R in Fig. 15. Increasing the 
size of this resistance causes the resonance property of the cry- 
stal to be damped and the selectivity of the crystal filter cir- 
cuit will be materially reduced. Therefore, both C, and C, are 
adjusted so as to throw their respective circuits slightly off 
exact resonance. C, is slightly increased in capacity so as to 

allow inductive reactance to predominate in the series resonant 
secondary of T,. The oscillating current will then lag the in- 
duced voltage and the damping effect of the circuit on the cry- 
stal will be destroyed. The capacity of C, is slightly decreased 
so that the inductive reactance of L, will be lower than the ca- 
pacity reactance of C, in the parallel tuned circuit. Hence, more 

current will be passing through L, than through C, and the net 
line current through L,C, will be lagging. The tuned primary of 
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T2 then presents the effect of an inductance and the damping re- 
sistance effect of the circuit on the crystal will be destroyed. 

Now in order to obtain maximum IF current flow through the 

crystal and still avoid the appearance of a high series resis- 

tance, the inductive effect of the secondary of T, and the primary 

of T2 must be eliminated by an equivalent capacitive reactance in 

series. When series Xc is added, a series resonant circuit with 

its characteristic low impedance will be established. The con- 

denser C3 in Fig. 14 serves this purpose. When C3 is adjusted to 

the proper capacity, maximum current will flow through the crystal 

and the oscillating current in the primary of T2 will be highest. 

This, in turn, supplies maximum signal on the grid of the IF 
amplifier. 

Again referring to Fig. 16, notice that the crystal in its 

holder would provide capacity coupling between T, and T2. The 

capacity across the crystal in this case is not that due to the 

crystal's elasticity, but that due to the fact that two metal 

plates are insulated from each other and have a dielectric mater- 

ial between them. This corresponds to C, in Fig. 9B. Since the 

dielectric constant of quartz is quite high, the capacity across 

the crystal is much greater than would be measured with the same 

size plates separated by air. Capacity coupling between T, and 

T2 is undesirable, since interfering signals of a high frequency 

(and harmonics of the IF) could easily pass through and offset 

the purpose of the entire crystal filter which is to provide se- 

lectivity. 

Fig.17 The bridge cir- 
cuit by which the Capaci- 
ty of the crystal is bal- 
anced out. 

-o 
APPLIED 

RF 
VOLTAGE 

The capacity coupling can be eliminated by use of a balanced 

Wheatstone bridge. The secondary of T, was center -tapped to make 

the bridge circuit possible. Fig. 17 shows the bridge circuit 
clearly; it consists of two inductive arms, L, and L2, and two 

capacitive arms, C2 and the capacity across the crystal repre- 
sented by the dotted C. When properly balanced by varying the 

capacity of C2, no RF voltage can appear between point D and 

ground even though these voltages are developed across the res- 

onant circuit from A to B. It should be understood that the 
Wheatstone bridge will not balance out the desired signal at 
the intermediate frequency because the low series impedance of the 

crystal is far less than the capacity reactance of C and the 

bridge is completely out of balance at the desired signal fre- 
quency. 
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From Fig. 14 it can be seen that C2 and C, in series are in 
parallel with the crystal capacity C. This makes it possible to 
vary the effective capacity across the crystal over a limited 
range by changing the capacity of C2. By so doing, the parallel 
resonant frequency of the crystal can be adjusted a few kilocycles 
away from the series resonant frequency and set to an adjacent 
channel station which is causing interference with the desired 
station. When parallel resonance of the crystal opposes an inter- 
fering signal, the signal is eliminated from the remainder of the 
IF amplifier by the high impedance characteristic of a parallel 
resonant circuit. I 

C2 is often called the "phasing condenser", the "neutralizing 
condenser", or the "balancing condenser". After learning the op- 
eration of the circuit, the application of these expressions 
should be self-explanatory. The selectivity of the crystal filter 
circuit can be varied over a limited range to provide sharp CW 
reception or low -fidelity phone reception by varying C2f by chang- 
ing resonance in the primary of T2, or both. If high-fidelity 
phone reception is desired, the crystal may be shorted out entire- 
ly by the switch Sw in Fig. 14. 

9. FACTORS AFFECTING FREQUENCY STABILITY. The important 
factors which affect the generated frequency of a crystal oscil- 
lator are: 

1. Changes in voltages applied to the elements of the tube. 
2. Variations in the load on the oscillator. 
3. Changes in temperature. 

In a properly designed transmitter, the first two listed above 
have relatively little effect. The crystal oscillator should be 
supplied with plate voltage from a separate power supply having 
good voltage regulation. The load on the RF output of the os- 
cillator should be light and constant. It is particularly impor- 
tant that the load on the oscillator does not change with modula- 
tion in a radiotelephone transmitter. If this should occur, the 
frequency will change or "flutter" with modulation and frequency 
instability or "dynamic" instability will result. A following 
lesson on buffer amplifiers will explain in detail how dynamic in- 
stability can be prevented. 

Variations in the temperature of the crystal plate, the tube 
itself, and the circuit components will alter the frequency of the 
generated oscillations; however, of these three, changes in the 
temperature of the crystal is the most important. It has pre- 
viously been stated that the natural frequency of a crystal plate 
is determined by its mass and elasticity (comparable to inductance 

and capacity, respectively). After the quartz plate has once been 
ground to a certain thickness, its mass is fixed. and is not af- 
fected by temperature changes. The elasticity, however, is af- 
fected by temperature changes and for that reason the temperature 
of the crystal must be maintained constant if extreme frequency 
stability is the principal objective. 

The temperature coefficients of X and Y -cut crystals have 
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been given previously. It was stated that the coefficient of the 
X -cut crystal was 20 to 25 parts per million per degree Centi- 
grade and was negative. The coefficient of the Y -cut is 60 to 
100 parts per million per degree Centigrade and is positive. We 
shall solve illustrative examples to show how, these coefficients 
should be used. 

Example 1: If the temperature coefficient of an X -cut cry- 
stal is -20, how much will the frequency of a 600 Kc. oscillator 
change if the temperature varies from 55.2 to 53.8 degrees Centi- 
grade? 

Solution: Since the coefficient is 20 parts per million, 
the change in frequency will be 20 cycles for each megacycle. 
The frequency of the given oscillator is only 600,000 cycles, or 
.6 megacycle. Thus, the coefficient for a frequency of 600 Kc. 
will be .6 times 20, or 12 cycles. The frequency'will increase 12 
cycles for each degree decrease in temperature because the coef- 
ficient is negative. The temperature varies from 55.2 to 53.8 
degrees, or a decrease of 1.4 degrees. The number of cycles 
change in the 600 Kc. oscillator frequency will then be 12 cycles 
(cycles change per degree per 600,000 cycles) times 1.4, or 16.8. 
The frequency will increase 16.8 cycles above 600,000 cycles 
since the temperature decreased and the coefficient of the X -cut 
is negative. The new oscillation frequency will be 600,016.8 
cycles per second. 

Example 2: If the temperature of a 2,500 Ike. Y -cut plate in- 
creases from 50 degrees to 58 degrees, what will be the new os- 
cillation frequency? Assume that the temperature coefficient is 
positive and is 70 parts per million per degree. 

Solution: The fundamental vibration frequency of the Y plate 
is 2.5 times the reference frequency of 1 megacycle on which the 
coefficient is based; therefore, the given coefficient should 
first be multiplied by 2.5. The coefficient then becomes 2.5 
times 70, or 175. This is the number of cycles change per degree 
per 2.5 million cycles. The problem states that the temperature 
rises 8 degrees, so the total number of cycles change will be 8 
times 175, or 1,400 cycles. The coefficient of a Y -cut crystal is 
positive, so as the temperature rises the frequency will increase, 
making the new oscillation frequency 1,400 cycles above the former 
frequency of 2.5 megacycles, or 2,501,400 cycles per second. 

The temperature coefficient of A -cut crystals is much less 
than that of either X or Y -cut plates. Ordinarily the crystal 
manufacturers do not specify a definite frequency -temperature co- 
efficient for A -cut plates. They are called "low -drift" crystals; 
in general most A -cut plates have a positive frequency -temperature 
coefficient of 1 to 4 parts per million per degree Centigrade. 
This temperature coefficient of an A -cut crystal does not remain 
constant over a wide range of temperature variations; that is, the 
curve of frequency versus temperature is not a straight line; in 
fact, the coefficient may be positive over one part of the temper- 
ature range and negative over the other portions. 

All of the crystal manufacturers do not use the letter "A" 
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to identify their low -drift crystals. For example, the Bliley 
Company use the letters C, D, and E to designate low -drift cry- 
stals applicable for different frequency ranges and having dif- 
ferent minor characteristics. In the event that exact specifica- 
tions are needed on a crystal of the low -drift type classified by 
the manufacturer under one of these special type numbers, it is 

necessary to obtain that information directly from the crystal 
manufacturer. 

The operating temperature of a crystal is dependent upon the 
surrounding temperature, the amount of heat developed by the cry- 
stal while oscillating, and the rate of heat dissipation by the 

crystal holder. For good frequency stability the crystal holder 
should be capable of dissipating heat rapidly. In addition, the 
intensity or amplitude of the crystal's vibration should be kept 
as low as possible in order that a minimum of heat will be de- 
veloped. Where a high degree of frequency stability is absolutely 
essential, the crystal temperature must be controlled automatical- 
ly in a constant temperature oven. Such ovens will be described 
in detail in a subsequent section of this lesson. 

10. MODE OF VIBRATION. Any quartz crystal has two and some- 
times three widely separated possible frequencies of oscillation. 
This is due to the fact that a vibrating body of this type can be 
made to vibrate in at least two different manners or "modes". In 

addition, a crystal plate that has been ground improperly may have 
one or two additional frequencies close to the thickness fre- 
quency. This is very possible when the faces of the crystal are 
not perfectly flat and parallel to each other. The crystal will 
oscillate at slightly different frequencies over small portions of 
the surface. 

.If a crystal is ground with precision accuracy, the two faces 

may be made perfectly flat and the sides parallel, thus eliminat- 
ing the possibility of the plate being set into vibration at a 

"twin" frequency. With such precision grinding, the cost of the 

crystal plate is increased considerably; hence, the use of preci- 
sion crystals is generally restricted to commercial broadcast sta- 

tions. They are not in popular use for amateur and general com- 
munications work. 

By properly choosing the mode of vibration, it is possible to 

manufacture quartz crystals of practical dimensions over a wide 
frequency range. At present, quartz crystals are available for 

oscillator frequency control over the range from 16 Kc. to 30 meg- 

acycles. X -cut plates are generally used for frequencies from 250 

Kc. to about 10,000 Kc. For frequencies lower than 250 Kc., the 

X -cut plate becomés too large, so to reduce the crystal size to 

satisfactory dimensions, the crystals are cut as "bars", in which 

one dimension is considerably greater than the other two dimen- 

sions. Such crystals oscillate along their greatest dimension or 

length. When properly cut, X bars have a negative frequency -tem- 

perature coefficient ranging from 6 to 15 cycles per megacycle per 

degree Centigrade and can be made to vibrate at frequencies as low 

as 16 Kc. 
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Y -cut plates can be made to oscillate over the frequency 
range from 200 Kc. to about 8,000 Kc. In general, the use of X and Y -cut crystals for oscillators generating a frequency in ex- 
cess of 4,000 Kc. is being rapidly supplanted by A -cut low -temper- 
ature coefficient crystals. A -cut plates can be made to vibrate 
at fundamental frequencies from about 4,000 Kc. to 11,000 Kc. By 
referring to the thickness -frequency coefficients previously given 
in this lesson, it is found that the A -cut plate is thinner than 
either the X or Y for a given vibration frequency.- However, the 
A -cut plate exhibits only one mode of vibration even though its 
faces may not be exactly plane and parallel. Thus, the A -cut cry- 
stal can be used for frequencies ín excess of the X or Y -cut 
plates without danger of becoming cracked or chipped due to in- 
ternal strains which would be set up by several modes of vibra- 
tion. 

Above 11,000 Kc. A -cut plates become quite thin and are apt 
to be damaged even though they have but one principal mode of vi- 
bration. The upper frequency range has been extended, however, to 
30,000 Kc. by grinding A -cut plates in such a way that they can be 
excited at the third harmonic of their fundamental frequency. 
Such crystals are very practical but, of course, do not oscillate 
as freely as the fundamental plates. In the higher frequency 
ranges above 18,000 Kc., third harmonic crystals have a rather 
high temperature -frequency coefficient, ranging from 20 cycles per 
megacycle per degree Centigrade to approximately 43 cycles per 
megacycle per degree Centigrade. 

Some constructors choose to operate the crystal oscillator in 
the transmitter on a low fundamental frequency, then by the use of 
frequency doubling circuits, obtain crystal control of a high fre- 
quency carrier. This method is employed as an alternate to oper- 
ating the crystal on a harmonic of its fundamental frequency. In 
general, better frequency stability can be secured by using a low 
frequency oscillator followed by doubler stages instead of using 
a high frequency crystal oscillator employing a third harmonic 
crystal plate. If simplified construction is essential and fre- 
quency stability is of secondary importance, a more economical 
high frequency transmitter can be constructed by using the third 
harmonic crystal. A complete discussion of frequency doubling 
circuits will be given in the following lesson. 

Since X and Y -cut plates in general exhibit a "twin" fre- 
quency close to the fundamental, trouble sometimes develops where- 
in the crystal oscillator quickly and abruptly jumps from one fre- 
quency to another. This is a very undesirable condition in a cry- 
stal oscillator and if encountered must be corrected immediately 
in order to stabilize the frequency of the transmitter on the 
channel assigned by the government. The first indication of 
trouble of this nature on a commercial transmitter should be cor- 
rected immediately by replacing the crystal with another that is 
known to be ground in a more precise manner. If replacement of 
the crystal is not practical, it may be possible to readjust the 
crystal oscillator circuit in such a way that future trouble of 
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this nature will not be experienced. One of the most effective 
adjustments in the crystal oscillator circuit would be to increase 
the sharpness of selectivity in the tuned plate circuit. This can 
be done by re -designing the tank circuit so that the inherent re- 
sistance in the tank circuit is lower or the reactance of the tank 
circuit is higher. In either case, if a higher ratio of reactance 
to resistance is established, the tank circuit will tune more 
sharply and oscillations at the undesired frequency are not likely 
to be sustained. Also, if the plate tank circuit is heavily load- 
ed by the succeeding buffer amplifier, reducing the load will as- 
sist in increasing the sharpness of selectivity of the crystal's 
plate tank circuit and thereby assist in preventing the crystal 
oscillator from jumping frequency. 

11. CRYSTAL POWER. When a quartz crystal is "oscillating" 
it is in reality a mechanical vibrating body. Upon vibrating 
mechanically, internal stresses are set up within the crystal and 
heat is developed as a result of the motion. Should the amplitude 
of vibration become too great, the internal stresses can become 
sufficient to shatter the crystal and destroy its ability to os- 
cillate. The "shattering" is a physical rupture of the quartz and 
is caused by the crystal literally tearing itself to pieces under 
the extreme stresses set up by hard vibration. The rupture ap- 
pears as a ragged crack or a series of cracks in the crystal. In 
some cases, especially with the harmonic type crystals, the rup- 
ture may occur at a single point, as though it had been punctured 
by high voltage. 

The heat developed by an oscillating crystal is the direct 
result of frictional losses. Heating is undesirable in that it 
will cause the temperature of the crystal to change. The temper- 
ature change will cause a shift in frequency according to the 
frequency -temperature coefficient of the crystal. If accurate 
temperature control of the crystal is not economically practical, 
the amplitude of the crystal's vibration should be kept low and 
the holder should have good heat dissipating ability. In some 
cases the crystal holder may be rested on a large heat dissipating 
surface such as in direct contact with the metal chassis of the 
transmitter or in direct contact with a large metal block of cop- 
per or aluminum. Large masses of metal will tend to maintain a 
constant temperature and keep the crystal plate at a constant 
temperature to prevent frequency changes while the oscillator is 
warming up or as the crystal exciting current varies. 

The amplitude at which a crystal vibrates is directly depend- 
ent upon the RF voltage applied to it. The RF voltage applied to 
a crystal is called the "excitation" and is a direct function of 
the RF current effectively passing through the crystal. It is 
conventional to assume that the vibration amplitude is a direct 
function of the crystal current. 

The crystal current will depend upon several factors among 
which may be listed: 
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1. Size of the grid leak 
2. Plate voltage 
3. The LC ratio of the plate tank circuit 4. The load on the crystal oscillator 
5. Interelectrode plate to grid capacity 

As the size of the grid leak is increased, the grid bias will increase and it will be necessary for the crystal to vibrate at a higher amplitude in order to develop the RF voltages necessary to drive the grid of the tube positive. Thus the RF crystal current will increase with the size of the grid leak until the grid leak is made above about 25,000 ohms. It is not safe to use a grid leak in excess of around 100,000 ohms in a crystal oscillator cir- cuit. 
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Fig.18 Graph showing the brilliancy of pilot lamps plotted 
against RF Current. 

The RF voltages developed across the plate tank circuit will also appear between the plate and cathode of the tube and will cause an RF current to flow through the inter -electrode capacity between plate and control grid. The RF current flowing through the inter -electrode capacity of the tube will return to the cath- ode through the crystal. As the RF current passes through the crystal, RF voltages will be developed across it to serve as the excitation for the crystal's vibration. The higher the RF crystal current, the greater will he the amplitude of vibration. Crystal current will increase if the RF voltages across the plate tank circuit increase, or if the inter -electrode capacity of the tube is increased. Thus; in a crystal oscillator circuit using a tri- ode with a high plate voltage and a high LC ratio in the plate 
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tank circuit, the crystal currént will be very high and the cry- stal is apt to be damaged. By reducing the inter -electrode ca- pacity of the tube (changing the tube to a tetrode or a pentode), by using a low plate voltage, or by using a low LC ratio in the plate tank circuit, the crystal current can be made sufficiently low that the crystal will not be endangered. The RF voltage 
across the plate tank circuit will decrease when the oscillator is loaded; hence, loading of the plate tank will also affect the amount of crystal current. 

The amount of RF current that a crystal can safely carry will 
depend upon the fundamental frequency and the type of cut. This 
information can be secured from the manufacturer when desired. Some crystals are rated over 100 ma.; however, 60 milliamperes is 
a safe maximum current for most quartz crystals. To measure the 
crystal current, either a thermo-couple galvanometer may be used, or a low current pilot bulb can be connected directly in series 
with the crystal. The brilliancy of the pilot bulb will indicate 
roughly the amount of RF current. The chart in Fig. 18 can be used as a guide; however, the estimation of brilliancy by the human eye is subject to considerable error. 
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Fig.19 The Bliley vPu pressure -type crystal holder. 

12. CRYSTAL HOLDERS. As previously explained, the series - 
resonant and parallel -resonant properties of a quartz crystal are 
manifested when the crystal is placed in an RF field. This will 
be true regardless of whether the field is produced by an external 
source of energy or by the feedback of energy from the plate cir- 
cuit as commonly used in crystal oscillator circuits. The method 
of producing the necessary field is to place the crystal between 
two metal electrodes connected to the source of RF potential. The 
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Fig 2D a cut-away draw- 
ing illustrating the parts 
of a variable air-gap crys- 
tal holder. (Courtesy Com- 
mercial Radio Equipment Co.) 

complete assembly, consisting of the two electrodes and a dust - 
proof case, is known as a "crystal holder". There are two popular 
types of crystal holders in use today; one, the pressure -type 
mounting, and the other, the air -gap mounting. 

The pressure -type holder is used in most applications and is 
best fitted for installations where the crystal is to develop high 
potentials, or where the mounting will be subjected to external 
vibration or shock, as would be encountered in mobile or portable 
applications. In the pressure -type holder, the electrodes are 
maintained in intimate contact with the crystal faces and slight 
pressure is exerted by a small spring. Holders to hl used with 
several different crystals are provided with a variable spring 
pressure so that optimum pressure can be obtained for each parti- 
cular crystal. Pressure -type holders are suitable for frequencies 
from 400 Kc. to 30 megacycles. A typical pressure -type holder is 
shown in Fia. 19. 

r 

In the air -gap type holder there is an air gap between the 
crystal and one of the electrodes. Holders of this type are gen- 
erally provided with a means for varying the size of the gap. 
This is usually accomplished by attaching one electrode to a 
threaded screw so that the electrode can be moved in a direction 
perpendicular to the plane of the crystal face. By adjusting the 
size of the air gap, the oscillation frequency will be changed 
slightly. A variable air -gap holder is illustrated in Fig. 20. 
This cut -away drawing shows how the upper plate is raised or low- 
ered by turning the threaded shaft. After the desired oscillation 
frequency has been obtained, the upper plate is locked tight by 
means of the knurled locking nut. The material used in the con- 
struction of this holder is a heavy, solid brass base plate and 
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the body is made of Isolantite. The use of a large base plate 
aids in reducing the temperature variations of the crystal, even 
though the crystal current varies with different operating volt- 
ages and loads on the oscillator circuit. The heavy metal has a 
fairly high thermal delay; that is, it does not respond quickly to 
external variations in temperature. In this respect, the heavy 
metal plate acts very much like the filter of a power supply sys- 
tem; it is effective in smoothing out variations of ambient tem- 
peratures. When a holder of this type is used in conjunction with 
a well designed crystal oven, the temperature variation of the 
crystal can be held to less than plus or minus .1 degree centi- 
grade. If a low temperature coefficient crystal is employed, this 
small temperature variation will result in negligible frequency 
deviation. 
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Fig.21 A plug-in type of 
crystal holder. (Courtesy 
General Radio Co.) 

Figs. 21 and 22 show two views of another type of crystal 
holder provided with an adjustable air gap. In the cover of the 
crystal is a threaded plug which may be raised or lowered. This 
plug also serves as the upper electrode for the crystal. Notice 
the method of mounting the quartz plate. This arrangement pre- 
vents random movement of the crystal while vibrating. The cover 
is made of heavy aluminum and the base is Isolantite. The connec- 
tions to the electrodes of the holder are made by means of two 
banana plugs. 

The outstanding advantage of a variable air -gap holder is 
that the oscillating frequency can be varied over a limited range. 
This is a most convenient feature in applications where the oscil- 
lating frequency must be accurately maintained. It is not always 
possible to grind crystals exactly for a particular frequency, but 
by the use of a variable air -gap holder, the frequency can be 
shifted slightly to secure the desired precision. A variable air - 
gap holder is also advantageous in communications work for the 
purpose of shifting frequency slightly to avoid bad interference. 
Variable air -gap holders are suitable for use with crystals from 
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100 Kc. to 5,000 Mc. Above 5,000 Kc., the crystal performance 
generally becomes quite erratic and unsatisfactory. The range 
over which the crystal frequency can be adjusted by means of an 
air gap varies with frequency and is somewhat dependent upon the 
amount of circuit capacity in parallel with it. At 4,000 Kc. a 
typical crystal unit could be varied over a range of about 6 Kc. 
As the air gap is increased, the effective activity of the crystal 
is decreased and the RF output from the crystal oscillator will be 
reduced. If the air gap is made too large, the crystal will re- 
fuse to oscillate because of insufficient excitation. 

y 
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Fig.22 The crystal holder shown in Fig. 21 with the top removed 
to expose the crystal. 

Another type of holder, namely the knife-edge mounting, is 
used for the bar type crystals in the frequency range from 16 to 
275 Kc. Such mountings have few applications in commercial com- 
munications transmitters, being restricted mainly to experimental 
work and low standard -frequency oscillators. 

The requirements which must be met by a well -designed crystal 
holder are: 

1. The electrode surfaces must be perfectly parallel 
and must be free from oil and dirt. 

2. The electrodes must be made from a metal that will 
not corrode. 

3. When an air -gap is employed, means must be provided 
for clamping the movable electrode after the final 
adjustment is made. 

4. Some type of construction is usually necessary to 
prevent lateral motion of the plate. This may be 
accomplished by enclosing the plate and electrodes 
in close -fitting cases of suitable insulating mater- 
ial. 

5. The entire assembly must be dust -proof. 
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Foreign particles on a crystal can cause erratic performances 
or prohibit oscillation entirely. A crystal will not oscillate if 
there is any grease, wax, or similar substance on its faces. Such 
substances are removed during manufacture by a special de -greasing 
process, but may he deposited by handling the crystal afterwards. 

Dust on the faces of the crystal is perhaps the outstanding 
cause for erratic performance. Dust will cause poor contact be- 
tween the crystal and its electrodes and often will prevent oscil- 
lation entirely. Corona discharges can be developed when par- 
ticles of dust separate the crystal from its electrodes since 
points of high potential will naturally appear at each particle. 
If the crystal is subjected to a rather high excitation, an RF arc 
can result, which, if sustained, may fracture the crystal. 

The crystal holder should be thoroughly washed with carbon 
tetrachloride before inserting the crystal. Carbon tetrachloride 
(carbona) is the best cleansing agent; however, other solvents may 
be used providing they have no dissolved or suspended impurities. 
Clean soap and water is effective but requires greater care and a 
more vigorous scrubbing action is necessary. The crystal should 
be carefully washed and then dried with a clean, lint -free cloth. 
After cleaning, the fingers should not be allowed to come in con- 
tact with the major faces, as the oil from the fingers will offset 
the cleaning operation. Crystals can be handled by grasping them 
by the edges or by using a pair of tweezers. The same procedure 
should be followed when cleaning the electrodes in the crystal 
holder. However, they are not as fragile, so the operation is 
considerably simplified. 

Care must be exercised when placing a crystal in its holder 
so as not to chip the corners or break it by placing it in such a 

position that it will bind in the holder. Where both of the cry- 
stal electrodes are separate from the holder assembly, the crystal 
is merely placed between its two electrodes and inserted in the 
holder cavity. The edge of the crystal should not protrude beyond 
the edge of the electrode as chipping might result. It should be 
noticed that one face of the electrode is finely finished while 
the other face is rough in comparison. It is necessary that the 
finely finished face be in contact with the crystal plate. 

In the pressure -type crystal mounting, the spring pressure is 
adjustable by bending the spring until the desired tension is ob- 
tained. The optimum pressure should be determined by experimen- 
tation for optimum crystal performance. 

13. CRYSTAL OVENS AND THERMOSTATS. To maintain the crystal 
at a constant temperature demands that some means be provided for 
adding heat to the crystal. It is obviously impossible to main- 
tain the crystal at a temperature at or below room temperature 
unless refrigeration is provided. This is neither necessary nor 
desirable. If the constant temperature is to be maintained solely 
by the addition of heat to the crystal, the fixed temperature must 
be considerably above room temperature. It is usually about 500 
Centigrade. 
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Viewed as a whole, the crystal oven comprises a heat -insulat- 

ed chamber or box in which the crystal and its holder rests, an 

electric heating element for adding heat to the chamber, and a 

very sensitive thermostat for maintaining the oven temperature at 

.as constant a value as possible. The oven itself may consist of 

a metal box carefully lined with a heat -insulating material such 

as Celotex or balsa wood. The thermostat is a very sensitive mer- 

cury -filled thermometer into the stem of which there has been 

fused two wire electrodes separated a short distance from each 
other. By making the bulb of the thermometer large so that it 

contains a relatively large amount of mercury, and by using a very 

small bore in the stem, a small change in temperature will cause a 

large change in the height of the thread of mercury in the stem. 
When the thread of mercury makes contact with both of the elec- 
trodes in the stem, a circuit is completed from one electrode to 

the other, which causes current to flow through a relay. The en- 

ergizing of this relay opens the circuit feeding the heating ele- 
ment and thereby allows the oven to cool. 

Fig.23 A mercury thermostat. 

The appearance of this mercury thermostat is shown in Fig. 

23. It consists of a tube bent at right angles. A reservoir of 

mercury is contained in a bulb at the bottom of the tube, and the 

temperature at which the mercury makes contact with the electrodes 
depends upon the amount of mercury in this bulb. The design of 
the thermostat is such that the temperature at which it operates 
may be varied in the following manner: There is another bulb at 
the top of the tube, and extending into this bulb is a small tube 
with a sharp bend at its extremity. If the thermostat operates at 
too low a temperature, there is too much mercury in the lower 
reservoir, and some mercury must be transferred to the upper bulb. 
This is done by applying heat to the reservoir until the thread of 
mercury is at the top of the small tube, and a few drops fall into 
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the upper bulb. On the other hand, if the thermostat operates at 
too high a temperature, there is not enough mercury in the lower 
reservoir, and some is transferred from the upper bulb by again 
applying heat to the reservoir until the thread of mercury is at 
the end of the bent tube. At this point, the thermostat is tilted 
until the end of this tube dips into the pool of mercury in the 
upper bulb. The lower reservoir is now suddenly cooled, and this 
action sucks mercury from the upper bulb into the stem. 

The heating element is usually composed of a resistor having 
a fairly large surface area. Thus, the heating is more uniform 
throughout the oven and there is less tendency to develop "hot 
spots". Often, the heater is composed of high -resistance wire 
woven back and forth in a thin sheet of asbestos. 

Another type of thermostat frequently used to hold the tem- 
perature of a crystal oven constant is known as the "bi-metallic" 
thermostat. This device is made by welding together two dissim- 
ilar metal strips; the metals having different temperature -expan- 
sion coefficients. One of. the metals is generally "irivar" an 
alloy made of 36% nickel and 64% steel having a very low linear 
expansion coefficient. This means that invar can be heated con- 
siderably without appreciable increase in length. The other 
metal used in making a bi-metallic unit can be any hard durable 
metal; brass is generally employed. The expansion coefficient of 
brass is about 20 times that of invar. 

BIMETALLIC STRIP 

A 

CONTACT 

B 
Fi9.24 (a) Side view of bi-metallic thermostat. (a) End view of 01-metallic thermostat. 

The bi-metallic thermostat is made by coiling the two narrow 
strips of metal (welded together) into a spiral shaped spring, 
one end being permanently fastened to the base of the unit. A 
diagram is shown in Fig. 24A. The metal which has the highest 
temperature coefficient (brass) is on the inside so that as the 
temperature rises, the expansion tends to uncoil the spring. As 
the spring moves, the shaft through the center is rotated. An 
armature is secured to the end of the shaft, so when the shaft 
turns in this direction, the contact points on the front of the 
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thermostat are broken. The armature and contact points on the 
front of the unit are shown in Fig. 24B. Opening the contact 
points will in turn operate a relay which disconnects power from 
the heating resistance, so the oven in which the crystal is lo- 
cated cools. As soon as the temperature in the oven begins to 
fall, the bi-metallic strip will contract and twist the shaft in 

the opposite direction. At a critical temperature the armature 
will be moved sufficiently to again close the contacts and heat 
will be supplied to the oven. The oven temperature at which the 
contacts on the bi-metallic thermostat close can be adjusted by 
rotating the knob on the worm gear. It is possible to keep the 
temperature of the oven constant to a fraction of a degree by us- 
ing this type of thermostat. 

Thermo- 
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Attenuator 
Unit 

Thermostat 

Crystal 
Holder 
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Fip.25 Crystal oven and control circuit. (Courtesy Commercial Radio Euuipment Co.) 

The two types of thermostats just discussed produce normally 
opposite results; the bi-metallic type closes its contacts when 
the temperature falls and the mercury type opens its contacts as 
the temperature decreases. The relay circuit with which the 
thermostat is associated must be designed in such a way that it 

will accommodate the method of thermostat operation. A mechanical 
relay circuit designed for a mercury thermostat is shown in Fig. 
25. The operation'of the circuit is as follows: Assuming that 
the temperature of the oven is below normal, the contacts of the 
mercury thermostat will be open. Current then flows from the 
110 -volt AC or DC source, through the heating element, through 
the contacts marked "F" (this is a protective hi -metallic thermo- 
stat), and through the relay contacts 1-2 to the other side of 
the voltage source. During this time the oven heats. When the 
temperature of the oven has been raised sufficiently to close the 
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contacts of the mercury thermostat, current will flow from the 

6 -volt DC source through the relay coil R. Energizing the relay 
will open contacts 1-2 and the 110 -volt heating circuit will be 
disconnected. 

When the oven has cooled, the mercury thermostat contacts are 
opened, the relay R is de -energized and contacts 1-2 close to com- 
plete the 110 -volt circuit to the heating resistance. The points 

of the bi-metallic thermostat (marked E) are for the purpose of 
preventing the oven from overheating in the event of failure of 

the mercury thermostat or relay. The bi-metallic thermostat is 

adjusted to open its contacts at a temperature slightly higher 
than the normal oven temperature. 
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Fig.26 western Electric Crystal Oven. 

The condensers connected across the relay contacts are for 
the purpose of preventing arcing when the contacts are opened. 
Due to inductance in the circuit, when the points are opened, 
there is a tendency for an arc to be formed which would cause the 
faces of the contacts to be burned. In time the points are then 
liable to stick. The condenser connected across the contacts re- 
duces the size of the arc and prevents excessive burning of the 
points. 

An illustration of another type of crystal oven and its 
associated apparatus is shown in Fig. 26. This is the Western 
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Electric type used in many of the broadcast transmitters designed 
and built by this company. The crystal plate is clamped between 
two electrodes, and the entire crystal holder rests upon the 
heater unit L. This unit contains the thermostat I and the heat- 
ing element R. Graphite powder P is used to hold the thermostat 
in place, and the leads H and J are connected to the mercury con- 
tacts within the stem. The heater unit L is a copper casting 
which acts as a thermal filter, allowing the flow of heat to the 
crystal to take place at a uniform rate. The heating element is 
carefully insulated from' this block, and its external leads are 
shown at M and N. The entire unit is enclosed in a metal box de- 
signed to be mounted in the radio transmitter. All of the leads 
are brought through the box to a terminal strip where connections 
are made to the oscillator and to the temperature -control cir- 
cuits. 

---- - - - 

L J 
Fig.27 The control cir- 

cuit used with the oven 
shown in Fig. 26. 

The control circuit used with this particular type of crystal 
oven is shown in Fig. 27. The tube used in the control circuit 
is a gaseous -type rectifier which has a low internal voltage drop. 
It resembles the ordinary three -element tube in that a control 
grid is used. The control action does not regulate the heat to 
meet varying conditions, but is an intermittent process. Assume 
that the mercury column is low and that the circuit through the 
thermostat is open,. With this condition, the grid of the vacuum 
tube is connected through resistor R, to what we shall call the 
positive side of the transformer S,. The tube passes current 
only when the right hand side of the winding S, is positive. At 
the moment that a positive voltage is applied to the plate, the 
right hand end of winding S, is also positive. The center tap of 
S, is connected to the center tap of S2. Therefore, when the 
plate of the tube is positive, the grid is also positive. With 
both plate and grid positive during every other alternation, 
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plate current flows through the tube in the form of pulses last- 
ing one-half cycle. It is noticed that the plate current of the 
tube flows through the resistor R, which is the heating element 
of the oven; thus heat is being added to the oven. 

After the temperature of the oven becomes high enough to 
cause the mercury in the thermostat to rise and close the circuit 
through its contacts, an alternating current flows from one side 
of the transformer winding S,J through the thermostat contacts, 
and through the resistor R, to the opposite side of the winding. 

tr.r.,,.rape 

'1.4445:11,', 

Fig.28 The Bliley BC46T complete crystal unit, including mount- 
ing, thermostat, and thermometer. 

It is now evident that the grid of the tube is connected directly 
to the left hand end of the winding S3. But when the right hand 
side of S, is positive so that the tube might draw current, the 
grid is connected to the left hand side of S which is negative. 
The negative voltage during this alternation is sufficient to cut 
off the plate current. During the next alternation, the grid is 

positive, but the plate is negative, and therefore no plate cur- 
rent flows. Thus, with the thermostat contacts closed, the tube 
does not draw any plate current, no current flows through the 
heating element, and the oven cools. The action of the thermostat 
has been to change the phase relation of the voltage applied to 
the grid and thus indirectly prevent further heating of R,. 

After a time, the temperature of the oven will fall, due to 
the loss of heat through the walls. The mercury in the thermostat 
will drop, thereby opening the thermostat contacts. When this oc- 
curs, the tube is returned to its former condition, and again pul- 
ses of current flow through the heating element, causing it to add 
heat to the oven. It might be thought that the crystal would be 
alternately heated and cooled, but the thermal filter tends to 
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iron out these changes and thereby provide a constant flow of heat 
to the crystal. The heating period and cooling period will, of 
course, depend on the design of the oven, but, on the average, it 

will require about 30 seconds for the oven to heat and approxi- 
mately one minute for it to cool. The thermostat is sensitive 
enough to respond to changes of temperature of only .1° C. 

In present day commercial ovens designed for broadcast sta- 
tion use, we find both mercury and bi-metallic thermostats. Each 
has its advantages and disadvantages. The principal advantage of 
the bi-metallic type is its ruggedness; however, it is not nearly 
so sensitive as a mercury thermostat. Even though the mercury 
type is more sensitive and accurate, it cannot be used to break 
circuits carrying a very high current. To obtain normal life 
from a mercury thermostat, the maximum current it should break.is 
limited to 10 milliamperes. The contact points of a bi-metallic 
thermostat are exposed to open air and arcing occurs more readily 
than in the mercury type where the points are sealed in a glass 
tube. The points on a bi-metallic unit will require frequent 
inspection and cleaning whereas the contact points on a mercury 
thermostat require no attention. 

Fig.29 (a) The 129-B RCA Crystal Unit. (8) Photograph of the 
Crystal unit placed in the complete oscillator. 

Several manufacturers have recently developed temperature 
control units of small dimensions to meet the exacting require- 
ments of broadcast services. With the advent of A -cut crystals, 
it is no longer necessary to control the crystal temperature as 
accurately as before when the X and Y -cut crystals were used ex- 
clusively. The Bliley Company has been successful in designing 
the BC46T unit to house the crystal, heating element,bi-metallic 
thermostat, and thermometer in a glazed Isolantite oven mounting 
capable of holding the crystal temperature constant to within 
1° Centigrade over wide ranges of ambient temperatures. A photo - 
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graph of the unit is shown in Fig. 28. A duralumin thermal -block 
which also serves as one crystal electrode, is temperature regu- 
lated by means of a heater element and a bi-metallic thermostat. 
The specially designed thermostat has large contact points which 
will safely carry the heater current of 1 ampere at 10 volts with- 
out the use of auxiliary relays. The BC46T unit has been approved 
by the Federal Communications Commission for use in all U. S. 

broadcast stations. 
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Fig,30 General Electric complete crystal oven. The metal shell 
is identical to that used for a 616 tube and the unit plugs into 
a conventional octal socket. 

Since the advent of practical and consistent A -cut crystals. 
the trend in broadcast equipment is toward more miniature crystal 
ovens and oscillator units. Fig. 29A shows a photograph of the 
new RCA crystal holder and oven. This unit is plugged in a com- 
pact complete crystal oscillator unit as shown in Fig.. 29B. Fig. 

30 is a photograph of the new General Electric oven designed for 

a similar purpose. 

14. CRYSTAL OSCILLATOR CIRCUITS. Crystal -controlled oscil- 

lators have as their origin some basic self-excited oscillator 
circuit. Accurate frequency control of the oscillator is accom- 
plished by connecting a quartz crystal into the circuit in such a 
manner that the crystal itself becomes the frequency controlling 
element. In many cases, the crystal -controlled oscillator is 

merely an adaption of the well known tuned -grid, tuned -plate os- 
cillator, with the quartz crystal substituted for the grid tank. 
A circuit diagram of such a triode crystal -controlled oscillator 
was given in a preceding section of this lesson. Another circuit 
which is equally satisfactory for operating a triode as a crystal - 
controlled oscillator is shown in Fig. 31. 
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Oscillator circuits in general have a remarkable self-regu- 

lating ability; that is, the circuit values can be varied over 

wide ranges and the oscillator will continue to function. As long 

as the component values employed do not prohibit oscillation en- 

tirely, the various currents and voltages will distribute them- 

selves for the best performance under these conditions. Natur- 

ally, there are certain component values which will give optimum 

performance and efficiency; however, in most practical cases it 

is not necessary to pay particular attention to the size of the 

component parts. 

Fig.31 Typical triode 
crystal oscillator. 

Since a crystal -controlled oscillator will also be self-reg- 

ulating, care must be exercised in the design of the circuit so 

that excessive vibration amplitude of the quartz crystal will not 

cause it to be shattered. Excessive crystal excitation could 
easily result from the selection of certain component values; the 

oscillator circuit would function and an RF output would be ob- 

tained; however, the crystal may be damaged due to excessive ex- 
citation. For this reason, a careful choice of circuit values 
must be exercised, and also the RF output that can be obtained 
from a crystal -controlled oscillator is limited for the same 
reason in comparison to the self-excited oscillator. 

In addition to factors given previously, the crystal excita- 
tion depends on: (1) the amplification factor of the tube; (2) 

the grid bias; (3) the DC operating potential; (4) the interelec- 

trode feedback; and (5) the activity of the crystal. In order to 

secure a given power output from a crystal oscillator, the tube 
with the highest amplification factor will generally require the 
least crystal excitation (crystal current). This fact is immedi- 

ately apparent when comparing the performance of pentode crystal 
oscillators with triode crystal oscillators. Tetrode tubes having 

a higher amplification factor than triodes will also require less 

excitation for a given power output. In addition, beam power 

tubes perform very satisfactorily as crystal oscillators because 

of their high amplification factor. 

In all cases, the feedback through the interelectrode capac- 

ity from the plate circuit to the grid circuit in a crystal -con- 

trolled oscillator will be in phase with the grid circuit energy 

and will serve to increase the amplitude of oscillations. In 

other words, the interelectrode capacity feedback will be regen- 

erative and not degenerative. In a given oscillator circuit, the 
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RF feedback is determined by the inter -electrode capacity and the 
RF voltage produced across the plate tank circuit. The LC ratio 
of the plate tank and the load on the plate tank circuit will both 
be effective in determining the RF voltage developed across it. A 
reasonably high LC ratio is desirable in pentode or tetrode oscil- 
lators, while a lower ratio is required for triode crystal oscil- 
lator tubes. Due to the higher inter -electrode plate -to -grid ca- 
pacity of the triode and the lower amplification factor, the RF 
voltage across the plate tank must be limited so that the crystal 
excitation will not become excessive. If the excitation to the 
crystal (crystal current) becomes excessive. the amplitude of its 
vibration may be sufficient to damage the. crystal. 

Fia.32 Pentode crystal 
osci113tor. 

A typical pentode crystal oscillator circuit is shown in Fig. 
32. Due to the low inter -electrode capacity between plate and 
control grid in pentode tubes, at frequencies below 1000 Rc. the 
reactance of the inter -electrode capacity becomes too high to sus- 
tain oscillations. Some pentode tubes, even when operating at 
high frequencies, have such low internal capacity that a small 
amount of external feedback is recommended by the manufacturer. 
This external feedback can be supplied by use of a small padder 
condenser connected between plate and control grid or by the ca- 
pacity that would be provided through short, twisted wires. If 
the crystal itself is reasonably active, most pentode tubes will 
oscillate without the addition of external capacity. In screen 
grid and pentode tubes, proper by-passing of the screen grid is 
very essential. If the size of the screen by-pass condenser C2 
in Fig. 32 is inadequate, the screen grid will assume an RF poten- 
tial, thereby greatly increasing the feedback and possibly damag- 
ing the crystal unit. 

Grid bias on a crystal -controlled oscillator is an important 
consideration. In general, the higher the bias, the greater will 
be the crystal current and the power output. However, if the bias 
is increased beyond a certain limit. the result will be more crys- 
tal current, but only a small gain in power output. The grid bias 
is generally obtained by the use of a grid leak resistor. cathode 
resistor, or a combination of both. When grid leal; bias is em- 
ployed, an increase in the size of the grid leak will result in 
an increased crystal current. When only grid leak bias is em - 
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ployed, the crystal will start oscillating under conditions of 
zero bias with a continually increasing bias as the excitation 
becomes greater. Crystal current will be greatest when the oscil- 
lator is not loaded because the plate tank voltage, grid current, 
and bias will be highest under this condition. 

If only grid leak bias is employed (no cathode bias), the 
crystal oscillator may be difficult to get started, especially 
when a small grid leak is employed. If a little cathode bias is 
employed, it will be found that the crystal will start oscillating 
under more favorable conditions. The initial cathode bias.has a 
tendency to increase the plate -to -grid feedback and bring about a 
condition in the grid circuit more conducive to the establishment 
of oscillations. Too much cathode bias, on the other hand, will 
have the opposite effect. The correct value of cathode resistor 
is generally between 200 and 500 ohms for both triodes and pen- 
todes. The readiness with which the crystal oscillator starts 
oscillating is an important factor in the design of a telegraph 
transmitter in which the oscillator circuit is keyed. 

The size of the grid leak resistor should generally not be 
higher than around 20,000 ohms for optimum crystal current and 
power output in triodes, tetrodes, and pentodes. If a low value 
grid leak resistor is used, an RF choke must be placed in series 
so that the small resistor will not load the crystal. The minimum 
bias on tetrodes and pentodes is generally secured with a grid 
leak in the vicinity of 10,000 ohms. On triodes, especially for 
high frequency operation, cathode bias alone may be used, and the 
grid leak can be replaced with a good RF choke. 

RF 
OUT PUT 

Fig.33 Push-pull pentode 
crystal oscillator. 

Referring to the triode crystal oscillator circuit in Fig. 
31, the size of the cathode resistor R, should be in the vicinity 
of 350 ohms and R1 may be from 0 to 20,000 ohms. The DC plate 
voltage should be 250 volts or less; a higher plate voltage will 
cause more inter -electrode feedback from plate to grid circuit and 
the crystal is apt to be damaged. The LC ratio of the plate tank 
circuit in Fig. 31 should be comparatively low. The power output 
of most triode crystal oscillators is relatively low under condi- 
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tions of safe crystal current. The size of the by-pass condensers 

C, and C2 should be such that their reactance at the frequency of 
oscillation is very low. 

In selecting the component parts for the pentode oscillator 
circuit shown in Fig. 32, for most tubes the optimum sizes for R, 

and R2 will he 20,000 ohms and 350 ohms respectively. The screen 
voltage has quite an influence o the crystal current and for most 
tubes should be kept less than 250 volts. Proper by-passing from 
screen to cathode with a mica condenser is very important. The 
condenser should be placed directly at the tube socket so that the 
leads will be as short as possible. 

RCA - '3a3 

.Fig.34 Modified crystal - 
controlled Hartley oscilla- 
tor as used in some commer- 
cial RCA transmitters. 

30 MMFD 
P 

Ca RF 

OUT PUT 

Pentode and tetrode tubes should be operated in much the same 
manner, since the essential difference between these tubes simply 
lies in the method of suppressing the effects of secondary emis- 
sion. The high -mu tubes will provide a greater power output for 
a given crystal current and due to the shielding action of the 
screen grid, the frequency stability is slightly improved compared 
to triodes. With the screen at RF ground potential, the plate 
load impedance and the DC plate voltage may be changed over small 
ranges without affecting the frequency to any great extent. 

A push-pull pentode oscillator circuit is shown in Fig. 33. 
Oscillators of this type are advantageous only in that the output 
circuit is balanced and even harmonics are cancelled out. By 
using tubes requiring a low grid excitation, it is possible to 

obtain a substantial increase in power output with the push-pull 
arrangement. Since two tubes in push-pull require approximately 
twice as much driving power as a single tube of the same type, it 

is necessary that the crystal vibrate more intensely to drive both 
tubes to full output. With most tubes, it is necessary to reduce 
the operating voltages so that the crystal current will be within 
safe limits under all conditions of performance. The final result 
will generally be a small increase of output power over the use of 
a single tube oscillator. 

A circuit diagram of the crystal oscillator used in some of 
the RCA 1 Kw. transmitters is shown in Fig. 34. This is a revised 
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Hartley oscillator adapted for crystal control. 
Referring to Fig. 35, we see a conventional diagram of a 

series -fed, self-excited Hartley oscillator. One difference be- 
tween this circuit and those previously shown is that the plate of 
the tube is operated at DC ground potential and the cathode is at 
a high negative potential. As long as the cathode of the tube is 
at a high negative potential with respect to the plate, the oper- 
ation of the circuit will be the same as though the cathode were 
at DC ground and the plate positive with respect to ground. In 

Fig.35 Conventional se- 
ries-fed Hartley oscillator. 
Compare with Fig. 34. 

B- 

Fig. 35, the RF voltages developed across the tank circuit from p 
to F will serve to vary the instantaneous plate potential, and the 
RF voltages developed between F and G will be fed through the grid 
capacity C, to the grid of the self-excited oscillator tube. R5 
serves as the grid leak. 

In the revised crystal -controlled Hartley oscillator shown 
in Fig. 34, the crystal is inserted in the grid circuit and the RF 
voltages developed when it is set into vibration serve as the grid 
excitation. The RF voltages developed across F and G of the os- 
cillator circuit serve merely to excite the crystal. The crys- 
tal's vibration, in turn, develops RF voltages which are applied 
to the grid of the tube. Thus, the crystal is the frequency -con- 
trolling element and the RF voltages developed across F -G serve 

0 

r 
Excitátion 
Control 

C6 

Fig.36 The Pierce oscillator. 

as the crystal excitation. It is important that the position of 
the filament tap F be such that the excitation to the crystal be 
kept low. If the RF voltage across F -G is too high, the crystal 
will lose control of the oscillations and the circuit will perform 
as a self-excited oscillator. 

The 20 micro-microfarad condenser C, in Fig. 34 is directly 
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in parallel with the crystal. Thus, the frequency of the crystal 
can be shifted over a range of a few cycles by variation of the 
capacity of C2. This is advantageous in commercial broadcast 
transmitters because it is frequently necessary to set the crystal 
oscillator exactly on an assigned frequency. The RF output from 
the oscillator is delivered to the grid circuit of the first buf- 
fer amplifier through the 10 mmfd. condenser C,. By using a very 
small coupling condenser to the grid of the first amplifier, the 
load on the crystal oscillator is kept light and the frequency 
stability is improved. 

Cu 

Fig.37 A shunt-fed Hart- ley Oscillator. 

C3 

A type of crystal oscillator circuit which has but recently 
come into use in broadcast transmitters is the Pierce oscillator, 
a diagram of which is shown in Fig. 36. A peculiarity which is 
at once evident is that the crystal is connected between the grid 
and the plate. Just how this oscillator is able to function will 
now be explained. 

Fig.38 A modification of 
the Colpitts Oscillator. 

C3 

Let us first consider Fig. 37. This figure illustrates an 
oscillator circuit, which, upon inspection, is seen to be a shunt - 
fed Hartley. It is true that it is drawn in a somewhat different 
manner than those with which you may be familiar, but it is a 
Hartley oscillator nevertheless. The tank coil is effectively di- 
vided into two parts by the connection of the filament tap. That 
part of the coil designated as Lg provides grid excitation, where- 
as Lp is the load into which the tube works. It is necessary that 
the tank be divided into two parts in this manner so that the al- 
ternating grid and plate voltages will be 180° out of phase. 
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Since the filament center tap is always grounded, grounding some 

point in the tank circuit, either directly or through an RF by- 

pass condenser, will divide the tank circuit effectively into two 

parts. In the Colpitts oscillator, as you know, no part of the 

tank coil itself is grounded, yet the tank circuit is effectively 

divided into two parts by grounding the junction of the two con- 

densers which compose the tank capacity. 

It would be possible, for example, to construct an oscillator 

circuit such as the one illustrated in Fig. 38. In this case, two 

small condensers are connected in series across the tank circuit 
and their mid -point is grounded. Thus, the voltage drop across C1 

would be the grid excitation voltage, whereas the drop across C2 

would provide the feedback voltage. These two small condensers 
would add to the total capacity, and the effective capacity of the 

tank circuit would be the combination of C1, C2S and the main tun- 

ing condenser C3. These two condensers could be of any convenient 

size as long as they were small compared to the tuning condenser. 
As curious as it may seem, this circuit would probably oscil- 

late, even though these two condensers were omitted. For example, 

consider Fig. 39 which illustrates the same circuit without the 

two small condensers. It is apparent that the combination of the 

grid -filament capacity and the plate -filament capacity would form 

a voltage -dividing circuit which would, in effect, ground one 

point of the tank circuit. In this case the voltage drop across 
the grid -filament capacity provides the grid excitation, whereas 

the drop across the plate -filament capacity is the feedback volt- 

age. Notice that the total tank capacity consists of the tuning 
condenser Cif and the series combination of C4, Cgf, Cpg, and C6. 

Fig.39 A type of oscil- 
lator in which the inter- 
electrode capacities form 
the voltage-dividing cir- 
cuit across the tank. 

C3 

A piezo-electric crystal has the same properties as a tuned 
tank circuit, and may be used to replace the tank circuit in this 
oscillator; that is, a quartz crystal will take the place of L1C3. 
The oscillator then. appears as shown in Fig. 40. Again the com- 
bination of the inter -electrode capacities form the voltage -divi- 
ding circuit so that a part of the voltage across the crystal pro- 
vides grid excitation, and the remainder is the feedback voltage. 
Since a direct current cannot pass through the crystal, there is 

now no real need for the blocking condenser C5, and it is ordin- 
arily omitted. Similarly, the grid blocking condenser C4 may be 
left out of the circuit without causing any appreciable change in 

its operation. 
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In this oscillator, the amount of grid excitation will depend 
upon the relative sizes of the grid -filament and the plate -fila- 
ment capacities. To provide better control of the excitation 
voltage, it is customary to connect a small trimmer condenser be- 
tween the grid and ground. By increasing the capacity of this 
trimmer condenser, the total capacity between the grid and fila- 
ment is made larger, its capacitive reactance becomes less, and 
there is a smaller voltage drop across this capacity thereby re- 
ducing the grid excitation voltage. Conversely, reducing the ca- 
pacity of this trimmer condenser will increase the grid excita- 
tion. When all of these changes have been made, the Pierce os- 
cillator appears as shown in Fig. 36. 

Fig.50 A crystal re- 
places the tuned circuit 
L1C3 in Fis. 38, and the 
pierce oscillator results. 

gf cpf B+ 

There is an RF voltage between the plate of the tube and 
ground, and this voltage is transferred through the coupling con- 
denser Ce to the grid of the buffer stage. Notice that there is 
no tuned circuit associated with the oscillator. Thus, there is 
nothing to be tuned and the oscillator begins to function as soon 
as the plate voltage is applied. 

The only disadvantage of the Pierce oscillator compared to 
other crystal oscillator circuits is the fact that it has a com- 
paratively low output. This is of no particular disadvantage in 
broadcast transmitters, since the primary purpose of the oscilla- 
tor is to supply a radio frequency voltage having excellent fre- 
quency stability, and its low output may be built up with radio 
frequency power amplifiers. 

On the other hand, the Pierce oscillator has several advan- 
tages which recommend its use. First, a minimum amount of equip- 
ment is needed; since no tuned circuits are used, temperature 
changes which might alter the frequency of the oscillator will 
have less effect on the Pierce circuit than they would upon other 
circuits using more equipment. Second, the Pierce circuit is by 
far the most active of any of the common types of crystal oscil- 
lator circuits. This may be proved by using inferior grades of 
X -cut crystals. Many crystals which are so poor that they cannot 
be made to oscillate in any of the common types of circuits will 
function satisfactorily in the Pierce oscillator. The small trim- 
mer condenser should have a maximum capacity of approximately 150 
mmfds., and the RF choke used in the plate circuit should offer a 
high impedance to the oscillation frequency. 

In addition to properly adjusting the feedback capacity C1f 
it is necessary to operate the Pierce oscillator circuit at a low 
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plate voltage to limit the RF voltage developed across the plate 

circuit. A DC plate potential of approximately 150 volts is con- 

sidered maximum in order that the crystal will not be subjected to 
excessive strains. 

The plate circuit of a Pierce oscillator circuit must present 
a capacitive reactance to satisfy the conditions for oscillation. 
A capacitive reactance may be obtained with a detuned tank cir- 
cuit, an RF choke having a resonant frequency lower than that of 
the crystal, or a resistance. A pure resistance, of course, has 
no reactance, and by itself would not satisfy the conditions for 
oscillation. However, the internal plate -to -filament capacity 
of the tube is in parallel with the resistance and this provides 
the necessary capacitive reactance if the plate resistor is not 
too large. If an RF choke is used, for high frequencies, a choke 
of 24 millihenries is generally employed, while a considerably 
larger inductance is necessary at lower frequencies. Best per- 
formance of a Pierce oscillator circuit is generally secured with 
a combination of grid leak and cathode bias. The grid leak should 
be limited to around 50,000 ohms if the oscillator is operating 
above 1500 Kc., while 100,000 ohms is better at the lower frequen- 
cies. About 250 ohms cathode bias will generally be sufficient 
in either a triode or a pentode circuit. 

RF 
OUT PUT 

Fiq.41 RCA Electron-coupled Pierce Oscillator. 

The RCA adaptation of the Pierce oscillator is the electron - 
coupled Pierce, a diagram of which appears in Fig. 41. In this 
case, the crystal is connected between the control grid and the 
screen grid. As in all electron -coupled oscillators, the screen 
functions as the virtual or working anode of the oscillator sec- 
tion of the tube. The potential of the plate is somewhat greater 
than that of the screen, and the larger part of the space current 
is attracted to the more positive plate, very little being divert- 
ed to the other positive electrodes within the tube. In Fig. 41 
a pentode tube is being used, and to make it function somewhat 
more efficiently, a small positive voltage is applied to the sup- 
pressor grid. In addition, this tube (an RCA 802) has an internal 
shield which is connected to the suppressor. The plate voltage of 
this particular circuit is 340 volts; the screen voltage 175 
volts, and the plate current 30 Ma. 
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15. THE MULTIVIBRATOR CIRCUIT. A multivibrator is an oscil- 

lating circuit'having special advantages applicable in frequency 
measurement work. It is, in effect, a two -stage, resistance -coup- 
led amplifier with the output circuit coupled back to the input 

through a proper size capacity. This feedback from the output to 
the input causes the amplifier to oscillate (motor -boat) at a fre- 

quency determined by the time constants of the resistance -capacity 
combinations in the circuit. Since the oscillations are produced 
by charging and discharging of the condensers through the resis- 
tors, the waveform of the oscillatory current and the waveform of 
the output voltage are irregular and distorted. The output will 
be very rich in harmonics; in fact, harmonics up to the 100th can 
be detected and utilized. 

When the multivibrator is oscillating by itself, it possesses 
no particular advantage since the circuit is relatively unstable. 

However, if a low voltage from a stable oscillator is injected 
into the circuit, the conditions are changed considerably. If the 

frequency of the multivibrator oscillator is made nearly equal to 

the frequency of the injected voltage, the injected voltage will 

assume control and cause stable performance of the circuit. The 
multivibrator frequency is then dependent upon the controlling 
voltage and is independent of small changes which might occur in 
the circuit itself. When stabilized in this manner by an external 
controlling frequency, the multivibrator becomes a very useful 
instrument and serves as an excellent harmonic generator. 

One of the most important properties of the multivibrator is 
that synchronization of its frequency can also be produced when 
the frequency of the controlling voltage is harmonically related to 
the natural frequency of the multivibratcr circuit. In this way, 

the multivibrator may be employed for frequency division or multi- 
plication. Practical application, however, is usually limited to 
frequency division, since there are more preferable frequency mul- 

tiplying circuits available. Thus, it would be possible to syn- 
chronize the operation of a 10 Kc. multivibrator with a stable 
crystal -controlled 50 Re. oscillator. Because of the stability of 
a multivibrator when synchronized and the fact that its frequency 

can be determined by the harmonically -related controlling voltage, 

the multivibrator is widely used to produce a series of standard 

frequencies from a single, crystal -controlled standard oscillator. 

Frequency division can be accomplished when the ratio of standard 
to multivibrator frequency is as high as 40 to 1, but for best 
stability, it is limited to approximately 10 to 1. 

The maximum operating frequency of a multivibrator circuit is 
in the vicinity of 100 Kc., thus, it is not truly an RF oscilla- 

tor. However, if a multivibrator is operating on a fundamental 
frequency of 10 Kc., the higher order of harmonics produced will 

fall in the radio frequency spectrum. Thus, the 100th harmonic of 

a 10 Kc. multivibrator will be 1000 Kc., or 1 megacycle. The con- 

secutive harmonics from the second to the 100th will give a usable 
output signal every 10 Kc. between 20 Kc. and 1 megacycle. 

Fig. 42 is a representative multivibrator circuit. Small 
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tubes such as the 56, 6C5, etc., may be used in a circuit of this 
type, or the newer twin -triode tubes, such as 6N7, 6C8, etc., may 
be employed. In Fig. 42, the resistors R, and R2 and the coupling 
condensers C, and C2 are the major frequency -determining compo- 
nents. There is no simple formula that will give the exact fre- 
quency of motorboating (oscillating), but for approximation: 

F = 1000 
R,C, + R2C2 

Where: F is the frequency in Kc. 
R is the resistance in ohms 
C is the capacity in microfarads. 

Generally R, and R2 are made the same size, and C, is made equal 
to C2) In Fig. 42, R, is shown as a potentiometer and fixed re- 
sistor in series. The potentiometer will generally have a value 
in the vicinity of 5000 ohms. It offers a simple means of in- 
jecting the synchronizing or controlling voltage and regulating 
its amplitude. When substituting in the formula above, R, should 
be the total of the potentiometer and fixed resistor in series. 

-11-31.- OUTPUT 

.0001 to 
.002 

B+ 
200V 

Fig.42 Multivibrator circuit with provisions for injecting 
synchronizing voltage. used for dividing frequency. 

Either the grid coupling condensers or the grid leak resis- 
tors should be made variable so that the multivibrator can be ad- 
justed to the correct frequency. The frequency desired will be a 
sub -multiple of the injected controlling frequency, generally the 
10th. When adjusting the multivibrator, the input controlling 
signal is reduced to zero and the variable condensers C, and C2 
(or R, and R2) are varied simultaneously until the fundamental 
frequency of the multivibrator's operation is very close to the 
desired value. As the capacities or resistors are increased, the 
frequency will decrease, and vice versa. When the multivibrator 
is set close to the desired frequency, a small voltage from a 
crystal -controlled higher frequency oscillator may be injected 
into the circuit. As the input voltage is increased, a point will 
be noticed where the multivibrator becomes very stable and the 
output voltage is resolved into a definite frequency. For best 
performance, the input should be increased just slightly above 
this point. An excessive increase in synchronizing voltage will 
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cause the multivibrator to jump to another frequency. When the 

crystal oscillator is assuming full control, the variable circuit 
elements can be changed over an appreciable range without changing 

the output frequency of the multivibrator. 

For a good, low -frequency standard oscillator to serve as the 

controlling signal for the multivibrator, a circuit such as is 

shown in Fig. 13 may be employed. Thus, if the crystal -controlled 

oscillator of Fig. 13 is operating at a frequency of 50 Kc. and 
the multivibrator circuit shown in Fig. 42 is synchronized on the 

fifth sub -multiple of 50 Kc. or 10 Kc., accurate, crystal con- 
trolled frequencies will be obtained every 10 Kc. from 10) Kc. to 

1 megacycle out of the multivibrator circuit. For frequencies 
above 1 megacycle, the harmonic output of the standard, crystal - 
controlled 50 Kc. oscillator may be employed. 

With such a great number of standard frequencies available it 
is possible to determine the frequency of an unknown signal by the 
beat frequency method. The multivibrator finds its greatest ap- 
plication in the measurement of unknown frequencies by beating the 
unknown against a known harmonic of the multivibrator. More de- 

tailed information on the exact procedure will be given in a fu- 

ture lesson. 
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FAHRENHEIT TO CENTIGRADE CONVERSION TABLE. 

To change a temperature, given in the Fahrenheit scale, to the Cen- 
tigrade system, the following formula is used: 

Fahrenheit 

C = 
9 

Centigrade 

x (F-`2) 

Fahrenheit Centigrade 

00 
5 

10 

- 17.780 
- 15.00 
- 12.22 
- 9.44 

800 
85 
9015 

95 illi° 
20 - 6.67 100 37.78 
25 - 3.89 105 40.56 
30 - 1.11 110 43.33 
32 0 115 46.11 
35 + 1.67 120 118.89 
110 4.44 125 51.67 
45 7.22 130 54.44 
50 10.00 135 57:22 
55 12.78 1140 60.00 
60 15.56 145 62.78 
65 18.33 150 65.56 
70 21.11 200 93.99 
75 23.89 212 100.00 

CENTIGRADE TO FAHRENHEIT CONVERSION TABLE 

1b change a temperature, given in the Centigrade scale. 
Fahrenheit system, the following formula is used: 

F =(_XC) +12 

Centigrade Fahrenheit Centigrade Fahrenheit 

- 20° -4.00 450 113.00 
- 15 +5.0 50 122.0 
- 10 14.0 55 131.0 

5 23.0 60 1ú0.O 
0 32.0 65 1u9.0 

+ 5 41.0 70 158.0 
10 50.0 75 167.0 
15 59.0 80 176.0 
20 68.0 85 185.0 
25 77.0 90 194.0 
30 86.0 95 203.0 
35 95.b 100 212.0 
40 104.0 

to the 
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TO BAG DUCKS 
HAVE PLENTY OF AMMUNITION 

Included in the famous tales of fiction's history are 
those involving that great truth -stretcher, Baron Munchau- 
sen. And among the tales of Munchausen, the one which 
stands out is that of his remarkable duck -hunting trip. 

It seems that the Baron went hunting. He concealed 
himself in the reeds, and waited for the birds to appear. 
But to his embarassment he found that he had no ammuni- 
tion, and lust at the moment of his discovery, a nice flock 
of fat ducks settled to the surface of the water before his 
eyes! 

After a moment of thinking, he decided that he would 
wait for the right moment, and then use a valuable pearl 
from his ring in place of a bullet. So he carefully tamped 
down a light quantity of powder, and then placed the pearl 
in the barrel. After a long wait, the ducks drifted into a 

straight line. Lining un his sights, he shot. The pearl 
bullet neatly pierced every head in the line, and the Baron 
extracted the pearl from the head of the last duck! 

There are a lot of fellows who are waiting, withonly 
one little bit of 'ammunition' for the right moment when 
'all conditions are exactly right. 'Then', they say, '1 

will make a fine clean-up and. be on easy street'. 

But those fellows are fooling only themselves. They 
are very busy ín the meanwhile, growing long grey beards. 
The chances of finding everything just exactly right are 
mighty slim! 

How much better it would be for them, like yourself, 
to have plenty of 'ammunition'. 

You are rapidly coming to the point where you will have 
a wealth of radio knowledge. You will soon have enough 
'Ammunition' so that you will not have to wait for just the 
right opportunity, or all conditions to be just exactly 
right. 

Study each lesson thoroughly; catch each fact and file 
it in your mind. Then, when you need the information you 
will have it, and you can 'bring home your bag of fine fat 
birds'. 
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Lesson Three 
BUFFER AMPLIFIERS. 
NEUTRALIZATION 

"All of the transmitters 
used during the earlier days 
of broadcasting consisted of 
high-powered, self-excited os- 
cillators, connected directly to 

an antenna system. It was not until 

the perfection of neutralization that 

high-powered, high -efficiency transmitters were made successful. 

Neutralization plays such an important part in the. present day 

transmitter that it is advisable for the broadcast engineer to be 

thoroughly acquainted with the fundamental theory of operation and 

the practical methods of securing it. 

"Crystal -controlled transmitters would he practically impossi- 

ble without buffer amplifiers, so a thorough study of this subject 

is also quite important in the study of modern broadcast transmitters." 

1. GENERAL TRANSMITTER CONSIDERATIONS. In the two preceding 

lessons, the subject of cscillators was thoroughly discussed. The 

oscillator is, of course, the heart of the transmitter; it is the 

device which produces the high -frequency carrier wave which is 

radiated from the antenna. If voice and music are to be communi- 

cated, this carrier wave must have its amplitude varied in direct 

accordance with the changes of the audio currents generated in the 

microphone circuit. This operation is called "modulation" and the 

device that effects it is known as the "modulator". 

The simplest possible type of voice -transmitter consists of 

an oscillator connected to a modulator. The modulated output of 

the oscillator feeds an antenna which radiates the intelligence 

in the form of electromagnetic waves. The simplest transmitter is 

shown in block diagram form in Fig. 1. Except for portable ultra- 

high -frequency transmitters, this system is obsolete. To obtain 

a reasonable power output at ordinary broadcast frequencies would 

require that the oscillator be self-excited. The comparatively 

poor frequency stability of the self-excited oscillator is well 

known, and this fact itself would prevent its use in broadcast 

transmitters owing to the rigid requirements of frequency mainte- 

nance specified by the Federal Communications Commission. 

With the fact definitely determined that a broadcast trans- 

mitter must employ a crystal -controlled oscillator to secure the 

required frequency stability, the next problem is to discover the 

most desirable stage in which to modulate the transmitter. Since 

crystal -controlled oscillators with good frequency stability arP 
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incapable of producing more than 1 or 2 watts of R.F. power, it 
is essential that they be followed by several R.F. power amplifiers, 

To Speech 

E -- 
Amplifier 

Modulator 

To 

Oscillator 
Antenna 

Fig.1 Block diagram of a simple radio -telephone transmitter. 

whose purpose is to build up the weak output of the oscillator un- 
til it is capable of causing appreciable radiation from the trans- 
mitting antenna. It is theoretically possible to modulate the crys- 
tal oscillator; that is, cause the amplitude of its oscillations 
to vary at an audio freouency rate. It is also possible to amplify 
the unmodulated output of the oscillator with several stages of R.F. 
power amplifiers, and then modulate the final amplifier stage which 
feeds the antenna. Between these two extremes, there is the possi- 
bility of amplifying the unmodulated carrier through one or two 
stages, then applying the modulation, and finally amplifying the 
modulated carrier with one or more stages. 

The system of modulating the crystal oscillator is never used. 
In Lesson 5 of this Unit, it will be shown that to cause 100%a mod- 
ulation requires that the DC plate voltage applied to the modulated 
stage be varied from twice its normal value to zero. Also, it was 
learned in Lesson 1 of this Unit, that a change in the plate -supply 
voltage was one of the causes of frequency variation. Therefore, 
the attempt to modulate the crystal oscillator would result in very 
poor frequency stability. Either of the other two systems of mod- 
ulating a. transmitter may be employed; a complete discussion of 
the relative merits of each will be given in a later lesson. 

For the same reason, the stage following a crystal oscillator 
is never modulated, since changing the plate voltage of this stage 
would change the load on the oscillator with a resulting variation 
in frequency. There is at least one stage and sometimes more be- 
tween the oscillator and the modulated stage. Fig. 2 shows an im- 

Crystal 
Controlled 
Oscillator 

Intermediate 
Amplífier- 

(Buffer) 

To Speech 

Amplifier 

Power 
Amplifier 

To 

Modulator 

Antenna 

Fig.2 An improved radio -telephone transmitter. 

proved type of broadcast transmitter illustrated in block diagram 
form. It consists of a crystal -controlled oscillator followed by 
an intermediate amplifier which feeds the power amplifier. The 
power amplifier is modulated and its output is connected to the 
transmitting antenna. 
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A more modern radio broadcast transmitter is illustrated in 

Fig. `i. The oscillator is crystal - controlled and associated with 
the oscillator is the temperature - control equipment.. The oscil- 
lator feeds a buffer amplifier, which in turn is connected to a 

second amplifier. The output of this second amplifier excites the 
modulated stage, and following this stage are two power amplifiers 

Fiq.3 Block diagram of a modern broadcast transmitter. 

which amplify the modulated carrier. The speech amplifier builds 
up the audio frequencies until they are strong enough to cause 100% 
modulation of the carrier freouencv. The frequency monitor is a 

separate crystal oscillator used to check the transmission frequency. 
The R.F. transmission line connects the output of the final stage 
to the antenna. In high-powered transmitters, it is not desirable 
to have the antenna tower too close to the transmitter house. The 
external antenna coupling unit is used to connect the R.F. trans- 
mission line to the antenna. 

2. THE BUFFER AMPLIFIER. The stage following tl:e crystal 
oscillator in any transmitter is called the "buffer amplifier". 
Its purpose is to prevent the variations produced in the modulated 
amplifier from reacting on the oscillator and thereby causing a 

variation of the oscillation freouencv. It serves the additional 
purpose of building up the relatively weak oscillations produced 
by the oscillator to the point where they are able to excite the 
modulated stage. Nearly all modern transmitters employ at least 
two amplifiers between the oscillator and the modulated stage. Both 
of these amplifiers are properly called buffers, although in some 
diagrams, the second one is not so labeled, 

The diagram shown in Fig. 4 illustrates the schematic of a 

crystal oscillator feeding a buffer amplifier. The oscillating cur- 
rent flowing in the plate tank circuit of the oscillator sets up 
R.F. voltages across the tank. The condenser C3 connected between 
the lower end of the tank and ground has a very low capacitive re- 
actance to the oscillation freouencv; hence, the bottom of the tank 
is effectively grounded with respect to R.F. fly connecting a block- 
ing condenser between the tank and the grid of the buffer to prevent 
the DC plate voltage from being applied to the grid, the R.F. vol- 
tages present across the plate tank circuit may be used to excite 
the buffer stage. This blocking condenser is the one marked C4 in 

the diagram; its capacitive reactance to the oscillation freouency 
should not be very great, in order that the R.F. voltage present 
across the tank will not be dropped across it, but will be available 
for exciting the grid of the buffer. 

Bias voltage must be applied to the grid of the buffer to limit 
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its plate current to a. safe value. In this diagram, the bias is 
supplied by a battery, with its negative terminal connected toward 
the grid, and its positive terminal. grounded. Since the center tan 

C4 

RFC 

110V 
AC 

r. 
Fiq.0 A crystal oscillator capacitively coupled to a buffer amp- 

lifier. 

of the illaneilt is also connected to ground, this battery causes 
the grid to be negative with respect to the center of the filament. 
This battery does not offer an appreciable impedance to the R.F. 
voltage applied to the grid, and to prevent this voltage from being 
shorted to ground by the low impedance of the battery, an R.F. choke 
is connected between the negative terminal of the battery and the 
arid. This choke should have a high inductive reactance to the 
transmission frequency, and, at the same time, avery low DC resis- 
tance. The buffer amplifier is usually biased to at least cut-off, 
and sometimes as much as one and one-half times cut-off. 

Filament by-pass condensers are used on the buffer amplifier 
as well as the oscillator; they are shown as C7 and C8 in the dia- 
gram. They provide alow-impedance path around the filament secon- 
dary windings for the R.F. component of the plate current. The load 
impedance of the buffer tube is a parallel tuned circuit, tuned to 
the fundamental frequency of the oscillator. The condenser Cn is 
the neutralizing condenser, about which more will be said in a later 
section of this lesson. C3 and C9 are plate by-pass condensers; 
they provide a low -impedance path around the power supply for the 
R.F. variations of the plate current. 

This method of coupling the oscillator to the buffer is called 
"capacitive coupling." When the oscillator uses a shunt -fed plate 
circuit, the connection to the grid of the buffer is made directly 
from the oscillator tank; no coupling condenser is needed since the 
plate tank of the oscillator is isolated from the DC plate -supply 
voltage by the condenser C4 shown in Fig. 5. Notice that this cir- 
cuit requires an R.F. choke in the plate circuit of the oscillator, 
but none is needed in the grid circuit of the buffer. The grid 
bias battery is connected to the bottom end of the oscillator tank 
circuit. In order to prevent the shorting of this C battery, the 
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condenser C3 is provided: it is connected between the lower end 

of the oscillator tank and ground. It is necessary to ground the 

C4 

Fiq.5 A shunt-fed oscillator and a buffer amplifier. 

lower end of this tank circuit with respect to R.F., but this can- 

not be done directly without grounding the bias voltage of the buf- 

fer. The other components of this circuit serve the same purposes 

as in Fig. 4. 

1. NEUTRALIZATION. In Lesson 24 of Unit 1, it was learned 

that a radio- freouencv amplifier employing a three -element tube 
must be neutralized to prevent self oscillations due to feedback 

through the interelectrode capacity of the tube. Th.4 oscillations 

are set up by the R.F. voltages developed across the plate load by 

the varying plate current. These voltages cause R.F. currents to 

flow through the plate -ºrid capacity of the tube to the grid cir- 

cuit, and in flowing through whatever is connected in the grid cir- 

cuit of the tube, the R.F. currents set up R.F. voltages which then 

serve as the grid excitation of the tube. Since the three -element 

tube has the ability to amplify a voltage applied to its grid cir- 

cuit, the power developed in the plate circuit of the tube is greater 

than that present in the grid circuit. Therefore, by feeding a part 

of the R.F. energy of the plate circuit back into the grid circuit, 

the tube may. be made to supply its own input voltage. khen this 

occurs, the tube acts as an oscillator instead of an amplifier. 

The fact that it is possible to produce sustained oscillations 

by the feedback of R.F. energy through the interelectrode capacity 

of the tube is taken advantage of in the tuned -grid, tuned -plate 

oscillator. All the oscillators illustrated in this lesson depend 

upon this principle for their operation. This condition is, then, 

desirable in oscillators. 
On the other hand, this action is very undesirable in ampli- 

fiers. The carrier frequency has been generated by the oscillator 

and great care has been taken to see that this frequency is as stable 
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as possible, by the use of a temperature -controlled, piezo-electric 
crystal. The purpose of the stages following the oscillator is to 
amplify this weak output of the oscillator and not to oscillate and thereby introduce other frequencies of lesser frequency stability. Since it is absolutely essential that the buffer amplifier and the 
remaining amplifiers do not of themselves oscillate, some means must 
be taken to prevent this occurrence. 

The prevention of oscillations due to feedback through the inter - 
electrode capacity is effected by neutralization; that caused by other sources, such as magnetic feedback, must be eliminated by care- 
ful construction and placement of the component parts. Since the 
problem of neutralization is of major importance in the design and 
operation of transmitters, it is advisable that this subject be con- 
;idered in detail. 

In the discussion of the neutralization of radio -frequency 
amplifiers for reception purposes, two different methods of neutra- 
lization were given. The principle of operation consists of the 
feeding back from the plate to the grid circuit an R.F. current 
equal in magnitude and opposite in phase to that fed through the 
interelectrode capacity of the tube. The amount of current fed 
back is adjusted by varying the capacity of the neutralizing con- 
denser. If the current fed through the neutralizing condenser is 
to be 180° out of phase with that fed through the interelectrode 
capacity, the voltage producing this current must be 180° out of 
phase with that between the plate end of the tank circuit and ground. 
Such a voltage may be easily secured by tapping the plate tank at 
its exact center and feeding the plate voltage into the tank at this 

Fig.6 Showing the connections for plate neutralization. 

point. From the point where the plate voltage is applied,. an R.F. 
by-pass condenser is connected to ground, thereby grounding this point with respect to R.F. as is shown in Fig. 6. This is called 
"Plate neutralizing". 

It is a well known fact that with the R.F. ground at this point, the voltage between the top of the tank and ground will be IBO° out of phase with the voltage between the bottom end of the tank and 
ground. That is, as point X is becoming more positive, point Y will be growing more negative. Therefore, the voltage between the 
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bottom of the tank and ground serves to force an R.F. current through 
the neutralizing condenser to the grid circuit of the tube. It is, 
of course, possible to vary the amount of neutralizing voltage by 
changing the position of the tap, 0. ;iowever, it has been definitely 
determined that the voltage across the two parts of the tank circuit 
will not be perfectly 180° out of phase unless the plate tank is 
tapped at its exact center. Thus an imperfect form of neutraliza - 

Plate r--1.4= 
Grid-1- 

Capaciy'__' 
Fig.7 Showing how the neutralizing 

condenser affects the tuning. 

tion may be obtained when the plate is tapped off -center, but max- 
imum efficiency and stability demand that the neutralization be 

as perfect as possible. For this reason, all.broadcast transmitters 
(and many amateur transmitters) use center -tapped tank circuits. 

It should be noticed that the neutralizing condenser is in 

series with the grid -plate capacity of the tube, and this series 
combination is, in effect, in parallel with the plate-tank,tuning 
condenser. Thus every change of the capacity of the neutralizing 
condenser will slightly affect the tuning of the tank circuit. This 
is illustrated in Fig. 7. 

Fig. 8 illustrates another method of neutralization. It is 
called "grid neutralization" or the"trice" method of neutralization. 

G 

Fig.8 Illustrating grid neutralization. 

In this circuit, the plate voltage of the oscillator is applied 
not at the bottom of the oscillator plate tank, but at its exact 
center. Since this point of the tank circuit is grounded with re- 
spect to R.F., the excitation voltage for the grid of the buffer 
is that voltage present between the top of the plate -tank circuit 
and point F or ground. The neutralizing voltage appears across the 
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lower portion of the oscillator tank from point F to point X. Just 
how this circuit is able to neutralize the energy fed back through 
the interelectrode capacity of the tube may be more easily seen by 
redrawing the circuit in the form of a Wheatstone Bridge. This is 
done in Fig. 9. The voltage developed across the buffer tank cir- 
cuit forces an F.F. current through the grid -plate capacity of the 
tube, and through that part of the oscillator tank circuit between 

P 

Fig.9 The circuit of Fig. 8, 
redrawn to show the components 
of the Wheatstone Bridge. 

points G and F. Point F, we must remember, is at R.F. ground poten- 
tial. In addition, the bottom end of the buffer tank circuit is 
also' at an R.F. ground, since the capacitive reactance of the by- 
pass condenser C4 is very low to the oscillation frequency. Therefore, 
this circuit redrawn as a Wheatstone Bridge is equivalent to that 
of Fig. 8. 

The R.F. voltage developed across the plate tank of the buffer 
also forces an K.F. current through the neutralizing condenser, and 
through the plate tank of the oscillator from point X to point F. 
If proper neutralization has been achieved, the voltage set up across 
the top of the oscillator plate tank from points G to F is equal to 
that produced from points F to X, and the two voltages are opposite 
in phase and therefore cancel. Or, looking at the circuit from the 
standpoint of a Wheatstone Bridge, the application of a voltage be- 
tween the points P and F will not produce any voltage between the 
points G and X, if the bridge is balanced. 

This method of neutralization has the disadvantage that not all 
of the voltage developed across the oscillator plate tank is avail- 
able for grid excitation; half of it is used as the neutralizating 
voltage. Since the output of the oscillator is, at best, relatively 
weak: it is sometimes found that with this method, the voltage across 
the upper part of the oscillator tank is insufficient to properly 
excite the grid of the buffer. For this reason, grid neutraliza- 
tion is not ordinarily used with buffer amplifiers, but is quite 
popular for the amplifier stages following the buffer, as is evidenced 
by the fact that most broadcast transmitters employ this method in 
the higher -powered stages. 
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4. SCREEN -GRID BUFFER AMPLIFIERS. The fact that the need for 

neutralization is easily obviated by the use of screen -grid tubes 

was thoroughly discussed in Lesson 25 of Unit 1. By using a second 

grid within the tube between the control grid and plate to which a 

voltage somewhat less than the plate voltage is applied, and by 

grounding this grid with respect toR.F. by means of alow-reactance 

condenser, the effective grid -plate capacity is reduced to a very 

low value. The screen grid acts as an electrostatic shield between 

the plate and the control grid. The DC voltage applied to the screen 

grid varies from one -sixth to one-third of the plate voltage. 

The outstanding success attained with screen grid tubes in re- 

ceivers led to the design and construction of larger screen -grid 

tubes to he used in transmitting circuits. They are especially de- 

sirable in high -frequency transmitters where the capacitive reactance 

of the grid -plate capacity of a three -element tube is so low that 

neutralization is difficult. Screen -grid tubes for use in:trans- 

mitters have awide variety of plate dissipations, ranging from about 

15 watts to 750 watts. In designating the rating of a transmitting 

screen -grid tube, it is also necessary to specify the allowable 

screen -grid dissipation. 

Fig.10 A screen grid buffer 
amplifier. 

110V 
AC 

A buffer amplifier circuit using a screen -grid tube is shown in 

Fig. 10. Ri is the screen -dropping resistor, used to reduce the 

voltage of the power supply to a value suitable for application to 

the screen. C2 is the screen by-pass condenser, while C3 serves the 

same purpose for the plate circuit. If care is taken in the place- 

ment of the parts, and if proper shielding is used, a screen -grid 

tube will operate properly in a circuit without neutralization, even 

at the higher frequencies encountered in short-wave transmitters. 

5. INDUCTIVE COUPLING. All of the buffers illustrated thus 

far in this lesson have been capacitively coupled to the crystal 

oscillator. It is possible, however, to couple the oscillator to 

the buffer by transformer action. Fig. 11 shows such a circuit. 

The current flowing in the tank circuit of the oscillator, L5C1 
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induces R.F. voltages into the grid tank, L2C2. This grid tank 
should be tuned to resonance with the oscillator frequency in or- 
der to develop maximum grid excitation voltage for the buffer 
tube. Resonance of the grid tank is indicated by the flow of max - 

Fig.11 Buffer stage transformer-coupled to crystal oscil- lator. 

imum grid current. The amount of grid excitation is changed by 
varying the distance between the plate tank coil of the oscilla- tor and the grid tank coil of the buffer. Straight inductive 

Concentric 
Line 

Fig.12 Illustrating the use of a concentric line to couple the oscillator to the buffer. 

coupling is, of course, limited to those cases where it is prac- 
tical to mount the plate coil of a stage close to the grid coil of the following stage. Often it is not convenient to arrange the various parts on the chassis or in the transmitter cabinet so that 
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the two coils may be close together. In this case'a modified form 
of inductive coupling known as link coupling is to be preferred. 

Instead of coupling the plate circuit of one stage directly 
to the grid circuit of the following stage, they are coupled by 
means of a third circuit called a link. Broadcast transmitters 
ordinarily employ a concentric line, the ends of which are coup- 
led either inductively or capacitively to the respective stages. 

Link 

Fig.13 A plug-in coil 
with the coupling link. 

Amateurs, on the other hand, commonly use a twisted -pair line. 

Either method is satisfactory, but naturally the concentric line 
has less loss, although it is considerably more expensive. 

Fig.1u An oscillator link-coupled to a buffer. 

Fig. 12 shows two stages capacitively coupled by means of a 
concentric link. Such an arrangement allows the two stages to be 

placed on different shelves of a rack or wherever is most conven- 

ient. When the link is inductively coupled to the tank circuit, 

one or two turns of the line are placed around the tank coil as 

shown in Fig. 13. This coil is of the plug-in type; ordinarily 
only the high-powered stages use copper tubing or copper strip in 

the construction of tank coils. 
Fig. 14 shows a schematic diagram of a crystal oscillator 

link -coupled to a buffer stage. Sometimes more than one turn is 

used in the link circuit, as illustrated in Fig. 15. This figure 
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shows a tank coil made of copper tubing; the link circuit consists 
of three turns of tubing magnetically coupled to, but electrically 
insulated from the tank coil. In many instances the link is 

smaller in diameter than the tank coil and is placed inside the 
tank. One advantage of this method of construction is that the 
link may be pivoted so that it will rotate within the tank coil. 

Fig.15 A large tank coil 
with a coupling link. 

When the axis of the link is parallel to the axis of the tank 
coil, there will be maximum inductive coupling between them; and 
when the two axes are at right angles, the coupling is minimum. 
This affords a convenient means of varying continuously and 
smoothly the amount of power transferred from one stage to an- 
other. A tank coil of this type is illustrated in Fig. 16. When 
inductive coupling is employed, the link circuit should be coupled 
to the "cold" end of the oscillator and the buffer tanks. By 
"cold" is meant that end of the tank which is grounded with re- 
spect to R.F.; the "hot" end of the tank which is the end nearest 

Fig.16 Tank Coil with 
link mounted inside for 
variable coupling. 

the plate or grid of the tube. By coupling the link circuit to 
the cold end of the tank, the energy which is transferred from the 
tank to the link, due to capacitive effect between them, is re- 
duced to a minimum. It is desirable that the transfer of energy 
between them be due only to inductive coupling. 

The advantages claimed for link coupling are: 
(1) Provides a flexible feed line up to several feet 

in length, which results in more efficient oper- 
ation between stages in "rack" type transmitters 
in which the stages are relatively far apart. 

(2) It permits the use of series -feed in both the 
grid and the plate circuits. 
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(3) With a given amount of excitation on the grid of 

the first buffer, the use of link coupling de- 

creases the plate current in the crystal oscil- 

lator stage and thereby reduces the R.F. current 

through the crystal itself. 

(4) Eliminates the use of taps on coils with their 

resulting attendant losses. 

(5) Due to the lack of capacitive coupling effect 

when using link coupling, neutralization is 

made easier. 

Most of these claims result from the fact that 
link coupling pro- 

vides a certain amount of impedance matching between the 
stages. 

The fact that a tube should work into a certain value of 
load im- 

pedance for its best operation has been discussed in previous les- 

sons. In the following lesson, a detailed discussion of impedance 

matching will be presented. 

6. THE COMPONENT PARTS OF A TRANSMITTER STAGE. In the pre- 

ceding lesson, the construction of tank coils was discussed. It 

was learned that high-powered stages always employ a tank coil 

made of copper tubing or flat copper strip; the purpose being -to 

secure the proper amount of inductance with the 
least amount of 

resistance. Stages of lower power use wire -wound coils, which 

may or may not be of the plug-in type. Except when link coupling 

is used, all connections are made to the tank coil by means of 

clips, so that any part of the coil may be used. Wire -wound 

transmitter tank coils have taps brought out every few 
turns, so 

that the amount of coil in use may be varied. With capacitive 

Fig.17 A split-stator tuning 
condenser. 

coupling, it ís desirable that the connection to the grid of the 

following stage be made with a clip to make 
the adjustment of the 

grid excitation easy. By moving the tap toward the top or plate 

end of the coil, the grid excitation is increased, while moving 

it toward the lower or ground end of the tank causes a decrease 

in the excitation. All tank coils should be mounted on stand-off 

insulators having low dielectric losses, and large 
masses of metal 

should be kept away from the field of the coil. Standard practice 

demands that a space around the tank coil equal at least to one- 

half the diameter of the coil (and preferably equal to the diam- 
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eter of the coil) be kept free from metallic objects or other 
bodies might cause losses in the tank. 

Even if the feedback through the interelectrode capacity is 
perfectly neutralized, the stage will still oscillate if there is 
magnetic coupling between the plate coil of one stage and that of 
the preceding stage. For this reason, the two coils should be 

Fig.18 The symbol used to oenote 
a split -stator tuning condenser. 

mounted at right angles to each other to minimize the inductive 
coupling between them, and for the best results, each stage should 
be separately shielded and the shield well grounded. The shield 
is usually composed of sheet copper or aluminum or may be con- 
structed of any non-magnetic material which is a good conductor. 

The tuning condensers used in transmitting stages are similar 
to those employed in receivers, except that they are of a more 
rigid construction and the plates are more widely spaced to pre- 
vent arcing from one plate to another under the influence of the high voltages commonly used in transmitters. A type of condenser 

Fiq.19 Plate neutralization 
using a split- stator tuning 
condenser. 

extensively employed in transmitters which has not as yet received 
consideration is the split -stator tuning condenser It consists 
of two stator sections insulated from each other and two rotor 
sections mounted on the same rotating shaft, and therefore con- 
nected together electrically. Thís condenser is identical ín con- 
struction to an ordinary two -gang receiving condenser. An illus- 
tration of a split -stator tuning condenser is shown in Fig. 17, 
while the symbol used to represent it is given in Fig. 18. 

A circuit using a split -stator tuning condenser is shown in 
Fig. 19. In this circuit the split -stator condenser is used to 
tune the plate tank. The rotor is grounded and the two stators 
connect to the two ends of the tank coil. In using this type of 
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circuit, the plate voltage is always applied to the exact center 

of the plate tank coil. Notice that no R.F. by-pass condenser is 

connected between the point where the plate voltage is applied and 

ground. It is unnecessary, since the grounding of the rotor of 

the condenser effectively grounds the tank circuit. Of course, 

such a circuit as this is used only when it is necessary to split 

Fiq.20 A neutralizing con- 
denser. 

the tank into two sections to obtain neutralizing voltage. The 

excitation voltage for the succeeding stage is equal to the volt- 

age developed across the upper section of the tuning condenser, 

while that across the bottom section is used for neutralization. 

Since the two sections of the tuning condenser are in series, the 

total tank capacity is equal to one-half of the capacity of each 

section. Since the exact center of the tank coil is at the same 

voltage as the center of the condenser, or the rotor, this point 

of the coil is at ground potential with respect to R.F. It is 

for this reason that the plate voltage should be applied at this 

point. 

Fig.21 A neutralizing con- 
denser used 'for high frequen- 
cies. 

Neutralizing condensers for transmitters are small variable 

condensers having a small plate area and consisting of just a few 

plates. Sometimes they have just three plates; two stator plates 

and one rotor. Fig. 20 shows an illustration of a neutralizing 

condenser. High -frequency transmitters often employ neutralizing 

condensers having just two plates as the one shown in Fig. 21. 

The capacity is varied by changing the distance between the two 

plates; the shaft of the upper plate is threaded and this plate 

may be raised or lowered by means of a screw driver. 
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All R.F. by-pass condensers used in a transmitting stage have 
a capacity of .002 mfd. or higher. They should be absolutely non - 
inductive; and, since mica condensers comply with this requirement 
better than any other kind, they are nearly always used. The by- 
pass condensers used in the filament circuit do not need to have a 
high breakdown rating as they are subjected to only one-half the 
filament voltage. The plate by-pass condenser must be able to 
withstand somewhat more than twice the DC plate voltage. Since 
the voltages used in a transmitter are rather high, mica conden- 
sers are best suited for this purpose; because, for a given thick- 
ness, mica is able to withstand a higher voltage than any other 
common dielectric. 

C2 
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Fio.22 A buffer amplifier with a shunt-feo plate circuit. 

The coupling condenser between the oscillator and the buffer 
is usually about .0001 mfd. A larger capacity would, of course, 
have a lower reactance to the oscillator frequency, but it is bet- 
ter to use a condenser of this size so that the oscillator will 
not be loaded too heavily. A smaller capacity condenser in this 
position reduces the excitation voltage on the buffer and there- 
fore reduces the power drawn from the oscillator, which tends to 
make the oscillator more stable. The left plate of this condenser 
(C, in Fig. 22) is connected to the positive side of the plate 
voltage supply, while the right plate is connected to the negative 
side of the bias supply of the following tube. Thus, this con- 
denser must be able to withstand the plate voltage of the first 
tube plus the bias voltage of the tube following. 

In this connection, it should also be noticed that the volt- 
age across the neutralizing condenser is equal to the plate volt- 
age plus the bias voltage, and it must be designed to withstand 
this voltage. The condenser that by-passes the C battery is sub- 
jected to the entire bias voltage. Since this voltage will aver- 
age from 100 to 200 volts, a 600 volt mica condenser will be sat- 
isfactory in this position. In the interest of safety, the rating 
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of any condenser used in the transmitter should be somewhat higher 

than the voltage that is to be applied to it. 

The R.F. chokes used in a transmitter operate in conjunction 
with the R.F. by-pass condensers to separate the DC from the R.F. 

components of the plate and grid currents. Fig. 22 shows a buffer 

amplifier with a shunt -fed grid and plate circuit. The R.F. 

chokes used in this circuit will probably have an inductance of 2 
to 20 millihenries, and a DC resistance of from 8 to 75 ohms. 

Their current -carrying capacity will be determined by the size of 

the wire with which they are wound. The DC current rating should 

be large enough to insure that the choke does not run hot. To 

the DC component of the plate current, the resistance of the choke 

would offer very little opposition, while the practically infinite 

resistance of the blocking condenser C, would be the same as open 

circuit to the DC component. Therefore, the DC component flows 
through the choke and back to the power supply. 

Now let us assume that the inductance of the choke is 4 mil- 

lihenries; the capacity of the condenser is .002 mfd.; and the 

frequency is 1000 kc. The inductive reactance of the choke at 

this frequency is 25,120 ohms; and the capacitive reactance of the 

condenser is 79 ohms. Thus it is easy to see that the choke will 

offer a very large impedance to the R.F. component of the plate 

current, while the by-pass condenser offers a negligible imped- 
ance. 

Fig.23 R.F. chokes for transmitter stages. 

The same reasoning applies to the grid circuit. The DC com- 

ponent of the grid current finds an easy path through the R.F. 

choke and the C battery to ground, while the R.F. component flows 

through the coupling condenser, through the plate tank coil of the 

preceding stage, and through the plate by-pass condenser to 
ground. Despite the fact that the R.F. choke is used, it is also 

necessary to by-pass the C battery to insure that the R.F. current 

does not flow through it. It should be observed that an R.F. 

choke does not present an infinite impedance to the R.F. current, 

and therefore there will be a small amount of R.F. current flowing 

through it. In the shunt -fed plate circuit, this is very undesir- 

able, since the R.F. current flowing through the choke represents 

a loss of R.F. power which does not reach the tank circuit. This 

R.F. current which flows through the choke is called the leakage 

current, and the fact that any R.F. choke will have some leakage 

current makes the series -fed plate circuit preferable to the 

shunt -fed type. 
An R.F. choke possesses some distributed capacity. In well - 
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designed chokes, this will be a minimum, but 
it can never be com- 

pletely eliminated. This distributed capacity has the same effect 

as a condenser connected in parallel with the choke. At some par- 

ticular frequency, this capacitive effect will tune the choke to 

resonance. At frequencies lower than the resonant frequency of 

the choke, it will act as an inductance, while at frequencies 

above the resonant frequency, the choke will act as a condenser, 

and all its choking action will be lost. For this reason, chokes 

that are suitable for broadcast frequencies are not generally 

usable in high -frequency transmitters. Several R.F. chokes are 

illustrated in Fig. 23. 

The R.F. choke should be mounted so that it is not in the 

field of the tank coil, for if the oscillating tank current in- 

duces voltages into the choke, the operation of the transmitter is 

extremely unstable. 

Fiq.2u A hian-wattage, non -inductive resistor. 

The resistors used in transmitting circuits should usually be 

of the so-called "non -inductive" type. The ordinary wire -wound 

resistor is not suitable, for it has considerable inductive reac- 

tance at radio frequencies. The carbon type resistor is non - 

inductive, but it is not capable of dissipating much more than 5 

watts. When the wattage to be dissipated is much in excess of 

this value, a special non -inductive, high -frequency resistor is 

used. This resistor, which is shown in Fig. 24, consists of high - 

resistance wire arranged on a rectangular refractory 
plate in such 

a manner as to give the least possible values of inductance and 

distributed capacity. Because of these desirable features, it is 

often used as the antenna resistance in dummy antennas. By using 

several of these resistors in series, parallel, or series -parallel 

combinations, it is possible to secure almost any resistance value 

with practically any wattage rating. 

Before describing the process of neutralization and adjust- 

ment of a buffer amplifier, there is one other piece of apparatus 

which should be discussed, since it is very useful in detecting 

R.F. voltages. This is the neon lamp shown in Fig. 25. A neon 

lamp consists of an evacuated glass bulb containing 
the two flat 

metal plates placed in the same plane and separated 
from each 

other by a very small air gap. The base of the bulb is usually 

threaded the same as an ordinary electric light bulb, and the 

plates are connected to the tip and the threaded 
part of the base. 
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When a DC voltage is applied to these electrodes, that one con- 
nected to the negative terminal of the voltage source will glow 
with an orange color, provided that the voltage exceeds a certain 
value. If the voltage source is AC, both electrodes will glow. 
Thus, this lamp affords an easy means of determining whether a 
voltage is AC or DC. These lamps are manufactured in sizes from 
one-fourth watt to 2 watts, and have found a limited use as night 
lights. However, their major application is the detection of R.F. 
voltages. The small ones are used in wavemeters for rough fre- 
quency measurements. 

Fio.25 a neon lamp used to 
detect RF voltages. 

No attempt will be made to describe the operation principle 
of the neon light, since this is a subject that properly belongs 
in the study of television. If one of the small size lamps is 
touched to the plate terminal of the oscillator tank coil, it will 
glow if oscillation is taking place. Connection need be made to 
only one of the electrodes to produce this phenomenon. The cap- 
acity existing between the other terminal and ground is sufficient 
to complete the circuit at ordinary radio frequencies. To detect 
R.F. voltages in the buffer and succeeding stages, the 2 watt 
size is used. It is fastened to a wooden stick to prevent the 
user from receiving a painful R.F. burn. When the lamp is touched 
to the plate end of a tank coil, it glows brightly; and, as it is 

moved toward the bottom end of the coil, the brilliance of the 
glow diminishes, indicating smaller R.F. voltages. When it reach- 
es the point where the by-pass condenser is connected, the lamp 
shows no illumination, since this point is at an R.F. ground. 
Then, as it is moved on downward to the extreme bottom end of the 
coil to the point where the neutralizing condenser is connected, 
it again glows. If the lamp is touched to the plate end of an 
R.F. choke in a shunt -fed plate circuit, (point X in Fig. 22), it 

should indicate an R.F. voltage at this point; but if it is moved 
to the other end of the choke, it should not glow at all. An 
indication of R.F. voltage at this point means that the choke is 

ineffective in keeping the R.F. currents out of this circuit and 
should be replaced. The neon lamp method for indicating R.F. 
voltages should never be used on a tank circuit that contains more 
than 100 watts of R.F. power. Furthermore, the lamp should be 
mounted at the end of a long wooden stick and reasonable precau- 
tion should be exercised when using this method for detecting R.F. 
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voltages. NEVER HOLD THE LAMP DIRECTLY IN YOUR HAND WHEN APPLYING 
IT TO THE TANK CIRCUIT, FOR SUCH AN ACTION IS LIABLE TO RESULT IN 
A PAINFUL R.F. BURN OR A SEVERE SHOCK. 

7. NEUTRALIZATION AND ADJUSTMENT. The procedure for neutra- 
lizing a transmitter stage is somewhat different from that used to 
neutralize an R.F. stage in a receiver. The circuit shown in Fig. 
26 will be referred to in describing the neutralization and ad- 
justment process. The oscillator is a type 843 triode; the first 
buffer is a type 10 triode; and the final stage is another type 10 
tube. 

Fig.26 A three-stage transmitter. 

Before starting the description of the neutralization pro- 
cess, it is necessary that you be impressed with the fact that no 
attempt should ever be made to operate a three -element tube in a 
transmitting circuit until it has been neutralized. If such an 
attempt is made, the circuit will self -oscillate, and when this 
occurs, the plate current rises to a dangerously high value, and 
the plate of the tube becomes white hot, usually resulting in 
complete ruination of the tube. Therefore, remember never to 
apply the plate voltage to a three -element transmitting tube until 
it has been properly neutralized. (The exception to this state- 
ment is, of course, the oscillator tube.) 

To start the neutralization process, the filament voltage is 
applied to all three tubes, and the filaments are allowed to reach 
their operating temperature. The coupling between the oscillator 
and first buffer is disconnected by removing the excitation tap A 
from the oscillator plate tank. The oscillator plate voltage 
switch is next closed; this applies plate voltage to the oscilla- 
tor. Simultaneous with this action, the plate milliammeter will 
indicate that plate current is flowing. It will probably have a 
value ranging from 20 to 30 ma. The oscillator tank condenser is 
now slowly rotated while the reading of the plate milliammeter is 
closely watched. When the plate tank is tuned to the resonant 
frequency of the crystal, the needle of the plate milliammeter 
will dip, indicating a lower value of plate current. Since, as 
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was discussed in the previous lesson, it is not desirable to oper- 
ate the crystal 'oscillator at the minimum reading of the plate 
milliammeter, the plates of the tuning condenser are unmeshed a 

trifle more until the plate current reading is slightly above its 
minimum value. We have learned that the oscillator tank circuit 
should be tuned to a frequency slightly higher than the resonant 
frequency of the crystal so that it will have a slight inductive 
reactance to compensate for the capacitive reactance of the inter - 
electrode capacity. Fig. 27 shows a graph illustrating the rela- 
tion between the DC plate current of the oscillator and the tank 
capacity, C4. The oscillator will be most efficient if operated 
at point 3, but its stability will be poor, since a slight in- 
crease in capacity will cause the oscillations to stop. For this 
reason, it is advisable to operate the oscillator at point 2. 
When the proper adjustment has been made, the plate current will 
be from 12 to 15 ma. 

Fia.27 Showing the re- 
lation between the capac- 
ity of the tuning conden- 
ser and the oscillator 
plate current. 

Low _T High 

caaacity 

The oscillator plate voltage is removed and the buffer ex- 
citation tap A is connected to the tank coil of the oscillator 
near the plate end of the coil. After it has been ascertained 
that the correct bias voltage has been applied to the buffer tube, 

it is safe to close the oscillator plate voltage switch. The bias 
voltage should be approximately one and one-half times the cutoff 
value. You will remember that in the lesson on self-excited os- 
cillators, it was learned that the approximate cutoff bias for a 

triode is determined by dividing the DC plate voltage by the am- 
plification factor of the tube. 

With the crystal oscillator again functioning, it will be 
noticed that a grid current is flowing in the first buffer stage. 
Although the type 10 tube is biased to a value beyond cutoff, the 
excitation voltage supplied by the oscillator plate tank is suf- 
ficient to overcome the bias voltage during a part of the R.F. 
cycle, and the grid of the tube is driven positive for a short 
time each cycle. When the grid goes positive, it draws current 
which flows in the form of pulses lasting for a very short time. 
The average of these pulses or the DC component of the grid cur- 
rent flows through the R.F. choke, through the meter and battery, 
and back to the filament. The R.F. component flows through the 

coupling condenser C6, through the oscillator plate tank, and 
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through the plate by-pass condenser C2 to ground. 

It should also be observed that the oscillator plate current 
increases slightly when the excitation voltage is applied to the 

buffer stage. This indicates that the oscillator has been loaded. 
Whenever a stage draws grid current, power is dissipated in the 
grid circuit. This power is not supplied by the C battery, be- 
cause the grid current flows through this battery in the opposite 
direction from that in which the battery can force current. When 
a battery delivers power to a circuit, the current flows from the 
negative terminal of the battery, through the external circuit, 
and back to the positive terminal of the battery. In this case, 

however, the grid current flows into the negative terminal of the 

battery and out of the positive terminal of the battery; there- 
fore, it is not the C battery that is producing the grid current 
or supplying the power. 

R.F. 
voltage 

C - Fiq.28 Illustrating how the excitation voltage may be re- 
placed by an equivalent RF gen- 
erator. 

The power dissipated in the grid circuit must be supplied by 
the source of excitation voltage which is the tank circuit of the 
oscillator. Perhaps this may be made clearer by reference to the 
diagram of Fig. 28. The R.F. voltage present across the tank cir- 
cuit of the oscillator has been replaced by an alternator whose 
peak voltage is equal to that produced across the oscillator tank. 
For the sake of simplicity, we will assume that this alternator is 
in series with the C battery. The C battery cannot produce a cur- 
rent flow through this circuit, because it is not possible for 
current to flow from the grid of the tube to the filament. Like- 
wise, when the voltage of the alternator is in such a direction as 
to make the grid negative with respect to the filament, no grid 
current can flow. But when the voltage of the alternator changes 
polarity and reaches its maximum voltage in the opposite direction, 
the voltage across it is greater than the voltage of the C bat- 
tery, and as a result, the grid is positive with respect to the 
filament. When this occurs, the grid draws current and power is 

dissipated in the grid circuit. This power is dissipated in 

forcing the grid current through the C battery against the voltage 
of this battery. Since it is the alternator which causes this 
current flow, the alternator is the device that furnishes the 
power, or, in actuality, the power is taken from the tank circuit 
of the oscillator. 

In Lesson 1 of this unit, we learned that the extraction of 

power from a tank circuit produced the same effect as adding 
resistance to the tank. Or, in effect, the power drawn from the 
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oscillator has reflected a resistance into the tank circuit of 
the oscillator. Therefore, the amplitude of the oscillating cur- 
rent decreases and the voltage produced across the tank is re- 
duced. This increases the minimum plate voltage, and as a result, 
the plate current of the oscillator is increased. Reference to 
the curves given in Lesson 1, which show the effect of loading an 
oscillator, should be made at this time, if the foregoing state- 
ments are not entirely clear. 

Some transmitter manufacturers prefer to operate the buffer 
amplifier in such a manner that it does not draw any grid current. 
It is obvious that if no buffer grid current flows, no power will 
be drawn from the crystal oscillator. This, in itself, is an 
advantage, since if there is no load on the oscillator, its 
frequency stability will be considerably better. In this case, 
the purpose of the oscillator is merely to furnish a voltage of 
the proper frequency for exciting the buffer. The buffer stage 
operates as a voltage amplifier, and its power output ís rather 
low; therefore, more power amplifiers will be required. In any 
event, the grid current of the buffer, assuming that it is allowed 
to flow, should be low in order that the load on the oscillator 
is light. 

The resonant frequency of the oscillator plate tank may have 
changed slightly when the excitation voltage is applied to the 
buffer; therefore, it should be checked at this time. We are ow 
ready to neutralize the buffer stage. The neutralizing condenser 
should have a minimum capacity which is low compared with the 
grid -to -plate capacity of the tube, whereas its maximum capacity 
should be at least twice as great as this interelectrode capaci- 
ty. This amount of capacity variation will be sufficient to 
insure that proper neutralization may be secured. The neutraliz- 
ing condenser should be set to minimum capacity, and the tap D on 
the buffer tank circuit should be connected to the center of the 
tank coil, whereas tap C should be disconnected from the tank. 
With the stage un -neutralized, the R.F. voltage between the grid 
and ground will force an R.F. current through the interelectrode 
capacity of the tube, through the buffer tank circuit, and through 
the plate by-pass condenser C, to ground. The R.F. current which 
flows through the buffer tank will set up oscillations in the tank 
circuit, if this circuit is tuned to the resonant frequency. 
Before it is possible to proceed with the neutralization, some 
means must be provided tc indicate whether oscillating current is 
flowing through the buffer tank or not. In commercial transmit- 
ters, the presence of oscillating current in the tank is often 
indicated by connecting a thermogalvanometer' in series with the 
tank tuning condenser. Sometimes a thermogalvanometer type of 
wavemeter is link -coupled to the tank coil by winding a few turns 
of wire around the coil and then connecting a twisted -pair line 
from these turns to the instrument. This method allows the 
wavemeter to be placed in a convenient position for easy reading. 

In thermogalvanometer is a very sensitive therno-couple instrument for detecting 
a small amount of P.F. current. 

23 



If a thermogalvanometer or sensitive wavemeter is available, 
it should be used, because it will indicate when the stage is 

perfectly neutralized. However, it often happens that such an 
instrument is not easily obtainable; in which case it is common 
practice to use a small flashlight bulb connected to two or three 
turns of insulated wire. The wire may be almost anything on hand, 
and should be wound into a few loops with a diameter of about 2¡ 
inches. One end of the wire is soldered to the threaded part of 
the bulb and the other end to the tip. When this flashlight loop 
is hung over the end of the tank coil or placed upright inside of 
the tank so that the plane of its loop is parallel to that of the 
coil's turns, it will glow if there is oscillating current in the 
tank circuit. The magnetic field set up by the oscillating cur- 
rent cuts through the turns of the loop and induces a voltage 
therein which causes a current to flow, thereby lighting the bulb. 
The flashlight bulb may be used only on stages of low power. 

With the R.F. indicator in position, the buffer tank tuning 
condenser is rotated until the indication of oscillating current 
is maximum. This will occur when a aximum reading is obtained 
on the thermogalvanometer, or when the flashlight bulb burns the 
most brilliantly. When this point is reached, the tank is tuned 
to the resonant frequency of the oscillator. If, while tuning the 
buffer tank, the thermogalvanometer indicates that it is about to 
go off scale, or the flashlight bulb glows with more than normal 
brilliancy, it is advisable to increase the capacity of the 
neutralizing condenser slightly before making the final tuning of 
the tank circuit and thus avoid damage to the R.F. indicator. 

With the buffer tank tuned to exact resonance, the stage is 
neutralized by increasing the capacity of the neutralizing con- 
denser until the thermogalvanometer indicates that no R.F. current 
is flowing in the tank. The capacity of the neutralizing condens- 
er should be increased in small steps, and the resonant frequency 
of the tank circuit should be checked in between these steps. 
This is necessary since the setting of the neutralizing condenser 
affects the resonant frequency of the tank circuit very slightly. 

If the neutralizing voltage is correct, the thermogalvano- 
meter should give a reading when the neutralizing capacity is 
minimum; should be zero when the right amount of capacity for 
perfect neutralization has been inserted into the circuit; and it 
should again give a reading when the neutralizing capacity is 
maximum. Unless the stages are well shielded and there is no 
magnetic coupling between the oscillator and the buffer tank 
coils, the thermogal'vanometer will not show a zero reading, but 
will indicate a minimum value when the feedback through the 
interelectrode capacity has been neutralized. 

When perfect neutralization has been attained, the R.F. volt- 
age between the top end of the tank coil and point D, due to the 
R.F. current fed through the interelectrode capacity, is equal to 
the R.F. voltage between the point D and the lower end of the 
coil, due to the R.F. current fed through the neutralizing con- 
denser. Since these two voltages across the plate tank buck each 
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other, there will be no net R.F. voltage across the tank and no 

oscillating current will flow in the tank circuit. Thus, when the 

plate voltage is applied, the R.F. voltage built up across the 

coil will force two R.F. currents of equal value and of opposite 

phase through the interelectrode capacity and the neutralizing 

condenser respectively, and they will cancel in the grid circuit. 

If a flashlight bulb is used for neutralizing, the capacity 

of the neutralizing condenser should be increased to the point 

where the filament of the bulb is no longer red, and the dial 

reading of the neutralizing condenser at this point should be 

carefully recorded. Let us say, for example, that this reading 

is:34. It cannot be assumed that the stage is now completely 

neutralized, merely because the current flowing through the 

flashlight bulb is insufficient to cause it to glow. Therefore, 

the capacity of the neutralizing condenser should be further 

increased until the glow of the flashlight bulb is again seen 

very faintly. Again the dial reading of the neutralizing con- 

denser should be recorded; let us say that it is 42. Thus, the 

flashlight bulb was extinguished for 8 points of the dial (from 

34 to 42). It would, therefore, seem reasonable to assume that 

the exact point of neutralization would occur when the dial 

reading was half -way between 34 and 42, or at 38. This is a 

correct conclusion, and the neutralizing condenser should be set 

half -way between the point at which the light goes out and the 

point at which it is again visible. This point is found by 

subtracting the lower reading from the higher and then adding half 

of the difference between the two readings to the lower value. 

There is another method often used to indicate when the 

neutralization is complete. It is particularly advantageous since 

it does not require any additional equipment. When a stage is 

un -neutralized, the tuning of the buffer plate tank through reso- 

nance will cause the grid current to fall. This will be indicated 

by a sharp dip in the grid current meter as the resonant point is 

passed. One explanation of this phenomenon is as follows: The 

untuned tank circuit offers a very low impedance to the R.F. 
current which flows through the interelectrode capacity. Also, 

the impedance presented by the tank is off tune on the high or 

the low frequency side of resonance. Since the tank circuit 

offers a low impedance, a large amount of R.F. current will flow 

through the interelectrode capacity of the tube. We have learned 

that only a resistance is able to dissipate power; a reactance 

cannot do so, since all the power it takes from the voltage source 

on one alternation is returned to that source on the succeeding 

alternation. Since the tank circuit is predominantly reactive and 

is not acting as a resistance, it is unable to dissipate an 

appreciable amount of power even though the current flowing 

through it is relatively large. Therefore, it will have but 

little effect on the voltage source, which we have learned is the 

tank circuit of the preceding stage. 

On the other hand, when the plate tank is tuned to the reso- 

nant frequency, it acts like a pure resistance of a fairly high 
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value, and, as such, it is capable of dissipating an appreciable 
amount of power. Since this tank circuit has a fairly high im- 
pedance, the amount of R.F. current flowing through the inter - 
electrode capacity will be small, yet even this small amount of 
current is able to dissipate a noticeable amount of power in the 
resonant tank circuit. This additional power used up in the tank 
circuit must be furnished by the voltage source or by the tank 
circuit of the oscillator. As previously stated, when power is 
drawn from a tank circuit, the amplitude of the oscillations de- 
crease, and the voltage developed across the tank is reduced. 
Thus, it is evident that by tuning the tank of the buffer to 
resonance, and thereby causing this tank to dissipate power, the 
load on the oscillator is increased, with the result that the 
voltage across the oscillator tank is lowered, and the grid 
excitation voltage is reduced. The smaller excitation voltage 
will not drive the grid as far positive, and the DC grid current 
becomes smaller. 

When the stage is perfectly neutralized, the R.F. current 
flowing through the interelectrode capacity cannot cause the tank 
circuit to oscillate, because the effect of this R.F. current is 
neutralized by the current fed through the neutralizing condenser. 
If the buffer tank does not have an oscillating current, it is 
unable to dissipate power and the load on the oscillator is unaf- 
fected by the buffer tank circuit. 

The procedure used to neutralize a stage by observing the DC 
grid current meter of that stage is as follows: The filaments 
of the oscillator and the buffer are lighted, and the oscillator 
is put into operation by tuning its tank circuit. Then the ex- 
citation tap to the buffer is connected, and with the plate volt- 
age of the buffer off, the buffer tank is tuned to resonance by 
noting the lowest point in the dip of the grid current meter. With 
one hand engaged in rocking the buffer tank ccndenser back and 
forth through resonance, the other hand slowly increases the cap- 
acity of the neutralizing condenser. It will be noted that as the 
capacity of the neutralizing condenser is increased, the grid 
meter dips less as the buffer tank is tuned through resonance. 
When perfect neutralization is attained, the grid meter will not 
even quiver when the buffer tank ís rocked back and forth through 
the resonant frequency. This method is often used to check the 
completeness of the neutralization when it is performed by one of 
the other methods. 

After it is reasonably certain that the stage has been prop- 
erly neutralized, the buffer tank circuit is set at the resonant 
position, and the thermogalvanometer or flashlight bulb is removed. 
Failure to do this before applying the plate voltage will cause 
irreparable damage to either piece of equipment. The burning out 
of a flashlight bulb is not a serious loss, but the ruination of 
a thermogalvanometer is quite costly. The thermogalvanometer 
usually has a maximum scale reading of 100 ma., and since the 
oscillating current which will flow in the tank circuit after the 
plate voltage is applied is far in excess of this value, this in - 
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strument is sure to be ruined if it is left in the circuit. It is 
always good practice to resonate the tank circuit of a stage be- 
fore applying the plate voltage to that stage. As far as the buf- 
fer stage is concerned, it is improbable that any damage would 
result if this were not done, but a high-powered stage would draw 
so much plate current if the plate voltage were applied with the 
tank circuit untuned, that the tube would be damaged. For this 
reason, the dial reading of the tank circuit at resonance should 
be noted during the neutralization process in order that the tank 
may be tuned after the neutralization is completed. 

When the foregoing points have been checked, it is permissible 
to close the buffer plate voltage switch. The plate milliammeter 
will at once show a reading and the next thing to be done is to 
make sure that the buffer tank is properly tuned. This is accom- 
plished by moving the tank condenser a small amount to either side 
of its present position. It should be observed that as the tank 
is detuned, the buffer plate current rises, and that the plate 
current is minimum when the tank is exactly tuned. Knowing the 
reason for this will help to fix the tuning process in your mind. 
At exact resonance, the tank is equivalent to a resistor of high 
value. In this case, the tube is working into a high load imped- 
ance. The large R.F. voltages set up across the tank cause the 
minimum plate voltage to be very low, and since the plate current 
flows in pulses which last only during the time that the plate 
voltage is low, the peak plate current that flows will not be very 
great. Therefore, the DC component of the plate current will also 
be low. 

When the tank circuit is detuned, its shunt impedance is much 
less, and the tube works into a lower load impedance. The R.F. 
voltages across the tank are small and the minimum plate voltage 
is much greater. This causes the peak plate current to have a 
greater value, and its DC component, as read on the DC plate mil- 
liammeter is correspondingly larger. The action of most trans- 
mitter stages is practically the same as that of a self-excited 
oscillator. Therefore, the curves illustrating the relation 
between the various voltages and currents which were given in 
Lesson 1 of this unit apply equally well to most transmitter 
stages. Reference to these curves will make many of the charac- 
teristics of the buffer stage clearer. It should be realized that 
anything that causes the minimum plate voltage to be raised will 
produce an increase in the plate current. The similarity between 
the self-excited oscillator and the buffer stage is due to the 
fact that both are biased to a point beyond cutoff and both draw 
grid current. 

To make certain that the buffer tank is tuned to the funda- 
mental frequency of the crystal oscillator, a calibrated wave 
meter should be loosely coupled to the tank of the oscillator and 
the dial rotated until the proper indication occurs. Then, with- 
out disturbing the setting of the wavemeter, it should be loosely 
coupled to the buffer tank circuit. If both tanks are tuned to 
the same frequency, the neon lamp should glow; but if the buffer 
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is tuned to a harmonic frequency of the oscillator, the lamp will 
remain dark. 

The excitation tap to the second buffer stage (C in Fig. 26) 

should now be connected to the tank of the first buffer. When 
this is done, the second buffer will draw grid current and the 
power consumed in this grid circuit will load the first buffer, 
thereby increasing its plate current. At this point, it is ad- 
visable to check the tuning of the first buffer, since applying 
the excitation voltage to the second buffer is apt to cause slight 
changes in the tuning of the preceding stage. Both the oscillator 
and the first buffer should now draw normal plate current as 
specified in the manufacturer's ratings. If the plate current of 
either stage is above normal, the ratio of inductance to capacity 
of both the oscillator and first buffer tanks, the grid excitation 
of the first buffer, and the grid bias of both stages, should be 
checked. 

The grid bias of the crystal oscillator is supplied by the 
voltage developed across the grid leak R. Normal values of oscil- 
lator grid leaks range from 10,000 to 50,000 ohms; the higher 
value will give greater efficiency but less power output. The 
ratio of inductance to capacity of the oscillator tank should be 
quite high, since this tends to reduce the crystal current, and 
thus avoids overheating of the crystal. When the excitation tap A 
is moved to the plate end of the oscillator tank, the first buffer 
grid excitation is increased, but the load on the oscillator is 
also made greater. It is not desirable to load the oscillator 
very heavily, as to do so will lessen its frequency stability. 
The grid current of the first buffer, which is given in the man- 
ufacturer's specifications, is ordinarily from one -eighth to one- 
fourth of the plate current of that stage. If a further increase 
in excitation causes the plate current to decrease, the excitation 
is too great; while if the increased excitation produces an in- 
crease in plate current, the excitation is not excessive. 

For a given power output from the buffer stage, it will 
require more grid excitation, when the tube is working into a high 
load impedance than when into a low impedance. For this reason, 
the inductance to capacity ratio of the buffer tank should be 
low, since it is this condition that produces a low load imped- 
ance. The first buffer is never adjusted for maximum power out- 
put, because this reduces the frequency stability of the oscilla- 
tor. This, however, is not true of the remaining stages of the 
transmitter. They are adjusted for the maximum power obtainable 
at a reasonable efficiency. If the plate current of the first 
buffer is still too high after the excitation and the load have 
been adjusted, it may be reduced by increasing the grid bias of 
this stage. Due to the many factors involved, considerable ex- 
perimenting may have to be done before sufficient power is ob- 
tained to excite the second buffer, without drawing excessive 
plate current from either the oscillator or first buffer. Never 
raise the applied plate voltage of either the oscillator or the 
first buffer above that recommended by the manufacturer in an 
attempt to increase the power output. 
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Although there is no simple method of determining the power 

output of either the oscillator or the first buffer, this matters 

little if the power output is sufficient to properly excite the 

grid of the following tube and cause it to draw the correct plate 

current when the bias voltage, plate voltage, and loading are 
correct. 

When the oscillator and first buffer are drawing the correct 

plate current and the excitation of the second buffer is suffic- 

ient to cause ít to draw the proper grid current, the next step is 

to neutralize the second buffer stage. This may be accomplished 

by any one of the methods previously outlined. With the second 

buffer correctly neutralized, and its tank circuit tuned to reso- 

nance, plate voltage is applied to this stage. To load the second 

buffer, the dummy antenna is loosely coupled to the plate tank 

circuit, and the antenna is then tuned to the resonant frequency 

as indicated by maximum antenna current. It is now advisable to 

check the tuning of the first buffer, since putting the final 

stage into operation will probably cause slight changes in the 

tuning of the first buffer. When the final stage is tuned to 

exact resonance as indicated by minimum plate current, the coup- 

ling between the antenna and the final tank circuit should be 

increased until the tube draws normal plate current. If the plate 

current of the final stage is excessive, loosen the coupling 
between it and the antenna and proceed to vary the inductance to 

capacity ratio of the final tank until the correct amount of plate 

current with a maximum amount of antenna current is obtained. The 

use of a high inductance to capacity ratio will increase the ef- 

ficiency and cause a lower tank current, but it will lower the 
power output. A low inductance to capacity ratio will increase 
the power output and also the losses; therefore, it reduces the 

efficiency. A large oscillating tank current will flow, and the 

losses in the tank circuit will probably be large. 

The following rule will help in determining when the induc- 

tance to capacity ratio has the correct value: With the antenna 

coupled to the final stage, tune the plate tank through resonance. 

If the minimum plate current does not occur at the same point as 

the maximum antenna current, the inductance to capacity ratio of 

the second buffer tank is too high. Now tune the plate tank to 

resonance, couple the antenna to the tank until the antenna cur- 
rent is maximum; then disconnect the antenna. If the plate cur- 

rent of the final stage does not drop to approximately 15% of its 

former value, the inductance to capacity ratio is too low, and the 

losses in the tank circuit are excessive. 
With the load adjusted to the proper value, calculate the 

power in the antenna circuit by the I2R Law, and also the power 

input to the final stage. From these values, compute the effic- 

iency. If the efficiency is not 50% or greater, an attempt should 

be made to increase it by using a larger grid bias. Increasing 

the bias will reduce the power input to the tube without seriously 

affecting the power output up to a certain point. The plate 

current may be returned to normal value by increasing the load. 
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As a final test of the stability of the transmitter, open the 
oscillator plate voltage switch. This action should cause all the 
grid current meters to drop to zero, and if battery bias is used, 
the plate current meters will also indicate zero, since the stages 
are biased to a value greater than cutoff. However, when grid - 
bias is employed, the plate current meters will continue to read, 
because the removal of the grid excitation voltage also removes 
the grid bias. If any grid currents do flow, it indicates that 
one of the amplifier stages is self -oscillating. This may be 
caused either by imperfect neutralization or by magnetic coupling 
between the tank circuits. Furthermore, as the oscillator plate 
voltage switch is rapidly opened and closed, all of the meters of 
the transmitter should return each time to their former readings. 

In closing this section on the neutralization and adjustment 
of buffer amplifiers, we wish to leave this timely warning. IN 
ORDER TO SAFEGUARD YOUR LIFE, NEVER MARE ANY ADJUSTMENTS WHATEVER 
TO ANY PART OF THE TRANSMITTER WITHOUT FIRST MAKING SURE THAT THE 
PLATE VOLTAGE OF ALL THE STAGES IS REMOVED. HIGH VOLTAGE IS 
TREACHEROUS AND THE MAN WHO IS SENSIBLY AFRAID OF IT IS NOT LIABLE 
TO BECOME LAX AND CARELESS IN HIS DEALINGS WITH IT. 

8. GRID -LEAK BIAS. Some transmitter designers prefer to 
obtain the bias for the buffer stages from grid leaks rather than 
from batteries or grid -bias power supplies. There is considerable 
economy in this method, since the resistors used for grid leaks 
are cheaper than batteries, and considerably less expensive than a 

8113 865 

Fiq.29 Illustrating how the bias of a buffer amplifier may be 
obtained from a grid leak. 

grid bias power supply. When this method is used, the bias is 
proportional to the amount of grid excitation, and is equal to the 
DC grid current times the value of the resistor. 

There is, however, one decided disadvantage in the use of 
grid -leak bias. If, for some reason, the excitation of a tube 
should fail, that tube would not draw any grid current, and, as a 
result, there would be no bias voltage produced across the grid 
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leak. With the high voltages used on transmitter stages, the 
absence of bias whatsoever would cause the tube to draw a very 
high plate current, which, in a very few moments, would ruin the 
tube. For this reason, grid leaks are never used as the sole 
means of obtaining bias on stages where the plate voltage is very 
high. 

However, the grid leak may be used to obtain a part of the 
bias; the remaining part being derived from the drop across a 

resistor connected between the center tap of the filament circuit 
and ground. Such a circuit is shown in Fig. 29. This diagram 
illustrates an 843 oscillator coupled to an 865 screen -grid buffer 
stage. The resistor R, between the center tap of the filament 
of the buffer tube and ground provides just enough bias voltage to 
prevent the plate current from reaching an excessive value in case 
the excitation voltage fails and the bias developed by the grid 
leak is destroyed. 

9. THE BUFFER DOUBLER. The difficulty of grinding quartz 
crystals that will oscillate at frequencies in excess of 7 mega- 
cycles was discussed in the preceding lesson. As the frequency 
increases, the thickness of the quartz plate decreases and, at 
very high frequencies, the quartz plate would be extremely thin 
and fragile. Such exceedingly thin plates are not practical for 
use in crystal -controlled oscillators, because the quartz plate is 
very liable to crack. The possibility of using tourmaline plates 
for frequency control at the ultra -high frequencies has been 
mentioned. Although this material is somewhat more suitable than 
quartz, its costliness has prevented its extensive use. 

The remaining possibility of securing an ultra -high frequency 
signal which has good stability is to use a crystal oscillator 
having an output frequency of one-fourth or one -eighth of the 
desired frequency; operating the first buffer stage so that it 
will amplify only the second harmonic of the oscillator, and then 
working the second buffer to amplify the second harmonic frequency 
of the output of the first buffer. When a buffer is so adjusted 
as to amplify the second harmonic frequency of the crystal oscil- 
lator, it is called a "doubler". If it were desired to obtain a 
16 megacycle signal with good frequency stability, it would be 
possible to use a crystal oscillator having a fundamental frequen- 
cy of 4000 kc., and then by using two buffer doubler stages, 
increase the frequency to 16,000 kc. The tank circuit of the 
first doubler would be tuned to 8000 kc. (the second harmonic of 
4000 kc.), while the tank of the second doubler would be tuned to 
16,000 kc. (the second harmonic of 8000 kc.). 

The fact that it is possible to obtain power from an oscil- 
lator at its second harmonic frequency is due to the impossibili- 
ty of preventing the production of harmonics. The plate current 
of an oscillator or of a buffer consists of pulses which depart 
radically from sine wave form. It has been shown that any wave- 
form that is not a pure sine wave will contain harmonic frequen- 
cies; therefore, these plate current pulses are rich in harmon- 
ics. It is, of course, the purpose of the tuned tank circuit to 
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smooth these pulses into practically pure sine waves, since nor- 
mally they are very undesirable. The larger the oscillating cur- 
rent in the tank circuit, the better the smoothing action will 
be, due to the fly -wheel effect of the tank. 

In addition, the desirability of preventing the maximum grid 
voltage from exceeding 80% of the minimum plate voltage has been 
discussed. A maximum grid voltage of larger value will cause a 
dip in the plate current pulse, causing it to be even more dis- 
torted, and to contain more harmonics. 

In frequency -doubling circuits, the harmonics are advanta- 
geous, and the oscillator and buffer circuits are adjusted to 
give a maximum amount of harmonic distortion. Thus the plate 
voltages are somewhat higher than for normal operating condi- 
tions; a larger grid bias is used, and the excitation voltage 
should be quite high. To prevent a large oscillating tank cur- 
rent, the inductance to capacity ratio of the tank is made con- 
siderably higher than for normal conditions. 

21,000 

C o 

.000 kc _ B.000 60 16.000 kc 

r1eaa M 
110+ ]lOv 
Ac i kc 

Fi9.30 an oscillator and two buffer doublers. 

A diagram of a transmitter using a crystal oscillator and 
two frequency doublers is shown in Fig. 30. Let us say that the 
crystal has a natural frequency of 4000 kc. The tank circuit of 
the oscillator is also tuned to this frequency, but its induc- 
tance to capacity ratio is high so that the oscillating current 
will be small. With a low oscillating current, the R.F. voltages 
built up across the oscillator tank will not be of pure sine wave 
form, but will be somewhat distorted. Therefore, the excitation 
voltage of the first buffer contains not only the fundamental 
frequency, but a considerable portion of harmonics as well. By 
tuning the plate tank of the first buffer to the second harmonic 
frequency of the oscillator, it can be made to absorb consider- 
able power from the plate current pulse at this frequency and 
very little power at any other frequency. Since the buffer tank 
and the oscillator tank are tuned to two different frequencies, 
there is no need of neutralizing the buffer, for the feedback 
produced by the buffer tank is not of the correct frequency to 
produce grid excitation for this stage, and cause it to self - 
oscillate. 

The power output of the first buffer when it is doubling is 

32 



not as great as when it is working as a straight amplifier; nor 

is the efficiency as high. A stage working at 80% efficiency as 

a straight amplifier, would probably have an efficiency of not 

more than 70% when operated as a doubler. Thus, when using 

doublers, more amplifying stages will be needed in the transmitter 

to produce the same power output, because the power amplification 

per stage is much less. 

The tank circuit of the second buffer doubler is tuned to 

16,000 kc., and, since the excitation voltage of this stage has a 

frequency of 8000 kc., this stage is also operating as a frequency 

doubler. Its tank circuit absorbs power from the plate current 

pulses at the second harmonic frequency of the grid excitation. 

Assuming that 16,000 kc. is the desired radiation frequency, any 

following stages will operate as straight amplifiers. 

Fig.31 The relation 
between the plate vol- 
tage, grid voltage, and 
plate current of a doub- 
ler stage. 

In Fig. 31 are shown a set of curves which illustrate the 

variation of the plate voltage, the grid excitation, and the plate 

current of a stage acting as a doubler. Notice that the tank 

circuit receives a pulse of energy just once in two oscillations 

of the tank circuit. This is illustrated by the fact that a plate 

current pulse occurs just once during two cycles of the alternat- 

ing plate voltage, which is produced by the oscillating tank 

current. Sometimes the output of a crystal oscillator is insuf- 

ficient to properly excite a. buffer stage to be used as a frequen- 

cy doubler. In this case, it is advisable to amplify the funda- 

mental frequency of the oscillator by one buffer stage, and then 

use the output of this stage to excite the doubler. It is pos- 

sible to amplify the third or fourth harmonic frequency of the 

plate current pulse instead of the second harmonic, but the 
power 

obtained is very small. 
Another type of doubler circuit is illustrated in Fig. 32. 

It is called a "push -push" doubler. Notice that the grids are 

connected ín push-pull, whereas the plates are in parallel. The 

grid tank, L,C, is tuned to the fundamental frequency or the 

frequency of the driving stage, and the plate tank; L2C2 is tuned 
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to the second harmonic frequency. Since the grids of the tubes 
are excited out of phase, the two tubes will draw plate current 
pulses alternately. Thus there will be two plate current pulses 
flowing into the plate tank for each cycle of the excitation 
voltage. Also the plate tank will receive energy once each cycle 
of the second harmonic frequency or twice as often as with the 
simpler single -tube doubler. The power obtainable from this ar- 
rangement is about twice that from a single tube, and with some- 
what greater efficiency. 

FROM 
OSC I LLATOR 

Fig.32 Circuit diagram of push-push doubler. 

No neutralization is required since the grid and plate cir- 
cuits are tuned to different frequencies. It has been determined, 
however, that self -oscillation may occur unless a split -stator 
tuning condenser is used in the grid circuit. With a split -stator 
tuner, the current which would be fed back through the interelec- 
trode capacity of the tube will pass through the upper section of 
the tuning condenser to ground. Since the capacitive reactance of 
this section will be fairly low at the harmonic frequency, the 
feedback current is not able to set up enough voltage in the grid 
circuit to cause self -oscillation. If the conventional type 
tuning condenser is employed and the center of the grid tank coil 
by-passed to ground, then the feedback current will have to flow 
through the upper half of the grid tank coil to ground, and since 
the inductive reactance would be higher at the second harmonic 
frequency, there is a strong possibility that sufficient voltage 
will be set up across the grid circuit by the feedback current to 
cause self -oscillation. Thus, a split -stator condenser should be 
used in the grid circuit. 

The push -push doubler may be used to amplify the second, 
fourth, or any even harmonic of the fundamental excitation fre- 
quency, although the efficiency is of course lower when amplifying 
the higher harmonics. This circuit cannot be used to amplify the 
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third harmonic or any odd harmonic, nor can it be used to amplify 

the fundamental frequency. Even if the plate tank circuit were 

tuned to the fundamental frequency, there would be no output if 

the two tubes are fairly well balanced. This is due to the fact 

that the plate current pulses of the two tubes flow through the 

plate tank in the same direction, and would not add energy to the 

plate tank at the correct instants to maintain an oscillating tank 

current. 
Since the grids are in push -gull, they must be fed by two 

excitation voltages which are 180 out of phase. The simplest 

method of obtaining two out -of -phase voltages is to split the grid 

tank, grounding it at its center with respect to R.F. Thus, the 

R.F. voltage between the top end of the tank will be 180° out of 

phase with the voltage between the bottom end of the tank end 

ground. 
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AN ELECTRIC CITY 
OPERATED BY AN INVISIBLE FORCE 

Very few people realize the marvelous accomplish- 
ments that have been achieved in the electrical field. 
Yet if we were to build a new city, and take full ad- 
vantage of these accomplishments, it would seem as 
though we were living in another world. 

The Highway entering our new city would be bril- 
liantly illuminated by electric lights, eliminating the 
necessity of glaring headlights and oromoting safety. 
As we neared the city we would call our Home on our 
short wave auto transmitter and converse with our family. 
If we were particular, we might give a few orders as to 
how we wanted our steak cooked. 

Arrivino home, the garage doors would open and close 
automatically and as we approached the door leading into 
our home, it would do likewise. Nothing fantastic about 
this. Just pnoto-electric cells at work. Our nostrils 
would be greeted by the savory odor of a steak broiling 
in our electric oven and we would prepare a cool drink 
frail ice made in our electric refrigerator.. 

Strolling into the front room we would read the 
latest news as it was received and printed by impulses 
from our radio receiver. And as our new City would have 
a television station, we would enjoy a combination sight 
and sound program. Reclining on the divan after a Hard 
days work, we wonder now the steak is progressing. Pres- 
sing a tiny button we converse with the wife in the kit- 
chen, who reminds us that we must make a pnone call to 
a neighbor. Entering the hallway, the lights are turned 
on automatically by a photo -cell, and we make our call 
by radio -telephone much as we would witn the ordinary 
telephone. 

Such things are all possible today. And tomorrows 
accomplishments will make tnem appear simple. We are 
living in a truly marvelous age. An age that offers a 
wealth of opportunity to the young man tnat is trained 
to take advantage of them. Midland training prepares 
you for the opportunities of today and TOMORROW. Let 
nothing interfere with your progress. 

Copyright 1942 
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Midland Radio & Television 
Schools, Inc. . 
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Lesson Four 

MATCHING 
IMPEDANCES 

"To secure maximum 
efficiency with minimum 
distortion, it is abso- 
lutely essential that va- 
cuum tubes and other as- 
sociated equipment be prop- 
erly loaded. 

"Correct loading is a proc- 
ess of properly matching impe- 
dances between the load and the 
source. Unless the load is properly 
matched to its source, the power output realized will be less 
the desired value. Since this process o:imnedance natchin? is ap- 
plicable between any source and load, it is at once evident that the 
information contained in this lesson is vitally important to all 
phases of Radio and Television study." 

1. THE NECESSITY FOR IMPEDANCE MATCHING. At various times 
throughout previous lessons of this course, you have been confronted 
with the idea of "impedance matching". The first time this subject 
arose was in Lesson 28 of Unit 1, wherein the operation of audio 
power amplifiers was discussed. At that time, it was learned that 
the maximum possible power output of a tube is obtained when the 
value of the load impedance is enual to the plate resistance of the 
tube. The problem of distortion prevents obtaining the maximum 
power output from a tube, however, and it was found that the maxi- 
mum power output having an unnoticeable amount of distortion was 
secured when the load impedance had a value twice as great as the 

plate resistance of the tube. The actual power in the load circuit 
under this condition is slightly less than the theoretical maximum. 

Unlike voltage amplifiers, a power amplifier must work into a 

particular value of load impedance, neither too high nor too low, 
if maximum power is to be secured. In voltage amplifiers, the ob- 

ject is to develop as large an alternating voltage across the load 
as possible. The larger the value of the load impedance, compared 
with the plate resistance of the tube, the greater the voltage across 
the load will be. 

A vacuum tube is comparable to an alternator. For purpos- 
es of calculation, it is customary to draw an equivalent circuit 
in which an alternator replaces the vacuum tube. The plate resis- 

tance of the tube is represented in this equivalent diagram by a 
resistor in series with the alternator. This resistor has a value 
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equal to the plate resistance of the tube which the circuit repre- 
sents. 

A voltage amplifier stage is illustrated in Fig. 1. A signal 
voltage Es is applied to the grid circuit of this tube. This sig- 
nal voltage causes the plate current to vary in direct accordance, 
and the pulsating direct plate current which results, produces a 
r,ulsating direct voltage across the load circuit. The DC component 
of this plate current develops a pure direct voltage across the 
load which serves no useful purpose. The AC component, however, 
creates an alternating voltage across the load impedance which is 
then transferred through the condenser Ci to the following stage. 

T' o grid of 
next tube 

R1 

Fig.1 A voltage amplí- 
fier. 

The amplification factor of a vacuum tube is a measure of the 
effectiveness of a plate voltage change in producing a given plate 
current change, to the change in grid voltage required to produce 
the same change in plate current. Thus, the signal voltage Es 
causes the same plate current change as would a voltage axEs if it 
were applied to the plate of the tube. Although the vacuum tube 
has both AC and DC voltages applied to its elements, the DC vol- 
tages and the DC plate current do not enter into the calculations 
used to deterrine the voltage amplification of the tube. For this 
reason, they are neglected in the equivalent circuit. The peak 
voltage of the alternator used in the equivalent circuit has the 
value u.xEs (assuming that Es is the peak value of the signal vol- 
tage applied to the grid circuit of the vacuum tube.) 

By inspection of the equivalent circuit shown in Fig. 2, it 
is seen that the alternator, the plate resistance of the tube and 
the load impedance are in series. The peak value of the current 
that flows through this circuit is equal to the voltage of the 
alternator divided by the total resistance of the circuit. Also, 
the peak voltage developed across the load is equal to the peak 
value of this current times the value of the load impedance in 
ohms. It is easily seen that it is not possible to secure a vol- 
tage amplification equal to the amplification factor of the tube, 
since a part of the voltage in the equivalent circuit is, neces- 
sarily, dropped across the plate resistance of the tube. A funda- 
mental principle of series circuits states that the applied voltage 
will be dropped across the various resistors in direct proportion 
to the value of the resistors; that is, the largest voltage will 
be produced across the resistor having the greatest value. If the 
greater part of the voltage of the alternator is to be developed 
across the load impedance, the value of the load impedance must be 
considerably larger than the plate resistance. 



Let us now investigate why this condition does not produce 
maximum power. The peak power in the load impedance is equal to 
the peak value of the voltage across the load multiplied by the 
peak value of the current flowing through the load. To develop a 

large amount of power across the load circuit requires that both 
the peak voltage across the load and the peak current flowing through 
the load be as large as possible. When a very large load impedance 
is used, the voltage across the load will be high, as.lust explained. 
Since a high load impedance will produce a comparatively low value 
of alternating current, the power developed in the load will be 

only moderate because the product of a high load voltage and a low 
load current would produce only a moderate amount of power. 

Fiq.2 A circuit equiva- 
lent to a vacuum tube. 

A low value of load impedance would cause a relatively large 
amount of current to flow through the circuit, since the total 
resistance of the circuit is less than in the aforementioned case. 
Should it happen that the load impedance is less than the plate 
resistance, the greater part of the effective voltage would be 

dropped across the plate resistance and a smaller portion would be 
available for the load. Again, the power developed in the load 
would be relatively small, because the product of a high current 
through the load and a low voltage across the load would not be 
very large. 

Thus, the problem of securing maximum power into the load is 

resolved into finding that value of load impedance which produces 
neither the greatest voltage across the load.nor the largest cur- 
rent through the load, but which produces such a value of load 
voltage and load current that their product is a maximum. To deter- 
mine the optimum load, let us assign values to the circuit compo- 
nents, and then, using various sized load impedances, calculate the 
power developed in the load in each case. To simplify the follow- 
ing calculations, it is assumed that the K.M.S. value of'the alter- 
nator voltage is 100 volts and that the plate resistance is 10,000 
ohms. If the first value of load impedance used is 1,000 ohms, the 
total resistance of the circuit is 11,000 ohms and the current flow- 
ing through the circuit as found by Ohm's Law is 9.09 ma. The vol- 

tage produced across the load, due to this current, is 9.09 volts, 
while the power developed in the load impedance is: 

W = .00909 x 9.09 volts 

_ .08 + watts 

Let us now calculate the power developed by the alternator and 
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from this value, determine the efficiency. The power developed by 
the alternator is: 

W = 100 volts x .00909 ampere 

= .90 watt 

The efficiency is, of course, the power developed in the load cir- 
cuit divided by the total power generated by the alternator. It 
is: 

Efficiency _ .08 

.90 

_ .088 

= 8.8% 

w using other values of load impedance, let us construct the 
following table which shows how the power dissipated in the load 
a:id the efficiency vary as the value of load impedance is changed. 

LOAD CURRENT PIPOWER 
TOTAL 
POWER EFFICIENCY IMPEDANCE ERD IN CIRCUIT 

1,000 ohms 9.09 ma. .08 W .90 W 8.8% 
5,000 6.6 .22 .66 11A% 

10,000 5.0 .25 .50 50% 
15,000 4.0 .24 .40 60% 
20,000 S.3 .22 .`i1 665% 

fig plotting the power output and the efficiency against the 
value of load impedance, we may determine what value of load im- 
pedance will produce the greatest power output. These graphs are 
shown in Fig. i. It should be noticed that the curve representing 
the power output rises rapidly at first, reaches a maximum value, 
and then falls slowly. The efficiency curve rises rapidly as the 
load impedance is low, and then at a slower rate when the load im- 
pedance is higher. It does not, however, reach a maximum value nor 
does it fall off. It is seen that the power output is maximum 
when the load impedance is 10,000 ohms, or is equal to the plate 
resistance, and therein lies the desirability of matching the load 
impedance to the impedance of the voltage source. Matching impe- 
dances, however, should not be construed to mean that the load im- 
pedance is always exactly equal to the impedance of the power source. 
Instead, this statement means that the value of the load impedance 
is adjusted until the most desirable operating conditions are ob- 
tained. Thus, when a load impedance is to be matched to the plate 
resistance of a vacuum tube, it is not made equal to the plate re- 
sistance, but is usually given a value twice as great. This isneces- 
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current is allowed to flow during a small part of each cycle. This 
occurs in oscillators and R.F. amplifiers where the tubes are biased 
beyond the cutoff value. 

In transmitter circuits, it is desirable that the load impe- 
dance ;,e greater than the plate resistance of the tube, not be- 
cause of the distortion which might be uroduced, but due to the 
increase in efficiency which is obtained. In commercial power 
distribution systems, it is desirable that the total load resistance 
be much larger than the internal resistance of the power source 
because large amounts of power are involved, and to avoid excessive 
loss, the efficiency of transmission must be high. Dn the other 
hand, where the impedance of a microphone is to be matched to the 
grid circuit of a vacuum tube amplifier, it is desirable that the 
load impedance be equal to the power -source impedance because the 
total power involved is very small and it is necessary to secure 
all the power possible from the microphone. 

It is not always possible to make the load impedance equal to 
the source impedance. For example, suppose that an audio power 
amplifier is to furnish power to the voice coil of adynamic speaker 
whose impedance is 15 ohms. No vacuum tube has a plate resistance 
as low as 15 ohms, and thus the power transmitted from the tube to 
the voice coil would be very low, if some means were not taken to 
match the two impedances. This action is accomplished by the out- 
put transformer whose purpose is to match the impedance of the voice 
coil to the plate resistance of the tube. Before it is possible 
to understand how a transformer is able to match a load impedance 
to a source impedance, it is necessary that the subject of reflected 
impedance be discussed. 

2. REFLECTED IMPEDANCE. A circuit containing an alternator 
with its internal impedance, a transformer and a load impedance is 
illustrated in Fig. 4. It is assumed that the resistance of the 

2 

CIRCUIT #1 CIRCUIT #2 

Fig.0 A transformer with 
a tuned secondary circuit. 

XLs = XCs 

transformer windings is negligible. A capacitance Cs is placed in 
the secondary circuit to neutralize the inductive reactance of the 
secondary winding. Thus the secondary has no net reactance and 
the secondary current will be in phase with the voltage causing it 
to flow. (While this does not illustrate a practical application 
of an iron -core transformer, its use will be convenient in showing 
some of the fundamentals of reflected impedance.) The voltage of 
the alternator will cause a current to flow through its internal 
impedance and through the primary of the transformer. Let curve 
A of Fig. 5 represent the current in circuit #1 of Fig. 4. The 
varying magnetic field produced about the primary of the trans- 
former will induce a voltage into the secondary winding which lags 
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the current of circuit #1 by 90 degrees. The greatest voltage 
will be induced in the secondary winding at the time that the 
magnetic field surrounding the primary is changing at its most 
rapid rate. This, of course, occurs at the time that the current 

is passing through zero; therefore, the secondary voltage will lag 

90 degrees behind the primary current. Curve B of Fig. 5 may then 

represent the voltage induced into the secondary of the transform- 

er. Since the secondary circuit ís purely resistive (has zero net 

reactance), the secondary current will be in phase with the in- 

duced secondary voltage. Thus, curve C in Fig. 5 may represent 

the secondary current. This current flows through the secondary 

Fig.5 Showing the re- 
lation of the currents 
and voltages of Fig. a, 
when the secondary cir- 
cuit contains only pure 
resistance. 

¡ Ip I 
I I 

1 I I I I 

Es e 

I I I I 
( Lags I R by 90° ) 

1-2 

I I 

I I I 

I I I 

Lags Is by 90óq 
and I by 180 ) 

D 

winding of the transformer and creates a magnetic field around the 

secondary. In expanding and collapsing, the secondary field will 

cut through the turns of the primary winding and induce a voltage 

into the primary which lags the secondary current by 90 degrees. 

Thus the voltage induced into the primary winding by the secondary 

current may be represented by curve D of Fig. 5. It is labeled 

E1_2 to signify that it is a voltage induced in circuit #1 due to 

the current flow in circuit #2. 
Notice that the voltage induced in the primary by the sec- 

ondary current is 180° out of phase with the primary current. 
Thus, this voltage will oppose the primary current flow at every 

instant. The primary current is therefore reduced, and the effect 
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is the same as though a resistance had been added in series with 
the primary. For this reason, it is said that the presence of the 
secondary circuit has reflected a resistance into the primary cir- 
cuit. It should, of course, be realized that this reflected re- 
sistance has no physical existence, yet this terminology is used 
because the effect of the secondary on the primary circuit is the 
same as would be produced by adding a resistance in the primary 
circuit. It is logical to call this a reflected resistance, since 
it has no effect upon the phase angle between the primary voltage 
and the primary current. 

Es 

( Lags I p by 900 

(A) 
Is 

Fig . 6 (A) A Circuit 
that has a purely in- 
ductive secondary. (8) 
Illustrating the rela- 
tions of the currents 
and voltages of Fig. 6A. 

1 

I Lags Es by 900 

I C 

Lags Is by 90° 
ando .leads I by 

D 

For the sake of argument, let us now assume that the second- 
ary circuit contains only inductance, such as the circuit shown in 
Fig. 6A. Such a condition would cause the secondary current to 
lag 90° behind the secondary voltage. If curve A of Fig. 6B rep- 
resents the primary current, and curve B the secondary voltage, 
then the secondary current which lags 90° behind the secondary 
voltage could be represented by curve C. This secondary current 
will induce a voltage into the primary which lags 90° behind the 
secondary current; therefore, this voltage may be represented by 
curve D of Fig. 6B. 

By close examination of curves A and D of Fig. 6B, it may be 
seen that the voltage induced into the primary by the secondary 
current (curve D) leads the primary current (curve A) by 90°. 
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There is, then, in the primary circuit a voltage which leads the 
current by° 90 . Such a voltage would also be produced by allowing 
the primary current to flow through a capacitance.' It is, there- 
fore, within the bounds of reason to state that the presence of 
the secondary has reflected a capacitive reactance into the pri- 
mary circuit, since the voltage induced into the primary has the 
same effect as would be produced by connecting a condenser in 
series with the primary circuit. 

Zp 

A) 

Fig.7 (A) A circuit 
containing a predomi- 
nance of capacitive re- 
actance in the secondary. 
XCs is greater than XLs. 
(B) Showing the phases of 
the voltages and currents 
of Fig. 7A. 

P 

I I 

A 

Lays Ip by 900 

i Leads Es by 900 

C 

I and lagsbIP boy 
I 900 

I [l 

(B) 

To make this explanation complete, let us now assume 
secondary circuit contains no resistance and has a predominance of 
capacitive reactance, such as the circuit illustrated in Fig. 7A. 
In this figure, Xcs is greater than XLs. Curve A of Fig. 7B may 
represent the primary current, and curve B, the secondary voltage. 
Since the secondary circuit contains only capacitive reactance and 
no resistance, the secondary current will lead the secondary volt- 
age by 90°. Thus, curve C of Fig. 7B may portray the secondary 
current. This current induces a voltage into the primary, which 
lags it by90°, g and so curve D may represent the voltage induced 
into the primary by the secondary current. 

By inspection of curves A and D of Fig. 7B, it is evident 
that the voltage induced into the primary by the secondary current 

1That is, the counter-voltage across a cordenser leads the current 900. See 
Sec. 12, Lesson 13, unit 1. 
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(curve D) lags the primary current (curve Al by 90°. Such a 
voltage would also be produced'in the primary by allowing the 
primary current to flow through a pure inductance.' For this 
reason, it is permissible to state that the effect of the second- 
ary circuit is to reflect an inductive reactance into the primary 
circuit. 

It should now be apparent that the effect of the secondary 
circuit upon the primary circuit depends on the nature of the 
opposition to current flow in the secondary. A pure resistive 
secondary will reflect a pure resistance; a pure inductive secon- 
dary will reflect a pure capacitance; and a pure capacitive sec- 
ondary will reflect a pure inductance. 

Tu Ts 

Fig.e The circuit used 
to derive the formula for 
reflected impedance. 

When the secondary circuit contains both resistance and 
inductive reactance, its effect upon the primary circuit is to 
reflect an impedance into the primary which consists of both re- 
sistance and capacitive reactance. Thus, if the relation of 
inductive reactance to resistance in the secondary were such that 
the secondary current lagged the secondary voltage by 45°, the 
voltage induced into the primary by the secondary current would 
lead the current in the primary by 45°, and the result would be 
the same as though a resistance and a capacitive reactance were 
connected in series with the primary. 

In a like manner, a secondary containing both resistance and 
capacitive reactance would reflect an impedance into the primary 
having the nature of a resistance and an inductive reactance. 

It is, of course, impossible for the secondary current to be 
in phase with the secondary voltage, unless there is no net reac- 
tance in the secondary circuit. Since the secondary winding of 
the transformer is highly inductive, this is possible only when 
the circuit is tuned so that the capacitive reactance is equal to. 

the inductive reactance. Iron -core transformers such as used for 
audio and power frequencies are never tuned, and so the secondary 
circuit always has a predominance of inductive reactance. This 
causes the secondary current to lag the secondary voltage, and as 
previously explained, when this condition prevails, the reflected 
impedance consists of a resistance and a capacitance. If the 
correct size of transformer is employed, the amount of capacitive 
reactance reflected from secondary into primary is sufficient to 
cancel the inductive reactance of the primary winding, whereas the 
resistance reflected from secondary into primary is of the proper 

1The counter-voltage across an inductance lags the current 90°. See Sec. 12, 
Lesson 13, Unit 1. 
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value to match the impedance of the power source. Thus, the power 
source works into a pure resistance instead of an inductive reac- 
tance as might be supposed. The value of the resistance reflected 
from the secondary circuit into the primary depends upon the size 
of the load resistor connected in the secondary circuit and upon 
the turn ratio of the transformer. 

Using the circuit shown in Fig. 8, let us determine what the 
turn ratio should be to reflect enough resistance into the primary 
circuit so that the internal impedance of the alternator will be 
matched to the primary of the transformer. If the correct turn 
ratio is used, maximum power will be delivered to the load resis- 

tance, and the efficiency of power transfer will be 50%. That is, 

under this condition, half of the total power developed by the 
alternator will be dissipated in the internal impedance of the 
alternator, and the other half will be delivered to the load. The 

following symbols will be used in .this discussion: 

Ip is the primary current, 
Is is the secondary current, 

Zp is the internal resistance of the alternator, 

Zs is the resistance of the load, 

Tp is the number of turns on the primary winding, 

Ts is the number of turns on the secondary winding. 

The power dissipated in the internal resistance of the alter- 
nator is equal to the primary current squared times the alter- 
nator's resistance: 

Power dissipated in alternator = Ip2 x Zp (1) 

The power delivered to the load circuit is equal to the 

,secondary current squared times the resistance of the load: 

Power delivered to load = 152 x Zs (2) 

When maximum power is being transferred, the power in the 
load will be equal to the power dissipated in the alternator or: 

Ip2 x Zp = Is2 x Zs (3) 

Dividing equation (3) by Zp, the following is obtained: 

Ip2 = Is2 x Zo (4) 

Now if equation (4) is divided by Is2, there results: 

1 2 = Zs (5) 
Is' Zp 

Taking the square root of both sides of this equation, we 

obtain: 

12 = Zs 

Ís Zp 
(6) 

In Lesson 10, Unit 1, it was learned that the ratio between 
the primary and secondary currents is equal to the inverse ratio 

of the turns, or that the primary current is in the same ratio to 
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the secondary current as the secondary turns are to the primary 
turns. This may be expressed as follows: 

Iv = Ts 

Is Tp 

If the value for Ip/Is, as given in equation (7), is substi- 
tuted into equation (6), the following results: 

Ts = Zs (8) 

Tp Zp 

From this last equation, it is evident that, for proper 
operation, the turns ratio should be equal to the square root of 
the ratio between the secondary and primary impedances. 

If equation (8) is squared, it then becomes: 

Ts2 _ Zs 

Tp 2 Zp 

This is really a proportion, since it states the equality 
between two ratios. To solve this proportion for Zp, a fundamen- 
tal principle of proportions is used. This principle states that 
when the product of the means is divided by one extreme, the 
result gives the other extreme. Performing this operation, this 
results: 

(7) 

(9) 

Zp = TP2XZs 
= Zs x Tp)2 

(10) 
Ts (Ts 

This last equation states that the primary impedance is 
equal to the load impedance multiplied by the square of the turns 
ratio. Since maximum power is being developed in the load, the 
resistance reflected from the secondary into the primary must be 
equal to the internal impedance of the alternator; therefore, the 
value of the reflected resistance must be equal to: 

Zr = Zs x T l2 (11) 

Where Zr is the resistance reflected ffrom secondary into primary. 

In addition to this reflected resistance, the secondary 
circuit reflects a capacitive reactance into the primary which is 
just large enough to cancel the actual inductive reactance of the 
primary winding. (This is true only if the actual inductive 
reactances of the primary and secondary windings are large com- 
pared to the resistance of the alternator and that of the load.) 

Thus, in effect, the alternator is working into a pure resis- 
tance equal to its internal resistance. However, the alternator 
does not dissipate any power in this resistance, since the resis- 
tance is only hypothetical and has no physical existence. Actual- 
ly, all of the power not dissipated in the alternator itself is 
transferred to the secondary circuit, and is thus available for 
the load. 

With the load connected across the secondary of the trans- 
former, the actual impedance measured across the terminals of the 
primary with the alternator disconnected will be equal to the 

internal resistance of the alternator, if the correct turns ratio 
is used. 
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For example, suppose that the alternator has an internal 
impedance of 400 ohms and that the load impedance into which power 
is to be developed is 100 ohms. If the 100 -ohm load resistor were 
connected directly across the terminals of the alternator, maximum 
power could not be developed into the load; for, as previously 
stated, to develop maximum power in a load impedance requires that 
the value of the load impedance be equal to the internal impedance 
of the voltage source. The ratio between the impedance of the 
voltage source and that of the load resistor is 400:100 or 4:1. 
The transformer used to match the load impedance to the alternator 
should have a turns ratio equal to the square root of this imped- 
ance ratio. The impedance ratio is 4:1 and the square root of 
this value is 2:1. Thus, the primary winding of the transformer 
should have twice as many turns as the secondary winding. Using a 
transformer with such a turns ratio, the impedance reflected from 
the secondary into the primary will be 400 ohms and maximum power 
will be transferred from the primary circuit to the secondary 
circuit. Let us prove that this is the case. 

Let us assume that the no-load voltage of the alternator is 
200 volts. (This is the voltage across the terminals of the 
alternator when it is not delivering any current.) The total 
resistance of the primary circuit is the sum of the internal 
resistance of the alternator (400 ohms) plus the resistance meas- 

ured across the terminals of the transformer primary. (This is 

also 400 ohms, since this is the resistance reflected from secon- 
dary to primary. The actual primary inductance is practically 
cancelled by the capacitance which is reflected back.) Thus the 

200 volts generated by the alternator will force through this 800 
ohms of resistance a current which has this value: 

Ip = 

200 

800 = 
25 ampere. 

The primary current flowing through the reflected impedance of the 

primary will cause a voltage drop of: 

E = .25 x 400 = 100 volts. 

Since the secondary winding has just half as many turns as the 
primary, the secondary voltage will be one-half of the primary 
voltage or 50 volts. Therefore the power delivered to.the load 

is: 
ER = 50' = 21 00 = 25 watts. 

If maximum power has been transferred to the load, the power 

in the load should be equal to that dissipated in the internal 

resistance of the alternator, and the efficiency should be 50%. 
The power dissipated in the alternator is: 

Wp = Ip' x Zp = (.25)9 x 400 = 25 watts. 

The total power generated by the alternator is the sum of that 

dissipated in the alternator and that delivered to the load, or 

50 watts. Since the power delivered to the alternator is one-half 

of the total power developed, the efficiency of transfer is 50%, 
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and the power transferred is maximum. We have thus transferred 
maximum power to the load, even though the load impedance was not 
equal to the internal impedance of the voltage source. 

The actual resistance of the primary winding is comparatively 
low, while the actual impedance (inductive reactance) across the 
primary winding, with the secondary open, is very large. It 
should be realized that the impedance, looking into the primary of 
the transformer, or across the primary terminals of the trans- 
former, when the secondary circuit is open is not the same value 
that would be measured between these terminals when a load re- 
sistor is connected across the secondary. The presence of the 
load resistor across the secondary circuit causes a secondary 
current to flow and the impedance reflected back into the primary 
circuit consists of both a resistance and a capacitance. The 
capacity reflected back is sufficient to cancel the inductive 
reactance of the primary, while the resistance reflected from 
secondary to primary is equal to the impedance of the load resis- 
tor times the square of the turns ratio from primary to secondary. 

The fact that connecting the load resistor across the secon- 
dary terminals actually reduces the impedance of the primary is 
easily demonstrated by connecting the primary of a power trans- 
former across a 110 volt AC supply line, and measuring the primary 
current that flows when the secondary circuit is open. It will be 
found that under this condition, the primary current is very low, 
indicating that the impedance of the primary is very high. When a 
moderate sized resistor is connected across the secondary of the 
power transformer and the primary current is again measured, it is 
found to have increased considerably. An increase in primary 
current can only mean that the impedance of the primary has been 
reduced since obviously the supply voltage has not changed. The 
lower the resistor connected across the secondary circuit, the 
smaller the reflected resistance will be; and, in turn, the more 
the impedance of the primary will be reduced and the larger the 
primary current will become. 

Let us consider another example. A power amplifier tube 
having a plate resistance of 1125 ohms is to deliver power to the 
voice coil of a dynamic speaker with an impedance of 10 ohms. If 
the 10 -ohm voice coil were connected in the plate circuit of this 
tube, very little power would be furnished to the voice coil. 
However, by using a matching transformer, a large amount of power 
may be transferred from the plate circuit of the tube to the coil. 
To develop maximum undistorted power, the tube should work into a 
load impedance twice as great as its plate resistance; that is, 
into 2250 ohms. Thus the primary should present an impedance of 
2250 ohms for the tube to work into, when there is a 10 -ohm load 
connected across the secondary. In this case Zp is 2250 ohms and 
Zs is 10 ohms. Equation (8) gives the relationship between the 
turns ratio from secondary to primary as compared to the ratio 
between the load and source impedances. It is also possible to 
express the turns ratio from primary to secondary as compared to 
the ratio between the source and load impedances. This would be: 
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T Z (12) 

Therefore, either equation (8) or (12) may be used in solving this 
problem, it being usual to select that equation which gives a 
ratio greater than one. In this case, equation (12) is more 
convenient. 

T = 2100 
225 = 15 

Thus, the turns ratio is 15 to 1, or there should be fifteen times 
as many primary turns as secondary turns. Since the secondary of 
this transformer has fewer turns than the primary, it is obviously 
a step-down transformer. The voltage produced across the secon- 
dary will be only 1/15 as much as that which appears across the 
primary. This would seem to be a disadvantage, but it should also 
be realized that while the transformer steps down the voltage, it 
also steps up the current that may be drawn from the transformer. 
Thus the current that flows in the secondary circuit is 15 times 
as great as that flowing in the primary circuit. An average value - 
for the DC plate current of a power tube would be 30 ma. Under 
excitation, the current would probably increase to a peak of 50 
ma. and fall to a minimum of 10 ma. Thus it is changing 20 ma. in 
each direction from its no -signal value. From this, it is evident 
that the peak value of the AC plate current component is 20 ma. 
If the voice coil were connected in the plate circuit, the 20 ma. 
(peak value) of alternating current flowing through it could not 
produce much power in the voice coil. However, by using the 
matching transformer, the alternating current is stepped up 15 
times. Thus, the current flowing through the secondary has a peak 
value of 300 ma. This amount of current is able to produce appre- 
ciable power in the voice coil. A current of 300 ma. peak corre- 
sponds to an RMS current of 212.1 ma. Thus, the power developed 
in the 10 -ohm voice coil is: 

W = I'R = (.2121)2 x 10 = .45 watt 

If the 10 -ohm voice coil were connected directly in the plate 
circuit of the power tube, the RMS current through it would be 
.707 x 20, or 14.14 ma. This would develop a power of: 

W = I'R = (.01414)2 x 10 = .002 watt 

It is therefore clear that a much larger amountof power is fur- 
nished to the voice coil by using a matching transformer than 
would be produced if the voice coil were connected into the plate 
circuit. A magnetic speaker, on the other hand, has a much higher 
impedance (several thousand ohms), and may be connected directly 
to the power tube without using a matching transformer. In this 
case, the impedance of the speaker is close enough in value to the 
plate resistance of the power tube that a large amount of power.is 
transferred. 

In the previous examples, it has been assumed that the match- 
ing transformers used did not of themselves introduce any power 
loss in the circuit; that is, they were ideal transformers. Natu- 
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rally, such perfect conditions are not obtained in actual prac- 
tice. Every transformer introduces some losses. These losses are 
due to several causes. One is known as the "copper loss". This 
is merely the loss due to the power dissipated in the resistance 
of the primary and secondary windings. Of course, any transformer 
will have some resistance because it is composed of conductors, 
and all conductors possess resistance. Whatever power is dissi- 
pated in the resistance of the windings of the transformer is not 
available to do useful work in the load impedance of the circuit. 
The copper loss of the primary would be directly proportional to 
the square of the primary current, and that of the secondary would 
vary as the square of the secondary current. 

A second source of loss is the power dissipated in the core 
of the transformer. This power loss is due to two factors; the 
eddy current loss, and the magnetic hysteresis loss. It is re- 
alized that the magnetic flux will cut through the core material 
and induce a voltage therein. This voltage will cause currents to 
circulate in the core. These eddy currents, as they are called, 
will produce a power loss which is equal to the square of the 
current in the core times the core resistance. To minimize this 
loss, the core resistance is arbitrarily increased. That this 
will reduce the loss is easily seen by considering what would 
happen if the core resistance were doubled. With the same induced 
voltage, the eddy currents would become half as great. As may be 
determined from the I'R law, half as much current flowing through 
twice as much resistance would dissipate just half as much power. 

Since the core must be composed of a material having high 
permeability, the only convenient means of increasing the core 
resistance is to build the core from thin sheets of transformer 
iron, known as laminations. Each lamination is lacquered on both 
sides, and is thus electrically insulated from those adjacent to 
it. This construction reduces the possible paths for eddy cur- 
rents, and effectively increases the resistance. 

The second core loss, "magnetic hysteresis" is, in many 
respects, comparable to the dielectric hysteresis loss of an in- 
sulator. It is well known that when an insulator is placed in 
a rapidly varying electrostatic field, such as a dielectric 
between the two plates of a condenser, a loss will occur. This 
loss is due to the energy required to strain the orbital electrons 
of the material first toward one plate and then the other. When 
the voltage across the condenser falls to zero, the dielectric 
electrons do not immediately return to their normal positions, and 
a part of the succeeding alternation is necessary to return them 
to normal before they can be strained in the oppcsite direction. 
This hysteresis or lag of the electrons constitutes a loss which 
increases rapidly with frequency. In a like manner, when an iron 
core is subjected to a rapidly varying magnetic flux, the mag- 
netism in the core is not completely lost as the current drops to 
zero, and a part of the succeeding alternation is required to rid 
the core of this magnetism before it can be magnetized with oppo- 
site polarity. This rapid reversal of the minute molecular 
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magnets produces heat and is, therefore, a power loss, and one 
which increases rapidly with frequency. Not all types of iron 
have the same magnetic hysteresis, and this loss is made as small 
as possible by selecting for the core a material in which hyster- 
esis loss is a minimum. 

Assuming that the frequency is constant, it should be appar- 
ent that the eddy current loss and hysteresis loss will be con- 
stant with a constant flux density in the core. Of course, if the 
flux density increases, both of the losses will become greater. 
A larger flux density signifies that the total magnetism in the 
core is greater on each alternation of the current, and more of 
the molecular magnets would have to be moved, thereby increasing 
the hysteresis loss. Likewise, since the flux would be varying 
through a greater range, the voltages induced in the core would 
increase, and the eddy current loss would be greater. 

When voltage is applied to the primary of an iron -core trans- 
former, and the secondary is open, the primary current will be 
quite small. This, of course, is due to the fact that the induc- 
tive reactance of the primary is large. This no-load current 
drawn by the primary is often called the magnetizing current, 
since it creates in the core a certain flux density as determined 
by the design of the transformer. The flux density developed will 
depend on the permeability of the core and the total mass of the 
core; and in addition, the amount of magnetizing current and the 
number of turns on the primary. By choosing a primary with a 
large number of turns, the same number of ampere -turns (magnetiz- 
ing force) may be developed with a smaller no-load primary cur- 
rent. This, of course, will lessen the copper loss of the primary 
with no load, but will not affect the core losses for a given flux 
density. Most iron -core transformers will work into resistive 
loads, and, as mentioned before, the inductive reactance of the 
secondary winding will be large in comparison to the load resis- 
tance. This being so, the secondary current will lag nearly 90° 
behind the secondary voltage and will, therefore, be nearly 180° 
out of phase with the primary current. Thus, when a load is 
placed across the secondary of the transformer, the primary 
impedance is reduced, and an increased primary current flows. 
This greater primary current may be considered as having two 
components; one, the magnetizing current, and the other the load 
current. Both of these components would tend to magnetize the 
core, but the secondary current creates a magnetomotive force which 
is exactly equal and opposite to that developed by the load 
current of the primary. Thus, the flux density of the core is 

that due to the magnetizing component of the primary current, 
and, as a result, the flux density of the core does not change 
when a load is connected across the secondary of the transformer. 
An increased load would cause more primary current to flow, but 
it would also result in more secondary current, thereby keeping 
the flux density the same, since these two currents create equal 
but opposite magnetizing effects. The conclusion is that the core 
losses of an iron -core transformer are independent of changes in 
the load. 
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Nearly any well -designed iron -core transformer will be at 
least 90% efficient. This means that the power available from 
the secondary will be at least 90% of that furnished to the pri- 
mary. 

Realizing that any transformer will introduce some loss into 
the circuit, it is apparent that there are occasions when it is 
inadvisable to use a matching transformer. When the load resistor 
into which power is to be transferred, is very nearly equal to the 
internal impedance of the power source, the loss due to the mis- 
match of the impedances is probably less than the loss which would 
occur if a matching transformer were used. The loss occasioned 
by the matching transformer is known as its "insertion" loss. 
When the ratio between the load impedance and the internal imped- 
ance of the power source is not more than 2:1 nor less than 1:2, 
the presence of a matching transformer would probably cause more 
loss than the mismatch between the two impedances would produce if 
no transformer were used. In many such instances, a transformer 
would not be employed. This, however, is not universally true, 
because there are cases where a mismatch will not only prevent 
maximum power from being delivered to a load, but will cause 
frequency discrimination. In these instances, it is desirable to 
use a matching transformer to prevent this frequency discrimina- 
tion, even though the insertion loss of the transformer is greater 
then the loss due to a mismatch would be. 

It has been assumed that the iron -core transformers under 
discussion had 100% coupling between primary and secondary. This 
means that all of the flux of the primary links every turn of the 
secondary and all of the flux due to the secondary current links 
every turn of the primary. This is approximately true because 
practically all of the flux is confined to the iron core. In 
actual transformers, the coupling will be 90% or greater, which 
indicates that of the total flux developed by primary and second- 
ary, at least 90% will cut through both windings. That part of 
the magnetic field which does not link both primary and secondary 
is known as "leakage flux". Formula (8) assumes that there is 

no leakage flux, and if this is true, and the proper turns ratio 
is employed; then, the capacitive reactance reflected into the 
primary is just sufficient to cancel the inductive reactance of 
the primary, and the resistance reflected is of the proper amount 
to load the power source. If, however, the coupling is not 100%, 
then the capacitive reactance is insufficient to cancel the in- 
ductive reactance of the primary, and the reflected resistance is 

somewhat smaller than the optimum value for maximum power trans- 
fer. The primary, therefore, has a small net inductive reactance 
which is known as "leakage reactance", and the power source is 

not working into a purely resistive load. It should be understood 
that this condition does not represent a power loss in the same 
sense as the copper and core losses of the transformer, yet it 
does prevent the attainment of optimum operating conditions. High 
quality transformers have very little leakage reactance, whereas, 

cheaper types may have considerable. The effect is to prevent 
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maximum power transfer and to cause frequency distortion, since 

the load on the power source would vary considerably with fre- 

quency. 

3. TRANSFORMER RATINGS. In the manufacturers' specifica- 

tions of matching transformers, the turns ratio is not ordinarily 

given. Instead, it is the usual practice to state the impedances 

into which the primary and secondary should be operated. For 

example, the transformer used to match a double button carbon 

microphone to the grid circuit of an amplifier stage would prob- 

ably be listed as having a primary impedance of 200 ohms and a 

secondary impedance of 100,000 ohms. It should be understood that 

this does not mean that the actual impedance of the primary wind- 

ing is 200 ohms, or that the impedance of the secondary is 100,000 

ohms. Instead, the significance of the statement is that when the 

secondary of the transformer is connected in the grid circuit of a 

vacuum tube, the actual impedance measured between the terminals 

of the primary winding would then be 200 ohms and, therefore, 

should be used with a 200 -ohm microphone. If no grid current 

flows, the actual impedance of the grid circuit is very high; in 

fact, it is limited only by the capacitive effect between the 

grid and filament. In order to improve the frequency response, it 

is usual practice, especially in microphone amplifiers, to connect 

a resistor of 100,000 ohms or higher across the secondary of the 

transformer. This action definitely sets the value of the imped- 

ance into which the transformer works, and thus makes for better 

operation. Such a circuit is illustrated in Fig. 9. 

Fig.9 Fixing the impe- 
dance of the secondary cir- 
cuit by connecting a high 
value resistor across the 
secondary winding. 

To 
Micro- 
phone 

-about 100,00051 

Transformers used to match power tubes to dynamic speakers 

will have primary impedances ranging from 1500 to 10,000 ohms or 

higher, depending upon the type of power tube employed; while the 

secondary winding of the output transformer is usually tapped so 

that proper connections can be made to dynamic speakers having 

voice coils of various common impedances such as 4, 8, 15 ohms, 

etc. 
Although a transformer may have a rating of 10,000 ohms 

primary and 500 ohms secondary, it should be realized that this 

same transformer will give equally good results when worked be- 

tween other impedances having the same ratio, as long as these 

impedances do not differ too much from the rated values. Satis- 

factory results would be obtained when this transformer is worked 

between 20,000 ohms and 1000 ohms, for these values are in the 

same ratio as 10,000 and 500. It would also be possible to use 
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this transformer between 5000 ohms and 250 ohms. However, an 
attempt to connect a generator of 100 ohms impedance to the pri- 
mary of this transformer and a load of 5 ohms to the secondary 
would be impractical, even though the impedance ratio is correct. 
Let us determine why this action would not produce efficient 
results. 

In the derivation of the formula relating the turns ratio to 
the impedance ratio, two assumptions were made. The first was 
that neither the primary nor secondary winding of a transformer 
had any resistance, while the second was that the primary and 
secondary inductive reactances, although having a definite imped- 
ance ratio, were themselves very large; that is, practically 
infinite. If the resistance of the windings is very low compared 
with the impedances into which they work, and if the inductive 
reactances of the primary and secondary are respectively very 
large compared with the source and load impedances, the errors 
produced by these assumptions are negligible. 

This transformer, which has been under discussion was de- 
signed, to be used between 10,000 and 500 ohms. Therefore, suf- 
ficient turns were placed on the primary winding to make the 
inductive reactance of the primary large in comparison with 
10,000 ohms. To be efficient, the primary inductive reactance 
should be at least 100,000 ohms, or 10 times as large as the 
source impedance. Since the secondary of this transformer is to 
work into 500 ohms, it should have an inductive reactance of at 
least 5000 ohms. With the size of wire commonly used to wind 
transformers, the primary resistance would probably be 200 ohms or 
more, while the secondary resistance would amount to at least 10 
ohms. To attempt to work this transformer between a source im- 
pedance of 100 ohms and a load impedance of 5 ohms would produce 
inefficient results, because the actual resistance of the primary 
winding (200 ohms) is about the same size as the impedance of the 
source (100 ohms). Thus, most of the power developed by the 
voltage source would be dissipated in the primary resistance and 
very little would be transferred to the secondary circuit. What 
little did reach the secondary would not be all available for the 
load, for a large part of it would be dissipated in the resistance 
of the secondary winding. 

In a like manner, it would not be feasible to operate this 
transformer between a source impedance of 200,000 ohms and a load 
impedance of 10,000 ohms, even though these impedances have the 
correct ratio. In this case, the primary and secondary inductive 
reactances would not be as large as the source and load imped- 
ances, and the equations which were derived on the assumption that 
the reactances of the transformer were much larger than the im- 
pedances between which it is worked would not hold true. Unless 
these assumptions are correct, the resistance reflected from the 
secondary to the primary is less than the calculated value; and 
the capacitive reactance, which is reflected, is insufficient to 
properly neutralize the inductive reactance of the primary. Thus, 
the voltage source does not work into a pure resistance, but into 
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a resistance plus an inductive reactance, and maximum power is not 
transferred to the load. 

The actual inductive reactance of the transfcrmer windings 
will, of course, depend on the frequency of the current flowing 
through them;. however, a standard frequency of 400 cycles is 
usually used in determining the rating of the transformer. At 
frequencies higher than this value, the reactance will be greater, 
and the power transfer will be even more efficient. 

The frequency range over which the transformer will operate 
efficiently is usually included in the manufacturer's ratings. 
The lower end of the frequency range is determined by that fre- 
quency at which the inductive reactances of the primary and se- 
condary are so low compared to the generator and load impedances 
that very little power is transferred from primary to secondary. 
On the other hand, the upper end of the frequency range is deter- 
mined by the distributed capacity which, of course, by-passes the 
high -frequency current and thus prevents its transfer from one 
side of the transformer to the other. 

It should be understood that the purpose of a transformer is 

to match a load impedance to a source impedance in order that 
maximum power may be transferred from the source to the load. 
Matching transformers are widely used in all audio equipment. For 
example, a matching transformer is used in a broadcast studio to 
match the output of the microphone to the grid circuit of the 
first amplifier stage; while the output of the amplifier is 
matched to a telephone line by means of another matching trans- 
former. The monitor speaker used to determine the quality of the 
program must also be matched to the output of the amplifier. The 
telephone lines that carry the programs from remote points must 
be matched to the input of the amplifier. Several important 
points concerning transformers which should be remembered are: 

1. The primary impedance of a transformer depends 
on the secondary load and upo the turns ratio. 
The proper turns ratio is equal to the square 
root of the ratio between the load and source 
impedances. 

2. A transformer may be used between other imped- 
ances than those for which it is rated, as long 
as the variation is not too far from the manu- 
facturer's rating, and with the knowledge that 
the original ratio will still apply. 

3. The actual inductive reactance of the primary 
and secondary windings should be large compared 
to the impedances into which these windings are 
to be worked. 

4. The losses of a transformer are the copper loss, 
which varies directly with the square of the 
currents; and the core loss which is independent 
of the currents. 

5. Coupling less than 100% causes leakage reactance, 
which is not a power loss, but does prevent the 
transfer of maximum power. 
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4. MATCHING IMPEDANCES AT RADIO FREQUENCIES. Matching im- 
pedances at radio frequencies differs in several respects from 
impedance matching at audio frequencies. In the first place, an 

audio frequency transformer is called upon tc provide a correct 
match over a very large band of frequencies; a band which may well 

range from 30 to 10,000 cycles, in which case, the ratio between 
the limiting frequencies is greater than 300 to 1. To be satis- 
factory over such a range, the transformer must have high quality 
iron in its core, and low resistance and high inductance windings. 

The distributed capacity must be low and the coupling should be 
very tight so that the leakage flux will be minimum. 

Ordinary iron -core transformers are not practical at radio 
frequencies. The core losses, both eddy current and hysteresis, 
increase very rapidly as the frequency is raised, thereby pre- 
cluding the use of such transformers in the radio frequency range. 
There are available so-called iron -core R.F. transformers, in 

which the core consists of a mixture of clay and finely divided 
particles of iron. These have proved very satisfactory, because 
the iron particles increase the permeability of the core and 
therefore, fewer turns are needed for the windings to produce a 
given inductance. The fewer turns mean less distributed capacity 
and greater efficiency which more than compensates for the small 
core losses. In general, however, iron -core R.F. transformers and 
coils are in the minority; most R.F. coils in use in receivers and 
transmitters being of the air -core type. 

With air -core coils, 100%o coupling between primary and secon- 
dary is never possible; in fact, it is not even desirable. In 
many instances, the coupling may be 1% or even less. It is at 
once evident that R.F. transformers are decidedly different from 
A.F. transformers. In an R.F. transformer, it is possible and 
desirable that the amount of coupling between primary and secon- 
dary be small because the transformer operates over a very narrow 
frequency range and may, therefore, be tuned. When the R.F. is 
modulated, it consists of a carrier and sideband components; but 
even so, the ratio between the highest and lowest frequencies is 
nearly one, and the band is comparatively narrow. It is easily 
possible to tune either primary or secondary or both, and in such 
an instance, the requirements for impedance matching are different 
in some respects from those for iron -core A.F. transformers. 

In an air -core transformer, the magnetic flux linking the 
primary winding is not all effective in inducing a voltage in the 
secondary; that is, there is a considerable amount of leakage 
lines or leakage reactance. For this reason, the ratio of the 
secondary and primary voltages is much less than the actual turn 
ratio of the transformers. Therefore, the turn ratio of an R.F. 
transformer is not an indication of the ratio of voltage transfor- 
mation. Due to the fact that an air -core transformer has consid- 
erable leakage reactance, the mutual inductance between the pri- 
mary and secondary is much less than that of an iron -core trans- 
former. 

Equation (11), which gives the amount of reflected resistance 
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for iron -core transformers, could not be used to calculaté the 
reflected impedance of an R.F. transformer, because of the large 
amount of leakage inductance involved. Instead, another formula 
must be derived that will give the reflected impedance, and which 

takes into account the fact that the voltage ratio is less than 

the turn ratio. 

To introduce this new concept, let us review briefly the 
subject of inductance. We know that by definition, the inductance 

of a coil is the ability of that coil to induce a voltage within 

itself when the current through it is changed. Thus, the term 
"inductance", as normally employed, is merely a shortened form of 

"self inductance". The unit of measurement of inductance is the 

henry, and we should remember from a previous lesson, that a coil 

is said to have an inductance of one henry if there is developed 

across it a self-induced voltage of one volt, when the current 
through the coil changes at the rate of one ampere per second. 

In a like manner, there exists mutual inductance between the 

primary and secondary of a transformer, and this mutual inductance 

is a measure of the ability of the primary to induce a voltage 

into the secondary, or the ability of the secondary to induce a 

voltage into the primary. That is to sqy; the mutual inductance 

between primary and secondary is equal to that between secondary 

and primary. This mutual inductance is also measured in henries, 

and, if there exists a mutual inductance of one henry between two 

coils, then a current change at the rate of one ampere per second 

through either winding will induce a voltage of one volt into the 

other. 
The mutual inductance between two coils depends upon the 

self-inductance of the primary, the self-inductance of the secon- 

dary, the distance between the windings, the angle which their 

axes form, and the permeability of the core between them. In- 

creasing the inductance of either the primary or secondary or both 

will raise the mutual inductance between the two coils. Moving 

the two coils closer together increases the mutual inductance. 
With other factors constant, the mutual inductance will be maximum 

when the axes of the two coils are parallel, and minimum when the 

axes are perpendicular. Finally, the use of an iron core will 

increase the mutual inductance; but it is not practical at radio 

frequencies. 
The relationship between the mutual inductance, the amount 

of coupling between the two coils, and the self -inductances of 

the coils is given in the following equation: 

M = K Lp x Lz (13) 

Where: M is the mutual inductance in henries, 

Lp is the self-inductance of the primary 
in henries, 

Ls is the self-inductance of the secon- 

dary in henries, 

K is the coefficient of coupling. 

In the above formula, the factor K needs further explanation. 

If all of the flux cuts through every turn of the primary and 
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secondary, then the coefficient of coupling K is one, or the two 
coils are said to be 100% coupled. If less than the total flux 
links the two coils, K is smaller than one, and may be as small as 
a few thousandths in some R.F. circuits. Thus, the factor K takes 
into account the distance between the two coils as well as their 
relative positions. Note that in an iron -core transformer where 
K is practically one, the mutual inductance would be equal to the 
square root of the product of the inductances of the primary and 
the secondary. This is, of course, the maximum value that the 
mutual inductance can have. As an example of the use of formula 
(13), suppose that the primary coil has an inductance of 20 micro - 
henries, the secondary an inductance of 40 microhenries, and the 
coefficient of coupling is .04. Determine the mutual inductance. 
Before substituting in formula (13), it would be well to point out 
that the inductance in the formula may be substituted in micro - 
henries if desired; in which case the mutual inductance will be in 
microhenries. In this problem: 

M = .04 20 x 40 = .04 X 19115 = .04 x 28.28 = 1.13 uhy. 

Formula (13) can be solved for the coefficient of coupling 
(K); it then becomes: 

K 
fry X Ls 

(14) 

This formula is useful in determining the amount of coupling 
when the self -inductances of the two coils, as well as the mutual 
inductance between them, is known. For example, suppose that the 
mutual inductance between two coils is 10 microhenries; the self- 
inductance of the primary, 20 microhenries; and the self-induc- 
tance of the secondary, 30 microhenries. The coefficient of 
coupling would be: 

10 10 K 
J20 x 30 24.5 

= 408 

Note that the coefficient of coupling does not have a unit because 
it is merely a ratio. 

The maximum value that K can have is one, and in this case 
the two coils are said to be 100% coupled, or there is unity coup- 
ling between them. It should be remembered that with this condi- 
tion, all of the flux encircles all the turns of both primary and 
secondary. When the coefficient of coupling is one, the mutual 
inductance is equal to the square root of the product of the 
primary and secondary inductances. 

In one of the early lessons in Unit 1, a formula was given 
for finding the total inductance of two or more inductances con- 
nected in series. This formula stated that the total inductance 
was equal to the sum of the separate inductances so connected. 
This is true, however, only when no mutual inductance exists 
between any of the coils in the circuit. Let us consider the 
circuit shown in Fig. 10. _ 

If there is no mutual inductance between the. two coils in 
this figure, the total inductance in the circuit is equal to the 
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sum of L1 and L,. Let us assume, however, that some mutual in- 
ductance does exist between the two coils. 

There will be two voltages developed across L1. One will be 
due to the self-inductance of L1, and one to the mutual inductance 
between L, and L1. Likewise, there will be two voltages set up 

Fig.10 Two coils connected 
in series-aiding. 

across L, for the same reason. If the mutually -induced voltage in 
either coil is in phase with the self-induced voltage of that 
coil, then the two coils are connected in "series -aiding". The 
total inductance of the top coil is L1 + M, and that of the lower 
coil is L, + M. The total inductance of the circuit is the sum of 
these two inductances which is L1 + M + L, + M, or L1_ + L2 + 2M. 

Fig.11 Two coils connected 
in series-0000sinn. 

If the two coils are arranged as shown in Fig. 11, the mu- 
tually -induced voltage of either coil is out of phase with the 
self-induced voltage of that coil. With this condition, the total 
inductance of the top coil is L1 - M, and that of the bottom coil 
is L2 - M. Therefore, the total inductance of the circuit is 
L1 + L, - 2M, and in this case the two coils are connected "series - 
opposing". Thus, the general formula for the total inductance of 
two coils connected in series is: 

Leff = L1 + L2 ± 2M (15) 

The positive sign before the term 2M is used when the coils are 
connected series -aiding, and the negative sign when they are con- 
nected series -opposing. 

Let us consider the case of two coils of equal self-induc- 
tance connected in series with unity coupling between them. Since 
L1 equals L2f then the mutual inductance would be: 

M = 1 X JL` = L 
Where L is the inductance of either coil. 

If the two coils are connected series -aiding, the total 
inductance would be: 

Leff = 2L + 2M, and since M is equal to L, 
Leff = 4L 

Suppose that two 10 -henry coils are connected in series - 
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aiding with unity coefficient of coupling. The mutual inductance 
between the two coils would be 10 henries, and the total induc- 
tance in the circuit would be 40 henries. Thus, when two equal 
inductances are connected in series with unity coupling, and with 
their magnetic fields adding, the total inductance in the circuit 
is four times the value of either. 

The foregoing principle brings forth an interesting fact. 
Suppose that one of the 10 -henry coils in the preceding example is 
composed of a thousand turns, and the second coil is formed by 
merely winding an additional thousand turns on the same form. The 
total inductance then becomes 40 henries, or the inductance in- 
creases four times when the number of turns is doubled. Thus, 
with all other factors remaining constant, the inductance varies 
as the square of the number of turns. 

If the two coils are connected in series -opposing, the ef- 
fective inductance is: 

Leff = 2L - 2M. 

And, since M is equal to L for unity coupling, 

Leff = 2L - 2L = 0 

The total inductance of the circuit is zero and this prin- 
ciple is made use of in creating non -inductive coils by winding 
one-half of the coil in one direction and the other half in the 
opposite direction. 

Now that we have learned some of the principles of mutual 
inductance, we are ready to consider impedance matching in R.F. 
circuits. As is already known, the voltage developed across an 
inductance due to the self-induced voltage is found by multiplying 
the current by the inductive reactance. In a like manner, the 
voltage developed in the secondary circuit by the primary current 
is found by multiplying the primary current by the mutual reac- 
tance. The mutual reactance is found in a manner analogous to 
that used for determining the inductive reactance. It is: 

Xm = 6.28 x F x M (16) 

Where: Xm is the mutual reactance in ohms, 
F is the frequency in cycles, 
M is the mutual inductance in henries. 

It may be proved that the impedance reflected from secondary 
to primary circuit is: 

Zr = 

X52 
(17) 

Where: Xm is the mutual reactance between the 
two circuits, in ohms, 

Zs is the total impedance of the secon- 
dary circuit, including that of the 
secondary coil and the load, 

Zr is the reflected impedance in ohms. 

Formula (17) gives the total impedance reflected into the 
primary circuit, but it does not tell what part of that impedance 
is resistive and what part is reactive. Of course, the same rules 
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apply to R.F. transformers as to iron -core transformers insofar as 
the nature of the reflected impedance is concerned. That is, the 
reflected impedance will be purely resistive if the secondary 
circuit contains only resistance, whereas it will be purely 
capacitive if the secondary is inductive, and will be purely 
inductive if the secondary is capacitive. If the secondary cir- 
cuit contains both reactance and resistance, then the reflected 
impedance will be both reactive and resistive, the reactive part 
being of opposite kind to the secondary reactance. The actual 
values of the reflected resistance and reflected reactance may be 
found by the following formulas: 

Xr - Zr x Xns (18) 
Zs 

Rr - 
Zr x Rs 

(19) 
Zs 

Where: Xr is the reflected reactance in ohms, 
Xns is the net reactance of the secondary, 

Rs is the resistance of the secondary, 
Zr is the total reflected impedance de- 

termined by formula (17), 

Zs is the total impedance of the secon- 
dary circuit. 

Let us now investigate how the presence of a tuned secondary 
affects the current in an untuned primary. This corresponds to 
an ordinary R.F. transformer such as is used in receivers. The 

Fig.12 The circuits used 
to explain the phenomenon 
of reflected impedance when 
the primary is untuned and 
the secondary is tuned. 

circuit shown in Fig. 12 will be referred to during the following 
discussion. The primary voltage (µ x Es) is the effective alter- 
nating voltage in the plate circuit. Rp is the plate resistance 
of the tube; Xp, the inductive reactance of the primary; Xn, the 

net reactance of the secondary; and Rs the total resistance of the 

secondary. When the incoming frequency is less than the resonant 
frequency of the tuned circuit, the secondary has a predominance 
of capacitive reactance,' and the current flowing in the secondary 
is low. This causes the reflected impedance to consist of an 
inductive reactance and a resistance. The reflected inductive - 
reactance adds to the normal reactance of the primary and the 
current flowing in the primary is less than it would be if the 

secondary were not present. 
As the frequency of the incoming signal is increased, the 

predominance of capacitive reactance in the secondary decreases, 
1Refer to Sec. 5, Lesson 22, Unit 1. 
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And the secondary current becomes larger. Due to the smaller 
amount of net capacitive reactance in the secondary, the reflected 
impedance contains less inductive reactance, and due to the in- 
creased secondary current, it contains more resistance. Although 
the amount of reflected inductive reactance diminishes, the value 
of the reflected resistance increases, and, as a result, the total 
amount of reflected impedance becomes larger. This causes the 
primary current to fall as the frequency of the applied voltage 
is raised. 
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Fig.13 Showing how the currents in the primary and secondary 

circuits of Fig. 12 vary with frequency and with different amounts 
of Coupling. 

When the frequency of the incoming signal has been increased 
until it is equal to the resonant frequency of the tuned circuit, 
the net reactance of the secondary is zero, and a relatively 
large amount of secondary current flows. This produces a reflect- 
ed impedance of such a phase that it has the nature of a pure 
resistance, and, due to the large secondary current, the value of 
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the reflected resistance is maximum. At this point, the primary 

current reaches a minimum value. 

Increasing the frequency of the incoming signal above the 

resonant frequency of the tuned circuit causes the secondary to 

have a net inductive reactance, and thereby reduces the secondary 

current. Under this condition, the reflected impedance consists 

of a capacitive reactance and a resistance. The smaller secondary 

current produces a lower value of reflected resistance, while the 

reflected capacitive reactance partially neutralizes the inductive 

reactance of the primary and, therefore, causes the primary cur- 

rent to increase. 
At a frequency slightly above the resonant frequency of the 

tuned circuit, the reflected capacitive reactance is just suffic- 

ient to completely cancel the inductive reactance of the primary, 

and the phase angle of the primary is zero. At frequencies higher 

than this value, the reflected capacitive reactance is greater 

than the inductive reactance of the primary and the primary has a 

net capacitive reactance which causes it to draw a leading cur- 

rent. Thus, the primary circuit acts like a condenser (draws a 

leading current), although there is no condenser in the primary 

circuit. 
The curves shown in Fig. 13 illustrate how the primary cur- 

rent and secondary current vary for different degrees of coupling, 

as the frequency of the applied voltage is changed. It should be 

noticed that the resonance curve of the secondary has a flatter 
top and is less peaked when it is closely coupled to the primary, 

and would, therefore, offer less selectivity. The reason that the 

secondary resonance curve is not sharp is due to the fact that the 

voltage induced into the secondary is not constant. The secondary 

voltage depends directly on the primary current, and the primary 

current reaches a minimum value at resonance. This causes the 

secondary voltage to be lowest at the resonant frequency, and 

prevents the secondary current from reaching as high a value as it 

otherwise would, even though the impedance of the secondary is 

minimum. For this reason, relatively loose coupling should be 

used between the primary and secondary of an R.F. transformer, so 

that the selectivity will not be seriously affected. 

5. COUPLED TUNED CIRCUITS. A special case arises when both 

primary and secondary circuits are series tuned circuits. (It is 

assumed that both circuits are tuned to the same frequency.) With 

very loose coupling, the resonance curve of the primary circuit is 

practically the same as though the secondary were not present. 

When the coupling between secondary and primary is increased, a 

change occurs in the resonance curve of the primary current. With 

medium coupling, there is a fairly large value of resistance 
reflected from the secondary circuit into the primary circuit at 

the resonant frequency. Since the effective resistance of the 

primary circuit has been increased, the resonance curve will be 

less peaked and the resonant effect will be less pronounced. This 

was learned in Lesson 22 of Unit 1. 
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Let us assume that a constant voltage of variable frequency 
is applied to the circuit shown in Fig. 14, and from the data 
obtained, a resonance curve of the primary current is plotted. 
When the frequency of the applied voltage is less than the reso- 
nant frequency of the two circuits, the inductive reactance of 

Constant 
Voltage 
variable 
Frequency 

Fig.1u The circuit used 
s to explain reflected impe- 

dance between two series- 
tuned circuits. 

both primary and secondary will be less than their corresponding 
capacitive reactances, and both circuits will have a predominance 
of capacitive reactance. Therefore, the current flowing in the 
primary winding will lead the applied voltage, and the current 
flowing in the secondary winding will lead the voltage produced 
across the secondary. Since the secondary circuit is capacitive, 
the impedance it reflects back into the primary will be largely 
inductive. It will reflect a small amount of resistance, but not 
as much as when the applied voltage has a frequency equal to the 
resonant frequency of the two circuits. This inductive reactance 
that is reflected from the secondary back to primary partially 
neutralizes the predominance of capacitive reactance existing in 
the primary circuit, and thereby causes the primary current to be 
slightly larger than it would be if the secondary were not pres- 
ent. As the frequency of the applied voltage is increased, the 
predominance of capacitive reactance_in the primary decreases, 
and, at some particular frequency, the amount of inductive reac- 
tance coupled from secondary to primary will be sufficient to 
exactly cancel the excess of capacitive reactance existing in the 
primary. At this point, then, the current flowing in the primary 
circuit is limited only by the resistance of the circuit. Thus a 
resonant point has been reached. Note that this resonant fre- 
quency is not the frequency to which the two circuits are tuned, 
but is a frequency somewhat less than the actual resonant fre- 
quency of the circuits. 

As the frequency of the applied voltage is increased until it 
is exactly equal to the resonant frequency of the two circuits, 
the amount of resistance that is reflected from secondary to 
primary increases and, at this frequency, it is maximum. At this 
point, therefore, the current that flows in the primary circuit 
is rather low due to the large amount of resistance which has been 
coupled into the primary. 

Now as the frequency of the applied voltage is increased 
above the actual resonant frequency of the two circuits, the in- 
ductive reactance of the primary becomes larger than its capaci- 
tive reactance and the same is true of the secondary. Under this 
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condition, the predominance of inductive reactance ín the primary 

circuit causes a lagging current and the secondary current also 

lags the voltage produced across the secondary. The impedance 

coupled from secondary into primary is capacitive since there is 

a predominance of inductive reactance in the secondary circuit. 

The amount of resistance coupled from secondary to primary is 
fairly low and the capacitive reactance coupled from secondary 

into primary partially neutralizes the predominance of inductive 

reactance in the primary. At a particular frequency somewhat 
above the actual resonant frequency of the two circuits, there is 

enough capacitive reactance coupled into the primary circuit to 

exactly neutralize the excess of inductive reactance present. In 

this case, the primary current is again limited only by its re- 

sistance. Thus another actual resonant point has been reached. 

Fig.15 The resonance curve 
of the primary circuit of Fig. 
is, when the secondary is open 
and closed. The dotted curve 
represents the primary reso- 
nance curve with the secondary 
open. 

Frequency 

The resonance curve of the primary circuit will have the form 

shown in Fig. 15. Notice that the current flowing in the primary 

circuit starts from a very low value at frequencies far below 
resonance, increases to a maximum value at a frequency somewhat 

below the resonant frequency, reaches a minimum value at the exact 

resonant frequency, and again rises to another maximum value some- 

what above the actual resonant frequency. The dotted curve in the 

same figure is the resonance curve of the primary when the secon- 

dary is open -circuited. 
If the coupling between primary and secondary is sufficiently 

great, the resonance curve of the secondary current will also have 

two humps, or two resonant points, one above and one below the 

actual resonant frequency of the secondary circuit considered by 

itself. In Fig. 16 are shown two sets of curves which illustrate 

the values of the primary and secondary currents for different 

amounts of coupling. It should be noticed that when the coupling 

is very loose, (K is .002), the resonance curve of the primary 

current is very sharp, practically the same as it would be if the 

secondary were not present. In this case, the secondary current 

does not reach a very high value; however, the secondary resonance 

curve with this coupling is very peaked, indicating a large amount 

.of selectivity. When the coupling is increased until K = .01, the 

primary resonance curve has begun to show the characteristic twin 

peaks, or double humps, while the secondary current with this 
amount of coupling has reached its maximum value. Notice that the 
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secondary resonance curve, when K equals .01, has a flat top. 
Such a circuit would not be very selective but would be desirable 
in R.F amplifier stages to prevent sideband cutting. 

Also observe that with this amount of coupling, the secondary 
current is maximum. With either more or less coupling than this 
value, the secondary current is lower. The amount of coupling 
that produces a maximum secondary current is called the "critical 
coupling". In coupling a dummy antenna to the tank circuit of an 
R.F. power amplifier, it will be found that there is one partic- 
ular point that gives maximum antenna current. When the antenna 
coupling coil ís either closer or farther from the plate tank 
circuit, the antenna current drops off. 

With coupling greater than .01, the secondary resonance curve 
also begins to show the double -hump effect. Notice that the 
secondary resonance curve for K equals .015 would, if used in the 
I.F. stages of a receiver, produce very good fidelity, as there 
would not likely be any possibility of sideband cutting. Some 
modern receivers that employ selectivity controls are so arranged 
that the coupling between the secondary and primary of one or more 
of the I.F. transformers may be varied. With loose coupling, the 
selectivity is maximum because the secondary resonance curve is 
very peaked; while, by increasing the coupling, a flat -top curve 
is obtained which lowers the selectivity but greatly increases the 
fidelity. 

The primary and secondary current peaks occur at practically 
the same frequencies and are very nearly symmetrically located on 
either side of the resonant frequency of the two circuits. The 
height of the current peaks become smaller as the coupling is in- 
creased, but the two humps always have approximately the same 
maximum. When the coefficient of coupling is approximately 11 
times the critical coupling, the double humps appear in the secon- 
dary current curve. The secondary current curve follows through 
practically the same stages as does the primary current character- 
istic, first becoming lower and flatter and then separating into 
a two -humped curve with a minimum between the humps at the fre- 
quency to which the circuits are tuned. The main difference be- 
tween the primary and secondary resonance curves is that the drop 
in current between the two humps is less pronounced in the curve 
of the secondary current. The voltage induced in the secondary 
has the same general characteristics as the primary current curve 
and will therefore have two humps when the primary current does. 
However, the low impedance of the secondary at its resonant 
frequency tends to counteract the low voltage that is induced at 
this frequency. 

The mutual inductance required for critical coupling is 
determined by the following formula: 

M=JRoXRs 
6.28 x F 

(20) 
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Where: M is the mutual inductance in henries. 
Ro is the resistance of the voltage 

source, 
Rs is the resistance of the secondary 

circuit, 
F is the frequency in cycles. 

The coefficient of coupling needed to produce this amount 
of mutual inductance is: 

K Ryx Rs 

XLo x Xis 
Where: Ro is the resistance of the voltage source, 

Rs is the resistance of the secondary circuit, 
XLp is the inductive reactance of the primary 

coil, 
XLs is the inductive reactance of the secondary 

coil. 

The circuit which we have been considering has a series tuned 
primary and secondary circuit. Such a combination is not ordin- 
arily found in radio receivers or transmitters. In most cases 
where coupled tuned circuits are employed, the primary consists of 
a parallel tuned circuit, while the secondary is series tuned. 
This is the case in tuned I.F. transformers and in the coupling 
arrangement between the dummy antenna and the plate tank circuit 
of an R.F. power amplifier. When the primary is a parallel tuned 
circuit, the primary current is not of as much importance as is 
the shunt impedance of the parallel tuned circuit. When the shunt 
impedance is too high, the vacuum tube is unable to furnish 
appreciable power to the tank, and the same is true when the shunt 
impedance is less than the plate resistance of the tube. 

With the inductance and capacity of the primary circuit con- 
stant, the shunt impedance will vary inversely with the amount of 
resistance reflected into the tank. In Lesson 22 of Unit 1, it 
was learned that the graph showing the relationship between the 
shunt impedance and the applied frequency of a parallel tuned 
circuit had practically the same shape as the resonance curve of 
an ordinary series tuned circuit; that is, at frequencies lower 
than resonance, the shunt impedance is low; at the resonant 
frequency it is maximum; while at frequencies higher than reso- 
nance, it is again low. Therefore, the curves shown in Fig. 16 
will apply equally well, when the primary is a parallel tuned 
circuit, if it is remembered that the upper set of curves refer, 
not to the primary current, but to the shunt impedance of the 
primary. Since the secondary is always a series tuned circuit, 
the lower set of curves refer to the actual secondary current. 

The coupling between primary and secondary should never be 
increased beyond the point of critical coupling. If a dummy an- 
tenna is coupled too tightly to a tank circuit, maximum antenna 
current is not obtained, and the double -hump resonance curve which 
might be produced in the antenna circuit would probably cause 
instability. It is also interesting to note that at critical 
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'-'1(= .002 

K= .005 

K= 01 

K= .015 

K =.01 
0.41.m. AiK =.015 

K=.005 

Frequency 

Fig.16 Illustrating the effect of changes in coupling. 

coupling, the resistance reflected from the secondary into the 
primary is sufficient to make the shunt impedance of the Primary 
equal to the plate resistance of the tube. This, of course, is 
the condition for maximum power transfer, and therefore the 
secondary current will be maximum and the power transfer to the 
secondary circuit will be greatest with this amount of coupling. 

The important points to remember about reflected impedance in 
R.F. circuits are as follows: 

1. The impedance coupled from secondary into primary 
depends upon the mutual reactance between the two 
circuits and the total impedance of the secondary. 

2. When the secondary circuit has a predominance of 
inductive reactance, the reflected impedance 
consists of a small amount of resistance and a 

relatively large amount of capacitive reactance. 
3. When the secondary circuit has a predominance of 

capacitive reactance, the reflected impedance 
consists of a small amount of resistance plus a 
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relatively large amount of inductive reactance. 
4. When the secondary circuit contains only resis- 

tance, the reflected impedance is itself a pure 
resistance. 

5. The resonance curve of two coupled tuned cir- 
cuits will be practically the same as that of 
either circuit considered alone, if the coup- 
ling is very loose; but will exhibit double - 
peaked resonance curves when the coupling is 

tight. At the point of critical coupling, max- 
imum power will be transferred to the secondary 
circuit and the secondary resonance curve will 
be flat -topped. Also, with this amount of 
coupling, the resistance reflected from secon- 
dary into primary is equal to the primary im- 
pedance. 

6. EXAMPLES OF IMPEDANCE MATCHING IN R.F. CIRCUITS. Mention 
has already been made of the use of coupled tuned circuits in I.F. 

amplifiers to secure band-pass effects. In ordinary T.R.F. am- 
plifiers, where the secondary is tuned to resonance with the 
desired signal, the oscillating current that flows in the tuned 
circuit reflects practically a pure resistance into the primary 
winding of the R.F. transformer, and it is, in effect into this 
reflected resistance that the vacuum tube works. Although it 
may, at first sight, appear that the tube is working into a 

reactance, actually it is working into a resistance. In most 
receiver R.F. amplifiers which are for the purpose of ampli- 
fying voltage only, it is not necessary that the grid circuit 
of one tube be matched to the plate circuit of the preceding tube. 
The reflected impedance, however, should be large enough so that 
a large R.F. voltage is produced across the primary of the R.F. 
transformer. This demands that the reflected resistance be much 

larger than the plate resistance of the tube. 

In most R.F. power amplifiers used in transmitters, some 
grid current is allowed to flow, and this action absorbs power 
from the plate circuit of the preceding stage. To transfer the 
power efficiently, the grid circuit should be matched to the plate 

circuit of the tube exciting it. 

Since it is usually difficult to calculate the inductance of 

the tank coils, and the coupling between the tank coil and the grid 

circuit of the succeeding stage, most transmitters are adjusted 
by experimental methods, rather than attempting to calculate 
what values the various circuit components should have to give the 
optimum operating characteristics. Although it may be necessary 
to make many changes in the transmitter adjustments to secure the 
desired power output with a reasonable degree of efficiency, these 
adjustments should not be made in a haphazard manner. Rather, a 

definite procedure should be followed so that no unnecessary 
changes will be made. 

In regard to the vacuum tubes used in the transmitter, it is 

usually possible to obtain the correct operating conditions (plate 
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voltage and grid bias) from the manufacturer's specifications. 
These values given by the manufacturer should be adhered to fairly 
closely. It may be permissible to use a smaller plate voltage 
than that recommended by the manufacturer, if a power supply for 
furnishing the rated plate voltage is not available; however, it 

should not be expected that the tube will produce as satisfactory 
results as if the rated plate voltage were employed. Never, under 
any considerations, use a plate voltage greater than the maximum 
specified by the manufacturer, nor allow a larger plate current to 
flow than that given in the tube's ratings. 

Fig.17 Circuit used to describe the process of reflected 
impedance in transmitter stages that are inductively coupled. 

In Fig. 17 are illustrated two R.F. transmitting amplifiers 
and a dummy antenna. To simplify the diagram, the neutralizing 
circuits have been omitted. Assuming that the first stage is 

correctly neutralized and the proper voltages are applied, when 
the plate tank circuit is tuned to resonance, it offers a maximum 
impedance to the R.F. plate current pulses. As the coupling 
between the grid circuit of the second stage and the tank circuit 
of the first stage is increased, the impedance reflected from the 

grid circuit into the plate tank increases. This impedance is a 

pure resistance, provided that the grid tank is tuned to reso- 
nance. By reflecting a pure resistance into the plate tank 
circuit, the shunt impedance of the tank is reduced. With the 
stage unloaded, the shunt impedance of the tank should be very 
large compared to the plate resistance of the tube. Then, as the 

coupling is increased, the shunt impedance of the tank is reduced, 
and therefore the tube is able to furnish more power to the tank. 

When more than critical coupling is employed, the resistance 
reflected into the plate tank circuit is so large that the shunt 
impedance of this tank is reduced to a value below the plate re- 
sistance of the tube. Under this condition, the power furnished 
to the plate tank drops off very rapidly, and most of the power 
is dissipated within the tube, causing its plate to become red 
hot. When this occurs, the efficiency is rather low, and since 
the oscillating current will be small due to the large value of 
resistance reflected into the tank circuit, the tank will not have 
sufficient fly -wheel effect to smooth out the plate current pulses 
and many harmonic frequencies will be transferred to the following 
stage. 
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When the loading of the first tube is correct, the second 
stage should be neutralized, and then its plate voltage may be 
applied. The plate tank of the second stage is now tuned to 
resonance as indicated by minimum plate current and is then 
loaded by coupling the antenna to the plate tank.' The antenna 
is tuned to resonance and the coupling between it and the plate 
tank is increased until maximum antenna current is attained. If 
it should happen that the antenna circuit is slightly out of 
resonance, the current flowing in it will not be exactly in phase 
with the voltage producing it, and a predominance of either 
capacitive or inductive reactance will prevail. When this is the 
case, the reflected impedance will contain either inductive or 
capacitive reactance. In either case, the reactance that is 

reflected into the plate tank circuit will detune this circuit. 
For this reason, it is necessary to again check the tuning of 
both the plate tank and the antenna. Do not increase the coupling 
beyond the point that gives maximum antenna current, for this 
causes the double -humped resonance curve which is undesirable. 

4(3+ 

Fig.18 Showing how reflected impedance occurs between the 
grid circuit of the buffer and the plate circuit of the crystal 
oscillator. 

Fig. 18 shows the essential parts of a buffer amplifier 
capacitively coupled to a crystal oscillator. With the excitation 
tap (X) removed, the oscillator plate tank offers a large imped- 
ance to the plate current, and the oscillator is unable to furnish 
appreciable power to this tank circuit. By lighting the filament 
of the buffer stage, and connecting the excitation tap to the 
oscillator tank circuit, the impedance of the oscillator plate 
tank is lowered. Since some grid current flows in the buffer 
stage, the grid -to -cathode impedance of the buffer is not infi- 
nite, but has a very definite value. Therefore, connecting the 
excitation tap to the oscillator plate tank has the same effect 
as connecting a resistor across a part of the oscillator tank 
circuit. A resistor so connected would draw power from the tank 
and would, therefore, reduce the value of the oscillating current. 
Thus, the effect .is the same as though a resistance had been 
reflected into the oscillator tank circuit as this would also 
reduce the oscillating current. The result is that the shunt 

'A more complete discussion of loading an R.F. power amplifier stage will be 
given in Lesson 7 of this unit. 
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impedance of the oscillator tank is lowered, and the oscillator 

tube is able to furnish more power to the tank circuit, for the 

load into which the tube is working is more nearly equal to the 

plate resistance of the oscillator. 

If the grid circuit of the buffer amplifier has a fairly low 

impedance, the excitation tap should be connected down on the 

oscillator plate tank. In this case, there will be less impedance 

between the excitation tap and ground, and thus the impedance of 

the source furnishing power to the grid circuit will more nearly 

match the impedance of the grid circuit. 

In general, a low -mu tube will have a larger grid impedance 

than will a high -mu tube. Thus, ín using a low -mu tube, the 

excitation tap should be connected near the plate end of the 

oscillator tank in order to more really match the grid circuit 

to the plate circuit of the preceding tube. This also means, of 

course, that the low -mu tube requires more grid excitation voltage 

and, as a result, it is said that it is harder to drive or re- 

quires more driving power. 
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THE TRANSMISSION OF THOUGHT 
...FOLLOWED BY THE TRANSMISSION OF SIGHT 

For years upon years thousands of people have held a firm 
belief in the transmission of thought. They are convinced that 
the mind emitted thought waves that travelled through the air 
much like radio waves, to be received by a mind in a distant 
city that was IN TUNE with the sender. 

Today, because of the marvelous development of radio IT IS 
possible to transmit thought thousands upon thousands of 
miles. A man may stand before a microphone in New York City. 
His mind creates certain thoughts that he wishes to convey to 
thousands of listeners in far away Europe. His mind actuates 
the vocal cords and moutn and he gives voice to his thoughts. 
The varying sounds ne creates strike the microphone, and create 
weak electrical impulses of a varying intensity. These impul- 
ses pass into powerful amplifiers a maze of grotesquely 
shaped tubes, condensers, filters and other weird looking con- 
trivances, and emerge greatly amplified to. pass to the vertical 
antenna where they are radiated in the form of so-called 'radio 
waves.' 

These waves, representing the thoughts of the man in the 
studio, arrive in Europe almost as quickly as they are trans- 
mitted. They strike the antennas of radio receivers TUNED to 
their frequency, and wonders of wonders, THE THOUGHTS OF THE 
MAN BEFORE THE MICROPHONE IN NEW YORK CITY HAVE BEEN HANSMITTED 
TO OTHER MINDS IN EUROPE IN ALMOST 'NOTHING FLAT'. 

Because of the fact that radio makes possible the trans- 
mission of thougnt, it has become a powerful factor in the 
world's politics, education and entertainment. And the power 
of this new force is increasing year after year. Soon Tele- 
vision will make it possible for speakers to add NEW FJJRCE to 
their transmitted thoughts, for tney will be able to add pas- 
tures and facial expressions to the power of their voice. 

Radio, with Television closely following, will control the 
destinies of millions of people and great nations. You are, 
indeed, fortunate that you have cast your lot with a new scien- 
tific wonder which offers so much NOW and in the future. 
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Lesson Five 

FUNDAMENTAL , 
MODULATIO v` 

11 

\ . "Modulation is de- 
Ifined 

as the process of ."r 

impressing voice or music . ,7 
waves on a carrier wave so 
that the transmission of \ QN' 1 U ¡ 

intelligence without spec- ; 

ial codes is made possible. ,:` - 

"Without the process of modu- .711...! 

lation, two-thirds of our present radio 
progress would have been impossible. Radio would still be confined 
to the transmission of intelligence by the sending of dots and dashes 
which represented a code system. All broadcast transmitters are 
modulated, and the advancing art of television has presented spec- 
ial problems in the design of modulation systems. Thus, it is high- 
ly essential that you secure a thorough fundamental knowledge of 
this process." 

1. TYPES OF MODULATION. In radio telephony, the transmission 
of intelligence is accomplished by varying the amplitude of the radio 
frequency wave, which is generated by the transmitter, at the audio 
frequency rates corresponding to the audio currents produced by the 
microphone when the sound waves strike it. This process of varying 
the amplitude of the radio frequency wave is called "amplitude modu- 

lation". Thus a definition for modulation would be as follows: Modu- 

lation is the process by which electrical waves produced in the micro- 
phone circuit by sound waves are caused to vary the amplitude of the 
transmitted radio frequency wave in direct accordance with the varia- 
tions of the sound waves. Actually, this is the definition for am- 

plitude modulation; in addition to which, there is also frequency 
modulation, in which the frequency of the R.F. wave is varied in ac- 
cordance with the changes of the sound waves. Frequency modulation 
has, at present, no commercial applications except as used to align 
receivers in conjunction with a cathode ray oscilloscope, as was 

explained in Lesson 4, Unit 2. 
Fig. 1 at A shows a graphic representation of a radio frequency 

carrier wave such as produced by an R.F. oscillator, while at B is 
illustrated a modulated wave that would be created by superimposing 
a single audio frequency on this carrier wave. 
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(A) 

Fig. 

11111 1 1 1 1. 

''' 1111111 
'''')(B) 

a) An unmodulated radio-frequency wave. 
8) a modulated RF wave. 

There are several ways in which the amplitude of the R.F. 
carrier wave may be changed. They are: 

1. By variation of the plate voltage applied to one 
of the power amplifiers (called plate modulation). 

2. By variation of the grid bias voltage of the power 
amplifier (known as grid modulation). 

3. By variation of the screen grid voltage in a screen 
grid amplifier (called screen grid modulation). 

4. By changing the suppressor grid voltage on a pentode 
power amplifier. (suppressor modulation). 

The conception of a vacuum tube oscillator as a converter of 
DC power into R.F. power was Presented in Lesson 1 of this Unit. 
(The oscillator should not he looked upon as n 'enerator because 
it does not function in this manner.) 4 block diagram representing 
the three principal parts of sucl. a convertin,,: system is s' -own in 
Fig. 2; they are the rower supply, the converter, and t'ln antenna. 

R.F. 
Converter 

F 

Power 
Supply 

Antenna 

Fig.2 A block diagram 
representing a simple 
transmitter 

The Hower in. t''e ' ntenna systeor is dependent on two things; the 
power input to the converter, r; the efficiency of conversion; 
and, therefore, rev' e controlled by either one of teo methods. The 
first is tby !seeping the efficiency coastn.nt n.nd varying the power 
input to the converter, and t! 'e second is by keeping the power input 
to the converter constant, and varying the efficiency between the 
converter and the antenna. The first method represents the process 
known as power or plate'dod:'1ntion, while the second is typical of 
efficiency modulation, in which the grid bias or screen grid vol- 
tage is changed. This lesson will. be devoted entirely to power or 
elate modulation, the subject of efficiency modulation being re- 
served for Lesson 12 of this Unit. 
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2. WHY POWER IS NEEDED TO MODULATE A CARRIER WAVE. Since plate 

modulation is concerned with power, it is felt advisable in this pre- 

liminary discussion to review a few fundamental principles of power. 

Therefore, let us turn our attention to the simple circuit of Fig 
3 at A, which consists of a 10 -ohm resistor connected across a 20 - 

as 

3A 

2A 

1A 

0 

(A) 

40V 

30V. 

20V 

10V. 

0 
Time Time 

(B) (C) 

Fig.3 (A) A simple series circuit. 
B Graph representing the current of A. 

C Graph illustrating the voltage of A. 

volt battery. The current flowing in this circuit is 2 amperes and 

could be plotted as shown at B in the figure. Likewise, the vol- 

tage across the resistance might be represented by the graph at C. 

The power being consumed ín the resistance due to íts frictional 

opposition to the flow of current could be calculated very simply 

as follows: 

W = E x I 

= 20 x 2 

= 40 watts 

UA 

34. 

2A. 

lA. 

o 

40V 

30V 

20V. 

10V 

o 

50V -31. Time -1 Time 

Fig.a Illustrating the effect of doubling the voltage of the 
battery supplying power. This circuit is the same as Fig.3, ex- 
cept that the voltage has been increased. 

Suppose, however, that the battery voltage is increased to 40 

volts, as shown at A in fig. 4. The current and voltage would now 

be represented by the graphs of B and C in this figure. The power 

dissipated in the resistor with this new voltage is: 

W = 40 x 4 

= 160 watts. 
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Thus, a very fundauental law of electricity has been illustrated. 
The law is stated by this formula: 

In words, this formula states that, with the resistance of a circuit 
unchanged, a change in the voltage applied to the circuit will cause 
a change in power proportional to the square of the voltage change. 
This is true because the current increases in the same ratio as the 
voltage increase. If the voltage applied to a circuit is doubled, 
the current also is doubled and the power increases to four times 
its original value. 

To continue this discussion, let us set up a series circuit 
containing a 20 -volt battery, an alternator having a peak voltage 
of 20 volts, and a 10 -ohm resistor. Such a circuit is illustrated 
at A in Fig. 5. With the alternator idle and assuming that it has 

10=l 

20V Peak 
15.15 R.M.S. 

IIII 
20 volts 

uA 

3A 

2A 

lA 

o 

uoV 

20V 

Fig.5 An AC generator supplying power toa simple series circuit. The graphs of the voltage and the current are also shown. 

no resistance, the voltage and current in the circuit would be re - 
resented by the dotted lines at B and C in the figure, and the 
power in the circuit would main be 40.watts. With the alternator 
running, however, the total effective voltage in the circuit is 
constantly changing. !.'hen the voltage of the alternator is 20 volts 
and in such a direction as to buck against the voltage of the bat- 
tery, there is no net voltage present across the resistor, no cur- 
rent flows in the circuit, and the power consumption is zero. When 
the voltage of the alternator reverses polarity and again reaches 
its peak value, it adds to the voltage of the battery and the ef- 
fective voltage across tbe resistor is 40 volts. This produces a 
current flow of 4 amperes and a power consumption of 160 watts. 
Thus, the power in the resistor varies at a periodic rate from 0 
to 160 watts. 

The extrewes of the power variation are not, however, of as 
much interest as the average power. It is possible to plot the curve 
representing the power variation in this circuit and by averaging 
all the instantaneous values, determine the average power consumed 
in the resistor. This, however, entails considerable unnecessary 
calculation. It isruch simpler to calculate the average power con- 
tributed by the alternator and to that add the power delivered by 
the battery. Thus, considering_ the AC and DC components separately, 
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it is evident that the DC power furnished i)y the battery when the 
alternator is not running is 40 watts as previously calculated. To 
determine the average AC power, let us remove the battery from the 
circuit, and calculate the AC power furnished to the resistor by 
the alternator. The average AC power under this condition will be 
equal to the R.M.S. value of the current, times the R.M.S. value of 
the voltage, times the power factor. Since the circuit contains only 
pure resistance, the power factor will be one. The peak voltage of 
the alternator is 20 volts, and this would force a peak current of 
2 amperes through the resistor. The R.M.S. values are: 

Erms = 20 x .707 = 14.14 volts 

Irms = 2 x .707 = 1.414 amperes. 

Thus, the average AC power in the resistor is: 

Wac = 14.14 x 1.414 = 20 watts. 

Since the average DC power has already been calculated as 40 watts, 
it is clear that the total average power in the resistor, when both 
the battery and the alternator are functioning, is their sum or 60 
watts. Thus, the conclusion is as follows: When to a DC voltage 
there is added an AC voltage having a peak value equal to the DC 
voltage, the total average power in the circuit increases to one and 
one-half times its former value. 

Fig.6 Diagram of aClass 
C amplifier. By changing 
the position of the switch 
the plate voltage may be 
doubled. 

1000V 1000V 

Eff. 60S 

In Fig. 6 is shown a Class C, R.F. amplifier. It is the class 
C amplifier which is modulated in a transmitter. While we have not 
yet studied the characteristics of such an amplifier, it will be 

completely covered in Iesson 7 of this Unit. At the present, it is 
sufficient to state that such an amplifier is biased beyond cut- 
off, grid current is allowed to flow, and the plate current flows 
for less than half of a cycle. Assuming that this amplifier is 
properly biased, excited and loaded, its efficiency will remain 
constant, even though its plate voltage is varied. Notice 
that the plate voltage of this amplifier may be changed from 1000 
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to 2000 volts by changinry the position of 17W-1. 1000 volts ap- 
plied, assure that the amplifier tube draws 200 rya. plate current; 
this rakes the DC power input equal to 200 watts. An efficiency of 
60% will then cause the rowerir.the dummy antenna to he 120 watts. 
If the switch is thrown from A to B, however, the plate voltaP.e is 
increased to 2000 volts, and ssulin;- a linear relation between 
elate voltarce and plate current, the plate current will increase 
to 400 ma. Under this condition the DC power input. to the tube 
increases four times, or to 800 watts. Since the efficiency re- 
ueins constant, the power in the dummy antenna is found by multi- 
plying the power input by .6 which Gives 480 watts. Thus the power 
'.n the antenna also increases four times (from 120 to 430 watts.) 

ñ 
= 

1000V 

1 to 1 

trans- 
former 

IIiIi 

.Eff. 60e 

1000V Peak 
707V RMS 

Fig.7 Illustrating how 
the plate voltage of a 
Class C amplifier may be 
varied at an audio fre- 
quency rate. 

Let is now consider the circuit sl'own in Fii:. 7. In this cir- 
cuit the conditions are an:ingous to those existing in Fig_. 5. An 
alternator 'having e. nenk voltage of 1000 volts is connected across 
the primary of .. 1:1 ratio transformer. The secondary of this trans- 
foruer i s in series with the 1000 -volt battery. Thus with the alter- 
nator rur.ni there will be developed across the secondary of the 
trensforr.er a 1000 -volt AC voltacre which adds to and subtracts from t voltaire of tb.a ..cttery. The actuAl voltage applied to the 
elate ,,,='tl therefore vory fros, 0 t.r 2000 volts, and the plate cur- 
rent will chnnre fro: 0 to 400 ma. It must be realized that the 
current to which we are refnrring is the DC component of the plate 
current. .,ctuall", the -1.+e current flowin,, through the tube 
will vary at an RF rate es well as ._t. the rate of the alternator 
frequency. In this type of w.nlifier the plate current flows 
for only of RF cycle or less, but the DC component of the 'plate 
current pulses will vary from 0 to 400 ma. at the frequency of the 
alternator. 

As previously stated, when to a DC voltage there is ad- 
ded an AC voltage having a peak value equal to the DC volt- 
age, the average power in the circuit increases one and one- 
half times. Therefore, the average power input to the tube 
increases from 200 to 300 watts, and with the efficiency re- 
maining the same, the average power in the antenna goes up to 
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180 watts. This 180 watts is the average power in the antenna; in 

reality, the antenna power is varying from 0 to 480 watts. 

Since the DC voltage applied to the plate, the DC plate cur- 
rent and the DC power input to the tube are all caused to vary at 

the frequency of the alternator, it should be evident that the 

oscillating tank current, the RF power furnished to the tank, the 
oscillating antenna current, and the RF power in the antenna are 
also varying at the rate of the alternator frequency. Since the 

peak power furnished to the antenna when the alternator is oper- 
ating is four times the antenna power when the alternator is dis- 
connected, it is clear that the amplitude of the RF current in the 
antenna, and the amplitude of the RF voltage across the antenna 
must each have doubled its former value. Thus, if the peak value 

of the RF antenna current was formerly 1 ampere, the peaks are 

now varying from 0 to 2 amperes, at the frequency of the alterna- 
tor. The presence of the alternator has caused the amplitude of 

the RF carrier current to vary at the frequency of the alternator. 

This, however, is the definition of modulation. Therefore, assum- 

ing that the alternator has a frequency of 60 cycles, it is evident 

that it has modulated the RF carrier with a 60 cycle frequency. 
It should by this time be apparent that the alternator must 

furnish not only a peak voltage equal to the voltage of the B 

battery, but it must also furnish a power equal to one-half of the 
power drawn from the B supply, if the RF carrier is to be modulated 
in this manner. Through the milliammeter connected in the plate 

circuit there flows the DC component of the plate current which, 
due to the alternator, is varying at a 60 cycle rate from 0 to 400 
ma. The meter is unable to follow the 60 -cycle variations of the 
current, and therefore reads the average value of 200 ma. or the 

same value as when the alternator is not running. The actual plate 
current flowing through the tube has in reality three components; 
the RF pulses, a 60 cycle component furnished by the alternator, 
and the DC component which is drawn from the battery. The presence 
of the alternator produces no effect on the power that is drawn from 

the B battery. In actual operation the battery, or power supply, 

will be by-passed by a high -capacity condenser which prevents the 

variations in current from passing through the battery, and the 

current drawn from the battery will remain constant at 200 ma. 

Thus the extra power input to the tube which causes both the plate 

voltage and plate current to double their values must be supplied 

by the alternator. In the transmission of speech and music, the 

output of an audio amplifier instead of the alternator would be con- 

nected across the primary of the transformer. Since audio power 

as well as audio voltages must be developed across the secondary 

of this transformer, an audio power amplifier must he used. 

3. PERCENTAGE OF MODULATION. We have seen that adding an AC 

voltage with a peak value equal to the DC voltage of the B battery 

causes the average power in the antenna to increase one and one- 

half times. Also with this amount of AC voltage, the amplitude 

of the RF carrier current varies from zero to twice its unmodulated 

value. Let us now determine what the effect of adding an alter - 
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Fig.8 Showing the effect of a DC and an AC voltage in the same circuit. 

neting voltage whose peak value is only one-half of the DC voltage 
of the battery would he. 

The circuit shown at A in Fig. 8 will be used. The peak value 
of the AC voltage is 10 volts, and the voltage of the battery is 
20 volts. The voltage across and the current through the resistor 
when the alternator is not running are represented by the dotted lines 
at B and C of Fiv. S. With the alternator operating, the effective 
voltage in the circuit will vary between 10 and 30 volts, and this 
voltage will produce a current through the 10 -ohm resistor which 
changes from 1 to 3 amperes. To find the amount of power in the 
resistor, the AC and DC components will be considered separately. 
The DC power is 40 watts, or the same as in Fig. 5. The RMS vol- 
tage and RMS current of the AC component are: 

Eras =, 10 x .707 = 7.07 volts. 

Irms =. 1 x .707 = .707 ampere. 

Thus the AC power developed by the alternator is: 

Wac = 7.07 x .707 = 5 watts 

Therefore the average power dissipated in the resistor is 45 watts. 
It is seen that when the peak voltage of the alternator is one- 

half of the DC voltage of the battery, the power developed by the 
alternator is l' or 12.5% of the nower developed by the battery (5 
watts AC power is l of 40 watts DC power). 

keturning now to the tube arrangement shown in Fig. 9, let us 
use an alternator whose peak voltage is one half of the voltage of 
the B battery. The battery produces a voltage of 1000 volts, and 
the peak voltage of the alternator is 500 volts. If the DC plate 
current with the alternator disconnected is 200 ma., the DC power 
input is 200 watts. With thealternator connected, the voltage ap- 
plied to the plate will vary from 500 to 1500 volts, and the plate 
current will change from 100 to 300 ma. The power supplied by the 
alternator will be 12.5% of the DC power furnished by the battery, 
or 25 watts. With a 60% efficiency the power in the antenna when 
the carrierisunmodulated is 120 watts. Under modulation the total 
average power input increases to 225 watts, and the average power 
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in the antenna rises to 135 watts. Thus the power in the antenna 

also increases 12.51 with this amount of modulation. Since both 

the plate voltage and the plate current vary from z to 12 their 

unmodulated values, the amplitude of the RF antenna current will 

also change from i to 1 its unmodulated value. If the peak antenna 

c 

Fig.9 Modulating a Class 
C stage with an alternator. 

1-1llllll 
1000 Volts 

Eff, 603 

500V Peak 

353 VMS 

current before modulation was 1 ampere, it will, with this amount 

of modulation, vary from 2 to 1 amperes. 

At A in Fig. 10 is illustrated the unmodulated carrier which 

is assumed to have a peal; value of 1 ampere. At B in the same figure 

is shown the modulated carrier produced when the peak voltage of 

the alternatou is equal to the voltage of the battery and the AC 

power applied to the circuit is 50% of the DC power input. At C 

in this figure is shown the modulated RF carrier produced when the 

peak AC input voltage is equal to one-half of the applied DC vol- 

tage, and the AC power input is 12.5% of the DC power input. 
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Fig.10 (A) An unmodulated RF wave. (B) a 100s modulated RF wave. 

(C) A 50% modulated RF wave. 

The modulated wave shown at B in Fig. 10 is said to he 100% 

modulated. Whenever the amplitude of the carrier wave varies from 

zero to twice its unmodulated value, it is modulated 100%. the 

amplitude of the carrier at C in this figure varies from 1 to 11 

its unmodulated value, and it is said to be modulated 50%. 

It is time that we learned how to determine the percentage 

of modulation when the variation of the carrier's amplitude is 

9 



known. Most of the following discussion will refer to Fig. 11. 
In this figure there is shown a carrier wave, a part of which is 
modulated. The line joining the peak values of the modulated part 
of the carrier is known as the modulation envelope. By inspection 
of this envelope it is seen that it is really the wave form of the 
audio frequency that is producing the modulation. The following 
symbols will be used: 

Ic is the peak value of the enmodulated carrier. 
IM is the greatest value obtained by the carrier dur- 

ing modulation. It is the value measured during 
the peak of the AF modulation cycle. 

Imin is the minimum peak value of carrier current. 
It occurs during the trough of the modulation 
cycle. 

Im is the peak value of the modulation envelope. It 
is measured from the peak of the unmodulated wave 
to the greatest peak obtained during the modulation 
cycle. 

The percentage of modulation may be defined as the ratio of the 
AF contained in the modulated wave to the RF present in the carrier. 
Since the amount of AF in the modulated wave is proportional to 
the amplitude of the modulation envelope, it may also be said that 
the percentage of modulation is equal to the ratio of the amplitude 
of the envelope to the amplitude of the unmodulated carrier expressed 
as a percentage. !.s a formula this is: 

Per cent of modulation = 
Íc 

x 100 (1) 

From Fig. 11 it is seen that the total variation of the peaks of 
the modulated wave is equal to the maximum peak obtained minus the 
minimum peak reached. This total variation , however, is equal to 
twice the amplitude of the modulation envelope; therefore, the 

r e - IM 

Fig.11 Illustrating how the various current values of a modulated wave are measured. 

modulation nercentage say be expressed as follows: 

Per cent of modulation _ x (IM - Imin) x 100 
Ic 

10 
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Furthermore, it is evident that the amplitude of the modulation 

envelope is equal to the maximum amplitude obtained minus the am- 

plitude of the unmodulated carrier; therefore, a third method of 

expressing the modulation is: 

Per cent of modulation = (IM - Ic)x 100 

Ic 
(3) 

The modulated waves shown at B and C in Fig. 10 are modulated 

100% and 501 respectively. Let us use these new formulas to prove 

that this is true. In the wave shown at B, the amplitude of the 

unmodulated carrier was assumed to be 1 ampere; the maximum peak 

obtained was 2 amperes; and the minimum peak was zero. Sy substi- 

tution in formula (2), we have: 

Per cent of modulation x 
( 2 - 0) x 100 

1 

2 x 2 X 100 = 1 x 100 = 100%. 

1 1 

If formula (3) is used the same results will be secured: 

Per cent of modulation - (2 1)x 100 = 100% 

In the wave shown at C in Figr. 10, the amplitude of the unmod- 

ulated carrier is l ampere; the maximum peak is 11 amperes; and the 

minimum peak is # ampere. Substituting these values in formula (2), 
we secure: 

Per cent of modulation 

Or, if formula (3) 

= es x (1¡ - x 100 
1 

= x 1 x 100 = x 100= 50% 
1 

is used, the substitution will appear as follows: 

Per cent of modulation = (1.11 
1) x 100 - 

1 

x 100 
- 

5o% 

That the avera_ue power in the antenna increases 11 times during 

100% modulation has been previously mentioned. Also it was found 

that with 5Oó modulation the average antenna power increase was 11 

times. Thus it is seen that the relation between percentage of 

modulation and the amount of power increase ís not linear, because 

it requires a 12.5% increase in power to produce 50% modulation, 

and four times as much, or a 50% increase in power to secure 100% 

modulation. Let us now determine the relation between the antenna 

power increase and the percentage of modulation produced. 

The avera?e power in the unmodulated carrier is equal to the 
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RMS value of the carrier current squared times the value of the 
antenna resistance. Calling the RMS value of the unmodulated car- rier II, the followinc, is true: 

Pc =, Ii x Ra (4) 

Where: Pc is the average power in the carrier and 
Ra is the antenna resistance. 

Throughout the previous discussion it was convenient to use peak 
values instead of R'IS values; therefore, let us determine what the 
power in the antenna due to the carrier is in terms of the peak 
value of the unmodulated carrier. The peak value of the carrier is equal to the R'1S value times 1.414. In Lesson 13 of Unit 1, it was stated that the factor 1.414 was equal to the square root of 2, therefore the peak value is found as follows: 

Ic = 1.414 X Ii = 2 X Ii 
Squaring both sides of this equation, we have: 

Ic = 2xIi 
This is true because the square of the square root of 2 is obvious- 
ly 2. By dividing both sides of this equation by, 2 there results: 

2 

=. IC 
(5) 2 

Now by substituting the value of as found in equation (5) into equation (4), we have: 
º 

Pc = 2 x Ra (6) 

From this last equation it is seen that the power in any AC sine 
wave may he found by taking one - half of the square of the peak 
value and multiolyinc it by the resistance in the circuit. 

In Lesson 22 of Unit 1, it was learned that a 'modulated wave 
mi,ht be considered as being composed of three AC components: an 
unmodulated wave having the frequency and amplitude of the carrier; an 
unmodulated wave 'mown as the under sideband having a frequency equal 
to the carrier frequency plus the frequency of the impressed audio, 
and an amplitude equal to one-half that of the carrier (if the mod- 
ulation was 100%); and a third unmodulated wave called the lower side - 
band whose frequency was equal to that of the carrier minus the fre- 
quency of the impressed audio and whose amplitude is the same as the 
other sideband . It may be proved that the amplitude of each of the 
sidebands will be equal to one-half of the amplitude of the modulation 
envelope, therefore the amplitude of the sidebands will vary with 
the percentage of modulation. 

;he total avera?e power in tie modulated wave. may be determined 
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by finding the average power contributed by each of these t!.ree AC 

components. The average power in the carrier is riven by equation 

(6); that due to one sideband may be found as follows: Since the 

amplitude of each oft.he sidebands is equal to one-half of the ampli- 

tude of the modulation envelope, then the sideband amplitude may be 

expressed in this manner. 

Amplitude of sideband 
_ Im 

' 2 

Now the average power in this sideband may be found by taking one- 

half of this amplitude or peak value squared and multiplying it 

by the antenna resistance. 

Power in one sideband 

- Iº 
- 

m x Ra 
8 

Since this is the power in one sideband, that contributed by both 

of them will be twice this value. 
2 

Ps = 2x 8 xRa = ImxRa (7) 

Where: Ps is the power in the sidebands. 

Thus, the total average power in the modulated wave is equal to 

that furnished by the carrier as given in equation (6) and that 

contributed by the sidebands as given in equation (7). 

Pm = 

2 

I2 xRa+I4 x Ra 

Ic+ImxRa 
2 4 

(8) 

Where: Pm is the total average power in the modulated wave. 

Equation (8) gives the total amount of average power in the 

modulated wave for any percentage of modulation. It would, per- 

haps, he convenient to know the ratio of the sideband power to that 

contained in the carrier. This may he found by the following method: 

Equation (6) is first multiplied through by 2. This rives: 

2 x Pc =, II x Ra (9) 

Next equation (7) is multiplied thromh by 4, which produces: 

4 x Ps = Im x Ra (10) 
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Now equation (10) is divided by equation (9), and this results in: 

m 

2 x Pc = 
I x Ra or 2 x 

Pc - (11) 
Ic X Ra Ic 

As shown in equation (1), Im/Ic x 100 is equal to the percentage of modulation, therefore Im/Ic is equal to the degree of modulation 
expressed as a decimal fraction, or: 

Im 

Ic 
m = 

Where: m is the degree bf modulation 

By squaring both sides of this equation we obtain: 

mº Im 

IC 

Therefore mº may be substituted for the right hand member of equation (11) : 

2 x Ps = mº 
Pc 

Dividing this last equation through by 2 there results: 

i mº 
Pc 2 (12) 

This equation states that the ratio of the power in the sidebands to the power in the carrier is equal to one-half of the square of the degree of modulation expressed as a decimal. 

Equation (12) may be made more useful by multiplying it through by Pc as follows: 

Ps = 2 x Pc 
(13) 

The power in the sidebands represents the increase in average power during modulation and must be supplied by the output of the alternator or modulator. It is not equal to the power output of the alternator, because the efficiency is less than 100%, however, the sideband power is proportional to the power of the alternator. Likewise, the power ín the carrier is proportional to the DC power input to the tube furnished by the B battery. For this reason, equation (13) may he used to determine how much audio power is needed from the modulator to modulate a given amount of DC power input to any degree of modulation. For example, sunpose that the DC power in- put to a tube is 200 watts, and it is desired to modulate the car- rier 100%. How much audio power is needed to accomplish this? Sub - 
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stituting 200 watts for Pc, and 1 for m in equation (13), we have: 

Ps = 
2p 

x 200 = 2 x 200 = 100 watts of audio power. 

If it were desired to modulate this carrier 50%, the required amount of audio would be: 

Ps = 
52 

x 200 = .25 x 200 = .125 x 200 = 25 watts of an - 
dio power 

To modulate this same 200 watts, 10% would require: 

Ps = 2 x 200 = .21 
x 200 = .005 x 200 = 1 

watt 
f audio 

power 

We should now be able to calculate the amount of audio power necessary to modulate any amount of DC power input to any degree. The several formulas previously given for calculating the percen- tage of modulation are all correct, but they involve quantities not ordinarily known or easily found. The thermocouple ammeter in the dummy antenna reads effective or R.M.S. current values, while the preceding formulas require that peak values bel,:nown. It would, therefore, he desirable to introduce a percentage of modulation formula in terms of R.M.S. values. 
The effective current value of the unmodulated carrier is, of course, equal to .707 times the peak value. The effective current value of the modulated carrier, however, does not have this relation to its peak value, but instead, depends on the degree of modulation. This is true because the modulated carrier is not a pure sine wave, but rather is a sine wave with a varying amplitude. This fact need give us no concern if we remember that the effective current value of any wave form, no matter how much it differs from a sine wave, is that value which, when squared and multiplied by the resis- tance of the circuit, gives the true power dissipated in the cir- cuit. With this in mind, the following formula may be derived. Equation (12) is multiplied by 2. This mives: 

2 x Ps = 
M2c (14) 

By taking the square root of both sides of equation (14), the fol- lowing is secured. 

m = J 2 x Ps 
(15) Pc 

The power contained in the sidebands is equal to the total power in the modulated wave less the mower contributed by the unmodulated carrier. This may be expressed as: 

Ps = Pm - Pc (16) 
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We may, therefore, substitute the value of Ps given in equation 
(16) into equation 115). 

M = 
X (Pm Pc) 

Pc 
(17) 

Prom equation (4), we know that the power in the unmodulated car- 
rier is: 

2 
Pc = Ii X Pa 

s (18) 

Where: Ii. is the effective value of the carrier current. 

Also, the power in the modulated wave ray he found by: 

2 

Pm = I2 X Ra (19) 

Where: I2 is the effective current value of the modulated wave. 

Substituting for Pc and Pm, the values given in equations (18) and 
(19) into equation (17), we have: 

m = J2 x XRa -IiXRa) 
Ii X Ra 

= I2 x RaX (Iº - Ii) 

IiXRa 

= 

J 
2 x (I12- Ii) 

2 I 

= 

J2x()Ii 
Í 

2 

2 X(I - 1) 

Or finally: m= j2 X(Iº)2 - 2 I 
(20) 

This equation may be used to determine the degree of modulation and, 
if the result is multiplied )y 100, the modulation is given in per 
cent. I% is the effective value of the unmodulated carrier as read 
on the thermocouple ammeter, and I2 is the reading of the thermo- 
couple ammeter during modulation. 

The average power in the antenna increases us the square of 
the effective current during modulation; therefore, the effective 
current must increase as the square root of the power increase. 
During 100% modulation, the average power in the antenna. increases 
1.5 times, and this means that the effective current must have in- 
creased the square root of 1.5 times, or 1.225 times. This is the 
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same as saying that with 1001 modulation, the reading of the thermo- 
couple ammeter increases 22.5%. For these results tc he obtained, 
the carrier must be modulated by a single audio frequency of sine 
wave form. The following table will help in the solving of modu- 
lation problems without the use of formulas. 

Per Cent 
of modu- 
lotion 

Ratio of average 
power in modulated 
wave to power in 

unmodulated wave 

Ratio of effective 
current of modulated 
wave to effective 
current of unmodu- 
lateo wave 

Ratio of aF power 
output of modulator 
to DC power input 
of modulated sta3e. 

100 1.5 1.225 .5 
95 1.45 1.204 .45 
90 1.4 1.18 .4 
85 1.36 1.166 .36 
80 1.32 1.148 .32 
75 1.276 1.13 .276 
70 1. 245 1.115 .245 
65 1.211 1.1 .211 
60 1.18 1.08 .18 
55 1.15 1.07 .15 
50 1.125 1.06 .125 

A graph illustrating the relation between the increase in an- 
tenna current and the per cent of modulation is shown in Fie. 12. 
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Fig.12 Chart illustrating the relation between the percent of 
modulation and the per cent increase in the antenna current. 

4. OVERMODULATION, `'en the carrier is beinn modulated by 
speech or music, the nercenta'e of modulation clianf.es from instant 
to instant. The complex audio wave ford representing speech or 
music is not of constant amplitude, and so tl,e n-olulated R.F. wave 
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it produces does not have a constant degree of modulation. It is 

not possible for the average percentage of modulation to be very 
large, for this will cause the occasional audio peaks to produce 
a percentage of modulation greater than 100%. Modulation greater 
than 100% is called "overmodulation", and when produced by a sine 
wave audio signal, it creates a. wave form such as shown in Fig. 

13. [notice that the carrier wave is cut off entirely during a part 
of the modulation cycle. Naturally, this results in severe audio 
distortion, and is highly undesirable. 

Fig.13 Showing how over- 
modulation causes the car- 
rier to be cut off during 
a part of the modulation 
cycle. 

If the envelope of the modulated wave were a single sine -wave 
frequency, prevention of overmodulation would be very easy, but 
with the extreme variation of the amplitude of the envelope pro- 

duced by speech and music, constant attention is required to pre- 
vent its occurrence. When the carrier wave is overmodulated, the 

envelope contains audio components not present in the original A.F. 
signal, and spurious side bands are created. ;his action increases 
the band width required for the transmission of the modulated car- 
rier and is very liable to cause adjacent channel interference. 
For this reason, the Federal Communications Commission requires that 
overmodulation be prevented at all costs, and further than an ap- 
proved type of overmodulation indicator be in operation at every 
transmitter. The amount of audio power fed to the modulated stage 
must be carefully adjusted so that the sharp peaks of the speech 
and music do not cause overmodulation. Since these peaks occur at 
relatively infrequent intervals, the average modulation is less 

than 100%. 

Since the modulation due to speech and music is not constant, 
all modulation measurements are made while a single audio note is 

nroduci.ng the modulation. :pile it is possible to use the effec- 

tive values of current as read on the thermocouple antenna ammeter 
to calculate the modulation percentage, there is another method 
often employed to determine when 100%0 modulation has been obtained. 
This method makes use of a small thermocouple galvanometer used in 
a wave meter circuit. The scale of the meter is divided into 100 

equal units, and, therefore, the readings of the Teter are propor- 
tional to the current squared. For this reason, this instrument 
is often called a "current squared" meter. Since the power in the 

antenna varies directly as the square of the antenna current, the 

reading of this instrument, when it is loosely coupled to the an- 

tenna, is proportional to the amount of rower contained in the an- 

tenna. 
To determine when the carrier is 1001 modulated, the modula- 

tion is shut off and the coupling between the pick-up coil of the 
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instrument and the antenna is varied until the reading of the meter 
is 60. Then, without changing the coupling, the gain of the modu- 
lator is increased until the meter reads 90, and when this occurs, 
the modulation is 100%. This is true because 100% modulation pro- 
duces a power increase of one and one-half times, and the increase 
in the reading of the meter from 60 to 90 is also an increase of 
one and one-half. 

5. THE MODULATOR. Now that the results of modulation have 
been thoroughly discussed, it is time that we turned our attention 
to the device that is to develop the required audio power. This 
stage is called the "modulator", but before attempting to understand 
the action of the modulator, it is advisable that a few fundamen- 
tal principles be reviewed. 

AC 
Peak 
50V 

Fig.1C An AF amplifier 
---1IIII circuit. 

55V 

250 
V 

111111111 
550V 

o o 
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Let us first consider an ordinary A.F. amplifier working into 
a resistive load. Such an amplifier is illustrated in Fig. 14. 

The excitation voltage in this case is represented by an alternator 
connected in the grid circuit. The bias voltage is -55 volts, and 
the plate voltage is 250 volts. (These are the voltages measured 
from grid to cathode, and plate to cathode respectively, when no 
excitation voltage is applied.) In the plate circuit of the tube, 
is a 5000 -ohm resistor, and it is assumed that; under the influence 
of these voltages, the tube draws 60 ma. elate current. In flow- 
ing through the plate load resistor, this amount of plate current 
will cause a voltage drop of 300 volts. Therefore, the total vol- 
tage of the power supply or B battery must be 550 volts. 

The peak voltage of the alternator in the grid circuit is 50 
volts, and under excitation, the voltage of the alternator adds to 

and subtracts from the voltage of the C battery. This causes a 

number of things to happen. First, the grid voltage varies as shown 
at C in Fig. 15. The total variation of the grid voltage is from 
-5 to -105 volts. Assuming thatthiserid voltage variation causes 
the plate current to change from 20 to 100 ma., the change in plate 
current would he represented at B in Fig. 15. As the elate current 
increases, it produces a larger voltage drop across the load resis- 
tor, and there is less voltage available for the plate of the tube. 
In a like manner, a decrease in plate current is accompanied by a 

decrease in the voltage dropped across the load resistor, and the 
actual voltage at the elate of the tube is increased. As a result 
of this action, the voltage on the plate is caused to vary from 50 
to 450 volts. 
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The important point which we wish to be impressed on you is 

the fact that the varying plate current and the changing plate. 
voltage are 1800 out of phase. As the current reaches its maxi- 
mum value (100 ma.), the plate voltage is at its lowest value 
(50 volts); and when the plate current is minimum (20 ma.); the 
plate voltage is maximum (450 volts). 
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Fig.15 The relations between the voltages and currents of the 
Circuit shown in Fig.. 15. 

Let us now determine how the power output is developed. In 
Fig. 16 at A and B are shown the varying plate voltage and plate 
current of this tube, while at C, a new curve has been added. 
This curve represents the voltage changes produced across the load 
resistor. Notice that the current flowing through the load re- 
sistor is in phase with the voltage across it. The current 
through the load is pulsating direct current whose AC component 
has a peak value of 40 ma., as may be seen from the figure. Also, 
the voltage across the load is a pulsating direct voltage whose 
AC component has a peak voltage of 200 volts. We are not inter- 
ested in the power dissipated by the DC components of the cur- 
rent through and the voltage across the load, for it does not 
contain the signal. To find the AC power in the load resistor, 
the AC voltage and current components must be reduced to RMS 
values. These are: 

Erns = 200 x .707 = 141.4 volts 

Irms = .040 X .707 = .02828 

Since the power factor in this circuit is one, the average power 
is calculated as follows: 
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W = .02828 x 141.4 = 3.998+ watts 

Let us consider thenhase relations of the voltages of a resis- 
tance -coupled amplifier. Sucl an amplifier is illustrated in Firr. 

17, while the curves of Fig. 13 show the phases of the various vol- 
tages. During the first alternation, the grid of tube Ti is r:ade 
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Fig.16 Showing the phase relation between the plate current, 
plate voltage, and voltage across the load. 

more ne2'a.tive than normal. Since the grid and plate volta-es of 
an amplifier are 180° out of phase, t'ie plate voitare of this tube 
is increasi.n? above Its no -signal value throurhont this time. h'ith 

71 C T2 

Fig.17 Simplified dia- 
gram of a resistance-coup- 
led amplifier. 

R1 N2 

+ 

ED= Ec 

an increased voltage on the plate of T1, the left hand plate of the 



coupling condenser becomes more positive, and the condenser charges 
to a higher voltage. The only way that this can occur is for elec- 
trons to flow from this plate, down through the load resistor and 
the B battery, up through the C battery of the following stage, 
through the grid leak R2, and on to the right hand plate of the 
coupling condenser. Notice that current flows through the grid leak 
from bottom to top. This causes the top end of Lhe grid leak to be 
positive with respect to the bottom end, and the voltage. across the 
grid leak bucks against the voltage of the C battery. Thus, the 
grid of T2 is increasing in a positive direction during this inter- 
val. 

o 
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Plate 
Volts 

Tube Ti 

0 

Grid 
Volts 
Tube T2 

(A) 

(B) 

(C) 

Fi9.18 The phase relations of the voltages in the circuit shown 
in FIg.17. 

Throughout the succeeding alternation, the grid of Ti is driven 
less negative, and an increased plate current flows. The greater 
voltage drop produced across the load resistor causes the voltage 
of the plate of Ti. to become less positive. Thus, the left hand 
plate of the coupling condenser is at a lower positive voltage, and 
the condenser must discharge. To accomplish this, electrons flow 
from the right hand plate of the condenser, down through the grid 
leak and the C battery, and up through the B battery and the load 
resistor, to the left hand plate of the condenser. This flow of 
current through the grid leak produces a voltage drop across it which 
adds to the voltage of the C battery, and the grid of T2 is driven 
more negative. 

From this discussion, and by reference to the curves of Fig. 
16, it should he apparent that the plate voltage of Ti. and the 
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grid voltage of Tº are in phase. This is an important point and 

should be remembered by the student. 

A direct -coupled amplifier is no different from a resistance - 

coupled amplifier insofar as the phase relations of its voltages 

are concerned. !. simplified direct -coupled amplifier circuit is 

illustrated in Fig. 19. The normal plate current through the re- 

sistor R provides bias on tube T2. It is, of course, necessary 

that the plate voltage supply for tube Te be considerably larger 

than that used for tube Ti. A signal voltage applied to the grid 

of tube Ti causes plate current variations, and the varying plate 

Ti 

Fig.19 A simplified 
direct-coupled amplifier. 

TA 

current produces a changing voltage across the load resistor. It 

is this changing voltage which serves as the acrid excitation for 

tube Tº. In this case, it is very easy to see that the plate vol- 

tage of Ti is in phase with the grid voltage of TA, since both 

elements are connected to the same point. 

If a large audio frequency choke coil were substituted for 

resistor R, the circuit would appearas shown in Fig. 20. However, 

the plate voltage of Ti would still be in phase with the acrid vol- 

tage of Te. Yt is true that in this circuit, the voltage set up 

across the choke would not be in phase with the current through it, 

but whatever the phase might he, the plate voltage of the first 

tube would be in phase with the grid voltage of the second. 

Fi9.20 A direct-coupled 
amplifier using an AF choke 
for coupling. 

Before continuing, it is thought ,.tivisab].e to refresh your 

memory with the idea of loading, This subject, was first discussed 

in Lesson 1 of this Unit. [t was learned that when the load impe- 

dance into which a vacuum tube or any otter voltage source works 

is reduced, the tube or voltage source is said tobave its load in- 

creased, or to he more heavily loaded. Thus, we can state that the 
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load on a vacuum tube varies inversely as the value of the load impedance into which it works. 
In Fig. 17, the load on tube Ti is composed of the resistor R1, and in parallel with this, there is the coupling condenser C and the ri! leak Rs. Tr the usual voltage amplifying circuit, R2 and C constitute such n high impedance that even though placed in parallel with Ri, they cause a negligible reduction of the load impedance into which the tube works. Therefore, for all practical purposes, the tube is workinf. into a load equal to the value of the load resistor. 

Fig.21 Showilg how the grid of the second tube 
would draw current and 
thereby provide a resis- 
tance path in parallel 
with the AF choke. 

Aow consider Fig. 21. In this circuit, the cathode of the second tuhe is connected to the negative terminal of the R battery, and the grid of the second tube is at the same positive potential as the plate of the first tube. This would cause the arid of T2 to draw current, and, since there is a conducting path in parallel with the load impedance, the effect is the same as though a resis- tor has been connected in parallel with the load impedance. This circuit would then be equivalent to the one shown in File. 22. sun - pose that the inductance of the choke is 20 henries, and the fre- quency of the signal voltage applied to tie grid of T1 is 1000 cycles. it this frequency, the inductive reactance of the choke is 123,600 ohms. When the arid of the second tube draws current, the arid -to - cathode resistance of this tube will probably be as low as 25,000 ohms. 

Fig.22 A circuit equiv- 
alent to the one in Fig. 
21, when the second tube 
draws grid current. 

It is, therefore, clearly evident tht'..t tube Ti is working in- to a load impedance somewhat less than 25,000 ohms in value. In fact., the load impedance of Ti is determined, in this case, not by the reactance of the choke, but Ly the arid -to -cathode resistance 
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of the second tube. By making the grid of T2 positive and allow- 
ing this tube to draw grid current, the actual load impedance of 
Ti is greatly reduced, and as a consequence, it may be stated that 
the load on Ti has been increased, or Ti is more heavily loaded. 

The plate current variations of Ti constitute the audio sig- 
nal, and, since the impedance of the path through the grid -to -cathode 
resistance of T2 is about one -fifth of that through tl'e audio choke, 
five times as much audio current will flow through this path as 
will flow through the choke or practically the entire load on the 
tube Ti would be represented by the grid -to -cathode resistance of 
T2 This is especially true if the audio choke has a high induc- 
tance value. 

6. HEISING MODULATION. We are now ready to discuss a system 
of modulation due to R. A. Heising, and names in honor of him. The 
circuit is shown in Fig. 23. It is assumed that the modulated R.F. 

Fig.23 An example of 
Meising modulation. 

Modulator 50 M.A, 50 MA. 

-80V 

Modulated 
Amp. 

stage is excited by a crystal oscillator and buffer stage net shown 
in the drawing. Notice that the plate voltage for hots the Class 
C stage and the modulator stage is supplied throw! the iron -core 
choke L. This choke is !.mown as the "i{eising choke" or "modulation 
choke", and it should have a very high reactance to the. lowest audio 
frequency amplified by the modulator. Assume that the correct 
operating voltages are applied to both tubes, and that the Class 
C stage is producing an unmodulated current in the dummy antenna. 
When an audio signal voltage is applied to the input transformer 
of the modulator, the grid of the modulator is caused to vary at 
an audio frequency rate. This causes the plate current drawn by 
the modulator to change, and this plate current ma ae considered 
to have a DC and an A.F. component. The DC componant returns to the 
cathode by the route through the modulation choke and the B battery. 
Since the inductive reactance of the choke is very high, only a 
very small part of the A.F. component flows through it. The small 
amount of A.F. current that does pass through the chol'e produces 
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A.F. voltages across the choke which cause the plate voltage of the 
modulator tube to vary at an A.F. rate. Since the plate of the 
Class C stage is connected to the same point as the plate of the 
modulator (there being practically no resistance in the R.F. choke), 
the voltage on the plate of the modulated stage will also vary at 
an A.F. rate. The varying A.F. plate voltage on the Class C stage 
causes the DC current drawn by this stage to vary at an A.F. rate, 

and the peaks of the R.F. current pulses actually flowing through 
this tube also vary in amplitude at. an A.F. rate. The R.F. com- 
ponent of the modulated stage is fed effectively through the plate 
blocking condenser CI, and, since the amplitude of this R.F. com- 
ponent is varying at an A.F. rate, the R.F. energy furnished to the 

tank circuit also varies at this rate. :This causes the oscillating 
tank current and antenna current to do likewise, and thus the am- 
plitude of the antenna current and the power which would be radiated. 
from an actual transmitting antenna is varied in direct accordance 
with the variations of the audio signal voltage fed to the input 
of the modulator. 

The DC plate resistance of the Class C stage is directly in 

parallel with the modulation choke; and, since the DC plate resis- 
tance is considerably less than the impedance of the choke, the 
actual load into which the modulator delivers power is this DC plate 
resistance of the modulated stage. For this condition to be ob- 
tained, the impedance of the modulation choke at the lowest audio 
frequency to be modulated must be at least three times the DC plate 
resistance of the Class C stage. 

We may consider that the A.F. current generated by the modu- 
lator flows through the DC plate resistance of the modulated stage, 
and, in so doing, causes the voltage applied to the plate of the 
Class C stage to be varied at an A.F. rate. To vary the plate vol- 
tage of the modulated stage requires power because an increase (or 
decrease) in the plate voltage is accompanied by a corresponding 
increase (or decrease) in the average plate current. If maximum 
undistorted power is to be obtained from the modulator stage, the 
load impedance into which the modulator delivers power must be of 
the correct value. This problem will be further discussed later 
it this lesson. 

Assume that the plate voltage of the Class C stage (unmodulated) 
is 400 volts, and the DC plate current is 50 ma. Also, assume that 
the plate voltage o: the modulator is 400 volts, and that it draws 
50 ma. plate current when no A.F. signal is applied to its grid. 
The modulation choke will be designed to have a minimum amount of 
DC resistance, and the DC voltage developed across the choke due 
to its resistance will he negligible; therefore, the voltage of the 
power supply r.ay he considered to be 400 volts. 

With modulation, the A.F. signal voltage applied to the grid 
of the modulator bas a peak value of 80 volts. (This is assuming 
that the grid bias of the modulator is -80 volts, and that the 
application of a. signal voltage of this value will neither drive 
the grid of this tnhe positive, or cause it to operate on the lower 
bend of its E9-Ip curve.) With this condition, the various vol- 
tages and currents of the two tubes Are graphically illustrated 
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in Fig. 24. At A is shown the variation of the modulator arid vol- 
tage; it is seen to vary from -160 to 0 volts. The modulator plate 
current is shown at P.; it varies from 12.5 ma. to 87.5 ma. C gives 
the picture of the variation of modulator plate voltaze; it varies 
from 100 to 700 volts. 
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Fig.211 Showing how the currents and voltages of the modulator 
and modulated stages vary. 

Insofar as the power supply is concerned, the modulator and 
Class C tubes are in parallel, and whatever voltage is applied to 

the plate of the modulator is necessarily present at the plate of 
the Class C stage. It has been stated that the plate voltage of 
the modulator varies at an A.F. rate, and, for this reason, the 
voltage applied to the plate of the Class C stage must also vary 

at an A.F. rate in direct accordance with the modulator plate var- 
iations. In addition, the plate voltage of t1e Class C stage is 
influenced by the R.F. voltates developed across the plate tanl.: 

circuit. It is, therefore, evident that the plate voltage of the 
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Class C stage is rather complex, consisting as it does of three 
components, 

Fig. 24 at D shows this complex plate voltage of the Class C 
stage. The PC plate voltage furnished by the power supply is 400 
volts; the A.F. variations cause the voltage applied to the plate 
to change from 100 to 700 volts and the R.F. voltages present across 
the tank circuit are usually sufficient to cause the plate voltage 
to vary from nearly twice the applied value at that instant to a 
very low value. 

In a like manner, the plate current of the modulated stage, 
shown at E in this figure, consists of three components. These are 
the R.F. current pulses which last for perhaps one -fifth of an R.F. 
cycle or less, and which are not of constant amplitude tut vary in 

amplitude at an A.F. rate; the A.F. current component, which is the 
average value of the R.F. pulses, and, in this case, has a peak 
value of 37.5 ma.; and the DC component which is the average value 
of the A.F. component, and has a value of 50 ma. This complex plate 
current causes the oscillating current in the tank and antenna cir- 
cuits to have the form shown at F in the figure. 

The R.F. component of the plate current of the Class C stage 
is prevented from flowing through the power supply by means of the 
R.F. choke. The meters used in this circuit read only DC current 
values, and should not change during modulation; that is, if the 
modulator and Class C stage are properly adjusted, their DC plate 
currents will remain the same whether the modulator is supplying 
A.F. power or not. 

ileising modulation is sometimes called "the constant current" 
system of modulation. This name results from the fact that the 
total current drawn from the power supply is practically constant. 
Assuming that this is so, an increase in the modulator plate cur- 
rent must be accompanied by a corresponding decrease in the plate 
current drawn by the Class C stage. Further, the plate current of 
the Class C stage must increase as the plate current of the modulator 
decreases. That this is true is evident from curves B and E of 
Fig. 24. When the plate current of the modulator is minimum (12.5 
ma.), the voltage applied to the plate of the Class C stage is 
greatest, and this tube consequently draws its maximum current. Of 
course, the plate current of the Class C stage is also varying at 
an R.F. rate, but the R.F. variations are not able to pass the R.F. 
choke. Likewise, when the plate current of the modulator is maxi- 
mum (37.5 ma.), the current drawn by the modulated stage is minimum. 
It is not strictly correct to say that the current through the modu- 
lation choke does not change at all, for if there were no current 
changes through this choke, there could be no A.F. voltages developed 
across its inductive reactance. However, the impedance of this 
choke is so large that only a small change in current through it 
is necessary to develop the A.F. voltages across it which change 
the plate voltages of the modulator and the Class C stage. 

Upon inspection of curve F in Fig. 24, it is seen that the 
amplitude of the antenna current does not fall to zero, nor is the 
peak amplitude equal to twice that of the unmodulated carrier. Thus, 
this wave is not 100% modulated, but represents a degree of modu- 
lation of about 75%. To produce 100% modulation, the plate voltage 
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of the Class C stare would have to he reduced to zero during an in- 
stant of the A.F. cycle. In this circuit, however, the DC voltage 
applied to the plate of the Class C stage is the same as that ap- 
plied to the plate of the modulator. also, notice that the modu- 
lator craws the most nlate current when its plate voltage is low- 
est. Now it is manifestly inpossible for the modulator tube to drf_w a 
high plate current, or for that matter, any plate current, if its 
plate voltage is zero. For this reason, it is not possible to pro- 
duce 100% modulation with this circuit, since the DC voltage applied 
to the modulator and to the Class C stage are equal. 

To modulate the carrier wave to as large a percentage as pos- 
sible without causing overmodulation is always Vie principal ob- 
jective. As the amount of modulation is reduced below 100%, the 
power contained in the sidebands is rapidly diminished. Unless the 
carrier is deeply modulated, the strength of the carrier is no in- 
dication of hów well the program will be received. For example, a 

1000 watt carrier modulated 50% is no more effective than a 250 
watt carrier modulated 100%; each contain 125 watts of sideband 
power. 

Fig.25 Another example of Heising modula- 
tion. A resistor and condenser have been in- 
cluded to reduce the plate voltage of the modu- 
lated stage below that of the modulator. 
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As pointed out, it is not possible to produce 100% modulation 
when the plate voltage of the modulator is equal to that of the Class 
C stage. This condition, however, may be remedied by using the 

circuit shown in Fir. 25. This circuit .is similar to that of Fig. 
23, with the exception that a high -wastage resistor shunted by a 
high -capacity condenser is connected in series with the plate lead 
of the Class C stage. The purpose of the resistor is to reduce 
the DC plate voltage applied to the Class C stale below that value 
applied to the modulator. With this arrangement, the plate voltage 
on the Class C stare may be reduced to zero for an instant during 
the A.F. modulation cycle without causing the voltage applied to 
the plate of the modulator to also fall to zero. The resistor 
should dissipate only DC power and no A.F. power. For this condi- 
tion to result, the resistor must be shunted by a condenser whose 
reactance to the lowest modulation frequency is very small. Ordin- 
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arily a condenser of from 5 to 20 mfd. is required. 
The resistor used to'reduce the DC voltage applied to the plate 

of the Class C stage must be large enough to cause the actual DC 
elate voltage of the Class C stage to be equal to the peak alter- 
nating plate voltage of the modulator tube. It is shown in the 
graphs of Fig. 24 that with 400 volts applied to the plate of the 
modulator, the total variation of the plate voltage is from 100 
to 700 volts. This pulsating DC voltage has an AC component whose 
peal; value is 300 volts. Therefore, with 300 volts DC voltage ap- 
plied to the plate of the Class C stage, the actual variation of 
the Class C plate voltage is from 0 to 600 volts, or from zero to 
twice its normal value. Such a variation of the applied plate vol- 
tage is a condition necessary for obtaining 100% modulation. By 
inspecting the curves of the particular tube used in the Class C 
amplifier, it would be possible to foretell what DC plate current 
the tube would draw when its plate voltage is 300 volts (assuming 
that the bias remains constant), and thereby calculate the size 
of the resistor needed to drop the plate voltage from 400 to 300 
volts. 

It is to be noted that the audio frequency output of the modu- 
lator is supplied to the Class C stage through the R.F. choke. The 
reactance of this choke, at the highest modulating frequency, should 
be small compared to the DC plate resistance of the Class C tube. 
This limits the choke to a value no larger than that necessary to 
exclude R.F. currents from the modulator tube. This condition is 
easily achieved when the carrier frequency used is high in comparison 
to the highest modulation frequencies. But with low carrier fre- 
quencies, the R.F. choke required may offer appreciable impedance 
to the higher modulation frequencies, with resultant frequency dis- 
tortion. 

3 
Fig,26 6 Hartley oscillator used with Heising modulation. 

In addition, the blocking condenser C2 is effectively in par- 
allel with the DC plate resistance of the Class C tube, since the 
tank impedance is negligible at audio frequencies. Consequently, 
the higher modulation frequencies tend to be by-passed through this 
condenser, instead of flowing through the resistance of the tube, 
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if this condenser has too high a capacity. It should be no larger 
than necessary to provide a low -impedance path for the R.F. compo- 
nent of the plate current. 

Hartley oscillator coupled to a Heisirt modulator is shown 
in Fig. 26. The operation is exactly the same as when a Class C 
stage is modulated; however, it is difficult to secure 10090 modu- 

lation, because of the inability of the oscillator to oscillate 
when its applied plate voltage is reduced 'to a low value. In addi- 
tion, the output frequency of the oscillator is somewhat dependent 
on its plate voltage, and the changes in its applied plate voltage 
that occur during modulaticn tend to produce some frequency modu- 
lation. For these reasons, modulated oscillators are not used in 

broadcasting. 

7. ADJUSTING THE LOAD ON THE MODULATOR. To modulate the Class 
C stage requires power, and to obtain maximum undistorted power from 
the modulator necessitates that the load impedance into which the 
modulator tube works be equal to twice the plate resistance of this 
tube. The load impedance of therodulator is the DC plate resistance 
of the Class C stage. This resistance value is determined by di- 
viding the applied DC plate voltage by the DC plate current. It 
would, therefore, seem possible to adjust the load on the modulator 
to the correct value by varying the DC plate voltage and plate cur- 
rent of the Class C stage until the DC plate resistance was of the 
proper value. tquite often this may be done, however, there are 
other conditions which must also be satisfied. 

There are many values of DC elate voltage and plate current 
which, will produce the correct load impedance for the modulator, 
but there is only one set of values of voltage and current which 
will satisfy the load impedance consideration, and, at the same 
time, furninh the proper DC power input to the Class C stage. 
Furthermore, care must be taken to insure that the DC voltage on 
the plate of the Class C stage is less than that on the modulator. 
The DC power input to the Class C stage should be so adjusted that 
the power output from the modulator is able `o produce 100% modu- 
lation; that is, it should he exactly equal to twice the modulator's 
power. The DC power input is found as follows: 

DC power input to Class C starve = Ee x Ie 

Ee is the applied DC voltage to the plate 
of the Class C stage and 

In is the DC plate current of the Class C 
stage. 

Where: 

Likewise, the DC plate resistance of the Class C ste:,e is: 

DC Rp = 
Is 

The DC plate voltage and plate current must he so selected that 
they satisfy both of these equations. 
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With the correct load impedance of the modulator, and the 
proper DC power input to the Class C stage known, the necessary 
DC plate voltage and plate current of the Class C stage may be 
found by these formulas: 

IB =, I EB = JPi x RL 

Pi is the DC power input to the Class C stage, and 
Where: RL is the load impedance into which the modulator 

should work. 

For example, assume that the A.F. power output of a modulator is 
100 watts, and that the modulator has a plate resistance of 4000 
ohms. This 100 watts of A.F. power is capable of modulating 200 
watts of DC power input to the Class C stage 100%. Also, if the 
total 100 watts of A.F. power is to be obtained, the modulator tube 
must work into a load impedance of 8000 ohms, or twice the value 
of its plate resistance. he now know the required DC power input, 
and the necessary value of load impedance for the modulator. The 
value of DC plate voltage that must be applied to the Class C stage 
and the DC current that this tube must draw may now be found by 
using the two preceding formulas. 

IB = 

J 
200 = ,015 = .158 ampere or 158 ma. 
8000 

EB = J200 x 8000 = J1,600,000 = 1265 volts. 

Since the DC plate voltage of the Class C stage must he 1265 
volts, it is obvious that the DC plate voltage of the modulator 
must he in excess of this value, probably 1500 volts or more. To 
cause the Class C stage to draw 158 ma. when its plate voltage is 

1265 volts will nrohably necessitate an adjustment of the bias and 
excitation voltage on the Class C tube. 

Sometimes the results obtained by the ose of the foregoing 
formulas are impractical. It may happen that either the DC plate 
voltage or plate current, or both, as found by these formulas, 
exceeds the manufacturer's specifications for the particular tube 
involved. In this case, a mismatch between the modulator and its 
load must be tolerated. When it is not practical to match the 
load exactly to the modulator, it is better to make the load larger 
than the proper value, rather than smaller. This tends to cause 
a smaller reduction in the power output of the modulator, and aids 
in the minimizing of distortion. To make the load impedance of 
the modulator larger, the DC plate voltage of the Class C stage 
must be increased, and the DC plate current reduced. If the DC 
plate voltage found by the formula does not exceed the rated value, 
it should be used; while, if the DC plate current needed to pro- 
vide the correct load impedance is in excess of the allowable maxi- 
mum, a smaller plate current will have to be employed which tends 
to increase the load impedance of the modulator. 
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This form of Heising modulation was in popular use in trans- 
mitters until approximately 1934, and there are probably many trans- 
mitters which still employ this system. Its several disadvantages, 
however, have led to the development of other types of modulation 
of improved form. The first disadvantage of this type of modulation 
is the fact that it is not always possible to match the modulator 
to its load impedance; a second, is the possibility of saturating 
the modulation choke. The modulation choke must carry the DC cur- 
rent of both the Class C stage and the modulator stage. This re- 
latively large DC current tends to saturate the core of the choke 
and thereby causes the effective inductance of the choke to changes 
in current to be less than its rated value. This is partially over- 
come by usinga choke of unusually large core area. Also, the choke 
must be wound with fairly large wire so that it may safely carry 
the required amount of current. 

A system of modulation which reduces the telidency of the DC 
plate current for saturating the modulation choke is shown in Fig. 
27. It is commonly called "double -choke" Heising modulation. The 
choke L1 carries only the DC current of the modulator, while Lº, 
has only the DC current of the Class C stage passing through it; 
thus, there is less possibility of core saturation. The condenser, 
which couples the output of the modulator to the input of the Class 
C stage must be large enough to have a low reactance to the lowest 
modulation frequency amplified by the modulator. 

Modulator 330 

Fig.27 An example of 
'double -choke' Heising 
modulation. 

200 Modulated 
Stage 

The load on the modulator, in this case, consists of the par- 
allel combination of the first choke, the second choke, and the 
DC plate resistance of the Class C stage. The latter item will 
constitute 95% of the load, and the same amount of juggling of the 
DC plate voltage and plate current of the Class C stage will have 
to be done, in order to match the modulator to its load. This sys- 
tem does, however, possess the advantage of allowing the use of 
two power supplies, if desired. This is seldom considered an ad- 
vantage ín commercial practice, because one large power supply is 
usually employed; however, in amateur transmitters, it is an ad- 
vantage to be able to use two smaller power supplies, rather than 
one large one, due to economic considerations. 

A modulation -coupling system that is occasionally found is 
illustrated in Fig. 28. This system makes use of a tapped modula- 
tion choke, or, as it is usually called, an auto -transformer. An 
auto -transformer is a transformer having just one winding which is 
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tapped somewhere along its length. If it is to be employed as a 
step-up transformer, the primary is that .partofthe winding between 
one end and the tap, while the entire winding constitutes the secon- 
dary. When an alternating voltage is applied between one end of 
the coil and the tap, the alternating current that flows creates 
a magnetic field which cuts through the turns of the entire coil, 
and thus induces a voltage across the whole winding. The ratio of 
the voltage across the whole coil to the voltage applied between 
one end of the coil and the tap is equal to the ratio of the total 
number of turns in the winding to the number of turns between which 
the primary voltage is applied. 

Modulator 
Modulated Stage 

Fig.28 A modulation 
system using a tapped 
audio choke. 

The auto -transformer allows the same DC plate voltage to be 
applied to both the modulator and the modulated stage. While it 
is not possible for the alternating voltage on the plate of the 
modulator to be large enough to cause the plate voltage of the modu- 
lator to vary from zero to twice its normal value, yet this voltage 
may be stepped up by the auto -transformer until it is of sufficient 
magnitude to vary the voltage applied to the plate of the Class C 
stare from zero to twice its DC value, and thus effect 100% modula- 
tion. 

The load i:apedance into which the modulator operates is not 
equal to the DC plate resistance of the Class C stage in this sys- 
tem, but is equal to this resistance value multiplied by the square 
of the turn ratio from primary to secondary of the auto -transformer. 
The auto -transformer, like an ordinary transformer, reflects an 
impedance value from secondary to primary, which is equal to the 
impedance connected across the secondary (in this case, the DC re- 
sistance of the Class C tube) times the square of the turn ratio 
from primary to secondary. Thus the auto -transformer serves as an 
impedance -matching device, which places the correct load on the 
modulator. 

About the only disadvantage of the auto -transformer type of 
coupling between modulator and modulated stare is the fact that 
no provision is made to eliminate core saturation. A system which 
retains all the desirable features of the auto -transformer method 
and still reduces core saturation to a negligible value is shown 
in Fig. 29. A rerulation iron -core transformer replaces the auto - 
transformer. The current of the modulator is drawn through the 
primary, while the current of the Class C stare flows through the 
secondary. By winding the two coils in opposite directions, the 

34 



DC flux around the secondary tends to cancel the DC flux surround- 
ing the primary, and thus the net DC flux in the common core is re- 
duced to a value too small to cause magnetic saturation. Unless 
the ampere -turns of the secondary are equal to the ampere turns of 
the orimary,and there is no magnetic leakage, complete cancellation 
of the DC fluxes will not be obtained, This, however, is not im- 
portant as long as the net DC flux remaining in the core is insuf- 
ficient to saturate it. 

Modulator 330 

Fig.29 A modulator 
coupled to the Class C 

stage by means of a mod- 
ulation transformer. 

200 Modulated Stage 

The types of modulators which we have been discussing are all 
Class A audio amplifiers. As you will remember, a Class A ampli- 
fier is one in which the plate current flows during the complete 
cycle. The advantage of a Class A amplifier is its low distortion 
content. Its major disadvantage is the fact that its efficiency 
is relatively low. This is of little importance in receivers where 
small amounts of power are involved, and, for this reason, nearly 
all amplifiers used in receivers (both R.F. and A.F.) are of the 
Class A type, in order to reduce distortion to a minimum. 

The audio power required in a transmitter to modulate the car- 
rier wave, however, is considerable; and the matter of efficiency 
is of no small consequence. For example, suppose that a 1000 watt 
carrier is to be modulated 100%. The efficiency of the Class C 
stage will he about 60%, and the necessary DC power input to this 
stage will be 1,666 watts. 7o modulate this amount of DC power in- 
put, requires that the A.F. power output of the modulator be 833 
watts. The efficiency of a Class A amplifier will average 20%, and 
with this efficiency, the DC power input required by the Class A 
modulator would be 4,165 watts. Of this power applied to the Class 
A modulator, 80% will have to be dissipated at the plate of the tube. 
This amounts to 3,333 watts. It is at once evident that the modu- 
lator used in such a transmitter would have to be a very rugged, 
high-powered tube. Practically, such a tube was never used in or- 
dinary transmitters, due to the expense of such a tube and to the 
cost of the power supply needed to furnish the very high voltage 
required. Instead, many smaller tubes were connected in parallel, 
and each of the small tubes furnished its share of the A.F. output. 
By this method, a large amount of A.F. power could be obtained 
without using excessive plate voltages. In addition, tubes were 
often connected in push-pull, or four tubes were used in a parallel, 
push-pull arrangement. However, as long as the tubes were operated 
under Class A conditions, their efficiency was low, and aconsider- 
able amount of power was wasted. 
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A diagram of a Class A, push-pull modulator coupled to a Class 
C stare by a modulation transformer is shown in h'ig. 30. Ib e use 
of a push-pull modulator enables the obtaining ofa relatively high 
A.F. Dower output without using extremely hig plate voltages; also, 
it is well known that the push-pull connection minimizes audio dis- 
tortion. The DC ampere -turns on the two halves of the primary of 
the modulation transformer cancel each other, and therefore are not 

3 
Fig.30 A Class A, push- 

pull modulator. 

available to oppose the ampere turns of tle secondary caused by 
the DC plate current of the Class C stage flowing through it. For 
this reason, the modulatio transformer will require a larger core 
than that used with one tube, if core saturation is to be avoided. 

6. A MODERN MODULATOR AND ITS COUPLING SYSTEM. The low 
efficiency of a Class A amplifier has led to the development 
of Class B amplifiers for modulators. The theoretical discussion 
of Class B amplifiers will be considered in Lesson 6 of this Unit. 
.At the present, it is sufficient to state that a Class B am- 
plifier is one in which plate current flows for approximately 
180° or one-half of a cycle. When used as an audio power am- 
plifier, a Class B stage requires two tubes connected in push- 
pull, and it draws some grid current. The power dissipated in 
the grid circuit must be supplied by the preceding stage, which is 
ordinarily a power amplifier operated under Class A conditions. 
The advantage of a Class B modulator is the fact that a much lar- 
ger power output may be secured at a higher efficiency. The dis- 
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advantage is a somewhat .Treater amount of distortion than that ob- 
tained from Class A amplifiers. 

A diagram of a circuit using a Class B modulator coupled to 
a modulated Class C stage is shown in Fig. 31. In appearance, the 
Class B modulator is.very similar to a Class " push-pull amplifier. 
In actual conluercial modulators, there area few minor changes which 
will be discussed when Class B amplification is taken up. The load 
on the Class B modulator is quite critical, and, unless it is care- 
fully matched to the resistance of the Class C stage, the desired 
power output from the modulator will not be obtained and the amount 
of distortion will be excessive. For this reason, an impedance 
matching transformer is always used with Class B modulators. 

Also observe the peculiar coupling arrangement between the 
modulator and the modulated stage. The Plate current of the Class 
C stage is not allowed to flow through the secondary of the modu- 
lation transformer, because to do so would increase the distortion 
of the Class B modulator due to saturation of the core. Instead, 
the audio voltages built up across the secondary of the modulation 
transformer are transferred through a high -capacity condenser to 
the Class C stage. This condenser must have a low reactance at the 
lowest audio frequency to be amplified. The plate current of the 
Class C stage is fed through a modulation choke having a very large 
core area. This choke must he so designed that the core saturation 
is negligible, and so that its reactance at the lowest modulation 
frequency is much larger than the DC resistance of the Class C 
stage. 

Fig.31 A modern system 
of modulation using a Class 
B modulator, a modulation 
transformer, a modulation 
choke, and a coupling con- 
denser. 

AF 

Input 

RF 

Input 

11(`v 
AC 

Class B Modulator 

- B+ 

ilov 
AC 

37 

Dummy 
Antenna 



Notes 
(These extra pages are provided for your use in taking special, notes) 



Notes 
(These extra pages are provided for your use in taking special notes) 



Notes 
(These extra pages are provided for your use in taking special notes) 



The text of this lesson was compiled and 
edited by :he following members of the 

Staff: 

G. L. Taylor 
President and Chief Engineer 

Midland Radio 6 Television Schools, Inc. 

C L. Foster 
Supt. of Instruction 

Midland Radio 6 Television Schools, Inc. 

C. V. Curtis 
Chief Instructor 

Midland Radio 6 Television Schools, Inc. 

R. E. Curtis 
Technical Drafting 

Midland Radio 6 Television Schools, Inc. 



_ - 



11! 
ÉDOWEI:2 LIGHT igláCINTG, KANSAS CITY, MISSOURI & 

UNIT CLASS A AND IQ Ltsscsi 
NC. AMPH WHIMS NC. 

3 



DAVID AND GOLIATH 
AND YOUR TRAINING 

David was a little fellow compared to Goliath.' 

And when he faced this brawny giant it seemed utter- 
ly impossible that he could even hope to remove the huge obstacle that barred his onward path. 

Goliath had might. He was immensely powerful. His 
scowling face and gnashing teeth were something fearful to behold. And David seemed so tiny that Goliath laughed a heartless laugh. For how could this little fellow do him any harm. - 

But David had something that Goliath did not have. David had a mind that was trained to 'think'. He was courageous and determined.' His muscles were small, but they too were trained., And as they swung the sling a stone was propelled through the air with amazing swift- ness straight to the spot on Goliath § head where David's eyes were centered. 

Goliath fell to the ground with a crash, completely mastered by a smaller, but determined man. The obstacle was removed. 

When you first started your Midland training, per- haps it seemed that the lessons ahead of you were as Goliaths in your path. But as each lesson was mastered, Goliath became smaller and smaller. And now you have reduced him to a size that can be easily conquered. You are well on your way to your objective in your Chosen orofession. 

David was impelled to action by the will to win. And he won. 

You too have the wiIl to win. If you will continue your march to success with this same spirit, 

YOU WILL WIN. 

Copyright 1942 
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Lesson Six 

CLASS A & B 

"In the study of 
radio it is highly 
essential that you have 
a very thorough knowledge 
of the different classes 
of operation under which a 
vacuum tube is operated. 
While you do not need to be 
materially concerned about some 
of the formulas used in this work, 
still you must know how tubes are 
various classes of service. 

"Class A amplification was the only type used in modulation 
during the early years of radio; however, it was not until Class B 
modulators were developed that high-powered high-level modulation 
became economically successful." 

1. THE VARIOUS TYPES OF AMPLIFICATION. At times throughout 
the preceding lessons of this course, reference has been made to 
the different types of amplifiers. These are Class A, B, and C 
amplifiers. The distinction between these amplifier types was 
mentioned briefly in a lesson of Unit 1. 

Since a complete understanding of the operation of each type 
is essential for the student engineer, this lesson will be devoted 
to the discussion of Class A and B amplifiers, and the following 
lesson will deal with Class C amplifiers. 

Class A amplification is used in practically all receivers in 
both the audio and R.F. stages. In transmitters, a Class A ampli- 
fier is occasionally employed for the modulator stage. Class B 
audio amplification finds its major use in the modulators of mod- 
ern transmitters, and in high-powered public address systems. The 
Class B type of amplification is also employed to amplify radio 
frequencies, and when so used, is called a "linear amplifier". 
Linear amplifiers are often found in transmitters; their purpose 
is to amplify the modulated carrier. Since the requirements for 
Class B audio amplifiers and linear amplifiers are somewhat dif- 
ferent, linear amplifiers will be treated separately. A complete 
discussion of their operating characteristics will be presented in 

a later lesson. A Class C amplifier may be used only to amplify 
an unmodulated radio wave, because the conditions under which it 

AMPLIFIERS1' 
44 ,, ; _ . :., 

1 

A 

operated when used in the 



operates would produce distortion in audio frequencies or modula- 
ted radio frequencies. 

Before continuing this discussion, let us nake.sure that the 
major difference between the various classes of amplification is 
known. The following definitions are practically the same as 
those given in a preceding lesson. 

Class A Amplifier: In a Class A amplifier, the grid bias and 
alternating signal voltages are so chosen that plate current flows 
all the time, or for 360 of the input cycle. 

Class B Amplifier: In a Class B amplifier, the grid bias is 

approximately equal to the cutoff value and, as a result, the 
plate current is practically zero when no signal voltage is ap- 
plied to the grid. Such a condition causes the plate current to 
flow during approximately 180° of the grid -exciting cycle. 

Class C Amplifier: In the Class C amplifier, the grid bias is 
appreciably greater than the cutoff value. It may vary from 
one and one-half times cutoff to twice cutoff or more. With this 
high bias, no plate current flows unless a grid excitation voltage 
is applied. Under excitation, the plate current flows in the form 
of pulses lasting less than one-half cycle, or less than 180°. 

In addition to these three general classifications of ampli- 
fiers, there are two intermediate types which should be given in 
order to make this list complete. These are: 

Class AB Amplifier: In a Class AB amplifier, the grid bias 
and excitation voltage are so adjusted that plate current flows 
for more than one-half cycle, but less than the full cycle; that 
is, the plate current flows for less than 360°, but more than 
180°. A Class AB amplifier is also called a Class A -prime ampli- 
fier. This type is sometimes subdivided into two parts, which are 
known as Class AB, and Class AB2. A Class AB1 amplifier is one 
which does not draw grid current; whereas, a Class AB, amplifier 
has sufficient excitation to cause a grid current flow. 

Class BC Amplifier: The Class BC amplifier has operating 
conditions which are intermediate to the Class B and the Class C 
amplifier. Plate current flows for less than 180°, but for a 
longer time than that usually found in Class C amplifiers. Grid - 
modulated amplifiers are usually operated under Class BC condi- 
tions. 

2. THE CLASS A SINGLE -ENDED AMPLIFIER. All the amplifiers 
discussed in this lesson will be for the purpose of supplying a 
maximum amount of undistorted audio frequency power. The charac- 
teristics of voltage amplifiers have been thoroughly covered else- 
where. An elementary treatment of Class A power amplifiers was 
given in a Unit 1 lesson. At that time, the formula for deter- 
mining the maximum power output was given. It was learned that 
maximum power output always results when the load impedance ís 
equal to the plate resistance of the tube. The statement was also 
made that maximum undistorted power output was secured when the 
load impedance had a value equal to twice the plate resistance of 
the tube. 
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The term "maximum undistorted power output" is somewhat con- 
fusing. It might be thought that no distortion occurs when the 
load impedance is equal to twice the plate resistance. This, 
however, is untrue. It has been experimentally determined that 
when the total amount of distortion is 5% or less, it is unnotice- 
able to all except the musically trained ear. Thus, the term 
"maximum undistorted power output" has come to mean the amount of 
power that may be obtained without exceeding this arbitrary value 
of 5% distortion. Furthermore, plate load impedances of twice the 
plate resistance do not always produce exactly 5% distortion. 
Sometimes the distortion is more or less than this value. For 
this reason, the condition that the load impedance be equal to 
twice the value of the plate resistance should not be decreed as 
the criterion from which no deviation is allowable. Rather, this 
condition should be considered as an approximation, which repre- 
sents the average ratio between load impedance and plate resis- 
tance for a large number of triodes. 

There was also presented in a preceding lesson a formula from 
which the maximum undistorted power output could be calculated, if 
the amplification factor, grid -exciting voltage and plate resis- 
tance were known. Again, it should not be thought that this for- 
mula is infallible. It assumes that the grid voltage -plate cur- 
rent characteristic curves are straight parallel lines; a condi- 
tion which, of course, is not strictly true. The actual amount of 
power output and distortion is not easily determinable by ordinary 
mathematical procedure, because the vacuum tube is not a linear 
device. Instead, a graphical analysis must be resorted to, if 
approximately correct values are to be obtained, and the major 
part of this lesson will be devoted to this graphical procedure. 

Fig.1 Illustrating the 
operating path of a triode 
when there is no load im- 
pedance. 

IB+Ip 

IB 

1B-IP 

Plate Vol tag 

In Fig. 1 are illustrated three curves from a family of plate 
voltage -plate current characteristic curves. These curves are not 
representative of any particular tube, but might be those of near- 
ly any triode. The three curves represent the relation existing 
between the plate voltage and plate current for three different 
values of grid voltage. 

Let us assume that the amplifier stage using the tube which 
these curves represent has an applied plate voltage Ep and a fixed 
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grid bias Ec. If Ec is the grid bias typified by the middle curve 
of the group and Ep is arbitrarily chosen along the plate voltage 
axis, then X becomes the operating point of the amplifier. It is 
that point at which the vertical line representing the plate 
voltage Ep intersects the characteristic curve corresponding to a 
bias voltage of Ec. With the plate voltage and grid bias values 
assumed, the plate current that will flow as a result of these 
voltages is at once determined. The no -signal plate current Ie 
is the vertical distance of point X above the horizontal axis. 

If this amplifier contains no plate load resistance, the 
application of a signal voltage to the grid of the tube will not 
cause the plate voltage to change; there will be no voltage devel- 
oped across the plate circuit, and all the power applied to the 
tube will be dissipated at the plate. Let us assume that the sig- 
nal voltage applied to the grid has a value Es. This voltage will 
add to and subtract from the normal grid bias Ec. As the grid be- 
comes less negative, the voltage of the signal is subtracting from 
the grid bias, and, at its least negative point, the voltage on 
the grid will be Ec-Es. Assuming that the left-hand characteris- 
tic curve corresponds to a grid voltage of Ec-Es, it is evident 
that the point of operation is shifted from X to A. Since the 
plate voltage does not change during this interval, point A is 
found by extending the vertical line corresponding to the applied 
plate voltage until it crosses the left-hand characteristic curve. 

On the succeeding alternation, the signal voltage adds to 
the grid bias and the grid is driven more negative. At its most 
negative point, the grid voltage has a value of Ec + Es. If the 
right-hand characteristic curve corresponds to a grid voltage of 
this value, it is seen that the point of operation moves to point 
B. This point is at the intersection of the vertical line repre- 
senting the applied plate voltage and the right-hand characteris- 
tic curve. 

Thus, during one cycle of the exciting voltage, the operating 
point moves from point X to point A, to point B, and back to point 
X. The plate current that flows when the grid is least negative 
is determined by drawing a horizontal line from point A to the 
vertical or plate current axis. This amount of current is indi- 
cated by Ie + Ip; where le is the normal, no -signal plate current, 
and Ip is the increase in plate current above this value. 

On the negative alternation, the minimum plate current is 
found by drawing a horizontal line from point B to the plate 
current axis. This plate current is designated by Ie - Ip; where 
these symbols are the same as in the preceding case. (It is 
assumed that the increase in plate current during the positive 
alternation is equal to the decrease during the negative alter- 
nation, or that the tube is working over the straight portion of 
its characteristic curve.) The grid -exciting voltage is repre- 
sented by a sine wave drawn about the middle curve as an axis and 
extending from the left curve to the right curve. The pulsating 
plate current is represented by a sine wave drawn about Ie as an 
axis, and having a peak value equal to Ip. 
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This example shows how the variation in plate current due to 

a given grid -exciting voltage may be determined, if a family of 

plate voltage -plate current curves for the tube is available. In 

this particular case, where the plate voltage remains constant, 
it would be easier to use a grid voltage -plate current curve to 
determine the amount of plate current variation; however, as we 

shall now see, when the plate voltage varies (as it will when a 

load resistance is connected ín the plate circuit), the family of 

plate voltage -plate current curves are more convenient for finding 

the variation of the plate current. 

Fig.2 An A.F. amplifier 
stage with a load resis- 
tance. 

Fig. 2 shows an amplifier stage with a load resistance con- 

nected in the plate circuit. The voltage of the power supply must 

be greater than the desired plate voltage because a part of this 

voltage is dropped across the load resistor, due to the no -signal 

plate current flowing through it. We shall assume that this is 

the same tube used in the preceding discussion, and that the same 

plate voltage, grid bias, and grid -exciting voltage are applied. 

Ip 
max 

IB 

Ip 
min 

Fig. Illustrating the 
operating path of the tube 
shown in Fig. 2. 

C 

1-1 

The curves for this tube are illustrated in Fig. 3. The operating 

point is at X, and the no -signal plate current is IB. As the grid 

reaches its least negative point, the plate current increases to 

its maximum value. The increase in plate current causes a larger 

voltage to be dropped across the load resistor RL, and the plate 

voltage is correspondingly reduced. Let us assume that the 

minimum plate voltage reached is represented by Emin, as shown on 

the plate voltage axis. 
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The amount of plate current that flows when the grid is least 
negative and the plate is at its lowest potential is found by 
drawing a vertical line from the voltage axis at the point marked 
Emin upward until it intersects the left-hand curve which repre- 
sents the grid voltage at this time. This point is marked A, and 
the plate current is found by drawing a horizontal line from this 
point over to the current axis. Let us call this current Imax. 

When the grid is driven more negative, the plate current 
decreases, and, as a result, the voltage dropped across the load 
resistor is reduced. This causes the voltage available for the 
plate of the tube to be greater. With the grid voltage most 
negative, the plate voltage reaches a maximum value, which shall 
be designated by the point on the voltage axis marked Emax. The 
plate current that flows when the grid is most negative and the 
plate voltage is maximum is determined by drawing a vertical line 
from the point Emax upward until it intersects the right-hand 
curve which represents the present grid voltage. This point is 
designated B, and the plate current at this point is called Imin. 

Notice that the increase and decrease in the plate current is 
much less when a load resistor is used, even though the grid -ex- 
citing voltage remains the same. The pulsating plate current is 

represented by a sine wave drawn about IB as an axis, and extend- 
ing from Imax to Imin. The grid -exciting voltage is the sine wave 
drawn about Ec as an axis; it has the same value as before. The 
alternating component of the plate voltage is symbolized by the 
sine wave drawn from Ep to Emax and Emin. 

lix(Imax-Imin) 

IB 

o 

fi 

max-Imin 

I max 

Iminib o 

Fig.0 Waveform of the 
changing plate current of 
an A.F. amplifier. 

The actual operating path of the tube is along the line AXB. 
The voltage needed from the power supply to produce a plate volt- 
age of Ep when the no -signal plate current flows through the load 
resistor may be found as follows: As the plate current is re- 
duced, less and less voltage is dropped across the load resistor 
and more is available for the plate of the tube. If the plate 
current were reduced to zero, there would be no voltage drop 
across the load and the actual plate voltage would be the total 
voltage output of the power supply. Therefore, extend the line 
AXB until it crosses the plate voltage axis; this occurs at point 
C. At this point, the plate current is zero, and the total 
voltage of the power supply is applied to the plate of the tube. 
This value of voltage EB, therefore, represents the required 
voltage output of the power supply to produce a plate voltage of 
Ep when the normal, no -signal plate current is flowing. 
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Let us now determine how the power cutput of this tube would 

be calculated. The power output is equal to the R.M.S. current 

flowing through the load multiplied by the R.M.S. voltage across 

the load. Since it is only the AC power in the load that is of 

interest, only the AC components of current and voltage will be 

considered. The total variation of the plate current is from 

Imax to Imin. The peak value of the AC component cf this current 

is the variation above or below the no -signal value. If Imax-Imin 

represents the total variation of the current, then x (Imax-Imin) 

will be the peak value of the AC component. This is illustrated 

in Fig. 4. 

Fig.5 Waveform of the 
Changing plate voltage of 
an A.F. amplifier. 

x(Emax-Em'n)A 
-- 

l 

-j 
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Etaxi 
Ep 

Emin 

0 o 

The changing plate voltage is illustrated in Fig. 5. It is 

seen that the plate voltage changes from Emax to Emin, or the 

total variation in the plate voltage ís Emax-Emin. Let us assume 

that the power supply has a voltage of 1500 volts, and that, with 

no grid excitation, the applied plate voltage ís 1000 volts, 

500 volts being dropped across the load resistor. If, during 

excitation, the plate voltage varies from 800 to 1200 volts, the 

total variation is 400 volts. Let us now determine how the volt- 

age dropped across the load varies with this change in plate 

voltage. The voltage across the load at any instant is equal to 

the voltage of the power supply minus the actual plate voltage at 

that instant. When the plate voltage fell to 800 volts, the 

voltage across the load must have been 1500 - 800, or 700 volts. 

Also, when the plate voltage increased to 1200 volts, the load 

voltage was 1500 - 1200, or 300 volts. Thus, it is seen that the 

total variation in the voltage across the load is from 700 to 

300 volts, or a change of 400 volts. 

From the foregoing, it is evident that the total change in 

the voltage across the load is also equal to Emax - Emin. The 

peak value of the alternating voltage across the load is equal to 

one-half of the total variation, or is 1 x (Emax - Emir). 

We now have the peak value of the voltage across the load and 

the peak value of the current through the load, which must be 

changed into R.M.S. values before the power can be calculated. To 

change peak values into R.M.S. values, the peak value ís multip- 

lied by .707. This number, however, is one-half of the square 

root of 2, or is I : 2. Therefore, the peak values may be con- 

verted into R.M.S. values as follows: 

Irma = x (Imax - Im in = 117 x (Imax - 

2 2 4 
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Erms = x (Emax - Emin) _ x (Emax - Emin) 
2 2 4 

The AC power in the load is obviously the product of these two, or: 

W= f¿ x (Imax 

4- 

Imin) x x (Emax 

4- 

Emin) 

= .2 x(Imax - Imin) x (Emax - Emin) 
16 

(Imax - Imin) x (Emax - Emin) 
8 

Equation (1) may be used to find the power output of any triode 
operated as a Class A amplifier. It is always correct because its 
derivation does not depend on the linearity of the characteristic 
curves. 

The total power furnished by the power supply divides between the load impedance and the plate of the tube. When the tube is not amplifying, a certain amount of DC power is dissipated in the load resistor (assuming that resistance coupling is used), and the remainder of the power is dissipated at the plate of the tube. When transformer coupling is used, the DC resistance of the pri- mary winding is naturally very low, and practically all of the DC 
power supplied is dissipated within the tube. 

With excitation, the plate current will be driven above and 
below its normal value and, if there is no distortion, the in- 
creases in plate current will be equal to the decreases. The 
instantaneous power taken from the power supply will vary from a 
maximum value, when the plate current is greatest, to a minimum, 
when the plate current is lowest. However, if the power supply is 
by-passed by a large condenser, this condenser will absorb the 
variations of the current and only the average current will ac- 
tually be drawn from the supply. With no distortion, this average 
current is equal to the no -signal current, and it is, therefore, 
evident that the power supply furnishes the same amount of power 
whether the tube is amplifying a voltage or not. In a like 
manner, the DC power dissipated in the load resistor is the same 
with or without excitation, since the DC or average current 
through the load does not change with excitation. With excita- 
tion, however, there is developed in the load some AC power in 
addition to the normal DC power. Thus, the total power in the 
load is greater with excitation than without it, even though the 
average power input does not change. The only way that this may 
happen is for the average power dissipated in the tube during the 
excitation to be less than with no excitation. Under excitation, 
there is a redistribution of the total power furnished by the 
supply; more of this power is dissipated in the load resistor, and 
less goes to heat the plate of the tube. The decrease in average 
power lost in the tube will be exactly equal to the increase in 
power in the load resistor. 

Let us now consider a typical example. Suppose that the 
voltage of the power supply is 1500 volts, and that the size of 
the load resistor is 5000 ohms. If the no -signal plate current is 

8 

(1) 



100 ma., the DC voltage across the load is 500 volts, and the 

applied plate voltage is 1000 volts. The DC power dissipated in 

the load is: 

DC power in load = .100 x 500 = 50 watts. 

The DC power dissipated in the tube is: 

DC power in tube = .100 x 1000 = 100 watts. 

And: Total power input = .100 x 1500 = 150 watts. 

Thus, with no excitation, it is evident that the sum of the DC 

power in the load and the DC power in the tube is equal to the 

total power furnished by the supply. 

Let us assume that the plate current of this tube, during 

excitation, varies from 60 to 140 ma. This change in plate cur- 

rent causes the plate voltage to vary from 800 to 1200 volts. 

(This variation in plate voltage should be checked by the stu- 

dent.) The AC power output may now be found by formula (1). 

AC power output = (.140 - .060) x (1200 - 800) 

8 

= J.14_411 

= 4 watts., 

This is, of course, the average value of the AC power devel- 

oped in the load resistor. Since the DC power in the load ís 50 

watts, the total power in the load is now 54 watts. The total 

power furnished by the supply remains constant at 150 watts; 

therefore, the average power dissipated at the plate of the tube 

is now equal to the difference between the total power furnished 

and that used by the load. This is 150 - 54, or 96 watts. It is 

then clear that the average power consumed by the tube has reduced 

4 watts to allow the power in the load to be increased by 4 watts. 

There now results the somewhat amazing fact that. a Class A 

amplifier tube runs cooler during excitation than it does when it 

is not amplifying a signal voltage! This must be true since the 

average power dissipated at thé plate of the tube is less during 

excitation than without excitation. 

3. LOAD LINES. When an amplifier circuit does -aot contain 

a load impedance, it is very easy to determine what plate current 

variation a given grid voltage swing will produce, because the 

plate voltage does not change. With a load impedance, however, 

the plate current variations cannot be found unless the plate 

voltage change is also known. The tube is said to be in a static 

condition, when it is not operating into any load impedance, and 

the plate current variations set up by a specified grid -exciting 

voltage may be determined by reference to a static grid voltage - 

plate current characteristic curve for the particular 
tube under 

consideration. 
When worked into a load impedance, the tube is said to be in 

a dynamic condition, and dynamic characteristic curves must be 

used to determine its operating values. The difficulty lies in 
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the fact that each different value of load impedance produces a 
different type of dynamic characteristic curve. A high value of 
load impedance causes the characteristic curve to be rather flat 
and to have a long straight portion. Smaller load impedances 
produce dynamic curves more nearly like those representing the 
static condition. Thus, it is evident that each different value 
of load impedance presents a special case. 

It is manifestly impossible for the tube manufacturer to 
draw dynamic characteristics for each different load impedance 
which might be used, therefore, some other solution to the problem 
must be found. When a family of plate voltage -plate current 
curves are used, the operating path of the tube is over a straight 
line drawn at some angle to the plate voltage -plate current 
curves. This line is called the "load line" anc it is placed at 
such an angle that the given grid -excitation voltage produces the 
correct amount of plate current variation for the particular load 
impedance used. The problem is to determine how this load line 
should be drawn. 

The load line is a straight line, and is determined when two 
of its points are found. One point is already known; it is the 
operating point. Before it is possible to plot the load line, the 
applied plate voltage and grid bias which are to be used must be 
known. The other point of the load line must now be determined. 
To demonstrate the process of plotting a load line, a typical 
example will be given. 

A type 10 tube is to be employed as a Class A audio power am- 
plifier. Reference to the tube manual indicates that the maximum 
plate voltage that may be used for this class of service is 425 
volts. Also, it is stated that the grid bias with this plate 
voltage should be -40 volts. This grid voltage, however, is that 
value measured from the grid to the mid -point of an AC operated 
filament. By definition, the actual grid bias is the voltage 
from the grid to the negative side of the filament, which would be 
the stated grid voltage less one-half of the peak filament volt- 
age. For that reason, we will decrease the value of -40 volts 
by 5 volts (ápproximately one-half of the peak filament. voltage), 
thus making the actual grid bias -35 volts. With these particular 
values of voltage, the manufacturer recommends a load impedance of 
10,200 ohms. 

The load line plotted on the characteristic curves of this 
tube is illustrated in Fig. 6. The procedure used to draw the 
load line is as follows: A plate voltage of 425 volts is not 
shown on the graph; however, it may be estimated very closely by 
taking a value half -way between 400 volts and 450 volts. From the 
point corresponding to a plate voltage of 425 volts, a vertical 
line is drawn. The operating point is the intersection of this 
vertical line and the characteristic curve representing a grid 
bias of -35 volts. Notice that this particular characteristic is 
not given, but it may be assumed to lie half -way between the -30 
volt and the -40 volt curves. With the position of the -35 volt 
curve approximated, the operating point is found to be point X. 
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By glancing to the left, it is seen that point X corresponds to 

a plate current of 17 ma. 

When there is no excitation, this 17 ma. of static plate 
current flows through the 10,200 ohm load impedance. The load 
impedance may be a resistor of this value, or, as is more prob- 
able, the stage will be transformer coupled, and the 10,200 ohm 
load impedance will be the resistance reflected from the secondary 
to the primary of the coupling transformer. If transformer coup- 
ling is used, there will be a negligible DC voltage loss in the 
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Fig.6 11 ustrating the procedure for drawing a load line of a 

type io tube. 

primary of the transformer, and the power supply will need to 

furnish only slightly more than 425 volts. A higher voltage power 

supply will be required if the stage is resistance coupled, for 

there will be a considerable DC voltage loss in the load resis- 
tance. Insofar as plotting the load line is concerned, the 
procedure followed is exactly the same no matter what type of 
coupling is used. 

The 17 ma. of no -signal plate current in flowing through the 

10,200 ohm load resistor produces a voltage drop of: 

E = .017 x 10,200 = 173.4 

Therefore, the total voltage of the power supply must be the 
applied plate voltage plus the voltage lost across the load 
resistor, or: 

425 - 173.4 = 598.4 volts. 

The total voltage of the power supply will be applied to the 

plate when there is no voltage drop across the load, or when the 

plate current is zero. 

Again, it is simpler to use 600 volts rather than 598.4 
volts. Thus, we shall assume that the plate voltage would be 600 

volts when the plate current is zero, and we shall take point A 

as the second point of the load line. It should, of course, be 

realized that there will be practically no DC voltage drop across 

the load, if transformer coupling is employed, yet the load line 

will be correctly placed, if this assumption is made and the 

second point of the load line is found in this manner. 
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With two points of the load line determined, there now re- mains only the connecting of them with a straight line to produce the desired load line. This line may be extended as far as we 
wish toward the plate current axis. 

The operating path of the tube has been determined, and the next step is to decide what grid voltage swing is to be allowed. 
Since the grid bias is -35 volts, a peak signal voltage greater 
than this value may not be used without driving the grid positive, 
causing grid current to flow, and producing excessive distortion. 
Therefore, let us limit the peak voltage of the signal to 35 volts. A signal voltage of this value would cause the grid voltage to vary from -35 volts td 0, to -70 volts, and back to 
-35 volts. We shall, therefore, use only that part of the load line extending from the zero grid voltage characteristic to the -70 volt curve. 

The maximum plate current occurs when the grid voltage is 
zero; it is approximately 36 ma. The minimum plate voltage also 
occurs at this time; it has a value of about 230 volts. When the 
grid voltage is -70 volts, the plate current has a minimum value 
of about 2 ma., whereas the plate voltage at this time is maximum with a value of 580 volts. 

The power output developed in the load resistor may be found 
by formula (1). It is: 

Power Output = (.036 - .002) x (580-- 2301 
8 

= .034 x 350 
8 

= 11.9 

8 

1.4875 watts. 
We may, therefore, state that under the given conditions the power 
output of a type 10 tube is approximately 1.5 watts. 

Whether this is the best value of load impedance to use could be determined'by plotting other load lines for load impedances 
having larger and smaller values. What is probably more important than the power output secured with different values of load im- 
pedances is the amount of distortion each produces. 

As has been stated before, the maximum power will be secured from a tube when it is worked into a load equal to its plate 
resistance; however, this value of load ordinarily produces an 
objectionable amount of distortion. In a Unit 1 lesson, it was 
arbitrarily stated that maximum undistorted power output is ob- 
tained when the load impedance is twice the plate resistance of 
the tube. However, it is found that this is but an average value, 
and may vary considerably with different tubes. Some tubes may 
require a load impedance of nearly three times their plate resis- 
tance to reduce distortion to a point where it is not noticeable, whereas others may need a load impedance of slightly less than 
twice their plate resistance. 
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It is found that increasing the value of the load impedance 
always reduces the amount of distortion, but also decreases the 

power output somewhat. Let us see why this is so. In Fig. 7 is 

shown a family of Ep-Ip curves which may represent any triode. 
Three load lines are drawn as shown; one for a 1000 -ohm load, one 

for a 2000 -ohm load, and one for a 4000 -ohm load. The grid bias 
is -15 volts, and the grid swing is from 0 to -30 volts. Let us 

first consider the 1000 -ohm load line. As the grid voltage 
changes from 0 to -5 volts, the plate current changes 16 ma. (from 

86 to 70 ma.). Also, as the grid voltage changes from -25 to -30 

volts (a change of 5 volts), the plate current changes 8 ma. (from 

16 to 8 ma.). It is, therefore, seen that the operation of the 

tube with this load impedance is far from linear. Equal changes 

100 

90 

80 

70 

60 

50 

40 

30 

20 

10 

AVERAGE PLAg.ODE 
niE 

CARACTERi5TIC5 

1000 Id 

2000 , 

40004)Y 

zoo 
PLATE VOLTS 

300 Abe 

Fig.7 Illustrating the effect of changing the value of the load 
resistance. 

in grid voltage do not produce equal changes in plate current 

throughout the entire operating range. In one instance a change 

of 5 volts in grid voltage caused a 16 ma. plate current change, 

and, at another part of the operating path, the same change in 

grid voltage produced only an 8 ma. change in plate current. 

Obviously the distortion produced with this load impedance would 

be very high, and extremely objectionable. 
When the load is increased to 2000 ohms, the conditions are 

somewhat improved. Changing the grid voltage from 0 to -5 volts 

causes a change in plate current of 12 ma., whereas changing it 

from -25 to -30 causes a change of 8 ma. in the plate current. 

There is still considerable distortion, but the changes are not as 

unequal as before. 
Then when the load is increased to 4000 ohms, the plate cur- 

rent changes are respectively 8 ma. and 6 ma.; and it is clear 

that the distortion is much reduced. Increasing the load imped- 

ance reduces the amount of plate current swing, and prevents the 

tube from being driven into the curve, non-linear portions of the 

characteristic curves. It is also clear that a larger load causes 

the plate voltage swing produced by a given grid swing to be 
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larger. The power output depends upon the product of the plate 
current swing and the plate voltage swing, and is maximum when 
this product is greatest. This point occurs when the load imped- 
ance is equal to the plate resistance of the tube. 

4. CALCULATING THE DISTORTION. After plotting the load line 
and calculating the power output, it is necessary to find the 
amount of distortion. A large part of the distortion is that due 
to the second harmonic, and a formula for determining the percent- 
age of second harmonic distortion is as follows: 

Percent of second harmonic distortion 

_ x (Imax + Imin) - Is x 100 
Imax - Imin 

Where: Imax is the maximum value of the 
Imin is the minimum value of the 
Ia is the no -signal plate curren 

Let us use this equation to calculate 
harmonic distortion produced by the type 1 

ditions previously set forth. 

% distortion.= 1 x (.036 + .002) - .017 x 100 
.036 -.002 

_ .019 - .017 x 100 
.034 

= .058 x loo = 5.8% 

It is seen that the amount of distortion is slightly above the 
limiting value of 5%. Whether or not the signal amplified by 
this stage would contain excessive distortion would depend on the 
individual's reaction to it. To some, it would be acceptable, 
whereas others would consider the distortion objectionable. In 
this particular example, the distortion is produced by reducing 
the plate current to too low a value during the time that the grid 
is most negative. 

By using a slightly larger value of load impedance, the dy- 
namic characteristic would have a longer straight portion, and the 
distortion would be reduced. This would also cause the power 
output to decrease somewhat, since a larger load impedance would 
be even farther from the value at which maximum power is secured. 
The plate resistance of the tube under these operating conditions 
is 5000 ohms. Thus, a load impedance of 5000 ohms would produce 
maximum power output, but the distortion would be unacceptable. 
Let us draw a new load line using a load impedance of 12,000 ohms. 
The first point of the load line is the operating point of 425 
volts plate voltage, 17 ma. plate current, and -35 volts grid 
bias. When the 17 ma. of plate current flows through the 12,000 
ohm load impedance, a voltage drop of .017 x 12,000, or 204 volts 
occurs. By adding the 425 volts plate voltage to the drop of 204 
volts, a maximum plate voltage of 629 volts results. This is the 
plate voltage that would be applied, if the plate current were 
zero, and there was no voltage drop across the load. The second 
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point of the load line is the point on the graph representing 629 

volts plate voltage and zero plate current. The two points are 

connected by a straight line and the load line shown in Fig. 8 is 

produced. 
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fig.8 A load line representing a load impedance of 12,000 ohms 
for a type 10 triode. 

If this load line is carefully compared with the one drawn 

for a load impedance of 10,200 ohms, it is found that it is less 

vertical and is more nearly horizontal. The greater the load im- 

pedance, the more nearly flat the load line will be. A low load 

impedance, on the other hand, will produce a more nearly vertical 

load line. 

Using the same grid voltage swing, we shall calculate the 

power output and the percent of distortion for this new value of 

load impedance. When the grid voltage is zero, the plate current 

is approximately 34 ma. and the plate voltage is about 220 volts. 

With a grid voltage of -70 volts, the plate current is 3 ma. and 

the plate voltage is 590 volts. The power output is therefore: 

Power output = (034 - .003) x (590 - 220) 

8 

= .031 x 1.711 

8 

= 11.4 = 1.43 watts. 
8 

The percent of harmonic distortion is: 

% distortion = 2 x (.034 + .003) - .017 x 100 
.034 - .003 

= .0185 - .017 x 100 
.031 

= .0015 x 100 = 4.84% 
.031 

Although the power output.has been reduced slightly, the 

percent of distortion is now below the limiting value of 5%. The 
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distortion found in this manner is only that due to the second 
harmonic component. If there are other higher harmonic frequen- 
cies contained in the distorted plate current waveform, they will 
also produce some distortion. Most of the distortion, however, 
is that caused by the second harmonic frequency; the percent of 
distortion due to higher harmonics in triodes is negligible. If 
the percent of second harmonic distortion as found by equation 
(2) is 5% or less, it is safe to assume that the total distortion 
will not be noticeable. 

The second harmonic frequency is caused by the unequal am- 
plitudes of the positive and the negative alternations of the 
plate current. If the ratio of the amplitude of the positive 
alternation to that of the negative altérnation is one, there will 
be no distortion. With a second harmonic distortion of 5%, the 
ratio of the amplitude of the positive alternation to that of the 
negative alternation is 11:9. Any ratio greater than this will 
cause more than 5% distortion. 

The procedure to be observed in plotting a load line and 
determining the power output and distortion is summarized as 
follows: 

1. Obtain a family of plate voltage -plate current 
curves of the tube to be used. 

2. From the manufacturer's ratings, decide what plate 
voltage and grid bias will be applied. 

3. Select a value of load impedance at least twice 
as great as the plate resistance of the tube. 

4. Multiply the no -signal plate current by the value 
of the load impedance. 

5. To the result of step 4, add the applied plate 
voltage. The sum represents the plate voltage 
that would be applied to the tube, if the plate 
current were zero. 

6. Plot this value of plate voltage as found in step 
5 on the plate voltage axis. It is the second 
point on the load line. 

7. Draw the load line, and determine what grid volt- 
age swing may be allowed. The peak signal volt- 
age cannot be greater than the grid bias without 
causing the grid to be driven positive. 

8. From the graph, determine the maximum and mini- 
mum values of plate current and plate voltage 
produced by the selected signal voltage. 

9. Using formula (1), calculate the power output. 
10. Find the amount of distortion by formula (2). 

If the distortion is excessive, two different procedures may 
be followed. Using the same load impedance, decrease the value 
of the signal voltage and recalculate the power output and the 
distortion. This will reduce the distortion, but may not produce 
the desired power output. In this case, it will be necessary to 
draw a new load line which represents a larger value of load 
impedance. Increasing the load impedance will always reduce the 
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distortion. It should be remembered that maximum power cannot be 
obtained from the tube unless the applied plate voltage is the 
maximum recommended by the manufacturer. 

5. PUSH-PULL CLASS A AMPLIFIERS. A push-pull amplifier is 

capable of delivering more than twice the amount of power avail- 
able from a single -ended amplifier with considerably less dis- 
tortion. Even under the best of conditions, there will always be 
a certain amount of unavoidable distortion in a single -ended -am- 
plifier, because of the curvature of the characteristic curves. 

When the size of the load impedance is the variable factor, 
maximum power will always be obtained when the load is made equal 
to the internal resistance of the power source. This is not pos- 
sible with one -tube amplifiers, because of the excessive distor- 
tion which results. On the other hand, this condition for maxi- 
mum power is easily obtained with the push-pull amplifier, since 
the characteristics of this type of amplifier are such that the 
greater part of the distortion is eliminated. 

Furthermore, it should not be thought that making the load 
impedance equal to the internal resistance of the voltage source 
always gives the maximum power output. This condition produces 
the maximum power only for this particular power source, and is 

true only when the internal resistance of the voltage source is 

fixed and the load impedance is variable. Suppose that the value 
of load impedance is fixed, whereas the internal resistance of 
the source is variable. In this case, maximum power will be se- 
cured, not when the resistance of the source is made equal to the 
fixed value of load impedance, but will occur when the resistance 
of the power source is made as low as possible. For example, a 
magnetic speaker with a given value of resistance is to be fed by 
a power amplifier stage. We are at liberty to choose any power 
tube we wish. It might be thought that maximum power would be 
delivered to the speaker, if a power tube whose plate resistance 
was equal to the resistance of the speaker was selected. This, 
however, is an erroneous conception. The speaker will receive 
maximum power when the plate resistance of the power tube, with 
which it is used, is as low as possible. Thus a speaker of 1600 
ohms resistance would not receive as much power from a type 45 
tube, whose plate resistance is about 1600 ohms, as it would from 
a type 2A3 tube, whose plate resistance is 800 ohms. 

If it so happens that the resistance of both the power source 
and the load are variable, maximum power will be transferred to 
the load by making the source impedance as low as possible, and 
then using a load impedance equal to the resistance of the source. 

Viewing a push-pull amplifier as a voltage source, we find 

that the apparent internal resistance of this source is not equal 

to the plate resistance of one of the tubes. Instead, it has a 

resistance of about half the plate resistance. Since the apparent 

internal resistance is lowered by connecting the. tubes in push- 
pull, it is evident that the power output will increase accord- 
ingly. 
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There are, therefore, two reasons why two tubes connected in 
push-pull will deliver more than twice as much power as will a 
single tube of the same type. First the internal resistance of 
the push-pull amplifier is lower than that of a single tube'. 
Second, it is possible to use a value of load impedance which is 
equal to the internal resistance of the push-pull combination 
without causing excessive distortion. 

When the two tubes of a push-pull amplifier are correctly 
matched, and they should be for the best results, the plate cur- 
rents drawn by the tubes are equal. These two currents flow 
through the primary of the output transformer in opposite direc- 
tions, and the field created by one current is equal and opposite 
to that produced by the other. Thus, with no signal voltage 
applied, there is no net magnetomotive force available to magne- 
tize the core. When the grids of the tubes are excited, this 
balance is upset. During one alternation of the signal voltage, 
the plate current of one tube increases and that of the other 
decreases. The net magnetizing force, which induces a voltage 
into the secondary, is at every instant equal to the difference 
between the two plate currents. The same voltage would be induced 
into the secondary by a single plate current, which, at every 
instant, had a value equal to the difference between the plate 
currents of the two tubes at that instant. 

It is thus apparent that it is not the actual values of the 
two plate currents, but rather their difference, which is of 
primary interest. The signal voltages on the grids of the two 
tubes are 180° out of phase. As one grid is growing more nega- 
tive, the other is becoming less negative. The variation of the 
plate current of each tube, as well as the difference between the 
plate currents at any instant, produced by a given grid voltage 
swing may be shown by using two dynamic grid voltage -plate current 
characteristic curves. Such an arrangement is illustrated in 
Fig. 9. The characteristic of tube 2 is inverted and placed below 
that of tube 1. This is necessary because of the 180° phase 
difference of the grid voltages. The grid voltage axis of the 
bottom tube is super -imposed on the grid voltage axis of the top 
tube. Notice, however, that the point representing zero grid 
voltage for the bottom tube is at the left of the diagram, and 
that the plate current scale of this tube is read from top to 
bottom. 

We have assumed that the grid bias of the two tubes is -30 
volts; therefore, in constructing this double curve, the point 
representing -30 volts grid voltage for the bottom tube was placed 
directly over the -30 volt point of the top tube. The no -signal 
plate current of each tube is 30 ma. This is found by drawing a 
vertical line through the -30 volt point and extending it in 
either direction until it intersects the two characteristic 
curves. At each point of intersection, horizontal lines are drawn 
which cross the plate current axes at the 30 ma. points. 

The applied signal voltage has a peak value of 20 volts, 
which causes the grid voltage of each tube to vary from -10 to -50 
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volts. When the grid voltage of the top tube is -10 volts, that 

of the bottom tube is -50 volts, and vice versa. To show the 
excitation voltage in a graphical manner, a vertical line is drawn 

through the point representing a grid voltage of -50 for the top 
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Fig.9 The dynamic Eg-Ip 
characteristics of a push- 
pull Class A amplifier. 
The resultant characteris- 
tic is also shown, 

tube and -10 for the bottom one. This line represents one extreme 

of the grid voltage variation. The other extreme is determined by 

drawing another vertical line through the -10, -50 grid voltage 

point. Both of these lines are extended until they cross the two 

characteristic curves. 
The actual excitation voltage is shown as a sine wave, drawn 

within the limits of these vertical lines, and having the -30 

volt line as an axis. During the first alternation of the -signal 
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voltage, the grid of tube 1 is made less negative, whereas that of 
tube 2 becomes more negative; thus, the plate current of the top 
tube increases, and that of the bottom tube decreases. At the 
peak of this alternation, the grid voltage of the top tube is -10 
volts, and that of the bottom tube -50 volts. The plate current 
drawn by each tube at this time is determined by noting the points 
where the vertical line representing these values of grid voltage 
crosses the two characteristic curves, and by drawing a horizontal 
line through each of these points. These two horizontal lines 
cross the plate current axis at 70 and 10 ma. respectively. Thus, 
the plate current of the top tube is 70 ma., and that of the 
bottom tube 10 ma. 

During the next alternation, these conditions are reversed; 
the plate current of the top tube decreases and that of the bottom 
tube increases. At the peak of this alternation, the grid volt- 
ages of the top and bottom tubes are -50 and -10 volts respect- 
ively. These grid voltages cause the top tube to draw 10 ma. of 
plate current and the bottom tube 70 ma. The plate current of 
tube 1 varies from 30 ma. (its no -signal value), to a peak value 
of 70 ma., and down to a minimum value of 10 ma. Therefore, the 
waveform of this current may be represented by the distorted sine 
wave marked Ip,. In a similar manner, the current variations of 
tube 2 may be shown by the distorted sine wave, Ipz. 

Considering only the current drawn by tube 1, notice how 
much greater the amplitude of the positive alternation is than 
that of the negative alternation. If the plate current of a 
single -ended amplifier were allowed to behave in this manner, the 
distortion produced would be intolerable. In fact, this curve 
represents a second harmonic distortion content of about 16%. The 
plate current of tube 2 also possesses this same amount of dis- 
tortion, and is exactly the same as that of tube 1, except for the 
fact that it is 180° out of phase with it. 

Taken at face value, this information would seem to indicate 
that a very distorted voltage would be induced into the secondary 
of the output transformer. However, when it is realized that it 
is the difference between these two currents that determines the 
net magnetizing force available in the core of the transformer, 
it is at once clear that the secondary voltage will be practically h 

undistorted. The waveform representing the resultant current or 
difference current could be found by taking various points along r 

each of these distorted waves and subtracting one current value 
from the other. A simpler method is to first find the resultant 
or difference characteristic curve. At -30 volts grid voltage, 
both tubes draw 30 ma. of plate current; the difference is zero, 
and thus, one point of the resultant characteristic is at -30 
volts grid voltage and zero plate current. When tube 1 draws 70 
ma., tube 2 is drawing 10 ma.; therefore, another point on the 
resultant characteristic is at point C. With tube 1 drawing 10 
ma., tube 2 draws 70 ma.; and point D becomes a third point of 
the resultant characteristic. 
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It will be noticed that these three points lie practically in 

a straight line, and the error introduced by assuming that the 
resultant characteristic is the straight line joining these three 
points is negligible. The nearly straight line characteristic of 
the resultant curve is the determining factor which causes the 
secondary voltage to be practically distortionless. Unless the 
grid bias and load resistance are carefully chosen, the resultant 
characteristic will not be linear; and although there will not be 
any second harmonic distortion present in the output, the dis- 
tortion due to the third harmonic content will be appreciable. 

With the resultant characteristic drawn, we are now ready to 
plot the waveform of the difference current which is effective in 

producing a secondary voltage. At -30 volts grid voltage, the 
resultant current is zero. This is indicated by point 1 of the 

waveform. At the peak of the first alternation, the resultant 
current is 60 ma., and is represented by point 2. The grid 
voltage of both tubes now returns to the no -signal value and the 
resultant characteristic falls to zero (point 3). At the peak of 

the next alternation, the resultant current is again 60 ma.; 
however, the current of tube 2 is now greater than that of tube 1, 

and the difference current must be regarded as flowing in the 

opposite direction. Therefore, point 4 represents the resultant 

current at this time. Finally, both grids return to their normal 

value, and the resultant current decreases to zero (point 5). 

Fig.10 A Class A, push- 
pull amplifier stage. 

It is seen that the resultant current has nearly a pure sine 

r waveform, although the current of either tube considered separ- 
ately is very distorted. Even though the resultant characteristic 

were not a straight line, the amplitudes of the positive and 
negative alternations of the resultant current wave would be 
equal. As long as this condition is fulfilled, the resultant wave 

can have no second harmonic component. A resultant characteristic 

which departed from a straight line would affect both alternations 

of the resultant waveform equally. Both peaks would either be 
slightly flattened, or both sharpened. In either case, the re- 

sultant waveform would have a third harmonic component. 

This resultant current will produce the same voltage in the 

secondary of the transformer as would an alternating current 
having a peak value of 60 ma., if it were allowed to flow through 

one-half of the primary winding. 

It is now time that we gave some attention to the load im- 

pedance. This impedance is rarely, if ever, a resistance. It is 
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common practice to use an output transformer to couple the push- 
pull tubes to their load. Such an arrangement is shown in Fig. 10. 

For simplicity, let us assume that the turns ratio of this trans- 
former is 1:1 or that the total number of turns on the secondary 
is equal to the total number of turns on the primary. It may be 
proved that a push-pull amplifier is equivalent to a single tube 
having a plate resistance equal to about one-half the plate re- 
sistance of either of the push-pull tubes, and working into a 
load equivalent to that looking into one-half of the primary' 
winding. That is, in calculating the power output, it is con- 
sidered that both of the push-pull tubes work into only one-half 
of the primary winding. The device which absorbs the power in the 
circuit shown in Fig. 10 is the resistor connected across the 
secondary of the output transformer. If this resistor has a value 
of 4000 ohms, the resistance reflected across the entire primary 
is also 4000 ohms, since the turn ratio is 1:1. Considering that 
the tubes work into only one-half of the primary, we see that the 
actual load on the tubes is less than 4000 ohms. Superficially, 
it would seem that the resistance reflected across one-half of the 
primary would be 2000 ohms. We are, however, neglecting some of 
the principles of reflected impedance. 

Suppose that both primary and secondary windings have 40,000 
turns. Then, one-half of the primary winding would consist of 
20,000 turns. The turns ratio between one-half of the primary and 
the entire secondary is 1 

_ 2. The resistance reflected across 
one-half of the primary is equal to the resistance connected 
across the secondary multiplied by the square of the turns ratio 
from one-half of the primary to the secondary. The square of this 
turns ratio is 1:4. Thus, the resistance looking into one-half of 
the primary is ú of 4000 ohms, or 1000 ohms. It should, there- 
fore, be remembered that the actual impedance measured across 
one-half of the primary is only one-fourth of the impedance across 
the entire primary. This point must be taken into account in 
selecting the proper output transformer. 

It is now necessary to learn how the power output, and the 
proper load for a push-pull amplifier is calculated. Since this 
type of amplifier cancels all even harmonics if it is balanced, it 
is not necessary to work it into a load equal to twice the inter- 
nal impedance of the push-pull stage. It is well known that for 
maximum power output a stage should be worked into a load equal to 
the internal impedance of the stage; and it might be thought that 
this would be the optimum value to use for the push-pull stage. 
It is found, however, that this value of impedance is ordinarily 
too low for the best results. It is too low, not because of 
distortion, but because the peak current drawn by the tubes is 
usually excessive. The smaller the value of the load impedance, 
the greater the plate current change will be, and consequently 
the higher the peak plate current will become. With a load equal 
to the internal impedance, the peak plate current may exceed the 
emission limit of the filament, and also may produce excessive 
plate dissipation. Therefore, the proper load impedance to use 
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and the power output which may be expected is found by drawing a 
load line using the method outlined in the following example. 

!D 
AVERAGE PLATE CHARACTERISTICS 

TYPE 10 
L,+1.5 SVITS D.C. 
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fig.tt Illustrating the method of constructing a load line for 
a push-pull stage. 

Step 1. From the tube manual determine the maximum plate 
voltage that may be applied for Class A service. Mark this point 
on the plate voltage axis. It is point A in Fig. 11. This 
voltage is known as Eo. In this example, Eo is 42 volts. 

Step 2. Multiply Eo by .6, and find this point on the plate 
voltage axis. In this case, .6 x Eo is 255 volts and is point B 
in Fig. 11. 

Step 3. Erect a vertical line from point B, extending it 
until it crosses the zero grid bias characteristic (Ec = 0). 
Extend the zero grid bias characteristic if necessary.. This may 
be done by assuming that the characteristic is a straight line; 
although in this particular example it is unnecessary to extend 
this characteristic. In this case the vertical line crosses the 
zero characteristic at point C. 

Step 4. Connect points C and A. The line so foamed is the 
load line of the push-pull stage. Point C is the maximum plate 
current (Im), and in this example it is 42 ma. 

Step 5. 

formula: 
Calculate the 

Po - 

power output, 

Im x Eo 

using the following 

5 

Solution: Po = .042 x 425 = 17.85 = 3.57 watts. 
5 5 

Step 6. Calculate the plate -to -plate load impedance, using 
the formula: 

Plate -to -plate load = 
Eo - (.6 x Eo x 4 

Im 

In this case: 

Plate -to -plate load = 425 
042 

255 
x 

4 = 4046 x 4 = 16,184 ohms. 
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The value of load impedance determined by the formula given 
in step 6 is the smallest that should be employed to insure that 
the tubes do not heat excessively during the time that the peak 
current is flowing. 

Step 7. Multiply Eo by 1.4, and find this point on the plate 

voltage axis. In this example: 1.4 x Eo = 595 volts. From the 
plate family, determine how much bias voltage would be necessary 
to produce plate current cut-off at a voltage equal to 1.4 x Eo. 

It is seen that this is approximately -78 volts. The operating 
bias voltage should be one-half of this value, or -39 volts. Any 

greater bias would not allow the plate current to flow throughout 
the entire grid -exciting cycle, and the stage would not be oper- 

ating as a Class A amplifier. 

6. CLASS B AUDIO AMPLIFIERS. The power output that can be 
obtained from a Class A amplifier is relatively low. Also, the 

fact that the no -signal plate current of a Class A amplifier, 
whether single -ended or push-pull, is fairly high, causes the 
maximum allowable plate dissipation to be reached before much 
power output can be obtained. All this is equivalent to saying 
that a Class A amplifier has low efficiency. When considerable 
power is desired, the cost of the large tubes and the high -voltage 

power supply required, mounts rapidly for each additional watt of 
power output. 

To remedy this situation, the Class B audio amplifier was 
invented. The first step in increasing the efficiency of an am- 
plifier is to reduce the power loss at the plate without excita- 
tion. To accomplish this, the no -signal plate current must be 

reduced by increasing the grid bias. So far as single -ended Class 

A amplifiers are concerned, it is very necessary that the grid 
bias be half -way between zero grid voltage and the point where the 

characteristic starts to curve near its bottom end. This is 

essential in order that the increases in plate current be equal to 
the decreases, and distortion thereby be avoided. 

The bias of a push-pull amplifier ordinarily may be somewhat 
greater than that of a single -ended stage since the distortion 
produced is canceled by the push-pull arrangement. 

Since the push-pull type of connection eliminates the origin- 

al requirement that the increases in plate current be equal to the 

decreases, it is possible to go even farther and make the grid 
bias so large that the no -signal current is practically zero. For 

example, let us assume that the no -signal plate current is actual- 

ly zero. When an excitation voltage is applied, the tube whose 

grid is becoming less negative draws a plate current, whereas the 

other tube which is already biased to cut-off does not have any 
plate current flow, because its grid is being driven even more 
negative. Thus, each tube draws plate current for one-half cycle, 

or 180°. 
Assuming that the signal voltage is of sine waveform, it is 

evident that one of the push-pull tubes furnishes one of the 

alternations of plate current, and the other tube produces the 
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other alternation. It is not usual to bias the tubes to complete 
plate current cut-off, because of the excessive third harmonic 
distortion which would be created. Instead, the applied grid bias 
is ordinarily that value obtained by dividing the applied plate 
voltage by the amplification factor. This amount of bias is known 
as the theoretical cut-off value, and is that point where the 
Eg-Ip characteristic would intersect the grid voltage axis, if the 
characteristic were a straight line. 
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Fig.12 Dynamic Eg-Ip 
Characteristics of a Class 
8 amplifier. 

Reference to Fig. 12 will, perhaps, make this somewhat clear- 
er. This figure shows two dynamic Eg-Ip characteristic curves 
with that of the bottom tube reversed. Notice that the tubes are 
so biased that the operating point is at the beginning of the 
extremely curved portion of the characteristics. The resultant 
or composite characteristic is the curve which connects the upper 
characteristic with the lower one. It coincides with the charac- 
teristics of the two tubes, except at low values of plate current 
where it is shown as a dotted line. To prevent distortion, the 

separate characteristics of the tubes must have fairly long 
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straight portions, because cancellation of the harmonics produced 
by non -linearity occurs only at low values of plate current when 
neither tube is cut off. Practically all of the positive alter- 
nation of the output wave is furnished by the top tube. When the 
plate current of the top tube is near its no -signal value, a 

slight amount of deviation from a pure sine wave occurs. This, 
however, is cancelled in the output wave because the bottom tube 
is drawing a very small amount of current at this time, and the 
output wave which is the difference between the two currents is 
practically distortionless. 

On the negative alternation of the signal voltage, the plate 
current of the top tube is cut off except for a short time at the 
beginning and end of this alternation, and the major part of this 
alternation of the output wave is supplied by the plate current 
flow of the bottom tube. Since each tube draws plate current for 
approximately 180°, this arrangement is properly called a Class B 
amplifier. 

In a Class A push-pull amplifier, the total current drawn 
from the power supply, or the sum of the two plate currents, 
remains constant, because as one plate current increases, the 
other plate current decreases an equal amount. This makes a 

by-pass condenser for the biasing resistor unnecessary. The 
power supply of a Class B amplifier, on the other hand, furnishes 
a very small current while no excitation is applied, but needs to 
supply a peak current which may be many times the no -signal value. 
If the input voltage is a pure sine wave, meters connected to 
measure the plate current of each of the Class B tubes will indi- 
cate a steady value which is approximately .318 times the peak 
current of either tube. To be useful, however, an amplifier must 
amplify speech and music, the waveform of which is very irregular 
and may have peaks which are many times the average value. With 
such an excitation voltage, the meters in the plate circuits vary 
constantly from instant to instant as the speaker's voice rises 
and falls. 

Since the average value of the plate currents and the total 
current drawn from the power supply varies in an irregular fash- 
ion, it is not possible to use cathode resistor bias. Instead, 
some form of fixed bias must be employed, and means must be 
available for adjusting the bias of each tube separately, because 
the bias voltage is quite critical. 

Any decrease in the applied plate voltage due to poor regu- 
lation of the power supply will cause the peaks of the alterna- 
tions to be flattened, with the consequent production of third 
harmonic distortion. Thus, for best operation, the power supply 
should have mercury-vapor rectifier tubes, and the power supply 
filter should have a swinging choke. (A complete discussion of 
the type of power supply to be used with Class B stages and R.F. 
transmitter stages will be given in a later lesson of this unit. 

By eliminating the necessity that the plate current of both 
tubes flow throughout the entire grid -exciting cycle, the no - 
signal plate current is made very low, and a very large increase 
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in the efficiency occurs. Although the efficiency may be rather 
high, it is found that appreciable power cannot be obtained from 
the Class B amplifier unless the grid -exciting voltage is suffic- 
ient to drive both grids positive throughout a part of the grid - 
excitation cycle. It is at once thought that such a procedure 
would produce distortion, and, in fact, it does; however, by care- 
ful design of the grid circuit, it is possible to reduce this 
distortion to a value where it is not excessive. 

When the grids become positive, grid current flows, and the 
resulting voltage drop produced across the grid circuit bucks 
against the signal voltage. Thus, the peak voltages on the grids 
are less than they otherwise would be, and the peaks of the output 
waveform are flattened. The first step in the minimizing of the 
distortion due to this source is to make the actual resistance of 

the secondary winding of the input transformer as low as possible. 
The grid current must flow through the secondary of the input 

transformer and also through the grid -to -filament resistance of 
the tubes, and, in so doing, it dissipates power which must be 
supplied by the preceding stage. Therefore, the stage preceding 
a Class B amplifier must be a power amplifier rather than a 
voltage amplifier. It is ordinarily a Class A power amplifier, 
either single -ended or push-pull, and is known as the "driver 
stage". The driver tube must have a power rating adequate for the 

grid requirements, and indeed, should have more than this rating, 
because a reserve supply of power is necessary, if the distortion 
in the grid circuit is to be kept within allowable limits. 

The load impedance of the driver stage is rather critical for 
the best operating conditions. Its value is, of course, deter- 
mined by the turns ratio of the input transformer, and the resis- 
tance connected across the secondary of this transformer and 
therein lies the difficulty. It is simple enough to use a trans- 
former of the correct turns ratio, but the trouble is that the 
resistance connected across the secondary of this input trans- 
former is not constant in value. In ordinary Class A amplifiers, 
where the grids do not go positive and no grid current flows, the 

resistance connected across the secondary of an input transformer 
is very high, practically infinite. The actual resistance con- 
nected across the secondary depends, of course, on the voltage 
developed across the secondary divided by the current that flows 
through the secondary winding. 

The grids of a Class B amplifier do draw grid current, and as 

a result, the resistance connected across the secondary of the 
input transformer consists of the grid -to -filament resistance of 

the Class B tubes. The grid voltage -grid current curve is not a 

straight line, but is rather sharply curved at low values of 
positive grid voltage. This indicates that the relation between 
the grid voltage and the grid current is not linear, and conse- 
quently the grid -to -filament resistance is not constant. 

Fig. 13 illustrates a grid voltage -grid current curve of an 
average triode used in a Class B amplifier. Notice how far this 
curve departs from a straight line. The grid -to -filament resis- 
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tance could be found at any point by taking a small change in grid 
voltage and dividing that change in voltage by the change produced 
in the grid current. When the grid is highly positive, the curve 
is very steep and the actual grid -to -filament resistance for a 
value of approximately 60 volts positive is about 300 ohms. When 
the grid current is low, the curve is rather flat, and the grid - 
to -filament resistance is about 2000 ohms at low values of grid 
voltage. Furthermore, during the time that both grids are nega- 
tive, no grid current flows, and the grid -to -filament resistance 
is practically infinite. 

20 +u0 

Grid Volts 

+60 

F.ig.13 A dynamic grid 
voltage-grid current 
curve of an average 
triode. 

+ 

All this means that the resistance connected across the 
secondary of the input transformer may vary from a value as low 
as 300 ohms to an extremely high value. The load impedance into 
which the driver tube works is the resistance reflected from the 
secondary to the primary of the input transformer, and, since the 
resistance connected across the secondary of this transformer 
varies through wide limits, it is obvious that the load impedance 
on the driver tube will also vary considerably. It is well known 
that the load impedance of the driver must not fall below a value 
equal to twice the plate impedance of the driver tube, if exces- 
sive distortion is to be avoided. Therefore, the load reflected 
to the driver must not fall below this value, even when the grid 
impedance of the Class B stage is at its lowest value. 

Fiº.14 a Class 8, audio 
amplifier with stabilizing 
resistors. 

The correct load impedance of the driver will be at least 
several thousand ohms, whereas the grid impedance of the Class B 
stage may fall to a few hundred ohms at its lowest value. It is 
thus evident that the input transformer must have a step-down 
ratio from primary to secondary, if the correct load impedance is 
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to be reflected. Although the load resistance of the driver will 
be the correct value when the grid impedance of the Class B stage 
is lowest, it will be too high during the time that no grid 
current is flowing, and the grid impedance is practically infi- 
nite. To prevent such wide variations of the driver's load im- 
pedance, a resistor is sometimes connected across each half of the 
secondary winding as shown in Fig. 14. This helps to fix the 
secondary resistance, because the resistance connected across the 
secondary cannot rise to a value greater than the value of this 
resistor. Naturally, this resistance cannot be too low in value, 
for, in that case, it would draw too much current from the trans- 
former secondary, and cause an excessive voltage drop in the 
secondary winding; the average value is 50,000 ohms from grid to 
grid. It does, however, prevent the load on the driver from 
varying too much, and, therefore, tends to make the driver stage 
more stable. 

It should be realized that only one of the Class B tubes will 
be drawing grid current at any instant, and, therefore, only one- 
half of the secondary of the input transformer will be in use at 
any one time. Thus, when the grid of the top tube is positive and 
is drawing grid current, the load on the driver tube depends on 
the effective resistance connected across the top half of the 
secondary, and the turns ratio between the entire primary and one- 
half of the secondary. 

The necessity of using a step-down input transformer may be 
viewed in another manner. If the signal voltage is of sine wave- 
form, the voltage across the entire secondary should exactly 
follow a sine wave in its variations, whether any grid current is 

flowing or not. This signal voltage, however, must be furnished 
by a voltage source, which, in this case, is the driver tube, and 
as we know, all voltage sources contain some internal resistance 
which causes their voltage regulation to be faulty; that is, the 
voltage furnished by the source falls when the current is drawn 
from the source. The internal impedance of the voltage source is 
the plate resistance of the driver tube, and, since this value is 

rather high, it is seen that rather poor voltage regulation could 
be expected. By using a step-down transformer, however, the 
fairly high plate resistance of the driver tube is transformed 
into a much lower impedance which appears across the secondary 
of the input transformer. Thus, the voltages across this secon- 
dary appear to be emanating from a voltage source having a much 
lower internal impedance, and, as a result, the voltage regulation 
of the grid -exciting voltage is greatly improved. This tends to 

keep the exciting voltage following a true sine wave, even when 
the grid current is rather high. 

If the step-down ratio is too great, the grid -exciting volt- 

age. will not be large enough to properly drive the Class B tubes. 
The turns ratio of the transformer should, however, step down the 

voltage until it is just sufficient to give the proper excitation 
for the power output required. 
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The fact that self -bias is not practical for Class B tubes 
retarded the development of this type of amplification for some 
time. In the past few years, several tubes have been introduced 
with such a high amplification factor that the plate current is 

very low, even when the grid voltage is zero. Two such tubes may 

be employed in a Class B amplifier stage and operated with zero 

grid bias. It is true that the no -signal plate current is not 
zero with the so-called zero -bias tubes, but it does have a very 
low value. It should also be evident that when operated with zero 
bias, there will be some grid current flowing at all times; that 
is, the grid of one tube will draw current for one-half cycle when 
the excitation voltage is such as to make this grid positive, and, 

as soon as this tube ceases to draw grid current, the other tube 
will begin to do so. This condition tends to maintain the grid 
impedance of the Class B stage more nearly constant, because at no 
time does the grid impedance rise to practically an infinite 
value. Thus, the load impedance of the driver varies through 
narrower limits and grid circuit distortion is minimized. 

575 

,_', 50 

:225 

20 80 60 80 100 120 
Grid Volts 

Fig.15 A dynamic Eg-Ig 
characteristic exhibiting 
dynatronic qualities. 

. Grid voltage -grid current characteristics vary considerably, 
even with tubes of the same type. Some tubes, especially types 
203A, 211, 204A, and 849, have a very peculiar grid voltage -grid 
current curve. Fig. 15 illustrates the type of characteristic 
representative of these tubes. Increasing the grid voltage from 
0 to approximately 50 volts causes an increase in the grid cur- 
rent, but a further increase from 50 to about 95 volts produces a 
decrease in the grid current. This dip in the curve results from 
the secondary emission of electrons from the grid. The electrons 
knocked out of the grid wires ,join the main electron stream and 
become part of the plate current. From 50 to 95 volts positive, 
the grid impedance is negative, and the grid circuit is very 
liable to act as a dynatron oscillator. The frequency of the 
oscillations produced are determined by the total inductance and 
capacity associated with the grid circuit. This includes the 
inductance of the input secondary winding and the distributed 
capacity between its turns. Although this type of distortion 
occurs only on the peaks, it causes a rasping effect which greatly 
impairs the quality. It is effectively eliminated by placing 
small resistors of about 40 ohms in each plate lead, directly 
between the plate connection and the primary of the output trans- 
former, and, by connecting .001 mfd. condensers across each half 
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of the grid circuit. The two resistors connected across the grid 
circuit also help to eliminate this type of distortion. Fig. 16 
illustrates a Class B stage including the components necessary to 
prevent this dynatronic oscillation. 

Fig.16 A Class B audio 
sta9e with the necessary 
additions to prevent dyna- 
tronic oscillations. 

The relation between grid voltage and plate current must be 
essentially linear over the operating range, if third and higher 
odd harmonics are to be negligible. The linearity of the dynamic 
Eg-Ip characteristic curve depends upon the choice of grid bias, 
plate voltage, and load resistance. During operation, the plates 
of the Class B tubes will have an alternating voltage component 
applied to them as the plate currents increase and decrease 
through the load resistance. Thus, the actual voltage applied to 
the plates of the tubes will rise and fall. Care must be taken 
that the maximum positive grid potential is not greater than the 
minimum voltage applied to the plates. Since the AC voltage on 

the grids is 180° out of phase with the AC voltage on the plates, 
the maximum grid voltage occurs at the same time as the minimum 
plate voltage. Should the maximum grid voltage equal the minimum 
plate voltage, the grid would rob the plate of electrons which 
should be attracted by the plate, and, as a result, the linear 
relation between grid voltage and plate current will no longer 
exist. In fact, the maximum grid potential should not exceed 50% 
of the minimum plate voltage, if this type of distortion is to be 
avoided. 

With a given excitation voltage, the minimum plate voltage is 

determined by the size of the load resistance. As the load re- 
sistance is increased, the minimum plate voltage becomes less, 
and the power output and efficiency both increase. Thus, to 
obtain the maximum power output with a given grid -exciting 
voltage, the load resistance should be as large as possible with- 
out causing the minimum plate voltage to fall so low that a 

condition of non -linearity exists. With the load impedance 
constant, excessive grid excitation has the same effect as exces- 
sive load impedance; that is, it causes the maximum grid voltage 
to approach the minimum plate voltage too closely, and thereby 
introduces distortion. In a like manner, insufficient grid ex- 
citation produces the same result as insufficient load impedance, 
and therefore results in low power output and low efficiency. 
The actual value of the load impedance should be somewhat greater 
than the value which would be used if the tubes were operating 
under Class A conditions. This is necessary because distortion 
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due to non -linearity of the dynamic Eg-Ip characteristics is 

cancelled only at low values of plate current when both tubes are 
conducting. 

Fig. 17 illustrates several dynamic Eg-IpandEg-Ig character- 
istic curves for various values of load impedance. These partic- 
ular curves are for a pair of type 46 tubes used as a Class B 
amplifier stage. The type 46 is a tetrode and has two grids. By 

connecting the grid nearest the plate to the plate, the tube is 

Type 46 Tubes 

E8 = 300V 

Ec = 0 

Curve Load 

A 1000;+7 
B 1500+7 
C 2000W 

Grid Volts Tube 2 
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80 
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N 
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N 

0 120 

Fig.17 Several dynamic 
o Eg-Ip and Eg-Ig curves for 
o 160 a Class B audio stage em- 

ploying type 46 tubes. 

+60 

caused to have an amplification factor of 5.6 and a plate resis- 
tance of 2380 ohms. With this connection, it requires a grid 
bias of -33 volts, and operating as a Class A amplifier, it may 
be used as the driver stage for a pair of type 46 tubes in Class 
B. When the two grids of this tube are tied together, it has an 
entirely different set of characteristics. The amplification 
factor and plate resistance increase considerably, and the plate 
current with 400 volts plate voltage and 0 volts grid bias is 

only 6 ma. With this low value of plate current, the Class B 
tubes may be operated with zero bias, and with a load impedance 
of 2000 ohms, and an excitation voltage sufficient to drive the 
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grids to 50 volts positive, the peak plate current is approximate- 
ly 150 ma., and the power output about 20 watts. With these 
conditions, the average driving power required is .65 watt. 

Notice from the curves of Fig. 17 that very high values of 
load impedance cause the dynamic characteristic to depart from a 
straight line. Also, observe that the peak grid current attained, 

for any given value of excitation, becomes greater as the plate 
load is increased. When the load resistance is greater than the 
recommended value, the plate currents will be lower and the grid 
currents higher than their rated values. Likewise, a load which 
is less than that recommended will cause the plate currents to be 
high and the grid currents low. The Class B amplifier actually 
works into only one-half of the primary of the output transformer, 

and thus the total plate -to -plate impedance measured across the 
entire primary winding is four times the actual load impedance. 

The output transformer must be large enough to handle the 
amount of power that is to be transferred to the load. The resis- 

tance of the windings and the leakage inductance must be kept at 

a minimum. Since it takes two windings on the primary of the 

Class B transformer to simulate a single primary winding of a 

Class A transformer, it is desirable to interspace these two 
windings with each other so that they will be balanced with 
respect to resistance and leakage. A schematic drawing showing 
how this is done is shown in Fig. 18. 

Fig.18 Showing how the 
two halves of the primary 
of the output transformer 
are inter-wound so that 
they will be balanced with 
respect to resistance and 
leakage. 

There is no simple nethod for determining the best load re- 

sistance to be used. The optimum value will depend on the power 

output desired, the grid excitation available, and the allowable 

peak plate current. For example, a pair of 203-A tubes in Class 

B audio with a plate voltage of 1000 volts should be worked into 

a load of 6900 ohms plate -to -plate, and will produce a power 
output of 200 watts at full excitation. By applying 1250 volts, 

(the maximum allowable) to the plates of these tubes, they will 

produce a maximum power output of 260 watts, but must be worked 

into a load of 9000 ohms plate -to -plate. In each case the plate 

load used is that value which causes the tubes to dissipate the 
maximum power permissible. With small tubes, the allowable peak 
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plate current is usually the limiting factor rather than the 
plate dissipation. 

The power output of a Class B audio stage is found by the 
following formula: 

Po = 

1m2 
x R 

2 

Where: Po is the power output in watts, 
Im is the peak plate current drawn by either tube, 
R is one-fourth of the plate -to -plate load impedance. 

Whereas it is possible to draw load lines for Class B audio 
stages, the procedure is so complicated that ordinarily this is 
not done. Instead, reference is made to the manufacturer's 
specifications. The manufacturer gives the proper operating con- 
ditions for at least one value of plate voltage (usually the max- 
imum plate voltage allowable), and with this information it is 
comparatively simple to calculate the power output and proper 
load impedance for other values of applied plate voltages. 

Consider, for example, a pair of 203-A tubes working as a 
Class B audio stage. From the tube manual, the following infor- 
mation is available. 

DC plate voltage 1250 volts 
Max. signal DC plate current 320 ma., (two tubes) 
Plate -to -plate load 9000 ohms 
Power output 260 watts 

The first step is to calculate the peak plate current per 
tube. This may be done by multiplying the maximum signal DC 
plate current for the two tubes by 1.5'7. 

Peak plate current per tube = 1.57 x 320 = 502 ma. 

The load impedance per tube is one-fourth of the plate -to - 
plate load impedance or is: 

400 
= 2250 ohms. 

With a peak plate current of 502 ma. and a load of 2250 
ohms, the peak voltage drop across the load is .502 x 2250 = 1130 
volts. Therefore, the voltage drop across the tube at this in- 
stant is the difference between the applied voltage of 1250 volts 
and the drop across the load of 1130 volts. This is: 

1250 - 1130 = 120 volts. 

Having determined the peak plate current and the minimum 
voltage drop across the tubes, we are able to calculate the power 
output and optimum load impedance with other values of applied 
plate voltage. For example, suppose that our power supply is 
capable of furnishing only 1100 volts. Assuming the same voltage 
drop across the tube (120 volts), with 1100 volts applied, the 
voltage drop across the load will be: 1100 - 120 or 980 volts. 
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The load impedance per tube may be found from this formula: 

R=E1 
Im 

Where: R is the load impedance per tube, 
E2 is the voltage across the load 
Im is the peak plate current per tube. 

In our example, the load impedance per tube would be: 

R-. 1952 ohms. 
502 

Therefore, the plate-to-plate load impedance would be four times 
this value or 4 x 1952 = 7808 ohms. 

By using formula (3) the power output may be calculated. 
It is: 

po = .5022 x 1952 = 246 watts. 
2 

Thus, when using a plate voltage of 1100 volts rather than 1250 
volts, the power output will be reduced from 260 watts to 246 
watts, and the plate-to-plate load impedance should be changed 
from 9000 ohms to 7800 ohms. 

In summarizing the precautions to be observed in designing a 
Class B stage, the following points are considered to be of major 
importance. 

1. The driver stage should be able to furnish two to 

three times the actual power required to excite 
the grids of the Class B tubes. 

2. The Class B input transformer must have a suffi- 
cient step-down ratio so that the resistance re- 
flected to the primary of the input transformer 
is never less than the plate resistance of the 
driver tube, even when the grids are most posi- 
tive. 

3. The load impedance of the Class B stage must be 
fairly high compared to the plate resistance of 

the Class B tubes, because distortion due to non- 
linearity is not cancelled except at low values 
of plate current. 

4. The load impedance must not be so great that the 
minimum plate voltage is equal to the maximum grid 
voltage. 

5. The two halves of the circuit must be accurately 
matched. Each tube furnishes one alternation cf 
the output waveform, and a mismatch between the 
tubes will cause the two alternations to be dif- 
ferent. Since tubes do not retain their original 

characteristics for an indefinite period, it is 

necessary that individual bias adjustments be pro- 

vided unless zero-bias tubes are used. The grid 

driving voltage and the no-signal plate current 
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of each tube must be equal so that even harmonics 

will not be introduced. 
6. The plate power supply must have exceptionally 

good voltage regulation to prevent flattening of 

the plate current peaks. 
7. Means must be taken to prevent dynatronic grid 

oscillation in case it is present. 

Class B amplification affords an economical means of securing 
relatively large amounts of audio power from small tubes. Its 
application, however, is not limited to receiving type tubes. 
Many transmitter tubes may also be operated in Class B amplifiers; 
the type 849 is representative. Two. such tubes operating as a 
Class B amplifier will deliver nearly 1000 watts of audio power, 
enough to modulate 2000 watts of DC power input to a Class C 

stage. The theoretical maximum efficiency of a Class B stage is 

78.5%, and efficiencies of 60% or better are ordinarily obtainable 
without much difficulty. Compared to the 20% efficiency secured 
with a Class A amplifier, it is evident that considerable power 
may be obtained from a Class B stage without exceeding the maximum 
plate dissipation. 
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DECIMAL EQUIVALENTS 
1/64 = .015625 1/4 = .250 1 /2 = .500 3/4 = .750 
1/32 = .03125 17/64 = .265625 33/64 = .515625 49/64 = .765625 
3/64 = .046875 9/32 = .28125 17/32 = .53125 25/32 = .78125 

19/64 = .296875 35/64 = .546875 51/64 = .796875 
1/18 =.0625 5/16 =.3125 9/18 =.5626 13/16 =.8125 5/64 = .078125 21/64 = .328125 37/64 =.578125 53/64 = .828125 3/32 = .09375 

11/32 = .34375 19/32 = .59375 27132 = .84375 7/64 = .109375 23/64 = .359375 39/64 = .609375 55/64 = .859375 
1/8 =.125 3/8 =.375 5/8 =.625 7/8 =.875 9/64 = .140625 25/64 = .390625 41/64 = .640625 57/64 = .890625 5/32 = .15625 13/32 = .40625 21/32 = .65625 29/32 =.90625 11/64 = .171875 27/64 = .421875 43/64 = .671875 59/64 = .921875 

3/18 =.1875 7/18 =.4375 11/16 =.6875 15/16 =.9375 
13/64 = .203125 29/64 = .453125 45/64 = .703125 61/64 = .953125 
7/32 = .21875 15/32 = .46875 23/32 = .71875 31/32 = .96875 

15/64 = .234375 31/64 = .484375 47/64 = .734374 63/64 = .984375 

NUMBER - SIZE DRILLS 
No. Die. No. Dia. No. Dies. No. The. No. Dia. 

1 .2280 17 .1730 33 .1130 49 0730 65 .0350 
2 .2210 18 .1695 34 .1110 50 .0700 66 .0330 
3 .2130 19 .1660 35 .1100 51 .0670 67 .0320 
4 .2090 20 .1610 36 .1065 52 .0635 68 .0310 
5 .2055 21 .1590 37 .1040 53 .0595 69 .0292 
6 .2040 22 .1570 38 .1015 54 .0550 70 0280 
7 .2010 23 .1540 39 .0995 55 .0520 71 .0260 
8 .1990 24 .1520 40 .0980 56 .0465 72 .0250 
9 .1960 25 .1495 41 .0960 57 .0430 73 .0240 

10 .1935 26 .1470 42 .0935 58 .0420 74 .0225 
11 .1910 27 .1440 43 .0890 59 .0410 75 .0210 
12 .1890 28 .1405 44 .0860 60 .0400 76 .0200 
13 .1850 29 .1360 45 .0820 61 .3390 77 .0180 
14 .1820 30 .1285 46 .0810 62 .0380 78 .0160 
15 .1800 31 .1200 47 .0785 63 .0370 79 .0145 
16 .1770 32 .1160 48 .0760 64 .0360 80 .0135 

LETTER SIZE DRILLS 
Letter Diem. Letter Diem. Letter Diem. Letter Diem. Letter Diem. 

A .234 G .261 L .290 Q .332 V .377 
B .238 H .266 M .295 R .339 W .386 
C .242 I .272 N .302 3 .348 X .397 
D .246 1 .277 0 .316 T .358 Y .404 
E .250 K .281 P .323 U .568 Z .413 
F .257 

NOTE: To avoid possibility of error when ordering number and letter size drills, always specify both number and diameter in decimals of an inch. There is not so much confusion regarding drill -gage sizes 
at present as there has been in the past, but, so long as there is any possibility of confusion between drill 
and steel -wire gages trouble will be saved the user by specifying both number and decimal equivalent. 



DRILL SIZES FOR MACHINE AND WOOD SCREWS 

N.C. OR U.S.S. SCREW THREADS 

Tap or 
Screw Size 

Number of 
Threads Per In. 

Size of 
Tap Drill 

16 64 56 

3 40 38 

16 32 22 

.L 20 7 

6{6 18 F 

M 16 6 
?ú6 14 U 

34 13 2%i 

516 12 % 
34 11 17/ 

116 11 1242 

Y1 10 2142 

1% 10 2342 

34 9 e 

156 9 6344 

1 8 M 

N.C.=American National Coarse Thread Series 
U.S.S.= United States Standard Screw Threads 

MACHINE SCREWS 
lop or 

Screw Size 
Threads 
Per Inch 

Top 
Drill 

Bady 
Drill 

0 80 N.F. 51 

1 64 N.C. 53 47 

1 72 N.F. 53 47 
2 56 N.C. 50 42 
2 64 N.F. 50 42 
3 48 N.C. 47 37 
3 56 N.F. 45 37 
4 40 N.C. 43 31 

4 48 N.F. 42 31 

5 40 N.C. 38 28- 

5 44 N.F. 37 29 

6 32 N.C. 36 27 
6 40 N.F. 33 27 

a 32 N.C. 29 18 

8 36 N.F. 29 18 

10 24 N.C. 25 9 

10 32 N.F. 21 9 

12 24 N.C. 16 2 

12 28 N.F. 14 2 

WOOD SCREWS 

Gaye DIa. Body Lead 
C'Bore of 

Screw 
In 

Decimals 
Hela 
Drill 

Hole 
Drill Drill 

0 .058 53 68 32 
1 .071 49 57 20 
2 .084 44 56 16 
3 .097 40 52 4 
4 .111 33 52 B 

5 .124 34 52 F 

6 .137 28 47 L 

7 .150 24 47 0 
8 .163 19 42 S 
9 .177 15 42 T 

10 .190 10 38 X 

11 .202 5 38 '4 
12 .215 7 38 214 

14 .242 D 31 3314. 

16 .269 I 28 37/ 

18 .294 % 23 454 

Lead holes are seldom used for Nos. 0 and I 

gage screws. In self} wood, lead holes are 
unnecessary for gages less than No. 6. 

N.F. OR S.A.E. STANDARD 
SCREWS 

Tep or Number of Size of 
Screw Size Threads Per In. Tap Drill 

ya 28 3 

"(6 24 I 

M 24 Q 

76 20 25 

34 20 29,4 

e 18 

M 18 37! 

11% 16 4 
16 % 

34 14 13/f6 

1 14 11f6 

134 12 13,(4 

N.F.=American National Fine Thread Series 
S.A.E.=Society American Engineers 

All Tap Drills Allow 
Approximately 70 Full Thread 
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TRANSPORTATIONi.... 
The steady drone of powerful engines and the beat of 

steel propellers driving huge, luxurious liners of the air 
through the air lares at tremendous speeds. 

A peculiar moaning whistle, aswift flash as beautiful, 

streamlined, stainless steel trains click over the rails 

for new transcontinental speed records. 

COMMUNICATION.. 
Modern transportation, with its terrific speed, its 

split -minute schedules and vast number of important messages 
must have available swift, reliable communications. 

Radio communication has solved the problem for the 
airlines most effectively. The radiotelephone and radio- 
telegraph are even vastly swifter than the planes they keep 
operating on schedule. 

Telegraph and the 'Morse code' have served the rail- 
roads faithfully for years. But time passes. The old 
'iron horse' is on the way out. In its stead we have the 
new 'streamliners' and the application of radio to rail 
transportation.. 

In the air..on the land-on the water..transportation 
is dependent upon radio for communications. This is just 
one of the many marvelous fields that will be, open to you 
as a Midland Graduate. 

Copyright 1942 
By 

Midland Radio & Television 
Schools, Inc. 

PRINTED IN U.S.A 
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Lesson Seven 
CLASS C 

AMPLIFIERS 

"The study of how a 
Class C amplifier operates 
is one of the most inter- 
esting subjects which will o: ±iirA 
be encountered by the broad- 
cast engineer. Because of the 
extreme importance of this mater- 
ial, no student desiring a complete 
knowledge of this type of amplifier, 
should hurry through this lesson. 

"Whenever plate modulation is employed in a transmitter, Class C 
amplifiers must be used. Therefore it is advisable that you have a 
complete understanding of the operation of this type of equipment." 

1. THEORY OF OPERATION. Strictly speaking, the. Class Campli- 
fier is 'any amplifier stage in which the grid bias is greater than 
that value required to produce plate current cut-off. This defini- 
tion corresponds to that given in the Standardization Rules of the 
Institute of Radio Engineers. It has, however, become common prac- 
tice to apply the term Class C amplifier only to the modulated stage 
which uses a grid bias of at least twice cut-off. When the ampli- 
fier uses a bias approximately one and one-half times cut-off, it 
is sometimes called a "Class BC amplifier", indicating that its 
characteristics are midway between those of a Class B and a Class 
C amplifier. Sometimes buffer stages are operated under Class BC 

conditions, and the grid -modulated amplifier (to be discussed in 
a later lesson) is another example of this type of operation. 

With a grid bias of twice cut-off, no plate current flows un- 
less an exciting voltage is applied. Furthermore, since plate cur- 
rent flows for less than 180° of the cycle with excitation, it is 
evident that the relation between the plate current and the grid 
voltage is far from linear. A grid exciting voltage of sine wave 
form produces a plate current wave which in no way resembles a sine 
wave. Instead, the plate current consists of pulses lasting from 
one-third to one -sixth of a cycle or less, depending upon the values 
of the applied voltages and upon the load. The shape of the plate 
current pulse, whether it is peaked, flat topped, or has a dip, is 
determined by the dynamic 1p -E9 characteristic. This, in turn, de- 
pends on the load. The average operating characteristics of a Class 
C amplifier are shown in Fin. 1. 
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Fig.1 Illustrating the operating 
conditions of a Claes C amplifier. 
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The plate current of a Class C amplifier is not of sine wave 
form, and, therefore consists of a fundamental and a series of har- 
monic frequencies. It would appear that this plate current would 
cause considerable distortion and that the voltages produced across 
the load would contain a large number of harmonics. This would be 
the case, except for the fact that the load is of :3 particular kind. 
The load of a Class C amplifier is. always a parallel tuned circuit. 
Such a load has the ability to smooth out the irregularly shaped 
plate current pulses into practically pure sine waves, or to accept 
the fundamental frequency and reject the harmonics. This is accom- 
plished by the fly -wheel effect of the tuned circuit. The tuned 
tank circuit stores a considerable amount of energy, and the plate 
current pulses merely replenish this energy as it is absorbed by 
the transmitting antenna. If the adjustment of the load circuit 
is correct, the voltage across the tank is very nearly sinusoidal 
and therefore contains very few harmonics. 

Since a Class C amplifier must work into a tuned load circuit, 
it is obviously impossible to use this type of amplifier for the 
amplification of audio frequencies. The Class C amplifier is a 
single -frequency amplifier and cannot be used to amplify a modu- 
lated R.F. wave. An inspection of Fig. 2 will make this apparent. 
The grid exciting voltage is a 100% modulated R.F. wave, and the 
grid bias is twice cut-off. Practically, there are two reasons 
why the Class C amplifier cannot be used in this manner. The peaks 
of the modulated R.F. wave vary from zero to twice their nnmodulated 
value. When these peaks are less than that value required to drive 
the grid voltage above the cut-off value, no plate current flows, 
and thus the Class C stage amplifies only the `:igher peaks of 'the 
modulated R.F. wave. Such a condition produces distortion of the 
audio envelope contained in the modulated wave. A second reason 
is that the dynamic Eg-Ip characteristic is not linear, and, as a 
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Eg-Ip characteristic .- Eg > < Ec 

Cut -Off 
Fig.2 showing why a Class C amplifier may not be used to amplify a modulated -11F wave. 

Gria Excitation-IA. 
result, the envelope of the plate current pulses is not the same 
as the envelope of the grid exciting voltage and distortion would 
occur, even íf plate current cut-off did not take place. In its appearance in circuit diagrams, the Class C amplifier 
is exactly like the buffer stage. A buffer amplifier supplyinr the 
excitation for a Class C stage is shown in Fig. 3. A dummy antenna 
is included to absorb the power from the Class C stare. From Fig. 
1, it is evident that the grid is driven considerably positive dur- 
ing a part of the grid excitation cycle with the result that a arid 
current of approximately 25% of the plate current flows. Of course, 

Fig.3 A buffer stage capacitively coupled to a Class C amplifier. 
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the grid current flows for a shorter time than the plate current, 
because grid current can only flow while the grid is positive. 

It should now be evident that the Class C amplifier is very 
similar to a self-excited oscillator in its operating characteris- 
tics. In fact, it may be considered to be a separately -excited 
oscillator, and all the curves given in Lesson I of this Unit ape- 
ply equally well to the Class C amplifier. 

2. PLATE CIRCUIT EFFICIENCY. The advantage of the Class C 
amplifier and the reason it is used instead of a Class A or a Class 
B amplifier to amplify an unmodulated radio frequency wave is its 
efficiency. In the preceding lesson, 4 was discovered that the 
major reason that Class A amplifiers were not used to obtain large 
amounts of power was that their efficiency is so low. With an 
average efficiency of about 20%, not much power can be secured from. 
a Class A amplifier before the plate dissipation rating of the tube 
is reached. Fully 60%0 of the power drawn from the power.supply is 
lost in the heating of the plate of the tube. To employ a Class 
A amplifier for the production of large amounts of power requires 
a very large tube capable of dissipating at least four times the 
amount of power output desired. In addition, the plate voltage will 
have to be very high and a very expensive power supply will be re- 
quired. It was these disadvantages that led to the development 
of the Class B amplifier which has a considerably higher efficiency. 
This greater efficiency is secured by reducing the proportion of 
the input power which serves only to heat the plate of the tube. 
Specifically it is accomplished by increasing the bias to the cut- 
off point so that plate current flows for only half of a cycle. 
With plate current flowing only,half of the time, the plate is able 
to cool during that part of the cycle when no plate current flows 
and the average power dissipated at the plate is reduced appreciably. 

This method of increasing the plate circuit efficiency is car- 
ried one step further in the Class'C amplifier. If allowing the 
plate current to flow only half the time results in a decided in- 
crease in the efficiency, then is it not logical to assume that the 
efficiency will be further increased if the plate current is allowed 
to flow for only one-third or one -sixth of the time? Such has been 
found to be the case, and the comparatively high efficiency of a 
Class C amplifier is due to the fact that plate current flows only 
during a short time each cycle, and that this flow of plate current 
occurs at the time that the plate voltage is minimum. 

Efficiencies as high as 90% are possible in well designed 
laboratory Class C amplifiers operating with very low power out- 
put. This, however, is very uncommon; the average efficiency ob- 
tainable will range from 50 to 70% in commercial Class C amplifiers. 
It should also be realized that not all of the losses take place 
at the plate of the tube. Losses occur in the tank circuit due to 
the oscillating current flowing through the plate tank resistance. 
The efficiency is found by determining the ratio of the power actu- 
ally delivered to the antenna to the power input furnished by the 
power supply. It might be thought that this efficiency could be 
increased on up to practically 100% by further increasing the grid 
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bias and allowing the plate current to flow during even smaller 
parts of the cycle. It is true that such an action will reduce 
the losses at the plate, but the plate current pulses produced have 
such a hi"h harmonic content that a larger oscillating tank cur- 
rent is required to smooth them into pure sine waves, and the re- 
sult is that more power is dissipated in the tank itself and the 
actual amount of power reaching the antenna changes very little. 
Thus, if the power reaching the antenna is to he relatively free 
from harmonics, the upper practical limit of efficiency is from 
60 to 70%. Increasing the bias beyond the point that produces this 
amount of efficiency is unwarranted, since the efficiency increases 
very little and a much higher R.F. grid exciting voltage is neces- 
sary. 

3. POWER GAIN. The power gain of any amplifier circuit is 
the ratio of the power output to the power required to drive the 
grid circuit. If 10 watts of grid driving power are required to 
produce a power output of 90 watts, the power gain would be 9. 

The power gain of a Class A amplifier is theoretically in- 
finite. Since the Class A amplifier does not draw any grid cur- 
rent, no power is dissipated in the grid circuit, and no driving 
power is required. Therefore, no matter how small the output power 
way he, the power gain is still infinite, since the driving power 
is zero. 

A Class B amplifier, on the other hand, does draw grid cur- 
rent, and, therefore requires some grid driving power. The amount 
of grid driving power needed depends on how far the grids are driven 
positive, and on the maximum grid current that flows. The maximum 
grid current, in turn, is determined by both the grid voltage and 
the plate voltage at the instant that the greatest grid current 
flows. The greater the maximum grid voltage, the larger the maxi- 
mum grid current will be, and the smaller the plate voltage at this 
instant, the larger will be the amount of grid current. It might 
seem odd that the plate voltage could have any effect on the grid 
current, but such is the case. With a low plate voltage, a larger 
proportion of the emitted electrons will be attracted by the grid, 
whereas a higher plate voltage will be able to attract more of the 
electrons to the plate which otherwise would become a part of the 
grid current. Just how low the plate voltage will be when the grid 
voltage is maximum depends on how large a value of load impedance 
is used. A high value of load impedance will cause the minimum 
plate potential to be less, with the result that the maximum grid 
current will be higher, and the driving power greater. The power 
gain of a Class B -amplifier will range from 40 to 60. Thus, if the 
power gain is 40, it will require 4 watts of driving power to ob- 
tain 160 watts of power output. 

Since the grid of a Class C amplifier is driven even more posi- 
tive than the grids of a Class B stage, it is evident that more 
driving power will be necessary, and the power gain will be less. 
On.the average, the power gain of a Class C amplifier is approxi- 
mately 10. An amplifier whose output is 10 watts will ordinarily 
be sufficient to drive a 100 watt stage. 
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There are two sources of power loss in the grid circuit. The 
first is the loss incurred by allowing the grid current to flow 
through the grid -to -filament resistance of the tube. This power 
loss is manifested by the heating of the grid electrode. The second 
loss is due to the DC grid current flowing through the source of 
grid bias. If the bias voltage is developed by a grid leak resis- 
tor, it is not hard to see that power will he dissipated in this 
resistor. However, if fixed or battery bias is employed, it is 
not so easy to see how this loss occurs. From Fig. 3, note that 
the negative terminal of the C battery is connected toward the 
grid. When grid current flows, it travels from the filament to 
the grid, to the negative terminal of the C battery, through the 
battery from negative to positive, and back to the filament. This 
grid current, therefore, flows through the battery in the opposite 
direction to that which the battery would force a current, if a 
closed circuit were provided. For the grid current to overcome 
the opposing voltage of the C battery requires power, and this power 
appear as heat which dries out the battery and materially shortens 
its life. The actual amount of power dissipated in the C battery 
is equal to the DC grid current times the battery voltage. 

When the grid bias is made larger in an attempt to increase 
the plate circuit efficiency, the excitation voltage must also be 
increased to obtain the same power output. This causes the DC grid 
current to remain the same, and, in flowing through a larger bias 
voltage source, this grid current will dissipate more power. Thus 
the grid losses increase and the power gain is reduced, although 
the plate circuit efficiency is greater. It is, however, false 
economy to continue to increase the plate circuit efficiency by 
using larger and larger bias voltages, for such an action causes 
the grid losses to mount rapidly. As stated before, it would be 
possible to have a plate efficiency of 90%, but it is very probable 
that the grid driving power required in such a case would be near- 
ly one-third of the power output. Experiment indicates that a power 
gain of approximately 10 is the correct operating value, and at- 
tempts to further increase the plate circuit efficiency result in 
more disadvantages than advantages. 

4. METHODS OF OBTAINING GRID BIAS. Although battery bias is 
shown in the diagram of Fig. 3, it is never used in commercial trans- 
mitters. Battery power is expensive. Although the battery is not 
required to furnish any current, yet the grid current which flows 
through it in such a direction as to tend to charge it, creates 
considerable heat, and thereby destroys the. usefulness of the bat- 
tery in a very short time. 

Grid -leak bias is far more economical than battery bias, and 
is also advantageous. in that much less space is required. Also, 
as we shall learn later, the use of grid leak bias tends to make 
the 'modulation of a Class C amplifier more linear. The outstanding 
disadvantage of this type of bias is that bias voltage is présent 
only as long as there is some grid excitation. Should the grid 
excitation fail, the bias would be lost, and there is a possibility 
that the plate current would be excessive, causing damage to the 
tube. 

6 



To avoid possible damage to the tube (especially if the mu is low), it is better to use a combination of grid leak and self - bias. Self bias sufficient to prevent excessive plate current may be provided by a resistor of adequate size from filament center tap or cathode to ground. Also, a separate bias pack may be used for protection. 
It is probable that the bias will have to be changed a number of times during the adjustment of the amplifier, and a resistor with a sliding tap makes these changes somewhat more simple. 

5. GRID EXCITATION. Normally, very little adjustment of the grid excitation is necessary or desirable in a transmitter ampli- fier stage. It does not often happen that there is an excess of grid excitation available. Ordinarily, the maximum excitation ob- tainable from the preceding buffer stage is used, and any adjust- ment of the grid circuit is made by varying the grid bias. A tube with a high amplification factor, however, has a relatively low grid impedance, and does not require as much excitation voltage to produce a given power output, and, in this case, it may be that the maximum excitation available is excessive. An attempt should be made to match the grid impedance of the Class C stage to the load impedance of the preceding driver stage. With low or medium - mu tubes, a sufficient match is obtained by placing the excitation tap at the plate end of the preceding tank circuit. A high -mu tube, on the other hand, has such a low value of grid impedance that it is necessary to tap down on the orecedin_n tank coil to secure a fair impedance match. 
It should be evident that adjusting the grid excitation is merely attempting to match the grid circuit of the Class C stare to the plate circuit of the driver stage; a high -impedance grid requires a high excitation voltage and a low -impedance grid needs a low excitation voltage. 
Normally, the grid excitation is sufficient to produce plate current saturation: that is, the grid is driven enough positive that at its peak the tube is working near the upper curved por- tion of the dynamic Eg-Ip characteristic. Thus, a simple method of determining when the excitation is correct is to increase the grid excitation until a further increase does not produce an in- crease in the DC plate current. Increasing the excitation beyond this point results in a decrease in the DC plate current, because the maximum grid voltage reached is approximately equal to the minimum instantaneous plate voltage at this time, and the grid at- tracts a disproportionate share of the emitted electrons. If the preceding stage does not draw normal rated plate cur- rent, it is more than probable that the grid excitation of the Class C stage is insufficient, whereas an excessive plate current in the driver stage may indicate that the excitation of the Class C stage is too great. The fact that the plate current of the dri- ver stage is not normal, however, is no sure indication that the grid excitation of the Class C amplifier is not of the proper value. It may so happen that the plate impedance of the driver is so far 
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removed in value from the grid impedance of the driven stage that an approximate impedance match is not possible by simply adjusting the position of the grid excitation tap. 
If the driver tube does not draw normal plate current even when the excitation tap is at the plate end of the tank coil, it is probably that the load impedance of the driver stage is too high. It may be made less by using a smaller inductance and a larger ca- pacitance in the tank, or by tapping the plate lead of the driver down on the tank coil as shown in Fig. 4. 
Capacitive coupling will give just as good results as any Ober method of coupling, but it is somewhat more difficult to ad- just for a proper impedance match than is lirk coupling. In com- mercial transmitters, laboratory facilities are available for de- termining the proper capacity of the coupling condenser and the position of the excitation tap. Amateurs, on the other hand, nearly always use link coupling, since it makes impedance matching more simple. If the excitation is insufficient, the coupling link is -moved toward the plate end of the driver tank or more turns are added to the coupling link. Excessive excitation is reduced by re- versing this procedure. 

Cl ss C 

Fig.0 Tapping the buf- fer plate doen on its tank cell so that It sill work Into the correct load im- 
pedance. 

6. PLATE VOLTAGE. (When properlY adjusted, the power output of a Class C amplifier varies directly as the square of the plate voltage, and therein is seen the destrabtltty of ustng a high plate voltage to obtain large amounts of R.F. power.) Every tube, of course, has a maximum plate voltage rating which should not be ex- ceeded. This maximum plate voltage is determined by the insulation resistance between the plate connection and the connections to the other elements of the tube, and by the gas content of the tube. In high-powered tubes, the insulation resistance is made large by so designing the tube that the connection to the plate is as far from the other connections as possible. ,has, it is common prac- tice to construct transmitting tubes with the filament and grid connections at the bottom of the tube and with the plate connection brought out to a top cap. In addition to raising the maximum al- lowable plate voltage, this method of construction also minimizes the plate -to -grid capacity and tends to make neutralization easier. Naturally, if the plate voltage is too high, arc --over'can take place directly from the plate surface to the grid (or filament). By placing the plate relatively far from the other electrodes, a greater plate voltage may be used, but such design increases the 
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plate resistance of the tube which is undesirable. The actual 
amount of voltage required to produce an arc -over from the plate 
to the other electrodes depends also on the 'air pressure between 
them. With a given distance between them, the arcing voltage is 
quite high at normal atmospheric pressure. It is not, however, 
possible to operate the tube in normal air pressure; a partial 
vacuum must be provided. As the pressure within the tube is re- 
duced, the voltage necessary to produce an arc -over decreases at 
first. At some particular value of air pressure, which will de- 
pend on the spacing of the electrodes, the arcing voltage is least. 
A continued decrease in the air pressure raises the value of the 
required arcing voltage. All vacuum tubes are evacuated until 
the best possible vacuum is obtained. It should not be thought, 
however, that the air pressure in a vacuum tube is zero; this is 
far from the truth. In any vacuum tube there are literally bil- 
lions of air molecules remaining after the best possible vacuum is 
secured. It is the presence of the air molecules which prevent 
the application of a plate voltage in excess of that specified by 
the manufacturer. 

The actual vacuum obtained will probably vary slightly even 
with tubes of the same type; some will have a larger and some a 
smaller gas content than the average. The manufacturer so chooses 
the maximum plate voltage that any of the tubes which he markets 
will be able to withstand it. That is, he guarantees his tubes 
for any plate voltage up to this maximum rating. It is probable 
that a few specific tubes having a gas content slightly lower than 
the average would be able to withstand a little higher voltage, 
but these would be exceptions. On the other hand, any tube not 
able to withstand the rated maximum would be rejected by the in- 
spection department. It is never wise under any conditions to 
apply a plate' voltage in excess of the rated maximum. An arc -over 
may occur, and, if it does, the tube is made worthless. Transmit- 
ting tubes are far too expensive to be experimented with in this 
manner. 

The higher the plate voltage, the easier a tube is to drive 
to a desired power output with a given plate efficiency. 

With a given grid excitation and power output, the plate ef- 
ficiency will be raised by increasing the plate voltage. 

The actual power output is the antenna current squared times 
the antenna resistance. The power delivered to the tank circuit 
is the R.M.S. value of the fundamental component of the plate cur- 
rent times the R.M.S. value of the R.F. voltage built up across the 
tank. With an increased plate voltage, the R.F. voltages produced 
across the tank circuit will be correspondingly larger, and the 
power output will be increased. The minimum plate voltage will be 
practically the same as with the lower plate voltage. By increasing 
the grid bias 'to correspond to the increased value of plate voltage, 
the plate current that flows can be made practically the same as 
with the lower plate voltage. Thus, the power dissipated at the 
plate remains practically constant although the power output in- 
creases, and therefore, the efficiency must have been raised when 
the higher plate voltage was applied. Increasing the plate voltage 
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is the only means of increasing the plate efficiency which does not make the grid circuit losses greater. 

7. Q AND L/C RATIO. The gain of a tuned circuit was discussed in Lesson 22 of Unit 1. At that time, it was learned that the gain of a tuned circuit is equal to the reactance of either the coil or the condenser divided by the resistance. This. ratio of reactance to resistance is very important and is used so often in speaking of transmitting circuits that it is given a special sym- bol. This symbol is Q, and is used in referring to this ratio of reactance to resistance, whether the ratio pertains to a coil, a condenser, a tuned circuit, or any otherltype of complicated cir- cuit. The Q of a coil is the ratio of the coil's reactance to its resistance. It ís sometimes called the "figure of merit" of the coil. The Q of a condenser is also the reactance of the con- denser divided by the resistance. Since the resistance of a con- denser is ordinarily considerably less than the resistance of a coil, -it is evident that condensers will have higher Q's than will coils. 
All tuned circuits are operated at the resonant frequency; in which case the inductive reactance is equal to the capacitive re- actance. Therefore, the Q of a tuned circuit is equal to the re- actance of either the coil or the condenser divided by the total resistance contained in the tuned circuit. 
A Class C amplifier works into a parallel tuned circuit. When the stage is unloaded; that is, when the dummy antenna is not coupled to the tank circuit, the Q of this tank is fairly high, perhaps as high as 100. Coupling the antenna to the tank causes a resistance to be reflected from the antenna into the tank circuit. Since the apparent resistance of the tank is increased and its reactance is unchanged, it is clear that loading the stage has caused the Q of the tank to be reduced. 
When the Class C stage is unloaded, the shunt impedance of the parallel tuned circuit into which it works is very high, much too high to secure an appreciable amount of power from the ampli- fier. Loading the stage causes resistance to be reflected into the tank, which thereby reduces the value of its shunt impedance and allows the tube to develop more power. Since the process of loading the amplifier reduces both the Q and the shunt impedance of the tank, it might he suspected that some relation exists be- tween the Q and the shunt impedance. Let us prove that this is true. 

As stated in several previous lessons, the shunt impedance of a parallel tuned circuit is found by this equation: 

Shunt impedance = 1 X 
(1) R C 

R is the resistance of the tuned circuit in ohms Where: L is the inductance of the tuned circuit in henries C is the capacitance of the tuned circuit in farads. 
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Let us take the fraction L/C and multiply both numerator and 
denominator by 6.28 x F. Equation (1) then becomes: 

Shunt impedance = 1 x28 x F x L 
R 6.28xFxC 

= R x 6.28 x F x L x 6.`113 x1F x C 

The expression 6.28 xFxL is equal to the inductive reactance XL, 
and 1/ (6.23 x F x C) is equal to the capacitive reactance Xc. 
Therefore, this last equation may be written as follows: 

Shunt impedance = ix XLxXc 

At resonance, XL is equal toXc and the equation for shunt impedance 
is: 

Xº Shunt impedance = 
R 

(2) 

Where: X is the reactance of either the coil or the condenser. 

Equation (2) may be written in this manner: 

Shunt impedance = Ix X 

X divided by R, however, is the definition of the Q of the circuit, 
and so.another.formula for the shunt impedance is: 

Shunt impedance = Q x X (3) 

From this last equation, it is apparent that the shunt impe- 
dance of the tank circuit depends directly on the Q of the tank, 
and from equation (1), it is seen that the shunt impedance also de- 
pends on the ratio of L to C. Reducing either the L/C ratio or 
the Q will cause the shunt impedance to be lowered. 

. There is no direct relation between the L/C ratio and the Q 
of a tank circuit. Increasing the L/C ratio increases the reactance 
of the circuit, but also tends to increase the resistance. The re- 
actance, however, increases at a faster rate than the resistance, 
and so some increase in the circuit Q results from an increase in 
the L/C ratio. 

8. THE LOAD CIRCUIT. As previously stated, the load of a 
Class C amplifier is a parallel tuned circuit. According to the 
theory of tuned circuits, the shunt impedance of a parallel tuned 
circuit is maximum at the resonant frequency. We will first con- 
sider that the amplifier is unloaded and that the tank circuit is 
not in tune. With the tank circuit untuned, it offers a compara - 
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tively small impedance to the plate current pulses, and the funda- 
mental component of the plate current is unable to develop an ap- 
preciable voltage across the tank. The fraction of the cycle that 
plate current flows and the peak plate current reached depends, 
among other things, on the minimum plate voltage. Any circuit change 
which reduces the minimum plate voltage will cause the plate current 
to flow fora shorter time and will make the peak plate current less. 
This, in turn, will cause both the fundamental component and the 
DC component of the plate current pulses to be smaller. 

Since the R.F. voltage developed across the tank. is compara- 
tively low when the tank circuit is out of tune, it is evident that 
the actual variation of the plate voltage above and below the DC 
value will likewise he small. Thus, the minimum plate voltage is 
rather high, and the DC plate current is large. By tuning the tank 
to resonance, the circuit conditions are changed considerably. At 
resonance, the tank offers a fairly high impedance to the plate 
current pulses, and the fundamental component of the plate current 
is able to build up a peak voltage across the tank, which is very 
nearly equal to the DC plate voltage. With this condition, the plate 
voltage varies from nearly twice the DC value to a very low value 
not far above zero. This very low minimum plate voltage naturally 
reduces the DC plate current. 

The DC plate current will be minimum, when the minimum plate 
voltage is lowest. This will occur when the voltage built up across 
the tank is maximum, or when the shunt impedance of the tank is the 
greatest. A maximum shunt impedance is secured at the resonant 
frequency, and it is, therefore, apparent that the tank will be cor- 
rectly tuned, when the DC plate current is minimum. 

In the preceding discussion, it was assumed that the L/C ratio 
remained constant. If we now increase the L/C ratio and again tune 
the tank to resonance, we will find that the DC plate current is 
lower. By increasing the L/C ratio, we cause the tank circuit to 
have a greater shunt impedance at resonance, and, consequently, a 
lower DC plate current flows. Increasing the L/C ratio raises the 
plate efficiency for the following reason: A high WC ratio causes 
the fraction of the cycle during which plate current flows, to be 
very small, and, consequently, the tube has a longer interval dur- 
ing each cycle. for cooling. This causes the average power dissi- 
pated at the plate to be reduced considerably. Of course, a high 
L/C ratio also produces a lower DC plate current with the result 
that the power input is also reduced; however, the reduction of 
the plate loss is greater than that of the power input, and a 
larger percentage of the power input is delivered to the tank, which 
raises the plate efficiency. 

With the amplifier unloaded, the DC plate current is very low, 
the power output is small, the efficiency is high, and the shunt 
impedance of the tank is very high. For example, suppose that an 
amplifier, when properly adjusted and loaded, delivers 100 watts 
to a dummy antenna with an efficiency of 50%. This means that 100 
watts of power would be dissipated by the tube itself, and the 
power input would be 200 watts. If the DC plate voltage is 1000 
volts, the DC plate current would have to be 200 ma. to furnish 
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this power input. When the dummy antenna is disconnected, the 
DC plate current should fall to approximately 10% of its loaded 
value, or to 20 ma. The power input is therefore 20 watts when the 
stage ís unloaded. The efficiency, however, will increase consider- 
ably, perhaps to 7014 Thus, 14 watts are furnished to the tank and 
6 watts are dissipated at the plate. 

It is evident that that part of the input power not lost at 
the plate must be dissipated in the tank circuit, if the dummy an- 
tenna is disconnected. Thus, in the preceding example, 14 watts 
must be so dissipated. Power can be dissipated only by a resis- 
tance, therefore, these 14 watts must be converted in heat by the 
oscillating tank current flowing through the resistance of the 
tank. It is probable that the R.F. resistanceof the tank is about 
10 ohms, and so to find the amount of tank current that must flow 
in order to dissipate 14 watts, we may use the I2R law. 

I' x 10 = 14 

Iº = 10 = 1.4 

I = 1.4 = 1.19 amperes 

Thus, it is clear that the oscillating tank current will be fairly 
high compared to the DC plate current when the state is unloaded. 

When the antenna is coupled to the tank, a number of things 
happen. The oscillating tank current induces R.F. voltages into 
the antenna coil which cause an antenna current to flow. Tuning 
the antenna circuit to resonance with these induced voltages pro- 
duces a large antenna current which is in phase with the voltage 
causing it. Through the phenomenon of reflected impedance, a pure 
resistance is coupled back into the tank circuit, and, since this 
coupled resistance is effectively in series with the tank, it causes 
the oscillating current to be reduced. The coupled resistance also 
produces other changes. From equation (1), it is seen that the 
shunt impedance of the tank is inversely proportional to the re- 
sistance contained in the tank. Thus, the act of coupling resis- 
tance into the'tank serves to reduce the shunt impedance, and al- 
lows the tube to work into a load into which it can furnish more 
power. With a lower load impedance, the R.F. voltages developed 
across the tank are smaller and the minimum plate voltage increases. 
This, in turn, increases both the fundamental and the DC components 
of the plate current. The increase in the DC plate current sig- 
nifies that the power input to the tube has increased, whereas the 
larger value of fundamental component indicates that more power is 
being supplied to the tank. Since the minimum plate voltage is 
raised, it is evident that the plate current reaches a higher peak 
and flows for a longer time, with the result that the plate losses 
mount and the efficiency is less. 

The total resistance in the tank, when the stage is loaded is 
the tank's inherent resistance and the coupled resistance. The 
oscillating current in flowing through the tank's own resistance 
creates a power loss in the tank circuit, and the power developed 
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by the tank current in flowing through the coupled resistance is 
actually the power which is transferred to the antenna circuit. 
It is, therefore, desirable that the actual resistance of the tank 
be low compared to the coupled resistance, and that the oscillating 
current not be excessive, if tank circuit losses are to be minimized. 

The circuit adjustments for maximum power output are not con- 
sistent with those for high efficiency. A high load impedance, a 
large L/C ratio, a low DC plate current, and a small oscillating 
tank current are all synonymous with high efficiency. High effi- 
ciency is obtainable only at low power outputs. To obtain maxi- 
mum power, or even an appreciable amount of power, it is neces- 
sary that the shunt impedance of the tank be reduced from its un- 
loaded value, and there are two ways in'which this may be done. 
First, it would be possible to make the shunt impedance of the tank 
low, even when unloaded, by using a small L/C ratio. However, the 
shunt impedance would be further reduced when the antenna was coup- 
led to the tank, and it is more than probable that the efficiency 
when loaded would be very small. 

To obtain the desired power output with a reasonable amount 
of efficiency, it is necessary to use a fairly large L/C ratio. 
If, however, this ratio is too great, it may happen that the shunt 
impedance of the tank is still too large, even when the stage is 
loaded, to produce the necessary power output. If this is the case, 
some efficiency will have to be sacrificed, and the L/C ratio made 
correspondingly lower. 

The actual value of the shunt impedance bears no simple rela- 
tion to the actual plate resistance of the tube. The plate resis- 
tance of a tube is, as 'we know, a small change in plate voltage 
divided by the small change produced in the plate current. In 
Class A amplifiers, where the operating path is confined to the 
linear portion of the Ep-Ip curve, the plate resistance is essen- 
tially constant throughout the operating range. A Class $ ampli- 
fier operates on both- the straight and the curved portion of the 
characteristic with the result that the plate resistance may vary 
considerably. Finally, the operation of a Class C amplifier is 
such that no plate current flows for the major part of the cycle. 
Obviously, during this time, a small change in plate voltage would 
produce no change in the plate current and the plate resistance 
may be said to be infinite. As plate current starts to flow, the 
plate resistance decreases from every high value to aminimum which 
it maintains throughout the straight part of the characteristic, and 
then increases as the upper curved part of the characteristic is 
reached. The average value of the plate resistance throughout a 
cycle depends upon how long plate current flows. 

It would seem from the previous discussion that the L/C ratio 
of the tank should be as high as will allow the required power out- 
put to be developed in the antenna circuit. There are however, 
other factors to be taken into account. The greater the 

are, 

ratio, 
the smaller the oscillating tank current will be when the stage is 
loaded. This would seem to be desirable since it reduces the tank 
circuit losses; however, it must be remembered that energy is sup- 
plied to the tank in the form of pulses of short duration. In the 
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interval between these pulses, the total energy in the tank de- 
creases, due to dissipation of power both in the tank and in the 
antenna. Unless the energy taken from the tank during each cycle 
is small compared to the total energy contained in the tank, the 
oscillating current will not be of pure sine wave form, and harmonic 
frequencies will be transferred to the antenna. The minimizing of 
harmonics is not only desirable, it is essential to conform with 
the rulings of the Federal Communications Commission. 

There are harmonic suppressors available which may be connected 
between the tank and the antenna which reduce the harmonics and al- 
low only the fundamental to reach the antenna, but it is also neces- 
sary that the production of harmonics in the tank circuit be mini- 
mized as much as possible. If the harmonics in the tank circuit 
are to be low, the oscillating current must be of practically pure 
sine wave form, and the energy stored in the tank must be appreciably 
larger than the energy taken out each cycle. The actual energy 
stored in the tank is directly proportional to the value of the oscil- 
lating tank current, and it is, therefore, apparent that the oscil- 
lating current must not fall to too low a value when the stage is 
loaded. This is even more important for phone that it is for "CW" 
transmissions. 

It has been experimentally determined that the energy stored 
in the tank must be at least twice as great as the energy taken 
out per cycle to reduce the harmonics to a value where they are not 
troublesome. To make this ratio 2, it has been discovered that the 
Q of the loaded tank should be at least 12. This value is for 
phone operation; a somewhat smaller Q is permissible for"CW" trans- 
missions. 

As previously stated, there is no simple relation between the 
L/C ratio and the Q of the tank circuit. Increasing the L/C ratio 
will increase the Q of the unloaded tank, but will probably cause 
the Q of the loaded tank circuit to be less. Thus, decreasing the 
WC ratio will cause the tank current to be larger when the stage 
is loaded, will increase the Q, and reduce the harmonics. 

To determine what values of inductance and capacity should be 
used to give a fair degree of efficiency, and to keep harmonic 
production to a minimum, the following formulas may be employed. 

Where: 

E2 
16 x rt2 x F x P 

c x 

E2xF 
E is the peak voltage developed across the tank 
F is the frequency in cycles 
P is the power output in watts 
It is 3.1416 

The peak voltage across the tank circuit is not known, but a 
fair approximation may be made by assuming that it is .8 of the ap- 
plied DC voltage. These formulas are not critical; they merely 
serve as a starting point for determining what values of inductance 

(4) 
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and capacity will give the best operating conditions. 
As a final test for the correct L/C ratio, the two following 

rules should he applied. 

1, If the value of the DC plate current, when the 
stage is unloaded, is more than 15% of the DC plate 
current when the stare is properly loaded, the 
L/C ratio is probably too low. This assumes that 
the tank circuit is well designed and has a mini- 
mum of losses. 

2. If, while tuning the tank circuit, the minimum 
plate current does not occur at the same point as 
the maximum antenna current, the L/C ratio is too 
high. 

Fundamentally, there are three types of plate tank circuits. 
These three types are illustrated in Fig. 5. The one shown at A 
in this figure is an unsplit tank and grid neutralization is em- 
ployed. The other two use plate neutralization and require a split 
tank. It may be proved that the neutralization cannot be perfect unless the tank circuit is tapped at its exact center. It is pos- 
sible to achieve an imperfect sort of neutralization by connecting the neutralization tap near the bottom of the tank, but the vol- 
tages across the two parts of the tank will not be exactly 130° out of phase, and while the stage may not self - oscillate, it will be 
sufficiently regenerative to impair the linearity of the modulation. 

(A) (B) (C) 

-*Ala 
Cn cf Cn J Cn 

Fig.5 The three fundamental types of plate tanks. 

Assuming that the tank circuit is split at its exact center, it is evident that the required neutralizing capacity will be equal to the plate -to -grid capacity of the tube. This is obvious, since the R.F. voltage which could cause feedback is equal to the neu- tralizing voltage. 
It is possible to tap the plate tank at its exact center, either by tapping the coil, or by using a split stator tuning condenser. In either case, it is apparent that the impedance connected between the plate of the tube and the point where the tap is connected is less than the total shunt impedance of the tank circuit. There- fore, the tube is working into only a part of the tank circuit. The 

16 



shunt impedance between two points on a parallel tank circuit is 
directly proportional to the square of the turns connected between 
those two points. Therefore, the shunt impedance measured across 
one-half of the tank circuit is equal to one-fourth of the total 
shunt impedance. 

In order that the tube shall work into the correct load im- 
pedance, it is necessary that the total shunt impedance of the 
split tank be four times the desired load impedance. Thus, when 
plate neutralization is employed, the shunt impedance of the split 
tank must be four times that of the unsplit tank used with grid 
neutralization. To make the shunt impedance of the split tank equal 
to four times that of the unsplit type, requires that the reactances 
of the coil and the condenser be twice as large. For a given power 
output and plate voltage, the peak R.F. voltage built up across 
the split tank will be twice as great as across the unsplit type. 
The dielectric losses of the tank circuit vary directly as the 
square of the R.F. voltage across the tank; thus, it is seen that 
the dielectric losses of the split tank will be four times as large 
as those of the unsplit tank. On the other hand, the resistance los- 
ses of the unsplit tank will be four times as large as those of the 
split tank, because the oscillating tank current is twice as large. 

0" 

e+ 

Fig.6 A push-pull Class C amplifier. 

A push-pull Class C amplifier is illustrated in Fig. 6. It 
also requires a split tank circuit. In this case, the tank coil is 
tapped, but a split stator tuning condenser would do just as well. 
Perhaps the major point of interest in the push-pull circuit is the 
method by which neutralization is obtained. The voltage built up 
across the lower half of the tuning coil serves as the neutralizing 
voltage for the top tube, and that across the upper half of the coil 
serves the same purpose for the bottom tube. In neutralizing a push- 
pull stage, both neutralizing condensers are advanced in small steps 
until there ís no indication of R.F. current in the tank circuit. 
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It is desirable that the capacity of each be approximately equal af- 
ter the final adjustment is made. 

The push-pull Class C amplifier has another advantage in that 
the tank circuit is furnished a pulse of energy during every alter- 
nation, instead of just once during the cycle. This tends to keep 
the energy stored in the tank circuit at a more constant value, and 
thereby reduces even harmonics. For this reason, the oscillating 
tank current need not be as large and a smaller Q is permissible. 
In general, the Q of a push-pull stage need be only 60% of that of 
a single -ended stage. 

In order to excite the grids of the push-pull ampliftier, two 
R.F. grid -exciting voltages differing in phase by 180° must be pro- 
vided. The simplest method of accomplishing this is to use induc- 
tive or link coupling between the buffer and the push-pull stage. 
This is the method employed in the diagram shown in Fig. 6. It. is 
necessary to split the grid -tank circuit, as well as the plate tank, 
and the bias voltage is fed into the center of the grid tank. This 
is by far the most common means. There is, however, another method 
which is occasionally used. It is illustrated in Fig. 7. The pre- 
ceding buffer tank circuit is split into two equal parts, and the 
R.F. voltage across each half is capacitively coupled to the grids 
of the push-pull amplifier. 

Cn 

Fig.7 Another method of coupling 
a buffer to a push - pull, Class C 
stage. B+ 

The larger tank circuits use fixed rather than variable con- 
densers; tuning* is accomplished by varying the inductance of the 
tank. Coarse adjustments are made by changing the position of vari- 
able taps which determine how much of the coil is in use. Fine 
adjustment of the tuning is obtained in the following manner. 
Mounted within the tank coil so that it may be rotated is a disc 
of sheet copper. When the plane of this disc is parallel to the 
magnetic lines of force, it has but little effect on the inductance 
of the tank. By rotating the disc so that it is at right angles 
to the magnetic lines of force, voltages are induced into the disc 
and eddy currents flow through it. Since the disc has a small amount 
of inductance, it will reflect a small capacitive reactance into 
the tank circuit and thereby provide a means of tuning the tank cir- 
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suit. The amount of capacitive reactance reflected into the tank 
may be varied by changing the position of the disc with respect to 
the tank coil. This method is used because variable tuninn conden- 
sers for very large voltages are extremely expensive and rather 
bulky. 

9. THE PLATE AND GRID CURRENT PULSES. By means of a complex 
mathematical procedure, it is possible to predict the operation 
of a Class C amplifier having a given set of applied voltages. This 
is accomplished with a family of plate voltage -plate current curves 
in much the same manner as was done with the Class A amplifier. 
However, the fact that the plate current flows in pulses, and the 
tube operates over its entire dynamic characteristic curve, includ- 
ing both curved portions, makes this computation so invDlved that 
it is purely of theoretical interest. Since this procedure requires 
a knowledge of trigonometry and integral calculus, it will not be 
discussed, although a few of the conclusions reached are of suffi- 
cient interest to be included. 

Fig.8 Showing that the 
plate -current pulse would 
be the upper part of a sine 
wave, if the dynamic Eg-ip 
characteristic were linear. 
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The timé, in electrical degrees, during which plate current 
flows is called the "operating angle", Thus, if the amplifier is 
so adjusted that plate current flows for one-third of the cycle, 
the operating angle is said to be 120° (1 x 360°). Similarly 
a plate current that flows for one - sixth of the cycle would have 
an operating angle of 60° (ix 3600). There are five different 
factors which determine what \the operating angle will be. They 
are the DC plate voltage; the grid bias, the amplification factor 
of the tube; the peak value of the grid exciting voltage, and the 
peak value of the voltage developed across the tank. 
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If the dynamic Eg-Ip characteristic were a straight line, the 

plate current would vary directly with the grid exciting voltage. 

The grid exciting voltage is a pure sine wave, and the plate cur- 

rent pulse, even though it flows for less than one-half cycle, would 

be the upper portion of a sine wave. This is illustrated in Fig. 3. 

Curve A represents the grid exciting voltage, and curve B the plate t' 

current that would flow, assuming that the operating angle is 120°'. 

In curve B, a complete sine wave is drawn to show that the plate 

current pulse is part of a sine wave. 
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Fig.9 Several typical plate current pulses with the upper 
part of a sine wave for comparison. The DC, and fundamental 
components are also shown. 

Actually, however, the dynamic Eg-Ip characteristic is not a 

straight line, but is considerably curved. Throughout the extreme 

curved portions, the plate current is not directly proportional to 

the grid exciting voltage, but is more nearly proportional to the 

square of the grid voltage. This causes the shape of the plate 

current pulse to be somewhat different from sine wave form. Typi- 

cal plate current pulses as actually measured on various transmit- 

ting tubes are shown as dashed lines in Fig. 9. The solid line 

curve is the upper portion of a sine wave and is included for com- 

parison. In this case the operating angle is 150°. 

Although each of the pulses is slightly different, it is seen 

that each have approximately the same peak value and, since they 

all flow for the same length of time, it is evident that etch will 

have the same DC component. This DC component is shown in the fig- 

ure as a horizontal line. The vertical axis of this figure is not 

calibrated in milliamperes, but instead is marked off in relative 
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values. By so doing, it is possible to see that the peak value of 
the pulses is approximately 5.7 times as great as the DC component. 
This, of course, will only be true when the operating angle is 150°. 

By redwing the operating angle to 60°, it has been determined 
that the ratio of the peak plate current to the DC component is ap- 
proximately 9. (The operating angle may, of course, be reduced by 
increasing the grid bias or by using a greater L/C ratio.) Since 
the 'operating angles of practically all Class C amplifiers will fall 
between these two limits, it is apparent that the peak value of the 
plate current may range from 3.7 to 9 times the DC plate current. 

Every vacuum tube has a maximum plate current which may be 
drawn from it, and this peak plate current depends on the electron 
emitting ability of the filament. It is not wise to attempt to 
draw the maximum allowable plate current, for this greatly shortens 
the tube's life. By reading the DC plate current on a meter, and 
by knowing that the peak of the plate current pulse- will rarely be 
more than 9 times as great, it is possible to determine whether 
the peak current drawn by the tube is within the allowable limit. 

In Fig. 9 there is also illustrated the fundamental component 
of these plate current pulses. It is seen to have a peak value 
of about 1.7 times the DC component. When the operating angle is 
reduced to 60°, the ratio of the peak value of the fundamental to 
the DC component is about 1.95. 

Since grid current can flow only when the grid is positive, it is evident that the grid current flows for a shorter length of 
time than the plate current. The operating angle of the grid cur- 
rent depends on the grid bias and the grid excitation voltage. On 
the average, it will range from 40°' to 130°', but will always be 
less than the operating angle of the plate current. The dynamic 
Eg-I9 characteristic is much less linear than the Eg-Ip character- 
istic, with the result that the grid current pulse departs consid- 
erably from sine wave form. When the operating angle is 130°, the 
ratio of the peak grid current to. the DC grid current is approxi- 
mately 5.4, whereas, an operating angle of 40° causes this ratio 
to increase to about 16. 

10. THE PLATE -MODULATED CLASS C AMPLIFIER. The plate - modu- 
lated Class C amplifier presents special problems not found in the 
Class C amplifier used for "CW". In the first place, the applied 
DC voltage must be somewhat lower. This is due to the fact that 
the actual voltage applied to the plate doubles its value during 
the crest of the audio cycle when 100% modulation is used. For ex- 
ample, a manufacturer may state that the maximum DC plate voltage 
is 1250 volts for a particular tube, when it is to be used in a 
"CW" Class C amplifier. During operation, the voltage on the plate 
will probably vary from twice this value to a very low minimum at 
an R.F. rate, due to the R.F. voltages set up across the tank cir- 
cuit. Thus, the actual maximum plate voltage may be as high as 
2300 or 2400 volts. This, however, has been taken into account by 
the tube manufacturer, and the maximum DC voltage rating which he. 
assigns to the tube is such that the tube will be able to with- 
stand this peak voltage. 
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The maximum DC plate voltage rating, when the tube is used in 
a plate -modulated Class C amplifier, is ordinarily two - thirds of 
the unmodulated value, and in sume cases, it may be slightly higher. 
When the stage is modulated, the plate voltage on the tube varies 
at both an A.F. and an R.F. rate. The A.F. variation, due to the 
modulation, causes the applied voltage to chancre from zero to twice its average value. In addition, the R.F. voltages developed across the tank also double their value at the crest of the .modulation 
cycle. Let us suppose that the applied voltage is 1000 volts, and that the peak voltage set up across the' tank circuit is .8 of this value, or 300 volts. In this case, the peak plate voltage would 
be 1800 volts. At the crest of the modulation cycle (with 100% 
modulation), the applied voltage increases, to 2000 volts. Also, the peak R.F. voltage across the tank doubles its value and becomes 
1600 volts. Therefore, the peak plate voltage at this time is 3600 volts. This plate voltage variation is shown in Fig. 10. The solid line sine wave represents the audio voltage which is superimposed 
on the DC plate voltage. Each horizontal line represents a dif- ferent voltage, the value of which is found on the vertical axis. 
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Fig.10 The variation of the plate voltage of aClass C am- plifier during 100E modulation. 

From point A to point B, the stage is unmodulated; the applied plate voltage is 1000 volts, and the R.F. voltage variation is from 200 to 1800 volts. At point C, the. modulation is at its peak; the applied voltage at this time is 2000 volts, and the R.F. voltage variation is from 400 to 3600 volts. It is, therefore, evident that the peak voltage on the plate of a tube when it is 100% modulated 
may be nearly four times the actual DC plate voltage, and therein lies the necessity of reducing the DC plate voltage below that value which may be used with a CW Class C amplifier. The maximum voltage ratings of the manufacturer are conservative enough that the tube 
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will be safe if the applied DC plate voltage is reduced to about two- 

thirds of the value used for CW. 
If the modulation is to be linear, the peak value of the fun- 

damental plate current component must also double its value at the 
modulation crest. The value of the load impedance is the same 
whether the stage is unmodulated or modulated, and when the funda- 

mental component of the n]ate current doubles its value, it produces 
twice as large a voltage drop across the tank circuit. With the 

voltage drop across the tank twice as great, it is evident that the 
tank current will also become twice its unmodulated value, and the 
antenna current will likewise double. Although the peak value of 

the fundamental component must increase two times at the modulation 
crest, it is not necessary that the peals of the plate current 
pulses increase this much. Let us see why this is so. 

When the stage is unmodulated, the grid bias is equal to 

twice cut-off, the operating angle is small, and the ratio of the 

peak plate current to the peak of the fundamental component is 
high. At the crest of the audio cycle, the applied plate voltage 
doubles, and the grid bias remains practically constant. There- 
fore, the operating angle increases or the plate current flows for 
a longer part of the cycle. This causes the ratio of the peak 
plate current to the peak of the fundamental component to be some- 
what less, and it is, therefore, not necessary that the peak plate 
current double íts value. If the plate current flowed for the 
same length of time at the crest of the audio cycle as it did when 
unmodulated, it would be necessary for the peak plate current to 
double, but due to the fact that the operating angle increases, a 

fundamental component of double peak value may be obtained when 
the peak current increases to about 1.6 times its unmodulated value. 

o 

F i g . 1 1 A. 

8. 

Fundamental 

o 

The plate current pulse and fundamental component with 
no modulation. 
The plate current pulse and fundamental component at 
the peak of 100F modulation. 

This fact is clearly illustrated in Fig. 11. At A is shown 

a plate current pulse that flows for 120°. It is assumed to have 

a peak value of 750 ma., and represents the current that flows 

when the stage is unmodulated. With this operating, ancle, the ratio 

of the peak to the fundamental is 2.57, and the peak value of the 

fundamental is, therefore, 291 ma. The fundamental component is 

shown as a dotted line. At B is shown the plate current that flows 

at the crest of the modulation cycle; it has a peak value of 12'23 

ma. In addition, the operating angle has increased to 156°, and 

the ratio of the peak to the fundamental is now 2.1. This causes 

23 



the .fundamental, shown in dotted lines to have a peak value of 582 
ma., or just double its former value. In this case, the peak value 
of the plate current pulse increased 1.63 times (from 750 ma. to 
1255 ma.). 

For linear modulation, the relation between the plate voltage 
and the oscillating tank current must be such that the tank current 
doubles its value at the time that the applied plate voltage doubles. 
The tank current, however, is directly proportional to the funda- 
mental component of the plate current and it is, therefore, neces- 
sary that the fundamental current also double at this time. This 
fact is usually stated by saying that the power output of a Class 
C amplifier should be directly proportional to the square of the 
elate voltage. It is obvious that doubling both the plate voltage 
and the fundamental plate current will cause the power output to 
increase four times, and this is also one of the requirements of 
linear modulation. 

AVERAGE PLAT[ C1lMACTEPIITIC3 ', a... TYPE roZ03i/Sm# ii M,W". 
ZENCII .',Z --O... 
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Fig.12 A family of Ep-Ip curves to demonstrate the necessity of a large excitation voltage. 

As previously stated, it is not necessary that the peak plate 
current increase two times in order that the fundamental current do 
so. The peak plate current flows at the time of minimum plate 
voltage. By referring to Fig. 10, it is seen that in this particu- 
lar case the minimum plate voltage increases from 200 to 400 volts. 
At first thought, it would appear thet doubling the minimum plate 
voltage would cause the peak plate current to also double. This, 
however, is not true. An inspection of Fig. 12 will make this 
clear. This figure shows a family of plate voltage -plate current 
curves for a type 203-A transmitting tube. The grid excitation 
voltage does not change during modulation, and if the grid bias re- 
mains constant, it is evident that the maximum positive grid vol- 
tage will also remain at the same value. First, let us assume that 
the maximum positive grid voltage is 125 volts. When the minimum 
plate voltage is 200 volts, the peak plate current will be .6 ampere or 600 ma. Now when the minimum plate voltage increases to 400 
volts, the peak plate current increases to only 700 ma. This is an 
increase of only 1.16 times. 

e have, however, stated that the peak plate current must in- 
crease 1.63 times, in order that the fundamental current may double. Of course, the actual amount that the peak plate current must in - 
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crease for the fundamental current to double depends on the opera- 
ting angle when the stage is unmodulated. In this case, however, 
it is 1:63 times, and we found that increasing the minimum plate 
voltage from 200 to 400 volts produced an increase of 1.16 times, 
if the maximum positive grid voltage was 125 volts. Thus, the 
maximum plate current does not increase enough to allow the funda- 
mental plate current to double, and, as a result, the modulation 
will not be linear. Such a condition will cause the tank current 
and antenna current to have a wave form similar to that shown in 
Fig. 13. Notice that the positive peaks of the modulation envelope 
are clipped; that is, the neaps of the R.F. cycles do not rise to 
twice their unmodulated value. This is most undesirable, since 
it constitutes distortion of the impressed audio wave. Let us see 
what is to be done about this condition. 

Fig.13 The type of modu- 
lated wave produced when the 
excitation of the Class C 
stage is insufficient. 

Suppose that the excitation voltage of the Class C stage is 
increased enough so that, with the same grid bias, the maximum 
positive grid voltage is 200 volts. When this is true, the maxi- 
mum positive grid potential is equal to the minimum plate voltage 
when the stage is unmodulated; a condition not entirely desirable, 
since it tends to cause the plate current pulse to have a dip in 
it, and therefore causes R.F. harmonics. However, if the oscillat- 
ing tank current is sufficiently large, it will be able to smooth 
out the pulses into practically pure sine. waves. With a maximum 
positive grid voltage of 200 volts, the peak plate current that 
flows when the minimum plate voltage is 200 volts is 1100 ma. Then 
at the crest of the modulation cycle, when the minimum plate vol- 
tage increases to 400 volts, the peak plate current becomes 1250 
ma. Therefore, the peak plate current increases 1.23 times. 

This is still not a sufficient increase to cause.the fundamen- 
tal plate current to double, but it is a greater increase than was 
obtained when the maximum grid voltage was 125 volts. Thus, is 
seen the necessity of using a large grid excitation voltage. In 
fact, if the grid excitation voltage is not large, the relation be- 
tween the plate voltage and the fundamental plate current will not 
be such that doubling the voltage will double the fundamental cur- 
rent. 

We have, however, still not obtained a sufficient increase in 
the peak plate current to cause the fundamental current to double 
its value. The peak plate current is 1100 ma. when the maximum 
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positive grid voltage is 200 volts and the minimum plate potential 
is also 200 volts. In order for the fundamental plate current to 
double, the peak plate current must increase 1.63 times or to 1773 
ma. Although this value of plate current is not shown on the graph 
of Fie. 11, it may be calculated that the positive grid voltage 
necessary to make the plate current 1773 ma., when the minimum plate 
voltage is 400 volts, is about 260 volts. Thus, the maximum grid 
voltage must increase from 200 to 260 volts from the unmodulated 
condition to the crest of the modulation cycle. 

The grid excitation voltage, however, remains constant, and 
the only way in which the maximum positive grid voltage may increase 
at the modulation peak is for the grid bias to be less at this time. 
This is automatically taken care of if part of the grid bias is 
secured by n'eans of a grid leak. The minimum plate voltage in- 
creases from 200 to 400 volts, and the peak plate current increases; 
the peak grid current, however, decreases. Raising the minimum 
plate voltage will always reduce the grid current, because more 
of the emitted electrons are drawn to the plate and there are not 
as many available to be attracted to the grid. Since the peak grid 
current decreases, the DC component of the grid current will also 
decrease, and, as a result, the grid bias voltage produced across 
the grid leak will be reduced. 

!lad we assumed that the plate current flowed for a shorter 
tin:e than 120°, when the stage was unmodulated, we would have found 
that the peak plate current would not have needed to increase 1.63 
times in order for the fundamental plate current to double. In fact, 
it is possible that the peak plate current would need to increase 
only 1.2 times, if the unmodulated operating angle were small enough. 
Using a large value of excitation voltage, it is probable that this 
amount of peak plate current increase could be caused, even if a 
fixed grid bias were used and the maximum positive grid potential 
did not change. In any event, it is necessary that the unmodulated 
grid bias be at least twice cut-off so that the operating angle will 
be small when the stage is unmodulated. 

It should now be evident that there are many factors which can 
cause or prevent linear modulation. 'Po avoid extensive calculation 
and yet be able to determine whether the modulation will be linear 
or not, it is often advisable to perform the following experiment: 
The Class C amplifier is first adjusted for the proper operating 
conditions with no modulation. A thermocouple ammeter is placed 
in the tank circuit to read the tank current, and the value of tank 
current and DC plate current are recorded. Then, the applied plate 
voltage is increased to twice its unmodulated value, and the tank 
current and DC plate current are again read'. Naturally, extreme 
caution must be observed in doing this experiment, because the plate 
losses on the tube, when the plate voltage is doubled, will be ex- 
cessive. The high plate voltage should be applied only long enough 
to take the readings, and, if the plate of the tube becomes exces- 
sively red, the plate voltage must be immediately disconnected.. 

From these two sets of readings, the tank current, and the DC 
plate current should be plotted against the plate voltage. If the 
tank current doubled its value, when the plate voltage was doubled, 
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the modulation will he linear. It is also desirable that the DC 

plate current approximately double in value when the plate voltage 

is doubled. The reason for this is as follows: The load into 

which the modulator stage is working is equal to the DC plate re- 

sistance of the Class C tube. This is applied plate voltage di- 

vided by the DC plate current. Unless the relation between the 

'applied plate voltage and the DC plate current is fairly linear, 

the DC plate resistance of the tube will not be the sane at the 

crest of the modulation cycle as it is with no modulation, and the 

load on the modulator will vary, which may canse the modulator to 

produce some distortion. 
Assuming.that the DC plate current does double its value at 

the crest of the modulation cycle, it will, of course, fall to zero 

as the applied plate voltage drops to zero, and the average value 

of the DC plate current (the value which the DC plate milliammeter 
will read) will be equal to the DC plate current when the stage is 

unmodulated. Therefore, one of the tests of the linearity of the 
modulation is that the DC plate current not change during modula- 
tion. 

Carrier Crest 
Applied DC plate voltage 1000 volts 2000 volts 
DC plate current 175 ma. 375 ma. 
Power input 175 watts 750 watts 
Maximum plate current 805 ma.. 1310 ma. 
Operating angle of plate current 1200 1560 
Fundamental platecurrent (peak value) 313 ma. 626 ma. 
Voltage across tank (peak value) 850 volts 1680 volts 
Minimum plate voltage 160 volts 320 volts 
Tank Current 2.9 amperes 5.8 amperes 
Power output 131 watts 525 watts 
Efficiency 75% 70% 

Grid Bias -200 volts -150 volts 
Excitation voltage (peak value) 360 volts 360 volts 
Maximum positive grid voltage 160 volts 220 volts 
DC grid cur.rent 36.6 ma. 25.6 ma. 
Maximum grid Current 2200 ma. 1330 ma. 
Operating angle of grid current 113 135 
Grid leak r e s i s t o r 5560 ohms 5560 ohms 
Grid driving power 11.9 watts 8.3 watts 
Plate loss 55 watts 225 watts 

At the peak of the audio cycle when the DC plate current has 
momentarily doubled, the power input will be four times as large 

as when the stage is unmodulated. Also, the power output will 

be four times as great. The average increase of the power output, 
however, will be one and one-half times, and; since the average ef- 

ficiency is constant, the average power input must also increase 
one and one-half times during 100% modulation. The average power 
input, as we know, includes both the DC power input and the audio 
power input. The DC power input, which is the DC plate current 
times the voltage of the power supply, does not change; therefore, 

the 50% increase in the average power input must come from the mod- 
ulator. 

In addition, the plate dissipation increases four times at the 
peak of the modulation cycle, and the average power lost at the plate 
is one and one-half times larger. Care must be taken that the tube 

is not dissipating the maximum power allowable before the modula- 
tion is applied, because the plate losses will increase 50% with 

27 



100% modulation. 
As stated at the beginning of this section, it is possible to 

calculate the performance of a Class C amplifier by means of a com- 
plicated mathematical procedure. Such a procedure was carried out 
for a type 203-A transmittinft tube, and the following results were 
obtained. The two columns of the preceding table represent condi- 
tions existing at no modulation and at the crest of the modulation 
cycle respectively. 

Note that the efficiency at the crest of the audio cycle is 
slightly less than the efficiency when unmodulated. This is due 
to the fact that the power input at the crest was somewhat greater 
than four times that of the carrier. The trouble was that the DC 
plate current increased slightly more than twice, and, as a re- 
sult, the plate losses went up over five times instead of four. 
However, the results represent average operating conditions. 

11. ADJUSTING THE CLASS C AMPLIFIER. In Fig. 14 there isil- 
lustrated a small transmitter. It includes the crystal oscillator, 
the buffer, the Class C amplifier, and the modulator stage. To 
give the student a comprehensive idea of the proper procedure for 
setting this transmitter into operation, each stage will be adjusted 
separately. 

841 865 

7-15 M4 

e+ 

300V 

Flg.lu A three-stage 
radio telephone trans- 
mitter. 

30-u0 MA 

e+ 
500V 

<i 
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The crystal oscillator stage uses a type 841; the buffer am- 
plifier a type S65 screen -grid tube; the Class Ú stage a type 10 
triode; and the modulator a type 211 tube. First, make sure that 
all plate voltage switches are open, and then light the filaments 
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of all the tubes. Disconnect the excitation taps X and Y, and ap- 

ply plate voltage to the oscillator. Tune the oscillator until 

the dip occurs in the plate current, and then to make the oscillator 

more stable, its plate tank circuit should be tuned to a. slightly 

higher frequency. The oscillator should not be operated at the 

exact minimum of the plate current, but the point of operation can- 

not be far from this minimum or the oscillator will not function. 

With a plate voltage of approximately 300 volts on the oscillator, 

the plate current will range from 7 to 15 ma. depending on the L/C 

ratio employed. 
The excitation tap X should now be connected to the plate tank 

of the oscillator. (IT IS, OF COURSE, UNDERSTOOD THAT ALL PLATE 

VOLTAGES ARE TO BE DISCONNECTED WHEN ANY CHANGE IS MADE.) Since 

the 365 is fairly easy to drive, itisp robable that the tap X will 

not need to be connected at the extreme top end of the cscillator 

tank. The plate voltage of the buffer stage is applied, and this 

stage is tuned to resonance, as indicated by minimum plate current. 

Grid bias for the buffer is secured by means of a grid leak and a 

filament resistor. The excitation tap Y is connected to the plate 

tank of the buffer, and the grid excitation of the buffer, and the 

L/C ratio of its tank are changed until the grid current of the 

Class C stage is about 15 ma. When properly adjusted, the plate 

current of the buffer will be about 35 ma. 
It is now wise to use a wave meter to make sure that the buf- 

fer is tuned to the same frequency as the oscillator, and is not 

acting as a doubler stage. The main objective is to supply suf- 

ficient grid excitation to the Class C stage without causing either 

the oscillator or buffer to be overtaxed. 
Tune the tank circuit of the Class C stage to resonance; this 

point will be indicated by a dip in the grid current, if the stage 

is not neutralized. Now proceed to neutralize this stage, using 

any of the methods discussed in Lesson 3 of this Unit. Perhaps the 

simplest method would be to rotate the neutralizing condenser un- 

til the grid current does not change as the plate tank is tuned 

through resonance. 
Turn the gain control of the modulator to such a position that 

no A.F. signal is being fed into the grid of this stage, and then 

apply plate voltage to the modulator. Vary the grid bias on the 

modulator by changing the position of the shorting tap Z, until 

the modulator is drawing exactly 65 ma. With this amount of plate 

current and a 1000 volts plate voltage, the load cm the modulator 

should be 3000 ohms. This load is, of course, the DC plate resis- 
tance of the.Class C tube; therefore, the plate voltage and plate 

current of the Class C stage must be so adjusted that it presents 
this impedance to the modulator. 

The type 10 tube has a plate dissipation rating of 15 watts, 

and assuming 50% efficiency, it would be possible to use an input 

power of 30 watts. However, since the tube is to be modulated, 

it cannot be worked up to its rated capacity, for it would then 

heat excessively during the peaks of modulation. In this case, we 

will use A DC power input of 20 watts. To modulate this 20 watts 

of DC power input requires that the modulator deliver 10 watts of 
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undistorted power. According to the tube manual, the type 11 tube 
can deliver 12 watts, and therefore, it will be able to folly mod- 
ulate the Class C stage. 

The next step is to determine what values of plate voltage 
and plate current the Class C stage should have so that its power 
input will be 20 watts, and its DC plate resistance 8000 ohms. 
These values may be found by using the formulas given in Section 
5 Lesson 5 of this Unit. They are: 

18 = i 
J 
RL =, Jb = 1.0025 = :05 ampere or 50 ma. 

Es = IYj X RL = 120 x 8000 = 1160,000 = 400 volts. 

Therefore, the plate voltage of the Class C stage should be 400 
volts, and it should be loaded until it is drawing exactly 50 ma. 
The plate voltage of the modulator is 1000 volts, and this voltage 
is reduced for application to the Class C stage by means of the 
resistor R,,. The required reduction in voltage is 600 volts, and 
the current flowing through R1 is 50 ma.; therefore, R. must have 
a value of 12,000 ohms, and must be able to dissipate the 30 watts 
of power which this 50 ma. at 600 volts will produce. 

With the tank circuit of the Class C stage tuned to resonance, 
it is safe to apply the plate voltage to this stage. (Assuming, of course, that the neutralization process has been carried to com- 
pletion.) After applying the plate voltage, make sure that the 
Class C stage is properly tuned by varying the capacity of the tuning condenser until minimum plate current flows, and then check the frequency of the oscillating current with the wave meter. If 
the L/C ratio of the tank circuit is rather high the minimum plate current should be quite low. This indicates that the efficiency is high. If this is not the case, the L/C ratio of the tank circuit is too low, and must be increased. However, whenever a change in the L/C ratio is made, the stage must be reneutralized. 

The grid bias should be at least twice cut-off, and the grid excitation should be great enough so that the DC grid current is from 15% to 25% of the plate current of the stage when loaded. 
The dummy antenna is coupled to the tank circuit of the Class C stage and is tuned to resonance as indicated by maximum antenna current. The coupling between the antenna and the tank is increased until the Class C stage draws exactly 50 ma. It will be necessary to retune the tank circuit whenever the antenna coupling is changed. If it is not possible to cause the plate current to increase to 50 ma., even when the coupling between the antenna and the tank is at the critical value, the stage is too efficient, and some efficiency must be sacrificed by reducing the grid bias. 
When the coupling between the antenna and the tank is such that the plate current is exactly 50 ma., the amount of power in the antenna should be calculated. This is done by squaring the an- tenna current and multiplying it by the antenna resistance. If the power in the antenna is 10 watts or more, the efficiency is at least 50%. If less than 10 watts are in the antenna circuit, the efficiency is too low and must be increased. This is done by in - 

30 



creasing the grid bias. With each increase in grid bias, the 

plate current is brought back to normal by increasing the antenna 

coupling. This process should be carried on until it is just pos- 

sible to cause the tube to draw 50 ma. when the coupling is slightly 

less than the criticál value. At this point, the desired power 

output should be in the antenna and the efficiency should be 50% 

or better. 
Do not attempt to secure unusually high efficiency, because 

it is only possible by using very large values of grid bias, and 

grid excitation, and such an adjustment causes the grid losses to 

be excessive. 
As a final check, tune the tank circuit through resonance and 

determine whether minimum plate current occurs at the same point 

as maximum antenna current. If it does not, the L/C ratio of the 

tank circuit is too high and excessive R.F. harmonics will be pro- 
duced. Should it happen that the L/C ratio is too high, it must 

be reduced, the stage must be reneutralized, and the adjustment 
procedure as outlined above must be repeated. 

To check the stability of the transmitter, open and close the 

oscillator plate voltage switch. When the switch is open, the grid 

current of the Class C stage and the antenna current should fall 

to zero. If they do not, the Class C stage is imperfectly neutra- 
lized and is self -oscillating. The plate currents of the buffer 
and Class C stage will not drop to zero when the oscillator plate - 
voltage switch is opened, because these stages use grid -leak bias. 
When the switch is open, the excitation voltage is removed, and 
no grid current flows; therefore, the grid bias on both stages is 
limited to that provided by the filament bias resistors, which is 
ordinarily just enough to prevent the plate currents from becoming 
excessive when the grid excitation is removed. If the transmitter 
is stable, all of the meters will return to the same position each 
time the oscillator plate -voltage switch is closed. 

As previously stated, the modulation will not be linear unless 
the grid excitation is fairly great. There is no simple direct 
method of checking the grid excitation, but it is assumed to be cor- 
rect if the DC grid current is from 15% to 25% of the plate current. 

After all adjustments on the Class C stage have been made, 
modulation is applied by connecting the output of an audio oscil- 
lator to the grid circuit of the modulator. The gain control of 
the modulator is then adjusted until the power in the antenna cir- 
cuit has increased one and one-half times, or until the antenna 
current increases 22.5%. This indicates that the Class C stage 
is 100% modulated. The modulator is operating under Class A con- 
ditions and should not draw any grid current; therefore, a low 
range milliammeter is connected in the grid circuit of the modu- 
lator to make sure that the signal voltage is not great enough to 
drive the grid positive and cause the flow of grid current. The 
plate current of the Class C stage should not change during modu- 
lation. 

12. CHECKING THE ADJUSTMENT OF THE TRANSMITTER WITH A CATHODE 
RAY OSCILLOSCOPE. It should be realized that there are five factors 

31 



which together determine the correct adjustment of a plate -modu- 
lated transmitter. These are the grid bias, the grid excitation, 
the L/C ratio, the antenna coupling, and the load on the modulator. 
Unless the value of each vne of these factors in relation to the 
others is correct, the best operating conditions will not be ob- 
tained. 

To determine the power input and power output is relatively 
simple, and when these values are known, the plate circuit effi- 
ciency, and the plate power loss is easily calculated. Likewise, 
the presence of excessive grid circuit losses will be evidenced 
by high grid current and, in some cases, by heating of the grid 
itself. The determination of the linearity of modulation, however, 
is something that cannot be read from meters. Naturally, if the 
DC plate current changes noticeably during modulation, its probable 
cause is due to non -linearity of the modulation, but the change in 
plate current gives no evidence as to the possible source of the 
trouble. It might be caused by insufficient grid excitation on the 
Class C stage, imperfect neutralization, or a mismatch between the 
modulator and its load. Anyone of these factors will cause the 
modulation to be non-linear, and each will produce adifferent kind 
of distortion in the wave form of modulated R.F. wave. Since the 
wave form will be affected, the best method of discovering the ex- 
istence of non-linear modulation and of tracing the trouble to its 
source is by observance of the wave form with a cathode ray oscil- 
loscope. 

Fig.15 A. Unmodulated carrier 
A 8. Partially modulated carrier D 

C. 100% modulated carrier 
D. Overmodulation. 

There are two general methods of using the cathode ray oscil- 
loscope for determining the linearity of the modulation. In the 
first method, the modulated R.F. wave is applied to the vertical 
deflecting plates and the linear sweep circuit is so adjusted that 
the audio envelope is stationary on the screen. The best method 
of applying the modulated R.F. voltage to the vertical plates is 
to connect them to a small pick-up coil which is placed in the field 
of the Class C plate tank circuit. A twisted pair of wires should 
be used to connect the pick-up coil with the oscilloscope. Since 
there are always stray fields, both electrostatic and electromagg= 
netic, in the vicinity of a transmitter, the placement of the oscil- 
loscope requires some care in order that spurious voltages will not 
be induced in the test leads and cause the image on the screen to 
becomes valueless for linearity testing. 
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When no audio signal is fed to the modulator, the image on the 

screen will be a rectangle as shown at A in Fig. 15. With an audio 

signal of sine wave form applied to the grid of the modulator, and 

the gain control advanced slightly, the image takes on the form 

shown at B in this figure. This is a partially modulated R.F. wave. 

With a further advance of the gain control, the R.F. wave is 100% 

modulated, and the image appears as at C. Such an image indicates 

that all adjustments are correct and the modulation is linear. 
Any further advance of the gain control will cause over-modu- 

lation, and will produce the image shown at D. Notice that, in 

this case, the modulated R.F. wave is zero for an appreciable part 

of the modulation cycle. The distortion of the audio envelope is 

considerable, and a shift in the average value of the rectified 

carrier has taken place. This is called "carrier shift". It must 

be avoided. 
The results of non-linear modulation are best shows by using a 

different connection of the oscilloscope. The modulated R.F. volt- 

age is fed to the vertical plates as before. However, instead of 

using the linear sweep voltage on the horizontal plates, the A.F. 

voltage output of the modulator is applied to them. This audio 

voltage may be taken from across the modulation choke, however, 

it is probable that the total voltage across the choke will be too 

much for the oscilloscope to handle, and the DC voltage at the 

top of the choke might be great enough to break down the condenser 

connected internally between the ungrounded horizontal plate and 

the binding post. For this reason, it is suggested that the scheme 

shown in Fig. 16 be employed. In this case, a condenser, a fixed 

resistor, and a potentiometer in series, are connected across the 

modulation choke. The values of these components are not critical, 

but the condenser must be able to withstand the peak voltage of the 

modulator, and its reactance should be low compared to the total re- 
sistance. By using a fairly high value of resistance, a lower capa- 

city may be employed. If the total resistance is several hundred 

thousand ohms, the capacity of the condenser may be low as .25 mfd. 

Fig.16 A method of ap- 
plying modulation voltage 
to horizontal plate of os- 
cilloscope. 

TO Horizontal 
Flates of Oscilloscope 

84 - 

The sliding arm of the potentiometer is connected to the un- 

grounded horizontal plate of the oscilloscope and the other plate 
is connected to the bottom of R1. By varying the position of the 

sliding arm, the voltage applied to the horizontal plates may be 
changed. It is necessary that the total resistance of this auxiliary 
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circuit be large compared to the reactance of the condenser so that 
the voltage applied to the horizontal plates will be practically 
in phase with the voltage across the modulation choke. 
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Fig. 17 Showing how the 
trapezoidal modulation pat- 
tern is formed on the screen 
of the oscilloscope. 
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If the Class C amplifier is modulated less than 100% and the 
modulation is linear, a trapezoidal pattern will be seen on the 
screen. Why this pattern is formed may be seen by reference to Fig. 
17. At A is shown the modulated R.F. wave that is applied to the 
vertical plates and at B is shown the audio voltage representing 
the output of the modulator. The combined result of these two vol- 
tages will cause the spot to trace the trapezoidal pattern shown 
at C in this figure. This may be verified by projecting various 
points from the wave form of each voltage on IA the pattern at C. 

Fig.18 100% modulation 

Thus, at point 0 the position of the spot would be the intersec- 
tion of the horizontal line drawn from point 0 on the modulated,R.F. 
wave, and the vertical line drawn from point 0 on the audio wave. 

This pattern is called a trapezoid. A trapezoid is a four- 
sided figure which has two opposite sides parallel. If the modu- 
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lation is linear, all four sides of this figure will be straight 
lines. The per cent of modulation may also be calculated from this 
pattern. To do this, the two parallel sides of the figure are meas- 
ured in any cánvenient units. The degree of modulation is the 
length of the lone side minus the length of the short side, all di- 
vided by the sum of the lengths of these two sides. To change this 
result into per cent, it is multiplied by 100. 

J 

Fig.19 A. Overmodulation 
B. Regeneration in Class C stage 
C. Insufficient excitation 
D. Insufficient excitation and overmodulation 
E. Poor regulation of power supply. 

Let us now suppose that the per cent of modulation is increased 
until the carrier is modulated 100%. When this occurs, the short 
side of the trapezoidal pattern decreases until it is merely a point 
and the image becomes triangular. (See Fig. -18.) To make sure that 
the modulator itself is not producing any distortion, it is advis- 
able to observe the wave form of the input voltage applied to the 
grid of the modulator, and also the output voltage to determine 
whether their wave forms are the same. This should be done by 
using a linear sweep voltage on the horizontal plates. If the out- 
put voltage differs in wave form from the input voltage, the trouble 
may be due to a mismatch between the modulator and its load. 

Fig.20 A. Unmodulated 
carrier when power supply 
filter contains only one 
section. The filter choke 
was magnetically satura- 
ted. B. Same carrier with 
larger choke which does 
not saturate. 

A 

Various other forms of distortion are shown in Fig. 19, The 
pattern at A shows the result of overmodulation, that at B is due 
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to regeneration in the Class C stage due to imnerfect neutraliza- 
tion or caused by stray magnetic coupling between plate and grid 
circuits. C illustrated the pattern produced when thegrid excita- 
tion is insufficient, and D shows the result of overmodulation and 
insufficient excitation. The pattern at E is caused by poor regu- 
lation of the power supply. 

Unless the plate power supply of the modulator and Class C 
stage is well filtered, the R.F. carrier wave will have some 120 
cycle hum modulation. Using a linear sweep voltage on the hori- 
zontal plates and the R.F. carrier on the vertical plates, the pat- 
tern shown at A in Fig. 20 was produced. In this case, the filter 
section of the power supply consisted on one section and the choke 
was magnetically saturated. fly replacing this choke with another 
one of larger core area, which would not saturate, a better pattern 
results as shown at B in this figure. Two sections of filter were 
sufficient to eliminate entirely this source of di,stortion. 

Fig.21 Modulation pat- 
tern produced when the 
audio voltage was of the 
improper phase. 

To produce the trapezoidal patterns previously referred to, it 
is necessary that the audio voltage applied to the horizontal plates 
he taken from the output of the .modulator. If an attempt is made 
to secure this audio voltage from any of the voltage amplifiers 
feeding the modulator, it will .,e found that its phase is incorrect, 
and the pattern produced will be similar to that shown in Fig. 21. 
In this case, the transmitter was correctly adjusted and was 100% 
modulated, but the phase of the audio voltage was not correct to 
produce a_trapezoidal pattern. 
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LITTLE SECON DS 
but they tick away years. 

Tick -tick -tick. It does not take very long for a 

few seconds to be 'ticked' off by your watch.. And when 
we think of time as the passing of millions of seconds 
it may seem as though we have a never- ending supply of 
it. 

But the 'ticking' goeson endlessly. 14í1i lewework, 
play, and sleep, seconds become hours and grow into days 
and years. And -the older a person becomes, the swifter 
time seems to pass. 

Unfortunately, some young men do not realize that 

during early life they MUST equip themselves to make 
money in substantial amounts during the middle years of 
life the productive years. As a result, they are 
forced to enjoy a small income and á 'merry-go-round' 
ride. But when the 'merry- go- round' stops, they are 
just about where they started out.' And from that point 
on they slip and skid down the reclining years of their 
life. 

The fact that you are devoting your time to train- 
ing is an excellent indication that YOU recognize the 
need of equipping yourself to make money. During the 
years that your less ambitious fellow men are going 
round and round on the 'merry-go-round' YOU will be forg- 
ing ahead steadily, turning seconds, minutes, and hours 
into MONEY. 

Let nothing turn you from the straight road you are 
following. It leads throuqh an enjoyable, financially 
secure life for YOU and.YOUR loved ones. 

Copyright 1942 

By 

Midland Radio 8 Television 
Schools, Inc. 

PRINTED iN U.S.A. 

47115 Wt 
KANSAS CITY. MO. 



Lesson Eight 

DC MOTORS, ',Sc 

GENERATORS 
"While it is true that 

practically all modern broad- 
cast equipment is now designed 
to operate directly from an 
alternating current source of 
supply, still, there exists many 
transmitters which use some fora of 
motor -generator unit. Therefore, every broadcast engineer who can 
consider himself properly qualified for his job must have a thorough 
understanding of both DC motors and generators. 

"While the subject is too loner to be completely covered in this 
lesson, it is the purpose of this material to provide you with suf- 
ficient information so that you will understand the care and opera- 
tion of this type of equipment." 

1. THE NEED OF MOTORS AND GENERATORS. The modern_ broadcast 
transmitter is completely AC operated. Only in isolated cases is 
any type of battery power employed. This, however, has not always 
been true. It has not been many years since large banks of stor- 
age batteries and their associated charging equipment were seen 
in practically every broadcast station. The first step toward the 
elimination of batteries was provided by the increasing popularity 
of motor- generator sets. The motor- generator set consists of a 
motor designed to operate from the power line which feeds the sta- 
tion, and a generator whose voltage and current capacity depend up- 
on whether it is to supply plate voltage or filament voltage. 

Until. recently, it has not been practical to use alternating 
current for the filaments of large transmitting tubes. This -was 
due to the inability of designing these large ̂ tubes so that AC 

hum would not be introduced into the carrier wave, thereby causing 
"hum modulation". In such instances, it was common practice to 
employ motor -generator sets which converted the AC line voltage in- 
to DC voltage of the proper value to to applied to the filaments. 
One of the most important discoveries of recent years is that of 
inverse feedback, the fundamental principles of which were described 
in Lesson 23 of Unit 1. This same system is now being applied to 
modern broadcast transmitters. A portion of the modulated R.F. 
output is rectified and fed back to the input of the audio system. 
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As a result, distortion and hum modulation are cancelled and the 
output of the transmitter is relatively hum free. This system 

.makes possible the use of AC filament voltages and all transmitters 
now being constructed employ step - down transformers for filament 
supply. 

The perfection of the mercury-vapor rectifier tube has led to 
the further development of high -voltage rectifier circuits, and all 
transmitters built in the past few years employ tube rectifiers for 
plate -supply voltage. There are, however, many transmitters still 
in use which use one or more motor -generator sets, and the subject 
of motors and generators is of sufficient importance for us to in- 
quire into their operating characteristics. 

In this lesson we shall cover the main principles of DC motors 
and generators in such a manner that the student will be able to 
distinguish the different types of machines, make minor repairs and 
adjustments, and be able to maintain such equipment in good oper- 
ating condition. It is, of course, impossible to exhaust the sub- 
ject -in a lesson of this type, nor is it desirable. The ability 
to design and construct motors and generators is properly left for 
the electrical engineer. 

2. THE ELECTRICAL GENERATOR. (A) Definition. To the average 
mind, the electrical generator is a machine which "makes",electri- 
city. This, we know to be a popular misconception of the opera- 
tion of a generator. If we define an electrical current as the 
drift of electrons in a given direction through a conductor, pro- 
duced by an electromotive force, we see that it is impossible to 
"make", electricity in the sense that it is created. Nor is the 
term "generator" well advised; for generation also implies the idea 
of creation. Rather, the electrical generator should be thought 
of as a converter in that it changes or converts mechanical energy 
into electrical energy. In fact, modern physics is based on the 
law of the conservation of energy. This law states, in effect, 
that the total energy in the universe is constant, and that it is 
not possible to either create or destroy energy. It is, however, 
possible to change energy from one form to another, and this is 
the purpose of the electrical generator. 

Electrical generators have their foundation in the law of in- 
duction. As given in Lesson 10 of Unit 1, this important law states 
that whenever there is relative motion between a magnetic field and 
a conductor in such a manner that the lines of force are cut by 
the conductor, a voltage is induced into the conductor. In Lesson 
13 of Unit 1, there was presented a discussion of how it is possible 
to induce a voltage of sine wave form in a single -turn coil, when 
it is rotated through a steady magnetic field, To refresh the mem- 
ory of the student, a brief review of this action will be given. 

(B) Generation of a Voltage in a Loop of Wire. Fig. 1 il- 
lustrates a single loop of wire rotating in a magnetic field. To 
identify the two sides of the loop, one is colored black and the 
other is white. The magnetic field poles are not shown, but the 
field itself is represented by lines of force threading through the 

2 



loop from left to right. One end of the loop is connected to the 

shaft and the other to a slip ring insulated from the shaft.. The 

current which flows in the loop is conducted to the external cir- 
cuit by brushes which make sliding contacts with the slip ring and 

the shaft. 
We shall consider the first position of the loop as shown at 

A in this figure. The white conductor is at the top and the black 

conductor is at the bottom of the figure; the motion of the loop 

is clockwise. When in this position, a small movement of the loop 
will not cause any induced voltage, because its two sides are mov- 
ing parallel to the lines of force and are not cutting them. As 

the loop rotates farther to the right, it begins to cut magnetic 
lines and a small voltage is induced in both the black and white 
sides of the loop. Since the white side is cutting Ihe lines from 

top to bottom and the black side from bottom to top, the voltage 
induced in one side will be opposite in direction to that induced 
in the other, and the combined effect of the two voltages will be 
such as to cause a current to circulate through the loop and the 

external circuit. 

(A) (B) (C) (D) (E) 

Black Side 
Direction `of Rotat i ;of L00p ., 

J6o 

T\ 

S 

raa ay 
.^4#rA/we 

réri~EIF 
9J Lay k*kW 

Fig. 
t. Showing 

how a single loop of wire can generate an alter- 
vo nating 

As the loop continues to move to.the right, its sides cut an 
increasingly larger number of lines of force for a given amount 
of rotation. Thus, considering A as the zero position of the loop 
and B as the 90° position, it is evident that the sides of the loop 
will cut only a few lines as the loop moves from 0° to 1°, because 
it is moving nearly parallel to the lines of force; whereas when 
it moves from its 89° position to its 90° position, it will cut a 
large number of lines, because it is moving. nearly perpendicular 
to the lines of force. The magnitude of the induced voltage de- 
pends on the number of lines of force cut in a unit length of time. 
Since it requires the same amount of time for the loop to move from 
0° to 1° as it does from 89° to 90°, it is clear that a much larger 
voltage will be induced in the loop when it is near its 90° position 
than 'hen it is close to its 0° position. Thus,at the instant shown 
at A in the figure, the voltage is zero; and at B the voltage is 
maximum. 
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The loop now rotates from 90° to 180°, and in so doing, its 
sides cut fewer lines of force for each degree of rotation. This 
causes the induced voltage to decrease from its maximum value and 
finally to become zero as the loop reaches 180°. When the loop 
passes 180° and continues on toward 270°, its sides begin to cut 
the lines of force in the reverse order; that is, the white side 
is cutting them from bottom to top and the black side from top to 
bottom, or in the reverse direction as during the first half of 
the revolution. This causes the voltage induced in either side of 
the loop to reverse, and the current flowing through the loop and 
the external circuit also changes direction. 

In rotating from 180° to 270°, the loop cuts a larger number 
of lines of force for each degree of rotation and a higher voltage 
is induced in the loop. At 270° this voltage is again maximum, 
but is opposite in direction from that induced at the 90° position. 
Finally, from 270° to 360°, the sides of the loop.cun fewer lines 
of force and the voltage decreases becoming zero as 360° is reached. 

Thus, by rotating a loop of wire in a magnetic field, an al- 
ternating voltage has been produced; one complete revolution of the. 
loop constituting one cycle of voltage. 

(C) Direction of the Induced Voltage. According to Lenz's 
Law, the direction of the induced voltage must be such that the 
current it causes to flow will create a magnetic field which op- 
poses the motion of the loop. Let us examine Fig. 2. This figure 

N . s 

A 

N 

C 

S 

Fig. 2. Illustrating how the magnetic field around the 
conductors distorts the main field. 

shows the field poles of the generator and the cross sections of 
the sides of the loop. (The loop is assumed to be at its 90° posi- 
tion.) At A in this figure is shown the magnetic field of the two 
field poles extending from left to right or from north to south. 
Let us now assume that the current in the right side of the loop 
(the white conductor) flows away from the reader. This is repre- 
sented by placing a small cross on the end of this conductor. The 
magnetic field produced by this current would, according to the 
left hand rule, flow in a counter- clockwise direction about this 
side of the loop. With the direction of current in this side of 
the loop assumed, it is obvious that the current in the opposite 
or left side must flow toward the reader. Its direction is repre- 
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sented by placing a small dot on the end of the left conductor. 

Likewise, the magnetic field around the left conductor would con- 

sist of concentric circles and the direction of flow would be clock- 

wise. The magnetic field produced by the current in the loop could 

therefore be represented by B in this figure. (The lines of force 

due to the field poles have been omitted in this diagram so that 

the field around the sides of the loop could be visualized more 
readily.) 

Thus, there are two separate magnetic fields between the field 

poles; that due to the steady magnetic field of the field poles, 

and that due to the current flowing through the loop. By super- 

imposing these two fields, a combined field is produced which is 

somewhat distorted. This resultant field is shown at C in this 

figure. It is not possible for magnetic lines of force to cross 

each other, and so the resultant field is due to the combined ef- 

fects of both of the separate fields, and is strengthened at some 

points where the two fields add and weakened at other points where 

the fields buck. For example, around the right conductor, the 

field due to the current flowing through this conductor is from 

right to left above the conductor, and is therefore bucking against 

the main field due to the field poles. This causes the resultant 

field to be weaker above the right side of the loop, and is so re- 

presented by fewer lines of force at this spot in the resultant 

field. Conversely, at the bottom of this side of the loop, the 

field due to the current is from left to right. This is in the 

same direction as.the main field, and the resultant field is stronger 

at this point, as indicated by a greater number of lines of force 
below the right conductor in the diagram illustrating the resultant 
field. 

Of course, this same distortion of the resultant field also 

occurs around the left side of the loop with the result that the 

field is strengthened above the left conductor and weakened below 
it 

Now let us see whether we have assumed the correct direction 
for the current flow in the loop of.wire. The loop rotates clock- 

wise and if the direction of current flow is correct, the resultant 

field will be such as to tend to prevent the rotation. As learned 
in Lesson 9 of Unit 1, magnetic lines of force act like stretched 
rubber bands in that they always attempt to shorten their length. 

With this thought in mind, it is not hard to see that there will 

be a force on the right side of the loop tending to cause it to 

move upward, and a force on the left side tending to cause a down- 
ward movement. Thus, the force exerted by the magnetic field is 
such as to tend to cause the loop of wire to rotate counter -clock- 

wise, or to oppose the motion originally given to the loop; there- 

fore, Lenz's Law has been satisfied and the direction of current 

as assumed is the direction that current will actually flow. 

The information given in the previous paragraph is very im- 

portant. It illustrates in a graphical manner why it is not pos- 

sible to create electrical energy. When the external circuit is 

open, no current flows in the loop, although voltages are induced 

in it as before. With no current flowing through the loop, no 
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magnetic field is set up around it, and no distortion of the main 
field occurs. Thus, the generator is not furnishing any electri- 
cal power; there is no magnetic force tending to prevent the ro- 
tation of the loop; and the only energy required to rotate the 
loop is the small amount necessary to overcome the friction of the 
bearings. 

With a large resistance connected in the external circuit, a 
small current flows, and a slight distortion of the main field takes 
place. The generator supplies a small amount of electrical power 
to the external circuit; a small magnetic force tends to oppose 
the rotation of the loop; and extra mechanical energy is needed 
to cause the loop to rotate against the oppositicn of the magnetic 
force. As the resistance in the external circuit is reduced, more 
current flows, more power is supplied to this resistance, the dis- 
tortion of the main field increases, the opposing magnetic force 
becomes greater, and a larger amount of mechanical energy is re- 
quired to cause the loop to rotate. For this reason, itis not pos- 
sible to secure electrical energy from a generator without expend- 
ing a corresponding amount of mechanical energy. In fact, if one 
horse power of electrical energy is being drawn from the generator, 
somewhat more than this amount of mechanical energy must be supp- 
lied, because the efficiency of the generator is not 100%. 

r Induced 
voltage 

Fig. 3. The left hand rule for determining the direction of the induced voltage. 

There is avery simple method of determining the direction that 
current will flow in a conductor when it is moved through a mag- netic field. It is known as the "left hand rule"; and is used in 
this manner: The thumb, forefinger, and middle finger of the left 
hand are extended so that each points in a direction at right angles 
to the other two, as illustrated in Fig. 3. If the thumb is pointed in the direction of the motion, and the forefinger in the direction of the magnetic flux from the field poles, then the middle finger will point in the direction of the induced electromotive force, or 
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the direction in which current will flow if the external circuit 
is closed. `.Tying this rule on the right side of the loop shown 
in Fig. 2, we extend the left forefinger from left to right (in 

the direction of the main flux); the thumb downward (in the 'direc- 

tion of the motion); and the middle finger will then extend away 

from us indicating that the induced electromotive force in this 
side of the loop is such as to cause the current to flow into the 
paper. 

3. THE DC GENERATOR. It is evident that the simple generator 
shown in Fig. 1 will create an alternating voltage and cause an al- 
ternating current to flow through the external circuit. This is 
due to -the fact that the voltage induced in the two sides of the 
loop changes direction as the loop passes through its 180° position. 
If it were possible to reverse the connection of the loop to the 

external circuit at the instant that the loop passes through 180°, 
the current ín the external circuit would flow in the same direc- 
tion during the last half of the revolution as during the first 
half, even though the voltages induced in the sides of the loop are 

A 

Lines of Black Side White Side Direction of 
Force -+l of Loop of Loop ' Rotation., 

A 90°\ C 1800 C " C, 2700 A 

Zero Vol tate 

C D E 

Fig. u. Showing how the commutator causes a unidirectional cur- 
rent to flow in the external circuit. 

reversed. This action is accomplished by a device called a "com- 
mutator". Fig. 4 shows the same loop of wire fitted with a commu- 
tator instead of slip rings. In this case, the commutator consists 
of a metallic cylinder on which the brushes make sliding contact. 
This cylinder is divided into two parts, electrically insulated from 
each other. Each half of the commutator connects to one side of 
the loop. 

At A in this figure, the loop is in its 0° position and the 
induced voltage is zero. The brushes which connect to the external 
circuit are so arranged that each air gap which separates the two 
halves of the commutator is directly below a brush, when the loop 
is in this position. Thus each brush makes contact with both halves 
of the commutator and the loop is short circuited. As the loop 
begins to rotate to its 90° position, the air gaps are passed and 
the top brush makes contact only with that half of the commutator 
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connected to the side of the loop marked AB, whereas the other side 
of the loop, CD, is connected to the bottom brush. 

During this half of the revolution, the conductor AB is moving 
ua through the field, and the other conductor CD is moving down- 
ward. According to the left hand rule, the voltage induced in AB 
is toward the reader, and that induced in CD is away from the reader. 
Thus, current will flow from AB to the top brush, through the ex- 
ternal circuit, and back to the bottom brush to the conductor CD. 
The wave form of the current flowing in the external circuit is 
represented by a half sine wave during this part of the revolution. 

Direction of 
Rotation 

Loop 2 

Loop 1 

Fig. 5. Two loops of 
wire placed at right ang- 
les to each other. 

When the loop reaches the 130° position shown at C, the in- 
duced voltage has dropped to zero, the air gaps in the commutator 
are again directly beneath the brushes, and the loop is short-cir- 
cuited. As the loop continues to rotate, the air gaps are passed; 
the top brush now makes contact with that half of the commutator 
connected to the conductor CD, and the bottom brush is connected 
to the conductor AB. During this half of the revolution, the con- 
ductor CD is moving up through the field, and the conductor AB 
is moving downward. This causes the voltage induced in CD to be 
toward the reader, and that in AB to be in the opposite direction. 
Thus, current flows from CD to the top brush, through the external 
circuit in the same direction as before, and back to the bottom 
brush and the conductor AB. 

o0 90° 

Loop 

Loop 2-- 

0 Rev 

/ 

i Rev 

180° 

Rev 

270° 

Rev 

ss 

360° 

1 Rev 

Fig. 6. The wave form of the voltages generated by the loops 
shown in Fig. 5. 

It is, therefore, evident that the action of the commutator 
is to make the current flow through the external circuit in the 
same direction even when the current flowing through the loop re - 
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verses. The wave form of the current flowing in the external cir- 
cuit is also illustrated in this diagram. It is practically the 
same as that produced by a full wave vacuum tube rectifier, and 
is by no means a pure direct current. 

To produce a practically continuous E.M.F., it is necessary 
that more than one loop of wire be revolved through the magnetic 
field. Consider the diagram shown. in Fig. 5. Here two loops of 
wire Placed at right angles to each other are rotated in the mag- 
netic field. There are four conductors which cut the magnetic 

Fig. 7. A closed-coil generator 
having four coils. 

field, and there must be four separate sections to the commutator. 
In the position shown, loop 1 is cutting lines of force at the 
fastest rate and,consequently has a maximum voltage induced in it 
which causes a fairly large current to flow from the brushes which 
are making contact only with this loop. At this time, no voltage 
is induced into loop 2. As the two loops rotate to the right, the 
voltage induced into loop 1 decreases and that induced into loop 
2 increases. At the end of one -eighth of a revolution, both loops 
are cutting the field at the same rate and the voltage induced in 
each is the same. The voltage induced in loop 2, however, has, as 
yet, served no useful purpose because its ends have not been con- 
nected to the brushes. A further rotation of the two loops will 
cause the voltage induced in loop 2 to be greater than that induced 
in loop 1, and the brushes are so arranged that at this point they 
leave the sections of the commutator connected to loop 1 and begin 
to make contact with those connected to loop 2. 

Fig. 8. A six- coil generator of 
the closed-coil type. 

From the foregoing, it is clear that the voltage across the 
brushes never falls to zero, even though the voltages induced in 
the two loops are zero twice during every revolution. As soon as 
the voltage in the loop connected to the brushes is equal to that 
induced in the other loop, the brushes pass the air gap between 
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the sections, and the voltage induced in the second loop which is 
still increasing forces current through the external circuit. The 
wave form of the voltages induced in the two loops are shown by 
the dotted line curves of Fig. 6. The actual voltage present across 
the brushes is the solid line curve which connects the tops of all 
these alternations. Thus, although the voltage across the brushes 
is not a pure DC voltage, nevertheless, it is more nearly constant 

--T \ / \ ` / i . . ,. /', ,. / ̀, 
, \ ,/ / `` , / , 

\, / \ / 
/ , V \ `; 

00 900 180° 270° 360° 

Fig. 9. The output voltage of the generator shown in Fig. 7. 

in this case than when a single loop is used, and by rotating enough 
conductors so placed that at every instant the voltage induced in 
two of them is a maximum, it would be theoretically possible to pro- 
duce a pure direct voltage. 

Actually, of course, it is never possible to produce a pure 
DC with any commercial generator; there will always be some com- 
mutator ripple, as it is called, present in the output wave form, 
although the more conductors that are rotated, the more nearly con- 
stant the voltage will be. Thus, when the output of a DC generator 

``` /\ ' l . \ . / \.` / \ / \ .` 
/ \/ % / 

° 60° 90° 160° 360° 

Fig. 10. The output voltage of the generator shown in Fig. 8. 

is used to supply plate voltage for vacuum tubes, it is essential 
that at least a one -section filter be employed to smooth the out- 
put of the generator into pure DC. 

The coils or loops shown in Pig. 5 are called "open coils" and 
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the winding is said to be an "open - coil winding". Each coil is 

open circuited except during the time that it is connected to the 

brushes. Such an arrangement is rarely used in commercial machines; 

instead the so - called closed - coil winding is employed. In order 

to strengthen the field of the generator as much as possible, the 

conductors which cut through the lines of force are wound on a 

laminated, soft -iron core. The presence of this core reduces the 

reluctance of the magnetic path and concentrates the lines of force. 

This core, together with the coils which are wound on it, is known 

as the "armature"of the generator. In alater section of this les- 

son, we shall discuss the construction of armatures used on commer- 

cial generators. 

Rotation 
-9 w. (F 01111% 

hel \ % 
51%**1 

.4 Mill s ~ilk 
m 

a 

m 
c 
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a + 

Fig. 11. A six -coil generator with a rind -wound armature. 

!'early all commercial DC generators have what is known as a 

"closed -coil windinv". 4 four coil generator wound in this manner 

is shown diagrammatically in Fig. 7. Notice that all of the four 

coils are in series, and that the four junctions between the coils 

áre each connected to a seument of the commutator. Thus every 

coil is in the circuit at all times, and the total voltage across 

the brushes is equal to the sum of the voltages induced in each 
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coil. A six coil generator of the same type is illustrated in Fig. 
8. The brush voltages of each of these two machines are shown in 
Figs. 9 and 10 respectively. The closed coil type of winding pro- 
duces a somewhat greater E.I.F. at the brushes than does the open 
coil type. This is due to the fact that all the coils are in series 
and the total voltage across the brushes is the sum of that induced 
in each pair of coils. 

Just how the closed coil generator delivers a voltage to the 
brushes is illustrated in Fig. 11. This machine is a six -coil gen- 
erator with a closed -coil winding. Each coil consists of six turns. 
Coils B and E are cutting through the field at the greatest rate 
and therefore have the maximum amount of induced voltage. Let us 
assume that the voltage induced in each of these two coils is 50 
volts. Coils A and C will have a lower induced voltage, because 
they are not moving perpendicular to the lines of force; we shall 
assume that the voltage induced in each is 25 vólts. Likewise 
both coils D and F will also have an induced voltage equal to 25 
volts. 

Fig. 
i2 hevoltagl st L voltage Of the 

generator of Fig. 11 is 
developed. 

The total voltage between brush X and brush Y is the sum of 
the voltages induced in coils A, B, and C, or is 25 + 50 + 25, or 
100 volts. The sum of the voltages induced in coils D, E, and F 
is also 100 volts, but these coils are effectively in parallel 
with the first three coils as far as the external circuit is con- 
cerned, and they do not add to the total voltage. Perhaps this 
may be made somewhat clearer if each coil is represented by a bat- 
tery whose voltage is equal to the voltage induced in that partic- 
ular coil. Such acircuit is shown in Fig. 12. ifere there are six 
batteries connected in a series -parallel arrangement. Batteries 
A, B, and C in series are connected in parallel with batteries D, 
E, and F, which are also in series. The total voltage across the 
load resistor is equal to 100 volts, although any one battery supp- 
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lies only one-half of the total load current. 
The same is true of the generator shown in Fig. 11. There 

are two separate paths through the armature winding, and any one 
coil furnishes only one-half of the total current flowing to the 
brushes. Current flows out of the brush marked Y, through the ex- 
ternal circuit and back to the brush labeled X. From this brush, 
the current flows to segment 1 of the commutator to the junction 
of the coils F and A, at which point it divides; one-half of the 
total current flowing through coils A, B, and C to segment 4 of 
the commutator, and the other half through coils D, E, and F to 
segment 4. From segment 4 of the commutator, both currents com- 
bine and the total current leaving brush Y is the same as the cur- 
rent entering brush X. 

The generator of Fig. 11 has aring-wound armature. Post com- 
mercial machines, however, are of the drum -wound type. The dis- 
tinction between these two is shown by the diagram of Fig. 13. 

ore- 

Shaft-._ 

Inductors 

Ring-wound 
B. 

Drum-wound 

Fig. 13. Showing the difference between a ring- wound armature 
and a drum-wound armature. 

At A is the ring -wound type and at [3 is shown the drum -wound va- 
riety. The ring -wound armature is wound on a hollow, soft --iron 
cylinder. The cylinder is not solid but is built up of laminations. 
The turns of the coils are wound around this iron cylinder and 
there are conductors on the inside as well as the outside of the 
cylinder. There is, however, practically no magnetic flux on the 
inside of the cylinder, because the 'cylinder acts as a magnetic 
shield. Therefore, only one side of each turn or coil cuts through 
the lines of force, and those sides lying on the inside are inef- 
fective in producing a voltage. In the drum -wound armature, on 
the other hand, all of the conductors lie on the outside of the 
armature core, and are thus effective in producing a part of the 
brush voltage. The principle of operation of the two types is 
the same, but due to the advantage of the drum - wound type in re- 
quiring a smaller amount of copper'for the same generated voltage, 
and the fact that it is much easier to wind, has made this type 
of armature the more popular. and it is used almost entirely. 

4. tD 4UTATION. The principle of commutation has already 
been discussed briefly. In this section we shall inquire into 
the requirements for satisfactory commutation, and a later section 
will deal with the construction of commutators. For this explana- 
tion, we shall use the generator shown in Fig. 11, but the process 
will be clearer if we consider that the armature is cut open at the 
center of segment 1, and is laid out in a straight line. When this 
is done, the six coils and their commutator sections appear as shown 
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(A) 

A 

2 

Motion of Armature' 

B C D E F 

3 

(B) 

bun 

B ; 

at .A in Fig. 14. In the diagram of 
the generator, the brush Y is making 

contact with segment 4, and it is 

so shown in this second figure. 

At the instant shown the cur - 

rent in coils A, B, and C is flow- 

ing to the right toward. segment 4 
of the commutator, whereas that in 

coils D, E, and F is flowing to the 
o F left toward this segment. The coil 

to be commutated is coil C. The 

field poles are represented by dot- 
ted -line rectangles; thus a south 

pole lies behind coils A, B, and C, 

and a north pole behind coils D, E, 

and F. The direction of motion of 
the armature is from left to right. 

We have assumed that the width 

of the brush is equal to the width 
of one of the commutator sections; 
this may or may not be true. The 

brushes are ordinarily made of car- 
bon and the resistance of the con- 

' tact that a brush makes with a com- 
mutator segment depends entirely on 
the surface area of that brush that 
is in contact with the segment. At 

B, the armature has moved on until 

one -quarter of the brush is making 
contact with segment 3, and three - 

fourths of its area is making con- 
tact with segment 4. In this pos- 

' ition, all of the current from the 

I 
right side of the armature will flow 
directly into segment 4, whereas the 
current coming from the left side 

' of the armature will divide; one-half 

Fig. 14. Illustrating the flowing directly through segment 3 
process of commutation. to the brush, and the other half 

flowing through coil C and then through segment 4 to the brush. 
Thus, the current flowing through C is only half as much as that 

through the other coils. 
As the armature continues to rotate, it reaches the position 

shown at C. In this position, one-half of the brush makes contact 
with segment 3, and one-half with segment 4. Coil Cis effectively 
shorted out, since the contact resistance of the brush is consider- 

ably less than that of the coil, when the brush is making equal con- 
tact with both segments. Therefore, the current flow in coil C 
stops; all the current from the left side of the armature flows 
through segment 3 to the brush, whereas that from the right side 

flows through segment 4. 

The next position of the armature 
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this case, three-quarters of the brush makes contact with segment 

3 and one -quarter with segment 1. The current from the left of the 

armature flows into segment 3, and that from the right side divides, 

part flowing directly into segment 1, and part flowing through coil 

C to segment 3. Finally, the armature reaches the position shown 

at E. The brush has left segment 4 and is making full contact with 

segment 3. The current from coils F, A, and B flows from left to 

right into segment 3, and that from coils C, D, and E flows from 

right to left into this same segment. 

The important point to observe is that during the time that 

coil C is commutated, the current through it must completely re- 

verse its direction and must build up to a value in the opposite 

direction equal to the value it had before the coil was commutated. 

At A, the current thrcugh coil C ís from left to right and is of 

the same value as that in the rest of the coils; but at E, the cur- 

rent in coil C is from right to left and is also of the same value. 

Therefore, it is clear that the current in coil C must reverse di- 

rection very rapidly when the armature is rotating at high speed. 

Naturally, since there are two brushes, there are two coils being 

commutated at the same time. In this illustration, coil F was com- 

mutated at the same time as coil C, but the second brusa was left 

out of the drawing to simplify the explanation. 

To illustrate just how fast the current through the commutated 

coil must change, let us suppose that we have a machine rotating 

1300 r.p.m. This speed corresponds to 30 revolutions per second, 

or one revolution will require IF of a second. Now suppose that 

the armature has 90 coils, which will require 90 commutator seg- 

ments. If the width of the brush is equal to that of a commuta- 

tor segment, the time during which any coil is shorted out, is the 

time needed for the mica insulation between two segments to travel 

the width of the brush. Since there are also 90 pieces of mica 

insulation, the time required for one piece of mica to travel the 

width of the brush would be s. of the time of one revolution, or 

7 o:of a second. This is obviously a very short interval of time. 

If the current in the coil before it is commutated is 5 amperes, 

this current must fall to zero and rise to 5 amperes in the oppo- 

site direction during this small time. The current in the coil 

must change a total of 10 amperes in PAO of a second, or the rata 

of change of the current is 27,000 ampsres per second. Even though 

the coil may have very little self-inductance, it is apparent that 

a. fairly high induced voltage will accompany this rapid current 

change. 
As the current in the coil starts to decrease, an induced vol- 

tage is set up which is in such a direction as to tend to prevent 

the current from falling. This induced voltage is represented at 

B by the dotted arrows drawn alongside the commutated coil. This 

voltage persists even when the current in the coil has dropped to 

zero as is shown by the arrows at C. .Then as the current through 

the coil begins to build up in the opposite direction, this same 

induced voltage is present, since it now tends to prevent the rising 

of the current. Unless the current in the coil is able to rise to 

its final value by the time that the brush has left the segment 
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which it is moving away from, severe sparking between the trailing 
edge of the brush and the commutator segment will occur. This 
sparking quickly causes the commutator segments to become badly 
pitted, and produces uneven wearing away of both the commutator and 
brushes. 

The appearance of a badly pitted commutator caused by excessive 
sparking is illustrated in Fig. 15. I.t is evident that there should 
be no voltage across a coil when it is being commutated, because it 
is this voltage which causes the sparking. If the coil had no self - 

Bad Sparking 
Has Occured 

Here - 

Fig. 15. Showing the 
effect of severe spark- 
ing. 

inductance, this condition could be satisfied by commutating the 
coil at the time that it was not cutting any lines of force. Some- 
times, the inductance of the armature coils is low enough that the 
induced voltage may be neglected, and in this case, the brushes are 
set on the so-called neutral plane so that the coils will be commu- 
tated when they are not cutting flux. This neutral plane is illus- 
trated in Fig. 11. 

Often, the induced voltage in the commutated coil is great 
enough that it cannot be neglected. In such a case, the only solu- 
tion is to induce a voltage into the coil equal and opposite to that 
produced by the self - inductance of the coil. The net voltage in 

Rotation 

Fig. 16. Shifting the 
position of the brushes 
in the direct ion to reduce 
sparking. 

the coil will then be zero, and sparking will not take place. Notice 
from Fig. 14 that the induced voltage of coil C, which is is being 
commutated, is opposite in direction to the voltage that is present 
in coils D, E, and F. Therefore, if the brushes are so placed 
that the coil is cutting a small amount of the flux in the same di- 
rection as the coils D, E, and F, it is evident that the voltage 
induced in coil C, due to the fact that it is cutting flux, may be 
made equal to the self-induced voltage of this coil, and there will 
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be no net voltage in the coil to cause sparking. 
This condition is satisfied by advancing the position of the 

brushes in the. direction of rotation until the sparking is minimum. 

This condition is illustrated in Fig. 16. The angle through which 

the brushes are shifted is not constant but depends on the load 

placed on the generator. For example, suppose that the load on the 

generator is increased until the current in each coil is 10 amperes 

instead of 5 amperes. With the increased load, the current through 

the commutated coil must change a total of 20 amperes during the 

commutation process and in the same length of time. Since the amount 

of current change is twice as great, it is evident that the self- 

induced voltage will also double its value. To neutralize the ef- 
fect of this self-induced voltage, the coil must be cutting more 

flux during commutation, and the brushes will have to be shifted 

further in the direction of rotation for this to be accomplished. 
We shall learn that this is not the only reason that shifting 

of the brushes is necessary for sparkless commutation. In fact, 

the major reason for the brush shift is due to another factor which 

we shall now consider in detail. 

5. ARMATURE REACTION. When the armature of a generator is 

carrying current, it produces a magnetic field which alters both 
the distribution and the magnitude of the field which would be pro- 
duced by the field poles themselves. This action of the armature 
in creating this change in the main field is called the "armature 

reaction". 

Fig. 17. ,The distribu- 
tionof the magnetic field 
when the armature is not 
carrying current. 

e O O O O 

The effect of the armature reaction is two -fold. It causes a 

distortion in the distribution of the lines of force, and may also 

cause an actual weakening of this field. Fig. 17 shows the undis- 
torted field produced by the field poles when the armature is not 

carrying current. This field is of practically uniform intensity, 
and extends in nearly straight lines from left to right. It should 
be noticed that the air gap between the pole shoes and the armature 
is purposely small so that the field strength will be as large as 

possible. The armature shown in this diagram is of the drum -wound 

type. 

When current is drawn from the armature, a field is created 

around the armature winding as shown in Fig. 18. In this figure, 

the lines of force of the main field have been omitted to simplify 
the diagram. Notice that this field, due to the armature current, 
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is at right angles to the main field. 
When the armature is rotating and delivering current, both of 

these magnetomotive forces exist simultaneously with the result that 
the resultant field will be similar to that shown in Fig. 19. It 
is seen that the armature reaction causes the field to be rotated 
in the direction of rotation. The field around the upper tip of 
the north pole is strengthened, whereas, that around the upper tip 

N 
Fig. 18. The field due 

to the armature current. 

of the south pole is correspondingly weakened. Furthermore, the 
neutral plane is no longer perpendicular to the field poles, but 
is also shifted in the direction of the rotation. 

If the brushes are placed on the neutral plane of the field 
when the armature is not carrying current, it is evident that spark- 
ing will occur when the machine is loaded. Perhaps this will be 
made clearer by again referring to Fig. 19. If the brushes are 

Fig. 19. The field día- 
tribut ion due to theCom- 
bined effect of the field 
flux and the armature flux. 

placed on the line AB, and the coils are commutated as they pass 
this line, they will still be cutting flux at this time. Also, 
the voltage induced in a coil as it passes this point is in the same 
direction as the self - induced voltage of the coil; therefore, in- 
stead of neutralizing the self-induced voltage and producing no 
net voltage in the coil at the time it is commutated, the voltage 
produced by the flux aids the self-induced voltage and causes the 
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sparking to be very severe. 
This can be remedied by advancing the brushes until they again 

lie on the neutral plane, which has now been shifted in the direc- 
tion of the rotation to xy. Of course, if the coils have much self 
inductance, the brushes should be advanced beyond this new neutral 
plane to A'B' so that they will be cutting some flux in the right 
direction to neutralize the self-induced voltage. This, then, is 
the principal reason of shifting the brushes forward, in the di- 
rection of rotation, in a direct current generator. The armature 
reaction twists the field, and to avoid sparking, the brushes must 
be moved to a different position to correspond with the new direc- 
tion of the field. 

Fig. 20. Illustrating 
the effect on the armature 
current distribution caus- 
ed by shifting the brushes. 

Shifting the brushes forward produces a change in the current 
distribution of the armature. This is illustrated in Fig. 20. In 
Fig. 19, where the brushes were on the line AB, conductors 1 and 2 
were carrying current away from the reader, whereas they are now 
carrying current toward the reader. Likewise, conductors 10 and 
11, which were carrying current toward the reader, are now carry- 
ing current away from the reader. 

We may now consider the armature conductors in two groups. 
Considering the conductors 17 and 11 as one turn, conductors 18 and 
10 as another turn, etc., we find that the conductors lying in the 
angle COA' combined with those in the angle B'OD, make np a set of 
turns whose magnetomotive force is directly opposed to that of the 
main field, with the result that the main field is weakened. The 
turns included in this angle, which is twice the angle through which 
the brushes have been shifted, are called the "demagnetizing turns". 
or the "back -ampere turns". On the other hand, those conductors 
lying in the angle A'OD combined with those in angle COB', consti- 
tute a set of turns whose magnetomotive force is at right angles to 
the main field, and these turns are called the "cross -magnetizing" 
turns. 

All of these steps follow in logical order. First, the field 
due to the armature causes a twisting of the main field; second, the 
brushes are shifted forward to prevent sparking; third, the current 
distribution of the armature is changed, with the result that the 
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demagnetizing turns weaken the main field. It should be evident that 
shifting the brushes in the direction opposite to that of the rota- 
tion would cause the current in the demagnetizing turns to reverse, 
and the magnetomotive force of these turns would then assist or 
strengthen the main field. This, however, would cause such alarge 
amount of sparking that the commutator would soon be ruined. 

6. COMMUTATING: POLES. The necessity of shifting the brushes 
forward has been covered at great length in the preceding sections, 
Furthermore, it should be apparent that the amount of brush shift 
will depend directly upon how much the generator is loaded or how 
much current is being drawn from the armature. The greater the 
load on the machine, the more the main field will be twisted due 
to armature reaction and the larger the angle through which the 
brushes must be shifted. If the load on the generator is of a 
variable nature, a constant changing of the brush positions will be 
necessary. 

Fig. 21. The field dis- 
tribution of atwo-pole gen- 
erator employing commutating 
poles. 

To obviate this difficulty, most modern machines use commutar- 
ting poles. These are small poles placed midway between the main 
field poles, and are excited by windings which are in series with 
the armature. The resultant field pattern of a generator using 
commutating poles is shown in Fig. 21. These small poles are some- 
times called "interpoles", and there are as many of them used as 
there are main field poles. They must produce enough flux to neu- 
tralize the cross magnetization around the commutated coil, and also 
induce sufficient voltage into the coil to counter balance the ef- 
fect of the self-induced voltage. If they are properly designed, 
the cbil can be commutated when it is on the normal neutral plane, 
and practically no sparking will occur. 

To determine the correct polarity of the commutating pole, it 
should be remembered that to produce sparkless commutation, it .is 
necessary to advance the brushes forward so that the coil being 
commutated is in the pole fringe of the next succeeding main pole; 
therefore, the commutating pole should have the same polarity as 
the next pole under which the coil will pass. Since the windings 
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of these poles are in series with the armature, their field will be 

stronger as the generator is more heavily loaded, and the E.M.F. 

induced into the short-circuited coil becomes larger. This is nec- 

essary because a heavier load magnifies the twisting of the main 

field and a larger voltage is necessary (from the commutating pole) 
to neutralize the voltage produced as the coil cuts the main flux. 

Thus, throughout a limited range, the tendency of a varying load 

to produce sparking at the commutator is cancelled, and shifting of 

the brushes is unnecessary. It should, of course, be realized that 

the automatic compensation provided by the commutating poles is 

limited, and if the generator is either underloaded or overloaded, 

sparking will take place. 

7. CLASSIFICATION OF DC GENERATORS. DC generators may be 

classified by any one of several different methods. They may be 

classified according to the number of poles they"have, according 

to whether the field is separately excited or self-excited, or ac- 

cording to the way in which the field is connected. 

Fig. 22. A four-pole gen- 
erator fitted with Commutat- 
ing poles. 

Main Field 
Poles 

Conmutating 
Po Bes 

All of the generators which we have been discussing are bipolar; 
that is, they have just two main field poles. Ordinarily, however, 

a DC generator will have more than two and may have four, six, eight, 

or as high as twenty-four field poles. They must, of course, have 

an even number of poles and the poles are so arranged around the 
armature that they alternate in polarity. The field structure 
of a four -pole generator fitted with interpoles is shown in Fig. 22. 

For a given size of machine, the greater the number of field 

poles, the higher the output voltage will be with a given speed of 

revolution. Therefore, the choice of the number of field poles 
will depend upon the source of mechanical power which is to drive 

the generator. When a generator is driven by a reciprocating steam 
engine, it has a large number of field poles because the speed of 

such an engine is comparatively slow. On the other hand, genera- 

tors to be driven by steam turbines, which travel at high speed, 

will have only a small number of poles, perhaps 4, or 6. Nearly 

all small generators of less than 5 horsepower capacity are bi- 

polar. 
If the field coils of a generator are excited by batteries or 

from some external source, the generator is said to be separately 
excited. Separately excited generators find but little application 
and are mainly used for electroplating. 

The field coils of all commercial machines are self-excited; 

that is, the current for the field winding is derived from the vol - 
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tage produced by the generator. Perhaps it is not clear how the 
voltage produced by the generator may be used to supply the field, 
since the field must be present before this voltage can be produced. 
There is, however, some residual magnetism present in the field 
structure of any generator that is in constant use, and this initial 
field causes a small voltage to be produced in the armature which 
further excites the field and causes a larger armature voltage. 
Thus, it is evident that the field builds up as the rotation of the 
armature is begun, and this building up process continues until the 
generator is producing its normal voltage output. Sometimes, when 
machines are shipped from one place to another, the consequent jar- 
ring destroys the residual magnetism, and in order to cause the 
generator to build up, the field must be excited from an external 
DC source until the machine, after running for a few minutes, has 
replaced the residual magnetism. 

There are three separate methods of connecting the field wind- 
ing with respect to the armature winding. Machines using these 
three methods are called series, shunt, and compound generators. 
Each type of connection causes the machine to have a different op- 
erating characteristic; therefore, each type of generator will now 
be considered separately. 

8. THE SERIES -WOUND DC GENERATOR. In the series -wound gen- 
erator, the field winding is connected in series with the armature. 
The field winding consists of relatively few turns of heavy wire. 
It is necessary that large wire be used, because all of the cur- 

Armat ure 

Fig. 23. Showing the con- 
nection of a series generat- 
or. 

rent drawn from the generator must pass through the field coils. 
Since the current through the field winding is ordinarily rather 
large, it is not necessary to wind many turns on the field coil to 
obtain the desired field strength. Fig. 23 illustrates a series 
generator; the armature, load resistor, and the two field coils 
are all connected in series. 

To understand the operating characteristic of any type of gen- 
erator, its external characteristic must be plotted. If the load 
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on a generator, running at constant speed, is increased, the term- 

inal voltage, or voltage available for the external circuit decreas- 

es due to the increased voltage drop in the resistance of the arm- 

ature windings and to the greater armature reaction. The curve 

which relates the terminal voltage to the generator's load is call- 

ed the "external characteristic" of the generator. Such a curve 

for a typical series generator is shown in Fig. 24. 

Fig. 24. External char- 
acteristic curve of a ser- 
ies generator. 
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When there is no load on the generator, it is not delivering 
any current, no current flows through the field, and the output 
voltage is limited to that which can be produced by the residual 
magnetism of the field. As the load on the generator increases, 
more current is drawn from the armature, and since this current 
must flow through the field windings, the strength of the field 

increases and causes a larger output voltage to be produced. Thus, 

increasing the load on a series generator, increases the terminal 
voltage of the generator. This building up of the output voltage 
with increased loads cannot continue indefinitely, because the field 
cores finally become saturated, and a further increase in the load 
is no longer able to increase the field strength. when this point 
is reached, a further increase in the load will cause a decrease 
in the output voltage, due to the greater losses in the armature. 

The machine is so designed that the maximum load which may be 
safely drawn from the armature is nearly sufficient to cause satur- 
ation of the field. 

Let us now inspect the external characteristic curve of the 

series generator which is shown in Fig. 24. It is noticed that there 
are three curves on this graph. The solid line curve is the actual 

characteristic of the generator and it shows what the terminal vol- 

tage will be for different values of load current. The curve OA 
is the curve which would be produced, if there were no losses in 
the generator due to resistance and armature reaction. Point D re- 
presents the full load current, and the distance CD is the actual 
output voltage at this value of load. If there were no losses in 
the generator, the full load voltage would be equal to the distance 
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AD. Thus, the distance AC is the total voltage drop within the 

machine at full load due to all causes. If there were no resistance 

losses in either the armature or the field, the only loss would be 

that caused by armature reaction, and the curve OB would represent 

the characteristic of the machine. In this case, the distance BD 

would represent the output voltage at full load. Thus, the distance 

AB represents the voltage loss due to armature reaction, and the 

distance BC that due to resistance losses. 

Notice that the characteristic curve is linear for a part of 

its length, but begins to flatten out as larger load currents are 

drawn from the generator. If the load were increased beyond the 

full load value (assuming that the generator does not overheat and 

is able to withstand a small overload), the output voltage would 

soon begin to drop due to the increased losses within the machine. 

The wide change in output voltage which would occur with vary- 

ing loads has prevented the series generator from obtaining much 

popularity. In fact, its present-day applications are limited to 

its use as a"series booster"., whereby it is used to raise the vol- 

tage on long power lines which have suffered a voltage drop due to 

the resistance of the lines. 

(B) 

Tapped Field 

Output 

Fig. 25. Methods of controlling the output voltage of a series 
generator. 

If it is desired to vary the output voltage while maintaining 

the load current constant, either of the two methods shown in Fig. 

25 may be employed. In the first case, a rheostat is connected in 

parallel with the series field, and by changing the position of 

the rheostat, the amount of current flowing through the field and 

the field excitation may be changed. The second method uses a 

variable field winding, any part of which may be connected in the 

circuit by changing the position of atapped switch. If either the 

amount of current flowing through the field or the number of turns 

in use is reduced, the output voltage will fall. 

9. THE SHUNT-WOUND GENERATOR. In the shunt-wound generator, 

the field winding is connected in. shunt. or in parallel with the 

armature. 'i'z-he field is connected directly across the output ter- 

minals of the machine, and thus it draws a part of the load current. 

The current drawn by the field should be small so that the field 

24 



J 

itself will not place much load on the machine. In order that the 
proper field strength may be obtained, the field must be wound 
with many turns of wire which may be of a small size, since the 
current in the field will not be large. Fig. 26 shows a shunt gen- 
erator supplying a load. 

Fig. 26. Connections of 
a shunt generator. 

When there is no load placed on the generator, the current 
flowing through the armature is limited to that required to supply 
the field winding, and the losses due to resistance and armature 
reaction are low. Consequently, the terminal voltage is high. 

Fig. 27. External char- 
acteristic of a shunt gen- 
erator. 

Load Current 

When a small load is connected to the generator, the armature cur- 
rent increases, and a larger voltage drop occurs within the arma- 
ture. This causes the terminal voltage to decrease, and since the 
voltage across the field is equal to the terminal voltage, it is 
evident that the field excitation is also decreased, which further 
reduces the terminal voltage. 

The external characteristic of a shunt-wound generator is il- 
í lustrated in Fig. 27. The solid line curve OC is the actual varia- 

tion of the terminal voltage for various loads up to the maximum. 
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The characteristic of a shunt-wound generator is such that a much 
more constant voltage is obtained with varying loads than is the 
case of a series generator. The horizontal line OA is the char- 
acteristic which would be produced, if the machine had no losses, 
whereas the curve OB is the characteristic, assuming that the arma- 
ture windings have no resistance. Thus, it is clear that the dis- 
tance AC represents the total voltage loss at full load, BC the 
voltage loss due to armature resistance, and AB the voltage loss 
due to armature reaction, and to the fact the field current is de- 
creased as the terminal voltage is reduced. 

The output voltage of a shunt generator may be varied by con- 
necting a rheostat in series with the field winding and changing 
the position of the rheostat. As more resistance is cut out, the 
field current increases, and the terminal voltage is raised. Of 
course, the rheostat cannot raise the voltage at full load, but it 
can reduce the voltage at lighter loads and thus tend to keep the 
output voltage constant with varying loads. Such an arrangement 
for controlling output voltage is shown in Fig. 23. 

d 

Sir 
External 
Circuit 

Fig. 28. Method of con- 
trolling the output voltage 
of a shunt generator. 

The shunt-wound generator has a much more uniform character- 
istic than the series generator, and it is used almost entirely in 
radio installations, where the load does not vary through wide 
limits. In commercial installations requiring a generator to de- 
liver varying amounts of power, the compound -wound generator is 
ordinarily employed. 

10. THE COMPOUND -WOUND GENERATOR. The disadvantage of the 
shunt generator is that its terminal voltage falls with increased 
loads. This fall in voltage is due to three causes: the resis- 
tance drop in the armature; the armature reaction, and the decreased 
field current. If there were some way to cause the field current 
to increase enough to produce sufficient additional field strength 
to compensate for the resistance and armature reaction losses, the 
external characteristic of the generator would be a horizontal line 
and the voltage regulation would be zero. A voltage regulation of 
zero means that the full load voltage is equal to the no-load vol- 
tage. The voltage regulation of a generator is exactly the same 
as the voltage regulation of a power supply rectifier circuit, and 
the same formula is used. The smaller the per cent of voltage 
regulation, the more nearly constant the output voltage will be 
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with changing loads. 
It is possible, to construct a generator in which the output 

voltage is essentially constant at any load up to the maximum al- 
lowable. Such a machine is called a compound -wound generator, and 

Fig. 29. External Char- acteristic of a compound gen- erator. 
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its field consists of two separate windings. Actually, it is a 

shunt-wound generator which has a few extra turns of heavy wire 
on its field poles which are connected in series with the armature. 
Such a machine will have the characteristics of both a series and 
a shunt-wound generator. The shunt field provides the correct 
amount of no-load field flux, whereas the series field, which car- 
ries the same current as the external circuit, increases the flux 
by a predetermined amount. 

Arrrature 

Fig. 30. Connections 
of a compound generator. 

Series 
finding 

Shunt 
Winding 

If the series field increases the field flux more than enough 
to compensate for the losses of the generator, the terminal vol- 
tage will rise slightly with an increase in the load, and the machine 
is said to be over -compounded. If the series field provides just 
enough flux to make the terminal voltage at full load equal to the 
no-load voltage, the generator is flat -compounded. Finally, if the 
increase in flux produced by the series field is not sufficient to 
overcome the losses of the machine, it is said to be under -compounded. 
The external characteristic ofa flat -compounded generator is shown 
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in Fig. 29. Fig. 30 illustrates a compound generator furnishing 

current to a load. 
Many commercial DC generators are of the compound type, and 

nearly all of them are over -compounded slightly. Usually the actual 

load of a generator is located some distance away from the machine 

itself, and there is some voltage loss in the connecting wires. By 

Fig. 31. Showing the con- 
struction of the field of a 

four-pole generator. 

over -compounding the generator, the full -load terminal voltage will 
be somewhat greater than the no-load voltage, but the voltage across 
the load itself is practically constant due to the increased resis- 
tance loss in the connecting wires at full load. 

The output of a compound -wound generator may be varied by a 
rheostat in series with the shunt field, or a rheostat in parallel 
with the series field; the former method, however, is nearly always 
used. 

11. DETAILS OF CONSTRUCTION. (A) The Field. The field of 
a four -pole DC generator is shown in Fig. 31. The cylindrical frame 

Wood Spa- 
cing Block 

Shunt 
Winding 

'Copper Bar 
Series Winding 

Fig. 32. The construc- 
tion of a field coil. 

is called the yoke and is made of cast iron. The field cores, as 
well as the pole shoes are built up of soft iron laminations. This 
is necessary to reduce eddy -current losses,l since the interaction 
of the main field and the field around the armature induces voltages 
in the field cores, which tend to overheat the machine. By using 
laminated cores, the effective lengths of the eddy -current paths 
are reduced and the heating is minimized. 

1 Refer to Section 7, Lesson 24, Unit 1. 
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Ventilating 
-Ducts 

A 

Fig. 33. (A) An armaturecore lamination. (B) An assembled arm- ature. 

The field coils are wound with insulated copper wire or copper 
strap. Fig. 32 illustrates a field coil having a shunt and series 
winding. Often air spaces are left between layers or turns to faci- 
litate ventilation. 

(B) The Armature. The core of the armature should be of 
such a material that it will decrease the reluctance of the mag- 
netic circuit. Also, since it will have voltages induced in it, it 
should not be solid, but should be built np of laminations. The 
laminations are composed of soft iron. At A in Fig. 33 is illus- 
trated an armature core lamination. It is provided with slots into 
which the conductors are placed. There is less danger of the arma- 
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Fig. 3u. (A) A form -wound 
.armature coil. (B) A part- 
ly wound armature. 
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ture winding being torn apart by centrifugal force when the conduc- 
tors are placed in slots instead of being wound on the surface of 
the core. At Bin this figure is shown an assembled armature. Not- 
ice that ventilating ducts are provided. 

Most armatures are wound with "form -wound" coils. Since all 
of the coils of a particular armature are of a given size and shape, 
they may be wound ona form by automatic machinery, and then placed 
in the slots of the armature core. Fig. 34 at A shows a form -wound 
armature coil, and a partly wound armature is illustrated at B in 
this figure. 

Slot for Connect- 
ing Conductors 

Neck 

Fig. 35. A commutator 
segment. 

(C) The Commutator. The commutator is the weakest component 
of any DC generator both electrically and mechanically. The commu- 
tator segments are composed of L-shaped copper bars; which, when 
placed together, form a hollow cylinder. One of these bars is shown 
in Fig. 35. The bars are insulated from each other and from the 
frame on which they are mounted by strips of mica. The mica must 
be of a good grade and should have the same wearing qualities as 
the copper; otherwise, the brushes will wear down the copper faster 
than they do the mica, and cause the mica insulation to project 
above the copper, with the result that excessive sparking occurs. 
To prevent this from happening, it is common practice to cut away 
the mica about sá inch below the surface of the copper. An under- 
cut commutator of this type is illustrated in Fig. 36. 

Fig. 36. An undercut 
commutator. 

Care must be taken in the design of the machine that the vol- 
tage between any two adjacent commutator bars is not excessive. 
The mica insulation between the bars is sufficient to withstand 
several thousand volts, but a leakage path is liable to be formed 
over the surface of the mica. If oil gets on the commutator, the 
sparking of the brushes may carbonize it and form a layer of carbon 
over the surface of the mica. 
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Fig. 37 shows a sectional view of a commutator. The copper 
bars are held in place by a cast-iron spider. Pieces of mica in- 
sulate the bars from the spider. After the commutator has been 
assembled, it is placed in a lathe and turned until it is perfectly 
cylindrical. 

Fig. 37. A sectional 
view of a commutator. 
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(D) The Brushes. The brushes are the devices that make 
contact with the commutator segments and carry the current to the 
external circuit. They are generally made of carbon blccks, but 
may be made of copper leaves or copper gauze. All machines gen- 
erating over 100 volts use carbon brushes. The copper brushes are 
more flexible, and if they pass over a rough spot on the commute, - 
tor, only a part of the contact surface will be lifted from the 
segment. They cannot, however, be used with high-voltage machines 
without causing excessive sparking. On the other hand, the carbon 
brush is not flexible at all, and if it strikes a rough spot, the 
whole contact surface will be lifted from the commutator. To mini- 
mize trouble due to this source, very large machines employ several 

Fig. 38. A brush holder. 

small carbon brushes connected in parallel, and each brush capable 
of separate movement. As one of the small brushes is lifted from 
the commutator, no open circuit results, because the other small 
brushes are still making contact. 

With continued use, the brushes wear away, and some means must 
be provided to feed the brush continually toward the commutator 
The contact resistance between the brushes and the commutator de - 
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pends somewhat on the pressure, and it is desirable to maintain this 

pressure constant. Therefore, the brushes are mounted in a brush 

holder in such a manner that a tensed spring provides the proper 

pressure at all times. An illustration of a brush holder appears 

in Fig. 33. 

12. THE DIRECT - CURRENT MOTOR. Fundamentally, the DC motor 

is no different from the DC generator. In one case, the armature 
is rotated through a magnetic field, and current is taken from the 

brushes; whereas, in the other case, current is fed to the armature 

through the brushes, and the armature rotates through the magnetic 

field. 
The motor is able to convert electrical energy into mechanical 

energy. In order to produce rotation of the armature when current 

is supplied to the motor, a twisting or rotating force must be 

created. This twisting force results from the interaction of the 
field flux and the armature flux. It will be remembered that the 

resultant fieldcomposed of these two separate fields produces a 
force on the armature conductors in such a direction as to tend to 
oppose the mechanical motion given to the armature, and that this 

is the reason that mechanical energy is required to rotate the 
armature.in order to produce electrical energy in the DC generator. 
The same action takes place in the motor, except that the current 
in the armature is supplied from an external source, and instead 
of rotating the armature by mechanical force, the magnetic force 
which is produced is allowed to create the rotation. 

Fig. 39. Showing how 
the torque of a motor is 
produced. 

This twisting or rotating magnetic force is known as the 
"torque". of the motor. By definition, a torque is any force which 
tends to cause the rotation of a body about an axis. By referring 
to Fig. 39, we can see how this torque is produced. This illus- 

tration shows a distorted field and the ends of two armature con - 
doctors. It is assumed that the current in the left hand conduc- 
tor is moving toward the reader and that in the right conductor 
away from the reader. With the direction of current flow in each 

conductor assumed, it is evident that the field will be distorted 
as shown. Since a conductor always tends tó move from the stronger 
to the weaker part of the field, it is clear that the left conduc- 
tor will be forced downward and the right conductor upward. This, 
then, tends to cause a rotation -of the armature in a counter-clock 
wise direction. 

There is a rule for determining what direction the armature of 

a motor will rotate when the direction of the main field and that 

of the current flowing in a conductor are known. This rule is very 

similar to the one used to find the direction of an induced voltage 
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in an armature conductor of a generator. To use this rule, the 
thumb, forefinger, and middle finger of the right hand are extended 
at right angles to each other.1 The forefinger is extended in the 
direction of the field flux, and the middle finger in the direction 

Motion 

Fig. 40. The right hand rule for motors. 

of the current in the armature conductor; the tnumb will then point 
in the direction of rotation. An application of this rule is illus- 
trated in Fig. 40. 

When the ends of the two sides of the loop of wire are in the 
position shown in Fig. 39, the torque is a maximum; the force on 
the left conductor and that on the right conductor are in such di- 
rections that they add together in tending to cause rotation. How - 

Fig. 41. Illustrating 
that there is no torque 
produced when the loop 
is in this position. 

ever, when the loop is in the position shown in Fig. 41, the force 
on the top conductor is straight upward and that on the bottom con- 
ductor is straight downward. Since these two forces lie in the 
same straight line, they cancel each other and there is no net force 
to cause rotation. Thus, the torque on the armature in this posi- 
tion is zero. After a conductor reaches the topmost part of its 
rotation, the current through it must be reversed so that the di- 
rection of the magnetic force exerted on that conductor will change. 
For example, the force on the left conductor shown in Fig. 39 will 
always be downward as long as the current flows through it in the 
direction shown. However, when this conductor reaches its lowest 

1 It must be remembered that the left hand rule for generator and the right hand 
rule for motors are based on the newer idea of current flow from negative to positive. 
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position, the magnetic force must change.so that the conductor will 

be urged upward and the same direction of rotation will be main- 

tained. Likewise, the force on the right conductor, which in Fig. 

39 is upward, must be reversed and this conductor must be urged 

downward after it has reached its topmost position. Therefore, 

the currents flowing through the two conductors should be reversed 

at the instant that their plane reaches a vertical position. 

This reversing of the current through the armature conductors 

is accomplished by a commutator. Since there are many conductors 

spaced around the armature, the total torque is practically constant, 

because there will always be a pair of conductors so placed that 

their torque is maximum. Nearly all DC motors employ commutating 

poles so that sparkless commutation may be accomplished. In case 

commutating poles are not used, it is necessary to shift the posi- 

tion of the brushes to prevent sparking. Armature reaction occurs 

in a motor, as well as in a generator, and it produces a twisting 

of the main field. however, in the case of a motor, the field is 

twisted in the direction opposite to that of the rotation of the 

armature, with the result that the brushes must be shifted backward 

or against the direction of rotation to produce sparkless commuta- 

tion. Likewise the commutating pole of a motor must be of the 

same polarity as the field pole under which the coil hasjust passed. 

13. THE COUNTER E.M.F. OF A MOTOR. It has been stated that 

a generator creates a torque which opposes the mechanical energy 

applied to the generator. This action is sometimes called "the 

motor effect" of a generator. Likewise, a motor produces an action 

known as the "generator effect" of a motor. The armature conductors 

of a motor cut through the flux of the field poles, and voltages 

are induced in these conductors. By using the left hand rule, it 

may be proved that the direction of the induced voltages is opposite 

to that in which the current flows through the conductors. Thus, 

these induced voltages oppose the external electromotive force which 

is supplying current to the motor, and cause the current which flows 

through the armature winding to be less than it otherwise would be. 

The sum total of all these induced voltages is known as the "counter 

electromotive force" of a motor and is abbreviated to C.E.M.F. Some- 

times this is cal.lad the back E.M.F. of the motor. 

When there is no mechanical load on the motor, the C.E.M.F. is 

practically equal to the impressed E.M.F., and very little current 

flows through the armature. In this case, the torque is low, but 

the speed of the motor is normal because there is no load to drive. 

Placing a load on the motor tends to reduce its speed, which causes 

the C.E.M.F. to decrease. This, in turn, allows more current to 

flow through the armature, and the torque increases enough so that 

the actual decrease in the speed of the motor, when the load is 

applied is small. 
In some applications, it is desirable to have amotor maintain 

as nearly constant speed as possible even with varying loads. The 

ability of a motor to accomplish this is known as its speed regu- 

lation. The difference between the speed at full load and the speed 

at no load is the regulation, but it is ordinarily expressed as a 
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per cent of the no-load speed. Therefore, the formula for finding 
the speed regulation is: 

Speed regulation = Full -load speed - No-load speed x 100 
No-load speed 

The speed of a motor at any load is such that the sum of the 
C.E.M.F. and the armature resistance loss is equal to the impressed 
E.M.F. At first thought, it might appear that the C.E.M.F. is de- 
trimental, however, this is not true. The C.E.M.F. prevents the 
motor from drawing a large current when the load is small, and 
automatically allows the armature current to increase with an in- 
creased load. The actual resistance of an armature winding is 
usually less than 1 ohm. Suppose that a motor under full load 
draws an armature current of 50 amperes and that the impressed vol- 
tage is 500 volts. If the armature resistance is exactly 1 ohm, 
the resistance loss is: 

E _, 1 x 50 =, 50 volts 

Therefore, the remainder of the impressed voltage must be balanced 
by the C.E.M.F., which in this case would be 450 volts. This 
C.E.M.F. will be developed only when the armature is in motion. 
If the full 500 volts. are applied to the motor to start it, the 
armature current will be excessive. The current that would flow 
would be limited only by the resistance of the armature, and would 
be: 

= 500 amperes 

Thus, the initial current that would flow would be ten times as 
large as the full load current and would probably ruin the motor. 

In all but the smallest of motors, a starting resistance is 
used. To start the motor, all of this resistance is connected in 
series with the armature and the current through the armature is 
limited to a safe value. As the motor gains speed, this starting 
resistance is cut out, and when the motor has reached its operating 
speed, the resistance is disconnected entirely. As long as the 
armature is rotating at normal speed, the impressed voltage of 
500 volts cannot cause an excessive current, because the C.E.M.F. 
bucks against the impressed voltage, and the net voltage across the 
armature is just enough to produce the proper current. 

14. THE SHUNT MOTOR. DC motors are divided into three classes 
according to the way in which their field winding is connected with 
respect to the armature. These three types are the shunt motor, 
the series motor, and the compound motor. Of all three types, the 
shunt motor has the best speed regulation, and so it will be con- 
sidered first. 
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A schematic diagram of a shunt motor is shown in Fig. 42. The 
field winding is composed of many turns of fine wire, and its re- 
sistance is such as to limit the field current to the proper value 
when the motor is connected to the supply line of the voltage for 
which it was designed. Assuming that the supply line has good 
voltage regulation, it is evident that the current flowing through 
the field winding and the strength of the field flux will be prac- 
tically constant whether the motor is running at no-load or full - 
load. 

Fig. 42. Schematic dia- 
gram of a shunt motor. 

The shunt motor has a very definite no-load speed which is 
determined by the strength of the field flux, the number of poles, 
the number of armature conductors, and the resistance of the arma- 
ture winding. At no-load, the C.E.M.F. of a well -designed shunt 
motor is about 1% less than the impressed E.M.F. Thus, the net 
voltage across the armature is very small, and the armature current 
is exceptionally low. An increase in the load causes the speed to 
decrease momentarily, which reduces the C.E.M.F., and allows more 
current to flow through the armature, thereby producing more torque. 
When a state of equilibrium has again been established, it is found 
that the actual decrease in the motor's speed is very small. In 
fact, the full -load speed will be approximately 5% less than the 
no-load speed. 

Often it is desirable to vary the speed at which a shunt motor 
will operate with a given load. The speed of a shunt motor at any 
load is equal to that speed at which the sum of the C.E.M.F. and 
the armature voltage drop is equal to the impressed E.M.F. If re- 
sistance is inserted in the armature circuit by an external rheo- 
stat, the total armature voltage drop will increase, and in order 
for the sum of the armature voltage drop and the C.E.M.F. to still 
equal the applied voltage, it is evident that the C.E.M.F. must 
decrease. The value of the C.E.M.F. depends on the strength of 
the field flux, and upon the speed of rotation.. Since the field 
flux remains constant, the only way that the C.E.M.F. may decrease 
is for the speed of the motor to be reduced. Thus, increasing 
the resistance of the armature circuit reduces the speed of the 
motor, and lowering the resistance of the armature circuit increases 
the speed of the motor. 

Let us now consider a 110 volt shunt motor whose full -load 
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current is 40 amperes and whose armature resistance is .2 ohm. At 
full -load the armature voltage drop would be 40 x .2, or 8 volts, 

and the C.E.M.F, would be 110-8, or 102 volts. At no-load, the 
armature current of this motor would be not less than 2 amperes, 
and the armature voltage drop would be 2 x .2, or .4 volt, making 
the C.E.M.F. equal to 110'- ,4, or 109.6 volts. The C.E.M.F. of 
the motor changes only 7.6 volts as the armature current varies 
from 2 to 40 amperes; therefore, it is evident that a small change 
in the C.E.M.F. will produce a large change in the armature cur- 
rent. 

Suppose that the motor discussed in the preceding paragraph 
is running at some load between the no-load and the full -load val- 
ues. What will happen if a resistance is inserted in series with 
the field winding? Will the speed of the motor increase or de- 
crease? Superficially, it would seem that the speed would decrease, 
but let us determine what actually takes place. Inserting resis- 
tance in the field circuit causes the field current to decrease 
with a consequent reduction in the field flux. As soon as the 
field flux is weakened, the C.E.M.F. decreases and the armature 
current increases in accordance. With a larger armature current, 
a greater torque is produced, but since the load on the motor has 
not changed, the effect of this greater torque is to increase the 
speed of the motor. The final speed of the motor after this weaken- 
ing of the field will be such that the sum of the armature voltage 
drop and the C.E.M.F. equals the impressed E.M.F. It has been shown 
that even a large increase in the armature current does not produce 
a very large amount of armature voltage drop, and so it is apparent 
that the C.E.M.F. of the motor is decreased only slightly. Although 
the C.E.M.F. decreases only slightly, the reduction of the field 
strength may have been considerable; therefore, it is necessary that 
the armature rotate at a greater speed to produce nearly the same 
C.E.M.F. with*the lowered field strength. Thus, the conclusion is 
that weakening the field of a shunt motor causes an increase in 
its speed. 

This method is often used to control the speed of a shunt 
motor; however, an increase of about 30% in speed by field weak- 
ening is about the limit. If the attempt is made to increase the 
speed more than this amount by this method, vicious sparking occurs 
at the commutator. As the field strength is lowered, the resultant 
field becomes more and more distorted, and unless the motor employs 
commutating poles, it is not possible to secure sparkless commuta- 
tion. 

Fig. 49. Controlling the 
speed of a shunt motor. 
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When the motor employs commutating poles, its speed maybe re- 
gulated either by a rheostat in series with the armature or with 
the field. However, it is clear that the armature current will be 

much larger than the field current, and a rheostat used in the 

armature circuit will need to dissipate considerable power, causing 
the motor to be somewhat inefficient. For this reason, the speed 

of a shunt motor is usually controlled by placing a rheostat in - 

series with the field winding as shown in Fig. 43. It must'always 
be remembered that increasing the resistance of the field circuit 
causes an increase in the motor speed, whereas reducing the resis- 

tance of the field circuit produces a reduction in speed. This is 
not hard to remember if it is understood that weakening the field 

reduces the C.E.M.F., and for the C.E.M.F. to be of practically 
the same value as before, requires that the armature rotate faster, 

Although it is possible to cause some decrease in the speed 
of a shunt motor by increasing the currant through the field coils, 
this method has its' limitations. As soon as the current through 
the field becomes great enough to saturate the field cores, any 
further increase in the field current will not produce an increase 
in the field strength. and will not cause a decrease in the speed. 
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On the other hand, care must be taken to see that the field 
circuit of a shunt motor is never accidentally disconnected while 
the motor is running. Should this occur, the field strength would 
be limited to the residual magnetism of the field core, and the 
motor would race in.an attempt to produce a C.E.M.F. equal to the 
'impressed voltage with this very weak field. The speed of the 
motor would probably become great enough so that the centrifugal 
force set up would tear the armature apart. 

To compare the three types of motors, their,lpeeds at various 
load currents are plotted, as shown in Fig. 44. Notice 'that the 
curve for the shunt motor is'practically flat, indicating that it 
has good speed regulation. 

15. THE SERIES MOTOR. A schematic diagram of a series motor 
is illustrated in Fig. 45. The field winding is in series with the 
armature, and is wound with heavy copper wire or copper strap so 
that it will be able to carry the armature current. The current 
drawn by the armature depends on the speed of the motor and upon 
the load as previously explained; therefore, it is clear that the 
field strength also depends on the load and upon the speed of the 
motor. The torque of any motor varies directly as the armature 
current, and also as the field strength. In the shunt motor, where 
the field strength is constant, the torque is directly proportional 
to the armature current. however, increasing the armature current 
of a series motor also increases the field strength in direct pro- 
portion; hence, the torque of a series motor varies directly as 
the square of the armature current. 

Fig. 45. Schematic dia- 
gram of a series motor. 

Assume that the motor is operating at alight load. The C.E.M.F. 
is nearly equal to the impressed voltage and the armature current 
is small. This causes the torque to be small. When the load on 
the motor is increased, the speed of rotation decreases consider- 
ably, the C.E.M.F. is reduced, and a larger current flows through 
the armature and the series field. This action greatly increases 
the torque, and the motor is able to drive the heavy load, although 
at a considerably lower speed. 

For a given increase in load, the series motor will reduce its 
speed much more than the shunt motor. In the shunt motor, the speed 
decreases just enough so that the C.E.M.F., produced with the same 
field strength, is slightly lowered, thus allowing more armature 
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current to flow, and produce a greater torque. It is evident that 
the C.E.M.F. must be reduced so that a larger torque will be created. 
As the speed of a series motor starts to fall under aheavier load, 
it decreases the C.E.M.F., and allows more armature current to flow, 
but it also increases the field strength, which tends to generate 
a larger C.E.M.F. Thus it is necessary that the speed of the motor 
decrease considerably so that the C.E.M.F. will be reduced the re- 
quired amount, in spite of the increase in the field flux. 

For two motors of the same size, the series type has a much 
greater starting torque than the shunt type. Even when a starting 
resistance is used to start the motor, the current that is allowed 
to flow through the armature is somewhat larger than that which it 
will draw at full load. Therefore, the starting torque will be 
larger than the running torque. The starting torque of the shunt 
motor is directly proportional to the armature current, whereas the 
starting torque of a series motor is proportional to the square of. 

the armature current. Thus, if both motors draw the same current 
when started, the torque of the series motor will be four times 
as great as that of the shunt type. 

From Fig. 44, it is seen that a moderate increase in the load 
current of a series motor produces a considerable decrease in speed. 
This action is more pronounced at light loads than at heavy loads. 
When the motor is already loaded fairly heavily, an increase in the 
load increases the armature and the field current, but the field is 
near the saturation point when the load is heavy, and a further in- 
crease in the field current does not produce an appreciable change 
in the field strength. Therefore, when heavily loaded, the action 
of a series motor is more nearly that of a shunt motor, and an in- 
crease in load does not produce as large a decrease in the speed. 

Series motors differ from shunt motors in that they have no 
definite no-load speed. When a series motor is unloaded, it con- 
tinues to increase its speed, until the centrifugal force becomes 
great enough to tear the armature conductors from the core and 
literally destroy the armature. Very small series motors of one - 
tenth horsepower or under usually have sufficient friction in their 
bearings to keep the speed down to a safe limit. The racing of a 
series motor may be understood by considering its behavior when 
unloaded. As the current is sent into the armature and field coils, 
the motor starts up., and since there is no opposing torque, the 
speed tends to increase until the C.E.M.F. equals the impressed vol- 
tage. The increasing C.E.M.F., however, decreases the current in 
both the armature and the field, and as the field weakens, it re- 
quires a higher speed to set up the desired C.E.M.F. The field 
continues to become weaker and the speed increases in an attempt 
to set up a C.E.M.F. equal to the impressed voltage, until the large 
centrifugal force that is created wrecks the machine. For this rea- 
son, aseries motor must never have its load removed, and it may be 
used only in applications where its load is permanently attached, 
such as in a fan, a railway car, an electric crane, etc. Further- 
more, the load should be geared to the motor and not belted. There 
is too much danger of the belt slipping off and causing damage to 
the motor before the current can be disconnected. 
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16. THE COMPOUND MOTOR. The compound motor like the compound 
generator has two field windings, one in series and one in shunt 
with the armature. A schematic diagram of a compound motoris shown 
in Fig. 46. There are two types of compound motors, the cumulative - 
compound, and the differential -compound. Since the cumulative -com- 
pound type is by far the most important, it will be considered first. 
In the cumulative - compound motor, the series field aids the shunt 
field, and the motor has a greater starting torque than the shunt 
motor, but not as large as the series motor. Its speed regulation 
is also intermediate between the series and shunt motors. As the 
load increases, the motor slows down, the armature current and cur- 
rent through the series field increases and a greater driving tor- 
que is provided. Its actual speed regulation will depend on the 
degree of compounding. If the shunt field is greater than the 
series field (and it usually is), the speed regulation will be only 
a little poorer than the straight shunt motor, and' the torque will 
be only a little greater than this type of motor. Most cumulative - 

Fig. 46. Schematic dia- 
gram'ot a cumulative- com- 
pound motor. 

Shunt 
Winding 

Series 
Winding 

compound motors are so designed that at full load, the series field 
provides 400 of the maximum field strength. However, sometimes 
motors of this type are so designed that the series field is much 
the stronger. In this case, the motor has practically the same 
characteristics as a series motor, and just enough shunt field is 
used to keep the motor from racing when operating at no-load. The 
characteristic of a cumulative -compound motor is shown in Fig. 44. 

The other type of compound motor is the differential -compound, 
or, as it is more usually called, the differential motor. (See 
Fig. 47.) In this type, the polarity of the series field is such 
that it bucks against the field due to the shunt winding. The 
shunt winding, however, is always of greater strength, and its 
polarity determines the direction in which the machine will rotate. 
By proper design, it is possible to make the speed of this motor 
practically constant from no load to full load. As the load is 
increased, there is a tendency for the motor to slow down, there- 
by reducing the C.E.M.F. This allows more current to flow through 
the armature and the series field, and since the series field bucks 
against the main field, the main field is weakened. Weakening the 
main field, however, tends to cause an increase in the speed, and 
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if the number of series -field turns be properly chosen, the effects 

of the increased load and the weakened field will neutralize each 

other and +he speed will remain unchanged. 

Although the speed regulation of a differential motor may be 

made very good, its starting torque is very low, even lower than 

that of a shunt motor. Since the speed regulation of a shunt motor 

is close enough for nearly all applications that require a constant 

speed, the differential motor finds but little use. 

The differential motor has two distinct disadvantages. The 

first of these is that the motor tends to race if the machine is 

overloaded. When the load is very great, the current through the 

series field is large and the field strength of this winding is 

nearly sufficient to cancel that due to the shunt winding. This 

causes the resultant field to be very weak, and the motor tends to 

race. The second disadvantage is that the motor is liable to start 

up in the wrong direction when the current is applied. The shunt 

winding has a high inductance and the current through it builds up 

Fig. 47. Schematic dia- 
gram of a differential-com- 
pound motor. 

Shunt / Series 
Winding Winding 

slowly, whereas the inductance of the series winding is low and the 

current through it and its field strength build up practically in- 

stantaneously. At the instant that the voltage is applied, the 

field flux of the series winding may be larger than that of the 

shunt winding, with the result that the resultant field is of oppo- 

site polarity, since the two fluxes oppose each other. If this 

occurs, the motor starts to rotate in the wrong direction. To 

avoid this, it is common practice to short circuit the series field 

when starting a differential motor. 

17. THE STARTING BOX. The necessity of introducing resis- 

tance into the armature circuit when the motor is started has pre- 

viously been mentioned. It has been shown that there is no C.E.M.F. 

present until the motor begins to rotate, and that the armature 

current would be large enough to damage the motor if the full line - 

voltage were applied to start it. The starting resistance is usual- 

ly called a "starting box", and is constructed in many different 

ways. Perhaps the most useful type is the one shown in Fig. 48. 

There should be sufficient resistance in the rheostat to limit the 

starting current to 150% of its full -load value. 
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We shall assume that this starting box is to be used to start 
a shunt motor. When the lever H is moved to contact 1, current 
flows from Li to point D, where it divides. That part that flows 
through the armature flows through the resistance from point 8 to 
point 1, and through the lever to L2. The other part of the current 
flows through the field, passes through the electromagnet M to 

Fig. US, Diagram of a starting box. 

point 1, and back.to the positive side of the line. The current 
through the armature is fairly heavy, and the motor begins to ro- 
tate. As it gains speed, it builds up a C.E.M.F. and the armature 
current is reduced. The field current at this time is maximum. 
As the lever is moved to the right, the armature current increases 
and the field current decreases; both actions tend to increase the 
speed of the motor. From 15 to 30 seconds should be consumed in 
starting the motor, depending on its size. 

If the lever is moved to the right too rapidly, the impressed 
voltage increases much faster than the C.E.M.F., and the motor is 
liable to be damaged by the excessive armature current. On the 
other hand, too much time should not be used to start the motor, 
because the resistance of the rheostat is not designed to carry the 
armature current for an appreciable length of time, and the resis- 
tance may be burned out. It should be understood that this start- 
ing box is not to be used as a method of controlling the speed of 
the motor. 

The lever is provided with a spring S, which tends to keep the 
lever at the left end of its movement. This lever, however, is 
fitted with a soft iron keeper K, and when the lever is on contact 
8, the attractive force of the magnet M holds it in this position 
as long as this magnet is energized. The purpose of this magnet 
is two -fold. Suppose that for some reason the line voltage fails. 
If it were not for this magnet and the spring connected to the 
lever, the lever would remain on contact 8. Then when voltage was 
again established on the line, the total line voltage would be im- 
pressed across the motor, which having stopped, would now draw ex- 
cessive current. With the magnet in the circuit, however, an in- 
terruption of the line voltage or the opening of the motor switch 
will de -energize the magnet, and allow the lever to spring back 
to its starting position. This action precludes any possibility 
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of damage to the motor due to line voltage interruptions. Some- 
times this magnet is connected directly across the line, and its 

current does not flow through the field; however, as we shall now 

see, it is desirable that the energizing current flow through the 
field winding. This magnet is called a "no -voltage" release. 

It has been stated that the field of a shunt motor must never 
be disconnected while the machine is in operation, because such an 
action causes the motor to race with consequent damage to its arma- 
ture. The starting box which we have been discussing is so designed 
that the motor is disconnected from the line if an open circuit 
occurs in the field winding. If the field circuit develops an open 
circuit, the magnet M is de -energized and the lever flies back to 
the left disconnecting the motor from the line. Thus, the magnet 
serves as a "no -field" release also. 

The motor should never be stopped by attempting to pull the 
lever back to the left, as this will cause unnecessary sparking of 
the contact points on the starting box. Instead, the motor switch 
should be opened and the lever of the starting box will automatical- 
ly return to its starting position as the holding magnet is de - 
energized. 

Some starting boxes are equipped with overload releases which 
will disconnect the motor from the line if the load current becomes 
too great. These, 'however, are not essential, since the line fuses 
and circuit breaker will protect the motor, if it is.overloaded. 

18. APPLICATIONS OF MOTORS. The choice of amotor for a cer- 
tain class of work depends on whether the load will be variable, 
and upon whether much change in the speed may be tolerated. The 
shunt motor is used in applications where a practically constant 
speed is required, regardless of load variation. Thus, it is suit- 
able for driving machine tools, blowers, fans, line shafting, etc. 

Compound motors are used where sudden applications of heavy 
loads will be experienced such as driving punches, shears, etc. 
Also, compound motors are suitable in cases where a large starting 
torque is required, but where less speed variation under load can 
be tolerated than a series motor would give. 

Series motors are particularly suitable for railway and hoist- 
ing service, where a large starting torque is necessary and speed 
variation under load is not important. When used in such applica- 
tions, they are very efficient, for as the load increases, they 
promptly slow down and produce a tremendous torque for driving the 
load. Of course, they must never be used where there is any danger 
of the motor becoming unloaded. 

19. THE DYNAMOTOR. There is one other type of machine which 
should be' discussed before we take up the subject of alternating 
current motors and generators. It is the dynamotor. A dynamotor 
is a machine whose armature has two separate windings. Current is 
fed to one winding and causes the armature to rotate. The other 
winding of the armature cuts through the field flux and a voltage 
is induced in it, which may be applied to an external circuit by 
a commutator or a pair of slip rings. Thus, the dynamotor is a 
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combination of a motor and a generator. There is just one field 
winding, and one armature core, and each end of the armature is 
fitted with either a commutator or a pair of slip rings. If the 
armature has two commutators, it will change direct current from 
one voltage to another. Some machines are designed to be driven 
by a 6 volt DC source, and will deliver several hundred volts of 
direct voltage. Perhaps the most common type is that one which 
is driven by a 6 volt DC source and furnishes 110 volts DC for 
operating equipment designed for this voltage. The ratio of the 
voltage output to the voltage input is, of course, fixed at the 
time of the machine's construction and is not variable. If the 
machine is to be driven by an alternating voltage and is to furnish 

Fig. u9. Schematic diagram of a dynamotor. 

a direct voltage, it will have a pair of slip rings on one end of 
the shaft and á commutator on the other. Naturally, there is nothing 
to be gained by using a machine to change an alternating current 
from one voltage to another, since this operation can be accomplished 
more efficiently by a transformer. A schematic diagram of a dyna- 
motor is shown in Fig. 49. 

We should now have a fairly comprehensive idea of the con- 
struction and. operation of direct -current motors and generators. 
The following lesson (Lesson 8A) will be devoted to the subject of 
alternating current machinery. 
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QUICK SUCCESS 
at one big jump. 

A long time ago when we were in our early teens, we 

remember reading about a big strong man who devoted the 

majority of nis time telling stories about his heroic deeds 
and accomplishments. He was always happiest when he was 

the center of attraction, and for a time managed to uphold 

the fables that had been built around him. 

One day the town in which this man lived was electri- 

fied by the news that gold had been discovered in the near- 

by mountains. Almost the entire male population made hur- 

ried preparations to rush to the new gold fields and ;.take 

their claims. Departing from the town in a body, they rode 

through the rough and torturous mountains until they finally 

were halted by a deep gorge. Scouts were sent out to dis- 

cover a way through the gorge. 

Several hours later the scouts returned and one had 

good news. He had discovered a natural trail' that could 

be traveled with extreme caution. But valuable tine would 

be lost. The object of our story, the big strong man, had 

also made a discovery. He had found a place where the walls 

of the gorge came close together...close enough for him to 

leap across because he was so strong. He would let his 

foolish neighbors travel the safer way. And he would reach 

the gold fields first...by making one big jump. 

Abandoning his horse and running swiftly across the 

ground, he leaped into the air. Down and down he went, 

ending his leap in a fatal crash. 3n the following day 

his more patient and sensible townsfolk reached the gold 

field and staked their claims. They knew that success 

was rarely attained in 'one big jump'. 

Your success in radio also calls for patience and com- 

mon sense. You must master your studies thoroughly. When 

you do this you will be capable of earning more money. 

Lesson by lesson you are traveling toward your 'gold field'. 

And every lesson that you complete today, can prove to be 

shining nuggets of gold in the future. 

Copyright 1942 

By 

Midland Radio.8 Television 

Schools, Inc. IN U.S.A..S 

Ot1EJ SPNIIITS 

KANSAS CITY. MO. 



Lesson Eight -A 

AC MOTORS & 

GENERATORS 

"The complete study 
of AC operated motors and 
generators would require 
many volumes and a great 
deal of unnecessary time. 
Since the average radio tech- 
nician needs to know only the 
fundamentals of operation and 
maintenance, it will be the pur- 
pose of this lesson to supply that 

need. 

"We will discuss those types of motors 

commonly encountered in radio stations." 
and generators most 

1. THE ALTERNATOR. The common name for the alternating cur- 

rent generator is the alternator. As described in the preceding 

lesson, an alternating voltage is induced in a loop of wire when it 

is rotated in a steady magnetic field. In fact, the armature con- 

ductors of all DC generators have alternating voltages induced 

therein, but this voltage is changed to a direct voltage by the 

action of the commutator. Therefore, it would appear that the al- 

ternator is simply aDC generator fitted with slip rings instead of 
a commutator. While it is true that such a machine would function 

as an alternator, the actual construction of commercial alternators 

differs in other details as well. 

To produce a voltage requires that there be relative movement 

between the armature and the field. In the DC generator, this is 

accomplished by a stationary field and a rotating armature. The 

alternator, on the other hand, ordinarily has a stationary arma- 

ture and a rotating field. Such a machine is illustrated in Fig. 

1. The armature is wound on the inside of a circular steel frame, 

and the field poles (in this case 26) are mounted on a steel ring 

which is attached to the shaft, and rotate within the armature frame, 

thereby causing the field flux to cut the armature conductors. The 

appearance of a 100 -pole rotating field is shown in Fig. 2. The 

field must be excited by a DC voltage which is fed to the field by 

two slip rings which are distinguishable in this figure. 

Alternators are never self-excited; the DC field voltage must 
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Fig.1 An alternator having a stationary armature and a rotating 
field. 

be furnished by an external source. In large installations, each 
alternator is equipped with a small DC generator mounted on the 
same shaft, whose only purpose is to furnish the DC field voltage 
for the alternator. These small DC generators are called "exciters"'. 
Occasionally, each alternator does not have its own exciter, but 
instead, one large DC generator is used to excite several alter- 
nators. An alternator having a capacity of 1000 kw. requires an 
exciter of approximately 25 kw. capacity. 

The number of field poles that an alternator will have depends 
upon the speed at which the moving field is rotated and the fre- 
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Fig.2 A 100-pole rotating field of an alternator. 

quency of the desired voltage. In the foregoing lesson, it was 

shown that one cycle of alternating voltage results when a loop of 

wire makes one revolution between one pair of poles. If the machine 
had four poles (two pair), two cycles would result from one com- 

plete revolution. In fact, whenever a conductor passes from one 

pole to the next succeeding pole, one alternation is generated. 

Thus, there will be as many cycles of alternating voltage generated 
for each revolution as there are pairs of field poles. The fre- 
quency, however, is stated in cycles per second; and is found by 
knowing how many cycles are generated per revolution and at how many 

revolutions per second the machine is rotating. There is a very 

simple formula for determining the frequency of the generated vol - 
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tage, when the number of poles and the speed of the machine are 
Down. This formula is: 

Frequency in cps N 
x S 

Where: N is the number of pairs of poles, and 
S is the speed in revolutions per minute. 

For example, suppose that a machine having 8 poles is rotated 
at a speed of 900 r.p.m. What is the frequency? This problem is 
easily solved by substitution in the above formula. Since there 
are 8 poles, there must be 4 pairs of poles, and the solution is: 

Frequency _ 4 x 900 
60 

- '1,00 

60 

= 60 Cycles per second. 

If a machine is to be driven by a high-speed turbine, it will 
have only a few poles, perhaps 2 or 4; whereas, an alternator driven 
by a comparatively slow -speed reciprocating steam engine will have 
a large number of poles. 

Perhaps you are wondering why the commercial alternator uses 
a rotating field and a stationary armature. Alternators are usual- 
ly built in large sizes capable of supplying far more power, at 
higher voltages, than is possible with a DC generator. The arma- 
ture winding may generate a voltage as high as 13,000 volts, and 
such high voltages require very careful insulation. Naturally, it 
is easier to insulate a stationary winding than it is one which is 
revolving. A stationary armature requires no slip rings and the 
leads from the armature can be continuously insulated from the ma- 
chine to the switchboard. With a rotating armature, slip rings 
are necessary, and these rings are difficult to insulate at high 
voltages. Furthermore, the DC voltage applied to the rotating field 
is seldom more than 250 volts, and insulation at this voltage is no 
particular problem. It is for these reasons that practically all 
alternators have stationary armatures and rotating fields. 

2. THE POLYPHASE CIRCUIT. The type of alternator which we 
have been discussing is called a"single-phase" machine. This means 
that it generates just one alternating voltage. Perhaps most of 
the alternating current circuits with which you are familiar are 
single -phase.circuits. Small AC motors and all lighting require 
single-phase power. However, as we shall now see, single-phase al- 
ternators and single-phase AC motors are the exception rather than 
the rule. 

The study of polyphase circuits is quite complex, and we shall 
not attempt to explain more than a few fundamental details, since 
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a complete understanding of such 
circuits requires a knowledge 
of higher mathematics. It is, 

however, necessary that you learn of \ o 
something about them, because 
many power supplies for trans- 
mitters use polyphase power. 

In general, polyphase cir- 
cuits may be divided into two 
classes; the two-phase, and the 
three-phase systems. Since three 
phase alternators and motors are o 

far more common than the two- 
phase variety, this discussion 
will be limited to the three- 
phase type. The term "three- 
phase". as applied to alternating 
current circuits characterizes 
the combination of three circ- 
uits energized by three alter- ° 

nating E. M. F.'s differing in 

phase by 120°, or one third of 
a cycle. First, let us assume 
that we have three separate alt- 
ernators all joined to the same 
driving shaft, and each generat- 
ing the same alternating volt- 
age. We shall assume that the I. -12a° 

field of each machine consists 
of two poles which are station- 
ary, and that each has arevolv- 
ing armature. The three alter- 
nating voltages generated by the 
three separate machines may be 
all in phase, or each voltage may 
be out of phase with the other 
two by a certain number of degrees, depending on the position of 
the armature coils of one machine with respect to those of the oth- 
ers. If these three alternators are to represent a three-phase 
system, each voltage will be 120° out of phase with the other two. 

The first voltage is represented by A in Fig. 3; the second 
by B; and the third, by C. The combination of all the voltages 
shown on a single axis is given at D in this figure. Each alter- 
nator is said to be generating one phase of the three-phase system. 

Such a system, using three alternators, is naturally not econom- 
ical. It is much more convenient to use one alternator which has 
three separate windings on its armature spaced equally distant apart. 
Let us suppose that this armature is composed of three coils as 
shown in Fig. 4. Si represents the beginning of coil 1, and Fi 

the finish of this coil. At the instant shown, the voltage induced 
in coil 1 is maximum. If we consider that the positive direction 
of measuring voltages is from the start of one coil to the finish 

(s) 

Phase 
t 

(B) 

Phase 
2 

5 

(G 

(0) 

o 
o 

Fig., Illustrating the three 
voltages of a three-phase system. 
At A, 3, and C the voltages are 
shown separately, while o illus- 
trates the three wave forms drawn 
on the same axis. 



of the same coil, it is evident that the voltage induced in coil 2 

is 120° out of phase with that in coil 1, because the start of this 
coil is spaced 120° from that of the first coil. Likewise, the 
voltage induced in coil 3 is 120° out of phase with that induced 

l 

S 

Fig .0 p diagrammatic view of a three-phase alternator, showing 
the three windings spaced 1200 apart. 

in coil 2. At the instant shown, the voltages induced in coils 2 
and 3 are in the same direction, because both of their starting 
points are passing a south pole. Also, the voltage induced in 
coil 1 is opposite to that induced in the other two coils, because 
the beginning of this coil is passing a north pole. The wave form 
of these three alternating voltages is shown in Fig. 5. It is 

assumed that coil 1 generates phase 1; coil 2, phase 2; etc. The 
vertical line drawn through these three sine waves indicates the 
instant represented by the position.of the alternator. 

Fig.5 The wave form of the three voltages generated by the alt- 
ernator shown in Fi.g. U. The vertical line shows the instantaneous 
voltages generated by each of the three windings. 

There are several ways in which these three alternating vol- 
tages may be used. If the three-phase alternator is to drive a 
three-phase motor, it would be possible to connect each end of 
these three coils to a slip ring; use six brushes for the six slip 
rings; and connect the alternator to the motor with six wires. 
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This would be represented diagrammatically by Fig. 6. The three 
coils on the left, spaced 120° apart, represent the three windings 
of the alternator, and, the three coils at the right represent the 
three windings on the armature of the motor. 

10 Amp. A 

5 Amp 

-E- 5 Amp. E 

10 Amp. -;... 0 

F 

5 Amp. 

5 Amp .-- C 

Alternator 'q Motor 

Fig.6 Showing one method of connecting the three wincings of a 
three - phase alternator to its load. In this case, six line wires 
are needed. 

Such an arrangement, however, is never used in actual practice. 
Instead, only three wires are used to connect the alternator with 
the motor. Let us see how this is possible. At the instant shown 
by the vertical line in Fig. 5, the voltage across phase I is maxi- 
mum in a positive direction. At this same instant, the voltages 

.of phases II and III are negative, and are equal to each other. 
Furthermore, it may be proved that the sum of the instantaneous vol- 
tages of phasés II and III is equal and opposite to the voltage of 
phase I. This is also true at any instant of the cycle. The al- 
gebraic sum of the three instantaneous voltages is always zero. 
Perhaps this can be made more clear by choosing an instant when the 
voltage of one phase is zero, such as point X in Fig. 5. At this 
time, the voltage of phase II is zero, and the voltages of phases 
I and III are equal and opposite; therefore, their algebraic sum 
is zero. 

Let us now return to Fig. 6. We shall assume that the maximum 
current drawn from each phase is 10 amperes. Again considering the 
instant shown by the vertical line in Fig. 5, the current in phase 
I is maximum and positive; therefore, let us assume that the current 
in line A is 10 amperes and in the direction shown by the arrow. 
It is, of course, evident that the current in line D, which con- 
nects to the opposite side of this phase is also 10 amperes and in 
the direction as shown. The current in phase II is opposite in 
direction to that of phase I and is equal to 5 amperes. Therefore, 
the currents in lines B and E are 5 amperes and in the directions 
shown. Also, the current in phase III is equal to that of phase 
II and in the same direction; and so lines C and F each carry 5 

amperes. 
In order to eliminate some of these six line wires, we shall 
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connect the points F1, F2, and F3 together, and also connect the 
coils of the motor winding together as shown in Fig. 7. There are 
now just four line wires extending from the alternator to the 
motor; the line N replaces the three wires D, E, and F. Since one 

Fig.7 The Y-connection of the three windings of a three - phase 
alternator. Only four line wires are used. 

wire is used where three were connected before, it is clear that 
line wire N must carry the combined currents that previously flowed 
in lines D, E, and F. Knowing this fact, let us determine what 
current will flow in line N. Line D was carrying 10 amperes away 
from the alternator; line E was carrying 5 amperes toward the al- 
ternator; and line F was carrying 5 amperes toward the alternator. 

Fig.8 A schematic diagram of a Y-connected alternator. 

Thus, of the currents in these three wires, 10 amperes was flow- 
ing toward the alternator, and an equal amount was flowing away 
from the alternator. Therefore, the sum of the three currents of 
these three lines is zero, and the current flowing in line N is 
likewise zero. Line N is called the "neutral" wire, and since 
there is no current flowing in it, it is usually omitted, and only 
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three wires connect the alternator with its load. As long as the 

maximum current drawn from each phase is equal, the three-phase 
system is said to be balanced, and the neutral wire is not used.. 

When the three windings of a three-phase alternator are con- 
nected together in this manner, the alternator is said to be Y - 

connected or star -connected. Let us now consider Fig. 8, which 

shows the schematic diagram of a Y - connected alternator. Coils 

I, II, and III represent the three windings of the alternator, and 

we shall assume that the maximum voltage generated in each winding 

is 100 volts. At the instant shown, the voltage of phase I is 

maximum and is in the direction shown by the arrow. At this time, 

the voltages in phases II. and III are each 50 volts, and in the oppo- 

site direction. The voltage between lines 1 and 2 at this instant 

is seen to be 150 volts, or the sum of the voltages in coils I. and 

II. Likewise, the voltage between lines 1 and 3isalso 150 volts. 
On the other hand, the voltage between lines 2 and 3 is zero, be- 

cause in going from line 2 to line 3, we travel from point B to 

point 0 against the direction of the arrow; but from point 0 to 

point C, we travel in the direction of the. arrow. Therefore, the 

voltage in coil II and that in coil III oppose each other, so that 

there is no difference in potential between lines 2 and 3. Or, we 

may consider that the voltage in coil II from B to 0 is equal to 

the voltage in coil III from C to 0, and thus point B is at the 

same potential as point C. 

It is evident in the preceding case that the voltage between 
the line wires may be as high as 150 volts, even though the maximum 

voltage generated in each armature windingisonly 103 volts. how- 

ever, can the voltage between two line wires ever be greater than 

150 volts, under this condition? Let us investigate this problem. 
The maximum voltage between a pair of the line wires will occur 

when the sum of the instantaneous voltages across two of the wind- 

ings is maximum. It may be proved that this will be the case when 

the voltage in one winding is zero. 
Let us now consider Fig. 9. At A is shown the same Y -connected 

alternator. At B is seen the three sine waves representing the 

three voltages differing in phase by 120°. We shall select the 

point designated by the vertical line. At this instant, the vol- 

tage generated in phase III is zero. Also at this time, the vol- 

tage generated in phase I is positive and not far from its maximum 
value, whereas the voltage in phase II is negative and equal in 

value to that of phase I. By using trigonometry, it may be proved 
that the voltage in phase 1 and in phase 2 is 86.6 volts at this 

time. Therefore, let us transfer these values to the diagram at 
A. An arrow is drawn from A to 0 beside coil I, assuming that this 

is the positive direction of measuring voltages. This voltage is 

labeled 36.6 volts. The voltage in coil 2 is also 36.6 volts, but 

this voltage is in the negative direction so that the arrow is 

drawn from 0 to B. There is no voltage in coil 3. 
The voltage between the lines 1 and 2 is, therefore, seen to 

be 86.6 + 86.6 or 173.2 volts, since these voltages add together 
in traveling from line 1 to line 2. Therefore V1 will read 173.2 
volts. The voltage between lines 1 and 3 will be due only to the 
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voltage of coil I and V3 will read 86.6 volts. Likewise, the vol- 

tage between lines 2 and 3 is due only to the voltage of coil II, 

and V2 will read 86.6 volts. 

(A) 

nz 

(8) 

Fig.9 Illustrating that the voltage across twoof the line wires 
is greater than the voltage generated by each winding. 

Thus, it is seen that the maximum voltage between any two of 
the line wires is 173.2 volts, when the maximum voltage generated 
in each phase of the armature winding is. 100 volts. The ratio of 
173.2 volts to 100 volts is 1.732 to 1, and since 1.732 is equal 
to the square root of three (13), it is clear that the maximum 
line voltage is equal to /7r times the maximum phase voltage. We 
have been dealing with maximum values, but the same relation holds 
true for R.M.S. values as well. The R.M.S. voltage measured between 

115V. 
199V 

199V. 

Neutral 

Alternator Line 5 

Fig.10 Showing a three-phase alternator supplying power to a 

three-phase motor, as well as to a bank of lamps. 
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any two of the line wires is equal to the /1 -times the R.M.S. vol- 

tage that would be measured across any one of the armature windings. 
It is realized that the foregoing explanation is far from thor- 

ough, but, as previously stated, it is impossible to explain the 
action of three-phase circuits in a complete manner, without resort- 
ing to the use of trigonometry and vector analysis. 

Lines 1 and 2 constitute one phase; lines 1 and 3, the second 
phase; and lines 2 and `),, the third phase. Unless, the three-phase 

alternator is connected toa three-phase motor, or to some device 
that draws the same current from each phase, the system will not 

be balanced, and excessive currents will flow through the armature 

Fig.11 The three windings of 
the three-phase alternator, and 
the instantaneous voltages gen- 
erated in each. 

100V 

F2 

F 9 
9 

50V. 
3 

windings. However, if the neutral wire is connected to the arma- 
ture, and is carried along with the three line wires, it is possible 
to operate a three-phase system in an unbalanced condition. For 
example, consider Fig. 10. The voltage across each coil of the al- 
ternator is 115 volts R.M.S.; therefore, the voltage across any two 
of the three line wires (that is across any phase) is: 1.732 x 115, 
or 199 'volts. All three of the phases are applied to the motor in 
the diagram, and, in addition, phase 1 is supplying a bank of lamps, 
which require 115 volts. The voltage between any one of the line 
wires and the neutral wire is 115 volts, and the lamps are connected 
between line 1 and the neutral. In this case, the current drawn 
from phase 1 is greater than that drawn from each of the other two 
phases, and the neutral line is obliged to carry some current. 

100v s ov 

Fig.12 Illustrating that the ` 
net voltage around the delta- S1 )F2 
connected alternator is zero. F'' V 

3 
5óvá V3 

There is another method of connecting the three phases of an 
alternator to its load using only three line wires. Fig. 11 shows 
the same three armature windings, which we have been considering. 
The voltages induced in the three coils is the same as at the in- 
stant considered in Fig. 3. However, instead of connecting the 
finishing points of all these three windings together, we shall con- 
nect F1 (the finish point of coil 1) to S2 (the start of coil 2); 
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and F2, to S3. These connections are shown in Fig. 12. Now let 
us determine what the resultant voltage measured between St and 
F3 will be. In traveling from Si to F3, we go through coil 1 with 
a voltage of 100 volts, and, in passing through coil 2, we travel 
against a voltage of 50 volts. Likewise, through coil 3, we are 
traveling against a voltage of 50 volts. Thus, the net voltage be- 
tween S1 and F3 is zero, and Si and F3 are at the same potential. 
Therefore, let us connect Si and F3 together to form the schematic 
shown in Fig. 13. Perhaps your first thought is that current will 
circulate around this closed circuit, but such is not the case. At 
any instant, such as the one described, the voltage tending to force 
a current clockwise around this loop is equal to the voltage tend- 
ing to force a current in a counter -clockwise direction around the 
loop, and, as a result, there is no circulating current. 

Fig.13 s diagram of a delta- 
connected, three phase alterna- 
tor. 

This type of connection is known as the A or delta connection. 
After the three armature windings are connected as shown, the line 
wires are connected to each corner of the triangle. It is evident 
that the voltage between lines 1 and 2 is the same as the voltage 
across the coil I; also, the voltage across lines 1 and 3 is equal 
to the voltage across coil II; and the voltage across lines 2 and 
3 is equal to the voltage across coil III. Therefore, in the delta - 
connected alternator, the line voltages are equal to the coil or 
phase voltages. If the R.M.S. voltage of each armature winding is 
100 volts, the R.M.S. voltages between any two of the line wires 
will also be 100 volts. 

)n the other hand, the currents flowing in the line wires are 
not of the same value as the currents flowing in the armature coils. 
It is apparent that line 1 is fed from both coils I and II at cer- 
tain instants. Likewise, line 2 is fed from coils I and III, and 
line 3 from coils II and III'. By a method similar to the one used 
to prove that the line voltage of a Y -connected machine is /3 -times 
the voltage in each armature phase, it is possible to prove that 
the R.M.S. current in each line wire of adelta-connected, balanced 
system is /5 times the R.M.S. current in each armature winding. 
Thus the Y -connection increases the line voltages, whereas the delta 
connection tends to increase the line currents. If the same amount 
of line current flows in either case, it is clear that each armature 
winding will have to supply a smaller current, if the machine is 
delta -connected. 

At present there are two systems in use by power companies for 
supplying three-phase power. In one system, the three windings 
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on the secondary of the pole transformer are delta- connected, and 

the voltage (R..`t.S..) across each phase is 220 volts. Such a system 

is convenient for many electrical machines requiring three - phase 

power, since nearly all of them employ 220 volts. With this system, 

however, it is not possible to secure 110 volts for lighting or 

for small motors which need this voltage. For this reason, many 

power companies are now using three-phase transformers in which the 

secondaries are Y -connected, and the neutral wire enters the pre- 

mises of the consumer along with the three line wires. The R.M.S. 

voltage across each secondary, with this system, is 115 volts, and 

this voltage may be secured between any one of the line wires and 

the neutral. Between any two of the line wires, the R.M.S. voltage 

is 19) volts, and this voltage may be used to supply equipment re- 

quiring three-phase power. Such a system is desirable for trans- 

mitter installations, because both voltages will be required. 

In order that the student shall know what should be learned 

from the foregoing discussion of three-phase circdits, a summary 

will now be given. 

1. Nearly all alternators are designed to gsnerate 

three alternating voltages differing in phase by 

120°.. To do this, requires that the armature have 

three, equidistantly spaced windings. 

2. There are two standard ways to connect these three 

windings together so that the alternator may sup- 

ply power to its load. These are the Y -connection 

and the delta -connection. 

3. In the Y -connection, the neutral wire is not used 
unless the three phases are unbalanced. The vol- 

tage between any two of the three line wires is 

equal to 3 times the phase voltage. The current 

flowing in any of the lines is equal to the cur- 

rent in the armature windings. 

4. In the delta- connection, the line voltages are 

equal to the phase voltages, but the line currents 

are equal to 3 times the phase currents. The 

delta -connection is not ordinarily used in unbal- 

anced systems. 
5. Nearly all alternators are Y - connected; motors 

may be either Y or delta- connected. Thus, a Y - 

connected alternator might furnish current for a 

delta -connected motor. 
6. There are three important reasons for using poly- 

phase systems. These are: (A) Polyphase appara- 

tus is smaller and weighs less than single-phase 
apparatus of the same capacity, and is usually 

less complicated. (8) Polyphase machinery has 

better operating characteristics than single-phase 

machinery. (C) To transmit a given amount of power, 
at a certain voltage and efficiency, requires only 

three-quarters as much copper for the line as would 

a single-phase system. 
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3. TYPES OF ALTERNATI:1; CURRENT MOTORS. There are several 
types of alternating current motors. Listed according to their 
popularity and usefulness, they are the induction motor, the series 
motor, the repulsion motor, and the synchronous motor.. Also, each 
of these motors may be either single-phase or three-phase. The fol- 
lowing discussion of the various types will be limited to a brief 
description of each. Enough information will'be given to enable 
the student to recognize the various types and to know for what ap- 
plications each is best suited. It is neither possible nor desir- 
able to present a complete treatise of each type, for not only are 
some of the principles very complex, but it is not necessary that 
the student of radio engineering have a thorough knowledge of that 
subject. 

The student should, however, know some of the operating char- 
acteristics of each type of rotor, and he must be able to follow 
a definite routine for maintaining them in their proper operating 
conditions. 

4. THE INDUCTION MOTOR. (A) The three-phase type. The in- 
duction motor depends for its operation upon the production of a 
rotating field. This does not mean that the field structure or 

I 

Iff 

II 

Fig.14 The field structure of a three-phase induction motor. I, II, and III are the three line wires supplyirg the motor. 1to 6 inclusive are the field poles. There are two poles per phase. 
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field winding actually rotates through space. Instead, the field 
winding is stationary, but the direction of the magnetic flux ro- 
tates from instant to instant as the current through the field wind- 
ing alternates. We shall first consider a three-phase motor, since 
it is by far the easier to understand. In Fig. 14 there is illus- 
trated the stationary field structure of an induction motor having 
six poles equidistantly spaced around the periphery of the frame. 

Fig.16 The three voltages app- 
lied to the induction motor shown 
in Fig. 111. 

Each pair of these poles is fed from one phase of a three-phase 
alternator. Thus, poles 1 and 2 are fed by phase I, the terminals 
of which are Al and B1. Likewise, poles 3 and 4 are fed byphase 
II with terminals A2 and B2; and poles 5 and 6 by phase II with 
terminals A3 and B3. Notice that the terminals Bi, B2, and B3 are 
connected together; therefore, the motor is Y -connected. 

We shall assume that when the phase of any voltage is positive; 
that is, when its wave form is above the zero reference line in Fig. 
15, the current of that phase enters its A terminal of the motor and 
leaves by way of its B terminal. Thus, when phase I is positive, 
pole 1 is a north pole, and pole 2 a south pole. Likewise, when 
phase ti. is positive, 3 is a north pole and 4 a south pole; also, 

1 1 1 

(B) 
2 2 

Fig.16 Showing how a revolving field is produced in a three-phase induction motor. 

when phase III is positive, 5 is a north pole and 6 a south pole. 
When any of the phases are negative, the two poles corresponding to 
that phase reverse polarity. 

Now referring to Fig. 15, let us consider the instant narked 
1. At this time, the current of phase I is zero, whereas that of 
phases II and III are equal and opposite. Phase III is positive, 
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so that pole 5 is a north pole and pole 6 a south pole. Also, phase 

II is negative, so that 3 is a south pole and 4 a north pole. There- 

fore, the field flux at this instant will have the distribution 

shown at A in Fig. 16.. 

At the time represented by 2 on the graph in Fig. 
15, phase II 

is zero, phase III is positive, and phase I is negative. Thus, 

poles 5 and 6 are respectively north and south, and poles 1 and 2 

are respectively south and north, which causes the flux distribu- 

tion to assume the form shown at B in Fig. 16. Notice that the 

direction of the field flux in the second case has been rotated to 

the right. 
At the instant designated by 3 on the graph in Fig. 15, phase 

III is zero, whereas phases II and I are respectively positive and 

negative. This causes poles 3 and 4 to be north and south respec- 

tively and produces a north pole at pole 2 and a south pole at pole 

1. In this case, the flux distribution is as shown at C in Fig. 16. 

Notice that the direction of the flux has been rotated even farther 

to the right than in the second case. At the first instant, the 

direction of the flux was horizontal and toward the left; at the 

second instant, it was upward and toward the left; and at the last 

instant, it was upward and toward the right. Thus, it is evident 

that the field flux is rotating around the field frame in a clock- 

wise direction. If -we were to consider further instants, we would 

find that the flux would continue to rotate around the field frame, 

at a speed which depended on the frequency of the applied voltage, 

and upon the number of poles. The motor, which we have been con- 

sidering, is called a "two -pole" motor, since there are just two 

poles per phase. In this case, the rotating flux makes one revolu- 

tion for each cycle of the applied voltage. A four -pole motor, on 

the other hand, would have a total of 12 poles, and the rotating 

flux would experience one revolutide during the time that the al- 

ternating applied voltage passed through two cycles. Therefore, 

the larger the number of poles per phase, the slower will be the 

speed of rotation of the revolving flux. 

We now have the first requisite of an induction motor, the 

rotating field flux. In the preceding case, we have represented 

the stationary field frame as having six projecting poles; this, 

however, is never the case in actual commercial machines. Instead 

of having projecting poles, the field frame of an induction motor 

has a flat surface in which slots are cut. In these slots are 

placed the field conductors, much in the same manner in which the 

stationary armature of an alternator is wound. Thus, the flux 

does not emanate from definite pole pieces, but, instead, various 

areas of this field winding become alternately north and south. 

The number of poles possessed by the machine depends on the type 

of winding, and upon how close together the field conductors lie. 

If it happens that there are but two pole areas at any instant, the 

machine ís a two -pole motor. This corresponds to the motor which 

we have been discussing, which has two poles per phase, or six poles 

in all. It should be realized that these two pole areas move pro- 

gressively around the surface of the field frame, thereby producing 

the rotating flux. It is, of course, possible to wind the field so 
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that there will be four pole areas at any instant, in which case the 
machine is said to have four poles. When a machine has definite 

pole pieces, it is said to have salient poles; the induction motor 

does not have salient poles. 
Instead of calling the winding which produces the rotating 

flux the field, it is more commonly known as the "stator". Like- 

wise, the revolving part of the motor is called the "rotor" in- 

stead of the "armature". There are, in general, two types of rotors; 
one is called the "squirrel -cage" type. This type consists of a 

laminated, soft -iron core in which slots are cut. The winding is 
composed of heavy copper bars embedded in these slots, and the bars 

are all short-circuited at either end by being soldered to heavy 

copper rings, punched with holes to slip over the ends of the bar 

winding. This type of rotor has no brushes, slip rings or commu- 

tators, and the principle of operation may be explained as follows: 

As the field flux rotates, it induces voltages in these copper 
bars and fairly heavy currents flow through the rotor. The inter- 

action of the rotating field flux and the flux created by the rotor 

currents produces a torque which causes the rotor to revolve in 
the same direction as the rotating field. The speed at which the 
field flux rotates is called the "synchronous speed% The speed of 
the rotor must always he less than the synchronous speed in order 
for a torque to be produced. It is obvious that if the rotor and 
the field flux were rotating at the same speed, the copper bars 
would not be cutting through the flux and no torque would be de- 

veloped. When the induction motor is operating under no load, the 
rotor speed is nearly equal to the synchronous speed, there being 
just enough difference so that the bars will cut a small amount of 
flux sufficient to produce the small torque needed to overcome the 
friction of the bearings and other losses which the machine has. 
In this case; the current drawn by the stator is fairly small.. 

As the load on the motor is increased, the rotor tends to slow 
down. This causes the copper bars to cut more flux, and produces 
enough extra torque to drive the increased load. Furthermore, since 
the rotor conductors are cutting more flux, the rotor current will 
be larger, and by the phenomenon of reflected impedance, this action 
tends to load the stator more heavily, and the stator winding con- 
sequently draws more line current. 

From this explanation, it is apparent that the induction motor 
is very similar to a transformer. The stator corresponds to the 
primary, and the rotor to the secondary. The alternating voltage 
is applied to the stator, and the rotating field sets up voltages 
in the rotor. As the field flux rotates, it drags the rotor after 
it. Also, just as increasing the load on the secondary of atrans- 
former causes the primary to draw more current, so does increasing 
the mechanical load on the rotor cause it to slow down, to cqt more 
flux, to create a larger rotor current, and finally to cause the 
stator to draw more line current. 

The other type of rotor is called a "wound -rotor".; it is very 
similar to the armature of a revolving- armature type alternator. 
There are ordinarily three windings connected in a Y -arrangement. 
The three free ends are brought out to three slip rings on which 
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brushes make contact. It is thus seen that the rotor windings do 

not constitute closed circuits until the Lrushes are connected to- 

gether externally. The purpose of this method is to allow more 

or less resistance to be cut into or out of the rotor circuits by 

means of a special rheostat. It is evident that when an induction 

motor is started, the rotor conductors will cut considerable flux 

until the rotor reaches its running speed. Therefore, the rotor 

currents, and stator current as well; are apt to be excessive. By 

introducing resistance into the rotor circuit when the motor is 

started, the rotor current is held to a safe value, which in turn 

prevents the stator current from becoming excessive. Nearly all 

induction motors under 5 hp. use squirrel -cage rotors, whereas 

most larger motors are of the wound -rotor variety. 

The characteristics of an induction motor are very similar to 

a DC shunt-wound motor. The induction motor tends to run at a 

fairly constant speed, and therefore has good speed regulation. 

Various attempts have been made to control the speed of an induc- 

tion motor, but all of them are either inefficient or very compli- 

cated and costly. Varying the rotor circuit resistance will pro- 

duce a change in the speed (more resistance, slower speed), but 

this method is very inefficient, and results in poor speed regu- 

lation, and reduced horsepower output. Another method employs a 

series of switches to which the stator windings are connected, and 

by operating these switches the number of poles of the motor may 

be changed. This causes the synchronous speed to vary, and like- 

wise produces a change in the rotor speed. The motor might be 

so wound that throwing these switches on.e way would cause it to have 

six poles, and throwing the switches the other way would increase 

the poles to eight. Such an arrangement is efficient, but requires 

rather complicated connections. 

(B) The Single -Phase Type. Single-phase induction motors 
are used only in the smaller sizes, or in localities where three- 
phase power is not available. They are considerably less efficient 
than the three-phase type, and, for agiven horsepower output, they 

are larger and more expensive. Furthermore, they are not self- 

starting. The field of a single-phase motor periodically changes 
direction as the current through its windings alternates, but this 
field does not rotate, and consequently the motor has no starting 
torque. If, however, the rotor of such a motor is brought up to 

nearly synchronous speed by some external means;the rotor currents, 
acting in conjunction with the current through the single-phase 
stator, do produce a rotating flux which creates the torque neces- 
sary to drive a load. It is, therefore, essential that some means 
be provided for starting the motor. 

There are several methods which may be used to start a single- 
phase induction motor, but the most common for motors of moderate 

size is that known as the "split -phase" method. Motors of this type 
have, in addition to the regular field winding, a starting winding, 
the magnetic field of which is spaced 90 electrical degrees from 
the main field. (See Fig. 17.) Furthermore, this starting winding 
is composed of many turns of cdmparatively small wire, and possesses 
considerable inductance. The main field winding, on the other hand, 
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has very little'inductance. Thus, the current and the flux of the 
main field are nearly in phase with the line voltage, whereas the 
current and flux of the starting winding lag almost 90° behind the 
line voltage. The combination of these two fields which are spaced 
90° from each other, and which also are practically 90° out of phase, 
produces a resultant flux which rotates around the field frame. 
Thus, astarting torque is created, and the motor becomes self-start- 
ing. If it so happens that the inductance of the starting winding 
is not large enough, it may be increased by connecting an external 
inductance in series with it. 

Fig.17 A single-phase induct- 
ion motor, with a starting wind- 
ing. 

Running 
Minding Starting 

winding 1 . 

After the machine has reached its operating speed, the start- 
ing winding should be disconnected, because it is a source of power 
loss, and also, its winding is not designed .to carry current for 
an appreciable length of time. This action is usually performed 
automatically by means of a centrifugal switch which opens the start- 
ing winding after the motor has reached a certain speed. 

Small single-phase induction motors, such as sometimes used in 
electric fans or other devices requiring equivalent power, employ 
a somewhat different method for developing the starting torque, 
Such machines make use of shading coils. A four -pole, single-phase, 
induction motor using shading coils is illustrated in Fig. 18. 
Machines of. this type have projecting or salient poles, and surround- 
ing approximately half of each pole face is a short-circuited turn 
of heavy copper. As the current through the field winding begins 
to rise, the field flux increases, and induces a voltage in this 
copper ring which causes a fairly large current to circulate in 
this one -turn coil. The current in this coil produces a magnetic 
field which directly opposes the main field flux which is thread- 
ing through the turn, and, as a result, an unequal distribution of 
field flux is present on the surface of the field pole. That part 
of the pole face surrounded by the turn is weakened, and most of 
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the flux emanates from the other half of the face. Fig. 18 shows 

the field distribution as the current is increasing. 

As the current in the field winding reaches its maximum value. 

it is no longer changing (or rate of change at this time is zero). 

Fig.18 Showing the field dis- 
tribution of a shaded- pole when 
the current through the field is 
increasing. 

and the voltage induced in the copper turn drops to zero. This 

causes the current -to stop flowing in the turn and the magnetic 

field due to this current becomes zero, so that there is no longer 

any opposition to the main field flux. When this occurs, the flux 

dístríbutíon ís practically uniform over the surface of the field 

pole. 

Fig.19 The field distribution 
of a shaded-pole motor when the 
current is decreasing. 

Now, as the field" current begins to fall after having reached 
its maximum value, the voltage induced in the copper turn reverses 
polarity (in accordance with Lenz Law), and the magnetic field cre- 
ated by the current flowing in this turn aids the main field flux. 
This again results in an unequal distribution of the flux surround- 
ing the pole face, and most of the flux emanates from that part of 
the face surrounded by the copper turn. (See Fig. 19.) Thus, the 
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result is that the flux rises to a maximum in the unshaded portions 
of the pole face before it reaches its maximum in the shaded portions, 
and there is a progressive shift in the field from the unshaded to 
the shaded portions of the poles. This shift in the field causes 
the rotor conductors to be cut by flux, and the effect is the same 
as though a rotating flux had been produced. The fact that the 

rotor conductors are cut by the shifting flux causes voltages and 
currents to be created in the rotor, and a starting torque is cre- 
ated. The shading coils are left in the circuit after the motor 
has reached its operating speed, because the loss they introduce 
is of little importance in the small motors that use this method of 
starting. 

There is another fairly common method used to start single- 
phase induction motors. In this arrangement, the motor is started 
as a repulsion motor, and is automatically converted to an induction 
motor after the operating speed is attained. It is called a "re- 
pulsion -induction" motor, and will be briefly discussed in the 
section on repulsion motors which immediately follows. 

5. THE REPULSION MOTOR. In principle, the repulsion motor 
is very similar to the DC series motor. It has a commutator and 
two or more brushes. The armature current, however, is not sup- 
plied conductively from the line, but is furnished by the induc- 
tive relation between the stationary field and the armature. Fig. 
20 shows a schematic diagram of a repulsion motor. Notice that 

Fig.20 A schematic diagram of 
a repulsion. motor. 
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the two brushes are connected together, and that the plane of the 
brushes is at an acute angle with the plane of the field. As the 
current in the field winding alternates, it induces voltages in 

the armature conductors, and since the armature is effectively di- 
vided into two halves by the brushes, the currents in all the con- 
ductors in one half of the armature will flow in the same direc- 
tion and those in the other half in the opposite direction. 

The magnetic field set up by the armature current reacts with 
the main field and produces atorque which is in the same direction 
that the plane of the brushes have been shifted from the plane of 
the main field. As the direction of the main field changes, the 
induced armature voltages reverse, the armature current changes 
direction, and the torque is in the same direction as before.. There- 
fore, the torque is uni - directional and pulsating. Furthermore, 
it may be proved that the magnitude of the torque depends on the 
angle between the plane of the brushes and the plane of the field 
flux, and that the speed of the motor may be changed by shifting 
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the position of the brushes. 
The losses of the repulsion motor are fairly great unless spec- 

ial compensating windings are employed. For this reason, most small 
motors of this type are started as repulsion motors and run as in- 
duction motors. This is accomplished by a centrifugal switch, which, 
when the motor reaches a certain speed, short-circuits all the commu- 
tator segments and lifts the brushes from the commutator. 

6. THE SERIES AC MOTOR. The series AC motcr has exactly the 
same principle of operation as the series DC motor. It has a com- 
mutator and brushes, and the field winding and armature are connected 
in series. It may be proved that any DC series motor will operate 
on alternating current, because the field current and armature cur- 
rent reverse direction simultaneously, with the result that both 
the main field flux and the armature flux change at the same time, 
and the torque has the same direction in either case. In fact, many 
small motors used to operate household appliances are of the series 
type, and are called "universal motors"5 since they work equally 
well on AC or DC. 

Large AC series motors, although they operate on the same prin- 
ciple as the DC type, are usually somewhat different in construc- 
tion. In the DC type, the field flux is steady, and the field frame 
is composed of one piece of cast iron. AC series motors, on the 
other hand, have a constantly varying field flux, and in order to 
prevent excessive eddy current losses, the entire field frame must 
be built up of laminations. In addition, it has been found that 
the losses of an AC series motor are lower when it is constructed 
without projecting poles, and this is also true of the repulsion 
motor. Furthermore, large AC series motors ordinarily have a com- 
pensating winding whose purpose is to minimize the losses. For 
these reasons, the AC series motor is more expensive than a DC 
series motor of the same capacity. 

7. THE SYNCHRONOUS MOTOR. The synchronous motor is nothing 
more than an alternator running as a motor instead of a generator. 
It has a stationary armature and a revolving field frame. The 
field is excited with direct current by brushes which make contact 
with slip rings, and an alternating voltage is applied to the arma- 
ture. Neither the single-phase nor three-phase type has any start- 
ing torque, and must he started by some external means. The syn- 
chronous motor has just one outstanding characteristic. It runs 
exactly at synchronous speed, some submultiple thereof, or not at 
all. The speed at which it will operate is the same speed at which 
the field would have to be revolved if the machine were working as 
an alternator; to produce an alternating voltage of the same fre- 
quency that is being applied to it. For example, if a givenalter- 
nator must be driven at 1200 r.p.m. to produce a frequency of 60 
cycles, then that alternator will operate as a synchronous motor 
running at 1200 r.p.m. when a 60 cycle voltage is applied to its 
armature. 

One other feature of the synchronous motor is that it can be 
made to draw aleading current from the supply line by over -exciting 
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its field. The induction motor,on the other hand, ordinarily draws 

a lagging current, and if there are a lot of induction motors on 

the same line, the power factor of that line is liable to be poor. 

To counteract this poor power factor, the power company often at- 

taches a synchronous motor to the same line, and over -excites its 

field so that it will draw a leading current. By this method, the 

power factor may be brought up to nearly one, and the power company 

benefits, even though the synchronous motor may not be needed for 

any other purpose. When used in this manner, the synchronous motor 

is called a "synchronous condenser". Many times the power company 

will offer a premium in reduced rates to a large industrial plant 

using many induction motors, if they will install a synchronous 

motor to raise the power factor. This is of advantage to both the 

consumer and the power company, because the consumer gains nothing 

by having a low power factor. 

8. COMPARISON OF DIFFERENT AC MOTORS. Of all the various 

types of AC motors, the most widely used, except for applications - 

requiring very little mechanical power, is the three-phase induc- 

tion motor. This motor is fairly simple in construction, is rug- 

ged, and is fairly efficient. It is essentially a constant -speed 
motor, and its speed cannot be easily varied without causing loss 

of efficiency. Thus, this type of motor is most suited for appli- 

cations requiring a practically constant speed, and would not be 

advisable for railway traction work, where varying speeds are re- 

quired. 
The single - phase induction motor is somewhat less efficient 

than the three-phase type, but nevertheless finds wide application 

where three-phase power is not available. It, too, is a constant 

speed motor. 
As regards efficiency, the series AC motor and the repulsion 

motor are practically in the same class. Both are less efficient 
than the induction motor, and both suffer from commutation troubles. 
They both, however, may be used at varying speeds, and find some 
application where a varying speed is desirable. A few transporta- 
tion companies have installed AC series motors in their cars, but 

the fact that the DC series motor is more efficient, has caused 
most companies to cling to the DC type. 

The synchronous motor finds its widest application in power 

factor correcting, although it is sometimes used where an absolutely 
constant speed is essential. Thus, the television scanning disc, 

is driven by this type of motor. 

9. THE CARE OF MOTORS AND GENERATORS. In general, only two 

requirements are necessary for maintaining any motor or generator 
installation in proper operation. These are cleanliness and cor- 
rect lubrication. Motors and generators do not need a great deal 
of care, but they do require attention at regular and periodic in- 
tervals. The best method of maintaining an installation is to es- 
tablish a definite routine for cleaning and oiling. 

The machines should always be installed in a location where 
vibration is at a minimum. Vibration is liable to cause the bear - 
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ings to heat excessively, and is almost sure to cause sparking due 
to the inability of the brushes to make perfect contact with the 
vibrating commutator. 

Nothing will cause a machine to develop trouble quicker than 
an accumulation of dirt. Greasy dirt on the commutator is sure to 
cause excessive sparking, and allowing dirt to clog the ventilation 
ducts will prevent the free circulation of air, thereby causing the 
machine to overheat. The machine should be cleaned with a duster 
or a clean cloth at frequent intervals. 

On a DC machine, the commutator requires more attention than any other part. Furthermore, the condition of the commutator is a 
good indicator of the general condition of the machine, since the 
commutator gets more wear than any other part of the machine, and 
nearly any type of trouble is liable to affect the commutator. When 
the machine is functioning properly, the commutator should have a 
deep chocolate color, especially if carbon brushes are used; and 
it should acquire a highly polished surface. 

Oil and grease on the commutator may have two different ef- 
fects. The layer of oil may partially insulate the brushes from 
the segments, and thereby produce sparking, and the sparking, in 
turn, may partially carbonize the oil particles producing a leak- age path from one segment to another. 

Excessive sparking will always roughen the surface of the 
commutator, if it is allowed to continue; and the rough surface 
furthers the production of sparking. This rough surface may be 
smoothed by using a fine grade of sandpaper. Never, under any 
conditions, use emery paper or emery cloth for this purpose. The 
particles of the emery powder are conductors and they are liable to become wedged in the spaces between the segments and cause short 
circuits. Furthermore, the particles of emery dust may become em- bedded in the contact surface of the brushes where they will scratch the commutator surface. If the commutator is in very bad shape, 
it may be necessary to turn it down to a new level of smoothness in a lathe. 

Brush 

Sandpaper 

Fig.21 Illustrating the method of using sandpaper to fit the brush to the curvature of the commutator. 

The next most frequent source of trouble is due to some de- fect or bad adjustment of the brushes. If the brush pressure is too low, a slight arc will be produced between the brushes and the commutator and this condition is aggravated by the roughening 
of the commutator which results. Adjust the tension of the brushes until a good contact results when the machine is operating. When new brushes are to be installed, their contact surfaces must be made sufficiently concave so that they will fit closely to the con - 
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vex surface of the commutator. The correct curvature may be se- 

cured by using a strip of sandpaper slightly wider than the width 
of the brush, and by holding this piece of sandpaper on the sur- 
face of the commutator with the rough side up as.shown in Fig. 21. 

With the brushes adjusted for proper tension, and with the paper 
held flat against the surface of the commutator, it is worked back 
and forth until the surface of the brush has the correct curvature. 
Unless the paper is firmly pressed against the commutator, the 
brush fits properly only at its center, as shown in Fig. 22. Thus 
only a small part of the brush's surface actually makes contact 
with the commutator, and excessive heating will be developed at 

this point. After the commutator has been smoothed and the brushes 

Brush 

Fig.22 Showing how the wrong curvature may result unless the 
sandpaper is held properly. 

fitted, all copper and carbon dust should be blown away with a hand 
bellows before the machine is again put into operation. 

Unless the machine is equipped with commutating poles, the 
axis of the brushes must be shifted every time a change in the load 
occurs. Never change the position of the brushes on a machine fitted 
with commutating poles, for if sparking occurs, it is due to some 
other source than wrong position of the brushes. 

Now we come to lubrication, and the first thing to be said on 
this subject is that oil, even the best grade obtainable, is far 
cheaper than repairing and replacing bearings. It is certainly 
poor economy to attempt to save by using an inferior grade of oil 
at the expense of the bearings. Whenever there are moving parts, 
there is friction, and it is the purpose of lubrication tc reduce 
this friction to a minimum. The oil forms a thin film over the 
moving part and prevents its actual contact with the stationary 
part. After a time, this oil film becomes so thin it can no longer 
prevent contact, and friction occurs. 

Some machines are fitted with oil rings and oil wells. When 
such is the case, these oil rings should be inspected frequently 
to make sure that they are loose, are dipping freely into the wells, 
and are supplying oil to the shaft in the proper manner. Other 
bearings are fitted with grease cups which should be given a quarter- 
turn once a week. The use of too much oil is almost as bad as too 
little oil. If the oil cups are filled too full, the oil will be 
splashed over the commutator and the armature windings. 

Great care must be taken to keep dirt and grit out of the bear- 
ings. This is especially true of ball bearings-, and roller bear- 
ings; and only grease which is known to be free from foreign par- 
ticles should ever be used. 

Heating of the bearings may be due to lack of oil, to a poor 
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grade of oil, or to dirt in the bearing. When a hot bearing oc- 

curs, a definite procedure should be followed. First, do not shut 

off the machine. The heating of .the bearing has caused the shaft 
to expand, and if the machine is stopped, the bearing will contract 
around the rotor shaft, and the shaft is said to "freeze" in the 

bearing. Should this happen, the shaft is held fast in the bearing 
and cannot rotate. The shaft must then be pried out, and this 
is the work of a skillful mechanic if the shaft is not to be ruined, 
Therefore, the first thing to remember is to keep the machine turn- 
ing. If it is convenient, the machine may be slowed down somewhat. 
The next step is to flush out the bearing with agood grade of fair- 
ly heavy cylinder oil, while at the same time cold water or a rag 
dipped in ice water is applied to the shaft. Care must be taken 
that the water does not get on to the box. When the bearing has 
cooled, the machine may be stopped, but if there is any likelihood 
of the shaft having been scratched or scored, the machine should 
be taken down and the shaft inspected before it is again put into 
use. 

Induction motors, of course, are not bothered with commuta- 
tor troubles, and as long as they are kept free from dirt, and. 
well lubricated, they will function properly. 

Some of the more common troubles which occur in motors and gen- 
erators are listed in the following summary: 

A. `totor fails to start. 
1. Supply line dead. 
2. Fuses blown. 
3. Field or armature circuit open. 
4. Too much resistance in the field rheostat. 
5. Load on motor too heavy. 

B. Generator fails to build up. 
1. Field circuit open. 
2. High resistance in the field rheostat. 
3. Commutator dirty. 
4. Brushes in the wrong position. 
5. No residual magnetism. 
6. Field connected incorrectly to the armature. 

7. Speed low. 

C. Sparking at the commutator. 
1. Rough surface. 
2. Brushes in the wrong position. 
3. Insufficient brush tension. 
4. Poorly fitted brushes. 
5. Armature overloaded 
6. Vibration of the machine. 

7. Armature coil short-circuited. 
8. Armature coil open -circuited. 
9. Unequal brush spacing. 
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D. Heating. 

1. Machine overloaded. 
2. Ventilating ducts closed. 
3. Insufficient lubrication. 
4. Field strength below normal. 
5. Any of the factors which also cause sparking 

at the commutator. 
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FROM CURIOSITY 
TO MAMMOTH INDUSTRY. 

The writer being an amateur wireless operator at the 

time of radio's advent, has had many occasions to compare 

the pJblic's attitude toward radio .then, and their att- 

itude today. 

When radio first blossomed forth, I was one of many 

amateurs who became crystal set manufacturers on a small 

scale. We sold the sets for $25.00 and charged as much 

as $10.00 to install an antenna. It is amusing to recall 

that the people who bought the little sets, .considered 

that radio had reached it's peak, and that it would never 

become anything of consequence. 

On one occasion I was attending a bazaar for the bene- 

fit of something or other in Chicago. In one room of the 

building, an enterprising young man had a crystal set in 

operation and was charging twenty-five centsfora 'listen'. 
A long line of people waited for an opportunity to pay the 

quarter and 'listen'. And while waiting,. I heard many of 

them remark that it was a 'trick'....'I know good and well 

you can't. send music through the air' 'Why of course 

you can't, it's absurd....etc., etc. 

While the people of today have become accustomed to 

expecting the 'impossible', many still maintain the same 

attitude toward television, that was so apparent when ra- 

dio broadcasting first became a ,reality.. 

Every new development of a startling, scientific nat- 

ure will probably be met with ridicule, skepticism, and 

doubt. But as the new development becomes an established 

industry, the very people who ridiculed will make good use 

ofthe new development. And in the majority of cased, they 

will even fórget that any doubt ever existed in their minds. 
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Lesson Nine 

POWER TUBES. 
PLATE & FILA- 
MENT SUPPLIES 

"Without the modern 
high-powered tubes avail- 
able today, we would not 
have the vast radio system. 
which not only entertains us 
in our homes but carries on - y' 
world commerce through the air. _ 

In this lesson, we are giving you - 
fundamental information concerning the 
construction and operation of high-powered tubes. 

"The second part of this lesson is devoted to modern means of 
securing plate and filament supplies for high-powered transmitting 
tubes. I am sure you will find this material interesting and helpful." 

PART I POWER TUBES 

1. TYPES OF POWER TUBES. It is the purpose of the radio 
transmitter t,o develop large atiounts of radio - frequency power. 
The oscillator itself Produces comparatively little power, since its major purpose is to determine the frequency of transmission, 
and it is better able to perform this duty when the power demands 
made on it are small. The first buffer serves the dual purpose of 
amplifying the output of the oscillator and isolating it from the 
variations taking place in the modulated stage. It may or .nay not 
he operated as a power amplifier. In some cases, it is merely a 
voltage amplifier whicl; increases the R.F. voltage variations oc- 
curring across the plate tank circuit of the oscillator. When so 
used, it places no load on the oscillator, and thus makes for better 
frequency stability. Even in this case, there is more R.F. power 
in the plate tank circuit of the buffer than there is present in 
the output of the oscillator. On the other hand, the buffer is 
sometimes allowed to draw a small amount of grid current, and is 
operated with the idea, of increasing the power output of the oscil- lator. This is permissible if the load placed on the oscillator is light. 

The stages following the first buffer are definitely power 
amplifiers; their sole purpose is to increase the amount of R.F. 
power until it is sufficient to produce considerable radiation from 
the transmitting antenna. It is, therefore, evident that Prac- tically all of the tubes in a radio transmitter (with the exception 
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of the rectifiers) are power amplifiers, and the first part of this 
lesson will deal with their construction and care. 

2. THE EMITTER. *The emitter may be called the heart of any 
vacuum tube; it is the source of the electrons composing the plate 
current. Unless it is of rugged construction and is easily able to 

supply the needed electrons, the life of the tube will be short. 
Various materials which are used for emitters are tungsten, oxide - 
coated tungsten, and thoriated tungsten. Of these three, the oxide - 
coated type has the highest thermionic efficiency; that is, for a 
given amount of emission, it requires the least amount of filament - 
heating power. However, neither the oxide- coated nor thoriated 
types are used with tubes requiring a high plate voltage. The dif- 
ficulty lies in the fact that it is impossible to eliminate completely 
all traces of gas in a vacuum tube. Under the influence of high 
plate voltages, the primary electrons acquire tremendous velocities 
and collide with the residual gas molecules with sufficient force 
to dislodge one or more electrons from them. This action changes 
the gas molecules into positive ions, which are attracted by the 
negative filament. The positive ions strike the filament with con- 
siderable force, actually stripping the oxide coating or thorium 
layer from its surface. Thus the filament gradually loses its emit- 
ting ability, and the life of the tube is comparatively short. For 
this reason, many tubes using plate voltages much in excess of 1000 
volts employ pure tungsten filaments. 

The dimensions of the filament are determined by the peak space 
current which includes the plate current, grid current, and, in ad- 
dition, the screen current, if the tube is a tetrode. When tungsten 
is used for the filament, it is designed so that the peak current 
is practically equal to the full emission of the filament. Thoriated 
and oxide -coated filaments require that the peak emission be several 
times as large as the maximum space current in order to allow for 
deterioration of the emission surface: 

Considerable power is required to heat the filaments of the 
larger sized power tubes, in fact, some of the water-cooled tubes 
use several thousand watts of filament power. The filament voltage 
is never very large, being only 33 volts for the largest tube manu- 
factured; however, the current drawn by this filament is 207 amperes, 
and the leads must be of ample size. This filament power is not 
ordinarily taken into account in calculating the efficiency of the 
tube. Since the resistance of the filament, when cold, is much less 
than after it has reached its operating temperature, it is customary 
with large tubes to place a resistance in series with the filament 
when the filament voltage is first applied. Without this starting 
resistance, the large current that would otherwise flow might damage 
the lead wires passing through the glass seal. 

3. VOLTAGE REQUIREMENTS. In addition to the normal DC plate 
voltage, the voltage between the plate of the tube and the filament 
consists of an R.F. component with a peak value nearly equal to the 
applied plate voltage. Furthermore, if the tube is used in a modu- 
lated stage, there is also an A.F. component of plate voltage, which, 
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if the degree of modulation is 100%, is equal in peak value to the 
applied DC plate voltage. Thus the applied DC plate voltage may be 
only 1000 volts, but it is probable that the peak voltage existing 
between the nlate and filament will be nearly 4000 volts. (It is 
assumed that the stage is 100% modulated, and that the applied 
Voltage varies from 0 to 2000 volts. In this case, the R.F. voltage 
across the plate tank circuit will have apeak value of nearly 2000 
volts, during the time that the applied voltage is 2000 volts, and 
the peak plate voltage will approach 4000 volts.) 

At the higher frequencies, the R.F. component of the plate 
voltage produces large dielectric losses in the glass envelope which 
is in its electrostatic field. The losses are largely due to the 
high temperature of the glass during normal operation, and increase 
in amount as the frequency is raised. These losses often result 
in excessive heating of particular spots of the envelope which may 
soften the glass and destroy the vacuum. Even though these effects 
are minimized as much as possible by special design, it is usually 
necessary to lower the plate voltage somewhat when operating the 
tube at very high frequencies. 

4. HEAT DISSIPATION. The power supplied to a vacuum tube, 
other than the filament power, is determined by the product of the 
average plate current, and the voltage of the power supply. This 
power is limited by the maximum permissible plate voltage and the 
allowable peak plate current. Of this total power, a part is con- 
verted into R.F. energy which drives other tubes oris radiated from 
an antenna. The remainder is dissipated in the tube and its cir- 
cuits in the form of heat. The amount actually dissipated in the 
tank circuits and the connecting leads is small compared to that 
which must be, converted into heat within the tube. The major part 
of this internal dissipation takes place at the plate of the tube, 
which reaches a relatively high temperature during normal operation. 
The plate must be capable of radiating this heat to the walls of 
the tube and thence to the surrounding air without either the plate 
or the glass envelope becoming excessively hot. To facilitate this 
heat radiation, the plate is usually blackened, because a dull black 
surface is able to radiate heat better than a smooth polished sur- 
face. Some manufacturers make the plates of carbon, since it pos- 
sesses a large radiation ability. 

There is also a power loss at the grid of the tube which is 
somewhat smaller than the plate loss, but which must be taken into 
account because it is not permissible to allow the grid to become 
red hot, as this would cause it to emit electrons. 

.Another source of power loss in a vacuum tube is that clue to 
the circulating R.F. grid and plate currents. Yearly all tube manu- 
facturers specify how much circulating R.F. current is permissible 
without causing overheating. This circulating current is not the 
ordinary grid or plate currents, nor their R.F. components; but is 
the charging current taken by the interelectrode capacities of the 
tube. The plate tank circuit is connected between the plate and 
the filament and therefore causes an R.F. voltage to be present be- 
tween these two points. his R.F. voltage causes an R.F. current 
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to circulate between the plate and the filament, charging the capa- 

city existing between them. In a like manner, a circulating R.F. 

current flows between the grid and filament electrodes to charge 

the grid -to -filament capacity. At low or medium frequencies, these 

circulating currents are of no consequence. With high frequencies, 

however, the interelectrode capacitances have such low capacitive 

reactances that the circulating current is considerable and large 

electrode leads must be used to carry the R.F. current without ex- 

cessive heating. The maximum allowable circulating R.F. current 
is, for most tubes, several amperes. 

5. CONSTRUCTION OF POWER TUBES. The problem which presents 

the greatest difficulty in the manufacture of high-powered tubes 
is the production of the vacuum. The air originally in the tube 
may be easily pumped out with mechanical and diffusion suction pumps; 
however, there are many gas molecules which adhere to the metal elec- 

trodes and the inner walls of the glass envelope. This gas is said 
to be occluded by the metal and glass parts of the tube. The gas 
molecules enter the pores of the glass and the metal and are ex- 

tremely difficult to remove. In fact, it is possible to remove them 
only by heating the parts which have absorbed the gas. 

The pumping procedure is performed while the tube is in a 

special oven where the temperature is just below the softening point 
of the glass envelope. It is necessary to heat the elements of the 
tube to temperatures above that which they will experience during 
normal operation, or else additional gas will he liberated by the 
metal parts while the tube is in operation. Therefore, before the 
tube is removed from the exhausting pump, the metal electrodes are 
brought to a red heat by inducing a high - frequency voltage into 
them, which heats the metal parts without directly heating the glass. 
When it is realized that a tube is connected to the exhausting pump 
for approximately 24 hours to remove the absorbed gas, the diffi- 
culty in obtaining the desired vacuum may be readily understood. 

There are only a few materials which are suitable for the grid 
and plate electrodes. These include tungsten, molybdenum, and 
tantalum, while carbon is often used for the plate. The grids of 
most tubes are made of tungsten, because of its ability to withstand 
high temperatures, however, molybdenum is rapidly gaining in favor. 
Plates are generally constructed of molybdenum, although carbon 
elates are featured by some manufacturers because of their greater 
heat - radiating ability. A few manufacturers employ tantalum ex- 
clusively for the grids and plates of their tubes. It has the added 
advantage that it liberates almost all the occluded gas at a bright - 
red heat, and tends to absorb the residual gases at lower tempera- 
tures so that the tube will be essentially free from gas during 
its normal life. Furthermore, it is softer than tungsten and may 
be easily welded to form solid joints having low resistance; a fea- 
ture which is especially desirable for high -frequency operation. 

In general, the main differenc'.s between power tubes and re- 
ceiving tubes are the very high voltages that the tubes can stand, 
the large space currents that they are able to produce, and their 
ability to dissipate large power losses. Several representative 
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air-cooled power tubes are illustrated in Fig. 1. Notice that the 
size of the glass bulb is proportional to the power rating. Further- 
more, tubes designed for high voltages are so arranged that the 
plate connection enters the tube at a point remote from the grid 
and filament connection. This increases the insulation resistance 
between the leads and, in addition, tends to reduce the interelec- 
trode capacities. 

Power tubes are rated on a basis determined by their ability 
to dissipate the internal power losses. Thus a 50 -watt tine is 
one capable of dissipating 50 watts at its plate without becoming 
overheated. With an efficiency of 50%, such a tube is capable of 
producing 50 watts of R.F. power. Since most ratings are fairly 
conservative, it is wholly possible that this tube could produce 
an output power of at least 100 watts, indicating an efficiency of 
67%. 

á, t tt` 
-r.. 

(A) (B) 
(C) 

Fig.? Air-cooled tubes designed for short waves. 

Many of the common power tubes are not suitable for high -fre- 

quency operation because of their large interelectrode capacities. 

For this reason, special high -frequency tubes have been desi n ed 

tc minimize these capacities as much as possible. Such tubes em- 

ploy electrodes of small surface area, widely spaced, and often 

each lead enters the glass at a point remote from all others. Sever- 

al tubes of this type are illustrated in Fib*. 2. The one at A is 

a Western Electric type 3048 and has aplate dissipation of 50 watts. 

Notice how the grid and plate leads are separated in this tube ín 

order to minimize the interelectrode capacities. The tube shown 
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at B is also a Western Electric tube and its type number is WL-461. 
It has a plate dissipation of 160 watts: The one at C is an RCA 
type 333, having a plate dissipation of 300 watts. The lead wires 
in the last two tubes are especially large and rugged as they must 
he to handle the large R.F. currents. 

For ultra -`.sigh frequencies, even these tubes are unsuitable. 
It has been determined that the only feasible method of reducing 
the interelectrode capacities is to reduce the physical size of the 
tube itself. This idea has been given extensive consideration for 
the past few years, and the result has been several extremely small 
tubes particularly adapted for ultra -high frequency operation. One 
such tube is the Western Electric type 316A shown at A, Fi_g. 3. It 
is sometimes called the "door knob" tube from its general resem- 
blance to this familiar obj ect. Its comparatively small size may 
be judged from the fact that its longest dimension is less than 3",. 

(A) (B) 

Fig.3 Ultra-high frequency tubes 
Naturally, such a sriall tube cannot dissipate as much power at its 
plate as some of the larger tubes, but it will operate at frequen- 
cies much higher than rest power tubes: It bas a maximum plate 
dissipation of 30 watts, and will deliver 3.5 watts of R.F. power 
at 300 megacycles. Its upper frequency limit is 750 megacycles. 

Another type of ultra -high frequency tube is illustrated at 
B in Pig., 3. It is the so-called "acorn tube" manufactured by 
RCA. Its longest dimension is about 1V", and it is manufactured 
in both triode and pentode types. (This illustration is larger 
than actual size.) With an upper frequency limit of about .5 meter, 
it has become popular for ultra -short wave oscillators and receivers. 

6. WATER-COOLED TUBES. The total power to be dissipated in 
an air-cooled tube consists of the plate losses, the grid losses, 
and the heat generated by the filament. Tubes havinm a rating of 
less than 2000 watts can dissipate this energy through the walls 
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of the glass envelope without increasing its temperature to a dan- 

gerous point. However, the amount of energy that each square inch 

of the glass envelope may radiate safely is comparatively low, and 

larger tubes would need to be enclosed in glass bulbs of prohibitive 

size. Sometimes a forced draft created by a fan is necessary to 

prevent the glass from reaching the softening point. 

Since a large proportion of this heat dissipation is produced 

at the plate of the tube, this problem has been partially solved 

by using water-cooled plates. A diagram of a tube of this type is 

illustrated in Fig_. 4. The plate consists of a copper cylinder 
joined to the glass envelope by an air tight metal -glass seal. The 

copper plate is then inserted into a water jacket through which 
water circulates freely. Thus, the copper cylinder serves as both 
the plate and a part of the wall of the tube. Since it is in di- 

rect contact with the cooling water, many kilowatts of energy may 
be dissipated before a dangerous temperature is reached. 

The major problem in the design of water-cooled tubes has been 
the metal -glass seal. Naturally, a type of glass must be used which 
has the same coefficient of expansion as the copper plate, otherwise 
the seal would break during temperature changes. Much research has 
been conducted on this particular problem, and it was not until a 
new type of glass was developed that water-cooled tubes became 
practical. 

The largest water-cooled tube commercially manufactured is the 
RCA type 862. It has a maximum plate dissipation of 100,000 watts, 
and is over 5 feet in length. Although water cooling the plate of 
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Fig.0 Construction of 
a water-cooled tube. 

a tube helps the dissipation of heat energy, the losses of the grids 
of large tubes is so great that the grids sometimes operate at a 
red heat. Tubes with water-cooled grids have been designed, although 
they are not now in commercial use. 

Three different types of water-cooled tubes are illustrated 
in Fig. 5. The tube shown at A is a comparatively new tube designed 
by RCA_. It is especially adapted fbr high -frequency operation and 
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will deliver an R.F. power of 1200 watts at 1á meters. It is a 

type No. 888. The one at B is an Amperex type 207 capable of dis- 

sipating 7,500 watts at its plate. The one at C is altiestern Elec- 

tric type 220B having a rating of 10,000 watts. 

(A) (B) 

Fig.5 Representative water-cooled tubes 
(C) 

The plate connection is usually made to the water jacket it- 

self, ano the shoulder on the copper plate must make good contact 

with the jacket. furthermore, the jacket must provide the proper 

clearance around the plate to allow for the free circulation of 

the coolin^. water. It is cormon practice to ground the filaments 

of all vacuum tubes; this makes the plate hi,'hly positive with 

respect to ground. In a water-cooled tube, the plate is in di- 

rect contact with the cooling water and a lea'.:are path to ground 

is provided through the conductivity of the water. Naturally, the 

hose used to carry the water to tle jacket must be anon -conductor, 
and either rubber hose or Isolantite pipe is used for this purpose. 

The inlet and outlet hose should each he at least 15 feet long so 
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that the conductivity between the plate and ground will be very low. 
The conductivity of the water will depend upon how much mineral 
matter it has in solution. Although tap water may sometimes be 
used, distilled water is desirable. A photograph of a water-cooled 
tube in its jacket is shown in Fig. 6. 

_ _a- W 
Fr- sr r-- ,r- 

Pt , - 1 ' f 
U. - 

f 
_ 

_ :_ --.. 

Fig.6 Photograph of a water-cooled tube in its jacket. The hose carrying the cooling water is clearly visible. 

As the water flows from the jacket, it has a fairly high tem- 
perature, perhaps as hic_*h as 50° C. Since it is desirable to use 
distilled water, the same water may be used over and over main, 
if it is cooled in some manner. One type of cooling arrangement 
is illustrated in Fii. 7. A reservoir is provided and a centri- 
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fugal pump forces water from the reservoir through a radiator to 

the cooling jackets, and thence back to the reservoir. . large 

blower fan creates a draft through the radiator which cools the 

water. The cooling arrangement shown in the figure is used with a 

5 kw. and a 50 kw. tube. The water is circulated at the rate of 

To 
Water 

L Supply l 

5 KW 
Amplifier 

50 KW 
Amplifier 

Air 
Blowers 

Connection,.' 
to Thermometer 

Drain 
valve 

T # _ _ 
T 'j = _ 

I _f_ 

Storage Tank 

Fan 

Radiator 

Pump 

Fig.7 Diagram of a water-cooling system. 

50 gallons per minute, and the blower fan forces 15,000 cu. ft. of 

air through the radiator Per minute. In addition, the larger tube 

is equipped with two blower fans which aid in keeping the tempera- 

ture of the tube below the danger point. A dial thermometer is 

provided to indicate the temperature of the water as it comes from 

the water jackets. Included in this arrangement are protective 

relays which disconnect all voltages from the tubes in case the tem- 

perature of the water leaving the jackets exceeds a predetermined 

value, usually 70° C; or in case the circulation pf the water is 

interrupted. 
water-cooled tubes are very expensive, and reasonable care 

should be taken in handling them. In case city water is used for 

cooling, it is probable that a scale will form on the plate of the 
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tube after it has been in operation for some time. This scale should 
be removed for it obstructs the free circulation of the cooling water. The tube must be taken from its water jacket, and the scale 
removed by rinsing the plate with weak hydrochloric acid. When the plate is again clean, it must be thoroughly washed with pure water 
to remove all traces of the cleansing acid. A water -tight gasket is used to seal the top of the water jacket, and it should he firm- 
ly bolted into place. Do not, however, use any adhesive cement 
to make the seal water -tight, for the tube may be damaged when it is again dislodged from its jacket. 

Inspect the hose connections at regular intervals to make sure that they are water -tight and are free from corrosion. The moving parts of the water jacket should be coated with a light film of oil to prevent corrosion. 

Fig.8 A water-cooled 
tube with cooling fins 
attached. 

Within the past year there has been develoned a 5 kw. trans- mitter in which all the tubes are air-cooled. This is a new trans- mitter built by RCA, and the final stage and modulator employ regular water-cooled tubes; however, by a rather ingenious arrangement, it is not necessary to use water for cooling them. This is made pos- sible by silver -.soldering a large number of copper fins to the metal plate and blowing air through them. Fig. 3 shows how one of these tubes appears after the addition of the cooling fins. This method has proved highly successful, and the modified tubes are now available from RCA. The tubes, fins and all, are placed into porce- lain cups and a large flexible hose connects the cup to the blower fan as shown in Fig. 9. A dust screen i.s placed over the blower to prevent the collection of dust on the fins. Several advantages are claimed for this system. First, there can be no accumulation 
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Fig.9 Photo9rapn of a transmitter :mploy 
Nith cooling fins. 

of scale on the copper plates of the tubes; second, the tubes are 

more evenly cooled, and the meta] -glass seal is cooled as well as 

the plate; and third, the fact that the radiation surface is much 

larger tends to prevent the formation of hot spots. 

7. MISSION TEST FOR POWER TUBES. After a power tube has 

been in operation for some time, it naturally loses a part of its 

emitting ability. It is, of course, desirable to know the condi- 

tion of a tube at any time so that a replacement maybe made before 
the tube breaks down altogether and causes loss of time on the air. 

A record is kept of the life of each tube; this record includes the 

date of purchase of the tube and the nunber of hours it has been 

in service. After a tube has had 1,000 hours of service, it should 

be tested in some manner to ascertain whether it should be kept in 

the transmitter or should be retired from service. The best ,ray 

of testing a power tube is to replace it by one known to be good. 

1j 
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Since a complete set of snare tubes are always on hand at any trans- 
mitter, this is a simple method. If the operation of the trans- 
mitter is much improved with the new tube, it should be left in the 
transmitter, and the old tube kept as an extra spare. 

Fig.10 Circuit used to de- 
termine emission qualities of 
a power tube. 

Often a tube will appear to be operating properly, but due to 
age, its emission is gradually becoming weaker, and it may sudden- 
ly fail without any warning. To eliminate this possibility, it is 
desirable to perform an emission test on a power tube at least every 
1,000 hours of service. To perform this test, the tube is connected 
in a circuit as shown in Fig. 10. The proper filament voltage is 
applied, and the grid is connected to the center tap of the fila- 
ment. The plate voltage is next set at a low value and the plate 
current is read and recorded. The plate voltage is now increased 
in equal steps and the plate current for each voltage is recorded. 
A graph of plate voltage and plate current is plotted, and from 
this graph the condition of the tube is determined. Since all of 
the power applied to the tube must be dissipated at the plate, it 
will not be possible to increase the plate voltage to the normal 
operating value without exceeding the plate dissipation rating. 
The plate voltage must not be increased beyond the point at which 
the plate cf ;he tube becomes a dull red. 

Ip 

Ea 

Fig.11 Emission character- 
istic of a power tube. The 
solio line indicates a good 
tube; the dotted line, one in 
which the emission is faulty. 

If the plate voltage -plate current curve is practically a 
straight line, the emission of the filament is normal; however, if 
the plate current begins to drop off with increases in plate voltage, 
as shown by the dotted line in Fig. 11, it is an indication that 
the tube has lost a part of its emitting ability and should be kept 
only as a spare. 
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PART II PLATE AND FILAMENT SUPPLIES 

B. TEE FILAMENT SUPPLY. Among the sources which are or have 
been used to supply filament heating power may be mentioned batter- 
ies, direct -current generators, and commercial AC supply lines used 
with step - down transformers. There is little doubt that from a 
noise -free standpoint, the DC filament sources are far the best. 
DC generators are sometimes used in transmitting stations to elim- 
inate the possibility of AC hum; storage batteries are used in auto- 
mobile and aircraft receivers; and primary batteries are employed 
for portable equipment. however, the large economy which results 
from the use of alternating -current power has caused it to replace 
gradually the other forms of filament power wherever possible. 

There are two types of AC hum which may develop when 60 cycle 
supply lines are used to heat the filaments of vacuum tubes. The 
first is a 60 cycle fundamental hum frequency, and the second is 
a 120 cycle second harmonic frequency of the supply line. Let us 
first consider how these hums may develop in cathode -type tubes. 
The heater current creates alternating electrostatic and magnetic 
fields and the electrostatic fields from the unshielded portions 
of the heater will affect the plate current in the same manner that 
a voltage on the control grid does. This field can cause both 60 
and 120 cycle variations of the plate current. The 60 cycle hum 
results from the difference in potential between the heater and 
the cathode. If a part of the unshielded heater is only slightly 
positive with respect to the cathode, it will attract some of the 
primary electrons which would otherwise form a part of the plate 
current. Since the voltage between the cathode and the heater al- 
ternates, this effect causes the plate current to vary in accor- 
dance with the alternating heater voltage. Ry careful shielding 
of the heater and by making sure that the heater is never posi- 
tive with respect to the cathode, this type of interference may be 
easily eliminated. The same procedure effectively reduces the 
second -harmonic hum which results from. the same source. 

As will be explained later, the magnetic field set up around 
the heater wire may also influence the plate current. This effect 
is minimized by constructing the heater in the form of a double 
spiral, thereby causing its external magnetic field to be very low. 
Another method is to use a high -voltage, low -current heater, which 
would naturally have a smaller magnetic field. Another source of 
hum in cathode- type tubes is that due to leakage and capacitive 
coupling between the heater and the cathode. The heater voltage 
causes an alternating current to flow in the cathode circuit, through 
the grid -bias resistance, where it influences the grid voltage and, 
in turn, the plate current. The capacitive coupling is eliminated 
by shielding the heater wires and by careful placement of the lead- 
in wires through the glass base of the tube. The leakage -between 
the heater and the cathode ordinarily results from a thin film of 
the "getter" material being deposited on the glass insulation be- 
tween the lead wires. The logical means of preventing this occur- 
rence is to arrange the getter cup so that none of the getter mater- 
ial will be deposited on the heater wires as they pass through the 
base of the tube. With reasonable care in construction, cathode - 

15 



type tubes may be manufactured having a hum level too low to be ob- 
jectionable. 

There are several causes of AC hum in filament -type tubes, and 
either 60 or 120 cycles variations may be introduced into the nor- 
mal plate current changes. The first of these causes is eliminated 
by returning the plate and grid circuits to a point which has the 
same potential as the mid -point of the filament. This, as explained 
in Lesson 16 of Unit 1, is accomplished either by returning both 
circuits to the center tap of the filament secondary winding or to 
the mid - point of a center - tapped resistor connected across the 
filament circuit. Such an action eliminates the fundamental fre- 
quency component of the hum voltage, but there still remains a 
residual hum due to the second- harmonic component. This hum may 
be due to the fact that the temperature of the filament is varying 
at a 120 cycle rate as the filament current increases and decreases. 
The obvious remedy is to make the filament large "so that it will 
have a high thermal capacity, and will not cool appreciably during 
the time that the filament current is zero. 

Another source of this double -frequency hum in filament -type 
tubes is produced by the varying magnetic field surrounding the 
filament. A magnetic field has no effect upon electrons unless 
they are in motion; however, the electrons are liberated from the 
emission surface with appreciable velocity and are thus influenced 
by the magnetic field. The effect of a magnetic field is to deflect 
the electrons in a direction at right angles to the magnetic lines 
of force. As an electron leaves the filament, it experiences two 
forces; the first is the electrostatic field between the plate and 
the filament which tends to draw it toward the plate; and the second 
is the magnetic field about the filament which tends to deflect it 
either upward or downward, depending on the direction of the field 
at that instant. The result is that the electron takes a long spiral 
path in reaching the plate, and the plate does not collect as many 
electrons in a unit of time as it would if the magnetic field were 
not present. Therefore, the effect of the magnetic field is to re- 
duce the plate current. This tends to make the plate current slight- 
ly greater when the filament current is zero and has no magnetic 
field. 

If all parts of the filament were at the same potential, the 
plate would attract an equal number of electrons from each part. 
This, however, is not the case, for when the filament current is 
maximum, the total voltage drop in the filament is equal to the 
peak of the applied AC filament voltage. At this instant, the 
plate draws more electrons from that part of the filament which 
is most negative, and fewer electrons from the end which is least 
negative. 'be increase in electrons which are drawn from the most 
negative end is greater than the decrease in electrons drawn from the least negative end, and therefore, the plate current is slight- 
ly larger when there is a voltage drop in the filament or when the filament current is maximum. This is due to the fact that the number of electrons drawn from any part of the filament is propor- tional to the square of the voltage between that part of the fila- ment and the plate. This effect is minimized by arranging the 
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filament in an inverted V or W construction. In this manner, the 
two ends of the filament are close together and there is an inter- 
change of electrons between the most negative end and the least 
negative end, which tends to balance out this hum. 

The hum produced by the magnetic field and that caused by the 
voltage drop in the filament are 130° outofphase and tend to can- 
cel each other. That, due to the magnetic field, tends to make 
the plate current larger when the filament current is zero, where- 
as that, due to the voltage drop, tends to make the plate current 
larger when the filament current is maximum. By using a low fila- 
ment voltage, and by careful consideration of the construction of 
the filament, these two effects may be made to cancel. 

Except for very large water-cooled tubes which require an enor- 
mous amount of filament current, the filaments of nearly all vacuum 
tubes, both receiving and transmitting, employ commercial alter- 
nating current used in conjunction with step-down transformers. 
When the filament current demands are very large, there is a pos- 
sibility of introducing hum in the carrier wave, and often it is 
better to use a. DC generator driven by an AC motor. The output of 
the generator should be a.. least 10% greater than the needed fila- 
ment voltage, and it may then be controlled by varying the amount 
of resistance in the field circuit of the generator, which is or- 
dinarily of the shunt-wound type. Fig. 12 shows an arrangement 
in whicl a DC generator is used to provide filament voltage for 
several tubes. 

AC Motor 

DC Generator 

r -Field 
Rheostat 

Fig.12 Using a DC generator to supply filament voltage for power 
tubes. 

When a DC voltage is used on the filaments, the connections 
to the filaments should he reversed after every few hundred hours 
of operation. The negative leg of the filament will supply more 
of the emission current than the positive leg, and the wear on 
the filament will be unequal. =3y reversing the polarity of the 
filament voltage at regular intervals, the wear on the filament is 
equalized, and the tubes will have a longer life. 

Maximum tube life demands that the filament voltage be main- 
tained as near to the rated value as possible. For this reason, 
some means of adjusting the filament voltage should be provided. 
If the tubes receive their filament voltage from astep-down trans- 
former, a tapped auto transformer may be inserted in the primary side 
of the transformer to vary the applied voltage. 

As previously stated, the filament voltage should be applied 
gradually to the filaments of very large power tubes, in order to 
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avoid a large current surge through the cold filaments. The initial 
filament voltage should not be more than half the rated value. Af- 
ter the filaments have warmed for a few seconds, the voltage may 
be increased 1,o its rated value. It is only after the filaments 
have reached their normal operating temperature that the plate vol- 
tage may be safely applied. An arc -over is liable to occur if the 
plate voltage is applied before the filaments have had time to de- 
velop a protective space charge around themselves. It is well to 
develop the habit of allowing 30 seconds or so to pass after the 
filament voltage is applied before the plate voltage switch is 
closed. 

9. THERMIONIC RECTIFIER TUBES. The sources available for 
supplying the high voltage needed for the plate supply include 110 
volts DC supply lines, motor -generator sets, storage battery banks, 
copper - oxide rectifiers, and tube rectifier circuits operating 
from the alternating current supply line. DC supply lines are used 
only where this is the only voltage available; vibrators are employed 
in automobile and aircraft to a limited extent where only a low -voltage 
storage battery is available; high - voltage storage batteries are 
used on board ship and in a few radio stations; copper oxide recti- 
fiers experience a very limited use for low -voltage tubes. Of all 
the sources of plate power, the high -voltage vacuum tube rectifier 
so far surpasses all the other methods that it is used wherever pos- 
sible. Tube rectifiers may be divided into two general classes, 
depending on whether the tubes are of the high -vacuum (thermionic) 
variety or of the mercury-vapor type. This particular section of 
this lesson is devoted to the high -vacuum or thermionic type. 

The rectifier tubes discussed in Lesson 16 of Unit 1 were of 
the thermionic type. The half - wave tube consists of an emitter, which in small tuses may be either a cathode or a filament, and an anode or plate which surrounds the emitter. The full - wave tube is nothing more than two half - wave tubes contained in the same glass envelope. The full -wave tube is not manufactured in the larger sizes, being confined mostly to rectifiers used for receivers. 

The two - element vacuum tube is able to act as a rectifier, 
since current may pass only from the heated filament to the posi- 
tive plate and not in the reverse direction. There are two im- 
portant characteristics which determine the ability of any two - 
element tube to act as a. rectifier. These are the pea-: plate cur- rent and the maximum peak inverse voltage (abbreviated 1.P.I.V.). 
The peak plate current is the maximum current that may be drawn thrnogh the rectifier tube. It determines, but is not equal to, the maximum DC current that the power supply can furnish. The peak plate current will be greater than the current drawn from the supply, because a part of this current is used to charge the fil- ter condensers. The peak plate current of any rectifier tube is determined by the enission canability of the filament or emitter. The maximum peak inverse voltage is the greatest voltage which may be safely applied between the plate and the filament, with the plate negative with respect to the emitter, without causing an arc - over between the two during the time that the tube is not rectifying. 
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The maximum peak inverse voltage rating determines how much alter- 

nating voltage may be applied between the plate and the filament, 

and, in turn, governs the DC voltage output of the power supply. 

The maximum peak inverse voltage will always be at least equal to 

the DC output voltage, and in some rectifier circuits, it may be 

as much as 3 times the DC voltage output. 

The construction and the materials used for the component 

parts of a high - voltage, thermionic rectifier tube do not differ 

materially from the construction of an ordinary high -voltage power 
tube. The size of the filament used is dependent upon the peak 

plate current desired, and the spacing of the electrodes and the 

degree of vacuum obtained determine the maximum peak inverse vol - 

';.age. The losses of the tube include the power used to heat the 

fi.la.ment, and the average plate loss. Roth of these power losses 

appear in the form of heat which must be dissipated through the 

lass walls of the tube. The very large thermionic rectifier tubes 

employ water-cooled plates as do large power tubes. 

The voltage drop across the rectifier tube when it is conducting 
depends on the value of the current passing through the tube at that 
instant. It reaches a maximum of approximately 20% of the DC out- 

put voltage when the tube is passing its peak plate current. The 

fact that the voltage drop across the tube changes as the current 

drawn from the power supply varies tends to cause the power supply 
to have poor voltage regulation. It is this disadvantage which has 
led to the development of mercury - vapor rectifier tubes, which do 
not possess this disadvantage. 

Thermionic rectifier tubes have been built with peak plate 
currents of 7.5 amperes, and able to withstand inverse voltages of 
100,000 volts. However, except for very high direct -current vol- 
tages greater than those which can be conveniently obtained with 
mercury vapor tubes, and for low voltages such as used it receiver 
power supplies, the thermionic rectifier has been replaced in 

nearly every instance by the mercury-vapor tube. The fact that the 
thermionic tube is more rugged and requires less attention than the 
mercury-vapor type has caused its continued use in shall power sup- 
plies. 

Before beginning the discussion of the mercury-vapor tube, let 
us determine why. the thermionic tube does have a variable voltage 
drop which causes poor voltage regulation. At low or medium plate 
voltages, the filament emits more electrons than the plate can at- 
tract. This causes the formation of a space charge about the fila- 

ment which increases until a point of equilibrium is established. 
When this occurs, the plate current is independent of the filament 
emission and is determined only by the plate voltage. To cause an 
increase in the plate current, the plate voltage must increase; 
therefore, when more current is drawn from the power supply, the 
voltage drop across the tube increases. At very high plate vol- 
tages, the plate attracts all the electrons emitted by the: filament, 
and the peak plate current is determined by the saturation point 
of the tube. Any further increase in the plate voltage would not 
cause an increase in the plate current because the full filament 
emission is already being used to form the plate current. The ef- 
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feet of the space charge is to neutralize the electrostatic field 
of the plate near the filament, and to reduce the amount of plate 
current that will flow with a given applied voltage. 

10. TiE MERCURY,- VAPOR, RECTIFIER TUBE. It has been stated 
that the poor voltage regulation of the thermiosic - type rectifier 
tube is due to the formation of the negativa space charge around 
the filament which limits the amount of plate current that can flow. 
If it were possible to neutralize this space charge in some manner, 
the plate would be able to draw the full filament emission at a 
very low plate voltage. This is accomplished in the mercury-vapor 
tube, as will now be explained. The mercury-vapor tube has a very 
large heavy filament, and a comparatively small plate situated a 
relatively great distance from the filament. After the tube has 
been thoroughly evacuated, a small amount of liquid mercury is in- 
troduced into the glass envelope. Due to the high degree of vacuum, 
a nart of this mercury vaporizes and the gaseoas mercury-vapor 
completely fills the tube. Of course, the pressure of the gas is 
still very low compared to normal atmospheric pressure; but the 
presence of the mercury - vapor makes the gas pressure within the 
tube considerably greater than that in an ordinary high - vacuum tube. 
Off hand, it would seem that the presence of these mercury-vapor 
molecules would retard or obstruct the flow of the electrons between 
the filament and the plate. However, as we shall now see, the mer- 
cury vapor partially neutralizes the space charge surrounding the 
filament, and makes the plate current practically independent of the 
plate voltage. 

After they have been emitted by the filament, the electrons 
are attracted by the positive plate. In their flight, they collide 
with the molecules of mercury-vapor, and if they have attained suf- 
ficient velocity at the time of the collision, they will dislodge one or more of the planetary electrons of the mercury-vapor mole- 
cules. These dislodged electrons join the main electron stream and 
may, in turn, dislodge other electrons from mercury-vapor molecules. 
It would seem that the total number of electrons reaching the plate would be much greater than the number which leave the filament, due 
to this pyramiding process. This, however, is not true. The mer- 
cury-vapor molecules which have lust electrons are positively charged and are therefore positive ion=. Being positive, these ions are 
attracted by the negative filament, but, having a much greater mass than the electrons, they move at a comparatively slow speed toward the filament. Some of the ions will be neutralized by attaching electrons to themselves from the space charge; others will strike the filament and gain their lost electrons directly from it. Thus, for each electron which arrives at the plate, there will be one electron leaving the filament. Many of the electrons reaching the plate are not the same ones which left the filament; they are elec- trons produced by the ionization of the mercury vapor. Likewise, many of the electrons leaving the filament never reach the plate, because they are used to neutralize the positive mercury-vapor ions. The ionization process will continue until there are as many ions being formed as there are ions being neutralized, or until a point of equilibrium is reached. 
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Perhaps the advantarre of this process is not immediately ap- 
parent. It accrues from the fact that the positive mercury-vapor 

ions almost completely neutralize the negative space charge sur- 
rounding the filament which allows the plate to draw the entire 
filament emission when the plate is no more than 15 volts positive 
with respect to the filament. 

Unless the difference in potential between the plate and the 
filament is at least 10.4 volts, there is no ionization. There is 

a certain minimum velocity which the electrons must acquire before 

they possess sufficient kinetic energy to dislodge electrons from 
the mercury-vapor molecules. It has been determined that this amount 
of kinetic energy is obtained by the electrons when they have fallen 
through a difference of potential of 10.4 volts. This number 10.4 
is called the ionization potential of mercury; other gases have 

different ionization potentials. 

Ip 

FIg.13 A plate voltage - plate current characteris- tic ofaumercury-vapor tube. 
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If we were to plot a plate voltage -plate current characteris- 
tic of a mercury - vapor tube, we should find the curve similar to 
the one shown in Fig. 13. At very low plate voltages, the charac- 
teristic is the same as a thermionic tube. When the plate voltage 
reaches 10.4 volts, the characteristic departs from the normal 
curve for a thermionic tube, and the plate current is somewhat 
greater. There is not, as yet, much ionization; because the elec- 
trons almost reach the plate before they obtain sufficient energy 
to produce ionization. At a plate potential of 15 volts, the ion- 
ization becomes appreciable, and the plate current rises to a large 
value. burther increases in plate voltage cause but little increase 
in the plate current, and the characteristic is practically flat 
up to the maximum emission of the filament. It is at once apparent 
that the plate current is nearly independent of the plate voltage 
after the ionization becomes appreciable. In fact, the voltage drop 
across the tube remains constant at 15 volts from a very low value 
of plate current up to nearly the maximum that the tube may safely 
withstand. This is indicated by the vertical part of the.character- 
istic curve shown in Fig. 13. 

When the current drawn from a power supply using mercury-vapor 
tubes is low or moderate, the ionization of the tubes is small. 
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As the current drawn from the supply is increased, more plate cur- 
rent is drawn through the tubes, the ionization increases, and the 
tube drop remains constant. Thus, the effect of the increased plate 
current, which would cause an increased voltage drop across a ther- 
mionic rectifier tube, is neutralized by the production of more 
mercury-vapor ions. 

!3aturally, the constant voltage drop of the nercury-vapor tube, 
makes the voltage regulation of the power supply much improved over 
that obtainable with thermionic-type tubes. It is, perhaps, wondered 
why the thermionic tube is used at all, especially since the mer- 
cury-vapor tube provides so much better voltage regulation. As has 
been mentioned before, the peak inverse voltage which even the 
largest sized mercury-vapor tube can withstand is not as great as 
may be applied to some of the larger thermionic tubes. For this 
reason, power supplies designed for extremely high output voltages 
still employ thermionic tubes. For output voltages in excess of 
approximately 20,000 volts, mercury-vapor tubes may not be employed. 

Since the voltage drop across a mercury - vapor tube is very 
low, it is permissible to use oxide - coated filaments in mercury- 
vapor tubes with a consequent saving in filament power. Further- 
more, even the largest sizes of mercury-vapor tubes are air-cooled, 
because the low plate voltage, when conducting, prevents the de- 
velopment of excessive heat. 

In receiver power supplies, the thermionic tube is preferred 
to the mercury-vapor type, because of its greater ruggedness. The 
thermionic tube is able to withstand abuses and overloads which 
would completely ruin a mercury - vapor tube. Let us determine why 
this is so. When the peak plate current of a thermionic tube is 
exceeded, due perhaps, to a short in the power -supply filter, the plate of the tube becomes red hot. This is caused primarily by the 
large voltage drop which is produced across the tube. The elec- trons attain enormous velocities, and strike the plate with such force that the energy, which is converted into heat, raises the temperature of the plate to incandescence. Of course, if the short is allowed to remain for any length of time, the filament of the tube will burn in two, or the power transformer will be ruined due to the excessive current. A momentary short, however, will produce no permanent damage, and the tube will again function when the short is removed. Also, if the peak inverse voltage is exceeded and an arc is formed; it is possible that the tube will again be serviceable, provided that the excess voltage is removed before the arc has done much damage. This is not true of a mercury-vapor tube; even a slight overload of current or voltage will render the tube permanently valueless. 

In the previous description of the operation of a mercury-vapor tube, it was learned that the positive ions which were formed drifted toward the filament. When the drop across the tube is normal (15 volts), the ions are almost completely neutralized by the space charge or else strike the filament so lightly as to cause no damage. It has been determined that the bombardment of the filament by the positive ions will cause nó damage, provided that the drop across the tube is less than 22 volts. With a larger tube drop, the ions 
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strike the filament wd th destructive force, literally stripping the 
emission surface from it. As the peak plate current is exceeded, 
the voltage drop across the tube rises rapidly, and since the de- 
structive action of the filament bombardment is practically instan- 
taneous, even a momentary overload is ruinous to the tube. 

The maximum peak inverse voltage which a mercury-vapor tube 
can withstand is somewhat less than a thermionic tube of the same 
electrode spacing. This is due primarily to the presence of the 
mercury vapor. During the inverse part of the cycle, when the 
plate is negative with respect to the filament, there is no attrac- 
tion for the electrons emitted by the filament, ana, as a result, 
there is no ionization of the mercury-vapor molecules. If, however, 
the maximum peak inverse voltage is exceeded, the few free elec- 
trons in the space between the filament and plate are attracted so 
strongly by the high voltage toward the positive filament that they 
do produce some ionization. The positive ions formed are attracted 
by the negative plate and attempt to gain their needed electrons 
from it. The first ones arriving at the plate crowd around it, and 
tend to repel those at their rear. Some of the ions which arrive 
subsequently shoot around the plate and strike the glass walls of 
the tube with considerable force, often puncturing the glass and 
ruining the tube. The greater the pressure of the mercury vapor, 
the more mercury-vapor molecules and free electrons there will be 
in the space between the filament and the plate, and the easier 
it will be for this destructive action to occur. The reason that 
the thermionic tube has such a high maximum peak inverse voltage 
is due to the fact that the gas pressure in such a tube is exceed- 
ingly low, and very high voltages are required to accelerate the 
few free electrons to the point where they will ionize some of the 
residual gas molecules, thereby causing an arc -over. In addition, 
it is not possible to cause much ionization because of the relative 
scarcity of gas molecules. On the other hand, the pressure of the 
vapor in a mercury-vapor tube is at least 100,000 times as great 
as in a thermionic tube, and much smaller inverse voltages will 
cause arc -over. This phenomenon is often called "flash -back". 

A further precaution which must he observed in the operation 
of mercury-vapor tubes is to allow the filament to reach full op- 
erating temperature before.the alternating voltage is applied to 
the plate. Should the filament and plate voltage be applied simul- 
taneously, before the protective space charge has had time to de- 
velop around the filament, the positive ions formed would bombard 
the filament with such destructive force that it is improbable that 
the filament would be able to furnish an appreciable emission there- 
after. For this reason, great care must be taken to allow the fila- 
ment temperature to rise to its normal value before applying the 
plate voltage. The amount of time which should elapse before the 
plate -voltage switch is closed is dependent on the size of the tube. 
For the smallest tube (the type 33), the delay need be only 1 or 2 
seconds; in fact, little damage is done to this particular tube if 
the filament and plate volta,res are applied simultaneously, because 
the filament reaches its operating temperature almost immediately. 
The type 371 should have a delay period of at least 10 seconds; 
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types 866 and 372, a delay of 30 seconds; and the type 357, which 
is the largest tube manufactured, and has a cathode in addition to 
a heater, should have its plate voltage delayed at least 10 minutes 
after the filament voltage is applied. Usually this delay period 
is automatically taken care of by time -delay relays which do not 
close the plate circuit of the mercury-vapor tubes until a definite 
length of time has elapsed after the filament voltage has been ap- 
plied. Should you ever be in doubt as to whether such a relay is 
incorporated in a transmitter, use due caution in applying the 
plate voltage to the rectifier tubes. All transmitters not using 
time -delay relays will have separate filament and plate switches, 
and make sure that the filament switch is the first one thrown. 
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The pressure of the vapor in a mercury-vapor tube determines to a large extent just how well the tube will operate. As has been 
stated, when the pressure is too high, the maximum allowable peak inverse voltage is greatly reduced and there is danger of flash- 
back occurring. On the other hand, when the pressure is too low, 
the ionization will beincomplete, the voltage drop across the tube will exceed the critical value of 22 volts, and the bombardment 
produced will cause stripping of the filament. The pressure of the mercury vapor is largely dependent on its temperature. Thus, mer- 
cury-vapor tubes have a critical range of operating temperatures, and if the temperature is allowed to become either too low or too high, damage will result to the tube. Fig. 14 shows how the vol- tage drop across the tube and the maximum peak inverse voltage are affected by temperature. The temperature in this case is the air temperature measured a few inches from the base of the tube just outside of the glass envelope; it is sometimes called the "ambient" temperature. Notice that the normal operating range is from 15° C to approximately 50° C. From the manufacturer's specifications, it will he found that the maximum peak inverse voltage of the type 357 is 10,000 volts, when the operating temperature is maintained within the range of 15° to 50 C.; but that the maximum peak in - 
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verse voltage may be increased to 22,000 volts, provided that the 
temperature range is limited from 30° to 40° C. To keep the tem- 
perature within this range requires the use of blower fans. 

Mercury-vapor tubes should be shielded or placed so that they 
will not be influenced by R.F. fields. The effect of an R.F. field 
is to maintain the mercury vapor in a partial state of ionization 
during the inverse part of the cycle, thereby causing the operation 
of the tube to be quite erratic, and possibly damaging the tube due 
to flash -back. The distinctive features of a mercury-vapor tube 
are the low filament voltage (never over 5 volts), the fact that 
oxide -coated filaments are used, and the relatively small plate. 
Since the voltage between the plate and any part of the filament 
must not exceed the critical value of 22 volts, the filament vol- 
tage is never ;neater than 5 volts. 

Fig.15 Representative 
mercury-vapor tubes. 

Care should be taken to make sure that the filament voltage of a mercury-vapor tube is of the correct value. Much of the damage to these tubes results from improper filament voltages. If the voltage applied to the filament is too low, the ionization will not be very large and the space charge around the filament will not 
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be sufficient to protect it from the ion bombardment caused by the 

excessive tube drop. A filament voltage above the rated value will 

cause needless evaporation of the filament material, and will tend 

to heat the tube, raising the pressure of the mercury-vapor and re- 

ducing the maximum peak inverse voltage. 
In removing a mercury-vapor tube from its socket always keep 

the tube in an upright position. If the tube is tilted, the excess 

mercury will run down the walls of the tube and splash over on the 
plate and filament electrodes. Then when the plate voltage is ap- 

plied, there is considerable danger of arc - over. When installing 
a new tube, always let the. filament heat for at least three-quarters 
of an hour, before applying the plate voltage, to make sure that 
the heat drives the excess mercury into the bottom of the tube. 

Several different types of mercury-vapor tubes are illustrated 
in Fig. 15. The smaller types have ribbon-like filaments and small 
disc plates. The larger sizes employ plates in the form of a cup 
which fits down over the cathode assembly. The cathode assembly 
includes aheater, and vanes or discs coated with the emitting oxide. 
The whole is surrounded by one or more shields polished to prevent 
the radiation of heat. The cathode assembly is illustrated in 
Fig. 16. 

Cathode 

Heat Reflecting 
Cylinders 

Z --Heater Compartment 

Shield 

Fig.16 Showing the cathode 
assembly of a large mercury- 
vapor tube. 

in the comparison of mercury-vapor rectifier tubes with those 
of the thermionic type, we find that the mercury - vapor tube has 
the higher efficiency, better regulation, low filament power, and 
low first cost. Among its disadvantages may be listed, a limited 
inverse -voltage rating, a tendency to flash - back, subject to the 
effect of R.F. fields, and the possibility of damage to the emitter 
as a result of momentary overloads. In conclusion, it is found 
that the mercury-vapor tube is the most desirable for transmitters, 
and the thermionic tube, the better for receivers. 

11. RECTIFIER CIRCUITS. Rectifier circuits may be divided 
into two general classes; those for single - phase power, and those 
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intended to be used with three-phase systems. We shall first con- 
sider those to be used with single-phase power. The simplest of 
all rectifier circuits is, of course, the half - wave circuit. Il- 
lustrated at A in Fir. 17, it is seen to be exactly the same cir- 
cuit which was discussed ín Lesson 16 of Unit 1. Its operation is 

Fig.17 A simple half -wave rectifier circuit and the wave form of its output voltage. 

very easy to understand, and is doubtlessly clear to every student. 
The high -voltage winding of the transformer is in series with the 
tube and the load. Current may flow throunh the load circuit only 
when the plate of the rectifier is positive with respect to its 
filament. Naturally, a filter system (not shown) must be included 
to eliminate the AC component of the output of the rectifier. Notice 
that the filament voltage is supplied from a separate transformer; 
this is nearly always true in transmitter circuits. The plate trans- 
former, rectifier filament transformer, and other filament trans- 
formers are ordinarily separate pieces of equipment. Since the 
half -wave rectifier is but rarely used in transmitters, it will not 
be discussed further. Its output voltage is shown at $ in the fig- 
ure. 

Fig.18 A full -wave rectifier circuit and the wave form of its Output voltage. 

The next type of rectifier circuit to be discussed is the full - 
wave type, which employs two tubes, as shown at A in Fio. 18. This 
is also exactly the same circuit as was riven in Lesson 16, Unit 
1. Two tubes, however, are nearly always used, since the full -wave 
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tube is manufactured in only the smaller sizes. The output voltage 
which this circuit supplies to the input of the filter system is 
shown at Bin this figure. Since current flows nearly all the time 
from the output of this rectifier, the output current has a larger 
DC component and filtering is much easier than in the half -wave 
circuit. The ripple voltage in this case has a frequency of 120 
cycles, compared to the 60 cycle ripple of the half -wave rectifier. 

The maximum peak inverse voltage applied to the tube in the 
half -wave rectifier circuit is the peak AC voltage developed across 
the high -voltage winding, plus the voltage developed across the 
load. In the full -wave circuit employing two tubes, the peak in- 
verse voltage across either tube is equal to the peak voltage built 
up across the entire high -voltage winding and not just across that 
half which supplies this tube. 

Fig.19 Method of con- 
necting four tubes in a 
full-wave circuit to ob- 
tain a larger output cur- 
rent. 

When two half -wave tubes connected in a full -wave circuit are 
unable to supply sufficient current, four such tubes may be used 
as illustrated in Fig. 19. This circuit consists of two sets of 
parallel -connected tubes, and the current drawn through each tube 
is one-half of that furnished to the filter system. The filament 
transformer must be capable of supplying twice as much current as 
in the preceding circuit. Unless the resistance of each tube of 
a parallel- connected pair is the same, the current drawn through 
each will not divide equally, and one tube will carry the majority 
of the current. To prevent this occurrence, small equalizing resis- 
tors are connected in series with each plate lead to provide sta- 
bility and an equal division of the current. Stability will be 
obtained if the drop across these resistors is approximately 6 volts. 
Thus, if the power supply is to furnish 240 ina., half this, or 120 
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ma. will flow through each tube. To provide a voltage drop of 6 

volts across the equalizing resistors, they must each have a value 
of: 

it 

i 20 - 50 ohms. 

The greatest disadvantage of the two foregoing full -wave rec- 
tifier circuits is the fact that only one-half of the high -voltage 
winding is effective i.n producing a DC output voltage at any one 
instant. The DC output voltage will be the average value of the 
voltage applied to the input of the filter (assuming a choke -in- 
put filter), less the drop in the filter cho:_es. Neglecting the 
voltage drop in the tube and the transformer winding, the peak vol- 
tage applied to the input of the filter is equal to the peak vol- 
tage developed across one-half of the high-voltage'secondary. To 
supply 500 volts DC ou tput voltage requires that the total voltage 
developed across the high -voltage winding of the transformer in Fig. 
1.8 be between 600 and 700 volts. Furthermore, the amount of vol- 
tage that may be applied to the plates of the rectifier tubes is 
limited ty t:::: fact. that the peak inverse voltage is equal to the 
peak voltage set up across the entire secondary winding. 

Fig.20 A full-wave bridge circuit employing four tubes. 

A method whereby a much larger DC out?ut voltage may be ob- 
tained, without using larger sized tubes or a transformer develop- 
ing a greater voltage, is illustrated in Fig. 20. This is called 
a bridge circuit and it employs four half -wave tubes. Notice that 
it eliminates the necessity of tapping the high- voltage winding 
with the result that the total voltage across this winding is ef- 
fective in producing rectification, Let us trace the path of the 
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current flow when point A is negative with respect to point B. 
Current flows from point A to the filament of tube 2. Tube 1 can- 
not pass current because its plate is negative with respect to 
its filament. Tube 2, however, is able to pass current, since its 
filament is connected to point A, which is negative. Therefore, 
the current flows through tube 2, through the load, and back to 
the filaments of tubes 1 and 3, which are connected in parallel. 
Tube 3 may pass current, because its plate is connected to point 
B, which is positive; therefore, current flows through tube 3 to 
point B, and has thus completed its circuit. The path taken by 
the current during this alternation is illustrated by the heavy 
lines in Fig. 20. 

During the next alternation, point B is negative with respect 
to mint A. Tube 2 cannot pass current since its filament is con- 
nected to point A, which is positive, and tube 3 is likewise un- 
able to pass current because its plate is connected to point B, 
which is negative. The polarity of the voltages across tubes 1 and 
4, however, is such that both these tubes are able to conduct. 
Therefore, current flows from point B through tube 4, through the 
load, and through tube 1 to point A. At aoy instant, there are two 
tubes passing current. The two tubes which are conducting are in 
series, and although the total current which may be drawn from this 
circuit is no greater than the simpler full -wave circuit of Fig. 
19, the output voltage delivered to the filter system is twice that 
obtained with the center -tapped transformer circuit. The peak in- 

Fig.21 A voltage doubler circuit. 

-arse voltage across any tube when it is not conducting is equal 
to the peak voltage developed across thehigh-voltage winding. With 
given size tubes and a given transformer, the bridge circuit pro- 
vides a method of securing twice as much output voltage as the cen- 
ter -tapped system without increasing the neakinverse voltage across 
any tube. 

The disadvantages of the bridge rectifier are: First, the 
fact that four tubes are required instead of two; second, the fact 
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that three separate filament windings for the rectifier tubes must 
he available. From Fig. 20, it is seen that the filaments of tubes 
2 and 4 are connected to opposite ends of the hi. yh-voltagre wind- 
ing; therefore, one filament winding could not be used to supply 
filament voltage to both of these tubes without shorting out the 
high -voltage secondary. Furthermore, the filaments of tubes 1 and 

j, although connected tonether, are at a different potential than 
the filaments of either tubes 2 or 4; and so three separate fila- 
ment secondaries must be used. 

One other type of single-phase rectifier circuit that is oc- 
casionally used is the voltage doubler illustrated in Fig. 21. The 
operation of this circuit was explained in Lesson 16, Unit 1 end 

will not be repeated; however, it is to be observed that4his cir- 
cuit uses two tubes instead of the ordinary voltage doubter tube 
(25Z5, etc.). Also, a plate transformer and two separate fila:ieet 
windings are employed in this circuit. The DC output voltage is 
approximately twice the R.M.S. value of the alternating voltage 
developed across the high -voltage winding. 

12. THREE-PHASE RECTIFIER CIRCUITS. When three- phase power 
is available, it is nearly always .used for rectifiers having an 
output voltage in excess of1,000 volts. It is much more efficient, 
and the output from such a circuit requires far less filtering to 
remove the AC component. As explained in the fore7oine lesson, 
there are two meneral. methods of connecting three -O^se circuits; 

f'rinnaries 

seroni:.irl..o----S 

ái9.22 A three-phase transformer 

they are the Y alai the delta connections,. Only the plates of the 
rectifier tubes receive three-phase power; the filaments, since 
they are used only to suppl} emission, operate just as well from 
a single-phase line. Therefore, the filament transformers will 
be single-phase and will be connected to one phase of the three- 
phase system. The plate transformer is ordinarily a specially de- 
signed three- phase type, although three single-phase transformers 
may be used with a somewhat lowered efficiency. 

The three-phase transformer has six separate windings (three 
primaries and three secondaries) wound on three lees of a common 
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iron core as shown in Fig. 22. With this arrangement, the pri- 
maries Na.:; he Y- connected, and the secondaries delta. -connected, 
or various other combinations may be used. The wave- foros of the 
three volta,,es applied to the primaries are shown in Fig. 23. If 

I II ID 

Fig.23 Wave form of the three voltages applied to the primaries of a three-phase transformer. 

the transformer is used in It t!u'ee-phase half -wave rectifier, only 
the positive alternations are effective in producing -an output vol- 
tage, and the wave form of this voltage is as illustrated in Fig. 
24. The light lines in this dia.crrar, indicate the volta7e pulses 
from each of three tubes, whereas the heavy line joining the tops 
of the pulses is the total output voltage devliered to the filter 
circuit. Yotice that the output voltage never falls to zero, and 
is far less pulsating than the output of any single-phase recti- 
fier. Furthermore, the frequency of this pulsating voltage is three times the fundamental supply frequency, or 130 cycles. the higher 
the pulsating frequency, the easier it is for the filter system to remove the AC component, leaving only the DC component. 

II L1J 

Fig.2u The output of a three-phase rectifier. 

Now that we have seen the advantages of using a three-phase 
rectifier, let us continue with the discussion of the practical 
operation of a circuit of this type. There are four basic methods of connecting the primaries and secondaries of the plate trans- 
former. These are shown in Fig. 25. At A, both primaries and sec- 
ondaries are delta connected; at B, both are Y -connected. At C in this figure, the primaries are Y -connected and the secondaries, 
delta connected; whereas at D, the primaries have the delta con- nection and the secondaries the Y connection. Let us, for argu- 
ment, assume that the primaries and secondaries have the same number of turns, and that the voltage between any two of the three 
supply lines is 100 volts. Considering A of Fig. 25, we see that 



each primary would have 100 volts applied to it, there would be 
developed 100 volts across each secondary, and the voltage between 
any two of the wires leading from the secondaries would be 100 volts. 

In the circuit shown at B, the output voltage between any two 
leads would also be 100 volts, although the actual voltages across 
the separate primaries and secondaries would be less than this value, 
due to the type of connection. In the preceding lesson, it was 
stated that the voltage between any two line wires in the Y connec- 

Fig.25 Four methods of connecting a three-phase transformer. 

Lion was equal to 1.73 times the voltage across any phase coil. 
Therefore, the voltage across each primary and each secondary would 
be i.172 of 100, or 57.9 volts. In a like manner, the voltage 
across each primary of C, Fig. 25 would be 57.3 volts, and since 
the secondaries have the same number of turns as the primaries, 
the voltage across each secondary would likewise be 57.8 volts. 
líowever, since the secondaries are delta -connected, the voltage be- 
tween any two of the secondary lead wires would be only 57.3 volts, 
and it is seen that the voltage has been stepped down because of 
the tyre of connection. 

Finally, the voltage across each primary of D in this figure 
would be 100 volts, and the voltage across each secondary would 
also he 100 volts. since the secondaries are Y -connected, the vol- 
tage between any two lead wires of the secondary would be 1.73 times 
100 or 173 volts. Thus, the voltage has been stepped up with this 
type of connection. 

As it is desirable to have a large secondary voltage, the con- 
nection shown at D (known as the delta -Y connection) is nearly al- 
ways used. with this method, the secondary voltage is equal to 
1.73 times the primary voltage times the turn ratio between the 

secondaries and the primaries. Drawing the schematic diagram in 
this manner helps the student to visualize the increase in the sec - 
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ondary voltage produced by the type of connection; however, the 

diagram shown in Fig. 26, which is equivalent to D of Fig. 25, is 
of more aid in making the connections to the three-phase transformer. 

o 
V 
N 

Fig.26 Showing how the 
transformer is wired for 
the Delta -Y connection. 

A three-phase transformer should always be used in preference 
to three single -phase transformers, since there is less tendency 

for core. saturation. The current flowing through the secondaries 
is pulsating DC, and it is easy to saturate the cores if three 
senarate transformers are used. In the three-phase transformer, 
the secondaries are so wound that the DC magnetization produced is 
cancelled out. 

_i 

3 -Phase 
Power 
Line 

-7" 

Fig.27 A three-phase, half -wave rectifier circuit. 

The three popular types of three-phase rectifier circuits are 
the half -wave, the half -wave double -Y, and the full -wave. The half - 
wave circuit is illustrated in Fig. 27. It requires three tubes, 
each plate of which is connected to one leg of the three-phase 
secondary. The filaments of the three tubes are connected in paral- 
lel and filament voltage is supplied by one filament transformer. 
The positive terminal of the circuit is the center tap of this 
filament winding, and the negative terminal is the center of the 
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Y - connected secondary. The three alternating voltages which are 
applied to the plates of the tubes are 1.20° out of phase and have 
the wave forms which were shown in Fig. 23. Each tube draws cur- 
rent for one-third of the time, however, these periods overlap so 
that at some instants there are two tubes passing current. The 
output voltage that results from this circuit is that illustrated 
in Fig. 24. Since the conduction periods of the tubes overlap, 
the output voltage never falls to zero and the frequency of the 
pulsations is 130 cps. This circuit is essentially nothing more than 
three simple half -wave rectifiers with eac) tube supplied with an 
alternating voltage differing in phase by 120° from the voltages 
furnished to the other two tubes. 

Fig.28 A three-phase, half -wave, double -Y rectifier ci-cuit. 

The half -wave double -Y rectifier circuit is shown in Fir__. 23. 
It is practically the sane as two three-phase, half -wave rectifier 
circuits connected in parallel. It eoanloys six tubes and the vol- 
tages developed across one Y - connected secondary are 130° out of 
phase with those present across the other secondary. Thus, the 
output of one three - phase unit is waximum at the time that the 
output of the other unit is minimum. The centers of the two sec- 
ondaries are connected together by an interphase reactor or balance 
coil (L1) which allows each unit to work indenendentl5 of the other. 
Each tube supplies current for one-third of the time, but since the 
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two units are 180° out of phase, the output voltage is that shown 

in Fig. 29. The light lines show the output voltage of each separate 

tube, whereas the heavy line joining the tops of the waves repre- 

sents the total output to the filter. From this figure. it is seen 

Fi9.29 The output voltage of a three-phase, half -wave, double -Y 
rectifier. The solid line at the top is the voltage output. 

that the output voltage is less pulsating than in the case of the 

ordinary half - wave circuit, and that the frequency of the pulsa- 
tions is six times the fundamental frequency or 360 cycles. Natur- 

ally, such an output voltage is easier to filter. This circuit 
will supply twice as much DC load current as will the half wave 
circuit without exceeding the maximum peak current of any tube. 

The DC output voltage is the same as the half -wave circuit. 

Fig.30 A three-phase, 
full -wave rectifier cir- 
cuit. 

Since the output current flows through the two halves of the 
balance coil in opposite directions, there is no tendency for the 
core of this coil to saturate. This balance coil acts as the first 
filter choke. 

The last type of rectifier circuit which we shall consider is 
the three-phase, full -wave shown in Fig. 30. Like the half -wave, 
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double -Y, it uses six tubes, but has orly one Y -connected secondary. 
Actually, it is a modification of the bridge type of circuit adapted 
for three - phase power. It is called a full -wave circuit, since 
it takes advantage of both the positive and negative alternations 
of the three-phase voltage. Let us consider its action in detail. 
In Fig. 31 are reproduced the wave forms of the three alternating 
voltages which are developed across the three legs of the secondary 
windings. These three voltages are labeled 1, 2, and 3 to corres- 
pond with the numbers marked beside the legs of the secondary. 1s'e 

shall consider the instant designated by the vertical line drawn 
through these wave forms. 

3 

Fig.31 fh.e wave form of the three voltages appearing across the Secondaries of the three-phase transformer. 

At this time, the voltage of phase 1 is maximum in a positive 
direction; that of phase 2 is negative and is decreasing to zero; 
whereas that of phase 3 is negative, equal to the voltage of phase 
2, and is increasing to its maximum value. This makes point A posi- 
tive with respect to point 0; and points B and C negative with re- 
spect to point O. Points B and C are connected respectively to the 
filaments of tubes 2 and 6, and these tubes are therefore able to 
pass current, since their filaments are negative. Point A; on the 
other hand, is connected to the plate of tube 3, making this plate 
positive with respect to its filament, and enabling this tube to 
conduct. At this instant, therefore, current will flow from the 
negative terminal of the load, through the load to the filament of 
tube 3, through this tube, through coil 1 from A to 0, at which point 
the current divides. From point 0, the current flows through coil 
2, from 0 to B, to the filament of tube 2, through this tube, back 
to the negative terminal of the load. Also, current flows from 
point 0, through coil 3, from 0 to C, to the filament of tube 6, and 
through this tube to the negative terminal of the load. (The heavier 
lines indicate the path of current at this time.) Thus, there are 
three tubes passim current at this instant, and there will always 
be three tubes passing current except for the instant when the vol- 
tage of one phase is zero. 

It is evident that current flows through all three legs of the 
secondary, even when the voltage across a leg is negative. There- 
fore, this -ircuit takes advantage of both the positive and nega- 
tive alternations, and is a full -wave circuit. The output voltage 
has the wave form illustrated in Pig. 32. The three wave forms are 
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numbered to correspond with the three alternating voltages of Fig. 

31. The output voltage corresponding to the instant previously 

discussed is shown by the vertical line drawn through these waves. 

Notice that at this instant the output voltage is maximum; and that 

it falls to a minimum value when the voltage of one phase drops to 

zero, and there are but two tubes conducting. 

Fi9.32 Showing the output voltage of the three-phase, full-wave 
rectifier. 

The actual output voltage is the heavy line joining the tops 

of the waves illustrated in Fig. 32. It has a pulsation frequency 

of 360 cycles (assuming a line frequency of 60 cycles), and is com- 

paratively eas to filter. It is the same output wave as that pro- 

duced by the half - wave, double -Y circuit. The maximum'DC current 

which may be drawn from a full -wave circuit is not as large as that 

available from a half -wave, double -I, because the tubes in a full - 

wave circuit are not connected in parallel. However, the maximum 
DC output voltage is nearly twice that of either the half -wave or 

the half -wave, double -Y. This is due to the fact that full -wave 

rectification is used and the combined voltages across two legs 

of the secondary is available for forcing current through the load. 

The outstanding disadvantage of the full - wave circuit is the 
fact that four separate filament windings must be provided, one 
of which must be able to supply three tubes, and the others one tube 
each. 

13. DESIGNING THE POWER SUPPLY. In designing a power supply, 
the two things which must be known are the DC voltage required and 
the maximum DC current to be drawn from the supply. The next step 
is to decide which circuit is to be used and what type of tubes are 
to be employed. This decision will, of course, be influenced by 
the DC voltage desired and the DC current which will be needed. 
When the circuit and tubes have been selected, we must determine 
how much AC voltage will have to be applied to the plates of the 
tubes to produce the required DC output voltage, and whether this 
voltage will cause the maximum peak inverse voltage to be exceeded. 
Also, we must learn whether the tubes selected are capable of sup- 
plying the DC current without exceeding the maximum peak plate cur- 
rent. To make the problem as simple as possible, the following 
table has been included: 

The first column of this table gives the type of circuit and 
whether it is single-phase or three-phase. The second column shows 
the figure number of that circuit in this lesson. The third column 
tells the maximum voltage which may be developed across the high - 
voltage winding without exceeding the maximum peak inverse voltage. 
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Since this voltage is measured in different ways for different cir- 
cuits, it is well to refer to the figures which indicate between 
what two points this voltage is measured. The fourth column indi- 
cates the maximum DC voltage applied to the input of the filter 
system, and the last column tells how much current may be drawn from 
the power supply without exceeding the peak plate current of the 
tube. 

TYPE OF 
CIRCUIT 

m 

FIG. 

NO. 

RMS VOLTAGE 
ACROSS TRANS- 
FORMER. (Eac) 

SEE FIGS. 

MAXIMUM DC 
OUTPUT VOL- 
TAGE (Edc) 

MAXIMUM DC 
CURRENT 
Idc 

Half -wave 17 .353 x MPIV. .45 X Eac .318 x Im 
nom. Full -wave 18 .353 X MPIV. .9 X Eac 636 X Im 

Full -wave 
to parallel 19 .353 X MPIV. .9 X Eac 1.33 X Im 

Full -wave 
bridge 29 .707 X MPIV. .9 X Eac .636 X Im 

% Half -wave 
half -wave 

n Double -Y 

27 

28 

.438 

.409 

X 

x 

MPIV. 

MPIV. 

1.17 

1.17 

x 

X 

Eac 

Eac 

.327 

1.91 

X 

x 

Im 

Im M Full -wave 30 .408 x MPIV. 2.34 X Eac .955 X Im 

Conditions assumed: 1. Sine -wave supply. 2. Balanced Phase voltages. 3. Zero tube drop. u. Pure resistance load. 5. No filter used. MPIV is maximum peak inverse voltage. Im is peak plate current. 

For example, let us consider the type 872-A mercury-vapor tube. 
A table giving the maximum peak inverse voltages and peak plate cur- rents of the more common of these tubes will be found at the end of this lesson. h'roni this table, it is seen that the maximum peak in- verse voltaré is 10,000 volts, and the peak plate current is 2.5 amperes. we will assume that tubes of this type are to be used in a three-phase, hcl f -wave rectifier. Let us now calculate what vol- tage may be applied to the tubes, what DC voltage will be produced, and what current may be drawn from the circuit. From the table, it is seen that the R.M.S., AC voltage which may be developed across each leg of the three-phase secondary is .408 times the maximum peak inverse voltage. This is: 

Eac = .408 x 10,000 

= 4,080 volts 
With this AC volta?e applied, the maximum DC voltage which will he applied to the filter is 1.17 x Eac or: 

Edc = 1.17 x 4,080 

4,774 volts. 
The maximum DC current which may be drawn from the supply is .827 x lm or; 

Ldc = .327 x 2.5 

= 2.07 amperes. 
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If we wished to design a power supply capable of furnishing 
4,000 volts DC at 1.5 amperes, we would proceed as follows. To 

allow for the voltage drops in the filter, the tubes and the trans- 

former windings, we shall add 10% to the required output voltage, 

making it 4,400 volts. Using the figures for the three-phase half - 
wave circuit, we see that the DC output voltage is 1.17 times the 
AC input voltage; therefore, the AC input voltage must be 1---11-7 

times the DC output voltage, and for an output voltage of 4,400 
volts this is: 

1 17 X 
4,400 = 3,761 volts 

This is the R.M.S. value of the AC voltage which should be developed 
across each lea of the secondary winding. Since this circuit is 
capable of furnishing an output voltage of 4,774 volts without ex- 
ceeding the maximum peak inverse voltage, we }now that we are not 
attempting to derive too much voltage from this type of tube. Fur- 
thermore, the maximum DC current which this tube and circuit are 
able to furnish is 2.07 amperes, and since the maximum current which 
we shall draw is only 1.5 amperes, we are again assured that we are 
not abusing any of the tubes in the circuit. 

14. THE CHOKE -INPUT FILTER CIRCUIT. As is well known, the 
output voltage of a rectifier circuit contains a DC and an AC com- 
ponent. It is the purpose of the filter to allow the DC voltage 
component to build up a DC voltage across the load which is as 

Tube 2 

Fig.33 A single-phase, 
full - wave circuit with a 

filter connected. 

nearly equal to the DC input voltage as possible, and to prevent 
the AC component of the input voltages from developing an apprec- 
ciable voltage across the load. Lf the filter were perfect in 
its action, the DC voltage present across its output would be equal 
to the DC voltar.e applied to its input, and there would be no AC 
voltage developed across the output of the filter. 

A detailed analysis of what takes place in the filter circuit 
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is very complicated and requires a knowledge of higher mathematics. 
We shall attempt to describe the process of filtration in words 
rather than resorting to a large number of complex mathematical 
manipulations. Let us first consider the single-phase, full wave 
circuit shown in Fig. 33. The wave form of the voltage which an 
ideal rectifier of this type supplies to the input of the filter 
system is that shown in Fig. 34. stating that the rectifier is 
ideal, means that we are assuming that there is no voltage drop across 
the tubes or across the plate -transformer secondary. This assump- 
tion is permissible since these factors are but modifying influences 
which do not seriously affect the accuracy of the analysis.. 

DC 

Component 

0 

Fi9.34 Tne output voltage of the circuit shown in Fig. 33. The horizontal line represents the DC voltage component. 

The voltage wave of Fig. 34 has a DC component represented by 
the horizontal line drawn through the wave. There are a very large 
number of AC components, consisting of a fundamental having a fre- 
quency of 120 cycles, and many even harmonic frequencies such as 
240 cycles, 480 cycles, etc. The fundamental frequency of 120 
cycles has, by far, the largest amplitude, and, if we are able to 
suppress this frequency effectively, we can be assured that the 
harmonics will not cause any trouble. 

As will be pointed out later, mercury-vapor tubes must be used 
with a choke -input filter;a condenser -input is in no way practical. 
Considering the circuit shown in Fig. 33, it should be evident that 
if the first choke (LI) had an infinite reactance, it would not be 
possible for the AC voltage component to produce a current flow 
through this choke, and the current actually flowing in it would 
be a pure direct current having a value determined by the DC vol- 
tage component and the resistance of the filter and load. Although 
chokes do not have an infinite reactance, it is clear that the larger 
the inductance of this first choke, the more nearly constant the 
current flowing through it will be. 

As the voltage output of the rectifier increases, it tends to 
increase the current flowing through this choke. This causes the 
choke to produce an induced voltage of such a polarity as to tend 
to prevent the current from rising. In a like manner; when the 
voltage output of the rectifier falls, the voltage induced across 
the choke is in such a direction as to tend to keep the current 
flowing. The DC component of the output voltage is, of course, the 
average value of the wave form of Fig. 34. This DC voltage will 
tend to maintain a constant current through the choker whereas, 
the AC component will cause the current flowing in the choke to in- 
crease and decrease above and below this average value. If the 
choke has sufficient inductance, there will he some current flow - 
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ing through it at all times; that is, the induced voltage across 

the choke will cause a current to flow from the rectifier, even 

when the AC voltage across the high -voltage winding is zero. With 

a moderately large inductance, the current flowing through the first 

choke will have the wave form shown at A in Fig. 35. The pulses 

of current passed by the individual tubes will he those illustrated 

at B and C in this figure. 

A 

Current 
Passed By 
Tube 1 

Current 
Passed By 

Tube 2 

C 

Fig.35 A. Current drawn by the first choke when it hasa moderate- 
ly large inductance. 

B. Current drawn by first tube. 
C. Current drawn by second tube. 

It is this current shown at A in Fig. 35 which charges the 
first condenser; and since this current does not have a large AC 
component, it is evident that the voltage across the first conden- 
ser will be even more nearly constant than the current through the 
cho'..e and will have an average value equal to the DC voltage com- 
ponent of the output of the rectifier. In a like manner, the re- 
actance of the second choke will further smooth out the pulsations, 
and the voltage across the second condenser will be substantially 
constant. 

As the inductance of the first choke is decreased, the current 
flowing through it becomes more varying, and finally a point is 
reached where the rectifier does not pass current throughout the en- 
tire cycle. The value of the inductance just large enough to cause 
current to flow from the rectifier at all times is called the "cri- 
tical inductance". When the fundamental AC voltage component is 
120 cycles and the rectifier is of the full -wave type, the value 
of this critical inductance may be found from this formula. 

Li - Reff, 
(1) 

1130 

L1 is the critical inductance value, and Reff. is the effective 
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resistance of the power supply 
tances of the chokes. Thus, the 
equal to the DC output voltage 
Suppose, for example, that the 
the output current 500 ma. The 

keff. 

including the load and the resis- 
effective resistance is very nearly 
divided by the DC output current, 
output voltage is 1,000 volts and 
effective resistance would be: 

1000 
.500 

= 2000 ohms. 

In this case, the critical inductance as 
formula is: 

found by the foregoing 

Lt - 2000 
1130 

= 2 henries (approximately) 

It is desirable that the rectifier pass current all the time, 
and the inductance of the first choke should be at least as great 
as the critical value. When the first choke has an inductance less 
than the critical value, the current flowing through it has the 
form shown in rig. 36. It is seen that there is an appreciable in- 

n DI) I') 
Fig.36 Current passing through first choke when its inductance 

is less than the critical value. 

terval during which no current passes through the rectifier or the first choke, with the result that the voltage regulation of the 
power supply will be very poor. In addition, the peak current drawn 
through the tubes will be considerably greater than the average, and the maximum current that may be drawn from the power supply without 
exceeding the allowable peak plate current will be considerably re- duced. 

15. THE CONDENSER -INPUT FILTER CIRCUIT. Let us now determine 
why the condenser -input filter is unsuitable for mercury-vapor tubes and why it has such a poor voltage regulation. A rectifier with a filter of this type is shown in Fi_. 37. We shall again assume that the voltage output of the rectifier has the idealized form shown in Fig. 34. As this voltage rises to its peak value, the input condenser (Ci) charges to the peak value of this voltage. The out- put voltage of the rectifier now falls to zero, but the voltage across the condenser falls relatively slowly, since it must discharge through the comparatively high -impedance path provided by t! -.e fil- 
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ter and the load. 
The output voltage again 

begins to increase, and 

as soon as its value 
ís greater than the 

voltage now present across 

the condenser, the condenser again begins 
to take a charge which 

Fig.37 A full -wave rec- 

tifier circuit with a con- 

denser -input filter. 

continues until the 
output voltage has reached 

its peak. Therefore, 

the voltage across the 
first condenser has 

the form shown at A in 

Piz. 38. This voltage is shown superimposed 
on the output voltage 

of the rectifier. 
Let us now consider Fig. 

39. This figure showsa single tube, 

the high -voltage winding, 
and the first condenser and load; the 

other components have 
been omitted for simplification. 

At the in- 

stant designated by the vertical 
line A -A' in Pig. 33, the output 

voltage of the rectifier is at 
its peak and the condenser has like - 

AB 

A'8' 

Fi,g.38A. Voltage across the 

first conoenser of the circuit 

shown in Fig. 37. 

19\ 

Fig.388. The current passed 

oy the rectifier of this same 

circuit. 

wise charged to the peak voltage. The voltage output of the rec- 

tifier now begins to fall and the condenser starts to discharge 

through the load. At the time indicated by point R, the voltage 

output of the rectifier is less 
than the voltage across the conden- 

ser, and the tube no longer passes 
current. It is evident that the 

tube will conduct only so long as its plate is positive with re- 

spect to its filament. The voltage across the high -voltage 
wind- 

ing tends to make the plate positive with respect to ground, but 
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the voltage across the condenser makes the filament positive with 
respect to ground. Thus, when the instantaneous voltage across 
the transformer winding is less than the voltage across the con- 
denser at a given tir.,e, the filament of the rectifier tube will be 
wore positive than the plate and the tube will not conduct. 

And so, no current passes through the tube during the time 
elapsed between noints B end C. The voltage output of the recti- 
fier again rises and as soon as it becomes ,treater than the voltage 
to which the condenser is char?ed; the tube akin conducts and the 
condenser charges to the peak voltage. Thus the current passed by 
the rectifier tubes in a circuit using a condenser -input filter 
consists of pulses lasting but a small part of the input cycle, as 
shown at B in I'ig. 38. The peaks attaaned by these current pulses 
may be very large, since the charging current that flows when the 
output voltage is greater than the condenser voltagís limited only 
by the resistance of the transformer winding, and that of the tube. 
Furthermore, the average value of this current is very small com- 
pared to the peak value, and not much DC current may be drawn from 
the power supply without exceeding the peak plate current of the 
tubes. 

Fig.39 Illustrating how 
the voltage across the first 
condenser opposes the vol- 
tage developed across the. 
high-voltage winding. 

Naturally, the DC output voltage when the supply is lightly 
loaded will he nearly equal to the peak voltage across the conden- 
ser, since the condenser will discharge but little during the time 
that the rectifier is not peassinr current. As the load is increased 
and more current is drawn from the sunnly, the condenser will dis- 
char2e more during these intervals, and the average DC output vol- 
tage will be less. This is the reason that the condenser -input 
filter produces a arrester output voltage and has poorer voltage 
regulation that the choke -input filter. It is simply not practi- 
cal to use a condenser -input filter with mercury-vapor tubes, since 
the pea» elate current is sure to be exceeded. 

When the input inductance of a chol.e-input filter has too low a value (less than the critical value), the operation of the rec- tifier and filter approaches the conditions prevailing with the condenser -input filter, and the regulation is poor. .`,lthough the current through the first choke will not fall to hero when the cri- tical inductance is used, much better results are obtained when the first choke has an inductance of twice the critical value. This amount of inductance is usually called the "optimum value". 

16. THE SWINGING CHOKE. From formula (1), which (Jives the critical inductance value, it is seen that this value increases as 
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the effective resistance of the power supply is increased. Natur- 

ally, the effective resistance is low when the supply is furnishing 

its maximum current, and the inductance of the choke will be at 

least as great as the critical value. when the current drawn from 

the supply is small, the effective resistance will be large and 

it is possible that the inductance of the first choke will he less 

than the critical value. Suppose, for example, that the full -load 
current of a 1,000 -volt power supply is 200 ma. The effective re- 
sistance of the supply under this condition is 1,000 divided by .2 
or 5,000 ohms. The critical inductance value is: 

L1 - 5000 
1130 

4.4 henries. 

If this supply furnishes c.t*rrent for a Class B modulator, the load 
placed on the supply will vary through considerable limits. There 
will be instants when nearly the full load is required, and others 
when no demand is made upon the supply for current. As stated be- 
fore, the inductance of the first choke may be less than the cri- 
tical value when the current drawn from the supply is very small, 
and to prevent the current from falling to too low a value, it is 

common practice to connect a bleeder resistor across the output 
of the rectifier so that there will be some load on the supply at 
all times. 

Let us assume teat the bleeder current is to he 40 ma. With 
a 1,000 volt output, this will require a bleeder resistor of 25,000 
ohms. When the only current drawn from the supply is the bleeder 
current, the effective resistance will be approximately 25,000 ohms. 
The critical inductance value will then be: 

= 25,000 
1130 

= 22 henries. 

Thus, it is clear that the critical inductance value varies 
from approximately 4 henries to 22 henries from full -load to mini- 
mum load. Also, the optimum values range from 8 to 44 henries. 

It would, therefore, appear that the inductance of the first 
choke would have to be at least 44 henries. pefore stating de- 
finitely that it should have this value, let us inquire farther 
into how this value is measured. A choke mad be rated as having an 
inductance of 30 henries, but unless the amount of DC current flow- 
incr through it when it. had this value is known, this statement is 
meaningless. Iacreasi_nw the LC current wtic!. flows through the 
choke, increases the DC magnetization of the' iron core, and tends 
to chance its permeability. Thus, the inductance of the choke de- 
creases as the value of the DC current flowing through it is raised. 
s the amount of magnetism in the core approaches the saturation 

value, the inductance drops very rapidly. If the choke is used for 
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smoothing* action, its ability to oppose the AC component of the cur- 
rent is decidedly lowered when a large DC current flows through it. 

To minimize this effect which the DC current has on the. induc- 
tance of the choke, an air gap is left in the iron core. Most of 
the reluctance of the magnetic circuit is that due to the air .gap, 
and since it is not possible to saturate the gap with majnetism, 
tLe reluctance of the magnetic circuit as well as its permeability 
chancres a smaller amount when a direct current flows throufuh the 
choke. This means that the inductance of the choke will not vary 
as much when the DC current flowing throw,^h it is changed. The 
disadvantage of this method is that the presence of the air gap 
reduces the overall permeability and the in.ducta.nce, and to design 
the choke to have a large inductance requires an unusually large 
iron core and many turns of wire. Choices used in small power sup- 
plies where the current drain is low will not need a very large air 
gap, and the size of the core required to produce -the desired in- 
ductance will not be very great. Chokes which must pass a high 
value of DC current, however, will require a sizeable air - gap to 
minimize saturation, and the dimensions of the iron core necessary 
to produce the desired inductance will be onite large 

The second choke of the filter system must maintain a large 
inductance value even when the full -load current of the supply; is 
drawn through it. If the inductance of this choke were reduced to 
a low value by the direct current, its s000thiug action would be greatly diminished, and the output from the Dower supply would con- tain a large ripple voltage. 5uc1 a choke is called a "smoothing 
choke" and is ordinarily quite large. 

The first choke of the filter should have an inductance at least ás great as the optimum value, and this value changes as the 
amount of direct current drawn through it varies. (The optimum value is usually greater than that necessary to suppress hum). It would be possible to design a choke having an inductance as large as the highest optimum value (that is, the value of the optimum inductance when the only current drawn from the supply is the bleeder current) ; and then incorporate a large enough air - gap so that the inductance would not be reduced appreciably when the full -load cur- rent was flowing through it, but such a procedure would not be economical. the choke would be very expensive and most of the time the inductance would be greater than is needed. better solution to the nroblem is the swinging choke. 

A swinging choke is a choke designed with an air pap of such a size that its inductance varies through a predetermine) range as the direct current flowing through itchanges from minimum to maxi- mum. The air gap need he very small because it is desirable that the inductance of the choke be lowered when a large DC current flows through it. li.th a small air gap, it is possible to produce a fair- ly large inductance, when the current flowing through the choke i s suall, without using an iron core of nnusua1.ly large dimensions and with considerable less wire on the coil. In the preceding pro- blem, it was determined that the ontimum inductance value ranges from S to 44 henries. Naturally, a 44 -henry choke so designed tF at its inductance is reduced only slightly when full - load current 
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flows through it would he ideal, but would be very expensive. A 

swinging choke, whose inductance varied from 8 to 44 henries as the 

current through it changed from 200 to 40 ma., would serve the pur- 

pose just as well and would be considerably cheaper. 

The minimum and maximum inductance values and the currents 

with which these values are obtained are included in the ratings 

of a swinging choke by the manufacturer along with the DC resis- 

tance of the choke. It is desirable that the DC resistance of all 

chokes be very low, so that there will not be much DC voltage drop 

across them when the full -load current is drawn from the supply. 

A high -resistance choke will make the voltage regulation poorer and 

will dissipate unnecessary power. Furthermore, the insulation re- 

sistance between the coil and the core must be sufficient to with- 

stand the peak voltage output of the rectifier. The plate trans- 

former must likewise have low resistance in order to avoid exces- 

sive losses. Often a grounded electrostatic shield is placed be- 

tween primary and secondary to prevent electrical disturbances 

originating in the power line from being transferred to the output 

through the capacity existing between primary and secondary. 

17. CALCULATING THE RIPPLE VOLTAGE. Naturally, it is desir- 

able to know just how effective the filter is in eliminating the 

ripple voltage. There are several formulas which give the percen- 

tage of ripple voltage in the output of the rectifier. Let us 

L1 Li L2 

Fi9.4O Two types of filter circuits. 

consider Fig. 40. Here are shown two types of choke -input filters. 

The one at A consists of a single section. The formula for deter- 

mining the percentage of ripple voltage is: 

% of ripple voltage = 
176 (2) 

L1 x Ci 

Where: L1 is in henries, and C1 in mfds. 

This formula is only true when the rectifier is a single-phase, 

full -wave type and the fundamental frequency of the ripple is 120 

cycles. when the fundamental frequency of the ripple is 180 cycles, 

(as itis when the rectifier is of the three-phase, half -wave type), 
the percentage of ripple is only 44% of the value calculated by 

the foregoing formula. A three-phase, full -wave or a three-phase, 
half -wave, double -Y produces a fundamental ripple frequency of 360 

cycles, and the percentage of ripple is 11% of the value calculated 
from formula (2). 

The filter shown at 8 in Fig, 40 consists of two sections and, 
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of course, produces a lower ripple voltage. For a ripple frequency 
of 120 cycles, the percentage of ripple is: 

% of ripple voltage = 
Li x L23XOCl x Cz 

(3) 

A ripple frequency of 180 cycles produces a ripple percentage of 
approximately 20%0 of the value calculated by this formula. With 
a full -wave, three-phase rectifier, and a ripple frequency of 360 
cycles, the ripple voltage is about 1.25% of the value given by 
formula (3). 

It is seen that the filtering action increases rapidly as the 
number of filter elements is increased, and that with a given size 
filter, the percentage of ripple voltage from a three-phase recti- 
fier is much less than from a single-phase type. When the power 
supply is to be used with a CW transmitter, a ripple voltage of 
5% or less is satisfactory for the high-powered stages, but should 
be at least as low as 1% for the low -powered stages. For' radio- 
telephony, the ripple should not be larger than .25%. 

There is one other precaution which must he observed in the 
design of ripple filters-. This is to make sure that none of the 
filter elements produce a series -resonant circuit having a reso- 
nant frequency equal to the fundamental ripple frequency. When 
this occurs, there is a tendency for the filter to become unstable. 
Should the first choke and condenser he resonant at 120 cycles, 
the peak current drawn from the rectifier would be tremendous, and 
the tubes would be damaged. The resonant frequency of these two 
components should preferably be 20 cycles or less. As the load on 
the supply is increased, the DC current flowing through the first 
choke will cause it to saturate and will reduce its inductance, 
thereby raising the resonant frequency. Care should be taken that 
the inductance of the first choke is not reduced to such a value 
as to cause resonance at the ripnle frequency. 

Fig.üi d simple type 
of voltage regulator. 

o- 

18. VOLTAGE REGULATORS. To compensate for poor voltage re- 
gulation due to variations in the line voltage, the larger trans- 
mitting stations employ automatic voltage regulators. The simplest 
type of voltage regulator is the one shown in Fig. 41. It is not 
automatic, but must be controlled manually. It consists of an 
auto transformer provided with a. large number of taps which connect 
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to the various contacts of a multi - point rotary switch. One side 
of the line is connected to the bottom of the auto transformer and 
is also one terminal of the remilated voltage from the output of 
the device. The other side of the line is connected to a tap on 
the transformer. The other terminal of the regulated voltage is 
connected to the contact arm of the rotary switch. The primary of 
this auto transformer is that part of the coil across which the 
line voltage is applied. The secondary consists of the entire trans- 
former winding. Since there are more turns in the secondary than 
in the primary, the total voltage across the coil is somewhat greater 
than the line voltage. y moving the sliding arm any part of the 
voltage built up across the secondary may be applied to the trans- 
mitter. 

When the line voltage is of the correct value, the arm of the 
switch would be set so that it made contact with the point to which 
the line voltao:e lead is connected. In this case, the transformer 
has a 1:1 ratio, and the secondary voltage (in use) is the same as 
the primary or line voltage. If the line voltage falls below nor- 
mal, the sliding arm would be moved to the right, thereby increasing 
the turn ratio between secondary and primary, until the secondary 
voltage again equal to the normal line voltage. In a like manner, 
a high line voltage would be reduced by moving the arm to a point 
below the one to which the line wire is connected, thereby using 
the device as a step down transformer. 

TO INPUT 
SOURCE 

e 

- COMMUTATOR 

--BRUSH STOPS 

:'.' BRUSH ARM 

" BRUSH 

. 

AUTO -TRANSFORMER hpq -; 
TO 

SECONDARY 
LOAD 

e 

Fig.u2 an improvAd form of voltage regulator. 

One disadvantage of the tan -changing switch is that the cir- cuit is interrupted when the arm is moved from one contact to an- other. This sets up line surges, causing arcing at the contacts 
and produces interference in radio receivers. A method. which elim- inates this difficulty is the one shown in Pig. 42. This voltage 
regulator also consists of an auto transformer with taps at closely adjacent turns. Each tap is connected to an insulated segment of 
a commutator which is of practically the same design as is used 
with direct current motors A carbon brush makes contact with the 
commutator, and one line of the regulated voltage is connected to the brush. In the manually controlled regulators, the position of the brush is moved by a hand wheel mounted on the top of the device. 2y using a brush of such a size that it will bridge two 
segments of the commutator, continuous control of the output vol - 
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tage is obtained without the circuit being opened, and with short- 

circuit currents limited to a negligible value. Furthermore, arc- 
ing is prevented by proper design of the brush resistance and by 
allowing only a small voltage between segments. 

Some of the larger regulators are controlled by a motor. Two 
push buttons are provided: one to increase voltage and one to de- 
crease it. To prevent damage to the regulator, mechanical stops 
and electrical limiting switches are employed. Thus, it is not 
possible for the motor to force the mechanism past its maximum or 
minimum positions. 

The automatic types employ a very sensitive voltmeter connected 
across the output of the regulator. This meter has two contacts, 
one slightly above the normal voltage and one just below it. As 
the line voltage increases above normal, the secondary voltage 
likewise increases, and the needle of the voltmeter makes contact 
with the upper contact point. This closes a relay circuit, and 
the relay attracts its armature, thereby starting the motor in such 

i 

Fig.43 Photograph of an automatic volt.age regulator. 

a direction as to decrease the voltage across the secondary. This 
voltage decreases until the voltmeter needle no longer contacts 
the upper point, the relay open circuits, and the motors stops. A 
decrease in voltage below normal causes the needle of the meter 
to contact the lower contact point, and by means of a relay, the 
motor is rotated in the opposite direction, thereby increasing the 
voltage. The regulator will maintain the output voltage within 
1% of a predetermined value, being designed so that a 51 change 
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in line voltage is corrected in from 3 to 5 seconds. A photograph 
of an automatic voltage regulator is shown in Fig. 43. This par- 
ticular model is for single-phase power, although three-phase models 
are available. The constructional features of a motor -controlled, 
non -automatic type is shown in Fig. 44. 

_,Ir 

. 

Fig.e4 The constructional features of a voltage regulator. 
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TYPE 

CHARACTERISTICS 

MAXIMUM ALLOWABLE 
PEAK PLATE CURRENT 

AMPERES 

OF THERMIONIC-TYPE RECTIFIER 

MAXIMUM SAFE FILAMENT VOLTAGE 
INVERSE VOLTAGE. 

TUBES. 

FILAMENT CURRENT 
AMPERES. 

80 .150 1.400 5 2 

5Z3 .300 1,400 5 3 

83V .250 1,100 5 2 

84 .075 1,000 6.3 .5 
81 .250 2,000 7.5 1.25 

217A .600 3,500 10. 3.25 
836 1.000 5,000 2.5 5. 

218 7.500 50,000 22. 52.0 

TYPE 

CHARACTERISTICS OF TYPICAL 

MAXIMUM ALLOWABLE 
PEAK PLATE CURRENT MAXIMUM SAFE 

AMPERES INVERSE VOLTAGE 

MERCURY-VAPOR 

FILAMENT VOLTAGE 

TUBES. 

FILAMENT CURRENT 
AMPERES. 

871 .3 5,000 2.5 2.0 
866 .6 7,500 2.5 5.0 
866A .6 10,000 2.5 5.0 
872 2.5 7,500 5.0 10.0 

872A 2.5 10,000 5.0 6.75 

869A 5.0 20.000 5.0 18.0 
870 450.0 16,000 5.0 65.0 

857 20.0 22,000 5.0 30.0 

Note: These are all maximum ratings, and in some cases may require careful temp- 
erature control. Consult the manufacturer's specifications for temperature limits 
of each rating. 
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FORTUNE MAY BE YOURS 
today's students are tomorrow's inventors. 

Radio ears that are far more sensitive than human ears 

now protect almost every large city from surprise air attack. 

Long before the pulsing throb of powerful engines pro- 

pelling bomb- laden enemy aircraft through the air becomes 

audible to human'ears,.the gigantic horns....many of them 

that comprise the radio ear, pick up the vibration, amplify 

the sounds and....tne enemy is located. 

The many adaptions of radio to peace and war are truly 

amazing. No doubt there are many new developments awaiting 

us next year, and the year after, that will make us wonder 

what is coming next. For example, if the radio ear can be 

used to detect aircraft, perhaps this same device, highly 
perfected and compact may be used to apprehend criminals in 
the future. 

Let us use our imagination A detective, shadowing 
bank robbers, receives a tip that they are at a certain hotel. 
He loiters about the lobby, stopping now and then, apparently 
just another traveling man passing away a few hours before 
train time. 

Groups of people are seated orstanding around the lobby 
conversing in low tones. As the detective is passing within 
twenty feet of two men, he suddenly walks toward them, gun in 

hand. And the men prove to be the wanted bank robbers. How 
did the detective know? He heard their whispered conver- 
sation. 

Under the detective's coat was a compact device....an 
electric ear that picked up the vibrationscreated ,by the 
whispering robbers, amplified them, and then made them aud- 
ible by means of a vibrator placed against a certain place 
on the detective's body where it would be hidden from view. 

Such a device may be created along with thousands of 
other new inventions. And you, Mr. Student, may become the 
inventor of one or more Radio or Television devices that can 
bring wealth and world-wide fame. 
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Lesson Ten 

CLASS B 
R.F. LINEA.R 
AMPLIFIERS 

"Until high - powered 
modulator stages were de- 
veloped the only way in which 
high power could be obtained 
from a transmitter was through 
the use of a Linear amplifier. 

"Straight linear stages are not 
used a great deal in new transmitters. 
number of transmitters now in use which 

However, there are a great 
use linear amplifiers. 

1. HIGH AND LOW LEVEL MODULATION. Prior to this time, it has 
been assumed that the output of the modulated Class C stage was fed 
directly into the transmitting antenna. Quite often this is the 
case. Such an arrant*ement is called "high-level modulation", and 
has advantages and disadvantages which will now be discussed. The 
Class C amplifier is very efficient and it is desirable that the 
higher powered stages be operated under those conditions which pro- 
duce uaximum efficiency. Suppose, for example, that the transmitter 
must develop 10,000 watts in the radiation antenna. With an effici- 
ency of 60% or higher (a not uncommon value fora Class C amplifier) , 
the DC power input to the Class C final stage would be 16,666 watts. 
Assuming that high-level modulation is employed; that is, that this 
final stage is modulated, the audio power that ::-ould be required 
from the modulator is 8,333 watts for 100% :nodulation. 

The foregoing illustration discloses both an advantage and a 
disadvantage of high-level modulation. The fact that the Class C 
stage is itself very efficient is a decided advantage. On the other 
hand, the necessity of producing over 8,000 watts of audio power 
is a disadvantage, since audio amplifiers, even when operated under 
Class B conditions, have a relatively low efficiency. If a Class 
A modulator with a probable efficiency of '25% were used, the DC 
power input to the modulator would need to he over -50,000 watts; 
thereby, making the overall efficiency of the transmitter relatively 
low. With the comparatively recent advent of Class B modulators, 
this condition has been improved. A well designed Class B modu- 
lator will have an efficiency of 5U%, or greater, and the amount 
of DC power input to the modulator stage is considerably reduced. 
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Before the Class B modulator became popular, nearly all high- 
powered transmitters employed low-level modulation. In low-level 
modulation, the final or output stage is not modulated, but serves 
merely to amplify the modulated wave producdd in some preceding 
stage of the transmitter. When plate modulation is used, the modu- 
lated stage is operated under Class C conditions and is followed 
by one or more Class B, R.F. linear amplifiers. As explained in 
Lesson 7 of this Unit, it is not possible for a Class C stage to 
amplify a modulated k.F. wave. Such an attempt produces distortion 
of the modulation envelope, because the Class C stage is biased to 
a value equal to twice cut-off and plate current would not flow 
during the trough of the modulation cycle. To amplify a modulated 
wave requires a linear amplifier, one in which the tank current is 
directly proportional to the grid -exciting voltage. The grid -ex- 
citing voltage is a modulated R.F. wave and, if the wave is modu- 
lated 100%, the amplitude of the R.F. cycles will vary from zero 
to twice the unmodulated value. At the time the grid -exciting vol- 
tage is zero (that is during the trough of the modulation cycle), 
the radio frequency tank current must likewise be zero. As the 
amplitude of the alternating grid voltage increases, the tank cur- 
rent must increase in direct proportion, because a linear relation- 
ship must exist between the tank current and the alternating grid 
voltage. In the Class C amplifier, the tube does not begin to draw 
plate current until the alternating voltage in the grid circuit is 
sufficient to make the instantaneous grid voltage greater than the 
cut-off value. Thus, it is seen that a linear amplifier must not 
be biased beyond the cut-off point, if the troughs of the modulated 
waves are to cause a change in the plate tank current. 

So far as satisfying the condition of linearity is concerned, 
the Class A amplifier would be ideal. In a Class A amplifier, the 
plate current is an exact reproduction of the grid -exciting voltage. 
Naturally, the plate tank current would likewise be directly pro- 
portional to the alternating voltagein the grid circuit. Practi- 
cal considerations, however, demand that the efficiency of the 
linear amplifier be as large as possible, and the poor efficiency 
of a Class A amplifier makes it undesirable for this application. 

The procedure for increasing the efficiency of any vacuum tube 
amplifier is to reduce the plate power input when the tube is rest- 
ing, or is not amplifying a signal voltage. This, of course, is 
accomplished by increasing the grid bias so that the no -signal plate 
current will be very low. By making the bias voltage equal to the 
cut-off value, it is possible to increase the efficiency above that 
of aClass A amplifier and still obtain linear operating conditions. 

The advantage of using low-level modulation combined with line- 
ar amplifiers, is the fact that a low -powered stage may he modulated 
and a smaller amount of audio power will be required. Thus, there 
is a considerable saving since high-powered audio amplifiers will 
not he necessary. Opposed to this is the fact that the average 
efficiency of a linear amplifier is rarely greater than 33%. To 
develop an R.F. power output of 10,000 watts, the Class B linear 
amplifier would need a plate input power in excess of 30,000 watts. 

In addition, the factors determining the linearity of the an - 



plification are quite critical and linear amplifiers are noted for 
their difficulty of adjustment. 

Many transmitters having an output greater than 1,000 watts 
employ linear amplifiers. This, however, is not always the case, 
for high-level modulation is used at present with a 500 -kilowatt 
transmitter. Smaller transmitters of 1,000 watts capacity may em- 
ploy either system. 

2. VOLTAGE AND CURRENT RELATIONS IN THE CLASS B LINEAR AM- 
PLIFIER. In practice, the Class B amplifier is not biased to the 
actual cut-off point, because the curvature of the lower end of 
the grid -voltage plate -current characteristic curve introduces dis- 
tortion and causes the operating conditions of the amplifier to de- 

part from true linearity. Usually the bias value selected is that 
value obtained by dividing the applied DC plate voltage by the am- 
plification factor of the tube. It is the grid voltage at which 
plate current cut-off would occur if the Ea-Ip characteristic were 
a straight line. 

Ip 

Fig.1 Illustrating the 
operating condition of a 

linear amplifier. 

, 
11111111 

Eg 

Fig, 1 illustrates a dynamic hg-Ip characteristic and shows 
how the grid bias would be selected for linear operation. Since 
the tube is biased practically to cut-off, plate current flows for 
approximately 130° of the grid -exciting cycle. The plate current 
itself is, of course, not a true reproduction of the alternating 
grid voltage, since no plate current flows during the negative al- 
ternation of the grid -exciting cycle. However, the load impedance 
of a linear amplifier is always a tuned circuit, and this tuned 
circuit has the ability of smoothing out the plate current pulses 
into practically pure sine waves. The fundamental frequency com- 
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ponent of the plate current pulses creates an R.F. voltage across 
the plate tank circuit and causes a relatively large tank current 
to flow. Fig. 2 shows the wave form of the grid -exciting voltage, 
the actual plate current, the varying plate voltage, and the fun- 
damental frequency component of the plate current. 
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Fig.2 The wave forms of 
the grid- exciting voltage, 
the plate current, its fun- 
damental component and the 
plate voltage. 

One important difference between the linear amplifier and the 
Class C amplifier is illustrated in Fig. 1. The amplitude of the 
grid -exciting voltage is not constant, but varies at an audio rate 
determined by the output of the modulator. As the amplitude of the 
grid -exciting voltage increases from its unmodulated value to the 
greatest value obtained during the modulation cycle, the radio fre- 
quency tank current must increase in the same ratio. For example, 
if the grid -exciting voltage is 100% modulated, the greatest ampli- 
tude will be twice the unmodulated value and the tank current must 
likewise double the value it has with no modulation. For the tank 
current to double, the peak value of the fundamental plate current 
component must likewise double, Such a condition will only be ob- 
tained when the plate current flows for 1900, or nore, and the 
plate current pulse is an exact reproduction of a half sine wave. 
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When the linear amplifier is improperly adjusted, the dynamic 
Eg-Ip curve is not a straight line and the plate current is not di- 
rectly proportional to the grid voltage. This causes the plate 
current pulse to be flattened, and the peak of the fundamental com- 
ponent does not bear the saute ratio to the peak value of the plate 
current pulse. This condition is illustrated in Fig. 3. When the 

Fig.3 Showing the effect 
of non-linear operation. 

Eg 

plate current pulses are half sine waves, the peak of the fundamen- 
tal plate current component is equal to one-half of the peak of the 
plate current pulse, and a linear condition exists. 

3. POWER RELATIONS OF A CLASS B AMPLIFIER. We shall first 
consider the conditions existing when the grid -exciting voltage is 
unmodulated and has the greatest possible value which will still 
allow the amplifier to operate in a linear manner. The DC power 

Fig.4 Illustrating the 
DC component of the output 
of a full-wave rectifier. o 

DC Component 

0 

input applied to the plate circuit is equal to the DC plate current 
component multiplied by the plate -supply voltage. This is: 

Pi = It x E6 (1) 

Where: Pi is the power input in watts, 
Io is the DC plate current in amperes, 
ES is the plate -supply voltage in volts. 

The DC plate current component is the average value of the 
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plate current pulses averaged throughout one complete cycle of the 
grid -exciting voltage. As we already know, the average value of 
an alternating current is equal to .637 times the peak value. As 

explained in Lesson 13 of Unit 1, this is the average of all the 
instantaneous values throughout one alternation. If the plate cur- 
rent wave form were the same as the output of a full wave rectifier, 
as shown in Fig. 4, the DC component would still be .637 times the 

peak value of the alternation. In the linear amplifier, however, 

the plate current flows for only one-half cycle, or only half as 

DC 
Fig.5 Showing the re- 

Component 
lation between the plate 
current pulses of a lin- 

,,J ear amplifier and their 
o DC component. 

long as in the full wave rectifier. For this reason, the DC com- 
ponent of the plate current of a linear amplifier is .1 of .637, or 
.313 times the peak value of the plate current pulses, as shown in 
Fig. 5. Expressed as an equation, this becomes: 

Is = .318 Im (2) 

Where: IB is the DC plate current, and 
Im is the peak value of the plate current pulse. 

By substituting the value of Is as given in equation (2), in- 
to equation (1), there is obtained: 

Pi =. 318 x Im x Ea (3 ) 

Let us now determine how the power output would be calculated. 
When the operating angle is 1800, and the plate current pulse is 
a half sine wave, the peak value of the fundamental plate current 

APlate 

AIL 
Curren t 
Pulses 

-0 
undamental 

Component of 
Plate Current 

Fig.6 The relation between 
the plate current pulses and 
the fundamental plate current 
component. 

component is one-half of the peak of the plate current pulse, as 
illustrated in Fig. 6. This is: 

Io = .5 x Im (4) 

Where: Io is the peak value of the fundamental plate current com- 
ponent, and 
Im is the peak of the plate current pulse. 

This peak value of the fundamental pate current component in 



flowing through the plate tank circuit develops an R.F. voltage 
which may be designated as Eo. The powerin the plate tank circuit 
is equal to the R.M.S. value of the fundamental plate current com- 
ponent times the R.M.S. voltage developed across the tank circuit. 
The R.M.S. current value is: 

Irms = .707 x lo (5) 

Substituting the value of Io as given in equation (4) into equation 
(5), there results: 

Irms = .707 x .5 x Im 

= .3535 x Im (6) 

The R.M.S. value of the R.F. voltage developed across the 
tank circuit is: 

Ems = .707 x Eo (7) 

Where: Eo is the peak R.F. voltage developed across the tank cir- 
cuit. 

Equation (6) gives the R.M.S. value of the fundamental plate current 
and equation (7) the R.M.S. value of the R.F. voltage across the 
tank. The. product of these two represents the average R.F. power 
in the tank circuit. This is: 

Po = .3535 x Im x .707 x Eo 

= .25 x Im x Eo (8) 

The efficiency is the power output divided by the power input. 
This is equation (8) divided by equation (3). When this operation 
is performed, the following results: 

Efficiency _ Po 
Pi 

_ 2 xIm xEo 
.`j1xImxEs 

The Im's will cancel and the final result is: 

Efficiency = .786 x 
Es 

(9) 

Eo, you will remember, is the peak R.F. voltage developed 
across the plate tank circuit, whereas Ee is the plate -supply volt- 
age. The actual plate voltage at any instant is the sum of the 
plate -supply voltage and the instantaneous R.F. voltage across the 
tank circuit. In the study of the Class C amplifier, it was learned 
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that the peak R.F. voltage developed across the tank circuit was 

very nearly equal to the supply voltage, in which case, the actual 

plate voltage varied from nearly twice its DC value to a very low 

value not far from zero. If it were possible to make the peak R.F. 

voltage across the tank circuit equal to the plate -supply voltage, 

then Eo would be equal to EB and the efficiency as given in equa- 

tion (9) would be equal to 78.64. This, however, is the theoreti- 

cal maximum which can never be obtained in actual practice. In the 

first place, it is not possible to make the peak tank voltage equal 

to the plate -supply voltage, for, in that case, the actual plate 

voltage would be zero during an instant of the cycle. As has been 

previously learned, the grid -exciting voltage and the varying plate 

voltage are 130e out of phase and the maximum positive grid voltage 

should not exceed approximately 80;0 of the minimum plate voltage. 

When the minimum plate voltage is too low, the tube becomes sat- 

urated, the grid robs the plate of electrons, and the plate current 

pulse has a dip indicating that the dynamic Eg-Ip characteristic 
is not linear and that the tank current will not be directly pro- 

portional to the grid -exciting voltage. In actual practice, the peak 

tank voltage is usually limited to a value of from .85 to .9 times 

the plate -supply voltage, and, allowing for a 570 loss in the tuned 

output circuit, the maximum possible efficiency will range from 63 

to 67%. 

This high value of efficiency is obtainable only when the peak 
R.F. voltage across the tank is nearly equal to the plate -supply 
voltage, or when the grid -exciting voltage is the maximum that may 

be applied without causing tube saturation and departure from a line- 

ar condition. When the grid -exciting voltage is 100% modulated, 

the peaks of the R.F. cycles will be twice as great during the peak 

of modulation, as they are when the carrier is unmodulated. To 

achieve linearity, it is necessary that the circuit be so adjusted 
that it will be linear even during the modulation peak. For this 

reason, it is necessary that the unmodulated grid -exciting voltage 

be just half as large as that value obtained during the modulation 
peak. 

When properly adjusted, the unmodulated grid -exciting voltage 
is half of that value which will cause tube saturation. Assuming 
that the amplification is linear, the amplitudes of the plate cur- 
rent pulses will be half as large as during the modulation peak, 

the peak value of the fundamental plate current component will 
likewise be half as great, and the R.F. voltage developed across 
the plate tank circuit will also be reduced to one-half of its for- 
mer value. This means that Eo will now be less than half as large 
as Es, and from equation (9), it becomes evident that the efficiency 
with the unmodulated condition will be just half as great as it 

is during the peaks of modulation. It has been stated that maxi- 
mum possible efficiency is approximately 67%. With the carrier 
unmodulated, the average efficiency will approximate 334. This 
means that the efficiency of the linear amplifier is relatively 
low during the period when the transmitter is not modulated. 

Although the efficiency will increase to a maximum of 67% 
during the peaks of modulation, the average efficiency throughout 
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a modulation cycle will be barely 50%. This, of course, assumes 

that the carrier wave is 100% modulated. As stated in Lesson 7, 

100% modulation is obtained only during the peaks of the audio 

signal. The average modulation will not be much greater than 30 

to 40%. When such is the case, the average efficiency of the Class 

B linear amplifier will be only slightly greater than that obtained 

with the unmodulated carrier. This is the greatest single disad- 

vantage of the linear amplifier. 

During modulation, the plate current consists of pulses which 

are half sine waves and which vary in amplitude at the modulation 

frequency. The fundamental component of the plate current like- 

wise varies in amplitude at the modulation frequency, causing the 

R.F. voltage produced across the tank circuit and the tank current 

to vary in exact accordance. Thus, the wave form of the current 

flowing in the antenna is exactly the same as the varying voltage 

applied to the cfrid of the linear amplifier. Thé average value 

of the plate current pulses varies at the frequency of the modula- 

tion. This is illustrated in Fig. 7. The average value of this 

Fig.7 Showing how the DC 
plate current varies at an 
audio frequency rate. 
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audio frequency is a pure direct current having the same value as 

when the carrier is unmodulated. Therefore, the reading of the DC 

plate current meter should not change during modulation. Since 

the DC plate Current does remain constant, the average power input 

to the linear amplifieris the same whether the grid -exciting volt- 
age is modulated or not. 

We have learned that the power output of an amplifier, during 
the peak of the modulation cycle, is four times as great as when 

the carrier is unmodulated. Let us see how this is accomplished. As 

the grid- exciting voltage increases from its unmodulated value to 

the peak obtained during 100% modulation, the fundamental plate 

current component doubles its value. This causes the peak R.F. 

voltage developed across the tank to likewise double. According 
to equation (9), doubling the tank voltage (E0) will double the 

efficiency of the amplifier. In addition, the average value of 

the plate current increases from its unmodulated value until it 

is twice as large. Therefore, at the peak of the modulation cycle, 

the plate power input, which is equal to the average plate current 

times the plate -supply voltage, becomes twice as great. The fact 

that both the power input and the efficiency increase twofold dur- 

ing the modulation peak causes the R.F. power output at this time 

to be four times as great as it is with no modulation. 

Suppose, for example, that the plate -supply voltage is 1000 
volts, the DC plate current 100 ma., the efficiency (when unmodulated) 

33%, and that the grid -exciting voltage is to be 100% modulated. 
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The DC power input i.s: 

Pi - E.,x 

1000 x .100 

- 100 watts 

With an efficiency of 331, the R.F. power output is: 

P-, = .33 >, 100 

33 watts 

At the peak of the modulation cycle, the R.F. power output will 
increase four times, or to 132 watts. To accomplish this, the 
efficiency will increase to 661 and the instantaneous DC power in- 
put will become 200 watts. This will give an R.F. power output 
of: 

Po = .66 x 200 

= 132 watts 

The power dissipated at the plate of the tube, when the car- 
rier is unmodulated, is the difference between the R.F. output 
power and the DC input. It is: 

Power loss at plate _ 100 - 33 

= 67 watts 

At the instant of peak modulation, the power dissipated at the plate 
of the tube is: 

Power dissipated - 200 - 132 

= 68 watts. 

It is evident that the plate dissipation increases but very 
little as the grid -exciting voltage becomes larger. With the plate 
dissipation practically constant and the power input momentarily 
doubling, it is seen that the efficiency of the stage increases 
considerably at the modulation peak. 

So far, we have considered only instantaneous values. Let 
us now determine how the average efficiency varies with modulation. 
Although the instantaneous DC power input doubles its value dur- 
ing the peak of modulation, the average power input throughout a 
modulation cycle has the same value as with no modulation. This, 
of course, is only true if the modulation envelope is undistorted. 
With 1001 modulation, the amplitudes of the .R.F. cycles must double 
their value during the modulation peak and become zero at the trough. 
With 1001 modulation, the power contained in the modulation wave 
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is 11 times as great as that in the unmodulated carrier.' Since 
the average power output of a linear amplifier increases 12 times 
with 1001 modulation, and the average DC power input does not change, 
the average power dissipated at the plate of the tube must be lass 
with modulation than without. This, of course, is the same as say- 
ing that the average efficiency is greater with modulation. Al- 
though the efficiency doubles its value at the peak of the modu- 
lation cycle, the average efficiency is only 12 times as great as 
it is with an unmodulated carrier. 

Let us now apply this theory to the preceding problem. The 
power output (unmodulated) was 33 watts. Although the peak power 
increases to 132 watts, the average power throughout a modulation 
cycle (with 100% modulation) increases 11 times, or to 49.5 watts. 
The average efficiency also increases to 12 times the value it had 
with no modulation, and becomes 49.5%. Since the Average DC power 
input is the same as with no modulation, the average power output 
is: 

Average power output (modulated) = .495 x 100 

= 49.5 watts. 

The average power dissipated at the plate during 1009e modula- 
tion is the difference between the DC power input and the average 
power output. This is: 

Average plate dissipation = 100 - 49.5 

= 50.5 watts. 

This is in comparison with the 67 watts dissipated when the stage 
was unmodulated. 

From the foregoing discussion, there results the somewhat amaz- 
ing fact that the linear amplifier tube will run cooler when the 
grid -exciting voltage is modulated than when it consists of an un - 
modulated carrier. The power dissipation occurring at the modula- 
tion peak will probably be greater than it is when the carrier is 
unmodulated. EIowever, the increase in plate dissipation as the 
grid -exciting voltage varies from the carrier to the peak value is 
not as large as the decrease in the plate loss, which occurs as the 
grid -exciting voltage falls to its minimum value. Thus, the average 
dissipation throughout the modulation cycle is less than that tak- 
ing place at the carrier level. It is permissible to adjust the 
amplifier so that the plate loss with full -exciting voltage is 
slightly greater than the rated value, since the exciting voltage 
is at this peak value only a small fraction of the time when the 
signal is a modulated wave. 

4. DESIGN OF CLASS B LINEAR AMPLIFIERS. There are two im- 
portant differences between the Class0, R.F. linear amplifier and 

1 Refer to Page 17, lesson 5, Unit 3. 
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the Class C amplifier. The Class B amplifieris biased practically 
to cut-off and the grid excitation is so adjusted that grid current 
flows only at the peak of a 100% modulated signal and never in 
amounts exceeding 2 or 3 milliamperes. On the other hand, the Class 
C amplifier is biased to at least twice cut-off, the grid exciting 
voltage is unmodulated and is ordinarily sufficient to produce 
saturation. If the Class C stage is modulated, the operating angle 
is not constant, but increases and decreases as the applied plate 
voltage changes with the modulation frequency. For the Class B 
amplifier to be linear, it is essential that the operating angle 
not change throughout the modulation cycle. Plate current should 
flow in pulses lasting for 180 electrical degrees, irrespective 
of the amplitude of the grid -exciting voltage. To make certain 
that such is the case and that linear operating conditions will be 

obtained, it is absolutely necessary that the DC grid current be 

very low. 

C- 

C+ 

Class C Linear 

To Modulator a+ 1 
Fig.8 A plate modulated Class C stage coupled to a single-ended 

linear amplifier. 

Since the linear amplifier does not draw grid current except 
at the peak of a 100% modulated signal, it is evident that the am- 
plifier draws but very little power from the preceding stage. The 
preceding stage is ordinarily a plate modulated Class C amplifier, 
and since the linear amplifier does not load the Class C stage 
very heavily, additional loading is usually necessary. Fig. 3 shows 
a plate modulated Class C amplifier coupled to a linear amplifier. 
Notice that inductive coupling is used. The grid circuit of a 
linear amplifier is ordinarily tuned and either inductive or link 
coupling is employed between the Class C stage and the linear am- 
plifier. The resistor R which is tapped across the grid tank cir- 
cuit is called a "swamping resistor". Its purpose is to dissipate 
some of the power output of the Class C stage and thereby cause 
the load on the Class C stage to be constant and to have the cor- 
rect value to produce a maximum power output with reasonable ef- 
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ficiency. The amount of power dissipated in this resistor depends 
upon the voltage across it, which, in turn, is determined by the 
number of turns of the grid tank across which it is clipped. In 
amateur practice, t1ú s resistor is often a combination of one or 
more electric lamps. 

A tube to be used as a linear amplifier should have a high 
plate dissipation rating, a low or medium amplification factor, a 
low plate resistance, and a high transconductance. The plate dis- 
sipation should be high because the efficiency is ordinarily very 
low and the power output is dependent priverily upon the amount 
of power that the tube may saf my dissipate. A tube with a low 
mu is preferable, as this will make the cut-off bias value rather 
high. With a high bias, the grid -excitation voltage may be greater 
without causing the linear amplifier to draw excessive grid current. 
High transconductance allows the tube to operate with a minimum of 
excitation and at the highest efficiency. 

To make sure that the operating angle of the plate current re- 
mains at 1900, it is necessary that the bias voltage be as constant 
as possible. Thus, it is not possible to use grid -leak bias, since 
the excitation voltage would cause grid current to flow only on 
occasional peaks. A grid -bias power supply with good voltage regu- 
lation is the best answer to this problem. 

It may be proved that the apparent internal resistance of a 
vacuum tube working as a Class F linear amplifieris equal to twice 
the tube's rated plate resistance. With this fact in mind, it is 
clear that the tube should work into a load impedance equal to 
twice its rated plate resistance to develop amaximum power output. 
The design of the load circuit determines to a large extent the 
linearity of the amplifier. A high value oC load impedance tends 
to straighten out the dynamic Ecr--Ip characteristic and thereby 
creates a more linear operating condition. On the other hand, a 
given grid -exciting voltage will develop alarger R.F. voltage across 
a high load impedance than across a low one. When the load impe- 
dance is too large, the R.F. tank voltage developed by the unmodu- 
lated carrier is greater than it should be, and .as the grid -excit- 
ing voltage increases on a modulation peak, it is not possible for 
the R.F. tank voltage to double its value. This is occasioned by 
the fact that the plate current pulses are not able to double their 
amplitude as the tube's saturation point is reached before the grid - 
exciting voltage attains its greatest peak value. This departure 
from linearity causes distortion of the modulation envelope and 
introduces audio harmonics which are highly objectionable. 

A load impedance of too low a value will cause the dynamic 
Eg-Ip characteristic to be curved, which produces non-linear opera- 
tion. It is this critical adjustment of the load impedance and 
grid -exciting voltage which makes alinear operating condition dif- 
ficult to obtain. This is not to be understood that the so-called 
linear amplifier cannot be made to operate under alinear condition, 
but it does mean that the adjustment of such a stage is far more 
difficult than that of a Class C stage, 

5. ADJUST`1ENT OF T:ir LINEAR AMPLIFIER. In the following dis- 
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cussion, reference will frequently be made to the diagram shown in 
Fig. 9. This diagram includes a plate -modulated Class C stage 

C- C+ 
e- 

Class C Linear 

Class A 

Modulator 

d' 

Fig.9 A Class C stage and 
a linear amplifier. In this 
case the swamping resistor is 
connected to the tank of the 
Class C stage. 

coupled to a Class 13 linear amplifier. The first step is to apply 
the filament voltage to both tubes, after which the Class C stage 
is neutralized using any one of the methods described in Lesson 3 
of this Unit. Before any adjustments whatsoever are made on the 
linear amplifier, the Class C stage must be operating as nearly 
perfect as possible. For this reason, we may say that the first 
step in adjusting a linear amplifier is to make certain that the 
preceding Class C stage is operating as it should. When the Class 
C stage has been neutralized, the plate voltage should be applied 
and various adjustments made until its efficiency is quite high. 
Since the Class C stage is not delivering its power into an antenna, 
it is loaded in this case by connecting the non -inductive resistor 
Ri across a part of the plate tank circuit. The greater the num- 
ber of turns between the two ends of the resistor. the larger the 

14 



voltage across it will he and the more power it will dissipate. 
Therefore, the connections to the resistor are varied until the 
Class C stage draws normal. plate current. Perhaps the LC ratio of 
the Class C stage will also have to be changed before the tube pro- 
duces a reasonable power output without exceeding its dissipation 
rating. 

The next step is to secure an audio oscillator whose output 
is a pure sine wave. The output of the audio oscillator is built 
up by a suitable voltage amplifier and is then fed to the grid cir- 
cuit of the modulator. At this stage, a cathode ray oscilloscope 
is a great help. The oscilloscope should be connected to the tank 
circuit of the Class C stage, as explainedir.Lesson 7 of this Unit, 
and the gain of the modulator should be increased until 100gá modu- 
lation is indicated. In addition, note whether the modulation is 
linear. This perhaps can be determined more easily by using the 
familiar trapezoid pattern on the scope. 

With the Class C stage functioning properly, it ís now time 
that we turned our attention to the linear amplifier. When proper- 
ly adjusted, the linear amplifier draws grid current only during 
the peaks of 1001 modulation. When the excitation voltage is at 
the carrier level, no grid current flows, the tube is not working 
near its saturation point, and the efficiency is low. To make 
sure that linearity will be obtained, it is desirable that the 
rough adjustments be made at the saturation point, because that is 
a limiting factor to linearity. To cause the tube to operate at 
the saturation point, the unmodulated grid -exciting voltage should 
be twice as great as normal operating conditions will require. That 
is, the stage should be adjusted while the grid -exciting voltage 
is unmodulated, and the excitation voltage should be sufficient to 
produce saturation. Ordinarily, however, this larcre amount of ex- 
citation voltage is not available from the Class C stage. 

For this reason, a better method is to reduce the grid bias 
to one-half of that value which normally gives plate -current cut- 
off. Naturally, the plate voltage cannot yet be applied, because 
the linear amplifier has not been neutralized. With the bias value 
set to one-half of the value determined by dividing the normal ap- 
plied plate voltage by the amplification factor of the tube, the 
grid tank circuit is tuned for maximum grid current and the coup- 
ling between this tank and that of the Class C stage is adjusted 
to produce asmall flow of grid current. The stage is then neutral- 
ized by one of the methods outlined in Lesson 3 of this Unit. 

Neutralization of the Class B Linear amplifier is very impor- 
tant and great care should be taken with this process. Whereas 
a slight misadjustmentof the neutralizing condenser of the Class 
C stage would probably cause no harm, it is absolutely essential 
that the linear amplifier to perfectly neutralized. Failure to 
observe this important point will often resultin non-linear operat- 
ing conditions. It is not sufficient that the neutralization be 
only complete enough to prevents oscillation, but it must be oo per- 
fect that no trace of R.F. current in the plate tank of the linear 
stage is indicated by the best possible R.F. indicator available. 
When the neutralization.is slightly imperfect, it often happens 
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that tL stage will oscillate during the peaks of the modulation 
cycle. This action will absorb power from the :auk circuit and will 
not allow the tank current to increase during the modulation peaks, 
as much as it should for linear operation. 

When it is certain that the linear stage is perfectly neutra- 
lized, a plate voltage equal to one-half of that which will be used 
during normal operation should be applied to the stage. With both 
the plate voltage and grid bias reduced to one-half value, the am- 
plifier will be biased to the cut-off point, and the normal unmodu- 
lated output of the Class C stage should be sufficient to cause 

saturation. 
The plate tank is tuned to resonance, as _ndicated by minimum 

plate current, and the grid excitation (unmodulated) should now 
be applied and increased until the saturation point is reached, as 

indicated by non -linearity between the excitation voltage and the 

tank current of the linear amplifier. (For best results, a ther- 

mocouple ammeter should be connected in the tank circuit of the 
linear stage so that the presence of non -linearity may be more 
easily detected.) The next step is to adjust the plate load. The 
antenna is coupled to the tank circuit of the linear amplifier and 
is tuned to resonance. Then the plate loading is varied by chang- 
ing the antenna coupling and the LC ratio of the tank circuit un- 
til the optimum tank current is obtained. It has been determined 
by a complex mathematical procedure that the optimum tank current 
is given by this equation: 

IT = .707 x 
Xc x (µ + 2) (10) 

Where: EB is the normal applied DC plate voltage, 
Xc is the capacitive reactance of the tank circuit, 
u is the amplification factor of the tube, and 
IT is the tank current of the linear amplifier. 

The power input to the linear stage should now be calculated 
by multiplying the DC plate current obtained with the optimum value 
of tank current, by the normal plate voltage which will be applied 
to the stage. If this power input is excessive; that is, if it is 
greater than should be used without causing the tube to overheat, 
the excitation should be reduced slightly until the correct value 
is obtained. In any event, it is desirable to reduce the excita- 
tion a little below that point which produces saturation, because 
the relationship between the tank current is not linear in the 
vicinity of saturation. 

Without changing the excitation voltage, the grid bias and 
plate voltage should now be set at their normal values, and the Class 
C stage should be 100% modulated. By connecting the oscilloscope 
to the antenna, the linearity of the Class B stage may be determined. 
The plate current should not vary appreciably as the modulation is 
changed from 0 to 100%. If the oscilloscope shows that the modu- 
lation increases without any irregularities or flattening of the 
peaks, as the gain control of the modulator is varied from zero to 
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the point which produces 1004 sodulE .',ion, and ir the tubes do not 

operate too hot when the excitation voltage i ; i;,ieiodulated, the 

adjustments are satisfactory. It should, however, be realized that 
the values secured in actual tuning may vary as much as 5% from the 
calculated values, and the final adjustment must always be experi- 
mental. The chances that the amplifier will be linear and that 
the power output, efficiency, and plate dissipation will be correct 

after the first adjustments are somewhat remote, 

6. DOWNWARD MODULATION. When the carrier wave of atransmit- 
ter is 100% modulated, the power increase in the antenna should be 

50%; that is, the modulated wave contains 1# times as much power 

as the unmodulated carrier. Also, the effective value of the an- 

tenna current should increase 22.5%. This is often used as a test 

of 100% modulation, but should be user? only in conjunction with 
an oscilloscope, because it is possible for the antenna current to 

increase 22.5%, but the modulation envelope is so distorted that 

overmodulation occurs. Let us examine Fig. 10, which will make 
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Fig.10 Examples of output wave from 
the linear amplifier. a is a perfect 
1003 modulated wave; B, C, and Dare ex- 
amples of distortion 
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this clear. At A is shown an undistorted 100% modulated carrier, 
and an antenna current of this wave form would show an increase 
of 22.5% above the unmodulated value. Suppose, however, that the 
Class B amplifier is not correctly adjusted for linear operating 
conditions. Perhaps the amplitudes of the R.F. cycles increase 
above the carrier level more than they decrease below it. In this 

case, the modulated wave would have the form shown at B in this 

figure. It is evident that the effective value of such a wave would 

be greater than the undistorted wave shown at A, audit is probable 
that the increase in antenna current would be greater than 22.5% 
when the correct amount of audio power to produce 100% modulation 

was obtained from the modulator. 
On the other hand, it would be possible for the linear ampli- 

fier to be so adjusted that the tank current or antenna current 

had the form shown at C in this same figure. This wave form in- 

dicates that the increase in the amplitudes of the R.F. cycles 

above the carrier level are not as great as the decreases below it. 

If the grid -exciting voltage is too great, the peak R,F. tank vol- 

tage will be too high and it will be impossible for the tank vol - 
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tage to double its value during the peaks of 100% modulation, there- 
by, causing the positive alternations of the modulation envelope 
to be clipped. If the positive alternations are only slightly clip- 
ped, the antenna current will increase during modulation, but will 
not increase 22.5%, even when the audio voltage is sufficient to 

cause the carrier wave to fall to zero during the troughs of the 

modulation cycle. If the misadjustment of the linear amplifier is 
serióus, it may happen that the effective value of the modulated 
wave will be less than the effective value of the unmodulated car- 
rier. A wave form of this type is illustrated at D in Fig. 10. 

It is seen that the amplitudes of the R.F. cycles increase butlittle 
above the carrier level, although they decrease to zero during the 
troughs. If the wave form of the antenna current is like this, the 
antenna meter will show a decreased antenna current during modula- 
tion, and will continue to decrease as the percentage of modulation 
is increased. 

This phenomenon is called "downward modulation", and as may 
be seen, it results from improper adjustment of the linear ampli- 
fier, and sometimes, of the Class C stage. In fact, anything which 
would cause the Class B stage to depart from linear operating con- 
ditions may be the cause of downward modulation. 

Perhaps the major cause of downward modulation is excessive 
grid excitation of the linear amplifier. This may be reduced by 
loosening the coupling between the Class C plate tank and the grid 
tank of the linear, or by increasing the load on the Class C stage 
by connecting the swamping resistor across more turns of the tank 
coil. Should it happen that the load on the linear amplifier is 
too small, it is probable that the R.F. tank voltage is excessive 
and will not be able to double its value at the peaks of the modu- 
lation cycle; this is also a cause of downward modulation. There- 
fore, if the downward modulation persists even when the arid -excit- 
ing voltage has been reduced, the LC ratio of the tank circuit 
should be reduced or the amount of coupling between the plate tank 
circuit of the linear and the antenna should be increased. Either 
action will lower the shunt impedance of the tank circuit and cause 
the R.F. voltages developed across it to be lower. If the effici- 
ency at the carrier level is too great, it will be impossible for 
the efficiency to double its value during the peaks of 100% modula- 
tion. 

A second cause of downward modulation is imperfect neutraliza- 
tion. As stated previously, it is possible for the amplifier to 

be sufficiently neutralized so that it will not oscillate when the 
grid -exciting voltage is at the carrier level, but does oscillate 
at the peaks of the modulation cycle. This process absorbs power 
from the tank circuit and prevents the tank current from increasing 
enough to preserve linearity. 

It is also possible for the linear amplifier to oscillate at 
frequencies other than the fundamental frequency of the grid -excit- 
ing voltage. These oscillations are called "parasitic oscillations" 
and may occur in any stage, but are more often found in linear am- 
plifiers. The following lesson will be devoted to a thorough dis- 
cussion of "parasitics"; for the present, it is sufficient to know 
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that they often exist, and muss be eliminated. The frequency of 

these spurious oscillations may be anything from a low audio fre- 

quency to anultra-high radio frequency. Sometimes they are caused 
by tank circuits formed by R.F. chokes and R.F. by-pass condensers. 

The various methods used to prevent the occurrence of parasitic 
oscillations will be described in the following lesson. Parasitic 

oscillations are a third source of downward modulation; they can- 

not be eliminated by neutralization, and since they draw power 

from the output circuit of the linear stage, they prevent the tank 

current from increasing in a linear manner. 

As previously stated, in most cases the first adjustment will 

not be satisfactory. To enable you to know what to do, the fol- 

lowing summary is included. 

1. Amplifier modulates down - Lower excitation by con- 
necting swamping resistor across more turns of the 

tank coil. Lower load impedance by coupling an- 

tenna closer to plate tank circuit. 
2. Amplifier modulates upward, but less than 100% - 

Same procedure as for downward modulation. 
9. Modulates properly but plate dissipation is ex- 

cessive - Reduce excitation by increasing load 

on Class C stage. Increase load impedance by 

reducing antenna coupling. 
4. Not enough power output - Increase excitation by 

coupling grid tank closer to the plate tank of 
Class C stage, and/or reducing load on Class C 
stage. Increase antenna couplin. 

Before closing this section, it would, perhaps, be well to 

give further consideration to the problem of neutralization. Im- 

proper neutralization is a very common cause of downward modula- 

tion, and non-linear operating conditions. Ordinarily, it is not 

extremely difficult to neutralize the feed back through the inter - 

electrode capacity of the tube. Knowing the proper procedure, and 

exercising a little care in this process will enable anyone to neu- 

tralize the feed back due to this source. After this is accom- 

plished, there still remains the electromagnetic coupling between 

the grid and plate coils of the linear amplifier. The feed back 

caused by this type of coupling cannot be eliminated or balanced 

out with the neutralizing condenser. To eliminate coupling be- 

tween these two tank circuits, they should be placed as far from 

each other as is practically possible, the two coils should be at 

right angles to each other, and the Class C stage should be sepa- 

rately shielded from the linear stage, which should itself be well 

shielded. The grid tank coil of the linear stage must, of course, 

be placed within the shield containing the Class C amplifier so 

that R.F. energy may be fed from the Class C stage to the linear. 

Usually the antenna coupling coil is placed within the shield hold- 

ing the linear amplifier. To be effective, both of these shields 

must be well grounded, and since it is usually necessary to build 

the shield of several seprzete r .sees of metal, care must be taken 



to make sure that each piece makes a good electrical connection 
with the other pieces with which it is in contact. The idea is to 
make the overall conductivity of the shield as high as possible so 
that its shielding effect will be most efficient. 

7. THE PUSH-PULL LINEAR AMPLIFIER. Any type of R.F. ampli- 
fier may Le operated as a push-pull stage. This statement applies 
whether the stage is operating as an oscillator, a buffer, a modu- 
lated Class C amplifier or a linear stage. There are several ad- 
vantages of the push-pull arrangement. The first of these is the 
cancellation of all even harmonics, and the second is the fact that 
a larger amount of power may be obtained without resorting to the 
use of larger, more expensive tubes requiring ahigher plate voltage 
and consequently a more expensive power supply. Self-excited osc- 
illators connected in push-pull have been discussed previously, and 
the use of push-pull stages for the Class C modulated amplifier and 
the Class B linear amplifier in modern broadcast transmitters is 
very common. In amateur work, the crystal oscillator is sometimes 
a push-pull stage, and many communications transmitters for the 
ultra -high frequencies use the push-pull arrangement in every stage. 

The reason that the push-pull connection eliminates the even 
harmonics is that the plate currents of the two tubes are 180° out 
of phase. Assume that the stage under consideration is a Class B 
linear with an operating angle of 180°. (This means that the plate 
current of each tube flows for one-half cycle.) In a single -ended 
stage, the plate tank circuit would receive energy only during the 
time that plate current flows, or just one-half of the time. Due 
to the damping effect produced by the resistance of the tank cir- 
cuit and the resistance which the load circuit couples into it, 
the amplitude of the oscillations tend to decrease during the times 
that the tank is not receiving energy, and the negative alternation 

Fig. ii Illustrating howRF 
harmonics may be produced in 
single ended stages. 

of the tank current has a slightly smaller amplitude than that of 
the positive alternation. This tends to produce the somewhat dis- 
torted wave shown in exaggerated form in Fig. 11. As we have al- 
ready learned in preceding lessons, when the two alternations of 
a wave form are not symmetrical, the wave contains even harmonics. 
The greater the energy contained in the tank circuit, or the larger 
the oscillating tank current, the smaller will be the percentage 
of these even harmonics. 

With the push-pull arrangement, the tank circuit receives a 
pulse of energy during every alternation instead of just once per 
cycle, and the negative alternation of the tank current has the 
same amplitude as the positive alternation. Thus, the wave form 
produced is symmetrical, and can contain no even harmonic components. 
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The push-pull stage does nothing toward the elimination of third, 
or odd harmonics, but these are not ordinarily as troublesome as 
is the second harmonic. Since the Federal Communications Commission 
has a rather strict ruling regarding the radiation of harmonics, 
nearly all final stages of broadcast transmitters use the push-pull 
arrangement. 

The two tubes of a push-pull stage must work into the same 
load impedance and instead of using two plate tank circuits, one 
tank tapped at its center is employed. The total impedance of the 
tank must be four times that which would be used for asingle tube. 
When the tank is split in this manner, the plate voltage is fed into 
the center of the tank and this point is grounded with respect to 
R.F. with an R.F. by-pass condenser. Thus, considering Fig. 12, 

íi9.12 Showing how neu- 
tralization of push-pull 
stages' is accomplished. 

the top tube works into the top half of the tank between points A 
and B, and the neutralizing voltage for this tube is that produced 
across the bottom half of the tank from points B to C. The load of 
the bottom tube is the lower half of the tank, and the neutralizing 
voltage for this tube is the voltage developed across the top part 
of the tank circuit. Thus, neutralization of a push-pull stage is 
comparatively simple, and the neutralizing condensers are connect- 
ed from the grids of the tubes to the plates of the opposite tubes. 

A push-pull, modulated Class C stage inductively coupled to 
a push-pull Class B linear is illustrated in Fig. 13. Note that 
the grid tank coil of the linear amplifier is split into twc equal 
parts and that each part is coupled to one end of the plate tank 
of the Class C stage. Often these two coils are -mounted on a rod 
forming the axis of the Class C tank coil, and they may be moved 
closer to or farther from the Class C tank to vary the coupling 
and the excitation to the linear stage. There are two fixed con - 
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densers connected in series with the neutralizing condensers. This 

is often doneinhigh-powered stages, because the high voltage which 

is across the neutralizing condensers is liable to break them down, 

fig.].) A push-pull Class C stage coupled to a push-pull linear 
amplifier. 

unless special expensive, high -voltage condensers are used. By 

connecting these fixed condensers in series with the neutralizing 
condensers, the voltage is divided, and the breakdown rating of the 
neutralizing condensers need not be as laróre. 
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Fig.14 Illustrating how a 
point may be at ground poten- 
tial although it is not con- 
nected directly to ground. 

Although Fig. 13 shows the center of the tank coils grounded 
with respect to R.F., it is more common to use split -stator tun- 
ing condensers with the rotor grounded. This method seems to give 
slightly better results, and makes neutralization a little easier. 
When the rotor of a split -stator condenser is grounded, the center 
point of the tank coil is also at an R.F. ground potential. Some- 
times it is a little hard for the student to see why this is so; 

perhaps the following explanation will make this clear. In Fig. 
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14 are shown two resistors connected in parallel and placed across 
a battery. The center tap of one of the resistors is grounded. 
Suppose that the voltage of the battery is 100 volts, and the value 

Fig.15 Showing how grounding 
the rotor of asplit-stator tun- 
ing condenser causes the center 
of the tank coil to be at an RF 
g round. 

of each resistor is 20 ohms. Thus each resistor will draw 5 amperes 
from the battery, and the voltage drop across the top half of the 
grounded resistor is 5 x 10, or 50 volts. Therefore, point A is 
50 volts positive with respect to point X or ground. In a like 
manner, there will be a 50 volt drop across the top half of the 
second resistor, or point B will be 50 volts positive with respect 
to point C. Points A and B are at the same potential; point C is 
50 volts negative with respect to the positive side of the battery, 
and point X or ground is also 50 volts negative with respect to 
the positive terminal of the battery. Therefore, points C and X 
are at the same potential, or in effect, point C is grounded. 

Now consider Fig. 15. This figure shows a coil and two series - 
connected condensers placed across an alternator. If Ci has the 
same capacity as C2, then the voltage drop across each of the con- 
densers is equal, and if the voltage of the alternator is 100 volts, 
there will be a 50 -volt drop across each condenser. Likewise, if 
the coil is tapped at its exact center, there will be a 50 -volt drop 
across each half of the coil, and point C will be at the same poten- 
tial as point X, the center tap of the condenser branch of the cir- 
cuit. 

In a split- stator tank circuit, the rotor is grounded; there 
is the same voltage between each of the stators and ground; and if 
the tank coil is center -tapped, its mid -point will also be at ground 
potential. 
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- frequency choke and an R.F. - corm a tank circuit resonant at some low ra...-sz equency . Should it happen that similar tank circuits exist in both the plate and grid circuits of the stage, it is quite pos- sible that the amplifier will act as a self-excited TGTP oscillator, producing power at the spurious frequency to which these unintended tank circuits are resonant. This action absorbs power from the amplifier and prevents the attainment of the best operating condi- tions. 
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tifier tube from the grid 
to the filament. The plate of the recti- 

fier tube is connected to 
the grid of the amplifier and the fila- 

ment of the rectifier tube 
is connected to the filament 

of the am- 

plifier. Such an arrangement is shown in Fig. 3. When the grid 

goes positive, current 
will flow through the rectifier tube and 

it, together with the resistance 
RI. which is connected in series, 

provides an additional load in the grid circuit. Thus, the grid 

circuit has additiónal positive resistance to over -balance the 

negative resistance of the 
input of the amplifier 

tube at this time. 

If the total positive resistance, in the grid circuit is greater 

than the negative resistance 
of the tube's input, dynatronic 

oscil- 

lations cannot occur. 

It should be realized that these dynatronic oscillations 
are 

not limited to the low audio frequency 
to which the grid filter 

system is resonant. It is also possible 'for the 
stage to oscillate. 

at the resonant frequency of the tank circuit L3, Cs, shown in 

Fig. 1. Since the resonant frequency 
of this circuit is the fun- 

damental frequency, it is possible for the stage to 
oscillate at 

the fundamental frequency, 
even when neutralization of the feed- 

back capacity is complete. 

3. LOW RADIO FREQUENCIES. The next type of parasitic 
oscil- 

lations which we shall consider 
have frequencies ranging from 

one-. 

third to one- fifth of the fundamental frequency. 
The tank cir- 

cuits are formed by R.F. 
chokes and by-pass condensers. 

Thus, in 

Fig. 4, the R.F. choke Li, and the by-pass condensers Ci and C2 

Fig.k A circuit which may 

produce parasitic oscillations 
due to resonating of RF chokes 

and RF by-pass condensers. 

form the grid tank circuit, whereas L2, C3, and Cu constitute the 

plate tank. To the low -frequency oscillations, the stage acts as 

a TGTP oscillator. Fig. 5 shows the same 
stage redrawn to illus- 

trate that this is the case. 
The inductance of the grid and 

plate 

coils L3 and Lu is not great enough to interfere with. these low - 

frequency oscillations, and 
the neutralizing condenser 

merely pro- 

vides another path for feedback 
from plate to grid circuit to main- 

tain the oscillations. 
Naturally, these parasitic oscillations 

will not exist unless 

the resonant frequency of the accidental grid tank circuit 
is the 
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same as that of the plate circuit. Such a condition is liable to 

prevail if the same size chokes and by-pass condensers are used in 

both the grid and plate circuits. The two general methods of elimi- 

nating any type of oscillation consist of detuning and damping, 

In this case, it is easier to detune one of these accidental tank 

circuits by changing the size of one of the R.F. chokes. With this 

type of oscillation, the large R.F. current that circulates through 

the by-pass condensers is very liable to ruin them. 

Fig.5 Showing the parasitic 
tank circuits of the amplifier 
illustrated in Fig. u. The sol- 
id lines indicate the path of 
the parasitic oscillations. 
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It has been determined that the best method of stopping oscil- 
lations of this type is to tune the accidental grid tank circuit 
to a higher frequency than the corresponding plate tank. This par- 
ticular range of parasitics is one that is often overlooked, and 

is liable to cause considerable trouble. 
Perhaps you are wondering just how the presence of parasitic 

oscillations May be detected. The usual method is to bias the tube 

to cut-off, apply normal plate voltage and no excitation. if there 

are no parasitic oscillations being produced, there will be no plate 

current flow, because of the cut-off bias. Porosities, however, 
will be manifested by a rather large plate current; a neon tube 
will glow when touched to the plate of the tube; and tuning the 
plate tank circuit will have but relatively little effect upon the 
oscillations. Naturally, if the tube is self -oscillating at the 
fundamental frequency, the same symptoms will be noted. Therefore, 
make sure that the stage is well neutralized, and use a wave meter 
to determine whether the frequency of the oscillations being gen- 
erated are of the fundamental frequency or of some parasitic fre- 

quency. Also, if there are parasitics, it is not ordinarily pos- 
sible to obtain a plate current dip as the plate tank circuit is 

tuned to the resonant frequency with fundamental excitation vol- 

tage applied. A neon tube will indicate that the whole of the 

plate tank circuit is "hot"; the point usually cold, since it is 

by-passed to ground, is not at an R.Á. ground potential. Some- 
times it will be necessary to apply some fundamental excitation 
voltage to start the parasitics, after which they will continue 
when the excitation voltage is removed. 

Perhaps the greatest difficulty in detecting the condition 
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causing parasitic oscillations is the fact that they are not al- 
ways sustained. They may be intermittent in character; appearing 
at irregular intervals. All transmitters are protected by over- 
load relays, and when a parasitic oscillation appears, it is most 
liable to trip the overload relay, throwing the transmitter off 
the air. Perhaps the spurious oscillation will again return when 
the relay is again set, or it may not reappear for several days. 
Conditions such as these are particularly annoying, and very dif- 
ficult to eliminate. Especially bad are the types of parasitics 
which affect the quality or fidelity of the transmitter. The fact 
that any lead or circuit component in a stage may be part of a 
spurious tank circuit, makes the finding of these accidental tanks 
quite a problem. There is no known mathematical procedure for de- 
termining what circuit components should be employed to insure that 
parasitic oscillations will not be generated. 

4. HIGH - FREQUENCY OSCILLATIONS. Perhaps the most trouble- 
some type of parasitic oscillations are those having frequencies 
i;iany times the fundamental. Usually the tank coils consist mere- 
ly of the inductance of the grid and plate leads, whereas the tank 
capacities may be the interelectrode capacities of the tube. When 
a high-powered tube is used as a single -ended R.F. amplifier, this 
type of oscillation often results. 

Fig.6 A plate-neutralized, 
single-ended stage which may 
have parasitic oscillations, 
The parasitic tank is drawn 
with heavy lines 

Fig. 6 shows an apparently innocent -looking, plate neutralized 
R.F. amplifier. At first sight, it seems improbable that this 
amplifier would be the source of parasitics; yet when the stage had 
been neutralized, and the bias and plate voltages were applied, the 
plate current rose to an abnormally high value even though there 
was no exciting voltage and the bias was sufficient to produce 
plate current cnt - off. A neon tube indicated that the plate end 
of the tank circuit was hot, and tuning the stage had practically 
no effect on the plate current. By resorting to a wave meter, it 
was discovered that the oscillations were of an ultra-high frequency 
character. This being the case., it was concluded that the tank 
coil could not be part of the spurious tank circuit, since it would 
have a very high inductive reactance at this ultra -high frequency. 
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Thus, it was evident that the tank coil was acting merely as an 
R.F. choke to these oscillations., This was proved by removing the 
tank coil and feeding the plate voltage to the tube through an R.F. 
choke; the parasitic oscillations continued at the same intensity. 

The oscillating tank circuit in this case is that part of 
Fig, 6 which is drawn with heavy lines. At the ultra¡ -high frequency 
of these oscillations, the tank tuning condenser has avery low re- 
actance and acts practically as a short circuit to the parasitic 

Fig.7 A simplified drawing . 

of the parasitic tank Circuit 
of Fig. 6. 

oscillations. Perhaps it is not clear just what composes this tank 
circuit. Let us refer to Fig. 7 which shows the separate parts of 
this spurious tank. The capacity consists of the neutralizing con- 
denser, the grid -to -filament interelectrode capacity and the capa- 
city between the plate and the filament. The inductance of the 
tank consists of the inductance of the grid and plate leads. Since 
both the capacity and the inductance in this circuit are very low, 
the parasitic oscillations will have a very high frequency. It is 
seen that with the circuit' redrawn in this manner, it is practical- 
ly the -same as a Colpitts oscillator. 

Fig.8 Illustrating how one 
type of parasitic oscillations 
may be eliminated by using a 
split-stator tuning condenser. 

The simplest method of eliminating this type of parasitic is 
to use a split - stator tuning condenser. The same stage with this 
addition is illustrated in Fig. 8. With this arrangement, the 
impedance between the plate and ground is largely dependent on the 
reactance of one section of the split -stator condenser. At the 
highsr frequencies, each section will have a very low reactance, and 
the plate will practically be at an R.F. ground at ultra -high fre- 
quencies. Therefore, the parasitic tank circuit will be shorted 
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to ground, and parasitic oscillations are not liable to occur. Capacitive coupling between stages sometimes results in the production of parasitic oscillations. Another case, in which the spurious tank circuits are not immediately apparent is the one shown in Fig. L. The circuit is, in effect, a TGTP oscillator; the heavy lines indicate the parasitic tanks. The circuit redrawn 
c 

c- 

g+ 

Fig.9 A Circuit which 
may act as a TGTP oscil- 
lator to the parasitic fre- 
quency. 

to show the tanks mere clearly is given in Fig. 10. The tuning con- densers consist of the interelectrode capacities and the stray capacities due to the wiring. It is seen that the neutralizing condenser is furnishing feedback. In this case, the condensers C1, C2, C3 and Cu have such low reactances at the parasitic fre- 
quency that they constitute R.F. shorts, and are not included in the simplified diagram. 

ce 

Fig.10 The circuit of Fig. 9 
redrawn to show the parasitic 
tank circuits. 

About the only method of eliminating this type of oscillation is to move the tap on L1 to the plate end of the coil and to change the sizes of some of the by-pass condensers. 
Parasitic oscillations are especially apt to occur in push- pull amplifier stages such as the one illustrated in Fig. 11. The frequency of these oscillations is very high, being determined by the inductance of the grid and plate leads and the stray capacities including the interelectrode capacities of the tube. At the high 

frequencies, the tuning condensers of the grid and plate circuits act as by-pass condensers, and the circuit performs as a TGTP oscil- lator as shown in Fig. 12. It might be thought that the neutra- lizing condensers would prevent sufficient feedback from occurring 
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to maintain sustained oscillations; however, at the frequency of 
the parasitic oscillations the inductive reactance of the leads to 
these condensers is considerable, and a phase shift occurs. The 
currents fed from the plate, circuit to the grid circuit would nor- 
mally be out of phase with the R,F. fed through the interelectrode 
capacities, and neutralization would take place. But with this 

n 

Fig.11 A push-pull 
stage containing par- 
asitic tank Circuits 
indicated by the heavy 
lines. 

phase shift, produced by the inductance of the leads, the current 
fed through the neutralizing condensers is not out of phase by the 
time it reaches the grid circuit, and regeneration instead of neu- 
tralization results. 

The best remedy for this sort of trouble is tc use a split - 
stator tuning condenser in either the grid or plate circuit, mak- 
ing the lead Trom the grounded rotor to the filament as short as 
possible. 

Fig.12 A simplified drawing 
of Fig. 11, showing the para- 
sitic tanks. 

When tubes are operated in parallel, an ultra -high frequency 
oscillation often results. Consider Fig. 13 which illustrates two 
tubes connected in parallel. The spurious tank circuits are ind- 
icated by the heavy lines. They consist of the inductance of the 
grid and plate leads, the interelectrode capacities of the tube, 
and the stray capacities of the associated circuit. It is evident 
that this circuit is acting as a TGTP push-pull oscillator, with 
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the normal grid and plate coils serving.as R.F. chokes at the para- 
sitic frequency. This type of oscillation may be detected by noting 
the point of low R.F. potential at the mid -point of the connecting 
leads with a aeon bulb. These are the points marked A and B in 
Fig. 13. The stopping of this type of parasitic is comparatively 

J 
Fig.13 The parasitic tank 

circuits of two tubes oper- 
ated in parallel. 

simple. One method is to unbalance the circuit'slightly by mak- 
ing the grid leads considerably shorter than the plate leads. This 
unsymmetrical wiring tends to make the resonant frequency of the 
spurious grid tank higher than that ofthe corresponding plate tank. 
Sometimes it is necessary to connect a small choke of. 2 to 4 turns 
with a diameter of -' in the plate or grid leads to one tube and 
not to the other. 

The parasitic oscillations occurring in linear amplifiers seem 
to be more difficult to eliminate than those appearing in other 
tyres of amplifiers. Often when nothing else is effective, it is 
council practice to connect small resistors of from 25 to 100 ohms 
in each plate lead. This added resistance serves to dampen the 
parasitic oscillations, and ;.lakes the resistance of the spurious 
tanks so great that oscillations cannot be' maintained. The only 
disadvantage of this method is the fact that the plate current 
must flow through the parasitic resistors and power is wasted mak- 
ing the amplifier harder to drive. To choke back the parasitic 
oscillations without interfering seriously with the normal flow 
of plate current, small parasitic chokes are connected in parallel 
with the resistors. The chokes consist of several turns of wire 
wound around the resistor. With this arrangement, the normal plate 
current is by-passed through the chokes which offer practically no 
opposition to the fundamental frequency. On the other hand, these 
same chokes offer a high opposition to the parasitic frequency and 
the parasitic oscillations take the easier path through the resis- 
tors. Naturally, the resistors must be absolutely non -inductive, 
or the damping action of the resistors will be reduced. Perhaps 
the best type of non- inductive low -valued resistor is one formed 
of a carbon rod, and this type is nearly always used. A push-pull 
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linear amplifier with these additions is illustrated in Fig. 14. 
The highest band of frequencies at which parasitic oscillations 

may occur is several hundred megacycles. Such unusually high fre- 
quencies require tank circuits of very little inductance and capa- 
city. It is thought that these tanks are formed by the internal 
leads to the grid and plate electrodes of the tubes and the capaci- 
ties between them. This is especially true in very large tubes 
where these leads are necessarily long. Oscillations of this band 
will be revealed by the transmitter kicking off the air by the 
tripping of the overload relay, although apparently the function- 
ing of the tubes and circuits is correct. 

fig.iu Showing the use 
of parasitic resistors and 
chokes. 

Nearly all the parasitic oscillations of an intermittent char- 
acter are produced by the erratic grid characteristics of the tubes 
used. These oscillations are very rapid in their action, and may 
be distinguished from others that overload the power supply, by 
the fact that they act as if a direct short circuit were instantan- 
eously connected between the plate and filament of the tube. Ord- 
iúarily no external effects are apparent. 

5. PARASITIC OSCILLATIONS IN AUDIO STAGES. Some audio am- 
plifiers, especially Class B stages, are subj ect to parasitic oscil- 

. lations. Usually, these may be detected by connecting the output 
of the amplifier to the vertical plates of a cathode ray oscillo- 
scope. Often the parasitics occur only during the peaks of the 
audio grid -exciting voltage and produce a trace on the screen of 
the oscilloscope similar to the one shoran in -Fig. 15. These para- 
sitics will have frequencies ranging from 20 to 100 kc. and are 
caused by the leakage inductance resonating with the stray capa- 
cities of the circuit. The first step in the elimination of this 
parasitic is to connect small condensers from each grid to the 
filament or perhaps from each plate to the filament. If they still 
persist, the next step is to connect small damping resistors in the 
plate leads of the tubes. These resistors should have values from 
20 to 100 ohms, and should be connected directly to the plate ter- 
minals of the tubes. The final step in their elimination is to 
connect resistors of from 5000 to.50,000 ohms from grid to grid or 
from plate to plate. 

This type of parasitic oscillation is usually found in Class 
B modulators and is often present when no signal is being fed to 
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the modulator. The ultra -audible parasitics which are generated 
will then modulate the carrier wave of the transmitter and will 

cause side bands spread from 20 to 100 kc. each side of the car- 

rier frequency. If, when testing for parasitics, it is found that 

Fig.15 Illustrating how para- 
sitic oscillations may occur at 
the peaks of the audio signal in 

a Class 8 audio amplifier. 

o 

l) 

they exist the same number of kilocycles above the carrier as be- 

low it, it is more than likely that they are being generated in 

the audio stages. 

PART 2. HARMONIC RADIATION 

6. HOW HARMONICS ARE PRODUCED. In Lesson 26 of Unit 1, it 

was shown that any- wave differing from a true sine wave could be 

considered as being composed of a pure sine wave fundamental fre- 

quency and many sine wave harmonic frequenciés of greater or lesser 

amplitude and of various phase. Thus, when the output of a vacuum 

tube amplifier has a wave form differing in any respect from that 

of the input, the amplifier has introduced harmonic frequencies. 

Nearly all previous discussion of harmonic frequencies has 

been concerned with distortion in audio amplifiers. At present, 

however, we are more interested in the generation and elimination 
of R.F. harmonics. If the current flowing in the transmitting an- 

tenna has a pure sine wave form, then the transmitter is harmonic 

free. Naturally the amplitude of the R.F. cycles of the antenna 

current will vary with the audio modulation, but unless each R.F. 

cycle itself is apure sine wave, there will be harmonic radiation. 

Harmonic radiation is especially undesirable since it causes 

interferenceto.other stations. A station operating on an assigned 

frequency of 1000 kc. would cause interference to stations hav- 

ing frequencies of 2000, 3000, 4000 kc., etc. For this reason, 

the Federal Communications Commission have caused rigid rules con- 

cerning harmonic radiation to be enacted. To prevent the radiation 

of harmonics, two methods are employed. The first is to prevent 

their production as far as possible; and the second is to use trap 

circuits to keep those which are generated from reaching the an- 

tenna. 
Harmonic generation in radio - frequency power amplifiers is 

caused by the mode of operation. To achieve efficiency, power 

amplifiers are worked either under Class B or Class C conditions. 

In either case, the plate current is distorted; that is, it does 

not have a pure sine wave form. If the mode of operation is Class 

B, the plate current flows as half -sine wave pulses, and with Class 
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C operation, the plate current wave form consists of non -sinusoidal 
pulses lasting from 60°to 120°. Thus, the plate current of either 
type of amplifier is very distorted and is rich in R.F. harmonics. 
In fact, the only reason it is possible to operate the amplifier 
in this manner and allow the plate current to become so distorted, 
is that the load is a tuned tank circuit. By using a tank circuit, 
it is possible to smooth out these pulses into a wave form which 
is not essentially different from a pure sine wave. The tank cir- 
cuit is similar to a reservoir of energy from which power is taken 
and power is added. If the tank circuit had absolutely no resis- 
tance, the oscillating tank current would be undamped and each al- 
ternation would have the same amplitude. With this condition, the 
tank current would be truly sinusoidal. 

Such a situation is only theoretical, for all tank circuits 

have some resistance which includes the inherent resistance of the 

tank as well as that resistanc which the load circuit couples in- 

to the tank. This resistance tends to cause the oscillating cur- 
rent to be damped, and it is the influx of energy produced by the 

plate current pulses which overcomes this tendency toward damping. 

If the energy were supplied to the tank circuit continuously, the 

damping would be cancelled completely and the oscillating current 

would be a pure sine wave. In the usual single -ended amplifier, 
however, the energy is supplied to the tank only during a part of 

one alternation'. Between the times that the energy is supplied 

to the tank, a slight amount of damping occurs. This causes the 

negative alternation of the oscillating tank current to have a 

slightly smaller amplitude than the positive alternation and the 

wave form is not perfectly sinusoidal. Thus, a single -ended Class 
B or C amplifier will always generate some harmonics. 

The amount of harmonics generated depends on the ratio of the 

energy stored in the tank to the amount lost per cycle. Unless 

twice as much energy is stored in the charged tuning condenser dur- 

ing each cycle as is lost to the load circuit in this interval, 

the per cent of harmonics will be excessive. As explained in Les- 

son 7 of this Unit, this ratio is determined by the Q of the tank 

circuit or upon the L/C ratio. The Q of the loaded tank circuit 

should be at least 12. The amount of inductance and capacity which 

the tank circuit should contain to produce a Q of this value will 

depend on the frequency, the applied voltage, and the expected 

power output; the formulas given in Lesson 7 for the correct amount 

of inductance and capacity will produce acircuit Qof approximately 

12. 

When the Q of the loaded tank circuit is comparatively high, 

there is a lame oscillatinª tank current flowing, the ener.;y stored 

is large, and the harmonics generated are at a minimum. Too large 

an L/C ratio will cause the tank current to be low, and the tank 

will not be able to perform its job of smoothing out the plate 

current pulses as well, thereby producing an output wave with a 

high harmonic content. Thus, it is seen that the first prerequi- 

site for low harmonic production is a comparatively large oscil- 

lating tank current produced by using a large tank capacity. 

When two tubes are operated in push-pull, a slightly different 
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condition exists. The plate currents of the two tubes are 180° 
out of phase and the tank circuit receives a pulse of energy once 
during each alternation or twice as often as in the case of the 
single- ended amplifier. This causes the damping to be reduced, 
and the negative alternation of the tank current has the same amp- 
litude as the positive alternation. Therefore, the output wave 
cannot contain any even harmonics. This is a decided advantage, 
and nearly all of the final stages of transmitters use the push- 
pull arrangement. 

The use of split- stator tuning condensers in both grid and 
plate circuits is of great help in reducing harmonics. The har- 
monics are, of course, of higher frequency than the fundamental, 
and since the rotor of the tuning condenser is grounded, the capa- 
citive reactance between the plate and ground becomes less the 
higher the frequency. Thus, the harmonics tend to be by-passed to 
ground. When the ordinary type of tuning condenser is employed, 
the center of the tank coil is by-passed to ground by an R.F. by- 
pass condenser. In this case, however, the reactance between the 
plate and ground is determined by the inductive reactance of one- 
half of the tank coil. As this inductive reactance becomes larger 
the higher the frequency, there is no easy path for the harmonics 

to take in their route to ground, and so they develop appreciable 
voltages across the tank coil. 

-Bias 

Excitation 

Cut-off 

Plate 
Current 
Pulse 

E 

9 

Fig.i6 Illustrating the pro- 
per operation of a Class C stage 
for the production of a minimum 
amount of harmonics. 

Capacitive coupling tends to allow more harmonics to be trans- ferred from one stage of the transmitter to another than does in- ductive coupling. At the harmonic frequencies, the coupling con- densers have lower capacitive reactances and offer less opposi- tion. On the other hand, inductive coupling suppresses the har- monics to some extent. The inductances have greater reactances at the harmonic frequencies and therefore offer more opposition to them. 
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No stage of the transmitter should be over - excited, because 
this also produces excessive harmonic generation. With proper ex- 
citation, the plate current pulse of a Class C stage does not de- 
part materially from the shape of the upper portion of a sine wave. 
Such a pulse contains practically no odd harmonics, and if the 

stage is push-pull, a large amount of the even harmonic content 

will be balanced out. Over -excitation, however, causes the operat- 

ing path to extend into the upper curved portion of the dynamic 

Eg-Ip characteristic, and the plate current pulse becomes very dis- 

torted. Fig. 16 shows how the excitation should be adjusted so 

that the odd harmonics will not be formed. It is seen that the 

excitation is just sufficient to drive the operating path up to 

the beginning of the upper curved portion of the characteristic. 

Cut-off 

Excitation -3.1 

Pl ate I 
Current 
Pulse 

Fig.17 Showing how over-excitation of a Class C stage distorts 
the plate current pulses which produces third and odd harmonics. 

One method of determining when the grid excitation is of the pro- 

per value is to increase it slightly. If the increased grid ex- 

citation produces an increase in the DC plate current, the exci- 

tation is not excessive; however, should it happen that the plate 

current decreases with increased excitation, it is evident that 

too much excitation is being used. The excitation should be in- 

creased just to the point where further increases do not produce 

noticeable increases in the DC plate current. This is the satur- 

ation point of the tube and is the point at which most Class C am- 

plifiers are worked. 
When the stage is aver - excited, the plate current pulse as- 

sumes the form shown in Fir,. 17. This pulse contains many odd har- 

monic components which will not be cancelled by a push-pull stale. 

7. THE SUPPRESSION OF HARMONICS. Now that we have seen how 

the generation of harmonic frequencies may be reduced, we must 

turn our attention to the methods employed to prevent the radia- 

tion of those which cannot be eliminated. Fig. 13 shows a push - 
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pull R.F. amplifier which is the final stage of a transmitter. As 
explained in the preceding section of this lesson, the second and 
even harmonic frequencies are cancelled with this type of connection. 
The fundamental component of the plate currents of the tubes are 
1800 out of phase and, as is usual with push-pull amplifiers of all 
kinds, they add to make the total power output at the fundamental 
frequency greater than that which one tube alone could supply. The 

/-1 1 

x 

Y 

Fig.18 Illustrating howthe 
second harmonics in the load 
of a push-pull stage may be 
transferred to the antenna by 
capacity coupling. 

second harmonic components of the two currents, however, are in phase, 
and are cancelled in the load circuit. Since the second harmonic 
components are in phase, this means that points X and Y of the tank 
circuit will be at the same R.F. potential so far as the second 
harmonics are concerned. 

L1 is the antenna coupling coil; it may couple the final tank 
either directly to the antenna or to an R.F. transmission line,- the 
other end of which is coupled to the antenna. Since L1 is fairly 
close to the final tank coil, it is possible for the second har- 
monic frequencies to be transferred to this coupling coil by means 
of the capacity existing between the tank coil and the coupler. If 
this occurs, much of the desirable feature of the push-pull stage 
in eliminating the second harmonic frequencies will be lost. To 
remedy this situation, it is necessary that all R.F.-energy which 
is transferred from the final tank circuit to the coupling coil, 
be through the medium of the mutual inductance existing between 
them, and that none of it be transferred by capacitive effect. To 

Fig.19 An electrostatic shield 
used to reduce the capacity be- 
tween the tank coil of a final 
stage and the antenna-coupling 
coil. 

move the coupler farther from the tank would reduce the oapacitive 
effect, but would also cause the mutual inductance between the two 
coils to be lowered. A method by which the capacity between the 
tank coil and the coupler may be reduced to a very low value with- 
out affecting the mutual inductance between the two coils is to 
place an electrostatic shield between them. This shield follows 
the same principle as the screen grid in a tetrode vacuum tube. 
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Usually it consists of anumber of parallel rod conductors arranged 
in the form of a hollow cylinder. Tne ends of these conductors 
fit into end rings which are also conductors and aid in the shield- 
ing effect. These end rings must be provided with an air gap so 
that there will be no continuous current path through them. Were 
it not for the air gaps, current would circulate in these end rings, 
causing a power loss, and, in addition, the device would act as an 
electromagnetic shield as well as an electrostatic shield. The gen- 
eral construction of such a shield is shown in Fig. 19. Ordinarily 

Electrostatic 
shield 

Fig.20 A series tuned cir- 
cuit (LSC.) tuned tothe unde- 
sired harmonic. 

8+ 

the coupling coil is made smaller in diameter than the tank coil, 
and is arranged to fit inside the tank. This electrostatic shield 
also fits into the tank coil and is of such a size that it may be 
placed between the two coils. To be effective, the shield must be 
well grounded, and must be constructed so that there are no closed 
paths through which eddy currents may flow. If eddy currents flow, 
the device ténds to shield the magnetic field of the tank from the 
coupling coil. This type of shield is often called a "Faraday 
screen"1. 

Fig.21 A parallel tuned cir- 
cuit used to suppress harmonic 
frequencies. 

Other methods of suppressing harmonic frequencies include trap 
circuits connected between the final tank circuit and the antenna. 
One such type is illustrated in Fig. 20. It consists of a series 
resonant circuit tuned to the harmonic which it is desired to sup- 
press. To the harmonic frequency, the resonant circuit offers very 
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little opposition, and it is shorted to ground and prevented from 

reaching the antenna. This system is only partially effective as 

there is a tendency for some of the fundamental frequency to be by- 

passed also. Ordinarily, only the second and third harmonic fre- 

quencies are of sufficient magnitude to cause any trouble, and two 

such circuits, each tuned to one of these harmonics will greatly re- 

duce -the amount of harmonic radiation from the antenna. 

B+ 

To 
Antenna 

Fig.22 One method of capa- 
citively coupling a final stage 
to an antenna. 

Another type of trap circuit consists of a parallel tuned tank 

circuit connected as shown in Fig. 21. This circuit is also tuned 

to the troublesome harmonic, and since it offers a high opposition 

to currents of its resonant frequency, the amount of harmonic an- 

tenna current is considerably lowered. Furthermore, since the trap 

circuit has negligible opposition at the fundamental frequency, the 

normal antenna current is unaffected. 

It is a well known fact that for maximum transfer of energy, 

the impedance of the load should be equal to the impedance of the 

source. Thus, to transfer maximum power from the tank circuit of 

the final stage to the antenna demands that the impedance of the 

antenna be matched to the tank circuit of the final amplifier. The 

impedance of most broadcast antennas, when they are correctly tuned 

Fig.23 Another method of coup- 
ling a final tank to an antenna, 

TI 
which also provides harmonic supp- 
ression. 

C2 Antenna 
To 

to the fundamental frequency, is fairly low at the point at which 

they are coupled to the final stage compared to the impedance of 

the final tank circuit. Therefore, some matching device must be 

used so that an impedance match may be obtained. This may consist 

of the R.F. transformer composed of the final tank coil and the 

coupling coil, or the.final tank may be capacitively coupled to 

the antenna as shown in Fig. 22. If capacitive coupling is used, 
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a better arrangement is the one shown in Fig. 25. In this case, the 
final tank circuit consists of inductance Li and capacities Cl and 
C2. By adjusting the capacity of C2, and then tuning the tank to 
resonance with CI, the impedance across which the antenna is con- 
nected may be made equal to the impedance of the source. If, for 
example, the antenna has an impedance of 20 ohms, the reactance of 
C2 would be made 20 ohms at the fundamental frequency, and the capa- 
city of Ci would be varied until the tank circuit was resonant at 
the fundamental frequency. At the harmonic frequencies, the re- 
actance of C2 would be less than this value, and the antenna would 
not be correctly matched to the tank circuit, thereby preventing 
much harmonic power from being transferred to the antenna. This is 
the same as saying that most of the harmonics would be by-passed to 
ground through the low -reactance of the condenser C2. 

In many instances, the antenna is not situated directly at the 
transmitter building, but is located some distance away, often as 
far as several hundred yards. This is desirable for two reasons; 
first, the transmitter should not be placed directly in the strong 
R.F. field surrounding the antenna; and second, the presence of the 

Fig.2u A matching network between the final stage 
and the antenna, which provides the correct impedance 
match at the fundamental frequency, but not at harmonic 
frequencies. 

transmitter near the antenna causes the radiation pattern of the 
antenna to be changed. Ordinarily, the transmitter is connected 
to the antenna by means of an R.F. transmission line. Sometimes 
this transmission line is a concentric cable buried underground, 
and often it is merely a two -wire line strung on poles. In either 
case, the line must be so terminated that there will be no radiation 
from the line itself. This demands that the final stage of the 
transmitter be matched to the line and that the line be matched 
to the antenna. 

The line is matched to the final stage by a coupling coil of 
the proper number of turns, and is matched to the antenna by means 
of a somewhat complicated matching circuit consisting of parallel 
capacitors and series inductors. An arrangement of this sort is 

illustrated in Fig. 24. 

This network of inductors and condensers forms acorrect match 
between the antenna and the transmission line, and, at the same 
time, offers a high opposition to harmonic frequencies. L2 is a 

tapped coil by which rough adjustments in the inductance is made, 
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whereas L1 is a coil whose inductance is continuously variable, 
thereby, providing a means of securing fine adjustments of the in- 
ductance. Two parallel condensers are provided so that there will 
be more flexibility in the adjustment of the capacity of this cir- 
cuit. In reality, this circuit acts simply as a low-pass filter 
having a cut-off frequency slightly above the resonant frequency 
of the antenna.. The inductance L3 is in the antenna circuit it- 
self and provides a means of tuning the antenna to resonance with 
the fundamental frequency of the antenna. Sometimes the impedance 
matching and harmonic suppression network takes the form shown in 
Fig. 25. 

Fig.25 Another type of impedance-matching network. 

One other point which must be considered in the suppression 
of harmonic frequencies is to make sure that there are no metallic 
objects in the immediate field of the antenna which have a natural 
frequency equal to a harmonic of the fundamental. Thus, it is 
common practice to break up the guy wires supporting the antenna 
into unequal lengths with strain insulators so that none of the guy 
wires or sections thereof will be resonant at a harmonic of the 
fundamental frequency. Should this occur, the offending conductor 
will absorb energy from the antenna field and reradiate it at.a 
harmonic frequency. 

B. SU1MARY OF HARMONIC FREQUENCY SUPPRESSION. The following 
points should be remembered when it becomes necessary to suppress 
undesirable harmonics: 

1. Use tank circuits having a Q of at least 12 so 
that the oscillating current will be large and 
will be better able to smooth the plate current 
pulses into pure sine waves. 

2. Do not over -excite Class C stages, as this 
causes a dip in the plate current pulses and 
produces odd harmonics. 

3. Use push-pull stages so that even harmonics will 
be cancelled. The push-pull tubes should be 
well balanced. 

4. Employ electrostatic shields between the final 
tank circuit and the antenna coupling coil to 
prevent harmonics from being capacitively coup- 
led to the -antenna. 
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5. Prefer inductive coupling to capacitive coupling 
for harmonic reduction. 

6. Split tank circuits should always use split-sta- 
tór tuning condensers to lower the harmonic con- 
tent. 

7. Use trap circuits or impedance matching networks 
having the property of offering high opposition 
to harmonic frequencies. 

8. Break up guy wires and other conductors in the 
field of the antenna into unequal lengths so that 
they will not reradiate harmonics. 
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WHEN DETERMINATION POPS UP 
look out! 

Determination is a compelling force that drives human 
beings through to their objective in spite of obstacles that 
may stand in the way. Some of us have more determination 
than others. Those who are lacking in determination should 
and can develop it. 

I, well remember a certain student who came to me to study 
radio several years ago. Hewes a little, white haired fellow 
with a happy smile and an easy going way. There was no In- 
dication that he had a very large supply of determination. 
However, he was a good student, and he stuck to what he start- 
ed just as you are doing. 

When his training was completed this little fellow seem- 
ed satisfied to just drift along with no particular object- 
ive in view. He did not worry about the future. And he made 
no serious attempts to get a worth while job in radio., While 
we all liked him very much, we felt that his future was most, 
questionable. 

Then one day an abrupt change came over our little fel- 
low. He had made up his mind that he was going to getajob. 
Determination just radiated from him. And in a few days he 
disappeared,...but not for long. The postman brought me a 
letter in which he told me that he was employed by a large 
broadcasting station. 

Later on I discovered that he had gone to Chicago and 
straight to the headquarters of one of the two big broad- 
casting chains. He applied for a job. But he did not ASK 
for a job. He sold himself so thoroughly that he was put to 
work without delay. And....today that young .man is making 
good. 

This little true story proves conclusively that size 
does not count when the will to win is the dominant power. 
Success is available to all who want it....and are willing 
to work for it. 
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Lesson Twelve 

GRID 
A eh 

MODULATION .. 

"Since Grid 1odula- 
tion is being employed by 
one large radio manufact- 
urer almost exclusively, it 

is highly important that every 
radio engineer become thorough- 
ly conversant with both the the- 
ory of operation and the method of 
adjustment. 

"The second part of this lesson is devoted to 
scription of a 100 Watt transmitter usin;* this type 

11. Al- 
177 

e 

a practical de - 
of modulation". 

1. REVIEW OF MODULATION. There are, in general, two types 
of modulation systems; these are power modulation and efficiency 
modulation. Representative of the first type is plate modulation 
discussed at some length in Lesson 5 of this Unit. A brief review 
of the highlights of plate modulation will be of aid in distinguish- 
ing the principal differences between power and efficiency modula- 
tion. 

In any modulation system, the peak output current (the tank 
current of the modulated stage or the antenna current) increases 
to twice its carrier -level amplitude during the peaks of 100% mod- 
ulation. Furthermore, the negative peaks of the audio signal cause 
the instantaneous output current to fall to zero. The preceding 
statements apply equally well to the output voltage, which may be 
considered as being the R.P.voltage across the tank circuit or 
that present in the antenna. With this statement in mind, it is 

apparent that the power contained in the antenna varies from the 
carrier level to four times this value at the modulation peaks and 
then to zero. 

Obviously, any power present in the antenna must have been 

derived from the plate voltage supply system of the transmitter. 
The plate supply furnishes power in DC form, and the R.F. and A.F. 

stages of the transmitter merely cause this power to be liberated 
at R.F. and A.F. rates. ',Olen the power in the antenna ircreases 

to four times its unmodulated value, either the power supply sys- 
tem of the transmitter is furbishinp. four times as much power, the 

efficiency of the power conversion has increased four ti.bies, or both 
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the power input and the efficiency have increased enough to allow 
the peak output to quadruple. 

In plate modulation, both DC and A.F. power are furnished to 
the input of the modulated R.F. stage. The DC power is derived 
from the plate power supply which furnishes plate voltage for the 
modulated stage. The A.F. power is obtained from an audio -frequency 
power amplifier. Since the A.F. power, itself, originates from 
the power supply system, it is correct to state that'all of the 
power contained in the antenna is furnished by the plate -power sup- 
ply system of the transmitter. 

A plate -modulated amplifier stage is always worked under Class 
C conditions, since the efficiency of this mode of operation is 
very high. A well -designed Class C stage will have an efficiency 
ranging from 60% to 70%, and, furthermore, this efficiency does not 
vary during modulation. If the efficiency remains constant and the 
power output increases four times with modulation peaks, it is 
evident that the power input to the plate -modulated stage must like- 
wise increase four times. This is accomplished by the DC power in- 
put to the modulated stage instantaneously doubling its carrier - 
level value and the A.F. power input from the modulator likewise 
increasing until it is equal to twice the power of the unmodulated 
carrier. With both the DC power input and the A.F. power input 
doubling, it is apparent that the total power input during this 
peak will be four times as great as when the carrier is unmodulated, 
and with a constant efficiency, the power in the antenna will also 
quadruple. 

Thus, plate modulation is properly called "power modulation", 
because the power input to the modulated stage is varied at an A.F. 
rate. Although the DC power input doubles at the modulation peak, 
the average power furnished by the DC supply throughout a modulation 
cycle does not change from its unmodulated value. The average power 
in the antenna, however, increases one and one-half times with 100% 
modulation, and therefore it is clear that the total average power 
input to the modulated stage must likewise increase one and one- 
half times with complete modulation. This is accomplished by the 
modulator supplying an average A.F. power input equal to one-half 
of the average power furnished by the DC supply. 

Now let us consider the principles of efficiency modulation. 
The first example that we have had of this type of modulation sys- 
tem was that given in Lesson 10 of this Unit on linear amplifiers. 
A linear amplifier is nothing more than an efficiency -modulated 
stage, as will now be disclosed. Again, with 100% modulation, the 
peak power output is four times the unmodulated power output. The 
DC plate current varies from twice its average value to zero, in- 
dicating that the DC power input doubles its value at the modula- 
tion peaks. There is, however, no A.F. power input supplied to the 
plate circuit of the linear amplifier and the only way that the 
power output may quadruple is for the efficiency to change with 
modulation. That the efficiency does change has previously been 
demonstrated. It was shown in Lesson 10 that the efficiency of a 
linear amplifier with complete modulation is twice as great as when 
the grid -exciting voltage is unmodulated. Therefore, at the modu- 
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lation peaks, the DC power input instantaneously doubles, the ef- 
ficiency likewise increases two times, and this causes the R.F. 
power output at this instant to quadruple. Although the DC power 
input varies from instant to instant, the average power input does 
not change with modulation, and since the average power in the 
modulated wave is one and one-half times as great as the unmodulated 
carrier, it is apparent that the average efficiency increases one 
and one-half times with 100% modulation. 

Thus, to effect efficiency modulation, it is necessary for the 
DC power input and the efficiency to vary with the audio signal. 
Now that this has been determined, let us see if there are other 
ways in which this result may be accomplished. The efficiency of 
an amplifier depends, of course, upon the ratio of the power output 
to the power input. With efficiency modulation, the power input 
varies from its nnmodu].ated value to twice this value and then to 
zero. It is now necessary to find some means of causing the ef- 
ficiency to vary likewise and at an audio rate. With :,he power in- 
put determined, the only way that the efficiency may increase is 
for the power output to increase at a greater rate than the power 
input. With a given load the power output varies directly as the 
square of the amplitude of the fundamental component of the plate 
current. In the linear amplifier, the fundamental plate current 
component was caused to vary by keeping the operating angle con- 
stant at 180° and varying the amplitude of the grid -exciting vol- 
tage. With a constant operating angle, the DC plate current in- 

creases at the same rate as the fundamental plate current component, 
and this action causes the power input to double when the fundamen- 
tal component double. Also, the power output quadruples at this 

time, indicating that the efficiency has increased twofold. 

Another method by which the efficiency may be cnanged is to 

vary the operating angle. This may be accomplished by causing the 

grid bias to vary at an audio frequency rate. The grid -exciting 
voltage is constant and the operating angle decreases and increases 

as the bias voltage becomes greater and less. When the bias vol- 

tage is low, the plate current pulses are large and the plate vol- 

tage swing is maximum. This causes the efficiency to be great. 

At this instant, the fundamental plate current component is maxi- 

mum, and the power output reaches its peak value. This is the prin- 

ciple of grid -bias modulation. 

2 GRID MODULATION. The grid -modulated amplifier is, in some 

respects, very similar to a Class B linear amplifier. The main 

differences are that in the linear amplifier the grid bias is con- 

stant and the amplitude of the grid - exciting voltage varies at an 

audio frequency rate. On the other hand, the grid -modulated ampli- 

fier has a constant grid -exciting voltage and a grid bias which is 

varied at an A.F. rate. Shifting the bias of the amplifier causes 

the operating point to be changed and in turn varies the efficiency 

of conversion. Fig. 1 shows how the bias voltage is determined 

for grid modulation. The bias voltage consists of a constant DC 

volta,;e on which is superimposed an audio voltage of the proper 

value. 
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With no modulation the bias voltage is sufficient to bias the 
tube to approximately one and one-half times cut-off. With com- 
plete modulation this bias will vary from twice cut --off to the 

cut-off value at an A.F. rate. Therefore, a grid -modulated ampli- 

fier has its mode of operation changed from instant to instant. At 

the modulation peaks, the bias is equal to cut-off, and the stage 

is working as a Class B amplifier. At the carrier level, the bias 

is one and one-half times cut-off and the mode of operation is be- 

tween Class B and Class C. During the troughs of the modulated 

wave, the bias increases to twice cut-off, and the mode of opera- 

tion becomes Class C. 

A diIIh 

/gliNIIIIIIIIIIillíilI I 

Fig.1 Operating charac- 
teristics of a grid-modu- 
lated amplifier 

Thus, the grid -modulated amplifier changes from an under- ex- 
cited Class C amplifier to a Class B amplifier. In broadcast op- 

eration, grid current is not allowed to flow except for a few 

milliamperes on occasional 1d0% modulation peaks. The effect of 

grid current is to cause the load on the A.F. amplifier to be vari- 

able which is liable to result in amplitude distortion of the audio 
signal. In amateur practice, where high quality is not of para- 
mount importance, the grid -modulated amplifier is biased to approxi- 
mately twice cut-off, and a sufficient grid - exciting voltage is 

applied to drive the grid considerably positive. Although the 
quality suffers by this action, a much larger power output and a 
higher plate -circuit efficiency may be obtained. 

When the grid -modulated amplifier does not draw any grid cur- 
rent, no power is required to excite the tube, and the audio ampli- 
fier which causes the bias to vary at an A.F. rate need not supply 
any power. Practically, however, when the grid -modulated stage does 
not draw any grid current, the input impedance ofthe stage is some- 
what variable and is dependent upon the leakage current between the 
grid and filament. To make sure that the correct load is reflected 
back into the audio amplifier, it is common practice to connect a 
resistor across the secondary of the modulation transformer so that 
the secondary impedance will be fixed. A grid -modulated stage is 
illustrated in Fig. 2. Ti is the modulation transformer, the pri- 
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mary of which is connected directly in the plate circuit of the 
modulator. CI is an F.F. by-pass condenser used to return the R.F. 
to the filament. Riis the loading resistor which fixes the imped- 
ance of the secondary and assures that the proper load will be 
placed on the modulator. This resistor will vary from about 5,000 
ohms to 100,0)0 ohms. 

c- 

Fig.2 A grid modulated, push-pull amplifier. 

This resistor which is placed across the secondary of the modu- 
lation transformer will dissipate some audio power, and, therefore, 
the modulator will have to supply a small amount of A.F. power to 
the modulated stage. The amount of power which must be supplied 
will, of course, be determined by the size of the loading resistor, 
a resistor of low value dissipating more power than one whose value 
is high. 

Tubes suitable for grid -modulated amplifiers, as well as for 
linear amplifiers should be able to withstand very high plate vol- 
tages and should have comparatively low amplification factors. Such 
tubes will require a very large grid bias to produce plate current 
cut-off, and a large grid -exciting voltage may be applied without 
driving the grid more than a few volts positive and thereby dis- 
torting the modulation. It has been determined that to obtain a 
large power output the pulses of plate current at the crest of the 
modulation cycle should be large. The only way that this may be 
accomplished is for the grid of the tube to be driven positive, 

but as previously explained, the resulting grid current places a 
variable load on both the modulating and exciting voltages and causes 

the modulation to be distorted. It is possible by careful design 

to make the exciting and modulating voltage sources have good vol - 
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tage regulation (that is a low internal impedance), and by driving 

the grid only moderately positive, the distortion can be kept low 

enough so that such a stage may be used in a transmitter for 

police radio or aviation radio purposes. For broadcasting, how- 

ever, it is essential that the distortion be kept at an absolute 

minimum, and grid -modulated amplifiers used in broadcast transmit- 

ters rarely draw grid current except on occasional modulation 

peaks. Operation without grid current usually produces low effi- 

ciency, often not more than 20 to 25%. Usually the power output 

even at the peaks of the modulation is not sufficient to bring the 

peak plate dissipation of the tube up to the rated value, and in 

order to obtain a high degree of linearity, it is essential that 

some power output be sacrificed. 

3. ADJUSTING A GRID -MODULATED AMPLIFIER. Let us suppose 

that we are going to adjust a grid -modulated amplifier for broad- 

cast operation. With this type of operation, we shall allow per- 

haps 1 or 2 milliamperes grid current to flow at the crest of the 

100%o modulated signal. To make sure that the audio voltage and 

the grid -exciting voltage are low enough to prevent excessive 
grid 

current flow, it is necessary to adjust the amplifier first for 

the crest operating conditions. The first step, therefore, is to 

neutralize the amplifier by any one of the methods previously 
giv- 

en, and then apply a grid bias approximately equal to cutoff. 
With 

the full plate voltage applied, the R.F. excitation voltage is now 

increased until 1 or 2 ma. of grid current are flowing. The load 

impedance is now varied by changing the L/C ratio of the tank and 

the coupling of the antenna or of the grid circuit of the follow- 

ing stage, keeping in mind that a high load impedance will tend 

to make the modulation more linear but will limit the power output 

that may be obtained. Perhaps considerable juggling of the exci- 

tation and the load will be necessary before the correct condi- 

tions are secured. A high load impedance will cause.the R.F. 

voltage produced across the tank to be large, the plate current 

pulses will be small, the efficiency will be large, and, although 

the dynamic grid voltage -plate current characteristic will have a 

longer straight portion, indicating that the modulation will be 

linear, the power output which may be secured will not be very 

great. Of course, if the load impedance is too large, the effic- 

iency, when unmodulated, will be so great that it will not be pos` 

sible for it to double at the peak of the modulation cycle. This 

condition will produce non -linearity and is remedied by using a 

smaller L/C ratio or by coupling the antenna closer to the 
tank 

circuit. Thus, a compromise between efficiency and power output 

will be necessary, and the final adjustment of the load impedance 

will be the one which gives the required amount of power output 

with as little distortion of the modulation envelope as possible. 

The bias voltage is now increased to one and one-half times 

cut-off, and no further adjustment of the excitation should be made. 

An audio voltage of sine wave form, such as is produced by an audio 

oscillator, is fed to a small speech amplifier, and the output of 

the amplifier is coupled to the modulation transformer in the grid 

6 



circuit of the modulated stage. The audio voltage developed across 
the secondary of this transformer should be great enough to swing 
the bias voltage from twice cut-off to the cut-off value. Ordin- 
arily, this audio voltaje should have a peak value approximately 
equal to Ee/2u,. 

The plate current as read by a DC meter will increase slightly 
with modulation, although the increase should not be very great. 
Let us determine why the DC plate current does increase with modu- 
lation when this is not true of either the plate -modulated ampli- 
fieror the linear amplifier. In the linear amplifier theoperating 
angle is constant. At the peak of a1.00% modulated signal, the tank 
current doubles its value, which means that the peak value of the 
fundamental plate current component has doubled. With a constant 
operating angle of 180°, the peak of the plate current pulse is two 
times the peak of the fundamental component, and the DC component 
is .637 times the peak of the fundamental component. These ratios 
hold true as long as the operating angle remains unchanged. There- 
fore, when the fundamental plate current doubles, the DC component 
likewise doubles, and the average value of the DC component through- 
out an audio cycle is still equal to the DC component when the 
stage is unmodul.ated. The result is that the DC plate current meter 
shows no chance in its reading when modulation is applied. 

In the grid -modulated amplifier, the conditions are consider- 
ably different. The bias changes at an audio frequency rate, and 
the operating angle changes with each variation of the bias. Let 
us suppose that the operating angle when the stage is unmodulated 
and the bias is approximately one and one-half times cut-off is 
130°. With this operating angle, the peak of the plate current 
pulse is 2.39 times the peak of the fundamental component, and the 

DC current is .568 times the peak of the fundamental component. 

Let us assume that the peak of the fundamental component is 200 

ma. when the stage is unmodulated. with an operating angle of 130°, 

the peak of the plate current pulse will be 2.39 x 200 or 478 ma. 

Also, the DC component will be .568 x 200 or 113.6 ma. The stage 

is now modulated 100%; and the peak of the fundamental component 

must double and become 400 ma. The operating angle changes from 

130° to 180°, and the peak of the plate current pulse is now 2 X 

400 or 800 ma. Likewise, the DC component becomes .637 x 400 or 

254.8 ma. The following table gives a summary of this variation. 

Operating Fundamental 
Angle Component 

Unmodulated 130° 200 ma. 

Peak Of in' 400 ma. 
Modulation 

Peak Plate 
Current 

DC Plate 
current 

476 ma. 1.13.6 ma. 

BOO ma. 254.0 ma. 

Fig. 3 shows the wave form of these pulses. A is the condi- 

tion with no modulation, and B represents the conditions existing 

at the modulation peak. The peak of the fundamental component 

doubles its value during the peaks of 100% modulation, and thus 

the R.F. voltage across the tank likewise doubles indicating that 

the power output has quadrupled. Notice that the peak of the plate 

current pulse does not need to double (it increases from 478 to 
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800 ma.) in order that the power output will be four times as great. 

Also, note that the DC plate current more than doubles (it increases 

BOO 
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(A) 

6 

E 130° --21 
.. 

180° =_y 
Fig .3 Illustrating the plate current pulses of a grid -modulated 

amplifier. A is the unmodulated condition, and 8 is at the crest 
of the modulation cycle. 

from 113.6 to 254.8 ma.) at the peak of the modulation. Therefore, 

during 100% modulation, the DC plate current varies from zero when 

the modulated wave is at its trough to 254.8 ma. when it is at its 

peak. The average value of the DC component throughout a modula- 

tion cycle will therefore be one-half of the peak value or 127.4 
ma. Thus, the reading of the plate current meter will change from 

113.6 ma. with no modulation to 127.4 ma. with complete moduli 
tion. Fig. 4 shows the relation between the R.F. current, plate 

current, grid current, screen -grid current and audio bias voltage. 

These curves are for an 804 pentode. 
The ratios used to determine the peak of the plate current 

pulse and the DC component were derived by a mathematical procedure 

too complicated to be included in this text. The foregoing example 

does not represent any particular amplifier; it merely serves to 

prove that the DC plate current will not be as constant as it is 

in a linear amplifier. Sometimes the plate current will increase 

less than in this example; rarely will it increase more. When the 

plate current does increase with modulation, the power input more 

than doubles its value at the modulation peaks, and the efficiency 

does not quite double. However, both will increase enough for the 

power output at this time to quadruple. 
As is the case with a linear amplifier, the average amount of 

plate dissipation is less when the signal is modulated than when 

it is unmodulated. Also, the bias supply must have good regulation 

so that the DC bias voltage will not change when the grid draws a 

few milliamperes of current at the peaks of modulation. Since the 

DC grid current, if any, is quite variable, it is necessary to load 

the preceding stage artificially by means of a swamping resistor. 

When adjusting a commercial transmitter employing grid -bias 
modulation, the manufacturer's recommendations should be read very 

carefully and followed explicitly. Naturally, the manufacturer 

knows his product better than anyone else, and has at his command 
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laboratory equipment with which he can determine quite accurately 
the constants which should be used for proper operation. Such 
laboratory equipment is rarely found in the average radio station, 
and itis best that the operator rely on the manufacturer's figures. 

TYPE 904 

Fig.4 Grid modulation 
characteristics of a type 
804 pentode. Pentodes, as 
well as triodes may De used 
as grid - modulated ampli- 
fiers and have the added 
advantage of not requiring 
neutralization. 
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When a composite transmitter is to be adjusted, a cathode ray 
oscilloscope is a distinct advantage. By its use, the linearity of 
the grid -modulated amplifier can be determined with various adjust- 
ments and power outputs. If, however, such an instrument is not 
available, the engineer must depend on the meter readings to deter- 
mine the operating condition of the transmitter. 

The constants of the modulation transformer will depend upon 
how heavily the secondary is to be loaded, and upon what impedance 
the primary is to work from. Most commercial transmitters have 
output transformers on their speech equipment whose secondary is 
matched to a 500 -ohm line. This is desirable if the audio output 
of the speech amplifier is to be carried any great distance. When 
this is the case, the primary of the modulation transformer must 
be able to match the 500 -ohm line. Suppose, for example, that the 
DC bias voltage of the grid -modulated amplifier is 150 volts, and 
that this value is one and one-half tintes cut-off. The audio vol- 
tage must be able to drive the bias voltage up to the cut-off value 
and should have a value of 50 volts. (If 150 volts is one and one- 
half times cut-off, then two-thirds of this, or 10) volts, would 
be the cut-off value, and the audio would need to have a peak vol- 
tage of 50 volts to change the bias from 15) to 100 volts.) Also, 
assume that the secondary of the modulation transformer is loaded 
with a resistor of 50,000 ohms. The speech equipment must deliver 
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cr:ougit power so that the peak voltage across this 50,000 -ohm resis- 
tor is 50 volts. Let us determine how much power this represents. 
The power in a resistor is equal to E2/R, and from this formula 
we can find how mach power it takes to produce a voltage of 50 volts 
across 50,000 ohms. This is: 

Power 
50,000 

_ 2500 
50,000 

.05 watt or 50 milliwatts. 

The foregoing example illustrates very clearly the one desir- 
able feature ofgrid modulation. The speech equipment need furnish 
only 50 milliwatts peak power to the modulated stage. To continue 
with the design of the transformer, it is seen that the secondary 
must work into 50,000 ohms, and that the primary works from 500 
ohms. This is an impedance ratio from secondary to primary of 100. 
The turn ratio from secondary to primary should be the square root 
of this value or should be 10. Thus, the secondary must have ten 

times as many turns as the primary. 

a+ 

Fig.S A modulator impedance coupled to the grid-modulated stage. 

Sometimes the modulation transformer also serves as the out- 
put transformer of the speech amplifier. In that case, the pri- 
mary impedance must.be such that it will match correctly the output 
tube of the speech amplifier. If there is a sufficient reserve of 
audio power available from the speech amplifier, it is usually bet- 
ter to load the secondary of the modulation transformer more heavily 
by placing a smaller load resistor across the secondary. Even :ii 

the resistor is reduced to 5,000 ohms, the power that ueeus to be 
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furnished by the speech amplifier is only .5 watt. In this case, 
the impedance ratio of the transformer would be 10 to 1 and the 
turn ratio should be slightly greater than 3 to 1, if the modulator 
feeds a 500 -ohm line. 

One other system of coupling the output of the speech ampli- 
fier to the modulated stage is shown in Fig. 5. In this case, a 
modulation choke replaces the modulation transformer, and the out- 
put of the modulator is capacitively coupled to the modulation choke. 
The plate voltage of the modulator is fed through an iron - core 
choke L2. This choke should be large in comparison to the modu- 
lation choke so that very little audio current will be lost through 
it. 

Since grid modulation has both outstanding advantages and dis- 
advantages, whether it is used or not will depend somewhat upon 
the transmitter -design engineer's personal convictions. with grid 
modulation, the audio power required is practically 'negligible, but 
the stage must be operated very inefficiently to avoid excessive 
distortion. Plate modulation is highly efficient, but requires a 

somewhat elaborate audio setup. The overall efficiency of the two 
systems is approximately the same. Suppose, for example, that 1000 
watts of R.F. power are desired in the antenna. If plate modulation 
is employed, the efficiency would be approximately 60% and the DC 
power imput would need to be 1,666 watts. The A.F. power required 
for 100%a modulation would be 833 watts, and assuming that the modu- 
lator is a Class B stage with an efficiency of 50%0, the DC input to 
the modulator would be 1,666 watts. Therefore, the total DC power 
input to the final stage and the modulator would be 3,332 watts. 
Now suppose that a grid - modulated stage is to be used to produce 
this 1,000 watts of R.F. output. Let us assume an efficiency of 
30%, and with this efficiency, the DC power input to the modulated 
stage would be 3,333 watts, or the same as was required with the 
plate - modulated system. Of course, some A.F. power would be re- 
quired and it is possible that this efficiency, as assumed, is 

slightly high; however, we have not taken into account the DC power 
input which the driver and voltage amplifier stages of the plate - 
modulated stage would need, so that it is probable that the total 

power input would be very nearly the same in either case. 

4. SUPPRESSOR MODULATION. Since the tetrode and pentode types 

of tubes have become popular in transmitter apparatus, two other 

types of modulation systems have come into existence. These are 

screen - grid modulation and suppressor modulation. At present, 

screen - grid modulation is confined to amateur practice, however, 

suppressor modulation is being used in certain types of high -fre- 

quency transmitters for aviation purposes, and is now coming into 

use for broadcast transmitters. 
The inherent distortion which arises from the use of suppres- 

sor modulation limited its use in broadcast transmitters until the 

introduction of inverse feedback. With inverse feedback, a large 

part of the distortion is cancelled, and suppressor modulation is 

quite satisfactory.' 
1 Inverse feedback as applied to transmitters will be explained in a subsequent 

lesson. 
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Suppressor modulation makes use of a pentode adjusted to op- 
erate as a Class C amplifier. The modulation is effected by apply- 
ing a negative DC bias voltage to the suppressor grid, and then 
superimposing on this voltage, the audio voltage from the modula- 
tor. A stage connected to operate in this manner is illustrated 
in Fig. 6. The control grid is supplied with an unmodulated R.F. 
voltage, and the plate with an unmodulated DC voltage. The nega- 
tive bias voltage for the suppressor grid should be obtained from 
a bias source havin;. good regulation, since the suppressor is or- 
dinarily driven positive at the crest of the audio cycle and thus 
draws some current. The screen voltage should be secured from 
the plate -supply using a series screen:.dropping resistor. 

Fig.6 A suppressor modulated amplifier. 

Since the control grid usually draws current during a part 
of the excitation cycle, the control grid bias voltage may be ob- 
tained from a grid leak or by any of the other means commonly used 
for bias voltage. If cathode bias is used, the biasing resistor 
should be by-passed both for R.F. and A.F. 

Suppressor modulation takes advantage of the fact that the 
minimum plate voltage at which plate current begins to flow is pro- 
portional to the potential. of the suppressor grid. If alarge load 
impedance is used, the relation between the output voltage and the 
suppressor voltage will be nearly linear. The fact that it is not 
entirely linear is illustrated by the curves of Fir. 7. These 
curves show the relation between the suppressor voltage, the plate 
current, the screen current, the control -grid current, the suppres- 
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sor current, and the output current. Notice that the curve repre- 
senting the output current is fairly linear throughout a portion 
of its length, but that at high values of negative suppressor vol- 
tage, a departure from linearity results. For this reason, the 
distortion becomes very large when an attempt to secure high per- 
centage of modulation is made. 

fig.7 Suppressormodulation .w 

characteristics of a type 805 J 
transmitting tube. a 
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The procedure for adjusting a suppressor -modulated amplifier 
is to apply the correct control -grid bias voltage, screen voltage, 
plate voltage and R.F. excitation to cause the plate current to 
assume the value specified by the manufacturer for this type of 
operation. The next step is to adjust the load impedance until 
most of the total space current is drawn by the plate when the sup- 
pressor grid is slightly positive, but not enough positive to draw 
more than a little current. The final adjustment of the load im- 
pedance should be the one of the highest value which produces the 
foregoing condition, since the linearity of modulation depends larg- 
ely upon the use of a large load impedance. This condition where 
the suppressor is slightly positive corresponds to the crest of 
the modulation cycle. The suppressor voltage is now made nega- 
tive to determine what value of voltage will produce plate current 
cut-off. Half way between these two values is the operating bias 
value which should then be applied to the suppressor. The peak 
audio voltage required for 100% modulation would then be one-half 
of the difference between these two extremes of suppressor voltage, 
however, as previously explained, 100% modulation is not possible 
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without introducing an excessive amount of distortion. 

The adjustment of a suppressor -modulated amplifier is somewhat 
simpler than that of a grid -modulated stage, because the bias on 

the suppressor grid can be adjusted independently of the bias and 

excitation of the control. grid. In grid -modulated amplifiers, all. 

of these factors are interdependent and the adjustment for optimum 

conditions is somewhat critical.. 

Like grid modulation, suppressor modulation possesses the ad- 

vantage of requiring very little audio power for complete modula- 

tion. The suppressor is operated with sufficient negative bias so 

that, under carrier conditions, the R.P. output voltage and cur- 

rent are just half of the values that will be reached at the crest 

of the A.F. signal. Since the suppressor grid will be driven posi- 

tive during a portion of the audio cycle, the modulator must be 

capable of supplying the power which will be dissipated when the 

suppressor draws current. In fact, the modulator must be able to 

supply more than just the amount of power that will be dissipated. 

It should have a sufficient reserve of power so that it is capable 

of producing the power that will be dissipated without introducing 

serious distortion of the audio signal. 

At the crest of the audio signal, the power output of a sup- 

pressor -modulated amplifier is approximately the same as would be 

obtained from the same tube operating as a Class C amplifier, and 

thus, the power obtained at the carrier level is one-fourth of that 

produced at the crest of a 100% modulated wave. The plate effi- 

ciency at the carrier level is approximately the same as that of 

a grid -modulated amplifier operated with grid current. This varies 

from 30 to 35%. This efficiency increases at the crest of the 

modulation cycle to about 66%. The overall efficiency averaged 

throughout an audio cycle is, however, lower than that of a grid - 

modulated stage, since the screen grid losses mount rapidly dur- 

ing the troughs of the modulated wave. 

In summary, we may state that suppressor modulation has the 

advantage of requiring low audio power, and of being relatively 

easy of adjustment. To its disadvantage, there must be recorded 

its comparatively large amount of distortion which has limited 

its use. 

PART TWO 

The followinr is a description of a modern, 100 -watt complete- 

ly AC operated, transmitter. It is the western Electric No . 0-98653. 

Grid modulation is used. In addition to being a complete 100 -watt 

transmitter, it may be employed as the exciter unit of a 1000 -watt 

transmitter. A t::orough study of the description and operating 

instructions of this transmitter will enable the student to gain 

a knowledge of this particular transmitter, as well as aiding him 

in learning the maintenance and operating procedure of broadcast 

transmitters in general. Fig. 8 shows a complete diagram of this 

transmitter. 
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1. INTRODUCTION. The Western Electric No. D-98653 Oscilla- 
tor -Modulator is a complete 100 watt radio broadcasting transmit- 
ter. This equipment is completely AC operated, without rotating 
machinery or batteries, and is entirely enclosed in a steel cabinet 
with no outside apparatus except the speech input equipment, the 
monitoring arrangements and antenna connections. This equipment 
features 100 per cent modulation, thorough protection for the op- 
erating personnel from high voltages, precision frequency stability, 
careful suppression of radio frequency harmonics and a stabilized 
feedback circuit to reduce harmonic distortion and noise. 

The apparatus requires 1670 watts, 110/220 volts, single phase 
power. The power factor is 0.85. 

In general, the oscillator -modulator consists of a crystal 
controlled oscillator followed by three stages of amplification. 
The last stage is a balanced amplifier in which modulation is ac- 
complished. 

For ordinary operation and maintenance, complete access to 

all parts of the equipment is had through the doors in the unit. 

These doors are provided with safety switches for the protection 
of the operating personnel. 

GENERAL DESCRIPTION 

Oscillator 

The carrier frequency of the oscillator -modulator is control- 
led by a No. 700A (quartz crystal controlled) Oscillator. This 

oscillator is adjusted as a unit to the operating frequency and 

will maintain its calibration well within ± 50 cycles. 

The oscillator unit contains aquartz crystal, crystal heater, 

thermostat, a vacuum tube V1Y and associated circuits. It is mount- 

ed in the slide rail assembly in the upper compartment of the os- 

illator - modulator. Power connections to the oscillator are made 

by means of spring contacts which engage when the Oscillator is 

properly inserted. The radio frequency output is obtained from 

terminal 8 located at the right rear corner of the Oscillator and 

is connected to the first amplifier input circuit by means of the 

connector detail provided for this purpose. The quartz plate is 

maintained at a constant temperature by means of a heater con- 

trolled by a mercury thermostat, and power is available at all 

times for the crystal heater circuit after the transmitter is con- 

nected to the source o: supply, irrespective of the operation of 

the transmitter. 
In the temperature control circuit, power is supplied to the 

heater through a three- element rectifier tube V12A acting as a 

relay. The grid voltage of this tube is in phase with the plate 

voltage when the crystal temperature is low, and current then flows 

into the heater. When the crystal temperature reaches the proper 

value, the contacts of the mercury thermostat close, applying an 

out -of -phase voltage to the grid of the rectifier tube, and no 

current flows into the heater. A single transformer T7A supplies 

all power for this circuit. 
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First Amplifier 
The first amplifier V2A isolates the oscillator from the suc- 

ceeding stages of amplification. The grid -bias is obtained from 
potentiometers R20A and R53A having adjustments marked "R.F. OUT- 
PUT CONTROL," "COARSE" and "FINE," respectively. These adjustments 
are used to control the output of the transmitter, as the output 
of this amplifier may be smoothly varied by reducing the bias from 
a value so far beyond cut-off that no output is obtained to a value 
that gives the desired output. This amplifier is located in the 
compartment to the right of the Oscillator. 

Second Amplifier 
The second amplifier stage employs two tubes, V3.1A and V3.2A 

in parallel and is coupled to the first amplifier by the untuned 
radio frequency transformer T11A and to the third amplifier by a 

tuned radio frequency transformer L6A. This amplifier is located 
in the compartment with the first amplifier. 

Third Amplifier 
The third amplifier stage employs two tubes V4A and V5A in 

a balanced circuit and it is here that modulation takes place. 
It is effected by what is known as "grid -bias" modulation. The 

grids of the tubes are biased to considerably beyond cut-off and 
the radio frequency voltage is applied to the two grids out of 

phase, as in any push-pull amplifier. The audio frequency voltage 

is applied to both grids in parallel and is effectively in series 

with the DC grid -bias voltage. Thus, the resulting grid -bias vol- 

tage is varied in accordance with the audio frequency modulating 

voltage, which accounts for the name "'GRID- BIAS" modulation. By 

changing the bias in this manner, ths, radio frequency output vol- 

tage is varied between zero and twice the normal value, which con- 

stitutes complete modulation. The output impedance of this ampli- 

fier is such that the relationship between the output and input 

voltages is essentially linear and the audio distortion is there- 

by kept at a low value. The negative bias voltage for the modu- 

lator -amplifier tube is supplied through inductances LBA, L35A, 

L7A and the secondary of L6A. 

Output Circuit 
When the Oscillator -Modulator is used alone, the output of 

the third amplifier is coupled to the antenna through an antenna 

coupling circuit for the suppression of radio frequency harmonics. 

However, when the Oscillator -Modulator is used in conjunction with 

an amplifier, the antenna coupling. circuit is slightly modified 

and becomes the power amplifier input circuit. The modifications 

necessary in the output circuit of the )scillator - Modulator to 

adapt it for use with Western Electric amplifiers are described 

in the Amplifier instruction bulletins. 

MonitortnÉ Circuit 
Monitoring in the Oscillator - Modulator is accomplished by 

means of an audio transformer T10A connected in the high voltage 

return lead of the third amplifier. The grids of the vacuum tubes 

in this stage are biased so far beyond cut-off that no audio fre- 

quency power flows in their plate circuits until the radio fre- 
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quency is applied and modulation effected. The audio frequency 
component of the rectified carrier power then appears in this cir- 
cuit and the output of the monitoring transformer T10A is a true 
reproduction of the program at the output of the Oscillator -Modu- 
lator. When the )scillator - Modulator is used in conjunction with 
Western Electric Amplifiers, monitoringis accomplished in the amp- 
lifier and the monitor in the Oscillator -Modulator is not used. 

Audio -Amplifier Unit 
The amplifier which provides the necessary audio frequency 

modulating voltage has two impedance coupled stages employing tubes 
V13A and V14A. The input to this aznplifieristhe vector difference 
of two voltages, one the signal from the microphone across resis- 
tance R66A, the other a portion of this signal from the output 
stage, demodulated by a full wave rectifier V155A and applied across 
resistance R86A and R87A. This constitutes the "loop" feedback 
feature of the equipment. 

In addition to "loop" feedback, "cathode"' feedback is also 
incorporated. This consists of an impedance composed of R81A, 
L36A, the primary of T10A and S4A connected in the common plate 
return circuit of tubes V4A and V5A. Since these tubes are not 
operated as "Class A" radio frequency amplifiers, the audio fre- 
quency component of the rectified carrier power appears in the 
common plate return. A corresponding voltage appears across the 
cathode circuit impedance and hence is impressed on the grids ^t 
the tubes, in series but out -of -phase with the audio input. This 
constitutes the "cathode" feedback. 

Power Supply Circuits 
The Oscillator -Modulator iscompletely AC operated. The fila- 

ments of all vacuum tubes are heated by alternating current; grid - 
bias and plate voltages are supplied by mercury vapor rectifiers. 
The unit is arranged to be operated from either a 110 or 220 volt 
single phase, 50 cycle or 60 cycle power supply, but when operated 
in conjunction with Western Electric amplifiers, it is always oper- 
ated from one phase of the 220 volt, three-phase supply. 

Bias -Plate Rectifier --The bias -plate rectifier supplies grid - 
bias voltages for all the radio frequency amplifiers in the unit 
and plate voltages for the oscillator and first amplifier. This 
rectifier employs two mercury vapor tubes, V10A and V11A in a con- 
ventional full -wave rectifier circuit. 

RIÉh Voltage Rectifier --The high voltage rectifier employs 
four mercury vapor tubes V6A, V7A, VSA, and V?A in a single phase 
full -wave, "bridge type"' rectifier circuit. This rectifier sup- 
plies the plate voltage to the second and third amplifiers and audio 
amplifier unit. 

Power Control and Protection Circuits 
The power control and protection circuits control the sequence 

of power application to the various circuits and protect the equip- 
ment from possible damage in case of failure of any piece of appa- 
ratus. 

The starting and protection circuits of both the Oscillator - 
Modulator and any amplifier units may be interlocked and the com- 
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plete equipment started or stopped by operating the "MASTER CON- 
TROL" switch (D9A) located on the Oscillator -Modulator unit. The 
"MASTER CONTROL" switch (D9A) actuates the starting circuit which 
applies power to the circuits of the Oscillator -Modulator (and 
amplifier) in the correct sequence, introducing such delays as are 
necessary for the protection of the equipment. 

The auto -transformer T8A which supplies power to all circuits 
of the Oscillator -Modulator is provided with a tap switch "POWER 
VOLTAGE CONTROL" (D6A) which allows the operator to compensate 
for variations in the local line voltage during operation of the 
transmitter. 

All power and high voltage circuits are adequately fused. 
The plate circuit of the third amplifier is protected against ac- 
cidental overload by means of an overload relay S4A. An over- 
load operates this relay which immediately removes the high vol- 
tage. When normal conditions have been restored, the plate voltage 
may be reapplied by momentarily depressing "OVERLOAD RESET" button 
(D4A) which opens the holding circuit of overload relay S4A. 

The operating personnel is protected against accidental con- 
tact with high voltage circuits by means of door switches D14A on 
each of the four doors to the unit. These switches are series 
connected and may also be interconnected with similar door switches 
on any associated amplifier. The opening of any door will immed- 
iately remove all high voltage from the apparatus. 

INSTALLATION 

Antenna 
The Oscillator -Modulator can be operated with an antenna of 

any resistance and reactance but where antennae of less than 10 
or more than 90 ohms are encountered, engineering advice should be 
requested. The antenna lead-in is connected to terminal 19 located 
on top of the unit. Copper tubing is recommended for this purpose. 
The equipment will also operate into aconcentric transmission line. 

PRELIMINARY ADJUSTMENTS 

Power Supply Circuits 
Before placing fuses in any cutouts or applying power to the 

equipment, connect link switches D8A, D11.1A and D11.2A as follóws: 

link Switch 110-Volt Operation 220-Volt Operation 

D8A Position 2 (right-hand) Position 1 (left-hand) 

011.14 Connect terminals 1 and 2 Connect terminals 2 and 3 

D11.2A Connect terminals 3 and u Connect terminals 2 and 3 

Connect link switch D7A in accordance with the following table 

for the local line voltage: 
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Local Line Voltage Position of Tap 

Switch 07A 
98-102 or 197-205 5 

103-107 or 206-215 
108-112 or 216-225 3 

113-117 or 226-235 2 

118-125 or 236-2u9 1 

For 220 -volt operation, place two 15 -ampere fuses i11 cutouts 
F1.1A and F1.2A. For 110 -volt operation, use two 30 -ampere fuses. 
Place 1 -ampere Western Union Telegraph Fuses in cutouts F9.1A and 
F3.2Á. After the links and fuses have been placed as directed, 
set the"POWER VOLTAGE CONTROL" switch (D6A) in position 3 (normal), 

and apply power to terminals 1 and 2 of the equipment. The clos- 
ing of switches D1OA and D9A should cause meter M6A to indic-tte 

220 ± 5 volts. 
If the line voltage is not known exactly, switch D7A may be 

properly connected in the following manner: Set the "POWER VOL- 

TAGE CONTROL" switch in position 3, set link switch D8A for 110 

or 220 -volt operation as required, and then vary D7A until meter 

M6A indicates 220 ± 5 volts. 

CAUTION: THE MAIN POWER SUPPLY SWITCH D1OA SHOULD ALWAYS BE 
OPENED WHENEVER D7A IS ADJUSTED. 

Upon completion of these adjustments, insert six .No. 258B 
Vacuum Tubes' in sockets VS6A, VS7A, VS8A, VS9A, VS10A and VS11A, 

and connect the flexible plate leads to the corresponding anode 
caps. Insert five General Electric 5 -watt 120 -volt Edison (can- 
delabra base) Mazda lamps in the meter panel light sockets and 

also General Electric Type 4, 18 -volt, 2 -watt lamp in the crystal 
heater indicator lamp socket ES2A which is located behind the colored 
bezel on the front panel. 

Oscillator Heater Circuit 
To prepare the slide -rail assembly for the Oscillator, the 

latches on the front of the runners should be opened so that the 
unit may be inserted in position. The spring contacts on both the 

oscillator unit and transmitter terminal strips should be examined 

to see that they are not bent out of alignment and that good con- 

tact between the terminals on the Oscillator and the terminal strip 

is insured. When the oscillator unit has been properly inserted, 

close the two latches and secure them with the screws provided. 

Terminal 8 of the Oscillator should be connected by means of the 

connector detail provided to the similarly mounted terminal pro- 

jecting through the shield which covers the base of the vacuum 

tube sockets VS2A; VS3.1A and VS3.2A. 

Before inserting fuses F2.1A and F2.2A, disconnect the power 

supply from the transmitter at the service entrance. See that 

snap switch D12A is in the "OFF"Iposition. Place 2 -ampere D&W 

Fuses in cutouts F2.2A. 
Insert a No. 287A Vacuum Tube in socket VS12A and a No. 271A 

1 The filaments of new mercury vapor tubes should be heated at least 15 minutes 

before the high voltage is applied. This pre- heating removes any particles of mercury 

adhering to the sides or elements of the tubes after shipment or handling, thus minim- 

izing the possibility of flash-overs. (See section on "Maintenance.") 
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Vacuum Tube in socket V1Y of the Oscillator. The filament of the 
No. 287A Vacuum Tube should begin to heat as soon as the service 
entrance switch is closed, since this circuit is energized at all 
times independent of the transmitter power switches. When the 
filament of the No. 287A Vacuum Tube has been heating for about 
15 minutes, switch D12A should be placed in the "ON" position. 
With the Oscillator in place, the indicator lamp (E2A) will light, 
indicatin12, that the heater of the Oscillator is receiving current. 
The vacuum tube V12A will also indicate that heater current is 
flowing by the presence of a characteristic glow. If the vacuum 
tube indicates that the heater circuit is functioning, but the 
indicator lamp E2A does not light, the lamp may be defective and 
should be replaced. The lamp E2A will remain lighted approximately 
45 to 75 minutes and will then operate intermittently, remaining 
on about 30 seconds and off about 30 seconds. Snap switch D12A 
should never be opened except when adjusting the contacts on the 
Oscillator Unit or when installing a new No. 287A Vacuum Tube. 

This equipment requires little care once it is in operation 
as there are no mechanical relays in the system. However, the 
indicator lamp E2A should be observed from time to time to ascer- 
tain that the heater circuit is functioning correctly. Sufficient 
time should be allowed for this observation to permit a complete 
cycle of operation. 

Adjustment of Power Control Circuits 
Adjustment of Time Delay Relay, S2A.--When the "MASTER CON- 

TROL" switch is closed, the heater winding of relay S2A is ener- 
gized and after about 45 to 75 seconds the relay should close its 
front contacts and energize relay S1A which will lock up and at 

the same time open the heater circuit of S2A, thus allowing the 
armature of S2A to cool and return to its "normal" or "open""posi- 
tion. 

The operation of S2A should be checked very carefully to see 

that the back contacts open before the front contacts close. After 
relay S1A has operated, the back contacts of S2A should close in 

from two to thirty seconds. 

NOTE: When looking at relay S2A from the front, the "back. 

contact spring is the right-hand spring and the "front" 
contact spring is the left-hand spring. The "armature"' 
carries the heater winding and controls the two center 
springs which are mechanically linked together. Ad- 

justments on this relay should be made with a Western 

Electric No. 259 Tool. 

The "front". contact spring of the relay may be. bent to adjust 

the operating time on the heating cycle. To increase this time, 

the "front" contact spring should be bent away from the armature. 

To decrease this time, the spring should be bent towards the arma- 

ture. 
If it becomes necessary to adjust the operating time on the 

heating cycle, the time interval on the cooling cycle should also 

be checked. The interval may be regulated by bending the "back" 
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contact spring. Bending this spring towards the armature results 
in a decreased time interval. To increase the time interval, the 
"back" contact spring should be bent away from the armature. A 
reasonable amount of time should be allowed between tests so that 
the relay winding and spring will have time to return to room tem- 
perature. 

Grtrl- Btas Control Relay, SIA. Relay S1A, which is mounted 
on the panel in the lower compartment operates in conjunction with 
the heater relay S2A. It has two distinct functions, (a) to break 
the heater circuit of relay S2A, (b) to complete the circuit to 
the bias -plate rectifier when the door switch relay S5A is closed. 
This relay should ordinarily require no adjustment. However, the 
armature must be free to move and its contacts must be kept clean. 

Hilh Voltafe Control Relay, S3A. Relay S3A has two contacts 
connected in parallel in order to carry safely the current required 
by transformer T4A. These contacts should close simultaneously and 
the armature should move freely during operation. This relay should 
require no adjustment. 

Plate Overload Relay, S4A. Relay S4A is adjusted at the fac- 
tory so that it will operate between 100 milliamperes minimum and 
450 milliamperes maximum. If it becomes necessary to adjust this 
relay, all switches except D12A should be in tie "Off" position 
and a source of rC voltage (about 2 volts) should he applied in 

series with a suitable milli..ammeter and variable resistance from 
terminal 1 of transformer T10A to ground. The tension of the con- 
tact springs may then be adjusted with the No. 259 Tool until the 

relay operates at the correct current value. Relay S4A should be 

tested with the relay cover i place. 
Door Swttch Relay, S5A. This relay should require no adjust- 

ment but should function smoothly and have clean, non -sticking con- 

tacts. In general, all AC relays of the double contact type must 

have the same pressure on each contact so that audible chatter and 

hum may be suppressed. 

Control Relay, S6A. This relay is not used when the Os illator- 

Modulator is used alone. 

Starttnl Circuit Sequence. When all relays have been adjusted, 

the complete starting circuit of the transmitter should be checked. 

With the "HIGH VOLTAGE' switch in the "Off" position, operate the 

"MASTER CONTROL" switch. The operation of this switch energizes 

auto -transformer T8A and the following operations should result im- 

mediately: 
(a) Filaments of all installed vacuum tubes are lighted. 

(b) The meter panel is illuminated. 

(c) Meter M6A indicates. 
(d) Door switch relay S5A is energised if all doors are closed. 

CAUTION: IF THE NEW MERCURY VAPOR TUBES RAVE NOT BEEN PRE- 

VIOUSLY PREHEATED, THEY SHOULD BE AT THIS POINT, 

BY LEAVING THE DOORS OF THE TRANSMITTER UNIT OPEN 

UNTIL THE FILAMENTS HAVE RECEIVED TILE REQUIRED HEAT - 
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After a delay of about 45 seconds, the armature of S2A operates, 
causing relay S1A to be energized. S1A then locks up, disconnecting 
the heater winding of S2A and completing the primary circuit of 
transformer T5A. This transformer applies voltage to the bias -plate 
rectifier. Transformer T5A will not be energized, however, if re- 
lay S5A has failed to operate due to an open door switch. 

After relay SlA has operated, disconnecting the heater wind- 

ing of S2A, there is a small time delay during which the bi-metallic 

element of S2A is cooling. At the completion of this cooling cycle, 

the back contacts of relay S2A close and complete the circuit of 

relay SSA which is operated by the grid - bias voltage. Relay S3A 

will not operate unless the grid -bias potential is sufficiently high 

to protect the power tubes against abnormal plate current. The op- 

eration of relay S3A will complete the primary circuit to high vol- 

tage transformer T4A when the "HIGH VOLTAGE" switch is "On". 

Oscillator Untt 

The heater circuit of the Oscillator should have been in op- 

eration for at least one hour before any tuning adjustments are 

made on the transmitter. The operation of the Oscillator should 

now be checked as follows: 
Place "TEST METER" switch (D13A) 1 on the "OSC. PLATE X 10", and 

then on the "OSC. GRID" positions, in order to determine that the 

observed readings of meter M1A fall within limits specified in 

Table III. 

TABLE III - - TYPICAL METER READINGS 

Power Supply Voltage-M6A 
1st Amplifier Plate Current -MIA 
Oscillator Plate Current -MIA 
2nd Amplifier Plate Current-M1A 
Oscillator Grid Current -MIA 
3rd Amplifier Grid Current -MIA 
Feedback Current-M1A 
1st. A.F. Plate -MIA 
2nd A.F. Plate-M1A 
3rd Amplifier Plate Voltage-M5A 
3rd Amplifier Plate Current-MUA 
3rd Amplifier Output Curre§t-M2A 
Antenna Current (Mesh) -M34 
Antenna Current -m34 

220 5 Volts 
3-20 Milliamperes 
6-12 Milliamperes 
10-30 Milliamperes 
0.05-1.0 Milliamperes 
0 
7 ma. 

25 ma. t 5 ma. 
45 ma. t 5 ma. 

3000 t 100 Volts 2 
130 t 2 Milliamperes 
0.8-1.1 Amperes 
0.8-1.2 unpereS 

First and Second Ampltfter Tuntn>s 

Resonance is obtained in all circuits except the antenna cir- 

cuit and the first amplifier by an adjustment for minimum DC plate 

current of the tube whose tuned output circuit is being adjusted. 

In tuning the second or third amplifier, care should be taken that 

neither stage is tuned to the second harmonic of the fundamental 

frequency. Should two points of minimum plate current be found 

with coarse adjustment as specified, the one at which the capaci- 

1 The readings of the "TEST METER" MiA are to be multiplied by 1, 10, or 20 as ind- 

icated by the dial plate of the associated switch D13A. In the"OSC. PLATE S 10" position 

of switch 013A, the readings of meter M1A are to be multiplied ny 10. 

2 When using the indirect method of measuring antenna power, it will be necessary 

to adjust for a plate current of 150 milliamperes. 

3 Link switch D2A must be placed in the 2-3 position in order to read mesh current. 

U The antenna current will equal the seuare root of the quotient of the operating 

power in watts divided by the elfnctive antenna resistance at the operating frequency. 
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twice of the variable condenser is maximum is the correct adjust- 
ment. This will correspond to the point of higher dial re:tdi:.:; 

and higher output current. 
The first amplifier requires no tuning adjustment as its plate 

circuit is coupled to the following stage by means of an untuned 
radio frequency transformer. The radio frequency output of this 
stage, and thus the output of the transmitter, is controlled by 
the "R.F. OUTPUT" control. 

Before tuning the second amplifier, set the neutralizing con- 
denser C9A so that its plates are about one - sixth engaged. This 
condenser is adjusted by means of a screw -driver through the lower 
hole located directly above the "R.F. OUTPUT" control. This open- 
ing in the panel is normally concealed by a pivoted cover. Open 
link switch D3A and see that link switch D19A is clod. This al- 
lows the plate voltage to be applied to the second amplifier but 
not to the third amplifier. 

With the "R.F. OUTPUT" control in the minimum position place 
"HIGH VOLTAGE" switch in the "On" position and set the "TEST METER" 
switch on the "2nd AMPLIFIER PLATE X 20" position. Adjust the "R.F. 

OUTPUT" control until the "TEST METER" M1A reading increases ap- 
proximately 10 milliamperes. Now vary the "2ND AMP. TUNING"1 con- 
denser C11A until the "TEST METER" indicates a minimum. If dif- 
ficulty is experienced in tuning this stake, readjust- 
ment of condenser C9A should be made. Aftrr oi,tai.nin, an approxi- 
mate adjustment, but before the final tuning of the second and 
third amplifiers, these stages must be neutralized. 

Second and Thtrd Amplifier Neutralization 
In the neutralizing procedure, the third amplifier is neutra- 

lized first. Place the "HIG)i VOLTAGE" switch in the "Off" posi- 
tion, and open the doors.2 Leave the link switch D3A open and 

link switch D19A closed. Using a screw -driver, set the neutrali- 
zing condenser C14A-C15A so that their plates are a little more 

than one-third engaged. Connect the sensitive thermocouple TC1.1A 
in the closed circuit by means of the links provided. The correct 

polartty must be maintained when the meter leads are transferred 
to this sensitive thermocouple. Set the "R.F. OUTPUT" control and 

the "3RD AMP. OUTPUT" coupling control at minimum. 

Close the "HIGH VOLTAGE" switch and then slowly vary "3RD AMP. 

TUNING". condenser C13A in conjunction with the "R.F. OUTPUT" con- 

trol until "3RD AMP. OUTPUT CURRENT" meter M2A indicates a maximum. 

If the reading indicated by this meter becomes excessive, adjust 

neutralizing condensers C14A-C15A until a reading of approximately 

1 ampere is indicated. Continue by increasing the "R. F. OUTPUT" 

control to its maximum, meanwhile adjusting condensers C14A - C15A 

to keep the "3RD AMP. OUTPUT CURRENT" at approximately 1 ampere. 

Check the tuning by readjusting both the "2ND AMP. TUNING" conden- 

1 All radio frequency controls located on the front panel with the exception of 

R.F. OUTPUT" control are adjusted by means of a special 'spanner wrench (western Electric 
No. 704A Tool). This tool is included with the equipment. 

2 When opening the doors of the equipment to adjust orhandle any of the apparatus. 
always ascertain that the door switch relay has operated by noting that the 3RD AMP. 

PLATE VOLTAGE' meter reads zero. 
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ser and "3RD AMP. TUNING" condenser until the "3RD AMP. OUTPUT 
CURRENT" Meter indicates a maximum, and then adjust neutralizing 
condensers C14A-C15A until the "3RD AMP. OUTPUT CURRENT" meter in- 
dicates approximately zero current. When this hasbeen accomplished, 
the third amplifier is neutralized. 

The second amplifier should now be neutralized as follows: 
Place the "HIGH VOLTAGE" switch in the "Off" position and reduce 
the "R.F. OUTPUT" control to minimum. 

CAUTION: WHILE THE SENSITIVE THERMOCOUPLE TC1.1A IS IN CIR- 
CUIT, THE DOORS OF THE UNIT SHOULD NEVER BE OPENED 
UNTIL THE "HIGH VOLTAGE" SWITCH IS"OFF".AND THE VOL- 
TAGE INDICATION OF THE "3RD AMP. PLATE VOLTAGE" METER 
M5A IS LESS THAN 500 VOLTS. FAILURE TO OBSERVE THIS 
PRECAUTION RESULTS IN A TRANSIENT SURGE WHICH MAY. 
BURN OUT THE SENSITIVE THERMOCOUPLE. 

Observing the foregoing caution, open link switch D19A and 
close link switch D3A. Using a screw-driver, operate the poten- 
tiometer P1Ato either the extreme right or left, first having taken 
note of its original position. This will apply sufficient module,- 
tion to give a readable deflection of the "3RD AMP. OUTPUT CURRENT". 
meter while neutralizing. Operate the "HIGH VOLTAGE" switch. Vary 
the "R.F. OUTPUT" control and neutralizing condenser C9A until the 
"3RD AMP. OUTPUT CURRENT" meter indicates approximately 1 ampere. 
Check the setting of the "3RD AMP. TUNING" condenser and the 2ND 
AMP. TUNING" condenser for a maximum reading of the "3RD AMP. OUT- 
PUT CURRENT" meter. Then vary neutralizing condenser C9A for a 
minimum reading of this meter, meanwhile advancing the "R.F. OUT- 
PUT" control. When the "R.F. OUTPUT" control is at a maximum and 
neutralizing condenser C9A is so adjusted that there is little or 

no current indication by the "3RD AMP. OUTPUT CURRENT" meter, the 

second amplifier is neutralized. Open the "HIGH VOLTAGE" switch 
and after the reading on M5A has decreased below 500 volts, open 

the doors and close link switch D19A. Leave all other controls in 

position so that the process of tuning the third amplifier output 

circuits will be simplified. 

Reconnect thermocouple TC1.2A and transfer the meter leads 

to it, matntatninp the correct polarity. Restore potentiometer 
P1A to its original position. 

Third Amplifter Tuntnl and Second Mesh Adjustment 
Place link switch D2Ain the 3-4 position. Open D28A and tem- 

porarily short circuit the antenna coupling condenser by placing 

link switch D20A across the studs occupied by C21A. Set the "R.F. 

OUTPUT" control to minimum, and apply the high voltage. 

After setting "3RD AMP. OUTPUT COUPLING" at a dial reading be- 

tween 5 and 10, increase the "R.F. OUTPUT" control until the "3RD 

AMP. OUTPUT CURRENT" meter indicates approximately 1 ampere. Check 

the tuning of the second amplifier for minimum plate current. Again 
adjust the "R.F. OUTPUT" control until the "3RD AMP. OUTPUT CURRENT" 

meter indicates about 1.5 amperes. Then vary "ANTENNA TUNING" con- 

denser C19A until the "3RD AMP. OUTPUT CURRENT" Meter indicates a 
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minimum, Adjust "3RD AMP. OUTPUT COUPLING"in conjunction with the 
"R.F. OUTPUT" control. until. "ANTENNA CURRENT" meter M3A indicates 
1 ampere and "3RD AMP. PLATE CURRENT% meter M4A reads 130 milli- 
amperes.1 The "3RD AMP. OUTPUT CURRENT" meter then should read be- 
tween C.8 and 1.1 amperes. If the reading of the "3RD AMP. OUT- 
PUT CURRENT" meter is low, it is an indication that the primary 
of L11A has too many active turns; if the reading is high, the 
primary of LilA has too few active turns. It will then be neces- 
sary to decrease or increase, by a turn or two, the number of turns 
on each half of the coil and repeat the above tuninv procedure. 

The reading of the "3RD AMP. OUTPUT CURRENT" meter should not ex- 
ceed 1.1 amperes under normal conditions. 

At this point a check should be made on the position of the 

"R.F. OUTPUT" control, If the position of the "COARSE" control is 

above "80" or below "65" on the scale when the meter readings are 

within the limits given, the plate voltage on the second amplifier 
should be increased or decreased respectively by moving the tap 

connection on R47.1A to the next higher or lower numbered tap. This 

process should be repeated until the required meter readings are 

obtained with the "COARSE" control of the "R.F. OUTPUT" between 

"65" AND "BO" On the scale. If it is impossible to secure an ad- 

justment within these limits, the tap on R47.1A should be selected 

which most nearly meets the limits specified. 
Record "3RD AMP. OUTPUT CURRENT" and "3RD AMP. PLATE CURRENT." 
After the transmitter is tuned as above, switch D13A should 

be placed ín the "FEEDBACK CURRENT" position and the rotor of L37A 

adjusted until meter M1A indicates 7 milliamperes. Each adjust- 

ment of L37A must be made with the "HIGH VOLTAGE" switch in the 

"Off" position. After each change of L37A, it may be necessary to 

make a minor change in adjustment of the second mesh circuit by 

means of the "ANTENNA TUNING CONDENSER"for a minimum on meter M2A. 

With the feedback current properly adjusted, the audio input level 

for complete modulation with speech is +4 db. 

The filament center tap potentiometer P1A is provided to adjust 

for a minimum noise level from the audio amplifier. This minimum 

noise level condition can be determined by listening to the monitor 

output or by noise level measurements awl P1A s'.ould be left at 

the point giving minimum noise. 

Antenna Tuntng 
Open the "HIGH VOLTAGE" switch and reduce the "R.F. OUTPUT". 

control to zero. Remove the coupling condenser C21A from its nor- 

mal position and connect it to the studs normally used for the an- 

tenna series condenser C204. Care should be taken that the adjust- 

ment of the "ANTENNA TUNING" condenser is not changed. Remove 

link switch D2A from the circuit, leave link switch D20A open and 

close D2BA. Apply high voltage, reduce ccuplinl to zero and grad- 

ually increase "R.F. OUTPUT"( control until the "3RD AMP. OUTPUT 

CURRENT" meter indicates about 1,5 amperes. Adjust the "3RD AMP. 

I when using the indirect method of measuring antenna power, it will be necessary 

to adjust for a plate current of 150 milliamperes. 
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TUNING" condenser for a minimum indication of the "3RD AMP. PLATE CURRENT" meter. Increase the coupling slightly and vary the taps on L14A until antenna resonance is indicated by a minimum indica- tion of the "3RD AMP. OUTPUT CURRENT" meter. In case resonance 
cannot be obtained by varying the taps on L14A,1 it will be neces- 
sary to employ a series condenser C20Aia the antenna circuit. This 
is done by temporarily connecting one of the C20A condensers (whose 
reactance does not exceed 200 ohms for the carrier frequency em-- 
ployed)in series with the external antenna lead-in. When resonance 
has been obtained, the equipment is shut down, coupling condenser 
C21A is returned to its normal position, and link switch D2A is 
put in the 2-3 position. If the series condenser was found neces- 
sary it should be placed in its normal position (C20A) otherwise the 
C20A studs should be short-circuited by means of link switch D20A. 

Operate the unit and vary the "R.F. OUTPUT" control until the 
"3RD AMP. OUTPUT CURRENT" meter indicates about 1.5 amperes. Ad- 
just the "ANTENNA TUNING" condenser for aminimum indication of the 
"3RD AMP. OUTPUT CURRENT" meter and then adjust "R.F. OUTPUT" con- 
trol in conjunction with "3RD AMP. OUTPUT COUPLING" until the "3RD 
AMP. PLATE CURRENT" meter and the "3RD AMP. OUTPUT CURRENT" meter 
indicate those readings obtained in the section under "THIRD AMPLI- 
FI1R TUNING AND SECOND MESH ADJUSTMENT." Check the tuning of the 
third amplifier by varying the "3RD AMP. TUNING" condenser for a 
minimum reading of the "3RD AMP. PLATE CURRENT" meter. If this 
point is not found at or near the former setting of the "3RD AMP. 
TUNING"'condenser, it is an indication that the antenna circuit 
is not exactly tuned and the above tuning procedure must be re- 
peated. If the reading of the "ANTENNA CURRENT" meter exceeds 
1.2 amperes, decrease the capacity of the coupling condenser C21A. 
Increase this capacity if the current is less than 0.8 ampere. 
All meter readings should fall within the limits shown in Table III. 

OPERATING PROCEDURE 
Starttnl 

Before startincr, ascertain that the antenna grounding switch 
is in the "OPERATE" position. In the normal operation of'the trans- 
mitter, full -automatic starting should he used. The "HIGH VOLTAGE" 
switch is always left in the "On'position, and the unit is started 
by operating the "MASTER CONTROL" switch. However, where two or 
more stations are sharing time on the same frequency and a minimum 
starting time is desirable after one station signs off, it is ad- 
vantageous to use semi -automatic starting. This consists in plac- 
ing the "HIGH VOLTAGE" switch in the "Off" position and operating 
the "MASTER CONTROL" switch. This may be done several minutes be- 
fore the preceding station signs off, thus allowing the time delay 
circuit to function and the vacuum tubes to reach normal operating 
temperature. The operator can then start instantly by operating 
the "HIGH VOLTAGE" switch. 

1 In the case of an inefficient antenna, it may be necessary to employ additional 
series inductance in the antenna circuit in order to obtain resonance. In such cases, 
the additional inductance may be mounted external to the unit and connected in series 
with the antenna lead-in. 
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As soon as the equipment is in operation, all meter readings 
should be checked and any necessary adjustments made. 

Stoppirig 

To stop the equipment, operate the "MASTER CONTROL" switch. 
Ground the antenna. When stopping for a brief interval, it is 
sufficient to operate only the "HIGH VOLTAGE"1 switch. This de - 
energizes the high voltage rectifier and eliminates the time de- 
lay when restarting. 

Crystal Temperature Control Circuit 
The temperature control circuit will require occasional re- 

placements of the relay tube and indicator lamp which are in ser- 
vice continuously. However, because of the vital function of the 
relay tube in maintaining the correct oscillator frequency, tt is 

imperative that the tube employed be to an operative condition. 
Normal operation of this tube is indicated by the periodic flash- 
ing of the indicator lamp located on the front of the unit and any 
irregularity in the operation of this lamp should be promptly in- 

vestigated. 
The crystal heater circuit should be i operation at least 4 

hours before the station is put on the air. 

Modulation 
The audio input system to the Oscillator -Modulator is arranged 

to operate from a 500 -ohm circuit and requires aspeech input level 
of +4 db. for complete modulation. 

During operation, the third amplifier grid current should oc- 
casionally be checked. Any grid current during the program, with 
the exception of occasional pulses, is an indication of over -modu- 
lation. The "TEST METER" switch D13A should not be left on the 

"3RD AMPLIFIER GRID" position. 

Mon itortng 
When the Oscillator -Modulator is operated as previously de- 

scribed, the monitoring output level at terminals 11 and 12 is ap- 

proximately +10 db. The output of the monitoring transformer T10A 

should normally be terminated in 500 ohms, as otherwise the quality 

of the transmitted program will be impaired.. This is provided for 

by resistance R37A, which is connected across the output terminals 
of transformer T10A. 

If a monitoring device of 500 ± 100 ohms is used, it should be 

connected directly to the output of the monitoring circuit (terminals 

11 and 12) and resistance R37A should he disconnected. If a moni- 

toring device of other than 500 + 100 ohms is used, it will be nec- 

essary to provide a suitable output transformer to connect between 

the output of T10A and the monitoring device. This transformer 

must be of such ratio that T10A is effectively terminated in 500 

ohms. Resistance R37A should be disconnected. 
If no monitoring device is connected to the output of the trans- 

former T10A, resistance R37A must be left connected. 

Overloading 
Should the overload relay operate during a program, it is 

usually sufficient to press the "OVERLOAD RESET" button D4A. If 

the overload relay continues to operate each .1-e the "OVERLOAD 
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RESET" button is pressed, trouble in the Third Amplifier output circuit is indicated and it should be determined in accordance with the procedure outlined under "Location of Trouble." 
Use of "ANTENNA CURRENT" Meter 

The "ANTENNA CURRENT" meter may be connected iu either the second mesh circuit or the antenna circuit by means of link switch D2A. To connect the meter in the second mesh circuit, link switch D2A should be placed in the (2-3) position. To connect the meter in the antenna circuit, the link should be placed in the (1-2) position. The antenna coupling circuit is so arranged that when the correct value of coupling capacity C21A is used, and the antenna is connected and properly tuned, the resistance introduced into 
the second mesh circuit by means of the coupling capacity is al- ways 10) ohms. Thus, with the "ANTENNA CURRENT", meter connected in this circuit, one ampere will always be indicated for 10) watts 
output (I2R=100) regardless of the actual resistance of the physic- 
al antenna. 

The permanent use of the "ANTENNA CURRENT" meter in the antenna 
circuit (link switch D2A in the 1-2 position) is not essential for correct operation. aowever, if it is desired to employ the meter in this circuit and it is found that the antenna resistance is less than 40 ohms it will be necessary to provide a meter of suitable range for the particular antenna involved. While it is possible to substitute the new meter for the "ANTENNA CURRENT" position. it is advisable to install it external to the unit. 
Load Resistance 

A load resistance of 100 ohms (R12Á) is provided in the Oscil- lator -Modulator which may be connected in the second mesh circuit by placing link switch D2A in the 3-4 position. This resistance 
duplicates the resistance introduced by the antenna into the second 
mesh circuit by means of the antenna coupling capacity C21A and al- 
lows the unit to be operated for test purposes under actual load 
conditions without causing interference to other stations assigned to the same frequency. When this load resistance is used, the an- 
tenna should be disconnected by removing the antenna series conden- 
ser C20A and the short-circuiting link D20A (when used) from the 
circuit. Meter readings taken with the load resistance in circuit 
can always be duplicated with the antenna connected and are always 
an assurance that the equipment is delivering its full rated power 
to the antenna. 

Meter Readtnés 
All meter readings should be checked periodically during op- 

eration. If the "POWER SUPPLY VOLTAGE" should vary appreciably 
from 220 volts, it should be adjusted to the proper value by means 
of "POWER VOLTAGE CONTROL" switch. 

Check frequently the oscillator grid and antenna current read- 
invs. Should the antenna current vary slightly while warming up, 
it^should be adjusted to the correct value by means of the "R.F. 
OUTPUT" control. This adjustment should be made if possible with- 
out modulation. Otherwise, care should be exercised that the ad- 
justment is made during low points of modulation. 
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MAINTENANCE 

General 
The Oscillator -Modulator must be kept free from dust and dirt. 

Compressed air is recommended for cleaning the apparatus inside 
the enclosure, but asoft clean cloth may be used with good results. 
Waste or oily cloth should never be used. 

All nuts, bolts and screws should be examined occasionally and 
any loose ones tightened. Examine all electrical connections and 
tighten any loose contacts. Trouble can often be prevented by such 
precautions. 

Cleanint+ Air Condensers 
The exposed variable air condensers should be cleaned at least 

onee a week with compressed air or its equivalent. The presence 
of any dust or dirt on the plates may result in the condenser arc- 
ing thereby taking the station off the air. A small bellows and a 

clean dry cloth can be used to advantage for this purpose where a 
high pressure air system is not available. 

Vacuum Tubes 
In order to obtain both maximum life and satisfactory per- 

formance, it is important that vacuum tubes be operated within the 
voltage limits previously specified in this lesson. 

As far as possible, the operator should anticipate tube fail- 
ures and make the required tube replacements. Tube failures may 
be guarded against to some extent by keeping a careful record of 
the length of time the tubes have been in service and by observing 
from time to time the condition of the tube elements. Sagging or 
warped elements will, of course, increase the probability of tube 
trouble and such tubes should be replaced when discovered. 

It is essential that the filaments of new mercury vapor tubes 
be heated at least fifteen minutes before the high voltage is ap- 
plied. This is done in order to remove any particles of mercury 
adhering to the sides or elements of the tubes which might result 
in flashovers. It is therefore suggested that spare rectifier tubes 
be prepared for service in advance by placing them in the Oscilla- 
tor -Modulator when not in use and giving the filaments the neces- 
sary pre -heating with the "HIGH VOLTAGE" switch in the "Off" posi- 
tion, and the doors of the unit opened. This precedure should be 
repeated at least once a month. Spare rectifier tubes thus pre- 
heated should be kept in an upright position until they are required. 

It is also recommended that the No. 287A Vacuum Tube employed 
in the heater circuit be operated without plate voltage for about 
15 minutes before placing the tube in actual service. This can be 
done by opening snap switch D12A. 

Vacuum Tube Sockets 
It is essential that the contacts of all tube sockets be kept 

clean and smooth at all times. Care should be exercised to see 
that the third amplifier tubes V4A and V5A are not subjected to 
any mechanical strains when placed in the sockets. 

Relays 
The contacts of all relays should be inspected and carefully 
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cleaned once a month. Dust collects on the contacts in spite of 

relay covers. and sometimes causes a failure in the operation of 

an important circuit. Relay contacts in the protective and high 

voltage circuits should receive special attention. Crocus cloth 

can be used to advantage in cleaning relay contacts. Badly pitted 

power relay contacts may be carefully smoothed with a fine file. 

Carrier Frequency Deviation 
In order that there may be no appreciable deviation of the 

carrier frequency from the assigned value, periodic observations 

should be made of the crystal heater indicator light located on" 

the front panel. The intermittent operation of this light indi- 

cates whether or not the No. 287A Vacuum Tube is supplying heater 

current to the Oscillator. A defective No. 237A Vacuum Tube should 

be replaced immediately while a defective indicator lamp should be 

replaced as soon as possible without interrupting the program.. The 

failure of this lamp does not prevent the operation of the crystal 

heater circuit and the intermittent flashing of the No. 287A Vacuum 

Tube will serve temporarily to indicate whether or not heater cur- 

rent is being supplied. (See section on "Operating Procedure.") 

LOCATION OF TROUBLE 

General 
If this equipment is regularly and carefully maintained, very 

little trouble will be experienced. The operator should endeavor 

to become familiar with the circuits, their functions and the lo- 

cation of apparatus as quickly as possible. A detailed schematic 

diagram of the complete unit is given in this lesson. 

In case of trouble in any of the control or protection cir- 

cuits, the operator should remember that these circuits are inter- 

locked so that the failure of one piece of apparatus often prevents 

other pieces from functioning. For example, should the bias -plate 

rectifier fail to operate correctly, the high voltage relay SSA 

cannot operate to energize the high voltage transformer T4A. In 

case a piece of apparatus fails to function, the operator should 

first ascertain that the previous interlocking circuits have oper- 

ated, and then examine the piece of apparatus for defects. Relay 

contacts should be cleaned regularly as outlined under"Maintenance." 

Trouble in the radio frequency circuits is usually caused by 

the improper adjustment of the circuits. The first step in the case 

of trouble in these circuits should be to see that all adjustments 

are in accordance with those described in this lesson as well as 

with those recorded in the station log. 

It is not practical to attempt to describe every possible cause 

of trouble, but the following paragraphs give some of the more pos- 

sible ones. 'It should be remembered that these are only suggestions. 

Power Supply Circuits 
Bias Voltage Failure --This condition (unless a rectifier tube 

fails) is probably due to the failure of relay S5A or a faulty door 

switch. If relay S5A does not operate when doors are closed, ex- 

amine each door switch for an open circuit. Assuming that relay 

S5A operated correctly, and yet the rectifier does not function, 
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the trouble might be due to improper operation of relay S1A. If 
the bias -plate rectifier is functioning as indicated by a blue glow 
in tubes V10A and V11A, but the grid -bias and plate voltages are 
incorrect, the load distribution of the potentiometer may be in- 
correct. This may be brought about by abreakdown to ground or open 
circuit condition of any equipment energized by this rectifier. In 
general, if the bias potentials are above normal, the fault is due 
to excessive loading on the positive side of the rectifier, and 
vice versa for excessive positive potentials. 

8tlh Voltage Failure --If the filaments of the high voltage 
rectifier are energized, the trouble may be due to failure of some 
of the preceding interlocking circuits or the failure of relay S3A. 
The last mentioned trouble may be due to previous operation of 
overload relay S4A which would short-circuit the winding of relay 
S3A. Pressing "OVERLOAD RESET" button D4A will ascertain if this 
is the case. 

Temperature Control Circuit Failure. If the filament of the 
No. 297A Vacuum Tube fails to heat (assuming that the tube is in 
good condition), examine fuses in cut-outs F2.1A, F2.2A. Check 
setting of link switches D11.1A-D11.2A for correct voltage set- 
tings. (See section on "Adjustment of Apparatus.".) Check for 
line voltage by closing switches D9A and D1OA and see if meter 
M6A reads. When voltage has been checked, and the No. 287A Vacuum 
Tube heats properly, and yet the heater circuit does not function, 
look for bad connections at the terminal strip at the back of the 
Oscillator Unit. The No. 287A Vacuum Tube will light up with a 
characteristic glow when heater current is flowing. Snap switch 
D12A might be examined for a possible open circuit. 

Oscillator 
Check all voltages and the heater circuit. If the voltages 

are correct, try a new No. 271A Vacuum Tube. If trouble is found 
to be in the Oscillator, it must be returned to the nearest dis- 
tributor for repairs. 

Plate Circuits 
If the output circuit cf an amplifier is not tuned to resonance, 

the plate current of that amplifier will be excessive. Improper 
tuning of the amplifier is apt to result in excessive plate current 
due to incorrect plate circuit impedance. If plate current increases 
suddenly while tuning, and varies erratically with tuning condenser 
variation, this stage or previous stage is no doubt oscillating 
at some parasitic frequency. A periodic variation of output plate 
current may be caused by a beat note brought about by "singing"yin 
two successive stages. This condition exists whenever the equip- 
ment is not properly neutralized and proper neutralization will 
usually correct such trouble. 

Balance of Third Amplifier Tubes 
A careful balance of the load should be maintained between the 

two No. 212E Vacuum Tubes in the third amplifier stage. In this 
connection, it is to be understood that two vacuum tubes may be 
poorly matched and yet each be electrically perfect. Poor quality 
may be due to mismatched vacuum tubes in the third amplifier stage. 
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Balance is indicated by the relative color of the third amplifier 
vacuum tube plates when the transmitter is operating under load, 
Equalization of the load handled by these tubes is accomplished 
by loosening the set screw of the condenser C1B.1A adjusting its 
capacity with reference to C18. 2A until proper balance is indicated. 
The tuning of the output circuit should be rechecked after each 
such adjustment. 

Filament Circutts 
If all filaments (including meter lights) should not light when 

the "`faster Control" switch D9A is closed, the main power is off 
or switch D1OA is in the open position. Check main power bus by 
noting if heater circuit indicator lamp E2Ais functioning. A sin- 
gle tube filament not lighted indicates either a faulty socket 
connection, or a burned out filament. The filaments of the second 
amplifier tubes, V3.1A and V3.2A, are connected in series and the 
failure of either filament will deprive the other tube of filament 
current. Group filament trouble probably is caused by a faulty 
transformer or an open circuit. If possible, determine the trouble 
which caused the failure before any replacement is made. 

Excesstue Notse Level. 
This condition may be brought about by improper tuning of the 

radio frequency stages. Faulty filter sections, resulting from 
broken down condensers or damaged inductances, also will cause an 
increase in noise level. Arcing in any radio frequency circuit 
or poor filament contacts will produce erratic noises in the out- 
put. In general, the type of noise often will indicate the probable 
source of the trouble. Improper adjustment of P1A will result in 
excessive noise. (See Page 25) 
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VACUUM TUBES USED IN THE OSCILLATOR -MODULATOR 
NO. D-93553 

V1Y 
V2A Western Electric No. 271A Vacuum Tubes 
V3.1A 
V3.2A 

V4A,V5A Western Electric No. 212E Vacuum Tubes 

V6A 
V7A 

VSA 
Western Electric No. 258E (Rectifier) 

V10Á 
Vacuum Tubes 

V11A/ 

V12A Western Electric No. 237A Vacuum Tube 

V13A Western Electric No. 271A Tube 

V14A Western Electric No. 242A Tube 

V15A RCA 84 Tube 

NOTES ON SCHEMATIC (FIG 8) 

Note 1 --For (100W) R.T.E. with the antenna connected directly 
to terminal No. 19, short-circuit terminals Nos. 6 and 
7 and omit ESL -603320 entirely. 

Note 2 --This connection is to be removed for the (100W) R.T.E. 

Note 3 --All interconnecting wires and wires external to the 
equipment are shown thus -- -- -- These wires are 
not used in the (100W) R.T.E. 

Note 4 --When the D-98653 Oscillator Modulator Unit is followed 
a 713 Amplifi er, remove cóndensers C21.1A to C21.5A, 
inclusive. 

Note 5 --These connections are to be used only in the (100W) 
R.T.E. 

33 



Notes 
(These extra pages are provided for your use in taking special notes) 
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RADIO LAW 
guardian of the air. 

Imagine that you have been called to attenda meet- 
ingof several hundred people. The purposeof the meet- 
ing is to decide important issues having bearing upon 
life in your community. Speakers are to address the 
throng. Entertainment ofa varied nature andan orches- 
tra are included in the program. 

You arrive at the meeting place and find confusion 
and a conglomeration of noises. All the speakers are 
shouting, waving their arms, and competing with one 
another. The orchestra is blaring ---the entertainers. 
are going through their .acts ---people are arguing and 
fighting. It is evidentto you that absolutely nothing 
is being accomclished. 

Taking matters into your own hands, you quickly 
organize a small but efficient group of level-headed 
men. You instruct them to quiet each noisy group, and, 
as they depart to carry out your orders, you mount the 
speaker's stand.' 

Gradually confusion and noise give way to order 
and quiet. You address the throng and lay down the law, 
explaining that results can be accomplishedonly through 
mutual cooperation. You give eacn speaker an opportu- 
nity to deliver his talk. You intersperse music and 
entertainment with business. When the meeting is over, 
definite beneficial results have been obtained. 

Were it not for Radio Laws, broadcasting and all 
forms of radiotelephone and. radiotelegraph communica- 
tions would present a picture, of utter confusion. The 
fact that there ARE radio laws that are enforced has 
made possible an orderly growth of the great radio and 
communications industry. To take full advantage of the 
opportunities ,in the radio industry, YOU MUST KNOW THE 
LAWS. Master tnem thoroughly from beginning to end. 

Copyright 1941 

Midland Television, Inc. 
PRINTED IN U.S.A. 
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Lesson Thirteen 
RADIO 
LAWS 

The need forgovern- 
meet regulation of radio 
broadcasting was realized 
soon after communication 
with wireless electrical 
equipment became known to 
the general public. The 
early experiments by such 
famous men as Marconi 
Hertz, and Edison paved 
the way for the rise of a 
gigantic communicationsys- 
tem. Without regulation or 
control by the governments of 
the world, it would have been 
impossible for this communica- 
tion system to provide mankind 
with all the advantages it has to 
offer. 

The initial regulatory body to convene for the purpose of 
discussing problems pertaining to radio communication was the 
First International Radiotelegraphic Conference, held in Berlin 
on August 4, 1903. Regulations agreeable to the nations repre- 
sented were drafted, and it was suggested that each nation estab- 
lish some method of Controlling radio communications within its 
own boundaries. Great Britain passed the Wireless Telegraph Act 
on August 15, 1904. The United States gcvernment passed an act on 
June 24, 1910 requiring certain passenger ships to carry wireless 
equipment and operators. Following these pioneer steps, all 
governments in the world became conscious of the necessity for in- 
ternal radio regulations and cooperative regulations between na- 
tions. The world war succeeding this period prevented world-wide 
agreement on laws governing radio; however, each country enforced 
rigid governmental control of its own wireless facilities. 

Following the world war, the United States adopted various 
rules of an inconsequential nature until 1927 when the Federal 
Radio Commission was formed. This Commission immediately drafted 
and enforced the Radio Act of 1927, an Act superseding all pre- 
vious regulations and for the purpose of maintaining government 
control over the allocation and use of frequencies for radio com- 
munication in the United States. 

On July 11, 1934, the Federal Communications Commission was 
organized to succeed the Federal Radio Commission and also to 
regulate wire telephony and telegraphy. This body is now in ex- 
istence and consists of a group of Commissioners to whom is en- 
trusted the control of radio and wire 'aci1it.ies in the United 
States. The Federal Communications Commission immediately passed 
the Communications Act of 1934 to succeed the Radio Act of 1927. 
The Act of 1934 is still in effect (as amended) it is necessary 
that every radio operator be familiar with its contents. 

On February 1, 1938, representatives from 71 countries con- 
vened at Cairo, Egypt for the purpose of revising previous inter- 
national rules adopted at Madrid in 1932. The International 
Telecommunications Conference (Cairo) adopted regulations concern- 
ing radio practice and procedure for the purpose of binding all 
important nations of the world into common agreement on the allo- 
cation of frequencies and rules governing the use of radio on the 
high seas. Since the United States was a member of this confer- 
ence and approved the rules adopted, the contents of the treaty 
are binding on the United States. 

The student must become familiar with the Communications Act 
of 1934, the Cairo Conference Regulations, and the rules and regu- 
lations imposed by the Federal Communications Commission. Later 
in your training we shall point out the more important parts of 
this lesson; but for the present, read it through carefully at 
least twice. Only the important extracts are given; you will find 
that some of the section, article, and rule numbers are omitted. 
There will be no examination covering this material. 

ú 

1 



STANDARDS OF GOOD ENGINEERING PRACTICE 

CONCERNING STANDARD BROADCAST STATIONS 
(550-1600 KC.) 

APPROVED JUNE 23, 1939; EFFECTIVE AUGUST 1, 1939. 

1. INTRODUCTION 
There are presented herein the Standards of Good Engineering 

Practice giving interpretations and further considerations concern- 
ing the Rules and Regulations of the Communications Commission gov- 
erning standard broadcast stations. While the Rules and Regulations 
form the basis of good engineering practice, these standards may go 
beyond the Rules and Regulations and set up engineering principles 
for consideration of various allocation problems. These standards 
have been approved by the Commission and thus are considered as re- 
flecting the opinion of the Commission in all matters involved. 

The Rules and Regulations contain references to these standards, 
however, as further standards may be issued after the Rules and 
Regulations are published, the absence of such reference does not 
relieve the responsibility of meeting the requirements specified 
herein. The Standards of Good Engineering Practice are collected 
in this publication for the convenience of all considering broad- 
cast station operation and problems. 

The Standards of Good Engineering Practice set forth herein 
are those deemed necessary for the construction and operation of 
standard broadcast stations to meet the requirements of technical 
regulations and for operation in public interest along technical 
lines not specifically enunciated in the Regulations. These stand- 
ards are based on the best engineering data available from evidence 
supplied in formal and informal hearings and extensive surveys con- 
ducted in the field by the Commission's personnel. Numerous inform- 
al conferences have been held with radio engineers, manufacturers 
of radio equipment and others for the guidance of the Commission in 
the formulation of these standards. 

These standards are complete in themselves and supersede any 
previous announcements or policies which may have been enunciated 
by the Commission on engineering matters concerning standard broad- 
cast stations. 

While these standards provide for flexibility and set forth 
the conditions under which they are applicable, it is not expected 
that material deviation therefrom as to fundamental principles will 
be recognized unless full information is submitted as to the reason- 
ableness of such departure and the need therefor; 

These Standards of Good Engineering Practice will necessarily 
change as progress is made in the art and accordingly it will be 
necessary to make revisions from time'totime. The Commission will 
accumulate and analyze engineering data available as to the progress 
of the art so that its standards may be kept current with the de- 
velopments. 

2. FURTHER REQUIREMENTS FOR POWER MEASUREMENTS 
Section 3.54 states that the antenna input power determined by 

direct measurement is the square of the antenna current times the 
antenna resistance at the point where the current is measured and 
at the operating frequency, and sets forth certain requirements re- 
lative to the determination of the resistance and measurement of the 
antenna current. 

The Commission does not specify any particular method of making 
antenna resistance measurements. Measurements mace by any standard 
method will be accepted provided satisfactory evidence is submitted 
in accordance with the following as to the procedure used, accuracy 
of the instruments and qualifications of the engineer conducting the 
measurements. 

The resistance variation method, substitution method and bridge 
method are acceptable methods for measuring the total antenna resis- 
tance and the following general instructions are given as a guide. 

The apparatus required is as follows: 

(a) Radio frequency generator to cover the frequency range 
necessary, power 50 watts or required power when using 
bridge method. 

2 



D Wavemeter for broadcasting frequency, accuracy 0.25%. 
c Decade resistor having steps of units, tens, and hun- 

dreds ohms resistance, or equivalent, accuracy 1.0%. 
(d) Radio frequency galvanometer or milliammeter of ap- 

proved type, accuracy 2.0%. 
(e) Approved tuning condenser of approximately 0.001 Mfd. 

capacity and tuning inductance of approximately 60 Mh. 
(f) Or suitable bridge if this method is used. 

The broadcast transmitter is not usually satisfactory for use 
as the source of radio frequencies. The maximum power dissipated 
in the antenna while making measurements should not be over 10% of 
the power available from the radio frequency generator. 

An accurate determination of the antenna resistance can only 
be made by taking aseries of measurements each fora different fre- 
quency. From 10 to 12 resistance measurements covering a band 50 
to 60 kc. wide with the operating frequency near the middle of the 
band must be made to give data from which accurate results may be 
obtained. The values measured should be plotted with frequency as 
abscissa and resistance in ohms as ordinate and a smooth curve drawn. 
The point on the ordinate where this curve intersects the operating 
frequency gives the value of the antenna resistance. 

In order to comply with the provisions of Sec. 3.54 the follow- 
ing data should be submitted in duplicate to the Commission in af- 
fidavit form, accompanied by duplicate copies of FCC Form 306 prop- 
erly executed: 

1. Complete data taken. 

2. The graph drawn. 

3. Description of method used to take readings (include sche- 
matic circuit diagrams of the measurement circuit and of the 
antenna system showing point of measurement and location in 

circuit of both regular and remote antenna ammeters). 

4. Manufacturer's name of each calibrated instrument used and 
manufacturer's rated accuracy. 

5. Accuracy, date and by whom each instrument was last cali- 
brated. 

6. Qualifications of engineer making measurements. 

licensees of broadcast stations authorized toemploy direction- 
al antenna systems desiring todetermine the operating power by di- 
rect measurement of the antenna power shall determine the resistance 
by the following method: 

Measure the resistance at the point of common radio frequency 
input to the directional antenna system. The following conditions 
and procedure shall obtain: 

(a) The antenna shall be finally adjusted for the required 
pattern. 

(b) The reactance at the operating frequency and at the 
point of measurement shall be adjusted to zero or as near 
thereto as practical. 

(c) Suitable radio frequency bridge or other method shall 
be employed to determine the resistance and reactance at the 
point of common radio frequency input in the same manner as 
set forth above for a single antenna. 

(d) Resistance and reactance measurements at approximately 
5, 10, 15, and 20 kc. on each side of the operating frequen- 
cy shall be made. The values measured shall be plotted and 
the resistance at the operating frequency determined in the 
same manner as for a single element antenna. 

(e) A permanently installed antenna ammeter stall be 
placed in each element of the system as well as at the point 
of measurement of resistance with the remote reading am- 
meters located in the transmitter room. The application for 
authority to determine the power by the direct method shall 
specify not only the current at the point of resistance 
measurement for the authorized input power (i2R in accord- 
ance with Section 3.54 and (f) below), but also the current 
of each element of the system when adjusted for the required 
pattern and for the authorized operating power. 

(f) The license for a station of power of 5 kw. or under, 
which employs a directional antenna and determines the power 
by the direct method, will specify the antenna resistance as 

3 
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92.5% of that determined at the point of common input in ac- 
cordance with the above. The resistance specified for sta- 
tions of a power over 5 kw. will be 95% of that determined 
at the point of common input. 

3. POWER RATING OF VACUUM TUBES 

Section 3.42 requires that the maximum rated carrier power of 

a standard broadcast transmitter shall be determined as the sum of 

the applicable power ratings o.f the vacuum tubes employed in the 
last radio stage. The approved power ratings of vacuum tubes for 

operation in the last radio stages of broadcast transmitters are 
fixed as set out in tables A, B, BC, C, and D. 

4. REQUIREMENTS FOR APPROVAL OF POWER RATING 
OF VACUUM TUBES 

Section 3.42 (c) requires that only vacuum tubes of approved 
rating be employed in the last radio stages of standard broadcast 
transmitters and that such approved ratings will be given only 
upon submission of the ratings by the manufacturer. 

These ratings shall be supplied under oath in the following 
table form: 

TABLE (A, B, C, OR D) - CLASS OF OPERATION 

(State whether for plate modulation in the last radio stage, low 
level modulation, or grid modulation in the last radio stage. See 
section 3.52) 

TYPE OF TUBE Epn Epmn Ipn Ipmn RL Ec POWER 
RATING 

The value of Epn and Ipn are hose values tha are recom- 
mended by the manufacturers for operation at the power rating 
specified. The values of Epmn and Ipmn are the maximum continuous 
operating values that the manufacturers will stand by their guar- 
antee on the tube specified .when used in the class of service 
above set out. 

The power ratings given above are to apply when the following 
conditions and limitations as to operation prevail. 

(1) The vacuum tubes are to be used in the last radio 
stage of standard broadcast transmitters. 

(2) On the broadcast frequencies of 550 to 1600 kc., in- 
clusive. 

(3) The percentage of amplitude distortion or harmonic 
generation by the entire transmitter (from microphone ter- 
minals to antenna outputs) is not to be over 10 percent at 
100 percent modulation. The radio harmonics are not to 
exceed the amount considered in accordance with good engi- 
neering practice. (See section 3.46 and "Construction, 
General Operation and Safety of Life Requirements" to comply 
with section 3.46) 

(4) The ventilation, cooling, general conoition of cir- 
cuits with respect to tuning, impedance match, and mainten- 
ance are to be those encountered in the average broadcast 
station and in accordance with good engineering practice. 
The operation, general maintenance, and adjustments are to 
be those ordinarily encountered in a broadcast station. 

(5) The regulation of the power supply is to be that which 
has been found to exist throughout the United States where 
broadcast stations are located or may be located. 

(6) Table A should give the power rating for use in trans- 
mitter employing plate modulation in last radio stage under 
the above specified conditions. (See section 3.52, Table A) 

(7) Table B should give the rating for use in transmitter 
employing low level modulation under the above specified 
conditions. (See section 3.52, Table B) 
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8. Tables C and D should give the power rating for use in 

transmitters employing grid modulation in the last radio 
stage under the above Specified conditions and plate effici- 
encies of 25 and 35 percent, respectively. (Request for 
approval of ratings for grid modulation in the last radio 
stage should specify whether the operating efficiency is t0 

be 25 percent or 35 percent. No tube will be approved for 
both efficiencies. See Section 3.52, Table C.) 

9. The operating power of the transmitter is to be deter- 
mined by sections 3.51, 3.52, 3.53, and 3.5N. 

10. Due consideration will be given to the general standard 
of rating so that tubes manufactured by different firms but 
having practically the same absolute characteristics will 
have approximately the same power rating. 

11. The power rating should be an even power step as recog- 
nized by the Commission's plan of allocation (100 watts, 250 
watts 500 watts, 1000 watts, 5 kw., 10 kw., 25 kw., 50 kw.), 
or other ratings established in "Power Rating of Vacuum 
Tubes". If any other rating is desired, it will be necessary 
to support the request with satisfactory reasors therefor. 

5. PLATE EFFICIENCY OF LAST RADIO STAGE 

Section 3.53 requires that in computing the operating power 
of standard broadcast stations by the indirect method the effici- 
ency factors specified in section 3.52 shall apply in all cases 
and no distinction will be recognized due to the operating power 
being less than the maxinum rated carrier power. (See section 
3.52, Table A) 

In compliance with this rule, standard broadcast stations 
permitted to determine the operating power by the indirect method 
in accordance with section 3.51 (b) and to employ greater daytime 
power than nighttime power shall maintain the same operating 
efficiency for both daytime and nighttime operation. (When dif- 
ferent last radio stages With different systems of modulation are 
employed for the two powers, the same principle shall apply; that 
is, the power shall be determined by the plate input :.imes the 
proper efficiency factor and the antenna current shall change in 

proportion to the Square root of the change in power within 5 

percent.) 
To determine whether this condition obtains, the 'ollowing 

procedure should be used: 
The apparent antenna resistance should be computed from the 

daytime (highest power) operating constants and then the night- 
time power in the antenna determined from the 12R, using the 
apparent resistance previously determined. If this computed an- 
tenna power agrees with the nighttime operating power determined 
by the indirect method within plus or minus 5 percent, the station 
is considered as complying with the requirement of maintaining the 

same operating efficiency. In case the antenna current is subject 
to variation due to weather or Other conditions, an attempt Should 
be made to arrive at an average value for the purpose of the com- 
putations referred to herein. 

6. OPERATING POWER TOLERANCE 

Section 3.57 requires that except in case of emergercy beyond 
the control of the licensee, the operating power of each standaro 
broadcast station shall be maintained within the prescribed limits 
of the licensed power. 

Each station shall be operated at all times as near the au- 
thorized power as practicable. However, in order to provide for 

variations in the power supply or other factors affecting the 

operating power which would necessitate continual adjustment to 

keep the operating power exactly the same as the authorized power, 
the operating power may be permitted to vary from 5 percent above 
to 10 percent below the authorized power for periods of short 
duration. 

In addition to maintaining the operating power within the 

above limitations, broadcast stations employing directional anten- 
na systems shall maintain the ratio of the antenna currents in the 

elements of the system within 5 percent of that specified by the 
terms of the license or Other instrument of authorization. 
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7. CONSTRUCTION, GENERAL OPERATION, AND 
SAFETY OF LIFE REQUIREMENTS 

Section 3.46 requires that the transmitter proper and asso- ciated transmitting equipment of each broadcast station shall be designed, constructed, and operated in accordance with the stan- dards of good engineering practice in addition to the specific requirements of the Rules and Regulations of the Commission. The specifications deemed necessary to meet the requirements of the Rules and Regulations and good engineering practice with respect to design, construction, and operation of standard broad- cast Stations are set forth below. These specifications will be changed from time to time as the state of the art and the need arises for modified or additional specifications. 
A. DESIGN. The general design of standard broadcast transmitting equipment [main studio m.icroph ne (including tele- phone lines, if used, as to performance only) to antenna output] shall be in accordance with the following specifications. For the points not specifically covered below, the principles set out shall be followed: 

The equipment shall be so designed that: 
1. The maximum rated carrier power (determined by section 3.42) is in accordance with the requirements of section 3.41, 
2. The equipment is capable of satisfactory operation at the authorized operating power or the proposed operating power with modulation of at least 85 or 95 percent with no more distortion than given in (3) below. 
3. The total audio frequency distortion from microphone terminals, including microphone amplifier, to antenna output does not exceed 5 percent harmonics (voltage measurements of arithmetical sum or r.s.s.) when modulated from 0 to 84 percent, and not over 7.5 percent harmonics (voltage meas- urements of arithmetica) sum or r.s.s.) when modulating 85 percent to 95 percent (distortion shall be measured with modulating frequencies of 50, 100, 400, 1000, 5000. and 7500 cycles up to tenth harmonic or 16000 cycles, or any inter- mediate frequency that readings on the frequencies indicate is desirable.) 
4. The audio frequency transmitting characteristics of the equipment from the microphone terminals (including micro- phone amplifier unless microphone frequency correction is included; in which event proper allowance shall be made accordingly) to the antenna output does not depart more than 2 decibels from that at 1000 cycles between 100 and 5000 cycles. 
5. The carrier shift (current) at any percentage of mod- ulation does not exceed 5 percent. 
6. The carrier hum and extraneous noise (exclusive of mi- crophone and studio noises) level (unweighted r.s.s.) is at least 50 decibels below 100 percent modulation for the fre- quency band of 150 to 5000 cycles and at least 40 decibels down outside this range. 
7. The transmitter shall be equipped with suitable indi- cating instruments in accordance with the requirements of section 3.58 and any other instruments necessary for the proper adjustment and operation of the equipment. 
8. Adequate provision is made for varying the transmitter power output between sufficient limits to compensate for excessive variations in line voltage, or other factors which may affect the power output. 
9. The transmitter is equipped with automatic frequency control equipment capable of maintaining the Jperating fre- quency within the limit specified by section 3.59. a. The maximum temperature variation at the crystal from the normal operating temperature shall not be greater than: 1. Plus or minus 0.1° C. when an X or Y cut crystal is em- ployed, or 
2. Plus or minus 1.00 C. when low temperature coefficient crystal is employed. (See "Use of Low Temperature Coeffi- cient Crystals by Broadcast Stations") 
b. Unless otherwise authorized, a thermometer shall be installed in such manner that the temperature at the crystal 
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can be accurately measured within 0.050 C.. for X or Y cut 
crystal or 0.50 for low temperature coefficient crystal. 

c. It is preferable that the tank circuit of the oscilla- 
tor tube be installed in the temperature controlled chamber. 
10. Means are provided for connection and continuous oper- 

ation of approved modulation monitor and approved frequency 
monitor. 

a. The radio frequency energy for operation of the ap- 
proved frequency monitor shall be obtained from a radio 
frequency stage prior to the modulated stage unless the 
monitor is of such design as to permit satisfactory oper- 
ation when otherwise connected and the monitor circuits 
shall be such that the carrier is not heterodyned thereby. 
11. Adequate margin is provided in all component parts to 

avoid overheating at the maximum rated power output. 
B. CONSTRUCTION. In general, the transmitter shall be 

constructed either on racks and panels or in totally enclosed 
frames (the final stages of high power transmitters may be assem- 
bled in open frames provided the equipment is enclosed by a pro- 
tective fence), protected as required by article 810 of the 
National Electrical Code and as set forth below: 

1. Means shall be provided for making all tuning adjust- 
ments, requiring voltages in excess of 350 volts to be 
applied to the circuit, from the front of the panels with 
all access doors closed. 

2. Proper bleeder resistors or other automatic means shall 
be installed across all the condenser banks to remove any 
charge which may remain after the high voltage circuit is 
opened (in certain instances the plate circuit cf the tubes 
may provide such protection;. however, individual approval of 
such shall be obtained by the manufacturer in case of stan- 
dard equipment, and the licensee in case of composite equip- 
ment). 

3. all plate supply and other high voltage equipment, 
including transformers, filters, rectifiers and motor gen- 
erators, shall be protected so as to prevent inj.iry to 
operating personnel. 

a. Commutator guards shall be provided on all high voltage 
rotating machinery (coupling guard on motor generators, 
although desirable, are not required . 

b. Power equipment and control panels of the transmitter 
shall meet the above requirements (exposed 220 volt AC 
switching equipment on the front of the power control pan- 
els is not recommended; however, it is not prohibited). 

c. Power equipment located at a broadcast station but not 
directly associated with the transmitter (not purchased as 
part of same), such as power distribution panels, control 
equipment on indoor or outdoor stations and the substations 
associated therewith, are not under the jurisdiction of the 
Commission; therefore, section 3.116 does not apply. 

d. It is not necessary to protect the equipment in the 
antenna tuning house and the base of the antenna with 
screens and interlocks, provided the doors to the tuning 
house and antenna base are fenced and locked at all times, 
with the keys in the possession of the operator on duty at 
the transmitter. Ungrounded fencing or wires should be 
effectively grounded, either directly or through proper 
static leaks. Lightning protection for the antenna system 
is not specifically required, but should be installed. 

e. The antenna, antenna lead-in, counterpoise (if used), 
etc., shall be installed so as not to present a hazard. The 
antenna may be located close by or at a distance from the 
transmitter building. A properly designed and terminated 
transmission line should be used between the transmitter and 
the antenna when located at a distance. 

4. Metering Equipment. a. All instruments having more 
than 1000 volts potential to ground on the movement shall be 
protected by a cage or cover in addition to the regular 
case. (Some instruments are designed by the manufacturer 
to operate safely with voltages in excess of 1000 volts on 
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the movement. If it can,be shown by the manufacturer's 
rating that the instrument will operate safely at the ap- 
plied potential, additional protection is not necessary). 

b. In case the plate voltmeter is located on the low po- 
tential side of the multiplier resistor with one terminal 
of the instrument at or less than 1000 volts above ground, 
no protective case is required. However, it is good prac- 
tice to protect voltmeters subject to more than 5000 volts 
with suitable over -voltage protective devices across the 
instrument terminals in case the winding opens. 

c. The antenna ammeters (both regular and remote and any 
other radio frequency instrument which it is necessary for 
the operator to read) shall be so installed as to be easily 
and accurately read without the operator having to risk 
contact with circuits carrying high potential radio fre- 
quency energy. 

C. WIRING AND SHIELDING. 1. The transmitter panels or 
units shall be wired in accordance with standard switchboard prac- 
tice, either with insulated leads properly cabled and supported or 
with rigid bus bar properly insulated and protected. 

2. Wiring between units of the transmitter, with the ex- 
ception of circuits carrying radio frequency energy, shall 
be installed in conduits or approved fiber or metal raceways 
to protect it from mechanical injury. 

3. Circuits carrying low level radio frequency energy be- 
tween units shall De either concentric tube, two wire bal- 
anced lines, or properly shielded to prevent the pickup of 
modulated radio frequency energy from the output circuits. 

4. Each stage (including the oscillator) preceding the 
modulated stage shall be properly shielded and filtered to 
prevent unintentional feedback from any circuit following 
the modulated stage (an exception to this requirement may be 
made in the case of high level modulated transmitters of 
approved manufacture which have been properly engineered to 
prevent reaction). 

5. The crystal chamber, together with the conductor or 
conductors to the oscillator circuit shall be totally 
shielded. 

6. The monitors and the radio frequency lines to the 
transmitter shall be thoroughly shielded. 

D. INSTALLATION. 1. The installation shall be made in 
suitable quarters. 

2. Since an operator must be on duty during operation, 
suitable facilities for his welfare and comfort shall be 
provided. 

E. SPARE TUBES. A spare tube of every type employed in 
the transmitter and frequency and modulation monitors shall be 
kept on hand. when more than one tube of any type are employed, 
the following table determines the number of spares of that type 
required: 

NUMBER OF EACH TYPE EMPLOYED SPARES REQUIRED 
1 or 2 1 

3 to 5 

6 to B 3 

9 or more 

F. OPERATION. In addition to the specific requirements 
of the rules governing standard broadcast stations, the'following 
operating requirements shall be observed: 

1. The maximum percentage of modulation shall be main- 
tained at as high level as practicable without causing 
undue audio frequency harmonics, which shall not be in ex- 
cess of 10 percert when operating with 85 percent modula- 
tion. 

2. Spurious emissions, including radio frequency harmonics 
and audio frequency harmonics, shall be maintained at as low 
a level as practicable at all times in accordance with good 
engineering pract;ce. 
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3. In the event interference is caused to other stations 
by modulating frequencies in excess of 7500 cycles or spur- 
ious emissions, including radio frequency harmonics and 
audio frequency harmonics outside the band plus or minus 
7500 cycles of the authorized carrier frequency, the licen- 
see shall install equipment or make adjustments which limit 
the emissions to within this band or to such an extent above 
7500 cycles as to reduce the interference to where it is no 
longer objectionable. 

S. The operating power shall be maintained within the 
limits of 5 percent above and 10 percent below the author- 
ized operating power and shall be maintained as near as 
practicable to the authorized operating power. 

5. Licensees of broadcast stations employing directional 
antenna systems shall maintain the ratio of the currents in 
the elements of the array within 5'percent of that specified 
by the terms of the license or other instrument of author- 
ization. 

6. In case of excessive shift in operating frequency du- 
ring warm-up periods, the crystal oscillator shall be oper- 
ated continuously. The automatic temperature control cir- 
cuits should be operated continuously under all circum- 
stances. 

G. STUDIO EQUIPMENT. The studio equipment shall be sub- 
ject to all the above requirements where applicable except as 
follows: 

1. If it is properly covered by an underwriter's certi- 
ficate, it will be considered as satisfying the safety 
requirements. 

2. Section 8191 of article 810 of the National Electrical 
Code shall apply for voltages only when in excess of 500 
volts. 

No specific requirements are made relative to the design and 
accoustical treatment. However, the stud,os and particularly the 
main studio should be in accordance with the standard practice 
for the class of station concerned, keeping the noise level as 
low as reasonably possible. 

8. INDICATING INSTRUMENTS PURSUANT TO SECTION 3.56 

Section 3.58 requires that each standard broadcast station 
shall be equipped with suitable indicating instruments cf accep- 
ted accuracy to measure the antenna current, direct plate circuit 
voltage, and the direct plate curcuit current of the last radio 
stage. 

The following requirements and specifications shall apply to 
indicating instruments used by standard broadcast stations in 
compliance with this rule: 

A. Instruments indicating the plate current or plate voltage 
of the last radio stage (linear scale instruments), Shall meet 
the following specifications: 

1. Length of scale shall be not less than 2.3 inches. 

2. Accuracy shall be at least 2 percent of the full scale 
reading. 

3. The maximum rating of the meter shall be such that it 

does not read off scale during modulation. 
U. Scale shall have at least 40 divisions. 

5. Full scale reading shall not be greater than five times 
the minimum normal indication. 

B. Instruments indicating the antenna current shall meet the 
following specifications: 

1. Instruments having logarithmic or square law scales. 
a. Shall meet the same requirements as 1, 2, and 3 above 

for linear scale instruments. 
b. Full scale reading shall not be greater Iban three 

times the minimum normal indication. 
c. No scale division above one-third full scale reading 

(in amperes) shall be greater than one -thirtieth of the full 
scale reading. (Example: An ammeter meeting requirement 
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(a) above having full scale reading of 6 amperes is accept- 
able for reading currents from 2 to 6 amperes, provided no 
scale division between 2 and 6 amperes is greater than one - 
thirtieth of 6 amperes, or 0.2 ampere.) 

2. Radio frequency instruments having expanded scales. 
a. Shall meet same requirements as 1, 2, and 3 for linear 

scale instruments. 

b. Full scale reading shall not be greater than five times 
the minimum normal indication. 

c. No scale division above one -fifth full scale reading 
(in amperes) shall be greater than one -fiftieth of the full 
scale reading. (Example: An ammeter meeting the requirement 
(a) above is acceptable for indicating currents from 1 to 5 

amperes, provided no division between 1 and 5 amperes is 
greater than one -fiftieth of 5 amperes, 0.1 ampere.) 

d. Manufacturers of instruments of the expanded scale type 
must submit data to the Commission showing that these instru- 
ments have acceptable expanded scales, and the type number 
of these instruments must include suitable designation. 

3. Remote reading antenna ammeters may be employed and the 
indications logged as the antenna current in accordance with 
the following: 

a. Remote reading antenna ammeters may be provided by: 

1. Inserting second thermocouple directly in the antenna 
circuit with remote leads to the indicating instrument. 

2. Inductive coupling to thermocouple or other device for 
providing direct current to indicating instrument. 

3. Capacity coupling to thermocouple or other device for 
providing direct current to indicating instrument. 

u. Current transformer connected to second thermocouple or 
other device for providing direct current to indicating 
instrument. 

5. Using transmission line current meter at transmitter as 
remote reading ammeter. See paragraph (h) below. 

6. Using indications of phase monitor for determining the 
ratio of antenna currents in the case of directional anten- 
nas, provided the indicating instruments in the unit are 
connected directly in the current sampling circuits with no 
other shunt circuits of any nature. 

b. A thermocouple type ammeter meeting the above require- 
ments shall be permanently installed in the antenna circuit. 
(This thermocouple ammeter may be so connected that it is 
short circuited or open circuited whén not actually being 
read. If open circuited, a make -before -break switch must be 
employed.) 

c. The remote ammeter shall be connected at. the same point 
in the antenna circuit as the thermocouple ammeter or shall 
be so connected and calibrated as to read in amperes within 
2 percent of this meter over the entire range above one- 
third or one -fifth full scale. See sections B 1 (c) and 
B 2 (c) above respectively. 

d. The regular antenna ammeter shall be above the coupling 
to the remote meter in the antenna circuit so it does not 
read the current to ground through the remote meter. 

e. All remote meters shall meet the same requirements as 
the regular antenna ammeter with respect to scale accuracy, 
etc. 

f. Calibration shall be checked against the regular meter 
at least once a week. 

g All remote meters shall be provided with shielding or 
filters as necessary to prevent any feedback from the an- 
tenna to the transmitter. 

h. In the case of shunt excited antennas, the transmission 
line current meter at the transmitter may be considered as 
the remote antenna ammeter provided the transmission line is 
terminated directly into the excitation circuit feed line, 
which shall employ series tuning only (no shunt circuits of 
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any type shall be employed), and insofar as qualified and 
equipped instrument repair service. In either case the 
instrument must be resealed with the symbol or trade mark of 
the repair service and a certificate of calibration supplied 
therewith. 

i. Remote reading antenna ammeters employing vacuum tube 
rectifiers are acceptable, provided: 

1. The indicating instruments shall meet all the above 
requirements for linear scale instruments. 

2. Data are submitted under oats showing the unit has an 
overall accuracy of at least 2 percent of the full scale 
reading. 

3. The installation, calibration, and checking are in 
accordance with the above requirements. 

j. In the event there is any question as to the me!hod of 
providing or the accuracy of the remote meter, the burden of 
proof of satisfactory performance shall be upon the licen- 
see and the manufacturer of the equipment. 

C. Stations determining power by the indirect methed may log 
the transmission line current in lieu of the antenna cu rent pro- 
vided the instrument meets the above requirements for antenna 
ammeters, and further provided that the ratio between the trans- 
mission line current and the antenna current is entered each time 
in the log. In case the station is authorized for the same oper- 
ating power for both day and nighttime operation, this ratio shall 
be checked at least once daily. Stations which are authorized to 
operate with nighttime power different from the daytime power 
shall check the ratio for each power at least once daily. 

D. No instruments indicating the plate current or plate volt- 
age of the last radio stage, the antenna current or the transmis- 
sion line current when logged, in lieu of the antenna current 
shall be changed or replaced without written authority of the 
Commission, except by instruments of the same make, type, maximum 
scale readings, and accuracy. Requests for authority to change an 
instrument may be made by letter or telegram giving the manufac- 
turer's name, type number, serial number and full scale reading of 
the proposed instrument and the values of current or voltage the 
instrument will be employed to indicate. Requests for temporary 
authority to operate without an instrument or with a substitute 
instrument may be made by letter or telegram stating the necessity 
therefor and the period involved. 

E. NO instrument, the seal of which has been broken, or the 
accuracy of which is questionable, shall be employed. Any instru- 
ment which was not originally sealed by the manufacturer that has 
been opened shall not be used until it has been recalibrated and 
sealed in accordance with the following: Repairs and recalibration 
of instruments shall be made by the manufacturer, by an authorized 
instrument repair service of the manufacturer or by some other 
properly qualified and equipped instrument repair service. In 
either case the instrument must be resealed with the symbol or 
trade mark of the repair service and a certificate of calibration 
supplied therewith. 

F. Since it is usually impractical to measure the actual 
antenna current of a shunt excited antenna system, the current 
measured at the input of the excitation circuit feed line is ac- 
cepted as the antenna current. 

G. Recording instruments may be employed in addition to the 
indicating instruments to record the antenna current and the di- 
rect plate current and direct plate voltage of the last radio 
stage provided that they do not affect the operation of the cir- 
cuits or accuracy of the indicating instruments. If the records 
are to be used in any proceedings before the Commission as repre- 
sentation of operation with respect to plate or antenna current 
and plate voltage only, the accuracy must be the equivalent of the 
indicating instruments and the calibration shall be checked at 
such intervals as to insure the retention of the accuracy. 

H. The function of each instrument shall be clearly and per- 
manently shown on the instrument itself or on the panel .mmediate- 
ly adjacent thereto. 
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PART 3 - RULES GOVERNING STANDARD AND 

HIGH -FREQUENCY BROADCAST STATIONS 

SUBPART A - RULES GOVERNING STANDARD BROADCAST STATIONS 

DEFINITIONS 

3.1 STANDARD BROADCAST STATION. The term "standard broadcast 
Station" means a station licensed for the transmission of radio- 
telephone emissions primarily intended to be received by the gen- 
eral public and operated on a channel in the bard 550-1600 kilo- 
cycles, inclusive. 

3.2 STANDARD BROADCAST BAND. The term "standard broadcast 
band" means the band of frequencies extending from 550-1600 kilo- 
cycles, inclusive, both 550 kilocycles and 1600 kilocycles being 
the carrier frequencies of broadcast channels. 

3.3 STANDARD BROADCAST CHANNEL. The term "standard broadcast 
channel" means the band of frequencies occupied by the carrier and 
two sidebands of a broadcast signal with the carrier frequency at 

the center. Channels shall be designated by their assigned carri- 
er frequencies. Carrier frequencies assigned to standard broad- 
cast stations shall begin at 550 kilocycles and be in successive 
steps of 10 kilocycles. 

3.4 DOMINANT STATION. The term "dominant station" means a 

class I station, as hereinafter defined, operating on a clear 
channel. 

3.5 SECONDARY STATION. The term "secondary station" means 
any station except a class I station operating on a clear channel. 

3.6 DAYTIME. The term "daytime" means that period of time 
between local sunrise and local sunset. 

3.7 NIGHTTIME. The term "nighttime" means that period of 

time between local sunset and 12 midnight local standard time. 

3.8 SUNRISE AND SUNSET. The terms "sunrise and sunset" mean, 
for each particular location and during any particular month, the 
average time of sunrise and sunset as specified in the license of 

a broadcast station. (For tabulation of average sunrise and sun- 
set times for each month at various points in the United States, 
see "Average Sunrise and Sunset Times.") 

3.9 BROADCAST DAY. The term "broadcast day" means that 
period of time between local sunrise and 12 midnight local stand- 
ard time. 

3.10 EXPERIMENTAL PERIOD. The term "experimental period" 
means that time between 12 midnight and loca sunrise. This 
period may be used for experimental purposes in testing and main- 
taining apparatus by the licensee of any standard broadcast sta- 
tion on its assigned frequency and with its authorized power, 
provided no interference is caused to other stations maintaining 
a regular operating schedule within such period. No station 
licensed for "daytime" or "specified hours" of operation may 
broadcast any regular or scheduled program during this period. 

3.11 SERvICE AREAS. (a) The term "Primary service area" of 
a broadcast station means the area in which the ground wave is not 
subject to objectionable interference or objectionable fading. 

(b) The term "secondary service area" of a broadcast station 
means the area served by the sky wave and not subject to objec- 
tionable interference. The signal is subject to intermittent 
variations in intensity. 

(c) The term "intermittent service area" of a broadcast sta- 
tion means the area receiving service from the ground wave but 
beyond the primary service area and subject to some interference 
and fading. 

3.12 MAIN STUDIO. The term "main studio" means, as to any 
station, the studio from which the majority of its local programs 
originate, and -or from which a majority of its station announce- 
ments are made of programs originating at remote points. 

3.13 PORTABLE TRANSMITTER. The term "portable transmitter" 
means a transmitter so constructed that it may be moved about con- 
veniently from plate to place, and is in fact so moved about from 
time to time, but not ordinarily used while in motion. In the 
standard broadcast band, such a transmitter is used in making 
field intensity measurements for locating a transmitter site for a 
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standard broadcast station. A portable broadcast station will not 
be licensed in the standard broadcast band for regular transmis- 
sion of programs intended to be received by the public. 

3.14 AUXILIARY TRANSMITTER. The term "auxiliary transmitter" 
means a transmitter maintained only for transmitting the regular 
programs of a station in case of failure of the main transmitter. 

3.15 COMBINED AUDIO HARMONICS. The term "combined audio 
harmonics" means the arithmetical sum of the amplitudes of all the 
separate harmonic components. Root sum square harmonic readings 
may be accepted under conditions prescribed by the Commission. 

3.16 EFFECTIVE FIELD. The term "effective field" or "effec- 
tive field intensity" is the root -mean -square (RMS) value of the 
inverse distance fields at a distance of 1 mile from the antenna 
in all directions in the horizontal plane. 

EQUIPMENT 
3.41 MAXIMUM RATED CARRIER POWER; TOLERANCES. The maximum 

rated carrier power of a standard broadcast transmitter shall not 
be less than the authorized power nor shall it be greater than the 
value specified in the following table: 

CLASS OF STATION 
MAXIMUM POWER AUTHORIZED 

TO STATION 

UM RATED 
CARRIER POWER 
PERMITTED TO 

BE INSTALLED' 

--. Watts 

Class IV 100 or 250 watts 250 

Class III.... 500 or 1,000 Watts 1,000 
5,000 watts 5,000 

Class II 250, 500, or 1,000 Watts 1,000 
5,000 or 10,000 Watts... 10,000 
25,000 or 50,000 watts.. 50,000 

Class I 10,000 Watts 10,000 
25,000 or 50,000 Watts 50,000 

"The maximum rated carrier power must be distinguished from the operating power. 
(See sections 2.18 and 2.19) 

3.42 MAXIMUM RATED CARRIER POWER; HOW DETERMINED. The maxi- 
mum rated carrier power of a standard broadcast transmitter shall 
be determined as the sum of the applicable power ratings of the 
vacuum tubes employed in the last radio stage. 

(a) The power rating of vacuum tubes shall apply to transmit- 
ters employing the different classes of operation or systems of 
modulation as specified in Power Rating of Vacuum Tubes prescribed 
by the Commission. 

(b) If the maximum rated carrier power of any broadcast 
transmitter, as determined by paragraph (a) of this section, does 
not give an exact rating as recbgnized in the Commission's plan of 
allocation, the nearest rating thereto shall apply to such trans- 
mitter. 

(c) Authority will not be granted to employ, in the last 
radio stage of a standard broadcast transmitter, vacuum tubes from 
a manufacturer or of a type number not listed until the manufac- 
turer's rating for the class of operation or system of modulation 
is submitted to and approved by the Commission. These data must 
be supplied by the manufacturer in accordance witn Requirements 
for the Approval of the Power Rating of Vacuum Tubes, prescribed 
by the Commission. 

3.43 CHANGES IN EQUIPMENT; AUTHORITY FOR. No licensee shall 
change, in the last radio stage; the number of vacuum tubes, to 
vacuum tubes of different power rating or class of operation; nor 
shall it change the system of modulation without the authority of 
the Commission. 

3.44 OTHER CHANGES IN EQUIPMENT. Other changes except as 
Provided for in these rules or Standards of Good Engineering Prac- 
tice, prescribed by the Commissidn, which do not affect the max- 
imum power rating or operating power of the transmitter or the 
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operation or precision of the frequency control equipment may be 

made at any time without authority of the Commission, but in the 

next succeeding application for renewal of license such changes 

which affect the information already on file Shall be shown in 

full. 
3.45 RADIATING SISTEM. (a) All applicants for new, addition- 

al, or different broadcast facilities and all licensees requesting 

authority to move the transmitter of an existing Station shall 

specify a radiating system the efficiency of which complies with 

the requirements of good engineering practice for the class and 

power of the station. (Also see Use of Common Antenna by Standard 

Broadcast Stations or Another Radio Station.) 

(b) The Commission will publish from time tb time Specifica- 
tions deemed necessary to meet the requirements of good engineer- 
ing practice. (See Minimum Antenna Heights or Field Intensity 

Requirements and Field Intensity Measurements in Allocation, 
sec. A.) 

(c) No broadcasf station licensee shall change the physical 

height of the transmitting antenna, or supporting structures, or 

make any changes in the radiating system which will measurably 

alter the radiation patterns, except upon written application to, 

and authority from, the Commission. 

(d) The antenna and -or supporting structure shall be painted 

and illuminated in accordance with the specifications supplied by 

the Commission pursuant to Section 303 (q) of the Communications 
Act of 1934, as amended. (See Standard Lamps and Paints) 

(e) The simultaneous use of a common antenna or antenna 
structure by two standard broadcast stations or by a standard 
broadcast station and a station of any other class or service will 

not be authorized unless both stations are licensed to the same 

licensee. (See Use of Common Antenna by Standard Broadcast Sta- 

tions or Another Radio Station.) 

3.46 TRANSMITTER. (a) The transmitter proper and associated 

transmitting equipment of each broadcast station shall be de- 

signed, constructed, and operated in accordance with the standards 

of good engineering practice in all phases not otherwise specific- 

ally included in these regulations. 

(b) The transmitter shall be wired and shielded in accordance 
with good engineering practice and shall be prodided with safety 

features in accordance with the specifications pf article 810 of 

the current National Electrical Code as approved by the American 

Standards Association. 
(c) The station equipment shall be so operated, tuned, and 

adjusted that emissions are not radiated outside the authorized 
band which cause or which, in accordance with the Standards of 

Good Engineering practice. are considered as being capable of 

causing interference to the communications of other stations. The 

spurious emissions, including radio frequency harmonics and audio 
frequency harmonics, shall be maintained at as low level as re- 

quired by good engineering practice. The audio distortion, audio 
frequency range, carrier hum, noise level, and other essential 
phases of the operation which control the external effects shall 

at all times conform to the requirements of good engineering prac- 

tice. 

(d) whenever, in this section, the term "good engineering 
practice" is used, the specifications deemed necessary to meet the 

requirements thereof will be published from time to time. (See 

Construction, General Operation and Safety of Life Requirements.) 

TECHNICAL OPERATION 

3.51 OPERATING POWER; HOW DETERMINED. The operating power of 

each standard broadcast station shall be determined ty: 

(a) Direct measurement of the antenna power in accordance 
with section 3.54. 

(1) Each new standard broadcast station. 

(2) Each existirg standard broadcast station after June 1, 

1941. 

(b) Indirect measurement by means of the plate input power to 

the last radio stage on a temporary basis in accordance with sec- 
tions 3.52 and 3.53. 
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(1) In the case of existing standard broadcast stations 
and pending compliance with paragraph (a) (2) of this sec- 
tionr. 

(2) In case of an emergency where the licensed antenna has 
been damaged or destroyed by storm or other cause beyond the 
control of the licensee or pending completion of authorized 
changes in the antenna system. 

(c) Upon making any change in the antenna system, or in the 
antenna current measuring instruments, or any other change which 
may change the characteristics of the antenna, the licensee shall 
immediately make a new determination of the antenna resistance 
(see section 3.54) and shall submit application for authority to 
determine power by the direct method on the basis of the new 
measurements. 

3.52 OPERATING POWER; INDIRECT MEASUREMENT. The operating 
power determined by indirect measurement from the plate input 
power of the last radio stage is the product of the plate voltage 
(Ep), the total plate current of the last radio stage (Ip), and 
the proper factor (F) given in the following tables; that is: 

OPERATING POWER = Ep x Ip x F 

A. Factor to be used for stations employing plate modulation in the last radio stage. 

Maximum Rated Carrier Power Factor (F) to be used in de - 
Of Transmitter2 terminíng the operating power 

from :he plate input power 

100 - 1,000 Watts 0.70 
5,000 and over Watts .80 

8. Factor to be used for stations of all powers using low-level modulation. 

Factor (F) to be used in de- 
termining the operating power 
from the plate input power 

Class 8 .35 
Class 8C3 .65 

Class of Power Amplifier 
In The Last Radio Stage 

C. Factors to be used for stations of all powers employing grid modulation in the last 
radio stage.1 

Type of Tube In The 
Last Radio Stage 

Factor (F) to be used in de- 
termining the operating power 
from the plate input power 

Table C 0.25 
Table 01 .35 

1See Power Rating of vacuum Tubes. 
2The maximum rated carrier power must be distinguished from the operating power.(See 
Sections 2.18 and 2.19). 

3A11 linear amplifier operation where efficiency approaches that of Class C operation. 

3.53 APPLICATION OF EFFICIENCY FACTORS. In computing oper- 
ating power by indirect measurement the above factors shall apply 
in all cases, and no distinction will be recognized due to the 
operating power being less than the maximum rated carrier power. 
(See Plate Efficiency of Last Radio Stage.) 

3.54 OPERATING POWER; DIRECT MEASUREMENT. The antenna input 
power determined by direct measurement is the square of the an- 
tenna current times the antenna resistance at the point where the 
current is measured and at the operating frequency. Direct meas- 
urement of the antenna input power will be accepted as the oper- 
ating power of the station, provided the data on the antenna re- 
sistance measurements are submitted under oath giving detailed 
description of the method used and the data taken. The antenna 
current shall be measured by an ammeter of accepted accuracy. 
These data must be submitted to and approved by the Commission 
before any licensee will be authorized to operate by this method 
of power determination. The antenna ammeter shall not be changed 
to one of different type, maximum reading, or accuracy without the 
authority of the Commission. If any change is made in the antenna 
system or any change made which may affect the antenna system, the 
method of determining operating power shall be changed immediately 
to the indirect method. (See Further ;Requirements for Direct 
Measurements of Power.) 
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3.55 MODULATION. (a) A licensee of a broadcast station will 

not be authorized to operate a transmitter unless it is capable of 

delivering Satisfactorily the authorized power with a modulation 
of at least 85 percent. When the transmitter is operated with 85 

percent modulation, not over 10 percent combined audio frequency 
harmonics shall be generated by the transmitter. 

(b) All broadcast stations shall have in operation a modula- 
tion monitor approved by the Commission. 

(c) The operating percentage of modulation of all stations 
shall be maintained as high as possible consistent with good 
quality of transmission and good broadcast practice and in no case 

less than 85 percent on peaks of frequent recurrence during any 
selection which normally is transmitted at the highest level of 

the program under consideration. 
(d) The Commission will, from time to time, publish the spe- 

cifications, requirements for approval, and a list of approved 
modulation monitors. (See Approved Modulation Monitors and also 
Requirements for Approval of Modulation Monitors.) 

3.56 MODULATION; .DATA REQUIRED. A licensee of a broadcast 
station claiming a greater percentage of modulation than the fun- 
damental design indicates can be procured shall submit full data 
showing the antenna input power by direct measurement and complete 
information, either oscillogr.ams or other acceptable data, to show 
that a modulation of 85 percent or more, with not over 10 percent 
combined audio harmonics, can be obtained with the transmitter 
operated at the maximum authorized power. 

3.57 OPERATING POWER; MAINTENANCE OF. The licensee of a 

broadcast station shall maintain the operating power of the sta- 
tion within the prescribed limits of the licensed power at all 
times except that in an emergency when, due to causes beyond the 
control of the licensee, it becomes impossible to operate with the 
fuTl licensed power, the station may be operated at reduced power 
for a period of not to exceed 10 days, provided that the Commis- 
sion and the Inspector in Charge shall be notified in writing 
immediately after the emergency develops. (See Operating Power 
Tolerance.) 

3.58 INDICATING INSTRUMENTS. Each broadcast station shall be 

equipped with suitable indicating instruments of accepted accuracy 
to measure the antenna current, direct plate circuit voltage, and 
the direct plate circuit current of the last radio stage. These 
indicating instruments shall not be changed or replaced, without 
authority of the Commission, except by instruments of the same 
type, maximum scale reading, and accuracy. (See Indicating 
Instruments Pursuant to section 3.58) 

3.59 FREQUENCY TOLERANCE. The operating frequency of each 
broadcast station shall be maintained within 50 cycles of the 
assigned frequency until January 1, 1940, and thereafter the fre- 
quency of each new station or each station where a new transmitter 
De installed shall be maintained within 20 cycles of the assigned 
frequency, and after January 1, 1942, the frequency of all sta- 
tions shall be maintained within 20 cycles of the assigned fre- 
quency. 

3.60 FREQUENCY MONITOR. The licensee of each standard broad- 
cast station shall have in operation at the transmitter a frequen- 
cy monitor independent of the frequency control of the transmit- 
ter. The frequency monitor shall be approved by the Commission. 
It shall have a stability and accuracy of at least 5parts per 
million. (See Approved Frequency Monitors and also Requirements 
for Approval of Frequency Monitors.) 

3.61 NEW EQUIPMENT; RESTRICTIONS. The commission will 
authorize the installation of new transmitting equipment in a 

broadcast station or changes in the frequency control of an exis- 
ting transmitter only if such equipment is so designed that there 
is reasonable assurance that the transmitter is capable of main- 
taining automatically the assigned frequency within the limits 
specified in section 3.59. 

3.62 AUTOMATIC FREQUENCY CONTROL EQUIPMENT; AUTIORIZATION 
REQUIRED. New automatic frequency control equipment and changes 
in existing automatic frequency control equipment that may affect 
the precision of frequency control or the operation of the trans- 
mitter shall be installed only upon authorization from the Commis- 
sion. (See Approved Equipment) 
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3.63 AUXILIARY TRANSMITTER. Upon showing that a need exists 
for the use of an auxiliary transmitter in addition to the regular 
transmitter of a broadcast station, a license therefor may be 
issued provided that: 

(a) An auxiliary transmitter may be installed either at the 
same location as the main transmitter or at another location. 

(b) A licensed operator shall be in control whenever an 
auxiliary transmitter is placed in operation. 

(c) The auxiliary transmitter shall be maintained so that it 

may be put into immediate operation at any time for the following 
purposes: 

(1) The transmission of the regular programs upan the 
failure of the main transmitter. 

(2) The transmission of regular programs during mainten- 
ance or modification work on the main transmitter, necessi- 
tating discontinuance of its operation for a period not to 
exceed five days. 

(3) Upon request by a duly authorized representative of 
the Commission. 

(d) The auxiliary transmitter shall be tested at least .once 
each week to determine that it is in proper operating condition 
and that it is adjusted to the proper frequency, except that in 
case of operation in accordance with paragraph (c) o' this section 
during any week, the test in that week may be omitted provided the 
operation under paragraph (c) is satisfactory. A record shall be 
kept of the time and result of each test operating under paragraph 
(c). Tests shall be conducted only between midnight and 9 AM, 
local standard time. 

(e) The auxiliary transmitter shall be equipped with satis- 
factory control equipment which will enable the maintenance of 
the frequency emitted by the station within the limits prescribed 
by these regulations. 

(f) An auxiliary transmitter which is licensed at a geograph- 
ical location different from that of the main transmitter shall 
be equipped with a frequency control which will automaticelly hold 
the frequency within the limits prescribed by these regulations 
without any manual adjustment during operation or when it is being 
put into operation. 

(g) The operating power of an auxiliary transmitter may be 
less than the authorized power, but in no event shall it be great- 
er than such power. 

3.64 DUPLICATE MAIN TRANSMITTERS. The licensee of a standard 
broadcast station may be licensed for duplicate main transmitters 
provided that a technical need for such duplicate transmitters is 
shown and that the following conditions are met: 

(a) Both transmitters are located at the same place. 

(b) The transmitters have the same power rating. 

(c) The external effects from both transmitters is substan- 
tially the same as to frequency stability, reliability of oper- 
ation, radio harmonics and other spurious emissions, audio fre- 
quency range and audio harmonic generation in the transmitter. 

OPERATION 
3.71 MINIMUM OPERATING SCHEDULE. Except Sundays, the licen- 

see of each standard broaccast station shall maintain a minimum 
operating schedule of two-thirds of the total hours that it is 
authorized to operate between 6 AM and 6 PM, local standard time, 
and two-thirds of the total hours it is authorized to operate 
between 6 PM and midnight, local standard time, except that in an 
emergency when, due to causes beyond the control of the licensee, 
it becomes impossible to continue operating, the station may 
cease operation for a period of not to exceed 10 days, orovided 
that the Commission and the Inspector in Charge shall be notified 
in writing immediately after the emergency develops. 

3.72 OPERATION DURING EXPERIMENTAL PERIOD. The licensee of 
each standard broadcast station shall operate or refrain from 
operating its station during the experimental period as directed 
by the Commission in order to facilitate frequency measurement or 

23 



for the determination of interference. (Stations involved in the 
after -midnight frequency monitoring programs are notified of their 
operating and silent schedule.) 

SUBPART B - RULES GOVERNING HIGH -FREQUENCY 
BROADCAST STATIONS 

DEFINITIONS 

3.201 HIGH -FREQUENCY BROADCAST STATION. The term "high -fre- 
quency broadcast station" means a station licensed primarily for 
the transmission of radiotelephone emissions intended to be re- 
ceived by the general public and operated on a channel in the 
frequency broadcast band. 

3.202 HIGH -FREQUENCY BROADCAST BAND. The term "high -frequen- 
cy broadcast band" means the band of frequencies extending from 
43,000 to 50,000 kilocycles, both inclusive. 

3.203 FREQUENCY MODULATION. The term "frequency modulation" 
means a system of modulation of a radio signal in which the fre- 
quency of the carrier wave is varied in accordance with the sig- 
nal to be transmitted while the amplitude of the carrier remains 
constant. 

3.204 CENTER FREQUENCY. The term "center frequency" means 
the frequency of the carrier wave with no modulation (with modu- 
lation, the instantaneous operating frequency swings above and 
below the center frequency. The operating frequency with no mod- 
ulation shall De the center frequency within the frequency toler- 
ance.) 

3.205 HIGH -FREQUENCY BROADCAST CHANNEL. The term "high -fre- 
quency broadcast channel" means a band of frequencies 200 kilo- 
cycles wide and is designated by its center frequency. Channels 
for high -frequency broadcast stations begin at 43,100 kilocycles 
and continue in successive steps of 200 kilocyc'es to and includ- 
ing the frequency 49,900 kilocycles. 

3.206 SERVICE AREA. The term 'service area" of a high -fre- 
quency broadcast station means the area in which the signal is not 
subject to objectionable interference or objectionable fading. 
(High -frequency broadcast stations are considered to have only one 
service area; for determination of such area see Standards of Good 
Engineering Practice for High -Frequency Broadcast Stations.) 

3.207 ANTENNA FIELD GAIN. The term "antenna field gain" of a 

high -frequency broadcast antenna means the ratio of the effective 
free space field intensity produced at one mile in the horizontal 
plane expressed in millivolts per meter for 1 kilowatt antenna 
input power to 137.6. 

3.208 FREE SPACE FIELD INTENSITY. The term "free space field 
intensity" means the field intensity that would exist at a point 
in the absence of waves reflected from the earth or other reflec- 
ting objects. 

3.209 FREQUENCY SWING. The term "frequency swing' is used 
only with respect to frequency modulation and means the instanta- 
neous departure of the carrier frequency from the center frequency 
resulting from modulation. 

3.210 MULTIPLEX TRANSMISSION. The term "multiplex transmis- 
sion" means the simultaneous transmission of two or more signals 
by means of a common carrier wave. (Multiplex transmission as 
applied to high -frequency broadcast stations means the transmis- 
sion of facsimile or other aural signals in addition to the regu- 
lar broadcast signals.) 

3.211 PERCENTAGE MODULATION. The term "percentage modula- 
tion" with respect to frequency modulation means the ratio of the 
actual frequency swing to the frequency swing required for 100 
percent modulation expressed in percentage. (For high -frequency 
broadcast stations, a frequency swing of 75 kilocycles is standard 
for 100 percent modulation.) 

3.212 EXPERIMENTAL PERIOD. The term "experimental period" 
means that period of time between 12 midnight and sunrise. This 
period may be used for experimental purposes in testing and main- 
taining apparatus by the licensee of any high -frequency broadcast 
station, on its assigned frequency and with its authorized power, 
provided no interference is caused to other stations maintaining a 
regular operating schedule within such period. 
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3.213 MAIN STUDIO. The term "main studio" means, as to any 
station, the studio from which the majority of its local programs 
originate, and/or from which a majority of its station announce- 
ments are made of programs originating at remote points. 

ALLOCATION OF FACILITIES 

3.221 BASIS OF LICENSING HIGH -FREQUENCY BROADCAST STATIONS. 
High -frequency broadcast stations shall be licensed to serve a 

specified area in square miles. The contour bounding the service 
area and the radii of the contour shall to determined in accord- 
ance with the Standards of Good Engineering Practice for High - 
Frequency Broadcast Stations. 

3.222 SERVICE AREAS; DEFINITIONS. For the purpose of deter- 
mining the areas to be served by high -frequency broadcast sta- 
tions, the following definitions apply: 

(a) "Basic trade areas" and "limited trade areas" consist of 

areas the boundaries of which are determined by the Commission on 
the basis of showings made in applications as to retail trading 
areas or consumer trading areas and from Government data. Each 
basic trade area includes one "principal city". The boundaries of 
the basic trade areas are adjoining and the aggregate of all such 
areas is the total area of the United States. Each "limited trade 
area" includes one city. The boundaries of limited trade areas 
are not necessarily adjoining. Such areas may include portions of 
other limited trade areas and may extend into more than one basic 
trade area. 

(b) "Principal city" means the largest city or the city or 
cities designated as "principal city" by the Commission, within a 

basic trade area. "City" means any city, town, or borough in a 

basic trade area except the principal city. Each "city" has a 

limited trade area. 
(c) "Rural area" means all land area outside incorporated 

towns or Cities with population greater than 2500 and where the 
density of population is less than 150 per square mile. Incor- 
porated towns or cities with population from 2500 to 5000 without 
a high -frequency broadcast station and not adjacent to larger 
cities may be considered rural area. 

3.223 SERVICE AREAS; ESTABLISHED. The Commission in consid- 
ering applications for high -frequency broadcast stations will 
establish service areas. Such stations will be licensed to serve 
areas having the following characteristics: 

(a) An area comprising a limited trade area and a city. The 
station shall render good service to the city and its service area 
shall conform generally with the limited trade area. 

(b) An area comprising a basic trade area and a principal 
city. The station shall render good service to the principal city 
and its service area shall conform generally with the basic trade 
area; Provided, however, that the station may be licensed to 
serve temporarily an area less than the basic trade area, subject 
to the following conditions:' 

(1) That an applicant for authority to serve temporarily 
less than the basic trade area show substantial reason for 
relaxation of the requirement to serve the basic trade area 
and for specification o the proposed service area; 

(2) That the area to be served include as much of the 
basic trade area as reasonably may be required in the pub- 
lic interest to be served and in no event less than the 
principal city and the metropolitan district (as defined by 
the U.S. Bureau of Census) in which it is located; 

(3) That such an applicant show compliance with section 
3.225 (b), where applicable and section 3.227 (a) except 
that such sections shall apply only in relation to other 
stations established under this proviso; 

(a) That the Commission may conditior the granting of any 
application for renewal of license of such station upon the 
rendering of service by such station to an area conforming 
generally with the basic trade area. 

(c) An area of at least 15,000 square miles comprising pri- 
marily a large rural area, and particularly that part of basic 
trade areas which cannot be served by stations assigned basic 
trade areas due to economic and technical limitations. The ser - 
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vice area may include one or more principal city or cities, pro- 
vided that in rendering service to such cities the service to 

rural areas which the station is designated to serve is not im- 

paired. The transmitter of such a station shall be located in 

Such a manner that the service area; 

(1) Shall extend into two or more basic trade areas; 

(2) Shall not conform generally with a basic trade area; 

(3) Shall not merely extend beyond a basic trade area. 

(d) An area having substantially different characteristics 
(social, cultural, or economic) from those areas specified in 

Sub -sections (a), (b), and (c) of this section where, by reason 
of special conditions, it is shown that a need (which cannot be 

supplied by a station serving areas under sub -sections (a), (b) 

Or (e) of this section) for the proposed service both program and 

technical exists which makes the establishment of the service area 
in the public interest, convenience, or necessity. The Commission 
will give particular consideration in this connection to competi- 
tive advantages which such stations would have over other stations 
established under other provisions. 

(e) In case it is not economically and technically feasible 
for a station assigned a basic or limited trade area to serve 
Substantially all such area, the Commission will establish the 

Service area on the basis of conditions which obtain in the trade 
area. 

(f) in case an applicant proposes a change in an established 
service area, the applicant shall make a full showing as to need 
for such change and the effect on other stations serving the area. 

3.224 TIME OF OPERATION. All high -frequency broadcast sta- 
tions shall be licensed for unlimited time operation. 

3.225 SHOWING REQUIRED. Authorization for a new high -fre- 
quency broadcast station o, increase in facilities of an existing 
Station will be issued only after a satisfactory showing has been 
made in regard to the following matters: 

(a) That the area which the applicant proposes to serve has 
the characteristics of an area described in section 3.223 hereof. 

(b) where a service area has been established in which one 
or more existing high -frequency broadcast stations are in oper- 
ation, that the contours of any new station proposed to serve such 
area will compare with those of the existing station or stations 
as nearly as possible, or that the service area already estab- 
lished should be modified. 

(c) That objectionable interference will not be caused to 
existing stations or that if interference will be Caused, the need 
for the proposed service outweigh the need for the service which 
will be lost by reason of such interference. 

(d) That the proposed station will not suffer interference to 

such an extent that its service would be reduced to an unsatisfac- 
tory degree. (For determining objectionable interference, see 
Standards of Good Engineering Practice for High -Frequency Broad- 
cast Stations.) 

(e) That the technical equipment proposed, the location of 

the transmitter, and other technical phases of operation comply 
with the regulations governing the same, and the requirements of 

good engineering practice. (See technical regulations herein and 
Standards of Good Engi.neerino Practice for High -Frequency Broad- 
cast Stations.) 

(f) That the applicant is financially qualified to construct 
and operate the proposed station; and, if the proposed station is 

to serve substantially the same area as an existing station, that 
applicant will be able to compete effectively with the existing 
station or stations. 

(g) That the program service will include a portion of pro- 
grams particularly adapted to a service utilizing the full fidel= 
ity capability of the system, as set forth in the standards of 

Good Engineering Practice for High -Frequency Broadcast Stations. 
(h) That the proposed assignment will tend to effect a fair, 

efficient, and equitable distribution of radie service among the 
several states and communities. 
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(i) That the applicant is legally qualifies, is of good 
Character, and possesses Other qualifications sufficient to pro- 
vide a satisfactory public service. 

(j) That the facilities sought are subject to assignment as 
requested under existing international agreements and the Rules 
and Regulations of the Commission. 

(k) That the public interest, convenience, and necessity will 
be served through the operation under the proposed assignment. 

3.226 CHANNEL ASSIGNMENTS. The channels set forth below with 
the indicated center frequencies are available for assignment to 
high -frequency broadcast stations to serve the areas provided in 

section 3.223; 
(a) An applicant for a station to serve an area specified in 

section 3.223 (a) or (b), to be located in a principal city or 
city which has a population less than 25.000 (city only) Shall 
apply for one of the following channels: 

48900 49500 
49100 49700 
49300 49900 

(b) An applicant for a station to serve an area specified in 

section 3.223 (a) or (b), to be located in a principal city or 
city which has a population greater than 25,000 (city only) shall 
apply for one of the following channels: 

44500 45900 47500 
44700 46100 47700 
44900 46300 47900 
45100 46500 48100 
45300 46700 48300 
45500 46900 48500 
45700 47100 48700 

47300 

(c) An applicant for a station to serve primarily a large 
rural area, specified in section 3.223 (c) or an area specified in 

section 3.223 (d) shall apply for one of the following cnannels; 
43100 43900 
43300 44100 
43500 44300 
43700 

(d) Notwithstanding the provisions of subsection (a). of this 
section, an applicant for a station to serve an area specified in 

section 3.223 (a), to be located in a city having a population 
greater than 25,000, in or adjacent to any metropolitan district 
having a population greater than 1,000,000, may apply for one of 

the following channels: 
49100 
49500 
49900 

3.227 SPECIAL PROVISIONS CONCERNING ASSIGNMENTS. (a) Sta- 
tions located in the same City shall have substantially the same 
service area. 

(b) High -frequency broadcast stations shall use frequency 
modulation exclusively. 

(c) Stations serving a substantial part of the same area 
shall not be assigned adjacent channels. 

(d) One channel only will be assigned to a station. 

3.228 FACSIMILE BROADCASTING AND' MULTIPLEX TRANSMISSION. The 
Commission may grant authority to a high -frequency broadcast sta- 
tion for the multiplex transmission of facsimile and aural broad- 
cast programs provided the facsimile transmission is incidental to 

the aural broadcast and does not either reduce the quality of or 
the frequency swing required for the transmission of the aural 
program. The frequency swiig for the modulation of the aural pro- 
gram should be maintained at 75 kc. and the facsimile signal added 
thereto. No transmission outside the authorized bard of 200 kc. 

shall result from such multiplex Operation nor shall interference 
be Caused to other stations operating on adjacent channels. The 
transmission of multiplex signals may also be authorized on an 
experimental basis in accordance with section 3.32, subpart A. 
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3.229 PROOF OF PERFORMANCE REQUIRED. within 1 year of the 
date of first regular operation of a high -frequency broadcast 
station, continuous field intensity records along several radials 
Shall be Submitted t0 the Commission which will establish the 
actual field contours, and from which operating constants required 
to deliver service to the area Specified in the license are de- 
termined. The Commission may grant extensions of time upon show- 
ing Of reasonable need therefor. 

3.230 MULTIPLE OWNERSHIP. (a) No person (including all per- 
sons under common control) shall, directly or indirectly, own, 
operate, or control more than one high -frequency broadcast station 
that would serve substantially the same service area as another 
high -frequency broadcast station owned, operated, or controlled 
by such person. 

(b) No person (including all persons under common control) 
Shall, directly or indirectly, own, operate, Or Control more than 
one high -frequency broadcast station except upon a showing: 

(1) That such ownership, operation, or control would fos- 
ter competition among high -frequency broadcast stations or 
provide a high -frequency broadcasting service distinct and 
separate from existing services, and, 

(2) That such ownership, operation, or control would not 
result in the concentration of control of high -frequency 
broadcasting facilities in a manner inconsistent with public 
interest, convenience, or necessity; provided, however, that 
the Commission will consider the ownership, operation, or 
control of more than six high -frequency broadcast stations 
to constitute 'he concentration of control of high -frequency 
broadcasting facilities in a manner inconsistent with public 
interest, convenience, or necessity. 

3.231 NORMAL LICENSE PERIOD. All high -frequency broadcast 
station licenses will be issued so as tó expire at the hour of 
3 AM, eastern standard time, and will be issued for a normal 
license period of 1 year, expiring as follows: 

(a) For stations operating on the frequencies 48900, 49100, 
49300, 49500, 49700. and 49900; April 1. 

(b) For stations operating on the frequencies 44500, 44700, 
44900, 45100, 45300, 45500, 45700, 115900, 46100, 46300, and 46500; 
May 1. 

(c) For stations operating.on the frequencies 46700, 46900, 
47100, 47300, 47500, 47700, 47900, 48100, 48300, 48500, and 48700; 
June 1. 

(d) For Stations operating on the frequencies 43100, 43300, 
43500, 43700, 43900, 44100, and 44300; July 1. 

EQUIPMENT 
3.241 MAXIMUM POWER RATING. The commission will not author- 

ize the installation of a transmitter having a maximum rated power 
more than twice the operating power of the station. 

3.242 MAXIMUM RATED CARRIER POWER; HOW DETERMINED. (a) The 
maximum rated carrier power of a standard transmitter shall be 
determined by the manufacturer's rating of the equipment. 

(b) The maximum rated carrier power of a composite transmit- 
ter shall be determined by the sum of the applicable commercial 
ratings of the vacuum tubes employed in the last radio stage. 

3.243 FREQUENCY MONITOR. The licensee of each high -frequency 
broadcast Station shall have in operation at the transmitter a 
frequency monitor independent of the frequency control of the 
transmitter. It shall have a stability of 20 parts per million. 
For detailed requirements thereof see Standards of Good Engineer- 
ing Practice for High -Frequency Broadcast Stations. 

3.244 MODULATION MONITOR. The licensee of each high -fre- 
quency broadcast Station shall have in operation at the transmit- 
ter an approved modulation monitor. For detailed requirements 
thereof see Standards of Good Engineering Practice for High -Fre- 
quency Broadcast Stations. 

3.245 REQUIRED TRANSMITTER PERFORMANCE. (a) The external 
performance of high -frequency broadcast transmitters shall be 
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within the minimum requirements prescribed by the Commission con- 
tained in the Standards of Good Engineering Practice for High - 
Frequency Broadcast Stations. 

(b) The transmitter center frequency shall be controlled 
directly by automatic means which do not cepend on inductances and 
capacities for inherent stability. 

(c) The transmitter shall be wired and shielded in accordance 
with good engineering practice and shall be provided with'safety 
features in accordance with the specifications of article 810 of 
the current National Electric Code as approved by the American 
Standards Association. 

3.246 INDICATING INSTRUMENTS. The direct plate circuit cur- 
rent and voltage shall be measured by instruments having an accep- 
table accuracy. (See Standards of Good Engineering Practice for 
High -Frequency Broadcast Stations.) 

3.247 AUXILIARY AND DUPLICATE TRANSMITTERS. See sections 
3.63 and 3.64 for provisions governing the use of auxiliary and 
duplicate transmitters at high -frequency broadcast stations. 

3.2U8 CHANGES IN EQUIPMENT AND ANTENNA SYSTEM. Licensees of 
high -frequency broadcast stations shall observe the following 
provisions with regard to changes in equipment and antenna system: 

(a) No changes in equipment shall be made: 

(1) That would result in the emission of signals outside 
of the authorized channel. 

(2) That would result in the external performance of the 
transmitter being in disagreement with that prescribed in 
the Standards of Good Engineering Practice for High -Fre- 
quency Broadcast Stations. 

(b) Specific authority, upon filing formal application there- 
for, is required for a change in service area or for any of the 
following changes: 

(1) Changes involving an increase in the maximum power 
rating of the transmitter. 

(2) A replacement of the transmitter as a whole. 

(3) Change in the location of the transmitter antenna. 
(4) Change in antenna system, including transmission line, 

which would result in a measurable change in service or 
which would affect the determination of the operating power 
by the direct method. If any change is made in the antenna 
system or any change made which may affect the antenna sys- 
tem, the method of determining operating power 'shall be 
changed immediately to the indirect method. 

(5) Change in location of main studio to outside of the 
borders of the city, state, district, territory, or posses- 
sion. 

(6) Change in the power delivered to the antenna. 

(c) Specific authority, upon filing informal requesc there- 
for, is required for the following change in equipment and an- 
tenna: 

(1) Change in the indicating instruments installed to 
measure the antenna current or transmission line, direct 
plate circuit voltage, and the direct current of the last 
radio stage, except by instruments of the same type, maxi- 
mum scale reading and accuracy. 

(2) Minor changes in the antenna system and/or tran:mis- 
sien line which would not result in an increase of service 
area 

(3) Changes in the location of the main studio except as 
provided for in subparaeraph (b) (5). 

(d) Other changes, except as above provided for in this sec- 
tion or in Standards of Good Engineerifg Practice for High -fre- 
quency Broadcast Stations prescribed by the Commission may be made 
at any time without the authority of the Commission, provided that 
the Commission shall be promptly notified thereof, and Such 
changes shall be Shown in the next application for renewal of 
license. 
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TECHNICAL OPERATION 

3.251 OPERATING POWER; HOW DETERMINED. The operating power, 
and the requirements for maintenance thereof, of each high -fre- 
quency broadcast station shall be determined by the Standards of 
Good Engineering Practice for High -Frequency Broadcast Stations. 

3.252 MODULATION. The percentage of modulation of all sta- 
tions shall be maintained as high as possible consistent with good 
quality of transmission and good broadcast practice and in no case 
less than 85 percent on peaks of frequent recurrence during any 
selection which nornally is transmitted at the highest level of 
the program under consideration. 

3.253 FREQUENCY TOLERANCE. The operating frequency without 
modulation of each broadcast station shall be maintained within 
2000 cycles of the assigned center frequency. 

OPERATION 
3.261 MINIMUM OPERATING SCHEDULE; SERVICE. (a) Except 

Sundays, the licensee of each high -frequency broadcast station 
shall maintain a regular daily operating schedule which shall 
consist of at least 3 hours of operation during the period 6 AM to 
6PM, local standard time and 3 hours of operation during the 
period 6 PM to midnight, local standard time. In an emergency, 
however, when due to causes beyond the control of the licensee, 
it becomes impossible to continue operating, the station may cease 
operation for a period not to exceed 10 days, provided that the 
Commission and the Inspector in charge of the radio district in 
which the station is located shall be notified in writing immedi- 
ately after the emergency develops. 

(b) Such stations shall devote a minimum of 1 hour each day 
during the period 6 AM to 6 PM, and 1 hour each day during the 
period 6 PM to midnight, to programs not duplicated simultaneously 
as primary service in the same area by any Standard broadcast sta- 
tion or by any high -frequency broadcast station. During said 1 

hour periods, a service utilizing the full fidelity capability of 
the system, as set forth in the Standards of Good Engineering 
Practice for High -Frequency Broadcast Stations, shall be rendered. 
However, the Commission may, upon request accompanied by a showing 
of reasons therefor. grant exemption from the foregoing require- 
ments, in whole or in part, for periods not in excess of 3 months. 

(c) In addition to the foregoing minimum requirements, the 
Commission will consider, in determining whether public interest, 
convenience, and necessity has been or will be served by the oper- 
ation of the station, the extent to which the station has made or 
will make use of the facility to develop a distinct and separate 
service from that otherwise available in the service area. 

SUBPART C - GENERAL RULES APPLICABLE TO BOTH STANDARD 
AND HIGH -FREQUENCY BROADCAST STATIONS 

3.401 STATION LICENSE; POSTING OF. The station license and 
any other instrument of authorization or individual order con- 
cerning construction of the equipment or the manner of operation 
of the station shall be posted in a conspicuous place in the room 
in which the transmitter is located in such marner that all terms 
thereof are visible and the license of the station Operator shall 
be posted in the same manner. (See secs. 2.51 and 2.52) 

3.402 LICENSED OPERATOR REQUIRED. The licensee of each sta- 
tion shall have a licensed operator or operators of the grade 
specified by the Commission on duty during all periods of actual 
operation of the transmitter at the place where the transmitting 
equipment is located. (See sec. 2.53.) 

3.403 LICENSED OPERATOR; OTHER DUTIES. The licensed operator 
on duty and in charge of a standard broadcast transmitter may, at 
the discretion of the licensee, De employed for other duties or 
for the operation of another radio station or stations in accor- 
dance with the class of operator's license which he holds and by 
the rules and regulations governing such other stations; 

.Provided, however, that such duties shall in nowise interfere with the 
proper operation of the standard broadcast transmitter. 

3.404 LOGS. The licensee of each broadcast station shall 
maintain program and operating logs and shall require entries to 
be made as follows: 
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(a) In the program log: 

(1) An entry of the time each station identification 
announcement (call letters and location) is made. 

(2) An entry briefly describing each program broadcast, 
such as "music" "drama', "speech", etc., together with the 
name or title thereof, and the sponsor's name, with the time 
of the beginning and ending of the complete program. If a 

mechanical record is used, the entry shall show the exact 
nature thereof, such as "record", "transcription", etc., and 
the time it is announced as a mechanical record. If a 

speech is made by a political candidate, the name and poli- 
tical affiliations of such speakef shall be entered. 

(3) An entry showing that each sponsored program broad- 
cast has been announced as sponsored, paid for, or furnished 
by the sponsor. 

(b) In the operating log: 

(1) An entry of the time the station begins to supply 
power to the antenna, and the time it stops. 

(2) An entry of the time the program begins and ends. 

(3) An entry of each interruption of the carrier wave, its 
cause, and duration. 

(4) An entry of the following each 30 minutes: 

(i) Operating constants of last radio Stage (total plate 
current and plate voltage). 

(ii) Antenna current. 

(iii) Frequency monitor reading. 

(iv) Temperature of crystal control chamber if thermometer 
is used. 

(5) Log of experimental operation during experimental 
period. (If regular operation is maintained during this 
period, the above logs shall be kept.) 

(i) A log must be kept of all operation during the experi- 
mental period. If the entries required above are not 
applicable thereto, then the entries shall be made so 
as to fully describe the operation. 

3.405 LOGS, RETENTION OF. Logs of standard or high -frequency 
broadcast stations shall be retained by the licensee for a period 
of 2 years, except when required to be retained for a longer 
period in accordance with the provisions of section 2.54. 

3.406 STATION IDENTIFICATIONS. (a) A licensee of a standard 
or high -frequency broadcast station shall make station identifica- 
tion announcement (call letters and location) at the beginning and 
ending of each time of operation and during operation on the hour 
and half-hour as provided below: 

(a) Such identification announcement need not be made on the 
hour when to make such announcement would interrupt a single con- 
secutive speech, play, religious service, symphony concert, or 
operatic production of longer duration than 30 minutes. In such 
cases, the identification announcement shall be made at the begin- 
ning of the program, at the first interruption of the entertain- 
ment continuity, and at the conclusion of the program. 

(c) Such identification announcement need not be made on the 
half-hour when to make such announcement would interrupt a single 
consecutive Speech, play, religious service, symphony concert, or 
operatic production. In such cases an identification announcement 
shall be made at the first interruption of the entertainment con- 
tinuity, and at the conclusion of the program; Provided, that an 
announcement within 5 minutes of the half-hour will waive the re- 
quirements of other identification announcements. 

(d) In the case of variety show programs, baseball game 
broadcasts, or similar programs of longer duration than 30 min- 
utes, the identification announcement shall be made within 5.min- 
utes of the hour and half-hour. 

(e) In case of all other programs (except as provided in 

paragraphs (b) and (c) of this section) the identification an- 
nouncement shall be made within 2 minutes of the hour and half- 
hour. 
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(f) in making the identification announcement the call let- 
ters shall be given only on the channel of the station identified 
thereby. 

3.407 MECHANICAL RECORDS. Each broadcast program consisting 
of a mechanical record or a series of mechanical records shall be 
announced in the manner and to the extent set out below: 

(a) A mechanical record or a series thereof, of longer dura- 
tion than 30 minutes, shall be identified by appropriate announce- 
ment at the beginning of the program, at each 30 minute interval, 
and at the conclusion of the program; Provided, however, that the 
identifying announcement at each 30 minute interval is not re- 
quired in case of a mechanical record consisting of a single, 
continuous, uninterrupted speech, play, religious service, sym- 
phony concert, or operatic production of longer duration than 30 
minutes. 

(b) a mechanical record, or a series thereof, of a longer 
duration than 5 minutes, and not in excess of 30 minutes, shall 
be identified by an appropriate announcement at the beginning and 
end of the program; 

(c) a single mechanical record of a duration not in excess of 
5 minutes shall be identified by appropriate announcement immedi- 
ately preceding the use thereof; 

(d) in case a mechanical record is used for background music, 
sound effects, station identification, program identification 
(theme music of short duration), or identification of the sponsor- 
ship of the program proper, no announcement of the mechanical 
record is required. 

(e) The identifying announcement shall accurately describe 
the type of mechanical record used, i. e., where an electrical 
transcription is used it shall be announced as a "transcription' 
or an "electrical transcription", or as "transcribed" or "elec- 
trically transcribed", and where a phonograph record is used it 
shall be announced as a "record". 

3.408 REBROADCAST. (a) The term "rebroadcast" means recep- 
tion by radio of the program of a radio station, and the simul- 
taneous or subsequent retransmission of such program by a broad- 
cast station. 

(b) The licensee of a standard or high -frequency broadcast 
station may, without further authority of the Commission, re- 
broadcast the program of a United States standard or high -fre- 
quency broadcast station, provided the Commission is notified of 
the call letters of each station rebroadcast and the licensee 
certifies that express authority has been received from the li- 
censee of the station originating the program. 

(c) The licensee of a standard or high -frequency broadcast 
station may, without further authority of the Commission, re- 
broadcast on a noncommercial basis a noncommercial program of an 
international broadcast station, provided the Commission is noti- 
fied of the call letters of each station rebroadcast and the 
licensee certifies that express authority has been received from 
the licensee of the station originating the program. 

(d) No licensee of a standard broadcast station shall broad- 
cast the program of any other class of United States radio sta- 
tion without written authority having first been obtained from 
the Commission upon application accompanied by written consent 
or certification of consent of the licensee of the station orig- 
inating the program. 

(e) In case of a program rebroadcast by several standard 
broadcast stations, Such as a chain rebroadcast, the person legal- 
ly responsible for distributing the program or the network facili- 
ties may obtain the necessary authorization for the entire re- 
broadcast both from the Commission and from the person or licensee 
of the station originating the program. 

Attention is directed to section 325 (b) of the Communica- 
tions Act of 1934, which reads as follows: No person shall be 
permitted to locate, use, or maintain a radio broadcast studio or 
other place or apparatus from which or whereby sound waves are 
converted into electrical energy, or mechanical or physical re- 
production of sound waves produced, and caused to be transmitted 
Or delivered to a radio station in a foreign Country for the pur- 
pose of being broadcast from any radio station there having a 
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power output of sufficient intensity, and/or being so located 
geographically that its emissions may be received consistently in 
the United States, without first obtaining a permit from the Com- 
mission upon proper application therefor. 

BROADCASTS BY CANDIDATES FOR PUBLIC OFFICE 
3.421 GENERAL REQUIREMENTS. No station licensee is required 

to permit the use of its facilities by any legally qualified 
candidate for public office, but if any licensee Shall permit any 
such candidate to use its facilities, it shall afford equal oppor- 
tunities to all other such candidates for that office to use such 
facilities, provided that such 1iceonsee shall have no power of 
censorship over the material broadcast by any such candidate. 

1 3.422 DEFINITIONS. The following definitions shall apply for 
the purposes of section 3.421: 

(a) "A legally qualified candidate" means any person who has 
met all the requirements prescribed by local, state, or federal 
authority as a candidate for the office which he seeks, whether it 
be municipal, County, state, or national, to be determinec accord- 
ing to the applicable local laws. 

(b) "Other Candidates for that office" means all other legal- 
ly qualified candidates for the same public office. 

3.423 RATES AND PRACTICES. The rates, if any, charged all 
such candidates for the same office shall he uniform and Shall not 
be rebated by any means, directly or indirectly; no licensee shall 
make any discrimination in charges, practices, regulations, facil- 
ities, or services for or in connection with the service rendered 
pursuant to these rules, or make or give any preference to any 
candidate for public office or subject any Such candidate to any 
prejudice or disadvantage; nor shall any licensee make any con- 
tract or other agreement which shall have the effect of permitting 
any legally qualified candidate for any public office to broadcast 
to the exclusion of other legally qualified candidates for the 
same public office. 

3.424 RECORDS; INSPECTION. Every licensee shall keep and 
permit public inspection of a complete record of all regyests for 
broadcast time made by or on behalf of candidates for public of- 
fice, together with an appropriate notation showing the disposi- 
tion made by the licensee of such requests, and the charges made, 
if any, if request is granted. 
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PART 4 - RULES GOVERNING BROADCAST SERVICES 
OTHER THAN STANDARD BROADCAST 

The rules given in this section apply to the following 
broadcast stat ions: 

RELAY BROADCAST STATIONS 
STL BROADCAST STATIONS 

INTERNATIONAL BROADCAST STATIONS 
EXPERIMENTAL TELEVISION STATIONS 

FACSIMILE BROADCAST STATIONS 
NONCOMMERCIAL EDUCATIONAL BROADCAST STATIONS 

DEVELOPMENTAL BROADCAST STATIONS 

IN GENERAL 
4.1 FREQUENCY TOLERANCE. The operating frequency of the 

broadcast stations as listed below shall be maintained within plus 
or minus the percentage of the assigned frequency as given in 
table I. 

TABLE 
I 

CLASS OF STATION FREQUENCY TOLERANCE 

Relay Broadcast Station 
(a) 1622 to 2830 Kc 0.04 Percent 
b 30000 to 40000 Kc. and above 10 Watts or less, 0.1 Percent. 

Above 10 watts, 0.05 Percent. 

STL Broadcast Station 0.01 Percent 

International Broadcast Station 0.005 Percent' 

Television Broadcast Station 0.01 Percent 

Facsimile Broadcast Station 0.05 Percent or less as re- 
quired. 

High-Frequency Broadcast Station 0.01 Percent 
Noncommercial Educational Broadcast Station Do 

Developmental Broadcast Station 0.05 Percent or less as re- 
quired. 

'Tolerance may be 0.01 percent on equipment installed prior to January 1, 1940, 
and until January 1, 1941, when all international stations shall maintain fre- 
quency within 0.005 percent of the assigned frequency. 

4.2 FREQUENCY MONITORS. (a) The licensee of each broadcast 
station listed in section 4.1 except relay broadcast stations, 
shall operate at the transmitter a frequency monitor independent 
of the frequency control of the transmitter. 

(b) The frequency monitor shall be designed and constructed 
in accordance with good engineering practice and shall have an 
accuracy sufficient to determine that the operating frequency is 
within one-half of the allowed tolerance. 

(c) The licensee of each relay broadcast station shall pro- 
vide the necessary means for determining that the frequency of the 
station is within the allowed tolerance. 

(d) The frequency of all stations listed in section 4.1 shall 
be checked at each time of beginning operation and as often there- 
after as necessary to maintain the frequency within the allowed 
tolerance. 

4.3 LICENSE PERIOD; RENEWAL. (a) Licenses for the following 
classes of broadcast stations will be normally issued for a period 
of one year expiring as follows: 

CLASS OF STATION DATE OF EXPIRATION 
Relay Broadcast Station 

(a) 1622 to 2830 Kc Oct. 1 

b 30000 to 40000 Kc. and above Dec. 1 

STL Broadcast Station Apr. 1 
International Broadcast Station Nov. 1 
Television Broadcast Station Feb. 1 
Facsimile Broadcast Station Mar. 1 High-Frequency Broadcast Station A r. 1 
Noncommercial Educational Broadcast Station May 1 
Developmental Broadcast Station Do. 
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(b) Each licensee shall submit the application for renewal of 

license at least 60 days prior to the expiration date (section 
1.360). 

(c) A supplemental report shall be submitted with each appli- 
cation for renewal of license of a station licensed experimentally 
in accordance with the regulations governing each class of sta- 
tion 

4.4 REQUIREMENTS, LIMITATIONS, AND RESTRICTIONS. (a) No sta- 
tion licensed experimentally will be assigned for exclusive use of 

any frequency. In case interference would be caused by simultane- 
ous operation of stations licensed experimentally, such licensees 
shall endeavor to arrange satisfactory time. division. If such 
agreement cannot be reached, the Commission will determine and 

specify the time division. 

(b) The Commission may from time to time require that a.sta- 
tion licensed experimentally conduct such experiments that are 
deemed desirable and reasonable for the development of the ser- 
vice. 

(c) The program of research and experimentation as offered by 

an applicant in compliance with the requirements for obtaining a 

license for an experimental station shall be adhered lo in the 

main, unless the licensee is authorized to do otherwise by the 

Commission. 
(d) A licensee of an experimental station is not required to 

adhere to a regular schedule of operation but shall actively con- 
duct a program of research and experimentation or transmission of 

programs; provided, however, licensees of developmental broadcast 
stations which are licensed to conduct special intermittent ex- 
periments, such as to develop and test commercial broadcast equip- 
ment, are required to operate only when there is a need therefor. 

(e) A supplementary statement shall be filed with and made a 

part of each application for construction permit for any broadcast 
station on an experimental basis which specifies any `requency 
above 300000 kilocycles or in the bands 162000 to 168000, 210000 
to 216000, and 264000 to 270000 kilocycles except television, 
confirming the applicant's understanding: 

(1) That all operation upon the frequency is experimental 
only, 

(2) That the frequency may not De the best suited to the 

particular experimental work to be carried on, and, 

(3) That the frequency may not be allocated for the ser- 
vice that may be developed experimentally. 

4.5 STATION RECORDS. (a) The licensee of each class of 

broadcast station listed in section 4.1 shall maintain adequate 
records of the operation, including: 

(1) Hours of operation. 

(2) Program transmitted. 

(3) Frequency check. 
(4) Pertinent remarks concerning transmission. 

(5) In case of relay station, an entry giving point of 

program origination and receiver location shall be included.. 

(6) Research and experimentation conducted in case of an 

experimental station. 
(7) And any additional information specified in the regu- 

lations governing each class of station or for completing 
the supplemental report as required. 

(5) The above information shall be made available upon re- 

quest by authorized Commission representatives. 

4.6 EQUIPMENT CHANGES. The licensee of each class of broad- 
cast station listed in section 4.1 may make any changes in the 

equipment that are deemed desirable or necessary, provided: 

(a) That the operating frequency is not permitted to deviate 
more than the alloweó tolerance; 

(b) That the emissions are not permitted outside the author- 
ized band; 

(c) That the power output complies with the license and the 

regulations governing the same; and 
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(d) That the transmitter as a whole or output power rating Of 
the transmitter is'not changed. 

4.7 EMISSION AUTHORIZED. All classes of broadcast licenses 
authorize A3 emission only unless otherwise specified in the 
license. In case Al, A2, Au, A5, or special emission are necessary 
or helpful in carrying on any phases of experimentation, applica- 
tion setting out fully the needs shall be made to, and authority 
therefor received from, the Commission. 

4.8 ADDITIONAL ORDERS, AS NEEDED. In case all the general 
rules and regulations and the specific rules governing each class 
of broadcast station do not cover all phases of operation or ex- 
perimentation with respect to external effects, the Commission may 
make supplemental or additional orders in each case as deemed 
necessary for operation in the public interest, convenience, 
and/or necessity. 

4.9 OPERATION. A licensed operator shall be on duty and in 

charge of the transmitter of each broadcast station listed in 

section 4.1. In no case will remote control operation be author- 
ized. A transmitter is not considered as being operated by remo:e 
control when the following conditions prevail: 

(a) Continuous reading indicating instruments are before the 
operator as follows: 

(1) Frequency deviation meter. 

(2) Percentage modulation indicator. 

(3) Spurious emission check (receiver). 

(u) Last radio stage plate voltage. 

(5) Last radio stage total plate current. 

(6) Output or antenna current. 

(b) The operator has off-and-on control of the power to the 
last radio stage. 

(c) The operator can reach the transmitter proper in not more 
than 5 minutes to make any changes or adjustments necessary to 
maintain proper operation. 

4.10 REBROADCASTS. (a) The licensee of an international or 
noncommercial educational broadcast station may, without further 
authority of the Commission, rebroadcast the program of a United 
States standard broadcast station, provided the Commission is 

notified of the call letters of each station rebroadcast and the 
licensee certified that express authority has been received from 
the licensee of the station originating the program. (See sec- 
tions 4.43 and 4.132 (c) concerning commercial announcements). 

(b) No licensee of an international or noncommercial educa- 
tional broadcast station shall rebroadcast the program of any 
other class of United States radio station without written author- 
ity having first been obtained from the Commission. 

(c) The licensee of a noncommercial educational broadcast 
station may, without further authority of the Commission, re- 
broadcast the noncommercial programs of a standard broadcast 
station or an international broadcast station, provided the Com- 
mission is notified of the call letters of each station rebroad- 
cast and the licensee certifies that express authority has been 
received from the licensee of the station originating the program. 

(d) No licensee of any other class of broadcast station 
listed in section 4.1 (television, facsimile, high frequency, or 
developmental) shall rebroadcast the program of any radio station 
without written authority first having been obtained from the 
Commission. 

(e) A licensee of an international broadcast station may 
authorize the rebroadcast of its programs by any station outside 
the limits of the North American Continent without permission from 
the Commission: Provided, that the station rebroadcasting the 
programs cannot be received consistently in the United States. 

(f) An application for authority to rebroadcast the program 
of any radio station shall be accompanied by written consent or 
certification of consent of the licensee of the station originat- 
ing the program. 

4.11 EQUIPMENT AND PROGRAM TESTS. (a) A licensee of a broad- 
cast station listed in section 4.1 shall conduct equipment tests 

36 



in accordance with section 2.42 and program tests in accordance 
with section 2.43. 

(b) In case the transmitter and asscciated equipment are on 
hand in complete form and an application for license was filed and 
granted with the application for construction permit, then the 
notification of equipment tests and program tests as required by 
paragraph (a) of this section need not be made. 

4.12 STATION AND OPERATOR LICENSES; POSTING OF. (a) The sta- 
tion license and any other instrument of authorization or indi- 
vidual order concerning the construction of the equipment or man- 
ner of operation of the Station shall be posted so that all terms 
thereof are visible in a conspicuous place in the room in which 
the transmitter is located, provided: 

(1) If the transmitter operator is located at a distance 
from the transmitter pursuant to section 4.9, the station 
license shall be posted in the above -described manner at the 
operating position. 

(2) If the station is licensed for portable -mobile oper- 
ation, the station license or a photo copy thereof shall be 
affixed to the equipment or kept in the possession of the 
operator on duty at the transmitter. If a, photo copy is 
used, the original license shall be available for inspection 
by an authorized government representative. 

(b) The license of each station operator(s) shall be con- 
spicuously posted at the operating position, provided: 

(1) If the station at which the operator is on duty is 

licensed for portable -mobile operation, the operator's 
license may be kept in his personal possession. 

RELAY BROADCAST STATIONS 

4.21 DEFINED. The term "relay broadcast station' means a 

Station licensed to transmit from points where wire facilities are 
not available, programs for broadcast by one or more broadcast 
stations, or orders concerning such programs. 

4.22 LICENSING AND AUTHORIZATIONS. (a) A license for a relay 
broadcast station will be issued only to the licensee of a stand- 
ard broadcast station; Provided, however, in cases where it is 

impractical, impossible, or prohibited by laws or regulations for 
the licensee of a standard broadcast station to install, operate, 
or maintain the necessary equipment under its legal control, the 
Commission may grant specialtemporary authority for each event 
to another person to operate as a relay broadcast station equip- 
ment already licensed for another service, or equipment which may 
be installed under sectioi 319 (b) of the Communications Act of 
1934 without a construction permit and provided further: 

(b) The Commission may license a special relay broadcast sta- 
tion to the licensee of another class of broadcast station pro- 
vided a need therefor is shown and the relay station will be used 
only for relaying of programs for broadcast by such broadcast 
station. 

(c) The license of a relay broadcast station authorizes the 
transmission of commercial or sustaining programs, or orders con- 
cerning such programs, to be broadcast by its standard broadcast 
station and other broadcast stations transmitting the same pro- 
grams simultaneously or a chain program to the network with which 
the licensee is regularly affiliated. The license of a relay 
station does not authorize transmission of programs to be broad- 
cast solely by other broadcast stations not aforementioned. 

(d) In case a licensee has two or more standard broadcast 
stations located in different cities, it shall, in applying for a 

new relay station or for renewal of license of an existing relay 
station, designate the standard broadcast station cr stations in 

conjunction with which the relay station is to be operated prin- 
cipally, and it shall not thereafter operate the relay station in 
conjunction with another of its standard broadcast stations 
located in a different city for more than a total of 10 days in 
any 30 day period. 

(e) Each application for temporary authority to operate a 

relay broadcast station from a person other than a licensee of a 

standard broadcast station shall be accompanied by an application 
for authority to broadcast the program from the licensee of the 
standard broadcast station proposing the broadcast. 
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(t) An application for special temporary authority to operate 
another class of station as a relay broadcast station shall speci- 
fy a group of frequencies allocated in section 4.23; Provided, 
however, in case of events of national interest and importance 
which cannot be transmitted successfully to the nearest available 
wire facilities on these frequencies, other frequencies under the 
turisdiction of the Commission may be requested, if it is shown 
hat the operation thereon will not cause interference to estab- 

lished stations. 
(g) An application for special temporary authority to operate 

on frequencies not allocated by section 4.23 or to operate another 
class of station as a relay broadcast station must be received by 
the Commission not less than 10 days prior to the actual event to 
be broadcast, and shall contain complete information concerning 
the frequencies requested, and the license of the station to be 
used. In case of emergencies, which shall be fully explained in 

the application, the Commission may waive the 10 day requirement 
specified herein. 

4.23 FREQUENCY ASSIGNMENT AND OPERATION. (a) The following 
groups of frequencies are allocated for assignment to relay 
broadcast stations: 

GROUP A GROUP 8 GROUP C GROUP D GROUP E GROUP F GROUP G GROUP H GROUP I 

Kc. Kc. Kc. KC. Kc. Kc. KC. Kc. Kc. 

1646 30,820 31,220 31,620 33,380 132,260 133,030 
2090 33,740 35,620 35,260 35,020 134,080 134,850 
2190 35,820 37,020 37,340 37,620 135,480 136,810 
2830 37,980 39,260 39,620 39,820 135,760 138,630 

1622 1606 
2058 2022 
2150 2102 
2790 2758 

GROUP J 

Any 4 frequencies above 300,000 kc. 

excluding band 400,000 to 401,000 kc. 

(b) One of the above groups only, including all four fre- 
quencies, will be assigned each station. The first application 
from any metropolitan area for the frequencies in groups A, B, or 
C shall specify group A; the second group B; and the third group 
C; the fourth group A again, etc., and likewise for frequencies in 

groups D, E, F, or G, first application group D; second E; third 
F; etc. Outstanding assignments not following this order will not 
be changed unless a need therefor develops. Additional applicants 
shall specify the next unassigned group in sequence or any other 
group if it appears interference will be avoided thereby. 

(c) A station nay be licensed for group H when a need for 
frequencies of this order may be shown. 

(d) Group I will be licensed to stations to operate with 
frequency modulation only when need for such operation and fre- 
quencies of this order may be shown. 

(e) Any four specific frequencies under group J will be as- 
signed on experimental operation only and an applicant may apply 
for the four frequencies which appear most suitable for the'.ex- 
perimental work to be conducted. 

(f) The licensee of a station on group J shall carry on 
research and experimentation for the advancement of the relay 
broadcast art and development of these ultra-high frequencies for 
relay broadcast services. An application for authority to operate 
a station on frequencies in group J shall include a statement con- 
cerning the research and experiments to be conducted. The re- 
search and experiments shall indicate reasonable promise of sub- 
stantial contribution to the development of the program relay ser- 
vices. 

(g) A license authorizes operation on only one of the four 
assigned frequencies at any one time. In case it is desired to 
transmit programs and spoken orders concerning such programs si- 
multaneously, two licenses are required though each may specify 
the same group of frequencies. 

4.24 FREQUENCY SELECTION TO AVOID INTERFERENCE. In case two 
or more stations are licensed for the same group of frequencies in 

the same area and in case simultaneous operation is contemplated, 
the licensees shall endeavor to select frequencies to avoid inter- 
ference. If a mutual agreement to this effect cannot be reached 
the Commission shall be notified and it will specify the frequen- 
cies on which each station is to be operated. 
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4.25 POWER LIMITATIONS. (a) A relay broadcast station as- 

signed frequencies in grcups A, B, C, and J will be licensed to 

operate with a power output not in excess of that necessary to 

transmit the program and orders satisfactorily to the receivers 
and shall not be operated with a power greater than licensed. 

(b) A relay broadcast station assigned frequencies in groups 

D E, F, and G will not be authorized :o install equipment or 

licensed for an output power in excess of 100 watts; provided that 

before using any frequency in these groups with a power in excess 

of 25 watts, tests shall be made by the licensee to insure that no 

objectionable interference will result to the service of any gov- 

ernment station, and provided, further, that if the use of any 

frequency may cause interference then the power shall be reduced 
to 25 watts or another frequency in the licensed group selected 
which will not cause objectionable interference. 

(c) A relay broadcast station assigned frequencies in groups 
H and I will be licensed to operate with a power output not in 

excess of that necessary to transmit the program and orders satis- 
factorily to the receivers and shall not be operated with a power 

greater than that licensed. In event interference may be caused 
to stations on adjacent channels, licensees shall endeavor to make 

arrangements to reduce power to a point where interference will 

not be objectionable. If a satisfactory arrangement cannot be 

agreed upon the Commission will determine and specify the maximum 
power or conditions of operation of each such station. 

4.26 SUPPLEMENTAL REPORT WITH RENEWAL APPLICATION. The li- 

censee of a relay broadcast Station assigned frequencies under 
group J shall submit a supplemental report with and made a part of 

each application for renewal of license as follows: 

(a) Number of hours cperated for experimental purposes. 

(b) Developments carried on in the relay broadcast service. 

(c) Propagation characteristics of the frequencies assigned 
in regard to relay broadcast service. 

(d) All other developments or major changes in equipment. 

(e) Any other pertinent developments. 

RULES GOVERNING STL BROADCAST STATIONS 

4.31 DEFINED. The term "STL broadcast station' (studio 
transmitter link) means a station used to transmit programs from 
the main Studio to the transmitter of a high -frequency broadcast 
station, or an international broadcast station. 

4.32 LICENSING REQUIREMENTS. An STL broadcast station will 
be licensed only to the licensee of a high -frequency broadcast 
station or of an international broadcast station. Only one STL 

broadcast station will be authorized in connection with the li- 

cense for any high -frequency broadcast Station. Not more than two 

STL broadcast stations will be authorized in connection with the 

license for any international broadcast station. Each such STL 

Station shall be at a fixed -10 -cation. 

4.33 SERVICE. The license of an STL broadcast station au- 

thorizes the transmission of program material, including commer- 
cial programs, from the main studio to the transmitter of the 

high -frequency broadcast station or international broadcast sta- 
tion in connection with which it is authorized. 

4.34 FREQUENCY ASSIGNMENT AND OPERATION. (a) The following 
frequencies are allocated for assignment to STL broadcast stations 
upon an experimental basis: 

330,400 Kc. 
331,000 
331.600 
332,200 
332.800 

333.400 Kc. 336,400 
334,000 337,000 
334,600 337.600 
335.200 338.200 
335,800 338.800 

Kc. 339,400 Kc. 342,400 Kc. 
340,000 343,000 
340,600 343,600 
341,200 
341,800 

(b) STL broadcast stations will be authorized to employ 
frequency modulation only. 

(c) The maximum frequency swing employed by STL broadcast 
stations shall not be in excess of 200 kilocycles. 

(d) The licensee of each STL broadcast station shall install 
and operate a directional antenna designed so that the gain in 

power toward the receiver shall be 10 (field gain 3.16) times the 
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free space field from a doublet 137.6 my/m for 1 kw. at one 
mile). In all othe- directions 30 or more off the line to re- 
ceiver, the power gain shall not exceed 1/U the free space field 
gain from a doublet. 

4.35 POWER. STL broadcast stations will be licensed with a 

power output not in excess of that necessary to render a satisfac- 
tory service. 

4.36 REQUIRED EXPERIMENTATION. The licensee of each STL 
broadcast station is required to conduct experimentation wish 
regard to the following: 

(a) Design of equipment and power required to render a satis- 
factory service. 

(b) Design and adjustment of directional transmitting antes- 

(c) Design and location of receiving antennas. 
4.37 SUPPLEMENTAL REPORT WITH RENEWAL APPLICATION. A sup- 

plemental report shall be filed with and made a part of each appli- 
cation for renewal of application and shall include statements as 
to the following items. 

(a) Total hours of operation. 

(b) Continuity of service, causes and duration of any inter- 
ruptions. 

(c) Power required to deliver satisfactory signal at re- 
ceiver. 

(d) Data on design, adjustments, and operation of directional 
receiving and transmitting antennas. 

(e) Interference to service resulting from other stations or 
other sources. 

(f) Cost of transmitter and receiver installation and expense 
of operation. 

(g) Overall fidelity of equipment, frequency and amplitude. 

nas. 

INTERNATIONAL BROADCAST STATIONS 
4.41 DEFINED. The term "international broadcast station" 

means a station licensed for the transmission of broadcast pro- 
grams for international public reception. (Frequencies for these 
stations are allocated from bands assigned, between 6000 and 
26,600 kilocycles, for broadcasting by international agreement.) 

4.42 LICENSING REQUIREMENTS; NECESSARY SHOWING. A license 
for an international broadcast station will be issued only after a 
satisfactory showing has been made in regard to the following, 
among others: 

(a) That there is a need for the international broadcast 
service proposed to be rendered. 

(b) That the necessary program sources are available to the 
applicant to render an effective international service. 

(c) That the technical facilities are available on which the 
proposed service can be rendered without causing interference to 
established international stations having prior registration and 
occupancy in conformity with existing international conventions or 
regulations on the frequency requested. 

(d) That directive antennas and other technical facilities 
will be employed to deliver maximum signals to the country or 
countries for which the service is designed. 

(e) That the production of the program service and the tech- 
nical operation of the proposed station will be conducted by 
qualified persons. 

(f) That the applicant is technically and financially quali- 
fied and possesses adequate technical facilities to carry forward 
the service proposed. 

(g) That the public interest, convenience, and necessity will 
be served through the operation of the proposed station. 

4.43 SERVICE; COMMERCIAL OR SPONSORED PROGRAMS. (a) A li- 
censee of an international broadcast station shall render only an 
international broadcast service which will reflect the culture of 
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this country and which will promote international good will, 
understanding, and cooperation. Any program solely intended for, 
and directed to an audience in the continental United States does 
not meet the requirements for this service. 

(b) Such international broadcast service may include commer- 
cial or sponsored programs; Provided, that - 

(1) Commercial program continuities give no more than the 
name of the sponsor of :he program and the name and general 
character of the commodity, utility or service, or attrac- 
tion advertised. 

(2) In case of advertising a commodity, the commodity is 

regularly sold or is being promoted for sale on the open 
market in the foreign country or countries to which the pro- 
gram is directed in accordance with paragraph (c) of this 
section. 

(3) In case of advertising an American utility or service 
to prospective tourists or visitors to the United States, 
the advertisement continuity is particularly directed to 
such persons in the foreign Country or countries where they 
reside and to which the program is directed in accordance 
with paragraph (c) of this section. 

(4) In case of advertising an international attraction 
(Such as a world fair, resort, spa, etc.) to prospective 
tourists or visitors to the United States, the oral con- 
tinuity concerning such attraction is consistent with the 
purpose and intent of this section. 

(5) In case of any other type of advertising, such adver- 
tising is directed to the foreign country or countries and 
to wht h the program is directed in accordance with para- 
graph (c) of this section and is consistent with the purpose 
and intent of this section. 

(c) The areas or zones established to be served by interna- 
tional broadcast stations are the foreign countries of the world, 
and directive antennas shall be employed to direct the signals to 
specific countries. The antenna shall be so designed and operated 
that the signal (field intensity) toward the specific foreign 
country or countries served shall be at least 3.16 times the aver- 
age effective signal from the station (power gain of 10). 

(d) An international broadcast station may transmit the pro- 
gram of a standard broadcast station or network system; Provided, 
the conditions in paragraph (b) of this section in regard to any 
commercial continuities are observed and when station identifica- 
tions are made, only the call letter designation of the inter- 
national station is given on its assigned frequency; And provided 
further, that in the case of Chain broadcasting, the program is 
not carried simultaneously by another international station (ex- 
cept another station owned by the same licensee operated on a 
frequency in a different group to obtain continuity of signal 
service), the signals from which are directed to the same foreign 
Country or countries. 

(e) Station identification, program announcements, and oral 
Continuity shall De made with international significance (lan- 
guage particularly) which is designed for the foreign country or 
countries for which the service is primarily intended. 

(f) (1) Each licensee of an international broadcast station 
shall make verbatim mechanical records of all international pro- 
grams transmitted. 

(2) The mechanical records, and such manuscripts, tran- 
scripts, and translations of international broadcast pro- 
grams as are made shall be kept by the licensee fur a period 
of two years after the date of broadcast and shall be fur- 
nished the Commission or be available for inspection by rep- 
resentatives of the Commission upon request. 

(3) If the broadcast is in a language other than English, 
the licensee shall furnish the Commission upon request such 
record and scripts together with complete translations ín 

English. 
4.44 FREQUENCY ASSIGNMENT. (a) The following groups of fre- 

quencies are allocated for assignment to international broadcast 
stations: 
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Group A 

Kc. 

Group B 

Kc. 

Group C 

Kc. 

Group D 

Kc. 

Group E 

Kc. 

Group F 

Kc. 

Group G 

Kc. 

Group H 

Kc. 

6020 9510 11,710 15,110 15,250 17.760 21,460 25,600 
6040 9530 11,750 15,150 15,270 17,780 21,480 25,625 
6060 9570 11,770 15,170 15,290 17,800 21,520 25,650 
6080 9590 11,790 15,190 15.310 17,830 21,540 25,675 
6100 9650 11,810 15,210 15,330 21,570 25,700 
6140 9670 11,830 15,230 21,590 25,725 
6170 11.650 21,610 25,750 
6190 11,870 21,630 25,775 

11,090 21.650 25,800 
25,825 
25.850 

(b) A separate license and call letter designation will De 
issued for each frequency except that where frequencies in two or 
more groups are required to maintain a particular international 
broadcast service to certain foreign country or countries, one 
frequency from each of the groups required may be authorized Dy 
one license and one call letter designation. In such cases these 
frequencies shall not be used consecutively during a day as re- 
quired and they shall not be used simultaneously either on the 
same transmitter or different transmitters. 

(c) Not more than one frequency in any one group in paragraph 
(a) of this section will be assigned to a station. Any frequency 
assigned to an international broadcast station shall also be 
available, during hours when such frequency is not regularly used 
by such station or when no objectionable interference would be 
caused to the service rendered by any existing international 
broadcast station, for assignment to other international broadcast 
stations. 

4.45 POWER REQUIREMENT. No international broadcast station 
will be authorized to install equipment or licensed for operation 
with a power less than 50 kilo atts. (Effective as applying to 
existing stations July 1, 1941). 

4.46 SUPPLEMENTAL REPORT WITH RENEWAL APPLICATION. A sup- 
plemental report shall be filed with and made a part of each ap- 
plication for renewal of license and shall include statements of 
the following: 

(a) The number of hours operated on each frequency. 
(b) A list Of programs transmitted of special international 

interest. 
(c) Outline of reports of reception and interference and 

conclusions with regard to propagation characteristics of the 
frequency assigned. 

4.47 FREQUENCY CONTROL. The transmitter of each interna- 
tional broadcast station shall be equipped with automatic fre- 
quency control apparatus so designed and constructed that it is 
capable of maintaining the operating frequency within plus or 
minus 0.005 percent of the assigned frequency. 

VISUAL BROADCAST SERVICE 
4.61. DEFINED. The term "visual broadcast service"means a 

service rendered by stations broadcasting images for general pub- 
lic reception. There are two classes of stations recognized in 
the visual. broadcast service, namely: Television broadcast sta- 
tions and facsimile broadcast stations. 

EXPERIMENTAL TELEVISION BROADCAST STATIONS 
4,71 DEFINED. (a) The term "experimental television broad- 

cast station" means a station licensed for experimental transmis- 
sion of transient visual images of moving or fixed objects for 
simultaneous reception and. reproductioq by the general public. 
(The transmission of synchronized sound (aural broadcast) is con- 
sidered an essential phase of television broadcast and one license 
will authorize both visual and aural broadcast.) 

(b) Under these rules for experimental television broadcast 
stations, the Commission will authorize experimental television 
relay broadcast stations for transmitting from points where suit- 
able wire facilities are not available, programs for broadcast by one or more television broadcast stations. Such authorization 
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will be granted only to the licensee of a television broadcast 
station. 

4.72 PURPOSE. A license for an experimental television 
broadcast station will be issued for the purpose of carrying on 
research and experimentation for the advancement Of television 
broadcasting which may include tests of equipment, training of 
personnel, and experimental programs as are necessary for the ex- 
perimentation. 

4.73 LICENSING REQUIREMENTS, NECESSARY SHOwIHG. A license 
for a television broadcast station will be issued only after a 
satisfactory showing has been made in regard to the following: 

(1) That the applicant has a definite program of research 
and experimentation in the technical phases of television 
broadcasting, which indicates reasonable promise of sub- 
stantial contributions to the developments of the television 
art. 

(2) That upon the authorization of the proposed station, 
the applicant can and will proceed immediately with its 
program of research and experimentation. 

(3) That the transmission of signals by radio is essential 
to the proposed program of research and experimentation. 

(4) That the program of research and experimentation will 
be conducted by qualified personnel. 

(5) That the applicant is legally, financially, technic- 
ally, and otherwise qualified to carry forward the program. 

(6) That public interest, convenience, or necessity will 
be served through the operation of the proposed station. 

4.74 CHARGES. No charges either direct or indirect shall be 
made by the licensee of an experimental television station for 
the production or transmission of either aural or visual programs 
transmitted by Such station except that this section shall not 
apply to the transmission of commercial programs by an experimen- 
tal television relay broadcast Station for retransmission by a television broadcast station. 

4.75 ANNOUNCEMENTS. (a) Station Identification - A licensee 
of a television broadcast station shall make station identifica- 
tion announcement aurally and visually (call letters and location) 
at the beginning and ending of each time of operation and during 
Operation on the hour. 

(b) At the time station identification annocncements are 
made, there shall 'be added the following 

"This is a special television broadcast made by the au- 
thority of the Federal Communications Commission for ex- 
perimental purposes." 

4.76 OPERATING REQUIREMENTS. (a) Each licensee of a tele- 
vision broadcast station shall diligently prosecute its program 
Of research from the time its station is authorized. 

(b) Each licensee of a television station will from time to 
time make such changes in its operations as may be directed by the 
Commission for the purpose of promoting worthwhile experimentation 
and improvement in the art of television broadcasting. 

4.77 FREQUENCY ASSIGNMENT. (a) The following groups of chan- 
nels are available for assignment to television broadcast stations 
licensed experimentally: 

GROUP A 

Channel Channel 
NO. NO. 

GROUP 8 GROUP C 

1 50,000 - 56.000 Kc. 8 162,000 - 168.000 xc. Any 6900 Kc. band 
2 60,000 - 66.000 Kc. 9 180,000 - 186,000 Kc. above 300,000 Kc. 
3 66,000 - 72,000 Kc. 10 186.000 - 192.000 Kc. excluding hand 
4 78.000 - 84,000 Kc. 11 204,000 - 210.000 Kc. 400,000 to 401,000 
5 84.000 - 90,000 Kc. 12 210,000 - 216,000 Kc. Kc. 
6 96,000 -102,000 Kc. 13 230,000 - 236.000 Kc. 
7 102,000- 108,000 Kc. 14 236,000 - 242.000 Kc. 

15 258,000 - 264,000 Kc. 
16 264,000 - 270,000 Kc. 
17 282.000 - 288,000 Kc. 
18 288,000 - 294,000 Kc. 
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(b) No experimental television broadcast station will be 
authorized to use more than one channel in Group A except for good 
cause shown. Both aural and visual carriers with sidebands for 
modulation are authorized but no emission shall result outside the 
authorized channel. 

(c) NO persons (including all persons under common control) 
shall control directly or indirectly, two or more experimental 
television broadcast stations (other than television relay broad- 
cast stations) unless a showing is made that the character of the 
programs of research require a licensing of two or more separate 
stations. 

(d) A license for an experimental television broadcast sta- 
tion will be issued only on the condition that no objectionable 
interference will result from the transmissions of the station to 
be the regular program transmissions of television broadcast sta- 
tions. It shall at all times be the duty of the licensee of an 
experimental television broadcast station to ascertain that no 
interference will result from the transmission of its station. 
with regard to interference with the transmissions of an experi- 
mental television broadcast station or the experimental or test 
transmissions of a television broadcast station, the licensees 
shall make arrangements for operations to avoid interference. 

(e) Channels in Groups 8 and C may be assigned to experimen- 
tal television stations to serve auxiliary purposes such as tele- 
vision relay stations. No mobile or portable station will be 
licensed for the purpose of transmitting television programs to 
the public directly. 

4.78 POWER. The operating power of a television station 
shall be adequate for but not in excess of that necessary to carry 
forward the program of research and in no case in excess of the 
power specified in its license. 

4.79 REPORTS. (a) A report shall be filed with each appli- 
cation for renewal of station license which shall include a 
statement of each of the following: 

(1) Number of hours operated. 
(2) Full data on research and experimentation conducted 

including the type of transmitting and studio equipment used 
and their mode of operation. 

(3) Data on expense of research and operation during the 
period covered. 

(4) Power employed, field intensity measurements and 
visual and aural observations and the types of instruments 
and receivers utilized to determine the service area of sta- 
tion and the efficiency of respective types of transmis- 
sions. 

(5) Estimated degree of public participation in reception 
and the results of observations as to the effectiveness of 
types of transmission. 

(6) Conclusions, tentative and final. 

(7) Program for further developments in television broad- 
casting. 

(8) All developments and major changes in equipment. 
(9) Any other pertinent developments. 
(b) Special or progress reports shall be submitted from time 

to time as the Commission shall direct. 

FACSIMILE BROADCAST STATIONS 
4.91 DEFINED. The term "facsimile broadcast station" means a 

station licensed to transmit images of still objects for record 
reception by the general public. 

4.92 LICENSING REQUIREMENTS. A license for a facsimile 
broadcast station will be issued only after a satisfactory showing 
has been made in regard to the following among others: 

(a) That the applicant has a program of research and experi- 
mentation which indicates reasonable promise of substantial con- 
tribution to the development of the facsimile broadcast service. 

(0) That sufficient facsimile recorders will be distributed 
to accomplish the experimental program proposed. 
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(c) That the program of research and experimentation will be 
conducted by qualified engineers. 

(d) That the applicant is legally and financially qualified 
and possesses adequate technical facilities to carry forward the 
program. 

(e) That the publH Interest, convenience, and/or rrecessity 
will be served through the operation of the proposed station. 

4.93 CHARGES PROHIBI"ED; RESTRICTIONS. (a) A licensee of a 
facsimile broadcast station shall not make any charge, directly or 
indirectly, for the transmission of programs. 

(b) No licensee of any standard broadcast station. o- network 
shall make any additional charge, directly or indirectl for the 
transmission of some phase of the programs by a facsimile broad- 
cast station, nor shall commercial accounts be solicited by any 
licensee of a standard broadcast Station or network, or others 
acting in their behalf, upon representation that images concern- 
ing that commercial program will be transmitted by a facsimile 
station. 

4.94 FREQUENCY ASSIGNMENT. !a) The following 
quencies are allocated for assignment to facsimile 
tions which will be licensed experimentally only: 

groups of fre- 
rroadr_ast sta- 

GROUP A GROUP B GROUP C GROUP D 

Kc. K . Kc. 

25.025 43,540 116,110 Any frequency above 300,000 
25,050 43,580 116.230 ke. excluding band 409,000 
25,075 43,620 116,350 kc. to 401,000 Ac. 
25,100 43.660 116,470 
25.125 43,700 
25.150 43,740 
25,175 43,780 
25,200 43,820 
25.225 43,860 
25,250 43,900 

43,940 

(b) Other broadcast or experimental frequencies miay be as- 
signed for the operation of facsimile broadcast stations on an ex- 
perimental basis provided a sufficient need therefor is shown and 
no interference will be caused to established radio stations. 

(c) One frequency only will be assigned to a facsimile sta- 
tion from the groups in paragraph (a) of this section. More than 
one frequency may be assigned under provisions of paragraph (b) of 
this section if a need therefor is shown. 

(d) Each applicant shall specify the maximum modulating fre- 
quencies proposed to be employed. 

(e) The operating frequency of a facsimile broadcast station 
shall be maintained in accordance with the frequency tolerance 
given in section 4.1; Provided, however, where a lesser tolerance 
is necessary to prevent interference, the Commission will- specify 
the tolerance. 

(f) A facsimile broadcast station authorized t.0 operate on 
frequencies regularly allocated to other stations or services 
Shall be required to abide by all rules governing the stations 
regularly operating thereon, which are applicable to racsimite 
broadcast tatidns and are not in conflict with sections 4.1 to 
4.11, inclusive, of these rules. 

4.95 POWER. The operating power of a facsimile broadcast 
station shall not be in eccess of that necessary to carry forward 
the program of research; Provided, however, not more 'han 1000 
watts will be authorized on a frequency in group A. The operating 
power may be maintained at the maximum rasing or less, as the con- 
ditions of operation may require. 

4.96 SUPPLEMENTAL REPORT WITH RENEWAL APPLICATION. A supple- 
mental report shall be filea with and made a part of each appli- 
cation for renewal of license and shall include statements of the 
f01lowing: 

(a) Number of hours operated for transmission of facsimile 
programs, 

rb) Comprehensive report of reseat,.h and experimentation 
conducted. 
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(c) Conclusions and program for further developments of the 
facsimile broadcast service. 

(d) All developments and major changes in equipment. 
(e) Any other pertinent developments. 

NONCOMMERCIAL EDUCATIONAL BROADCAST STATIONS 
4.131 DEFINED. The term "noncommercial educational broadcast 

station" means a station licensed to an organized nonprofit edu- 
cational agency for the advancement of its educational work and 
for the transmission of educational and entertainment programs to 
the general public. 

4.132 OPERATION AND SERVICE. The operatior of, and the ser- 
vice furnished by, roncommercial educational broadcast stations 
shall be governed by the following regulations: 

(a) A noncommercial educational broadcast station will be 
licensed only to an organized nonprofit educational agency and 
upon a showing that the station will be used for the advancement 
of the agency's educational program particularly with regard to 
use in an educational system consisting of several units. 

(b) Each station may transmit programs directed to specific 
schools in the system for use in connection with the regular 
courses as well as routine and administrative material pertaining 
to the school system and may transmit educational and entertain- 
ment programs to the general public. 

(c) Each station shall furnish a nonprofit and noncommercial 
broadcast service. No sponsored or commercial program shall be 
transmitted nor shall commercial announcements of any character 
be made. A station shall not transmit the programs of other clas- 
ses of broadcast stations unless all commercial announcements and 
commercial references in the continuity are eliminated. 

4.133 POWER. The operating power of noncommercial education- 
al broadcast stations shall be not less than 100 watts or greater 
than 1000 watts unless a definite need for greater power is shown. 

4.134 FREQUENCY CONTROL. The transmitter cf each noncommer- 
cial educational broadcast station shall be equipped with auto- 
matic frequency control apparatus so designed and constructed that 
it is capable of maintaining the operating frequency within plus 
or minus 0.01 percent of the assigned frequency. 

4.135 OPERATING SCHEDULE. Noncommercial educational broad- 
cast stations are not required to operate on any definite schedule 
or minimum hours. 

4.136 EQUIPMENT REQUIREMENTS. The transmitting equipment, 
installation, and operation as well as the location of the trans- 
mitter shall be in conformity with the. requirements of good engi- 
neering practice as released from time to time by the Commission. 

4.137 FREQUENCIES. (a) The following frequencies are allo- 
cated for assignment to noncommercial educational broadcast 
stations. 

KILOCYCLES 
42.100 42,700 
42,300 42,900 
42,500 

(b) Stations serving the same area will not be assigned ad- 
jacent frequencies. 

(c) Frequency modulation shall be employed exclusively unless 
it is shown that there is a special need for the use of amplitude 
modulation. 

(d) Only one frequency will be assigned to a station. 

DEVELOPMENTAL BROADCAST STATIONS 
4.151 DEFINED. The term "developmental broadcast station" 

means a station licensed to carry on development and research for 
the advancement of broadcast services along lines other than those 
prescribed by other broadcast rules or a combination of closely 
related developments that can be better carried on under one li- 
cense 

4.152 LICENSING REQUIREMENTS; NECESSARY SHOWING. (a) Licen- 
ces for developmental broadcast stations will be issued only after 
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a satisfactory showing has been made in regard to the following, 
among others: 

(1) That the applicant has a program of research and de- 
velopment which cannot be successfully carried on under any 
one of the classes of broadcast Stations already allo.ated, 
Or is distinctive from those classes, or Combination of 
closely related developments that involve different phases 
of broadcasting which can be pursued better under one 
license 

(2) That the program of research has reasonable promise of 
substantial Contribution to the development of broadcasting, 
or is along lines not already thoroughly investigated. 

(3) That the program of research and experimentation will 
be conducted by qualified persons. 

(4) That the applicart is legally and financially quali- 
fied and possesses adequate technical facilities to carry 
forward the program. 

(5) That the public interest, convenience, and necessity 
will be served through the operation of the proposed sta- 
tion 

(b) A separate developmental broadcast Station license will 
be issued for each major development proposed to be carried for- 
ward. When it is desired to carry on several independent develop- 
ments, it will be necessary to make satisfactory showing and ob- 
tain a license for each. 

4.153 PROGRAM SERVICE; CHARGES PROHIBITED; ANNOUNCEMENTS. 
(a) A licensee of developmental broadcast stations shall 

broadcast programs when they are necessary to the experiments 
being conducted. No regular program sere ice shall be broadcast 
unless Specifically authorized by the license. 

(b) A licensee of a developmental broadcast station '.hall not 
make any charge, directly or indirectly, for the transmission of 
programs, but may transmit the programs of a standard broadcast 
station or network including commercial programs, if the call let- 
ter designation when identifying the developmental broadcast sta- 
tion is given on its assigned frequency only and the statement is 
made over the developmental broadcast station that the program of 
a broadcast station or network (identify by call letters or name 
of network) is being broadcast in Connection with the developmen- 
tal work. In case of the rebroadcast of the program of any broad- 
cast station, section 4.10 applies. 

4.154 FREQUENCY ASSIGNMENT. (a) The following frequencies 
are allotted f'or assignment to developmental broadcast stations: 

2396 

2400 

3490 

3495 

4795 

4800 

6420 

6430 

1614 

-) 2398 

)3492.5 

J 1} 

4797.5 

? 6 4 2 5 

91301 
Y 9135 

9140 

12,855 116.050 
12,862.5 116,250 

12,870 116,450 
116,850 

17,300 l 117,050 

117,310 
117,250 

17,320 117,650 
118.050 
118,250 

23.100 118,450 
30,660 118,650 
31,020 118,850 
31.140 156,525 
31,180 156,975 
31,540 157,425 
33,340 157,725 
33.460 158.175 
33.620 159,075 
35,060 160,425 
35.460 161,325 
37,060 161.775 
37.140 162,000 to 168,000 
37.5L0 210,000 lo 216,000 
39,140 264,000 to 270,000 
39,460 300,000 to 400,000 
39,540 401.000 and atove. 

(b) A license will be issued for more than one of these fre- 
quencies upon a satisfactory showing that there is need therefor. 
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(c) The frequencies suited to the purpose and ín which there 
appears to be the least or no interference to established stations 
shall be selected. 

(d) In cases of important experimentation which cannot be 
conducted successfully on the frequencies allocated in paragraph 
(a) of this section, the Commission may authorize developmental 
broadcast stations to operate on any frequency allocated for 
broadcast stations or any frequencies allocated for other services 
under the jurisdiction of the Commission upon satisfactory showing 
that such frequencies can be used without causing interference to 
established services. 

4.155 FREQUENCY TOLERAI'CE. (a) The operating frequency of a 

developmental broadcast station shall be maintained in accordance 
with the frequency tolerance niven in section 4.1; Provided, how- 
ever, where lesser tolerance is necessary to prevent interference 
the Commission will specify the tolerance. 

(b) The operating power of a developmental broadcast station 
shall not be in excess of that necessary to carry on the program 
of research. The operating power may be obtained at the maximum 
rating or less, as the conditions of operation may require. 

4.156 SUPPLEMENTAL REPORT WITH RENEWAL APPLICATION. A sup- 
plemental report shall be filed with and made a part of each ap- 
plication for renewal of license and shall include statements of 
the following, among others: 

(a) The number of hours operated. 

(b) Comprehensive report on research and experiments con- 
ducted. 

(c) Conclusions and program for further development of the 
broadcast service. 

(d) All developments and major changes in equipment. 

(e) Any other pertinent developments. 

4.157 FREQUENCY RESTRICTIONS. A developmental broadcast sta- 
tion authorized to operate on frequencies regularly allocated to 
other stations or services, shall be required to abide by all 
rules governing the stations operating regularly thereon which are 
applicable to developmental broadcast stations and are not in con- 
flict with sections 4.1 to 4.11, inclusive, and sections 4.151 to 
4.156 inclusive, of these rules. 
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PART 9 - RULES AND REGULATIONS GOVERNING 
AVIATION SERVICES 

DEFINITIONS 
9.1 AVIATION SERVICE. The term "aviation service' means a 

radiocommunication or special service carried on by airc.raft sta- 
tions, airport control stations, aeronautical stations, aeronau- 
tical fixed stations, instrument landing stations, and flying 
school stations. 

9.2 PUBLIC AVIATION SERVIC meansa radiocommunication service 
open to public correspondence (paid or toll messages) to provide 
public communications to, from, and between aircraft in flight. 

913 AIRCRAFT STATION means a radio station on board any air- 
craft `either heavier-than-air or lighter -than -air) other than pub- 
lic service aircraft station. 

9.4 SCHEDULED AIRCRAFT means an aircraft regularly flying a 
fixed route. 

9.5 NONSCHEDULED AIRCRAFT means otherthan scheduled aircraft. 
9.6 AERONAUTICAL STATION means a station used primarily for 

radiocommunications with aircraft stations, but which may also 
carry on a limited fixed service with other aeronautical stations 
in connection with the handling of communications relating to the 
safety of life and property in the air. 

9.7 AERONAUTICAL FIXED STATION means a station used in the 
fixed service for the hardling of point-to-point communications 
relating solely to actual aviation needs. 

9.8 CHAIN OF STATIONS in the aviation service is a series of 
coordinated stations operating on frequencies allocated to aviation 
services in accordance with an approved plan. 

9.9 AIRPORT CONTROL STATION means a station provided for fur- 
nishing communications limited to actual aviation needs between an 
airport control tower and aircraft stations in the immediate vicin- 
ity of the airport (approximately within 30 miles distance or 10 
minutes flight of the airport). 

9.10 FLYING SCHOOL STATION means a station used for communi- 
cations pertaining to instruction to students or pilots while in 
flight 

9.11 INSTRUMENT LANDING STATION is a special service station 
for facilitating the landing of aircraft. 

9.12 RADIO MARKER STATION means a station marking a definite 
location on the ground as an aid to air navigation. 

9.13 PUBLIC SERVICE AIRCRAFT STATION means a statior licensed 
on board an aircraft for the purpose of carryi.ngon public aviation 
service. 

9.14 PUBLIC SERVICE AERONAUTICAL STATION means a land station 
licensed for communicating with public service aircraft stations 
for the purpose of carrying on a public aviation service. 

GENERAL REGULATIONS 

LICENSE 
9.21 LICENSE PERIODS. The license period for all stations in 

the aviation service shall be for 1 year unless otherwise stated in 
the instrument of authorization. The date of expirationof license 
for all classes of stations Operating in the aviation service, un- 
less otherwise specified, shall be as follows: 

(a) For stations in the aviation service, other thar aircraft 
stations and for all stations in Alaska, the first day of March of 
each year. 

(b) For scheduled aircraft stations in the aviation service 
other than in Alaska, the first day of April of each year. 

(c) For non-scheduled aircraft stations in the aviation ser- 
vice other than in Alaska, the first day of August of each year. 

(d) For all classes of stations in the aviation service in 
Alaska, the first day of January of each year. 
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9.22 POSTING STATION LICENSES. The station licenses of sta- 
tions in the aviation service shall be conspicuously posted at the 
place where the control operator is located except that in air- 
craft stations the license may be posted or kept at any convenient 
easily accessible location in the aircraft. 

9.23 POSTING OPERATOR LICENSES. The original license of each 
station operator shall be conspicuously posted at the place he is 
on duty, or in the case of mobile units either the license or 
verification card must be kept in his personal possession. 

TESTS 

9.31 EQUIPMENT AND SERVICE TESTS AUTHORIZED FOR AERONAUTICAL 
AND AERONAUTICAL FIXED STATIONS. Equipment and service tests as 
authorized in sections 2.42 and 2.43 may be conducted provided 
that the necessary precautions are taken to avoid interference. 

9.32 ROUTINE TESTS. The licenses of all classes of stations 
in the aviation service are authorized to make such routine tests 
as may be required for the proper maintenance of the station pro- 
vided that precautions are taken to avoid interference with any 
station. Tests on 3105 and 6210 kilocycles using a regular an- 
tenna system can be made only at such times when no interference 
will be caused, and, if in range of an airport control station or 
Civil Aeronautics Authority station, only after permission is se- 
cured from such stations before commencing the tests. 

LOGS 

9.41 INFORMATION REQUIRED IN STATION LOGS. All stations in 
the aviation service except aircraft station§ must keep an ade- 
quate log showing; (1) hours of operation; (2) frequencies used; 
(3) station with which communication was held; and (4) signature 
of operators) on duty. 

9.42 STATION LOGS PUBLIC AVIATION SERVICE. In additign to 
all the requirements in section 9.41 above, all stations (both 
public service aircraft station and public service aeronautical 
station) in the public aviation service must keep a file of all 
record communications handled and a list of radiotelephone con- 
tacts established. 

9.43 REQUIRED RETENTION PERIOD. The logs in the aviation 
service, other than public aviation service, may be destroyed 
after a period of 3 months except in those circumstances where 
retention of the logs for a longer period is specifically provided 
for in other rules. 

INSPECTIONS 
9.51 AVAILABILITY FOR INSPECTIONS. All classes of stations 

in the aviation service shall be made available for inspection 
upon request of an authorized representative of the Federal Gov- 
ernment. 

9.52 RESPONSIBILITY OF LICENSEE. 'It is the responsibility of 
the licensees of aircraft radio stations to submit their stations 
for inspection by a representative of the Commission at least once 
during the license period. 

COMMUNICATIONS 
9.61 METHODS OF IDENTIFICATION. The aircraft name, company 

number, trip number, official registry number, or other identifi- 
cation approved by the Commission may be used in lieu of the call 
letters; provided that adequate records are maintained to permit 
ready identification of individual aircraft. Also the name of the 
city or airport in which other classes of stations are located may 
be used in lieu of the call letters of the station when using 
telephony. In the case of stations using telegraphic emissions, 
the call letters designated in the license shall be used at the 
end of each sequence of communication to one or more stations. 

9.62 PERMISSIBLE COMMUNICATIONS. All stations in the avia- 
tion service, except those stations licensed for public aviation 
service, shall transmit only communications relating to and neces- 
sary for aircraft operation and the protection of life and proper- 
ty in the air. 

9.63 PRIORITY OF AVIATION COMMUNICATIONS. (a) The regular 
routine communications of stations in the aviation service are 
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essential to the safe operat ion of aircraft and shall have prior- 
ity over the public aviation service stations. 

(b) The radio operator in charge of the aircraft station 
shall suspend operations of aviat ion public service stat ions when 
such operations will delay or interfere with messages pertaining 
to safety of life and property or when ordered to do so by the 
captain of the aircraft. 

(c) The operat ion of public aviatior sery ice stations shall 
in no way interfere with the radiocommunicat ions of the aviation 
service. 

(d) In cases where the aviation public sery ice aircraft sta- 
tion license is issued to cover auxiliary equipment of the regular 
aircraft stat ion, public communicat ions shall be restricted to the 
extent necessary for the safe operation o' aircraft as determined 
by the person in charge of the aircraft 

FREQUENCIES 
9.71 AIRPORT CONTROL FREQUENCIES. (a) 130,400 kc. 
(b) 129,200 kc., 129,800, 131,000, 131,600 kc. (These fre- 

quencies to be used, in the order named, in the event that the 
geographical location of airport stations is such as to render the 
use of the frequency 130,400 kc. impracticable.), 

(c) 129,000 kc., 129,400, 129,600, 130,000, 130,200, 130,600, 
130,800, 131,200, 131,400, 131,800 kc. (These frequencies will be 
assigned, when necessary, on the basis of an individual study of 
the circumstances surrounding each case. 

(d) 278 kilocycles; This frequency is available for assign- 
ment in lieu of a high frequency, except that its use at some air- ports, after certain dates, must be supplemented by a service on 
one of the high frequencies, in accordance with the following 
schedule: 

(1) Airports having fifteen or more scheduled aircraft landings daily, after January 1, 1942. 
(2) Airports having six or more b,.t less than fifteen 

scheduled aircraft landings daily, after July 1, 1942. 
(3) All other airports after January 1, 1943, provided, 

however, that upon application therefor the Commission may 
exempt any station from the high -frequency sery ice require- 
ment when it appears that in the preservation of life and 
property in the air such service is not required at that station. 

9.72 MISCELLANEOUS CALLING AND WORKING FREQUENCIES. 333 Kc.: 
General calling frequency for aircraft stations operating outside 
the North American continent on trans -oceanic flights. 

375 Kc.: International directing -finding frequency for use 
outside the continental United States. 

4.57 Kc.: working frequency exclusively for aircraft on sea flights desiring an intermediate frequency. 
500 Kc.: International call ing and distress 

ships and aircraft over the seas. 
1638 Kc.: Air navigation frequency, available for aeronau- tical stations; scheduled and nonscheduled aircraft. 
3105 and 6210 Kc.: Nat ional and internat ional aircraft call- 

ing and working frequencies primarily for use by non-s:heduled aircraft. The use of these frequencies is restricted to communi- 
cations pertaining solely to aircraft operation and the p"otect ion 
of life and property. 

3120 Kc.: National ai rcraft working frequency primarily for 
use by non-scheduled aircraft. The use of this frequency is re- 
stricted to communications pertaining solely to aircraft operation 
and the protect ion of life and property. 

140,100 Kc.: National calling and working frequency avail- 
able to aircraft for general communicat ion purposes. The use of this frequency is restricted to communications pertaining solely 
to aircraft operation anc the protect ion of life and property. 

MISCELLANEOUS MARITIME FREQUENCIES. Calling and working fre- 
quencies of ship stat ions may also be assigned to aircraft sta- 
tions for the purpose of communicating with coastal stat ions, or 
ship stat ions, when aircraft are in flight over the seas; avail- 
able for Al, 42, and A3 emission in conformity with Part 8 of the 
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Rules Governing Ship Service; provided the Commission is satis- 
fied in each case that undue interference will not be caused to 
the service of ship or coastal stations. 

9.73 FREQUENCIES AVAILABLE FOR ASSIGNMENT TO CHAIN SYSTEMS. 
The frequencies allocated to the several chains are as follows: 

(a) NORTHERN TRANSCONTINENTAL CHAIN AND FEEDERS (RED). 
Available for aircraft and aeronautical stations: 

3147.5 3372.5 5572.5 8240 
3162.5 3467.5 5582.5 12330 
3172.5 5122.5 5592.5 140800 
3182.5 5162.5 5662.5 140940 
3322.5 5172.5 5697.5 141080 

5825 141220 

Available for aeronautical fixed stations: 
12330 

(b) MIDTRANSCONTINENTAL CHAIN AND FEEDERS (BLUE). Available 
for aeronautical and aircraft stations: 

2906 4110 4967.5 10125 
3062.5 4937.5 5692.5 141360 
3072.5 4947.5 6510 141500 
3088 4952.5 6520 141640 

141780 

Available for aeronautical fixed stations: 
2732 6510 8015 10855 
4110 6520 10125 

(c) SOUTHERN TRANSCONTINENTAL CHAIN AND FEEDERS (BROWN). 
Available for aeronautical and aircraft stations: 

2946 3432.5 5612.5 6550 
3137.5 4732.5 5622.5 7700 
3222.5 5365 5632.5 10080 
3232.5 5390 5652.5 141920 
3242.5 5480 5672.5 14060 
3257.5 5602.5 5887.5 142200 

142340 

Available for aeronautical fixed stations: 

2612 4730 5425 7700 
2998 5255 6550 10080 
3050 5365 6820 10190 
3290 18360 
4690 

(d) EASTERN 
for aeronautical 

CONTINENTAL CHAIN AND FEEDERS 
and aircraft stations: 

(GREEN). Available 

2608 2986 5707.5 11960 
2898 4122.5 6795 11402140 
2922 4335 6805 140380 
2946 4742.5 8565 140520 

5652.5 140660 

Available for aeronautical fixed stations: 
2608 4735 5310 F130 
2748 4740 6795 10855 
3290 4745 6805 11960 
4115 
4335 

(e) NORTHWESTERN CONTINENTAL CHAIN AND FEEDERS (PURPLE) 
Available for aeronautical and aircraft stations: 

2994 4917.5 5887.5 1142900 
3005 5275 6490 143040 
3127.5 5377.5 143180 

Available for aeronautical fixed stations: 
2644 5220 6490 10965 

5275 8700 

(f) MIDCONTINENTAL CHAIN AND FEEDERS (YELLOW). Available for 
aeronautical and aircraft stations: 

3447.5 4650 5215 142480 
3457.5 5032.5 5682.5 142620 
3485 5042.5 8070 142760 
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Available for aeronautical fixed stations: 

2636 2640 4650 5215 8070 9200 11910 

(g) INTERCONTINENTAL CHAIN AND FEEDERS (ORANGE). Frequencies 
available for traffic control over the international routes as 
follows: 

2870 Kc. for traffic control over Inter -American Route (1) 

and Transpacific Route (2). 

2912 Kc. for traffic control over Europe -North America Route 
(3) and Arctic Route (4). 

I. Available for aeronautical and aircraft stations on the 
routes designated: 

1. INTER -AMERICAN ROUTE: Available for aeronautical and air- 
craft stations: 

3082.5 6583 8225 17257 
5405 6590 8233 17274 
5692.5 6597 11381 23301 
6557 8217 11394 23324 

Available for aeronautical fixed stations: 

2648 5375 9310 10955 
2980 5945 10535 16240 

16290 

2. TRANSPACIFIC ROUTE: Available for aeronautical and air- 
craft stations: 

2976 6570 8577 17319 
5165 6577 11356 17336 
6557 8561 11369 23346 
6563 8569 12824 23369 

Available for aeronautical fixed stations: 

2964 5925 8720 16280 
4060 8120 12180 23025 

3. EUROPE -NORTH AMERICA ROUTE: Available for aeronautical and 
aircraft stations: 

2912 6570 8554 17288 
3285 6577 11306 17350 
6543 8538 11319 17367 
6563 8546 12776 23211 

12788 23234 

Available for aeronautical fixed stations: 

2980 5920 11470 16250 
4055 8120 12165 16440 
5375 8720 12180 

ü. EUROPE -ARCTIC 
craft stations: 

ROUTE: Available for aeronautical and air- 

1674 6530 6550 11344 
3285 6537 6557 17288 
6523 6543 8485 23256. 

11331 23279 

Available for aeronautical fixed stations: 

1722 2648 8720 10955 

II. Available for aeronautical and aircraft stations on 
routes 1, 2, 3, and u listed above. 

143460 143600 143740 

9.74 LIGHTER -THAN -AIR -CRAFT FREQUENCIES. The following addi- 
tional frequencies may be assigned to lighter -than -air -craft and 
to aeronautical stations serving lighter -than -air -craft: 

2930 6615 11910 

9.75 RADIO MARKER STATION FREQUENCY: 
75000 

9.76 INSTRUMENT LANDING FREQUENCIES. Glide path and local- 
izer. 

93500 93900 94300 109500 
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9.77 FLYING SCHOOL FREQUENCIES: 

33420 33660 37860 39060 
9.78 PUBLIC AVIATION SERVICE FREQUENCIES. The frequencies 

143320 Kc. and 143460 Kc. are available experimentally for the 
development of a domestic public aviation radiotelephone service. 
The frequencies available to ship telegraph and ship telephone 
stations are also available to public service aircraft stations on 
intercontinental or transoceanic air routes for the handling of 

public correspondence in the same manner and to the same extent 
that. they are available to ships of the United States and under 
restrictions hereinafter provided. 

TOLERANCE 
9.81 FREQUENCY TOLERANCE. The frequency tolerance of sta- 

tions in the aviation service shall be as follows: 

Aircraft using frequencies as- 
signed aeronautical stations. .04 .02 

Aircraft frequencies available 
to ships .05 .05 

Aircraft using other frequencies .04 .02 

Airport control stations 278 kilocycles .10 .02 

Airport control stations using 
other frequencies .02 

All stations in aviation ser- 
vice other than airport con- 
trol stations using frequen- 
cies above 30 megacycles .02 

All airport control stations 
using frequencies above 30 
megacycles 129000 - 132000 kilocycles .01 

Percent Tolerance 

Equipment Authorized 
before after 
Jan. 1, Jan. 1, 

Class of Station Frequency Band 1940 1940 

Aeronautical 0.04 0.02 

Aeronautical, fixed Below 6 megacycles .03 .01 

Above 6 megacycles .02 .01 

9.82 MEASUREMENT PROCEDURE. The licensee of each station 
shall provide for measurement of the station frequency, or fre- 
quencies, regularly used in accordance with instructions issued 
from time to time by the Commission and establish procedure for 
regular checking. These measurements of station frequency shall 
be made by means independent of the frequency control of the 
transmitter and shall be of such an accuracy that the limit of 
error is within the frequency tolerance allowed the station. 

EMISSION 

9.83 TYPE OF EMISSION. Stations in the aviation service 
shall use amplitude modulation and type Al, A2, and A3 emission, 
as may be appropriate. 

AIRCRAFT STATIONS 
9.91 AIRCRAFT STATIONS. Communications by an aircraft sta- 

tion shall be limited to the necessities of safe aircraft naviga- 
tion. Normally contacts with airport control stations shall not 
be attempted unless the aircraft is within the control area of the 
airport (approximately within 30 miles distance or 10 minutes flight). 

AERONAUTICAL AND AERONAUTICAL FIXED STATIONS 
9.101 SERVICE AERONAUTICAL STATION. Aeronautical stations 

shall provide non-public service without discrimination to all 
scheduled aircraft the owners of which make cooperative arrange- 
ments for the operation and maintenance of the aeronautical sta- 
tions which are to furnish such service and for shared liability 
in the operation of stations. In addition, this class of station 
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shall provide reasonable and fair service to non-scheduled air- 
craft in accordance with the provisions of these rules. 

9.102 SERVICE AERONAUTICAL FIXED STATIONS. Aeronautical 
fixed stations are authorized primarily for the handling of com- 
munications in connection with and relating solely to the actual 
aviation needs of the licensees, and then only where frequencies 
are allocated to a chain and cooperative participants upon the 
basis of equality. 

9.103 POWER. Aeronautical or aeronautical fixed stations 
will not be licensed to use more than 1 kilowatt on the frequen- 
cies above 1500 kilocycles unless on proper showing the Commission 
shall authorize a greater power, in which event the operating 
frequency must be maintained within 0.02 percent of the assigned 
frequency and suitable filters must be embodied in the equipment 
to limit the frequency band of emission to 5 kilocycles. 

9.104 EMERGENCY SERVICE. The licensee of an aeronautical 
fixed station shall be required to transmit, without charge or 
discrimination, all necessary messages in times of public emer- 
gency which involve the safety Of life or property. 

AIRPORT CONTROL STATIONS 

9.111 RECEIVING WATCH ON 3105 KILOCYCLES. The licensee of 
an airport control station shall without discrimination provide 
non-public service for any and all aircraft. Such licensee shall 
maintain a continuous listening watch on the aircraft calling and 
working frequency 3105 kilocycles, and also be prepared to render 
a non-public communication service, during all hours or the day 
and night; Provided, however, that upon application therefor the 
Commission may exempt any station from the requirements of this 
provision when it appears that in the preservation of life and 
property in the air the maintenance of a continuous watch by such 
station is not required. 

9.112 AIRPORT FACILITIES. Only one airport control station 
will be licensed to operate at an airport. 

9.113 SERVICE TO BE RENDERED. Communications of an airport 
control station shall be limited to the necessities of safe oper- 
ation of aircraft using the ajrport facilities or operating with- 
in the airport control area (approximately within 30 miles dis- 
tance or 10 minutes flight from the airport) and in all cases such 
stations shall be in a position to render, and shall render, all 
airport control services. 

9.114 COMMUNICATIONS must not be attempted with aircraft be- 
yond the control area of the airport. 

9.115 INTERFERENCE. The operation of airport control sta- 
tions in adjacent airport areas shall be on a non-interference 
basis only. In case of disagreement between adjacent areas, the 
Commission will specify the arrangements necessary to eliminate 
interference. 

9.116 POWER. (a) Airport control stations using 278 kilo- 
cycles will not be licensed to use more than 15 watts power for 

type A3 emission. 
(b) Localizer transmitters authorized to use the frequency 

278 kilocycles may use power in excess of 15 watts provided that 
the power is limited so as not to produce a field strength of 

more than 1500 microvolts per meter at one mile from tie trans- 
mitter location, in the direction of the maximum field. 

(c) The power of airport control stations operating on other 
frequencies shall be 100 watts into an antenna system equivalent 
to two-crossed dipoles placed at a height from 50 to 80 feet above 
ground, or 50 watts into an antenna system equivalent to a two- 
stack, two-crossed dipole or a singlé loop antenna placed at the 
same height. 

FLYING SCHOOL STATIONS 

9.121 ELIGIBILITY FOR STATION LICENSE. Radiocommunication 
facilities for flying schools may be assigned only to bona fide 
flying schools and soarirg societies. 

9.122 LIMITATIONS OF INSTRUCTIONAL FACILITIES. Assignments 
will be limited t0 one station t0 an airport location for one or 
more flying schools. 
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9.123 COORDINATED USE OF INSTRUCTIONAL FACILITIES. Where 
more than one flying school operates from an airport location, 
coordinated use of a single instructional frequency Shall be ar- 
ranged, placed in the form of a signed agreement, and filed with 
the Commission. 

9.124 USE OF FLYING SCHOOL FREQUENCY. All aircraft engaged 
in instructional flying in the vicinity of an airport shall trans- 
mit only on the flying school frequency assigned to that airport 
location. 

9.125 SUPERVISION BY AIRPORT CONTROL OPERATOR. At any air- 
port at which an airport control Station or control tower is in 
operation, the airport control operator must be given a remote 
microphone connection to the transmitter operating on the flying 
school frequency for the transmission of orders of instructions of 
an emergency nature to students in flight within the control area 
of the airport (approximately within 30 miles distance or 10 
minutes flight of the airport). 

9.126 POWER. The power Output of flying school stations 
shall not be more than 50 watts nor less than 15 watts for land 
stations and not more than 20 watts for aircraft Stations. 

9.127 FREQUENCY ASSIGNMENTS NON-EXCLUSIVE. No frequency 
available to a station engaged in instructional flying will be 
assigned exclusively to any applicant. All stations in this ser- 
vice are required to coordinate operation so as to avoid inter- 
ference and make the most effective use of assignments. 

9.128 PRIVATE SERVICE PROHIBITED. The use of flying school 
frequencies for other than instruction purposes and promotion of 
safety of life and property is strictly prohibited. 

INSTRUMENT LANDING STATIONS 
9.141 BASIS OF GRANT OF FACILITIES. Instrument landing ser- 

vice will not be authorized unless 1) the applicant meets all 
requirements specified by the Civil Aeronautics Authority and the 
Federal Communications Commission for the type of installation 
proposed; (2) the applicant executes a specific agreement to 
relinquish to the Civil Aeronautics Authority the use of any 
Government frequencies involved on demand; and (3) the applicant 
executes a specific agreement to release the facilities and re- 
move his equipment if and when such release or removal may be 
required by the Government. 

PUBLIC AVIATION SERVICE 
9.151 STATIONS LICENSED FOR PUBLIC AVIATION SERVICE. Only 

those stations in the aviation service licensed for public avia- 
tion service shall carry on public correspondence, i.e. a paid or 
toll message service in the sense in which these terms are gener- 
ally understood. 'No separate or additional authorization is 
necessary for licensed coastal or ship stations to communicate 
with or handle public messages to or from an aircraft in flight 
over the sea). 

9.152 EXTENT OF SERVICE. All stations licensed in the public 
aviation service shall provide such service without discrimination 
to any Other Station similarly licensed. 

9.153 SEPARATION OF LICENSES. Each license or other instru- 
ment of authorization for aviation public service shall be sepa- 
rate from the aviation service licenses and shall designate the 
specific frequencies which the station is authorized to use to 
carry on public correspondence. 

9.154 REQUIREMENT FOR A PUBLIC AVIATION SERVICE STATION. 
Upon showing that a need exists for public aviation service, a 

license or other instrument of authorization may be issued for a 

station for public correspondence provided that a continuous ef- 
fective listening watch is maintained on the frequency or fre- 
quencies used for the aviation safety service messages while 
public service messages are being handled; and that the installa- 
tion and system of operation will permit instantaneous.interrup- 
t ion pf public aviation communications to transmit or receive 
aviation service messages. 
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PART 10 - RULES GOVERNING EMERGENCY 
RADIO SERVICE 

DEFINITIONS 

10.1 EMERGENCY SERVICE. The term "emergency service' means a 

radiocommunication service carried on for emergency purposes. 

10.2 MUNICIPAL POLICI STATION. The term "municipal police 
station" means a station used by a municipal or county Police de- 
partment for emergency radiotelephone service with mobile police 
units. 

10.3 STATE POLICE STATION. The term "state police station" 
means a station used by a state police department for emergency 
radiotelephone service with mobile police units. 

10.4 INTERZONE POLICE STATION. The term "interzone police 
station' means a station used by a police department for radio- 
telegraph communication (a) with similarly licensed stations in 

adjacent zones or with the nearest interzone police station, in 

case there is no similarly licensed station in the adjacent zone; 

(b) with stations within the zone, and c) with mobile police 
units equipped for radío'.elegraph reception. 

10.5 ZONE POLICE STATION. The tern "zone police station" 
means a station used by police departments for radiotelegraph com- 
munication: (a) with stations within the zone; (DI with mobile 
police units equipped for radiotelegraph reception; and (c) with 
stations in adjacent zones, provided, in each case, express per- 
mission of the interzone stati0ns in control of communications is 

obtained in accordance with the operating procedure prescribed by 

the Commission. 
10.6 MARINE FIRE STATION. The term "marine fire station" 

means a station used for intercommunication between municipal fire 

departments and fireboats. 

10.7 SPECIAL EMERGENCY STATION. The term "special emergency 
station" means a station used for communications in emergencies in 

lieu of normal means of communication. 

10.8 FORESTRY STATION. The term "forestry station' means a 

station used for communications necessary for the prevention and 

suppression of forest fires. 

GENERAL RULES GOVERNING EMERGENCY RADIO SERVICES 

ELIGIBILITY FOR LICENSE 

10.21 POLICE STATIONS. Authorization for the various classes 

of police stations will to issued only :o instrumentalities of 

government. 
10.22 MARINE FIRE STATIONS. Authorizations for marine fire 

stations will be issued only to municipalities. 

10.23 SPECIAL EMERGENCY' STATIONS. Authorizations for special 

emergency stations will be issued only to: (a) organizations es- 

tablished for relief purposes in emergencies and which have a 

disaster communication plan; (b) to persons having establishments 
in remote locations which cannot be reached by other means of com- 

munication; (c) to public utilities. 

10.24 FORESTRY STATIONS. Authorizations for forestry sta- 
tions will be issued to municipal, state, or private organizations 
which are legally responsible for the protection of forest areas. 

APPLICATIONS 

10.31 INDIVIDUAL AND BLANKET APPLICATIONS. Individual appli- 
cations for instruments of authorization shall be submitted for 

each station to be located at a fixed location. Blanket applica- 
tions for authorizations for identical mobile, portable -mobile, or 

low -powered portable transmitters, submitted by a single applicant 
to cover equipment to be used in a single coordinated communica- 
tion system will be accepted. A blanket application may be sub- 

mitted by a single applicant for a license or modification of li- 

cense, covering both the land transmitter and mobile, portable - 
mobile, or low -powered portable transmitters used in a single 
coordinated communication system. 
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FREQUENCIES 
10.41 STATE AND MUNICIPAL POLICE STATIONS. The following 

frequencies are allocated for use by State and municipal police 
stations: 

1610' 1690' 2382 2458 
1626' 1698' 2390' 2466 
1634' 1.706' 2406 2474 
1642' 1714 2414 2482 
1658 1722 2422 2490 
1666 1730 2430 
1674 2326 2442 
1682 2366' 2450 

'Subject to the condition that no interfere,rce is caused to 
Canadian stations. 

10.42 STATE AND MUNICIPAL ADDITIONAL UNLIMITED POWER. (a) 
The following additional frequencies are allocated for use by land 
and portable municipal and state police stations without limita- 
tion as to power. 

30700 31900 
31100 33100 

GROUP A 

33940 
35500 

37500 39900 
39100 

(b) The following additional frequencies are allocated for 
use by land and portable municipal and state police stations oper- 
ating with power not in excees of 250 watts: 

GROUP B 

31500 35900 37900 
33500 37100 39500 

(c) Notwithstanding the provisions of (a) and (b) of this 
section, municipalities and states may be authorized to operate 
mobile and portable-mobile stations on the frequency, or frequen- 
cies, assigned to their land station(s). An instrumentality of 
government operating mobile units only may be authorized to use a 
frequency from group A or group B of this section assigned an ad- 
jacent instrumentality of government, provided a copy of the 
agreement entered into between the two for the exchange of service 
is filed with the Commission. 

(d) Municipalities and states desiring more than one land 
frequency shall, in making application, show a proper need there- 
for. 

(e) Municipalities desiring frequencies for use by portable 
stations of 1 watt power or less, portable-mobile stations, or 
mobile stations different from those which may be allocated under 
section 10.42 (a) and (b), may be authorized to use the following 
frequencies: 

30580 31780 
30980 33220 

GROUP C 

33780 
35100 

35220 37780 
37220 39380 

(f) States desiring frequencies for use by portable-mobile 
or mobile stations different from those which may be allocated 
under section 10.42 (a) and (b), may be authorized to use the 
following frequencies. These frequencies are also available to 
states for portable stations of 1 watt power or less: 

GROUP D 

35780 37380 39180 39780 
(g) The number of frequencies which may be assigned to any 

one muni..ipality or state for either land, portable, or mobile 
stations will be governed pursuant to announced policies of the 
Commission. 

10.43 SPECIAL ALLOCATION. The frequency 190 kilocycles is 
allocated for use by stare police stations for radiotelegraph com- 
munication for emergency use in the event of failure of police 
wire communication systems. 

10.44 ZONE AND INTERZONE. The following frequencies are 
allocated for zone and interzone police stations: 
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(a) For interzone communication subject to the Condition that 

no interference is caused to international service (available to 

interzone police stations and to zone police stations designated 
as alternate interzone control stations): 

5135 Kc. working 
5140 Kc. working 
5195 Kc. calling 

7480 Cc. day only 
7805 Kc. day only 
7935 Kc. day only 

(b) For zone communication (available to interzone and zone 

police stations): 
2804 Cc. calling 2808 Kc. working 2812 Kc. working 

(c) Calling frequencies herein allocated may be used for the 

transmission of operating signals and a single short radiotele- 
gram provided no interference is caused to call signals. 

10.45 MARINE FIRE STATIONS. The following frequencies are 

allocated for use by marine fire stations: 
1630 35580 37740 

10.46 SPECIAL EMERGENCY STATIONS. The following frequencies 
are allocated to special emergency stations: 

(a) For portable stations with a maximum power of 1 watt, 

portable -mobile stations, and mobile stations: 

31740 33820 37180 39340 
33060 35140 37820 

(b) For fixed, land, and portable stations without limitation 

as to power: 
31460 39660 39860 

(c) For fixed, land, and portable Stations with a maximum 
power of 1000 watts: 

2726 Kc. (A3 Emission) 3190 KC. (A1 Emission) 

(d) For fixed, land, and portable stations of public utili- 
ties, using A3 emission, with a maximum power of 50 watts: 

2292 Kc. 4637.5 Kc. day only 

(e) Notwithstanding the provisions cf (b), (C), and (d) of 

this section, authorizations may be issued covering the operation 
of mobile and portable -mobile stations on the frequency, or fre- 

quencies, assigned to licensees of fixed or land stations. 

10.47 FORESTRY STATIONS. The following frequencies are al- 
located to forestry Stations:. (a) 

30940 39740 35940 31580 31940 
35740 31340 39940 371460 39420 

(b) Maximum power 50 watts (subject to the condition that no 

interference is caused to Canadian stations). 

2212 2236 2244 

(c) Maximum power 500 watts (subject to the condition that no 

interference is caused to Canadian stations). 
2226 

10.48 ASSIGNED FREQUENCIES NONEXCLUSIVE. No frequency avail- 

able to a station in the emergency service will be assigned exclu- 

sively to any applicant. All stations in this service are re- 

quired to coordinate operation so as to avoid interference and 

make the most effective use of the frequencies assigned. 

OPERATING SPECIFICATIONS 

10.61 PERCENT OF TOLERANCE. The frecuency tolerance of sta- 
tions in the emergency sery ice shall be as follows: 

EQUIPMENT AUTHORIZED 
Before Oct. After Oct. 
1, 1938 I, 1938 

Percent Percent 

Fixed stations on frequencies below 30000 KC. 0.03 0.01 

Land stat ions on frequencies below 30000 Kc. .04 .02 

Portable and mobile stat ions on frequencies below 30000 Kr .04 .02 

Fixed and land stations on frequencies above 30000 Kc. .05 .02 

Portable and mobile slat ions on frequencies above 30000 Kc. .05 .03 

Portable and mobile stations of 1 watt power or less on 

frequencies above 30000 KC. .1 .1 
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10.62 MODULATION LIMITS. The transmitters of stations in the 
emergency services using A3 emission shall be modulated not less 
than 85 percent nor more than 100 percent on peaks. 

FREQUENCY MEASUREMENT 
10.66 MEASUREMENT PROCEDURE. The licensee of each station 

shall provide for measurement of the frequency of the transmit- 
ter(s) and establish procedure for checking it regularly. These 
measurements of frequency shall be made by means independent of 
the frequency control of the transmitter and shall be of Such an 
accuracy that the limit of error is within the frequency tolerance 
allowed the transmitter. 

TESTS 
10.71 EQUIPMENT AND SERVICE TESTS. Equipment and service 

tests as authorized in sections 2.42 and 2.43 may be conducted 
provided that the necessary precautions are taken to avoid inter- 
ference. The equipment tests authorized by section 2..42 may be 
conducted only during daylight hours on frequencies below 6000 Kc. 

10.72 ROUTINE TESTS. The licensees of all classes of sta- 
tions in the emergency service are authorized to make such routine 
tests as may be required for the proper maintenance of the station 
and communication network, provided that precautions are taken to 
avoid interference with any station in the particular service in- 
volved. 

LICENSES 
10.81 PERIOD. The license period for all stations in the 

emergency service shall be for 1 year unless otherwise stated in 
the instrument of authorization. The date of expiration of li- 
cense for all classes of stations operating in the emergency ser- 
vice, unless otherwise specified, shall be the 1st day of May of 
each year. 

10.82 POSTING FIXED STATION LICENSES. The station licenses 
of stations in this service, operated at fixed locations, shall be 
conspicuously posted at the place where the' control operator is 
located. 

10.83 POSTING PORTABLE OR MOBILE STATION LICENSES. The 
licenses of portable and mobile stations, if separately issued, 
shall be readily available for inspection by authorized Government 
representatives. Either the original authorization or a photo 
copy of that document shall be available at the portable or mobile 
station involved. 

10.84 OPERATOR LICENSE. The original license of each station 
operator shall be conspicuously posted at the place he is on duty, 
or, in the case of portable or mobile units, be kept in his per- 
sonal possession. 

LOGS 
10.101 CONTENTS. Each licensee shall maintain adequate 

records of the operation of the station including: (a) hours of 
operation; (b) nature and time of each communication; (c) fre- 
quency measurements; (d) name of operator on duty at the trans- 
mitter. In the cases of groups of stations, either land or land 
and mobile, operating as a single coordinated communication sys- 
tem controlled from a single point, a single log may be maintained 
at a central location, provided that such log records the required 
information wits respect to all stations in the network. 

INSPECTIONS 
10.111 INSPECTICN BY COMMISSION'S REPRESENTATIVE. All class- 

es of stations in the emergency service shall be made available 
for inspection upon request of a representative of the Commission. 
However, if such station is actually engaged in an emergency which 
should not be interrupted, the Commission's representative may 
suspend the inspection and require the station to be made avail- 
able for inspection immediately after conclusion of the emergency. 

MUNICIPAL POLICE STATIONS 
10.121 POwER. The maximum power to be assigned for the use 

of frequencies below 30,000 kc. by municipal police stations wikl 
be based on the latest official population figures of the Depart - 
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ment of Commerce for the area to be served in accordance with the 
following table: 

POPULATION POWER - WATTS 

Under 100,000 50 
100,000 - 200.000 100 
200,000 - 300,000 150 
300,000 - 400,000 200 
400,000 - 500,000 250 
500,000 - 600,000 300 
600,000 - 700,000 400 
Over 700,000 500 

10.122 ADDITIONAL POWER. In the event that the amount of 

power allocated above is insufficient to afford reliable coverage 
over the desired service area, the Commission may authorize the 
use of additional stations of the same or less power, or upon 
proper showing being made, may authorize such additional power as 
may be necessary, but not to exceed 500 watts; Provided, however, 
that municipal police stations authorized to serve an entire 
county under the provisions of section 10.123, may be licensed to 

employ a maximum power of 1,000 watts between 1 hour after local 
sunrise and 1 hour before local sunset, on condition that the ap- 
plicant files with the application an agreement, entered into with 
other licensees operating on the same frequency and in the same 
area to which the frequency is assigned, including a statement 
giving their consent to the use of such increased power; and that 
such agreement shall provide for notification to the Commission 
60 days prior to termination thereof. 

10.123 COOPERATIVE SERVICE. An application for an author- 
ization for a municipal police station to serve two or more muni- 
cipalities shall be supported by sworn copies of agreements made 
between the proposed licensee and the contiguous municipalities. 
Such agreements shall show that the applicant is required to fur- 
nish emergency police radio service to the contiguous municipal- 
ities and that the contiguous municipalities agree to accept such 
service and not to request individual authority to operate muni- 
cipal police radio transmitting stations, and that such agreements 
shall provide for notification to the Commission 60 days prior to 

termihation thereof. 
10.124 COOPERATIVE USE OF FREQUENCIES. The frequencies allo- 

cated to municipal police stations are assigned for use within 
specified geographical boundaries and all licensees within those 
boundaries shall cooperate in the use of the assigned frequency. 

10.125 SERVICE WHICH MAY BE RENDERED. Municipal police sta- 
tions, although licensed primarily for communication with mobile 
police units, may transmit emergency messages to other mobile 
units such as fire department vehicles, private ambulances, and 
repair units of public utilities, in those cases which require co- 
operation or coordination with police activities. In addjtion, 
such stations may communicate among themselves provided: (1) that 
no interference is caused to the mobile service; and (2) that com- 
munication is limited to places between which, by reason of their 
close proximity, the use of police radiotelegraph stations is im- 

practicable. Municipal police stations shall not engage in point- 
to-point radiocommunication beyond the good service range of the 

transmitting station. The transmission or handling of messages 
requiring radiotelephone relay or the relaying of such messages is 

prohibited; Provided, however, that after proper showing and in 

unusual circumstances the Commission may in specific instances 
authorize communication routes involving such relays. Point-to- 
point communication between stations in the same local telephone 
exchange area is likewise prohibited unless the messages to be 

transmitted are of immediate importance to mobile units. 

STATE POLICE STATIONS 

10.151 POWER. The maximum power to be assigned for the use 

of state police stations shall be 5,000 watts during the period 
from sunrise to sunset and 1,000 watts from sunset to sunrise. 

10.152 SERVICE WHICH MAY BE RENDERED. State police stations, 
although licensed primarily for communication with mobile police 
units may transmit emergency messages to other mobile units such 

as fire department vehicles, private ambulances and repair units 
of public utilities, in those cases which require cooperation or 
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coordination with police activities. In addition, such Stations 
may communicate among themselves provided: (1) that no interfer- 
ence is caused to the mobile service; and (2) that communication 
is limited to places between which, by reason of their close 
proximity, the use of police radiotelegraph stations is imprac- 
ticable. State polir.e stations shall not engage in point-to-point 
radiocommunication beyond the good service range of the transmit- 
ting station. The transmission or handling of messages requiring 
radiotelephone relay or the relaying of such messages is pro- 
hibited; Provided, however, that after proper showing and in un- 
usual circumstances the Commission may in specific instances 
authorize communication routes involving such relays. Point-to- 
point communication between stations in the same local telephone 
exchange area is likewise prohibited unless the messages to be 
transmitted are of immediate importance to mobile units. 

iNTERZONE.POLICE STATIONS 
10.171 ONE STATION PER ZONE. Authorizations for interzone 

police stations will not be issued for more than one station with- 
in a zone. 

10.172 ELIGIBILITY FOR LICENSE. In general only the licen- 
sees of state and municipal police stations may le granted author- 
izations to operate interzone police stations. 

10.173 EQUIPMENT. Authorizations for interzone police sta- 
tions may be granted specifying equipment authorized for use by 
municipal or state police stations provided that the radiotele- 
graph use of such equipment is on a secondary basis, and that the 
equipment is so designed that the frequency can be changed without 
delay. 

10.175 POWER. The maximum power to be assigned for the use 
of interzone police stations shall be 500 watts. 

10.175 SERVICE WHICH MA( BE RENDERED. Interzone police sta- 
tions shall be operated only for the transmission of dispatches of 
an emergency nature relating to police business between police 
agencies, using the operating procedure prescribed by the Commis- 
sion. 

10.176 OPERATOR REGULATIONS. The records and method of oper- 
ation of interzone police stations shall be maintained and con- 
ducted in accordance with the operating procedure prescribed by 
the Commission. 

ZONE POLICE STATIONS 
10.191 ELIGIBILITY FOR LICENSES. In general only the licen- 

sees of state and municipal police stations may be granted author- 
izations to operate zone police stations. 

10.192 EQUIPMENT. Authorizations for zone police stations 
may De granted specifying equipment authorized for use by munici- 
pal or state police stations provided that the radiotelegraph use 
of such equipment is on a secondary basis, and that the equipment 
is so designed that the frequency can be changed without delay. 

10.193. POWER. The maximum power to be assigned for the use 
of zone police stations shall be 500 watts. 

10.195 SERVICE WHICH MAY BE RENDERED. Zone police stations 
shall be operated only for the transmission of dispatches of an 
emergency nature relating to police business between police agen- 
cies, using the operating procedure prescribed by the Commission. 

10.195 OPERATOR REGULATIONS. The records and method of oper- 
ation of zone police stations shall be maintained and conducted in 
accordance with the operating procedure prescribed by the Commis- 
sion. 

.10.196 ALTERNATE ZONE CONTROL STATIONS. Zone police stations 
may be designated to act as alternate zone control stations for 
the interzone stations designated for the zone concerned; in which 
event, such zone police stations shall be eligible to be assigned 
all of the frequencies available for interzone police stations. 

MARINE FIRE STATIONS 
10.211 POWER. The maximum power to be assigned for the use 

of marine fire stations will be 500 watts. 
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10.212 SERVICE WHICH MAY BE RENDERED. Marine fire stations 
are licensed primarily for intercommunication between fire head- 
quarters and fireboats. However, they may transmit emergency 
messages to police boats or other marine units in cases which re- 
quire cooperation or coordination with police or fire department 
activities. 

SPECIAL EMERGENCY STATIONS 

10.231 SCOPE OF SERVICE. (a) Special emergency stations may 
be used only during an emergency jeopardizing life, public safety, 
or important property: (1) for essential communications arising 
from the emergency; and (2) for emergency transmission from one 
point to another between which normal communication facilities do 
not exist, are not usable, or are temporarily disrupted or in- 
adequate. 

(b) The use of special emergency stations for the hardling of 
routine or nonemergency communications is strictly prohibited. 

(c) Within the scope of service given in paragraph (a) the 
licensee of a special emergency station shall make the Communica- 
tion facilities of such Station available to any member of the 
public. 

(d) Special emergency stations, except those of communica- 
tions common carriers utilized temporarily to restore normal pub- 
lic communication service disrupted by an emergency, shall not 
operate as common carriers of communications for hire. However, 
licensees of such stations may accept contributions to capital and 
operating expenses from others who, under the Commission's rules, 
would be eligible to stations of their own, for the cooperative 
use of the stations on a cost -sharing basis; Provided, that con- 
tracts for such cooperative use are submitted to the Commission 
30 days prior to the effective date thereof and that said con- 
tracts are not disapproved by the Commission. 

10.232 SELECTIVE CALLING SYSTEM. Notwithstanding the pro- 
visions of section 10.46 (c and (d), types Al or A2 emission may 
be used on 2726, 2292, and 4637.5 kc. for the sole purpose of es- 
tablishing a selective calling system. 

10.233 TESTS. Special emergency stations may also conduct 
routine tests not exceeding 2 minutes in each half-hour, or, where 
more extended tests are required, they may not exceed a total of 
4 hours per week. 

10.234 AvOlDANCE OF INTERFERENCE. Special emergency stations 
shall take all reasonable precautions, including listening tests, 
to avoid any possible interference to the service of another 
station. 

FORESTRY STATIONS 
10.251 SCOPE OF SERVICE. Forestry stations, although li- 

censed primarily for communication with mobile forest fire fight- 
ing units, may transmit emergency messages to other mobile units 
such as fire department vehicles, private ambulances, and mobile 
police units in those cases which require cooperation or coordina- 
tion with forestry service activities. In addition, such stations 
may communicate among themselves, provided: (i) no interference is 
caused to mobile service; and (2) only those communications are 
transmitted which are necessary for the operation of forestry 
service. 
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BATTER IES 
power waiting for release. 

When we look at the black case that houses the ordin- 
ary storage battery, we simply see a case instead of the 
amazing little power house that is within. Few of us give 
any thought to the wonderful chemical action that stores 
energy for future use. But when we take a heavy piece of 
metal and short circuit the two terminals and are greeted 
with a snapping, blinding flash and perhaps burn our fing- 

ers, we realize that the. little black case is not as simple 
as it appears. 

Batteries that are allowed to remain idle for long 

periods of time lose their energy and their usefulness. 
The same is true of human beings. For in many ways the 

battery resembles the human body. Both store up energy. 
Both can serve many useful purposes. And both deteriorate 
when they are allowed to become idle. 

As a Midland student you are storing up knowledge,. 
This, the battery cannot do. Each lesson that you complete 
brings you closer to the time when your human battery will 
be fully charged. When that time arrives, you will release 
your knowledge to employers who will pay you money for it. 

You will then receive your reward for the time that you are 
devoting to your training now. 

Knowledge and the energy necessary to put it to good 

use have been the secret of success for ages. Today, more 

than ever before, success depends upon these two factors. 

Keep this thought before you constantly. Store upknow- 
ledge store up energy and you will havea driving force 

that is far more powerful than the greatest batteries ever 

built. 

Copyright 1942 

By 

Midland Radio a Television 
Schools, Inc. 

PRINTED IN U.S.A. 
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Lesson Fourteen 

MAINTENANCE 
OF B TTERIES 

"The use of storage 
batteries in connection with 
radio transmitting equipment 
is rapidly being abandoned. 
However, it is still highly es- 
sential that every radio operator 
have a thorough knowledge of their 
care and maintenance because of the large 
number of installations still using this type of equipment. 

"You should become thoroughly conversant with the material in 
this lessonif itis necessary to memorize the more important parts". 

1. REVIEW. As explained in Lesson 15 of Unit 1, secondary 
cells such as the "lead -acid" and the "nickel -iron -alkaline" types 
may be recharged when the chemical compounds producing the E.M.F. 
have been depleted. The process consists of connecting a source 
of DC voltage to the battery, and allowing the current which this 
voltage produces to reconvert the chemicals into their original 
form. 

When the lead -acid battery is charged, the active material 
of the positive plate is lead peroxide (Pb02) and that of the nega- 
tive plate is pure lead (Pb). Upon discharge, both of these mater- 
ials are changed to lead sulphate (PbSO4). The chemical equation 
which gives the conversion process is: 

Discharge 
Pb + Pb02 + 212SO4 2PbSO4 + 21120 

Charge 

The electrolyte is, of course, a dilute solution of sulphuric 
acid, and, as is stated in the foregoing equation, a part of the 
sulphuric acid is used to change the active materials into lead 
sulphate. Sulphuric acid is considerably heavier than water, and 
so the specific gravity of the electrolyte is somewhat greater than 
one. When the cell is fully charged, the sulphuric acid content 
of the electrolyte is fairly great and the specific gravity of the 
electrolyte as measured with a hydrometer is high (approximately 
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1.275). As the discharge process of the battery progresses, much 
of the sulphuric acid is removed from the solution, and, as a re- 
sult, the specific gravity of the electrolyte becomes less, reach- 
ing 1.150 when the battery is fully discharged. 

It should be realized that the lead -acid cell is not complete- 
ly devoid of electrical energy at the time that its specific gravity 
has fallen to 1.150, but that serious injury will result to the 
battery if a further discharge is attempted. 

The output voltage of a fully charged lead - acid cell is 2.1 
volts, and the cell should be recharged when its output voltage 
has dropped to 1.75 volts. Unless the output voltage of the cell 
is measured with a low -resistance voltmeter, a true indication of 
the condition of the cell will not be obtained. When ahigh-resis- 
tance voltmeter, such as is commonly employed in Radio -Television 
work, is used to measure the voltage of a cell, no load is placed 
on the cell, and very little current is drawn from it. A volt- 
meter of this type would probably show a reading of 2.1 volts, even 
when the cell was nearly discharged. Thus, a low -resistance volt- 
meter should be provided for storage battery installations, be- 
cause it places a normal load on the cell, and measures its out- 
put voltage under actual working conditions. 

The charging source must be DC; it cannot be AC, because one 
alternation of the voltage would tend to charge the cell and the 
succeeding alternation would produce a discharge. It is not neces- 

sary, however, that the charging voltage be pure DC; inmost cases, 

in fact, it is a pulsating DC voltage. Therefore, the first re- 
quisite for maintaining a storage battery installation is to have 

a source of DC voltage available. If the supply lines are AC, 

some form of rectification will be needed. A later section of this 
lesson will deal with the various methods used to produce rectifi- 
cation. 

The charging voltage must be so connected to the cell that the 
current it produces will flow through the cell in the opposite di- 

rection of that to which the cell forces current when under dis- 

charge. This demands that the positive terminal of the voltage 
source be connected to the positive terminal of the cell, and the 
negative terminal of the voltage to the negative terminal of the 

cell. At times, there may be some doubt as to the polarity of the 
voltage source. There are several simple methods for determining 
which terminal is which. Undoubtedly the simplest is to use a DC 

voltmeter. Should it happen that a voltmeter is not available, 
another easy method is to place the two ends of the line in a glass 

of water to which a small amount of acid has been added. When the 

charging voltage is applied, small bubbles will arise from each of 

the submerged terminals. There will, however, be nearly twice as 
many bubbles surrounding the negative terminal as appear at the 

positive terminal. To avoid any possibility of short-circuiting 
the line, and to prevent the flow of an excessive current, it is 

best to connect some resistance in series; a 100 -watt lamp will 
suffice. Another method of determining polarity is to use a small 

pocket compass, applying the principle of the left-hand rule given 

in Lesson 9 of Unit 1. 
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2. CHARGING METHODS. There are, in general, two methods used 
for charging storage batteries. These are the constant -current 
method and the constant -potential method. In addition to the source 
of DC voltage, there must be available an ammeter for measuring the 
charging current, and some means of regulating the value of this 
current. In the constant -current method of charging, the same value 
of charging current is used throughout the charging procedure. This 
method is often known as "series -charging", because all of the cells 
to be charged are connected in series. The DC charging voltage to 
be used will depend upon the number of cells so connected. It will 
vary from 2.3 to 2.65 volts per cell. Naturally, it must be greater 
than the output voltage of the cells, or they will discharge through 
the voltage source. The current regulator may be a heavy duty rheo- 
stat, or may be composed of a bank of lamps connected in parallel. 
Fig. 1 shows an arrangement for constant -current charging. When 
a battery is taken out of the circuit, the switch corresponding to 

YVVvvVy 
Switches 

I . . . . . 

I I I I I 

I .I I .I : 

To 
Charging Source 

1 - 

Fig.1 Me hod of connecting batteries when they are to be charged by the constant-Current system.) When a battery is taken out of he circuit, the switch corresponding to that position is c osedsothat the circuit will be completed. 

that position is closed, thereby completing the circuit. The cur- 
rent is regulated by the lamp bank. Each time a lamp is connected 
in parallel, the total resistance of the bank is reduced, and more 
charging current flows to the series -connected cells. 

The charging current depends on the voltage of the charging 
source, the resistance of the lamp bank, and the voltage of the 
cells. Since the voltage of the cells opposes the charging vol- 
tage, the net voltage in the circuit available to force a current 
to flow is equal to the difference between these two voltages. 
Thus, the charging current will be: 

I _ E- Ec 

Where: E is the voltage of the charging source 
Ec is the voltage of the series -connected cells 
R is the resistance of the current -regulating device. 

As the charging process continues, the voltage across the ter - 
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minals of the cells will increase. This will cause the voltage 

opposing the charging voltage to be larger, and the charging cur- 

rent will fall. To compensate for this action, the resistance of 

the current regulator is reduced from time to time so that prac- 

tically a constant current is delivered to the cells throughout the 

charging process. The amount of charging current which may be em- 

ployed depends on the ampere -hour capacity of the battery, and upon 

its state of discharge. In fact, a battery may be charged at any 

rate which does not produce appreciable gassing or boiling of the 
electrolyte. Thus, a battery which is fully discharged may be 

charged initially at a high rate. After a part of the charge has 

been put back into the battery, however, the high rate of charging 
current will be excessive, and will serve merely to overheat the 

battery, producing gassing of the electrolyte. Since it is not 

safe to allow the temperature of the electrolyte to rise above 110° 

F., the amount of charging current used in the constant -current 
system of charging may not be very great. It should never exceed 

the finishing rate. When the battery is fully charged, even a 

small charging rate will produce some, gassing of the electrolyte; 

however, if the charging current is reduced to a low value, the 

small amount of gassing which results will produce no harmful ef- 

fects. This safe rate which will not injure the battery, even when 

it is fully charged, is called the "finishing rate". 

The major disadvantage of the constant -current method of charg- 

ing is the fact that the charging current must be necessarily low. 

For this reason, a considerable time is required for charging a 

battery. The charge should be continued until the specific gravity 

readings of the electrolyte remain constant for three successive 

readings taken at fifteen minute intervals. The final voltage will 

be about 2.5 volts per cell, but will depend on the temperature and 
condition of the battery. 

A system which eliminates the disadvantage of the constant - 

current charging method is known as the modified constant -current 
method of charging. In this system the charge is started at a high 

rate, and is reduced as soon as gassing occurs. The'charging rate 
will probably be reduced several times throughout the charging pro- 

cedure, it being necessary to insert additional resistance each 

time gassing takes place. 
The so-called normal charging rate is that rate which would 

charge the battery in a period of 6 hours, assuming that gassing 

does not occur. Naturally, this normal charging rate cannot be 

maintained throughout the entire charge without injuring the bat- 

tery. The finishing charge would completely charge the battery 

in from 12 to 15 hours, depending on the type of cell. Thus, in 

the modified constant -current charging method, the initial rate 

might be the normal rate (or higher), and be reduced in successive 

steps until the finishing rate was reached. 

The main source of power aboard ship is ordinarily a 110 -volt 

direct current generator, and the output of this generator not only 

supplies lighting and runs small motors, but also furnishes power 

for the ships transmitter. To provide power in case of failure of 

the main source of supply, every vessel carries a storage battery 
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as an emergency power source for operating the transmitter. This 
storage battery consists of 60 cells, and thus has an output of 
about 120 volts. When the battery is not in use, it is connected 
to the 110- volt line through charging resistances which provide 
just enough charging current to maintain the battery in a charged 
condition. Naturally, it is not possible to charge all of the cells 
in series, because the total output voltage would be more than the 
charging voltage. Therefore, the battery is divided into two banks 
of 30 cells each and these two banks are connected in parallel. 
Fig. 2 illustrates the switching method which allows the two banks 
to be charged in parallel, but to be discharged in series. 

1+1+1+1+1+1 

i 
r 

110V D. C. 

i 

fi 

Discharge 120V 

Fig 2 Illustrating how two banks of batteries may be charged in parallel and discharged in series. 

In addition to the constant -current method of charging, there 
is also the constant potential method. In this method, the vol- 
tage of the charging source is kept as near constant as possible. 
A shunt-wound generator equipped with a voltage regulator is often 
used as the charging source. The charging voltage should be be- 
tween 2.32 and 2.4 volts multiplied by the number of cells. to be 
charged. The charge is started at a high rate, and as the voltage 
of the cells increase, the charging current is reduced, thereby 
providing a charge which automatically tapers off to a low finish- 
ing rate as the charge progresses. Under laboratory conditions, 
it has been found possible to charge abattery fully by this method 
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in a little over three hours. A charging resistance whose value 

will depend on the charging voltage and the type of battery to be 

charged is connected in series with the source. when the system 

has once been set into operation, and the correct charging resis- 

tances have been determined, it requires but little attention, and 

can charge a battery in about 3 hours. Zany automobile batteries 

are charged by this method. In this case, the charging source has 

o 
To 

Charging Source 
+1 

I. 

Fig.3 arrangement of batteries for constant -voltage system of 
charging. 

a voltage of approximately 7.5 volts, and has the advantage that 
each battery takes the current it requires and a large battery may 
be charged in the same time as a small one. The batteries are con- 
nected in parallel as illustrated in Fig. 3. 

3. TRICKLE CWARGING. A trickle charge is a charge at a very 

low rate. As explained in Lesson 15 of Unit 1, every type of bat- 
tery is subject to the effects of local action. Local action is 

due to the presence of impurities in the plates, which produce lo- 
cal currents within the battery tending to cause its discharge. 
As a result, the plates of a lead -acid battery gradually change to 

lead sulphate even when the battery is not in use. For this reason, 
it is necessary to keep a storage battery on charge so that it 

will be ready for use when it is needed. Naturally, the charging 
rate need not be very great, since its only purpose is to overcome 
the effect of local action. It has been determined that the loss 

of a cell per day due to local action is from .5 to 29v of its rated 

ampere -hour capacity, depending on the temperature and condition 
of the cell. Therefore, the charging rate for the trickle charge 
need not be more than a few per cent of the normal 3 hours charging 

rate. When a storage battery is to be put on trickle charge, several 

days may be necessary to determine the correct charging rate. It 

is, of course, understood that the battery is fully charged when 
it is put on trickle charge. Furthermore, the specific gravity of 

the electrolyte should be recorded. At regular intervals there- 

after, the distilled water should be replenished, and a specific 

gravity reading taken. If the specific gravity of the electrolyte 
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continues to rise or the presence of appreciable gassing is mani- 
fested, the trickle charging rate is too high. On the other hand, 
if the specific gravity falls gradually, the charging rate is in- 
sufficient. It should be adjusted so that it is just sufficient 
to maintain the battery in a fully charged condition. Great care 
is necessary in adjusting the charging rate of a battery having a 
pasted plata construction. Continual over -charging will cause gas- 
sing, producing small whirlpools in the electrolyte which tend to 
cause a shedding of the active material from the plates. 

4. BOOSTING AND EQUALIZING. Some batteries are maintained 
merely as an emergency source of power. In this case, they are 
kept on trickle charge when not in use, so that they will be ready 
for service when an emergency arises. Other installations demand 
that a battery give more or less constant service. In some cases, 
two separate storage batteries are provided and areused alternate- 
ly, one being charged while the other is in use. Such batteries 
are said to be cycle -charged, Cycled batteries aré normally allowed 
to reach a certain state of discharge before being recharged. Usu- 
ally, if time will permit, they are charged at the normal 8 hour 
rate, and are allowed to become fully charged before being placed 
on discharge. In some instances, however, it may be necessary to 
use a battery practically continuously, charging it at odd times 
when convenient. In this case, a boosting charge is given. The 
boosting charge is given at a high rate over a comparatively short 
period of time. Its purpose is not ordinarily to charge the battery 
fully, but merely to replace some of the charge which has been taken 
out so that the battery will ?ive further service. The time of the 
boosting charge will depend on the time available for charging the 
battery; it may be as low- as several hours, or it may be for only 
a half hour. It is given at the highest rate that will not cause 
excessive gassing or raise the temperature of the battery above 
110° F. If a battery has been completely discharged, it should be 
charged at once and not allowed to stand in a discharged condition. 
Part of a charge is better than none, although to charge the bat- 
tery fully when it is completely discharged will require somewhat 
longer than normal. 

A boosting charge does not particularly harm a battery, but a 
battery charged in this manner should have an equalizing charge oc- 
casionally. The purpose of the equalizing charge is to bring to 
the normal condition any of the cells which tend to be low. It is 
merely a continuation of the normal charge at about half of the 
finishing rate until all of the cells in the battery gas freely and 
uniformly, and until three specific gravity readings taken at half- 
hour intervals show no increase. At least once a month the specific 
gravity of all cells should be taken, and should then be adjusted 
to the correct value as specified by the manufacturer. If the 
specific gravity is too high, some of the electrolyte should be 
drawn off and replaced with distilled water. If too low, due to 
leakage or spilling, it should be brought back to normal by draw- 
ing off some of the electrolyte and replacing with a new electro- 
lyte of 1.400 specific gravity. This, however, should only be done 
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at the end of an equalizing charge. All batteries should receive 
equalizing charges at least once a month. 

5. SULPHATION AND ITS REMEDIES. Sulphation is a very impor- 

tant phenomenon which is liable to occur in the operation of alead - 
acid storage battery installation. In order that the student will 

know its causes, effects, and remedies, a special section of this 

lesson will be devoted to this subject. 

When a battery is discharged, the active materials of its plates 

are converted into lead sulphate, this being a natural process 

which is essential if the battery is to supply current. If the 

battery is recharged immediately, the lead sulphate is readily con- 

verted into the original active materials, and the battery is ready 

for another discharge. It is neither necessary nor desirable that 

each charge be carried to completion. It is sufficient that each 

charge bring the specific gravity within a few points of maximum, 

provided that an equalizing charge is given at regular intervals. 

If, however, the battery is allowed to remain in a discharged condi- 

tion or is continually under -charged, the lead sulphate enters the 

pores of the active materials, and becomes very dense and hard. A 

battery in this condition is said to be sulphated. 
When a battery is sulphated, the sulphate is very dense, and 

absorbs a charge only with great difficulty. The cause of this 

condition is nearly always some form of abuse such as: 

1. Standing discharged. 
2. Habitual under -charging. 
3. Neglecting evidence of trouble in individual cells. 

4. Adding electrolyte or acid to raise specific grav- 

ity, instead of bringing it out of the plates by 

proper charging. 

It is the negative plates which suffer most from sulphation. 

When sulphated, the active material of the negative plates is light 

in color, is granular and is easily disintegrated. 

Sulphated positive plates are not damaged to such an extent 

by sulphation and, unless badly buckled, may be restored to opera- 

ting condition, although the sulphation will shorten their useful 

life. 
When a battery is suspected of being sulphated, it should be 

charged fully and then discharged at its normal rate. If it fails 

to give its rated capacity, it is probably sulphated and should be 

given the following treatment: First recharge the battery in the 

regular manner, and when it is considered to be fully charged, read 

and record the specific gravity of each cell, and the temperature 

of several cells. Next place the battery on charge, maintaining 

the charging rate as near to one-half the finishing rate as pos- 

sible. Should the temperature reach 110° F., reduce the rate or 

interrupt the charge temporarily to allow the battery to cool. 

Continue the charge, taking hydrometer readings at intervals 

of from 3 to 5 hours, to determine whether the specific gravity is 

rising. When there has been no rise in any cell during a period 
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of 10 hours, the charge may be terminated. The level of the elec- 
trolyte should be maintained constant, by adding distilled water 
after each hydrometer reading. If the specific gravity of any cell 
rises above normal, draw off some of the electrolyte and replace 
with distilled water. A continued rise above normal indicates that 
some acid has been added during some previous operation of the bat- 
tery, and is probably the cause of the sulphation. 

Ordinarily, the foregoing process will remove the hardened sul- 
phate, but in extreme cases it will not. As a last resort, it is 

possible to use the so-called water treatment. This process con- 
sists of reducing the specific gravity of the electrolyte by draw- 
ing some off and adding distilled water until it is between approx- 
imately 1.050 and 1.100. Next, the battery is charged at about 
one-half of the finishing rate to both a 20 -hour gravity and a 

20 -hour voltage maximum. If the gravity rises above 1.150 during 
this process, some of the electrolyte should be removed and re- 

placed with distilled water, until the gravity is between 1.050 and 

1.100. This process is repeated until the maximum specific gravity 

obtained by charging is below 1.150. The specific gravity is now 

increased by adding electrolyte and charging at the finishing rate 

or normal rate until the specific gravity is slightly below the 

operating value. After a cell has undergone the water treatment, 
the specific -gravity can never be brought back to normal. 

6. EFFECT OF TEMPERATURE ON OPERATION OF BATTERIES. The tem- 

perature of a battery cell should never exceed 110° F. High tem- 

peratures have the effect of shortening the life of the wooden 

separators. The sulphuric acid has the tendency of carbonizing the 

wood of the separators, and this condition is aggravated by tempera- 

tures above 110° F. Continued operation at temperatures above this 

limit will very likely necessitate the replacement of the separators 

before the battery itself has become so deteriorated that it ís no 

longer useful. 
Some impurities are always present in the materials used in 

the construction of any battery, and these foreign particles cause 

the local action which discharges the battery even though it is 

idle. Furthermore, this action is greatly accelerated by high tem- 

peratures. Low temperatures, on the other hand, cause a temporary 

reduction in the capacity of the battery. This effect, however, 

is only temporary, and the battery returns to its normal condition 

when the temperature is increased. The only other effect that low 

temperature may have on a battery is the danger of the electrolyte 

freezing in case water is added and is not allowed to become thor- 

oughly mixed with the acid. A fully charged cell is in no danger 

of freezing. 

7. GAS AND VENTILATION. While a battery is being charged, 

some of the water contained in the electrolyte is broken down into 

its elements hydrogen and oxygen. These gases escape into the sur- 

rounding air, and unless they are thoroughly mixed with large quan- 

tities of air, they form a highly explosive mixture. If they are 

ignited by an electric spark or by an open flame, they will explode 
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violently. Therefore, the battery compartment should be well ven- 
tilated, and free circulation of air must be provided so that the 
generated gases may become mixed with the air and be no longer ex- 
plosive. Furthermore, no open flame, cigar, match, or any other 
form of fire should be brought near the battery while it is being 
charged or shortly thereafter. If the battery is kept in a closed 
room, rigid rules regarding smoking, etc., must be enforced. 

8. EFFECT OF WRONG CHARGING POLARITY. It is most important 
that the correct charging polarity be observed. The positive side 
of the charging source must be connected to the positive terminal 
of the battery, and -the negative side of the source to the negative 
terminal of the battery. The effect of the charge is to reverse 
the chemical action which took place during discharge. The lead 
sulphate on the positive plate must be reconverted to lead peroxide, 
and that of the negative plate to pure lead. Should it happen that 
the wrong charging polarity was employed, the same chemical action 
which took place during discharge would be continued, and the bat- 
tery will be further discharged. A prolongation of this charge 
for only a short time will cause the plates to buckle, and will re- 
sult in ruination of the battery. 

When a battery has been connected to the charging source with 
wrong polarity, the first step in the attempt to restore it to a 
normal condition is to discharge the battery completely. This is 
done by connecting a heavy wire across the terminals and allowing 
it to remain as long as current flows. Next, the battery is 

charged at a reduced rate in the proper direction until the spe- 
cific gravity reaches a maximum and is constant over a five hour 
period. This will probably require 40 hours or more, depending 
on the type of battery. In certain cases, the outside negative 
plate may need straightening; in fact, charging the battery in 
the reversed condition for any length of time will cause the 
negatives to become useless. 

9. MAINTENANCE OF A LEAD -ACID BATTERY INSTALLATION. It should 
be realized that each battery installation presents a particular 
problem in maintenance. The specific instructions supplied by the 
battery manufacturer should always be studied and followed explicitly. 
There are, however, certain general points which should be observed 
in any battery installation. Listed in tabular form, the follow- 

ing are the points to be remembered: 

1. Keep open flames away from battery at all times during 
operation. 

2. Replace spilled electrolyte before charging. 

3. Keep level of electrolyte one-half inch above tops of sep- 

arators by adding pure distilled water. 

4. Never allow battery to remain in a discharged condition. 

5. Avoid continual under or over -charging. 
6. Keep on trickle charge, if possible, when not in use. 

7. Keep tops of cells clean. Remove corrDsion from termin- 

als, and coat lightly with vasel.ine. 
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B. A separate battery room with walls, floor, and ceiling 
coated with an acid -resistant paint is desirable. 

9. Always provide plenty of ventilation when batteries are 
charging. 

10. If it becomes necessary to replace electrolyte, use only 
glass or earthenware dishes and utensils in mixing elec- 
trolyte. 

11. Always pour the acid slowly into the water and never pour 
the water into the acid. 

12. Never use rejuvenating mixtures. 
13. Do not allow the temperature of the cells to rise above 

110° F. 
11. Take frequent voltage and hydrometer readings. 
15. Keep vent caps in place and do not allow foreign mater- 

ials to get into cells. 
16. Give an equalizing charge at least once a month. 
17. Establish a routine of battery care. 

All of the points in this table are merely the application 
of common-sense rules; two of them, however, may require a little 
explanation. Number 11 states that water should never be poured 
into sulphuric acid. When sulphuric acid and water are first mixed, 
a fairly high temperature results from the chemical action. This 
high temperature causes the mixture to boil and fume, and may cause 
a small explosion. When the water is poured into the acid, the mix- 
ture becomes violently hot and serious damage is liable to result, 
On the other hand, if the acid ispoured slowly into the water, the 
large quantity of water provides sufficient cooling to prevent any 
damage. 

Point Number 12 states that rejuvenating mixtures should never 
be used. There are on the market certain powders and jellies which 
are claimed to renew the life of a battery. All such treatments 
are useless and result only in the permanent ruination of the bat- 
tery. 

As stated in the table, a special battery room is very desir- 
able for permanent battery installations. This room should have 
good ventilation and should be well lighted, although direct sun- 
light should not be allowed to fall on the cells. The windows may 
be painted with alight paint and artificial illumination employed. 
Naturally, all forms of fire must be prohibited. 

Air conditioning is desirable so that the temperature of the 
room will be maintained nearly constant at 70° F., and an exhaust 
fan must be provided to carry off the gases generated by the cells. 
Very little, if any, exposed ironwork should be in the room, since 
the fumes will cause rapid corrosion of the iron. If radiators or 
such are necessary, they should be laced high above the floor (al- 
though not above any of the cells), and should be coated with an 

acid -resistant paint. 
The floor of the room should not be made of wood, but should 

be of tile with the joints filled with asphalt. Lead drain pipes 
should be used, and all acid that is spilled should be neutralized 
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by applying a small amount of baking soda. All conductors should 
be either lead covered or of bare copper cable. If bare copper is 
used, it must be kept coated with vaseline. If a battery switch- 
board is necessary, it must be located in another room. 

10. THE AMPERE -HOUR METER. The ampere -hour meter is a device 
which is used extensively in storage battery installations to mear - 
sure the total number of ampere -hours which have been taken from 
a battery during discharge or put into a battery during charge. 
It consists of a mercury motor having a flat copper disc which re- 
volves in a pool of mercury. Also, the disc passes through the 
intense magnetic field produced by two permanent magnets. The 
disc is highly damped and its speed of rotation is directly pro- 
portional to the amount of current passing through the mechanism. 
Attached to the disc is a train of gears which actuate a pointer 
which moves over a dial calibrated in ampere hours. The meter is 
permanently connected in the battery circuit, and indicates at any 
time the number of ampere hours which have been taken out of abat- 
tery. Furthermore, when the battery is being charged, the indicat- 
ing needle travels in the opposite direction and shows when the 
battery is fully charged. When the movable hand reaches the full - 
charge position, a contact is made which actuates a relay, there- 
by disconnecting the charging voltage. This action protects the 
battery from overcharge. Also, there is usually associated with 
the meter a circuit breaker which disconnects the battery in case 
the charging voltage fails or its output voltage falls below that 
of the battery. This prevents the battery from discharging through 
the charging source. The ampere -hour meter may be used either with 
the lead -acid type of battery or the Edison battery. 

11. CHARGING THE EDISON BATTERY. The methods of charging the 
Edison nickel -iron -alkaline cell are practically the same as those 
for the lead -acid cell. Due to the more rigid construction of this 
type of battery, and to the fact that it will withstand much more 
abuse, the charging rates are not as critical. The constant - cur- 
rent method of charging is often used and is the same as for the 
lead -acid type, except that it is not necessary to reduce the nor- 
mal charging rate when gassing begins. The number of ampere -hours 
of charge should exceed the ampere -hours of discharge, by at least 
20 or 30%, but the important thing is to continue the charge until 
the maximum cell voltage has been reached and maintained for at 
least 15 minutes. The maximum voltage at the normal charging rate 
should be between 1.3 and 1.9 volts, but will depend on the tempera- 
ture. When the cell is placed on discharge, its output voltage un- 
der load will approximate 1.37 volts. 

Since the electrolyte of an Edison cell remains practically 
constant at a specific gravity of 1.200 at 60° F. whether the cell 
is charged or not, a hydrometer reading gives no indication of the 
state of charge of the cell. Frequent hydrometer readings should 
be taken, however, and when the specific gravity falls below 1.160, 
the electrolyte should be replaced. 

The Edison cell should be recharged when its voltage falls to 
.9 volt, not because any injury will result to the cell by further 
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discharge, but because a voltage below this value is ordinarily 
not usable in the normal applications to which Edison batteries are 
put. In fact, the cell will not be damaged if it is discharged to 
zero voltage and allowed to remain in a discharged condition inde- 
finitely. 

Low temperatures reduce the capacity of the Edison cell much 
in the same manner that they affect the lead - acid cell, and the 
effect is only temporary, the cell returning to normal when the tem- 
perature is raised. High temperatures, on the other hand, cause 
a deterioration of the negative plates, and the cell temperature 
of an Edison battery should never exceed 115° F. 

A low -resistance voltmeter is often used to determine the 
state of charge of an Edison cell, although in large installations, 
the ampere -hour meter finds wide application. 

When Edison batteries are charged at low rates, they tend to 

become sluggish and will show loss of capacity if stfficient excess 
of charge over discharge is not used. For this reason, the Edison 
Storage Battery Co. recommends the following formula for determining 
the proper current for the trickle charge: 

Current - (Amp -hr. capacity) x .16 + (Amp -hr. used per day x 1.1) 
24 

The Edison battery may be charged by the constant -voltage 
method, in which case the charging voltage must he constant and 
equal to 1.7 times the number of cells connected in series. The 
initial charging current is about 200% of the normal charging rate, 
but averages about normal during the complete charge. 

Boosting charges are often used to replace part of a charge 
in an Edison battery. The charging rate is high, but care must be 
taken to see that the cell temperature does not exceed 115° F. The 

rates recommended for boosting charges under normal conditions are: 

5 minutes at 5 times normal rate. 

15 minutes at 4 times normal rate. 

30 minutes at 3 times norma]. rate. 
60 minutes at 2 times normal rate. 

The Edison cell is quite rugged and if not abused will give 

excellent service. The level of the electrolyte must be kept above 

the plates by refilling with pure distilled water. The life of the 
Edison cell is about 2,000 cycles where each cycle consists of a 

discharge to 1 volt followed by a complete charge. The actual life, 

of course, depends on many things, such as; the completeness of the 
cycles of charge and discharge, the number of cycles per year, and 
the type of service. The cell is guaranteed for a period of 6i 
years for locomotive service to 16 years for emergency lighting 

service. Thus, the Edison battery has a far longer life than any 

lead -acid battery. 
The Edison cells find their widest application for electrically 

propelled street and industrial trucks, locomotives, railway car 

lighting, and other places where a light weight battery requiring 
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a minimum amount of care is desirable. Edison batteries are not 
used for automobile starting, because of their high internal resis- 
tance. 

Maintenance of an Edison battery installation requires that 
the cells and trays be kept clean, and that no foreign substances, 
especially acid, is allowed to fall into the cell. As long as the 
level of the electrolyte is kept above the tops of the plates, the 
electrolyte is replaced when its specific gravity has fallen so low 
that it is no longer usable, and the cell is not charged at so great 
a rate to cause the temperature to rise above the specified limit, 
the battery will give very good service. 

No damage will result to an Edison battery if it is inadver- 
tently charged with the wrong polarity. The battery must be dis- 
charged and then given along charge with the charging voltage cor- 
rectly connected. Care must be taken to see that the battery room 
is well ventilated, because Edison cells, like the lead -acid type, 
give off large quantities of hydrogen gas while they are being 
charged, and this gas is highly explosive. 

12. COMPARISON OF THE TWO TYPES OF BATTERIES. 

A. The advantages of the lead -acid battery. 
1. It has alow internal resistance, and will deliver 

any current up to several hundred amperes without 
injury to the battery. 

2. It is somewhat more reasonable in cost than the 
Edison battery. 

3. It has a greater efficiency than the Edison bat- 
tery. 

4. Its output voltage is more stable under load. 
5. It has a higher output voltage per cell than the 

Edison type. 

B. The disadvantages of the lead -acid battery. 
1. It is very bulky and heavy. 
2. The acid electrolyte causes corrosion of the ter- 

minals. 
3. There is danger of ruining the battery due to un- 

der or over charging or allowing the battery to 

remain in an uncharged condition. 
4. The active materials are liable to shed from the 

plates. 
5. The ampere - hoar capacity depends upon the rate 

of discharge. 

C. The advantages of the Edison battery. 
1. It is considerably lighter in weight than the 

lead -acid type. 
2. It is mechanically stronger and able to withstand 

more abuse. 
3. The active materials cannot be shed from the plates 

because they are enclosed in steel tubes or pock- 
ets. 
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4. Since the electrolyte is not acidic, it is not 

necessary to place the Edison battery in a spec- 

ially constructed room to avoid corrosion, etc. 

5. The ampere - hour capacity is approximately the 

same for all rates of discharge. 

6. The life of the Edison battery is considerably 
longer than that of the lead -acid type. 

D. The disadvantages of the Edison battery. 

1. The initial cost of the Edison battery is from 

three to five times that of the lead -acid type. 

2. It has a high internal resistance. 

3. The efficiency of the Edison battery is less than 

that of the lead -acid type. 

4. The output voltage per cell is lower. 

5. The output voltage under load is more unstable. 

13. CHARGING EQUIPMENT. Equipment for charging storage bat- 

teries is of two types depending upon whether the storage battery 

installation is of large size or not. Large installations ordin- 

arily employ a direct current generator to supply the needed DC 

charging voltage. Although the cost is greater than a rectifier 

type of charger, the maintenance is less, and the efficiency greater. 

Aboard ship the charging voltage is derived from a direct current 

generator. 
To arrange conveniently the necessary resistances, switches, 

and various circuits associated with a storage battery installa- 

tion, a control switchboard is nearly always employed. One of these 

boards is shown diagrammatically in Fig. 4. It is an Exide emer- 

gency switchboard and is manufactured by the Electric Storage Bat- 

tery Company. It is capable of performing the following functions: 

1. Connects batteries in series for discharge. 

2. Connects batteries into two parallel groups for 

charge. 

3. Provides voltmeter for following readings: 

(a) ship's line voltage and polarity, 

(b) batteries on discharge, 
(c) group A on charge, 
(d) group B on charge. 

4. Dpens or closes ship's line, or reverses polarity con- 

nection thereto. 

5. Provides switches for controlling certain emergency 

lights. 
6. Provides ampere -hour meter to indicate state of bat- 

tery charge. 
7. Provides circuit breaker fitted with overload release, 

low -voltage release, and automatic trip operated by 

the ampere -hour meter. 

When the plug switch of the voltmeter is in the lower left 

hand receptacle, it is connected across the points marked 2-2 and 
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Fig.0 A schematic diagram of the Exiae battery switchboard. 

it reads the ship's line voltage. In the upper left-hand receptacle, 
the meter reads the voltage of the batteries on discharge and is 
connected to the points marked 1-1. In positions 3 -3 and 4-4 it 
reads the voltage of batteries A and B respectively. A push button 
is included in the voltmeter circuit so that inductive surges of 
the transmitter will not damage the meter. 

When the large six pole double throw switch is in the "up" 
position, the batteries are connected in parallel and are charged 
through the charging resistances from the ship's line. When this 
switch is thrown downward, the batteries are connected in series and 
may be used for emergency power. If this switch is in the"up" 
position, and the circuit breaker is closed, the batteries are 
charged at the normal rate. With the circuit breaker open, how- 
ever, the two lamps provide sufficient resistance to cause the bat- 
tery to be floated on the line, the charging rate beino. the same 
as that of a trickle charge. 

The ampere -hour meter associated with the switchboard indi- 
cates at all times the state of charge of the battery. It is fit- 
ted with a contact which opens the circuit breaker and reduces the 
charging rate from the normal value to the trickle charge rate when 
the battery is fully charged. 
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The Edison battery switchboard is illustrated in Fig. 5, It 

performs practically the same functions as the Exide switchboard 

previously described, with the exception that an ammeter is included 

which may be connected across the various shunts shown in the draw- 

ing. 

Ammeter 
Shunt 

Discharge 

Charge 

1 1 t 
Light 

Switches 

Battery 
Res. 

Battery 1 Battery 2 

1I1+1I1I1I1I 
IIII1I111I4h- 

Discharge 
Through 

Rheostat 

Am. 
h. 

:¡ 

---! + 

w/'" ----5111» - 

Fig.5 A schematic diagram of the Ediscn battery switchboard. 

It has been determined that Edison batteries when new will have 

better capacities if they are given plenty of work. Furthermore, 

regardless of the age of the battery, sluggishness or low capacity 

will result from continual low -rate discharge or idleness. It is 

for this reason that aspecial rheostat is incorporated in the Edi- 

son battery switchboard. The normal procedure is to discharge the 

battery completely through the rheostat and then short-circuit it 

for two hours. This action is followed by an overcharge which is 

a charge at the normal rate for a somewhat longer period than is 

ordinarily given. The length of the overcharge will vary from B 

to 15 hours, depending on the type of cell. The switchboard in- 

cludes a voltmeter, fuses, circuit -breaker, and lighting -circuit 

dimmer. 
When direct current is not available, and it is not practical 

to use a DC generator as a charging source, it is necessary to em - 
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ploy a rectifier to convert the alternating current into pulsating 
direct current. There are two different types of rectifiers; they 
are the copper oxide type and the gaseous tube type. The copper 
oxide battery charger has a transformer which reduces the 110 volts 
AC to about 9 volts AC. This is then applied to a copper oxide 
rectifier arranged in abridge circuit. A schematic diagram of this 
arran?ement is illustrated in Fig. 6. 

Fig.6 Showing how a cop- 
peroxide battery charger is 
connected. 

Perhaps the most popular type of charger is that using a gaseous 
tube. The tube is very similar to an ordinary half wave mercury 
vapor tube, but has the difference that it will pass several amperes 
of current at a low voltage. The circuit used may be either half 
wave or full wave, two tubes being required for the full -wave charg- 
er. The tubes themselves contain either argon or mercury vapor un- 
der low pressure. When the plate is made approximately 25 volts 
positive with respect to the filament, the emitted electrons pro- 
duce intense ionization, and alarge rectified current flows through 

(B) 

2 
Fig.7 (A) A half -wave tube type battery charger. (B) A full- 

wave tube type battery charger. 

the tube. Two types of circuits often used are shown in Fig. 7. 
The one at A is a half -wave rectifier and uses one tube, whereas 
that at B employs two tubes in a full -wave circuit. 

An illustration of a Tungar charging bulb is given in Fig. 8. 
The name "Tungar" is the trade name used by the General Electric 
Company which manufactures Tungar charging equipment of all sizes. 

Rectifier tubes for battery charging equipment are rated by 
their manufacturers according to their current -carrying ability. 
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The standard sizes range from .5 ampere to 15 amperes. The impor- 

tant things to be known about acharging bulb are its filament vol- 

tage, filament current, pick-up voltage, arc voltage, and maximum 

peak inverse voltage. Filament voltages on the average range from 

1.8 volts to 2.5 volts, whereas the filament current is the prime 

factor in determining how much current the tube will pass. 

Fig.8 Showing the construct- 
ion of a Tungar rectifier tube. 

The pick-up voltage of a charging bulb is that voltage which 

must be impressed between the plate and filament before ionization 

or rectification will take place. This will be between 11 volts 

and 13 volts, depending on the size of the bulb. The arc voltage 

is the voltage drop across the tube while it is conducting current, 

and is normally 7 or 8 volts. The maximum peak inverse voltage 

which determines how much voltage may be applied to the tube with- 

out causing arc over is usually fairly low compared to other types 

of rectifier tubes; it is rarely over 400 volts, and usually con- 

siderably less. 
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YOU NEVER KNOW 
until you try. 

Charlie Chaplin, the internationally famous movie star 

has earned a fabulous amount of money, and today i s a weal my 

man. Yet Chaplin came very close to ignoring 'his' op- 

portunity when he came face to face with it years ago. 

It seems that the late Michael Selwyn saw Chaplin on 

the stage, and was greatly impressed by the actor's ability 

at pantomine. Investigation revealed that he was earning 

about sixty dollars a week. Selwyn went backstage to talk 

to Chaplin and offered him an opportunity to enter 
the mov- 

ies at $150.03 a week. But Charlie scorned the idea. He 

knew nothing about acting before movie cameras and no one 

would pay him that much money. 

If Chaplin had not listened to reason, and then vis- 

ualized the possible opportunities in the new field of en- 

tertainment, he probably would never have beccme a wealthy 

and famous man. Perhaps he shudders occasionally when he 

thinks about the time when he almost passed up fame and for- 

tune. 

Many young men who today are vainly seeking jobs, or 

doing work that brings them but little in the way of cash 

rewards should place the blame for their failure directly 

upon their own shoulders. They have ignored 'their' op- 

portunity, and are just driftingand coasting along. But.... 

you are not one of these men.' 

You are proving that you mean business....that you are 

willing to work, to train for success. Continue your for- 

ward march with determination. Stick to each lesson until 

you have mastered it completely. If you will do this, and 

we are confident that you will, success will quickly come 

within your reach. 

Copyright 19+12 

By 

Midland Radio h Television 
Schools,. Inc. PRINTED IN U.S.A. 

Jon ESPAInTS 

KANSAS CITY. MO. 



Lesson Fifteen 

INTRODUCTIO%' 
F, 

TO ALGEBR . á T-1c 

"Anyone who deals in 
radio realizes the import- 
ance of mathematics. With- 
out the knowledge of multip- 
lication and division we could 
not put Ohm's law to any prac- 
tical use. In calculating the in- 
ductance of coils, the capacity of con- 
densers, and the resonant frequency ofa,circuit, etc., we use for- 
mulas that are not always as simple as Ohm's law but if we know our 
"math" these formulas can be solved easily. 

"In this lesson we shall study simple equations and their app- 
lication; exponents and powers; and algebra as applied to radio." 

1. INTRODUCTION. (a) Definition. The object of algebra is 
to investigate the properties of numbers and to deal with their 
combinations and relations. Many of the numbers used in practical 
work are obtained by counting a group of objects or from the mea- 
surement of something. The measure of an object, for instance, the 
resistance of a conductor, is the number of times it contains a unit 
of measure. If one Ohm is the unit of measure used, the measure 
of the resistance of a conductor of 10 ohms is the number 10. It 
is customary when measuring some object, to give the measure and 
also the unit of measure. For instance, the resistance of a con- 
ductor is 10 ohms, the capacity of a condenser is 8 mfd., or the 
inductance of a coil is 20 hy. 

(b) Definite Numbers. The numbers 5, 8, 10, etc., have de- 
finite meanings. For instance, 8 represents a certain idea, that 
we call eight. It may be 8 ohms, 8 mfd., 8 kc., or 8 of many other 
units; but in all cases it is a definite number and therefore has 
a fixed value. 

(c) General Numbers. A genera] number is a number that 
might change under different conditions. An example is the let- 
ter E in Ohm's law which represents voltage. The voltage is not 
always the same in different applications of Ohm's law, therefore, 
this letter represents in a general way a certain amount of vol- 
tage. Its value might be 100 volts, 10 volts, or any number used 
in the measurement of voltage. Likewise, I represents the current, 
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but when used in the formula R =, E=I, we do not think of a particular 
value for I. Such an idea as represented by E or by I cannot be 
represented by numerals. The idea is a general -number idea and 
is usually represented by a letter of the alphabet. 

In a certain discussion, the letters used stand for the same 
value throughout the discussion. For example, when considering a 
particular application of Ohm's law, the letter E represents a de- 
finite value, such as 100 volts. 

2. ALGEBRAIC EXPRESSIONS. An algebraic expression is an ex- 
pression that represents a number my means of the symbols and signs 
of algebra. Therefore, anumerical algebraic expression is one made 
up wholly of numerals, while a literal algebraic expression is one 
that contains letters. Thus, 15-10 + (9-4) is a numerical algebraic 
expression, while xy- ab is a literal algebraic expression. The 
number it represents is the value of an algebraic expression. 

In an expression such as Saxy*; 5, a, x, and y are factors of 
the expression. Any of these factors or the product of any two or 
more of them is called the COEFFICIENT of the remaining part. Thus, 
5ax can be considered the coefficient of y, or 5a the coefficient 
of xy, BUT USUALLY THE COEFFICIENT IS THE NUMERAL PART ONLY. It 
may then be called the numerical coefficient and if no numerical part 
is expressed, such as in axy, then the numerical coefficient is 
understood to be 1. 

3. EXPONENTS. If all the factors in a product are equal 
(aaa'a), the product of the factors is called a power of one of 
them. The form aaaa is written a°, the small number 4 indica- 
ting how many times (a) is taken as a factor. In the above case, 
(a) is called the base and 4 the exponent. THE EXPONENT OF A POWER 
IS THE NUMBER WRITTEN TO THE RIGHT AND A LITTLE ABOVE THE BASE. 
When the exponent is a positive whole number, it shows how many 
times the base is taken as a factor. For example, x2 is read x 
square or x to the second power, and x" is read x to the nth power. 
When no exponent appears, it is understood that the exponent is 1 

and is read x. 

A term in an algebraic expression is a part of an expression 
that is not separated by a plus (+) or minus (-) sign. Thus, in 
the algebraic expression ax-4b+8y, ax, 4b, and 8y are terms. 

A MONOMIAL is an algebraic expression consisting of one term 
(3ay). A BINOMIAL consists of two terms (3a+4bc); and a TRINOMIAL 
consists of three terms (3x' -2x+2). Any algebraic expression con- 
sisting of two or more terms is known as a POLYNOM'IAL OR A MULTI- 
NOMIAL. 

' Note that the times sign (x is omitted. If 5, a, x, and y denote separate 
factors, it is customary when using a gebraic symbols to omit the sign of multiplication 
and to write them as a group, such as, Saxy. Even when numerals are to be multiplied, 
the times sign is omitted, since it is really unnecessary and might be confused with the 
letter x. Thus, to indicate the product of 5 and 10, the following method is used: 5.10 
or (5)(10). The dot placed between the numbers and written abovet?e line indicates that 
the numbers are to be multiplied. Likewise enclosing each factor in a pair of parenthe- 
ses has the same significance. for example, 5a'xy, (5)(a)(x)(y) and Saxy all mean that 
5 is to be multiplied by a, then this product by x, and the result of these two multip- 
lications is then to be multiplied by y. If (a) has a value of 3, (x) of u, and (y) of 
2, then: 5axy = 5.3.4.2 =,120. 
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Terms that are the same or only differ in their numerical co- 
efficients are called LIKE TERMS. For example, 5a2x4 and 8a2x+ 
are like terms while 4xa3 and 6x2a4 are UNLIKE TERMS. 

A FORMULA may be defined as a rule written in algebraic lan- 
guage or may be defined as a rule stated in letters and other sym- 
bols. 

A numerical algebraic expression has a definite value which 
can be found by going through the necessary operations required. 
Thus 10-5+(5-1)-6+14 = 10-5+4-6+14 =, 17. 

A literal algebraic expression has a definite value depending 
upon the values given the letters in the expression. Thus xyz has 
a definite value if x = 3, y =, 5, and z = 7. Replacing these values 
in the expression we have 3.5'7 = 105. If any other values were 
assigned to x, y, and z, another definite product would be obtained. 

4. ADDITION AND SUBTRACTION OF LITERAL ALGEBRAIC EXPRESSIONS. 
When we add 5 ohms, 9 ohms, and 14 ohms, we get 28 ohms. That is 
5 ohms+9 ohms+14 ohms = 23 ohms. Similarly, 5x+6x+8x = 19x and 
3ab+4ab+7ab = 14ab. Literal algebraic expressions are subtracted 
in the same manner as numerical algebraic expressions. Thus, 17xy- 
7xy = lOxy, and 10a2b-2a2b-5a2ó = 3a2b. 

We know that we cannot add and subtract unlike things. That 
is, we would not think of trying to add 8 ohms and 6 cycles. Like- 
wise we cannot add 8x and 6y. To add 8x and 6y we indicate the ad- 
dition; thus, 8x+by. From the above we have the following rule: 
MONOMIALS WHICH ARE ALIKE, OR SIMILAR CAN BE ADDED AND SUBTRACTED 
BY ADDING OR SUBTRACTING THE COEFFICIENTS. IF THE MONOMIALS ARE 
UNLIKE, THE OPERATIONS OF ADDITION AND SUBTRACTION CAN ONLY BE IN- 
DICATED. 

The addition or subtraction of polynomials is similar to that 
of monomials. To add or subtract polynomials, place like terms in 
the same column in the same manner as you would monomials. Below 
are examples of the addition and subtraction of polymonials. 

Addition: 3xy+7z-14ab-c 
-2xy+4z+6ab-2c 

xy+11z-8ab-3c 

Subtraction: 17xy-14z+2ac-5b 
10xv + 4z -lac -9b 
7xy-18z+9ac+4b 

The results of the above problems and like problems can be 
tested as to there correctness by substituting definite values 
for the general numbers. Thus, if x, y, z, a, b, c, were all given 
a value of 1, we would obtain the following results: 

Addition: 3+7-14-1 = -5. 

+ 6-2 = +6 

1+11--8-3 = 1 

Of course, we could have substituted any values for the letters 
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but to make the operation as simple as possible, we chose 1. 

It often happens that we might want to add or subtract where 

the coefficients that are to be united are not all numerical. For 

example, the following problem may be added by uniting the coeffi- 

cients of x: 

a2x+y4x+b3x = x(a2+y4+b3) 

Similarly the sum of 8y, 5y, 4y, may be united and written as (8+5+4)y 

and here the coefficients can also be united and expressed as one 

symbol, thusly 17y. 

EXERCISES 

Perform the following operations: 

1. Add 3ax-6bx-2by-7ay to -2ay+4bx-3by 

2. Add 6xz-4az to 3yz+2xz 

3. Subtract 2wz-3xz from 8xz-4wz 

4. Subtract -7xy+3by from xy-4by 

5. Subtract 3ay-2by from 4by+2ab 

(3ax-2bx-5by-9ay Ans.) 

(3yz+8xz-4az Ans.) 

(11xz-6wz Ans.) 

(8xy-7by Ans.) 

(6by+2ab-3ay Ans.) 

5. SIGNS OF GROUPING. When a sign of grouping, such as 

(y -x), is preceded by a (+) or (-) sign, it indicates that the ex- 

pression (y -x) is to be added or subtracted from what precedes 
it. 

It is possible to remove these signs of grouping without changing 

the value of the expression. For example, when a plus sign precedes 

a sign of grouping, the sign 'of grouping may be removed without 

changing any of the signs. Thus, a+(x-y)-b =, a+x-y-b. However, 

when the sign of grouping is preceded by a minus sign, the signs 

within the grouping are changed when the sign of grouping is removed. 

Thus, a -(x -y) -b =, a-x+y-b. Similarly, a-(-b+c-x) _, a+b-c+x. When 

several signs of grouping are used; (that is, one pair within an- 

other), they may be removed in the same manner 
by removing the in- 

nermostpair first. For example, 8y3+5x2+[6a2-4z3-(-b3+2x)] 
may be 

simplified in the following manner: 

8y3+5x2+[6a2-4z3-(-b3+2x)] 

= 8y3+5x2+[6a2-4z3+b3-2x] 

= 8y3+5x2+6a2-4z3+b3-2x Ans. 

When it is necessary to put polynomials into signs of groupings, 

the same rules that applied above are used. 
If the sign is plus, 

any terms of a polynomial may be enclosed in a sign of grouping 

without changing any of the signs. However, if the sign preceding 

the grouping is minus, then all the signs of the terms included 
in 
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the grouping must be changed; that is from (-) to (+) or from (+) 
to (-). For example, the expression ax+ay-xy+2zx-bc-az may be 
grouped in the following manner: 

ax+ay-xy+(2zy-be-az) 

And if the last four terms are grouped, then the signs are changed 
thusly: 

ax+ay-(xy-2zx+bc+az) 

6. EQUATIONS. An equation may be defined as a statement that 
two expressions are equal in value. Thus, F= 159 _ /LC is an equa- 
tion; so are W = F, x I and XL = 6.28fL. 

The part to the left of the equality sign is called the FIRST 
MEMBER of the equation, while the part to the right of the equality 
sign is known as the SECOND MEMBER. 

There is a slight difference between a formula and an equation 
which should be made clear at this time. If the factor on the left 
hand side of the equality sign is unknown and all the factors on 
the right hand side are known, then the expression is called a for- 
mula. If both the right and left hand factors contain unknowns, 
then it is called an equation. 

If the inductive reactance of a coil is 3,140 Ohms and the 
frequency is 5,000 cycles, we have the statement: 

3,140 =. (6.28)(5000)L 

This equation is true when, and only when, L = .1 henry. Such an 

equation where the unknown has a certain value, is called a CONDI- 
TIONAL EQUATION. That is, the equation is true only on the condi- 

tion that L = .1 henry, and for no other value of L. Not all equa- 
tions are conditional, and where the unknown may have any value, 

the equation is called an IDENTICAL EQUATION or an IDENTITY. For 

instance, in the equation (x2-9) _ (x+3) =.x-3, x may have any value 

and yet the equation is true. Thus, if x =,3, we would have (9-9) 

3+3 =,3-3 or 0 
- 6 = 0 or 0 = 0. Similarly, if x =,4, the equa- 

tion becomes: 

(4)2-9 - 4-3 
4+3 

= 16-9 - 

4+3 

= 7 = 1 
7 

or l = 1 

4-3 

7. SOLUTION OF EQUATIONS. To solve an equation is to find 

the value or values of the unknown that will make the equation true. 
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This may or may not be a simple matter. We will take up the solv- 
ing of simple equations first. 

EXAMPLE 1. Find the value of x, if x-6 equals 4. 

Given equation x-6 = 4 

Adding 6 to each member, x-6+6 = 4+6 

Collecting terms x = 10 Ans. 

EXAMPLE 2. Solve for y, if y+4 = 9. 

Given equation, y+4 = 9 

Subtracting 4 from each member, y+4-4 = 9-4 

Collecting terms, y =, 5 Ans. 

EXAMPLE 3. Solve for x, if 6x-5+4 =, 3x-30+5 

Given equation, 6x-5+4 = 3x-30+5 

Adding 5 to both members, 6x-5+1+5 = 3x-30+5+5 

Collecting terms 6x+1 = 3x-20 

Subtracting 4 from both members, 6x+1-4 = 3x-20-4 

Collecting terms, 6x = 3x-24 

Subtracting 3x from both members, 6x -3x = 3x -3x-24 

Collecting terms, 3x = -24 

Dividing both members by 3, x = -8 Ans. 

In the foregoing equations, the primary object is to arrange 
the equation so that the first member consists only of terms con- 
taining the unknown, and the second member, only of terms not con- 
taining the unknown. This rearrangement of the terms was accom- 
plished by adding or subtracting various quantities, making certain 
that both members were treated alike. A much simpler method for 
rearranging terms is the process known as "transposition". Its 
underlying principle states that any term of an equation may be moved 
from one member to the other if its sign be changed. For example, 
consider the equation: 8x+4 = 3x-1 

It is desirable to place the (+4) in the second member and the 
(3x) in the first member. By changing the signs of each of these 
terms as they are moved from one member to the other, we obtain: 

8x -3x = -4-1 

This equation may now be solved by collecting terms and then dividing 
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by the coefficient of the unknown. Thus: 

5x = -5 

x = 

x = -1 

It is not necessary that all of the steps indicated be written; 
however, the three following rules should be observed in solving 
any simple equation: 

(1) Transpose all terms containing the unknown to the first 
member, and all other terms to the second member. In 
each case where the term is transposed, be sure to 
change the sign. 

(2) Collect the terms in each member. 
(3) Divide each member by the coefficient of the unknown. 

EXAMPLE 4. Solve for x in the equation 5x-6+8 = 3x+6 

SOLUTION: 5x -3x = 6+6-8 

2x = 4 

x = 2 

ply. 

'(1) If equal numbers are added to equal numbers, the sums 
are equal. 

(2) If equal numbers are subtracted from equal numbers, the 
remainders are equal. 

(3) If equal numbers are multiplied by equal numbers, the 
products are equal. 

(4) If equal numbers are divided by equal numbers, the quo- 
tients are equal. 

(5) Numbers that are equal to the same number are equal to 
each other. 

(6) Like powers of equal numbers are equal. 
(7) Like roots of equal numbers are equal. 
(3) The whole of anything equals the sum of all its parts. 

8. TESTING THE EQUATION. Equations that have been solved 
for the unknown may be tested by substituting in the original.equa- 
tion the value of the unknown that was obtained. For instance, in 

Example 4, the value obtained for x was 2. Substituting 2 in the 
original equation, we have: 

From the foregoing discussion, we find the following rules ap- 

5(2)-6+8 = 3(2)+6 

or 10-6+8 = 6+6 

12 = 12 
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EXERCISES 

Solve for the unknown: 

1. 8x-2 = 4+2x x = 1 Ans. 

2. 7-6y-2 = 4y y = k Ans. 

3. z+2 -3z = 4 z = -1 Ans. 

4. Solve for x: ax-2+3ax = 4+2ax x = -1 Ans. 

5. Solve for y: by+ay-2 = ay+by+y y = -2 Ans. 

9. THE EQUATION AS USED FOR SOLVING PROBLEMS. Equations can 

be used for the solving of problems that are stated in English. 

In the translation of English to mathematical language, no set rules 

can be given, but there are a few suggestions that may be helpful 

in stating a problem in the form of an equation. 

(1) 

(2) 

(3) 

Read the problem carefully as it is given in words. 

Select the unknown quantity and represent it by some 

letter of the alphabet. If there are two or more un- 

knowns, try to express the second in terms of the first 

unknown. 
Find two expressions which, according to the problem, 

represent the same number, and set them equal to each 

other. Thus the equation to be solved is formed. 

Below are listed a few illustrations: 

EXAMPLE 1. If twice the value of an unknown resistance is 

added to six times the unknown resistance and their sum is equal 

to 96 ohms. What is the value of the resistance? 

SOLUTION: Let x be the unknown resistance. Then, if 6 times 

this value plus 2 times this value is equal to 96, the equation 
must be: 

EXAMPLE 2. 

is 12. What are 

is 

by 

SOLUTION: 
12 less than 

x+12. Next, 

6x+2x = 96 

3x = 96 

x = 12 Ans. 

The sum of two numbers is 58, and their difference 

the numbers? 

Let x be the smaller númber. Then, since the smaller 

the greater, the greater number may be represented 
the problem states that the sum of the numbers is 

3 



58 and so the sum of x and (x+12) must be equal to 58, This makes 
the equation read: 

Check: 35+23 = 58 

x+(x+12) = 58 

x+x+12 = 58 

2x+12 = 53 

2x = 53-12 

2x = 46 

x = 23 (the smaller number) 

x+12 = 35 (the larger number) 

EXERCISES 

Solve the following problems. 

(1) One number is three times another and their sun is 12. 
What are the numbers? Ans. 3,9. 

(2) A room is 10 feet longer than it is wide. The total 
distance around the four sides is 60 feet. What are 
the dimensions of the room? Ans. 10 ft. x 20 ft. 

(3) A radio receiver complete with tubes cost $125.00. The 
receiver itself costs $110.00 more than the tubes. What 
is the price of the tubes? Ans. $7.50. 

10. MULTIPLICATION. (A) Unlike Terms. It is well known that 
the factors of a product may be written in any order. 

For example: 4.2 = 2.4 

Similarly x'y = y'x 

Further 3x24 - 3'4'x2 = 12x2 

And 2x'4y = 2.4'x'y = 8xy 

Also 5x2'6y3 = 5'6'X 'y3 = 30x2y3 

(B) Like Terms. From the definition of an exponent, we have 
learned that x'x'x'x = x4 and x.x'x'x'x = x5. 

Therefore: x2.x3 
= x'x'x'x'X = X6 = X2+3 

In litre manner: 5xv2z3'1x3\4 = 20x4yez3 

Therefore, we have the following rule: THE EXPONENT OF ANY 
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LETTER IN THE PRODUCT IS EQUAL TO THE SUM OF THE EXPONENTS OF TEAT 
LETTER IN THE FACTORS. This may be expressed in general terms 
thusly: 

na times n° equals na+6 

In multiplying literal terms of positive and negative numbers, 
the same law of signs applies as with numerical terms. That is, 
when like signs are multiplied, the sign of the product is positive, 
and when unlike signs are multiplied, the sign of the product is 
negative. 

For example: 2x2.+4x3 = +3x6 

Similarly -2x2-4x3 = 
+8x6 

And 2x2 -4x3 = -8x5 

Also -2x2 '4x3 = -3x` 

For the multiplication of two monomials we have the following 
procedure: Observing the rule of signs, first obtain the product 
of the numerical coefficients followed by all the letters that 
occur in the factors, each letter having as its exponent the sum 
of the exponents of that letter in both factors. 

For example: (4x2)(2xz2) = 8x3z2 

Similarly (2abz2)(x2y3z)(4a2b3) = 
8a3b4x2y3z3 

And (-2a)(4ab)(ax) = -8a3bx 

Also (-2zx)(-3ac)(2acxz) = 12a2c2x2z2* 

(C) .Multiplication of a Polynomial and a Yono:nial. It is 
easily seen that 4(3+5) is equivalent to (4.3).+(4°5), each expres- 
sion being equal to 32. Similarly x(y+z) = xy+xz. Therefore, the 
rule is: Multiply each term of the polynomial by the monomial and 
write in order the resulting terms with the proper. signs. 

EXAMPLE: Multiply 4xy3-7ab-6a2x2 by 2a'x4y 

Process 4xy 3--7ab-6a2 2 

2a3x4y 
8a3xsy4-14a4bx4y-12aaxey 

(D) Multiplication of Polynomials. RULE: Multiply the 
multiplicand by each term of the multiplier in turn, and add the 
partial products. 

' It will be noted that the product is a positive number. When the two negative 
numbers were multiplied, the sign becaMe positive and ronained positive when multiplied 
by the remaining positive number. 
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EXAMPLE 1. Multiply x-4 by x+6. 

Process: x-4 
x+6 

EXAMPLE 2. iuitinly 9.'+3ab-51b2 by 2ah-2b2. 

Process: a2+3ab-2b2 
b -2b2 á b+622b2-4ah3 
-2a2b2-6ab3+4b4 

ua3L+1a2b 2-10ab 9+4bá 

Problems in multiplication can be tested by substituting nu- 
merical values for the litters. It is better to use values larger 
than 1 since any power of 1 is 1. For example, let a = 2 and b = 2 

in the foregoing example. 

a2+ah-2b2 = 4+12-8 = 8 
- mot, 2 = ¡1 

2a3b+ea2Y-ía:'3 0 
-2 b y 4 

2í'íu*Yy2b`- -3+gib4 = 32+64-160461 = 0 

The work is ccrrect i_ tae prcduct of the values of the two 
factors equi,l the ilue of i,he Erodu,t. In thi:, peoblem, the value 
in each case was 0. 

EXERCISES 
1. Multiply 

4ax 2b2y-6 by 6a2xy3 (24a3x8y3-12a2b2xy4-35a2xy3 Ans) 

2. Multiply 6xy+2x237-3xy2 by 2xy (12x2y2+4x3y2-6x2,3 Ans.) 

3. Multiply x2-4 by x+3 (x3+3x2-4x-12 Ans.) 

4. Multiply x2y--3ax by a.cy43a (ax3y2-3a2x2y+3ax2y-9a2x Ans.) 

5. Multiply a2+ab+b2 by a -b (a3 -b3 Ans.) 

11. DIVISION. (A) Law of exponents. Division is the inverse 
of multiplication and, as in multiplication, there are certain rules 
that apply. First, the numerical part of the quotient is the quo- 
tient of the absolute values. Second, the sign of the quotient is 

plus when the signs of t,ue dividend and divisor are alike, and minus 
when the signs axe unlike. 

In dividing pc.wars of the same Lase, if the exponent of the 
dividend is the larger, the exponent of the quotient equals the dif- 
ference of the exponents, or, the exponent of the dividend minus 
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the exponent of the divisor. This can readily be seen in the fol- 
lowing example, 

X6 _ X'X'x'xx 
X'X'X 

X2 or x5 T X3 x6-3 = x2 

If the exponents of the dividend and divisor are equal, the quotient 
is 1. Thus, x5 - x5 = 1. This can he shown by the illustration: 

22 _ 3 _ 
22 1 

1 

This same rule applies even though the exponent of the dividend 
is smaller than that of the divisor. For example, let us consider 
this division: 

x3 _ xs _ 213 = X'X'X = 1 

X6 xXxX'x XX 
Now using the rule of subtracting the exponent of the divisor 

from the exponent of the dividend, we would obtain: 

x3 _ xs x3-5 
x-2 

Thus by definition, x-2 = í _ x2, and in a like manner, x-3 = 1 - x3 
etc. This law of exponents can be put in general terms thusly: 

na nb = na-b 

(B) Dlutsion of one monomial by another. it is easier to 
perform the work of division in regular steps. First, determine 
the sign of the quotient; next, the coefficient of the quotient; 
finally, the letters and exponents. 

EXAMPLE: Divide 30x'y4 by -6x2y3 
Process as carried out in steps: 

30 - -6 = -5 

X6 = x2 = x4 

y4 - y3 = y 

Combining th'e quotients: 30x8y4= -6x2y3 = -5x4y Ans. 

The different steps carried out in the above example are om- 
itted in actual practice and only the last is written down. 

The division of monomials can also be performed as cancel- 
lation. For instance, the above example may be written: 

-1 
90xey4 - 56Xx.x.x.J»/)I 'Y - 5x4y Ans. 
-6x2y3 -k t 
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The work in division can be checked in the same manner as 
multiplication; that is, by substituting numerical values for the 
letters. It may also be checked by multiplying the divisor by 
the quotient; the product of this multiplication will be the divi- 

dend. 

(C) Division of a Polynomial by a Polynomial. To divide 

a polynomial by a polynomial, the following procedure should be 

observed. First, arrange the dividend and divisor in descending 

powers. This m3ans that the highest power of the unknown should 

be written first, followed by the next lower power of the unknown, 

etc., the last term ordinarily being one which does not contain the 

unknown. For example, x+x3-3+4x2 would be arranged in this manner: 

x8+4x2+x-3. Next, divide the first term of the dividend by the 

first term of the divisor to find the first term of the quotient. 

Now multiply the divisor by the first term of the quotient writing 

the product under like terms of the dividend, and subtract from the 

dividend. Then bring down other terms cf the dividend. Next, di- 

vide the first term of this remainder by the first term of the di- 

visor to find the second term of the quotient. Now, multiply the 

divisor by the second term. of the quotient, writing the product 

under the remainder, subtract, and continue on for other terms that 

might be in the quotient. The division will be complete when there 

is no remainder or when the remainder is of lower power than the 

highest power of the divisor. 

By the above procedure, it can be seen that the process is 

very similar to long division in arithmetic. 

EXAMPLE: Divide a2+7a+12 by a+3. 

SOLUTION 

+ 

a+3 a2+7a+12 
a2+qa 

4a+12 
4a+12 

EXAMPLE 2. Divide a4 -3a2-54 by a-3 

Since neither the third nor first power of (a) is contained 

in the dividend, it is assumed that their coefficients are zero, 

and space is left for them in writing the dividend in powers of 

descending order. 

s_+%aº+6a 
+ 

ar3la' -3a2 -54 

a4 -9a3 

+ ae_ a2 
+6a -54 

+6a2 -18a 
18a-54 
18a-54 

13 



EXAMPLE 3. Divide x4-1 by x2-2 

x2 +2 
SOLUTION: x2-2 x` -1 

x' -2x 2 
+2)(2-1 

+2x2-4 

+3 

x2+2+ Ans. 

Where there is a remainder in the answer, it is indicated as 
above. The answer may be checked thusly; dividend =: divisor x quo- 
tient + remainder. 

EXERCISES 

1. Divide 7a5c4xy2 by -7a'c`y (-ay Ans.) 

2. Divide 24a6y3-96a5ye by 8a4y3 (3a-12ay3 Ans.) 

3. Divide x2+13x-18 by x-3 (x+16 Ans.) 

4. Divide x4-1 by x2+1 (x2-1 Ans.) 

5. Divide a3-8 by a-2 (a2+2a+4 Ans.) 

12. CLEARING AN EQUATION OF FRACTIONS. When an equation 
contains a fraction in which the unknown quantity appears, it must 
be chanced so that the equation does not contain any fractions. 
The process of changing the equation so the unknown does not appear 
in the fraction is known as the "clearing of fractions" ANY EQUA- 
TION CAN BE CLEARED OF FRACTIONS BY MULTIPLYING BOTH MEMBERS BY THE 
LEAST COMMON DENOMINATOR OF THE FRACTIONS. This can best be ex- 

plained by the following examples: 

EXAMPLE 1. Solve for x in the equation (2x - 3)+(x - 5) = 45. 

By inspection it is seen that the least common denominator is 15; 

that is, 3.5. Thus, multiply each side of the equation by 15: 

1532x + 1 5 - 15'45 

3 + 11x = 675 

Now by cancellation we obtain: 

10 3 

20x = 10x + 3x = 675 
3 5 

Therefore; 13x = 675, x = 51+1 

14 



EXAMPLE 2. Solve for x in the equation (3x _ 4)+(2x = 3) = 

5 
_ 12. By inspection it is clear that the least common denomin- 

ator is 12. Then when each side is multiplied by the common denom- 
inator we have: 

l2(x) + 12(2x) _ 12(5) 

4 3 12 

By cancellation: 9x+gx = 5 

17x = 5 

x 

13. REARRANGING FORMULAS. Quite often it is necessary to 
rearrange a formula that is not set up for ready solution of the 
unknown. That is, the unknown is on the right hand side of the 
formula with the known factors. It is always better to have the 
unknown on the left hand side of the equation and the known factors 
on the right hand side. Therefore, the equation must be rearranged 
so that it appears in the form that is wanted. For example, in 
the formula F = 1-21t/IT, assume that the frequency and capacity 
are known and the inductance is unknown. It is desirable to have 
L in the left member and the F and C in the right member with the 
rest of the knowns. 

SOLUTION: Squaring both sides of the equation, we have: 

F2 - 
4n2LC 

Multiplying both sides of the equation by L and cancelling in the 
right hand member at the same time, we have: 

LF2 - 
4ñ C 

Dividing both sides of the equation by F2 and cancelling in the left 
hand member at the same time, we obtain: 

L 
4n 2CF 2 

Thus we have the desired formula. 

14. COMBINING FORMULAS. Sometimes it is desirable to combine 
formulas. For example, consider the formula Z =,1R2+(Xt-Xc)2, which 
is the formula for finding the impedance of a resistance, induct- 
ive reactance, and capacitive reactance in series. If the inductive 
reactance or capacitive reactance is not known, but the line fre- 
quency, inductance and capacity are known, then by using the two 
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basic formulas for inductive reactance and capacitive reactance, 

we may combine them in the above formula to produce a formula that 

has the known terms in it. 

Xi = 2nFL, (The formula for inductive reactance.) 

X` 2 FC' (The formula for capacitive reactance.) 

Substituting the formulas for inductive reactance and capacitive 

reactance into the formula for finding the impedance of a series 

circuit containing resistance, inductive reactance and capacity re- 

actance, the following formula is obtained: 

Z = R2+(2nFL - 2 F)2 

Thus the original formula becomes an important formula in AC cir- 

cuit theory. 

15. THE USE OF EXPONENTS FOR WRITING NUMBERS. The writing 

of very large or small numbers in the ordinary manner requires the 

use of a great many zeros. For instance, if 105 megohms is to be 

converted into ohms, the ordinary method of writing the number would 

be 105,000,000 ohms. It is, however, easy to see that 105,000,000 

is equal to 105 x 1,000,000 and also, 1,000,000 is the same as 10°. 

For this reason, the common method of writing such large numbers is 

to write the first two or three significant figures followed by a 

times sign and the number 10 to the correct power. In this case, 

105,000,000 ohms would be written 105 x 10° ohms. The following 

table shows other examples of this method of notation: 

324,000,000,000 is equal to 324 x 10° 

1,370,000 ís equal to 137 x 10` 

3.000,000,000,000 is equal to 3 x 1012 

If two such large numbers are to be added, the exponents of 

each must be the same. For example, to add 45 x 10° to 37 x 106, 

we must change one or the other of the exponents so that each will 

be either 5 or 6. Let us, in this case make both exponents 5. Con- 

sidering 45 x 10°, we see that if the 10° is divided by 10, it will 

become 106 However, in order to keep the number at the same value, 

we must multiply the 45 by 10. The number then becomes: 450 x 106 

and the sum is: 

450 x 106 
17x106 

487 x 106 

It would, of course, have been possible to make the exponents 

of both numbers G. Considering 37 x 10°, we see that if 10° is 

multiplied by 10, it will become 10°, and so that the number will 
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not be changed, the 37 must be divided by 10, making it 3.7. Thus 

the number becomes 3.7 x 10', and when added to 45 x 10', the sum 

is 48.7 x 10', which is the same result as before, but in slightly 

different form. 
In a like manner, the writing of very small numbers also neces- 

sitates the use of a large number of zeros. For example, 5 mfd. 

is equal to .000005 farad. This number is the same as 5x(1=1,000,0001 

The fraction, however, which is one -millionth may also be written 

as 10-°. Thus, the number may be expressed as 5 x 10-5, which is 

the same as 5 millionths of a farad. This notation is easily re- 

membered by learning the following table: 

.1 = 10-1- 

.01 = 10-2 

.001 = 10-9 

.0001 = 10-4 

etc. 

Note that the value of the exponent is the same as the number of 

decimal places in the number. Other examples are: 

.000325 = 325 x 10-5 

.0000007 = 7 x 10-' 

.0000000076 = 76 x 10-i0 

.0005 = 5 x 10- 

Again, when two small numbers written in this notation are to 

be added, the exponents of each must be the same. To add 4 x 10-5 

to 32 x 10-a, we must change one or the other of the numbers so that 

the exponents are the same. Considering 4 x 10-5, we see that the 

exponent may be changed to -6 if the 10-5is divided by 10; however, 

in order not to change the value of the number, the 4 must be mul- 

tiplied by 10. When this is done, the number is expressed as; 

40 x 10-8, and when added to 32 x 10-5, the sum is 72 x 10-°. 

When two numbers, written in this notation are to be multiplied, 

it is not necessary that the exponents of each be equal. For ex- 

ample, to multiply 3 x 10-5 by 4 x 10-2, the 3 and 4 are multiplied 

together obtaining 12 and the exponent of the product will be the 

sum of the exponents of the two factors. This makes the product: 

12 x 10-7. 
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